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Robert Alexander Chalmers was born (on 17 June. 
1920) and brought up in Birmingham When he left 
school at the age of 16, he became an apprentice 
“lab-boy” in the laboratories of a well-known motor 
component manufacturer. A major function of these 
laboratories was the analytical control of the electro- 

plating process, which involved a wide range of 
analyses. and therefore offered a first-class training 
for a prospective analytical chemist. An important 

part of the work wjas the sampling, which involved 
balancing on planks above large cyanide-containing 
plating baths--so Chalmers introduction to 
analytical work was much more exciting than usual. 

After nearly 5 years. Chalmers moved to Coventry 
to the laboratory of Humber-Hillman, as analyst, 
but it was now war-time, and he was soon afterwards 
called up into the Royal Engineers. He spent 3 
months of “basic training” learning to drill, to dig 
trenches, to demolish trees, bridges and railway lines. 
and to run with and deliver poison-gas cylinders. For 
his next 3 months of service, he was sent to the 
anti-gas-warfare laboratories at Porton Down, where 
much of the work involved analyses concerned with 
the testing of the bursting patterns of mustard-gas 
shells containing arsenic as a non-volatile marker 
clement. Another duty was to prepare test papers for 
use in gas-detection apparatus. 

After his time at Porton, Chalmers was discharged 
to the reserves, and returned to Humber-Hillman, 
where he remained until called up again towards the 
end of the war, this time into Intelligence. He served 
mainly in India. where he acquired his liking for 
Indian food. especially curry (and learned to cook it 

to perfection). (Someone once asked him for a 
definition of good food. He replied “If you can see 
perspiration on my head when I am eating it, it means 
it is good food”.) 

During this second period in the army, Chalmers 
had decided not to rcturn to his old job when he was 
dcmobbed, but instead to study for a degree at 
~~inchester University. He managed to secure a 
grant for the latter part of the BSc. course, but for 
the first year he had to work in his spare time. One 
of his jobs was at the dog-racing track, where he 
sharpened his ability to do mental arithmetic by 
working on the Totalizer. At the University, in view 
of his extensive previous experience, he was excused 
some of the ordinary laboratory classes and given 
special projects to work on. one of which involved the 
separation by ion-exchange of “didymium” into neo- 
dymium and praseodymium. He spent a great deal of 

time in the basement of the building among the rats 
(from an adjacent brewery) practising his micro- 
analytical technique, and he was allowed to use the 
precious “Spekker” absorptiometer. since he had 
previously used one at Porton. 

Despite much time spent playing cards, snooker, 

and taking part in other non-academic pursuits, in 
1950 Chalmers gained the degree of BSc. in chcm- 
istry with First Class Honours. Since there was no 
research done in analytical chemistry at Manchester, 
he moved to Edinburgh to work under Dr. Christina 
Miller. Dr. Miller had many interests in analytical 
and inorganic chemistry. but the field Chalmers 
worked on with her was the microanalysis of rocks. 
He was successful in developing methods for micro- 
detcl-mination of iron, silica, phosphoric oxide and 
alumina, and in 1953 was awarded the dcgrce of 
Ph.D. 

Chalmers then moved to Durham, as I.C.1. fcilou 

in the Department of Geology. where he furthei 
developed his interest in rock analysis. and in collab- 
oration with the electrical engineering department at 
Newcastle, he built a recording spectrophotometric 
titrimetcr. (This required regular transporting of a 
Unicam SP600 between Durham and Ncwcastie, and 
the project certainly proved the robustness of that 
instrument, still in working order now, more than 30 
years later.) It was during Chafmers’ time at Durham 

that he first did any editorial work. On the suggestion 
of Dr. Miller. he was invited to edit and revise 
“Quantitative Chemical Analysis”. by Gumming and 

Kay, which he did to produce a successful 1 lth 
edition. 

In 1956 Chalmers moved to Aberdeen to take up 

an appointment as lecturer in chemistry. Thcrc uas 
no analytical section at Aberdeen at that time. but 
Chalmers wasted no time in establishing analytical 
chemistry as part of the curriculum. and in I~uilding 
up a research group. He was appointed Senior Lcc- 
turcr in 1965 and Reader in 1970, in recognition of 
his being regarded as a first-rate member of staff. with 
teaching abifity of a very high order. and of his steady 

high-quality research output. His standing as an 
analytical chemist was again recognized by his 
election in 1978 as a Fellow of the Royal Society of 
Edinburgh. 

Thanks to Chalmers. Aberdeen came to be recog- 
nized as one of the few centres of excellence in 
analytical chemistry in the U.K.. and a special feature 
was that most of the analytical chemistry teaching 
was given to all the undergraduate chemists in the 
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third year of a 4-year course, and not just to 
final-honours-year specialists, or M.Sc. or Ph.D. stu- 
dents. Many of Chalmers’ former students testify to 
his excellence as a teacher, and remember with plea- 
sure the lecture-demonstrations he delighted in giv- 

ing. He used to swap ideas for these with colleagues 
at other universities, and one such colleague recalls a 
spectacular experiment involving the use of potas- 
sium cyanide, which was quite safe provided that all 
the reagents were added in the correct order, but 
which did have the added excitement for students 

that the lecturer might kill himself if he did anything 
wrong. Chalmers did this demonstration “with 

panache and conviction”, but the unfortunate 
colleague had a disaster. “The lecture theatre was 
evacuated. I went for an emetic, and vowed never to 
die in the cause of educating or amusing students.” 

Although the lectures were a very important part 
of Chalmers’ teaching, he was really at his best in the 
laboratory classes. There, he would wander round the 
benches of students, glass wash-bottle in hand, 
always ready to demonstrate a laboratory technique, 
or a correct end-point, or how to use an instrument. 
Periodically. he would gather a small group of stu- 
dents around him. and make sure they understood 
every bit of the chemistry of the determination they 
were doing. Analytical chemistry could never be 
likened to following recipes in a cookery book in 
Chalmers’ laboratory classes. He took great pleasure 
in telling each new batch of students that they must 
be certain to write everything straight into their lab 
notebooks. and not onto any small scraps of paper 
(or sometimes “wee orra bitties o’ paper”), because 
he was sure to pick up any such piece of paper and 
use it to light a bunsen burner (but he was never 
known to actually do this). 

Over the years Chalmers kept up a varied research 
programme, as is shown by his publication list. 
However, he had many more research students than 
this list reveals, because he preferred to encourage 
independent work by his students, only stepping in if 
the research seemed to be getting off course, or if the 
student asked for help; and he would not have his 
name attached to papers unless he had made a 
signiticant contribution either to the research or to 
the writing of the paper. A recent student recalls 
being told “Never believe what I tell you. Check it 
yourself-that is what laboratories are for.” 

In recent years, Chalmers has gained the reputa- 
tion of being an advocate of classical methods, both 
among the students at Aberdeen University, and in 
a wider context; and it is true that he always 
emphasized the importance of these methods for 
standardizing instruments, and in situations where 
great accuracy is required. Among students, and 
perhaps others too, this somehow came to be inter- 
preted as meaning that Chalmers thought all instru- 
mental methods to be useless. It is to be hoped that 
readers of Tuhntu will realise that Chalmers knows 
mom about most instrumental methods than the 

majority of analytical chemists. Indeed, he has often 
during his career worked with instrumental methods 

in their infancy, and given lectures on them before 
most folk knew they existed. However, he has always 
been very aware of a tendency for people to have 
blind faith in meters (or digital displays) and black 
boxes, and felt, correctly I think, that it was im- 
portant to give continual reminders of the failings of 

instrumental methods. 
In his younger days, Chalmers had many interests 

and hobbies. As a small boy, he was interested in wild 
life, especially butterflies, and even nowadays, he 

returns from holiday eager to consult his books in the 
hope of identifying some new species. Books are 
another passion, and he likes all sorts but perhaps 
especially humerous ones, like HaSek’s “The Good 
Soldier Svejk”, “Archy and Mehitabel”, “Cloche- 
merle”, or the works of James Thurber and A. P. 
Herbert. He took part in many sporting activities, 
such as snooker, squash, golf, and especially hill- 
walking and rock-climbing (but not, as another Per- 
gamon editor once became convinced, pole-vaulting). 
He was always fond of dog-racing, and he played a 
large variety of card games. As Editor of Talunta, he 
has had very much less free time for such activities, 
but he does still manage a bit of gardening, painting 
and decorating, and, with the aid of his old climbing 
ropes, roof-repairing. 

Chalmers probably did not realise in 1966, when he 
assumed the editorship of Tulanta, in succession to 
(the late) Professor Cecil Wilson and Dr. MO Will- 
iams, the extent to which the journal would take over 
his life. Would he have taken it on if he had? We will 
never know, but all who are associated with Talanta 

in any way must be grateful to him for the great 
amount of time and energy that he has devoted over 
the past 20 years, and continues to devote, to en- 
suring that everything about Tulanta is of the highest 
standard. 

As if he did not spend enough time editing for 
Talanta, Chalmers has also long been involved in the 
editing of books, first for Van Nostrand Ltd. and 
later for Ellis Horwood Ltd. The most recent book 
published in the Horwood series was the fiftieth book 
Chalmers has edited. He is just as thorough an editor 
of books as he is of Talunta, unlike some book-series 
editors, who seem to make very few if any changes to 
manuscripts which pass through their hands, He is 
also a Regional Editor, and Chairman of the 
Editorial Board, of Mikrochimica Acta, Vienna. 

The large amount of time Chalmers has spent 
editing has undoubtedly had some effect on the 
amount of original research he has been able to do 
in recent years. However, he feels, and many will 
agree with him, that he is probably making a greater 
contribution to the quality of the literature by spend- 
ing his time on editorial work, than he could hope to 
if he were to do more research. 

Chalmers was a keen member of the Society for 
Analytical Chemistry for many years, and in 1963364 
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he was Chairman of the Scottish Section, and served 
on Council. However, he had had a disagreement 

with the Chemical Society at some time, and strongly 

disapproved of the amalgamation of the SAC with 
the other chemical bodies-to the extent that from 
1972 to 1974 he was the only member of the SAC, 
and when the amalgamation was completed at the 
start of 1975, he refused to relent and join the CS. 
However. later in a rash moment, he promised to join 
if (the late) Professor Ronald Belcher, then Chairman 
of the Talunfa Editorial Board, was elected President 
of the Analytical Division, and he was not allowed to 
forget his promise when that occurred. However, he 

still did not often get around to going to conferences 
in Britain. Many of his friends in the U.K. recall with 
amusement that they first met Chalmers in Budapest, 
or Prague, or Helsinki. He was persuaded to come to 
SAC83 in Edinburgh, as Overseas Delegates Officer, 
to the amazement and pleasure of many. 

A friend recalls exhibiting a poster there, only to be 
approached by Chalmers, who ran a practised eye 
over the subject matter. In about 5 seconds flat. he 
said “There’s a small grammatical error in your 
penultimate sentence”. He was right, but it took 
the friend 5 minutes to work out what the error 

was. 
Many readers of Tdunta will be unaware of Chal- 

mers’ sense of fun and love ofjokes. Dr. Miller recalls 
his “puckish sense of humour”. Professor Marczenko 

refers to “his high sense of humour, his cheerful 
disposition and friendliness for people”, and his old 
friend Dr. Rudolf Pi-ibil writes “Bob for me is a very 
attractive man, absolutely unformal, who likes jokes, 
anecdotes, and funny gossips”. Indeed, Chalmers has 
an amazing store of jokes and stories (some culled 
from his wife’s medical trade magazines) which with 
a bit of prodding he will start telling at parties and 
such occasions. 

It is probably true, as Chalmers has told friends 
apparently in jest, that with a Scottish father and an 

English mother, he thinks of himself as not Scottish 
or English, but rather as a European. He certainly 

has many good friends in the continent of Europe. 
Professor InczCdy recalls that “the very first visit of 
Bob to Hungary was in 1960. when he attended the 
Analytical Conference in Budapest. The conference 
was international with many foreign participants. At 
that time, Scotland was maybe farther away than 
now, and there was also the iron curtain; anyway it 
was very surprising when Bob arrived dressed fully in 
tourist clothes, with rucksack and heavy walking 
boots. Nevertheless. despite his peculiar clothing, he 
won very quickly the strong sympathy of all the 
Hungarian colleagues and friends.” 

Professor Inczt-dy recalls that on another occasion, 
when Chalmers was visiting Veszprkm University, he 
was to be taken to a concert that started very early. 
His hosts took him to the University canteen for a 
short dinner, “but accidently and unfortunately. 
there was a very poor meal served there that night- 

the poorest ever served there-some cocoa with bread 

or so. We were all very much worried about it. but 

he said to us very quietly and politely--in his well 

known manner-it was completely O.K.” 
Dr. Piibil has sent us a number of stories about 

Chalmers. 

“Bob likes travelling abroad. During the past 35 
years he has visited Czechoslovakia many times. 
Once, when he was still single, he arrived in a very 
strange, small. and very delapidated-looking car. We 

stopped in front of a hotel in the centrc of Prague 
where Bob had booked accommodation. Immcdi- 
ately, a crowd of onlookers gathered and stared with 
amusement at the car. Bob opened the boot and 

pulled out dirty garments and handed them to m\ 
wife, who promised to do the washing. A man in the 
crowd said in a loud voice ‘Is it possible that such cars 

are used in Britain and that they even dare to travel 
abroad in them?’ Bob looked absolutely unmoved by 
the jokes and laughs of the crowd. I tried to save the 

situation by saying that he normally used a big nice 
car in Britain but it wouldn’t squeeze into our narrow 
streets. 

“With this car we made a trip to a small village in 
northern Bohemia where my family used to spend our 
holidays. The car attracted a great deal of attention 
there as well. Bob had to open the bonnet to allow 
the local car experts to examine the engine. One of 
them, a friend of mine. wished to see the spark plugs. 
but everything was so rusty that human strength was 
insufficient to unscrew them. Bob explained that he 
always bought cars that had done at least 100.000 
miles. ‘After such a test. real quality shows’. he said. 
Eventually the original ridicule changed into admir- 
ation of British materials and workmanship.“ 

In Aberdeen, too, Chalmers’ various cars have 

caused amusement. His first car was a prc-war Morris 
Tourer, which is probably the car that Dr. PPibil 
recalls. He then had two Rileys, first a green one. then 

an old black one, inside which very little of Chalmers 
was visible when he was driving, apart from his beret. 
(His berets have usually been black. but on one 
occasion a green beret apparently caused him to be 
regarded with great suspicion by the security staR‘at 
the Laboratory of the Government Chemist~~~the)~ 
thought he might be an I.R.A. sympathiaer.) The 
black Riley is reported to have exceeded 80 m.p.h. on 
the Nairn-to-Inverness road, so it was obviously not 
a bad car! When Chalmers bought his grey Saab in 
1971, it was nearly new: everyone was amazed-but 
a little disappointed at his loss of faith in British 
automobile engineering. However, he drove that car 
for so long-over 13 years-that it became as no- 
torious as his previous ones. Chalmers has rcccntlq 
bought a new Peugeot, but his student son Martin 
still drives the Saab. 

Dr. Pfibil’s second story is reminiscent of one of 
Professor Inczkdy’s. 

“Once Bob arrived in Prague by train from Vienna. 
with a rather worn rucksack as his only piece of 
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luggage. He noticed my surprise at the railway station 
and said ‘The rucksack is best for travel; you have 
both hands free.’ Bob had booked accommodation in 
the best hotel in the very centre of Prague. In the 
reception hall, I had the following conversation in 
Czech with the head of reception: ‘Where is this 
gentleman’s luggage?’ asked the receptionist. ‘He has 
only the rucksack’ I answered. His face darkened, 
and he said ‘Frankly speaking, we do not like this 
here. We have luggage boys to carry the luggage up 
and down as required. You understand, it gives us a 
certain control over our guests’ movements. A man 
with a rucksack can easily disappear without paying. 
This is rather risky for us.’ I said ‘Oh no, you don’t 

need to worry. This gentleman is a very close friend 
of mine-he is a professor from Aberdeen in Scot- 

land’. ‘From Aberdeen’ exclaimed the receptionist, ‘it 
is even more risky’. 

When Dr. Pribil came to Britain on a lecturing 
tour, he stayed with Chalmers, and apparently was 
introduced to that Scottish culinary delicacy, haggis, 
served sliced (which is a most unusual manner). He 
recalls also “One day we were watching T.V. Bob was 
sitting comfortably in an easy chair with some Tal- 

mta manuscripts, from time to time glancing at the 
T.V. but after a while, he dozed off. I said to myself: 
this is the time to have a good gulp of whisky. I got 
up and slowly and carefully I reached his bar. To my 
great alarm, I heard Bob’s low voice: ‘If I am 
expecting a drinker like you, Rudla, as a visitor, I 
leave less than I inch in every bottle. The rest I keep 
in the basement.” 

The other side to that tale is that Chalmers was 
greatly concerned about the state of his friend’s liver 
and digestive system, and did not want to be re- 

sponsible for any further deterioration. Chalmers is 
not really a true citizen of his adopted city. (ABER- 
DEEN PROVERB: Dinna spend money on drink, 

but aye keep a corkscrew.) 
Dr. Stan Kotrlji has sent an account of Chalmers 

attending an analytical conference: he warns “there is 
only a little grain of truth in it”, but it seems 

remarkably authentic. 
“Bob’s friends may tell you crack stories about his 

witty comments on various vices of scientific paper 
writers. or about the latest record in brevity of his 
editorial letters, but they all agree that it is always a 
jolly event to meet Bob at a conference. It is easy to 
find him after a morning lecture. If he is not arguing 
hotly with a blushing Talanta contributor over a cup 
of coffee, he will surely be found in the lounge. 
Undisturbed by the surrounding turmoil, he sits there 
at a corner table, high shiny forehead bent over a 
manuscript, and his keen eye and hand running down 
a page, leaving behind them a red mass of editorial 
corrections. And of course, his lecture is awaited by 
an audience eager to hear a new funny opening to his 
paper, which is then spiced with impromptu saga- 
cious remarks. See for yourself how effectively the 
attention of an international audience can be tuned 

in to Scottish accents of a slightly hoarse voice, by an 
introduction like this one. 

“Mr. Chairman, before I begin to discuss some of 
our results, I should like to draw your attention to the 
interesting correlation between the level of fish con- 
sumption and the development of brains in Scotland. 
It was actually revealed by chance. Once a North- 

umberland farmer met his friend, a Scottish 
fisherman. ‘Why’, he asked, ‘are you Scats so 
shrewd.’ ‘That’s simple’, was the reply. ‘You have to 
eat fish.’ And so special deliveries of fish from the 
river Tweed were arranged, for a special price, of 
course. After some time, the farmer grew impatient. 
‘So much money spent on bones of your wee fishes! 
All my mouth aches and there’s no improvement!’ 

‘On the contrary’, the fisherman grinned broadly with 
a glance in the direction of his new boat. ‘You can 
just see the result, old man, can’t you?‘, , , 

“Such lecture openings evidently had a catalytic 
effect on inventive minds, since in due course, various 
funny stories with Bob as an essential ingredient 
circulated among his friends. Embellished by imag- 
ination and perfumed with alcohols of exaggeration, 
some of these stories became a local legend, and 
adornment to the colour of an academic club. 

“At the memorable Second Analytical Conference 
at Golden Sands on the Bulgarian coast, I found Bob 
as usual, keeping his nose to the grindstone of the 
editorial work; but he was unusually subdued. ‘Do 
read it’, he implored. ‘I can’t make any sense of this 
bit of text.’ I read it and saw the snag. It was an 
article by a big name. ‘If you have on your heavy 
editorial boots, we may put it right quickly. I have 
glimpsed near the conference hall a good-looking girl 
who is rumoured to be a secretary of your man. 
Surely he will not be far away.’ She was really nice 
to us, and willing to help. Another lady, the inter- 
preter, well-endowed with plump proportions, was 
also kindly disposed, but she could not do much with 
the text either. The outer defences were, however, 

conquered and we were finally ushered to the old 
man. After some painfully careful reading he admit- 
ted: ‘Sorry, it does not make any sense to me either. 
What a useless piece of translation. Anyway, I have 
to see my original notes.’ . ‘And authors wonder 
why I sometimes take a long time to edit their 
papers!’ Bob gave vent to his indignation when we 
came out into the bright sun and vivid colours of the 

seaside scene. We went for a stroll up a wooded park. 
then down along wet sand splashed by waves. We 
found a restaurant with a terrace open to the sea, 
where the gentle breeze and delicious wine recharged 
our batteries and revived reminiscences of mutual 
friends, and inspired ambitious plans for the future. 
The baked fish was delicious.” 

Chalmers retired from his post at Aberdeen Uni- 
versity on 30 September, 1985. He had originally 
intended to remain working until he was 70, as his 
contract allowed, but the cuts imposed on U.K. 
universities in 1981 led to many of the senior staff 
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agreeing to take early retirement. He wilt be con- 
tinuing to edit Tdtnru. but it is to be hoped that he 

wilt find a tittlc time for some of his pet retirement 

projects, such as the founding of a new journal, “The 
Journal of Useless New Knowledge” (think about the 
abbreviation!). or the study of the reactions of plat- 
inum with various types of wine (provided by the 
wine-merchants. of course). Perhaps his son Martin. 
at present a final-year computing science student, will 
be able to persuade him that computers are not just 

useful for drawing on (an author once referred to 
“curves drawn on a computer”), and introduce him 
to the joys of home computing. Perhaps his long- 
suffering wife Grace will be able to en.joy his company 
just a little bit more. 

Let us hope. anyw’ay. that Chalmers wilt have a 
happy. healthy, and fruitful retirement from Univcr- 

sity duties. and that he wilt continue to edit in his 
inimitable manner for many years to come. 

ilck,lo,~,k~,rl~~~?~~,~~~\-~ 1 would very much like to thank all 
who sent stories. anecdotes and reminiscences for this 
art&. 
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THE ANALYSIS OF A PAPER ON ANALYTICAL 
CHEMISTRY 

ROBERT A. CHALMERS 

Chemistry Department. University of Aberdeen. Meston Walk. Old Aberdeen. Scotland 

Summarv-Guidance is offered on the assessment. by authors. referees and editors. of scientific papers. 
before and after their submission for publication. 

The remarks made in this paper refer specifically to 
analytical chemistry, but may also apply, mutrrtis 

mutan&, to other fields of chemistry. The object is to 
provide a working guide for the assessment of the 
value of contributions. both actual and potential, to 
the literature. and hcncc to assist authors in writing 
their papers and doing the work that is first neces- 
sary, and editors and refcrces in judging the results. 
The hoped-for result is that good papers will be even 
better and bad papers eliminated. 

Just as thcrc arc two kinds of error in applying 
criteria of detection,’ there are two kinds of error in 
the publication of scientific papers. The error of the 

“first kind” is to publish a paper that should be 
rejected, and the error of the “second kind” is to 
reject a paper when it should be accepted. The errors 
of the first kind are the more serious, because (a) such 
papers are likely to form part of a series linked by 
cross-references, and anything in print tends to be 

regarded as holy writ. especially if it is mentioned 
often enough in citation indexes. (h) errors of the first 
kind are vastly more numerous than errors of the 
second kind (which will usually be corrected by the 
author tinding a more sensible vehicle for the paper). 
It is therefore essential that referees and editors 
should know how to evaluate a manuscript before its 
publication. and that readers of the literature should 
be able to assess papers already published. 

It is convenient to consider this analytical pro- 
cedure as applied to the sections of a paper in the 
usual order of their appearance 

This should be sufficiently full to convey accurately 
the purpose and content of the work, so that readers 
can dccidc whether it interests them without having 
to read the summary of the whole paper. Thus 
“Determination of lead” is not a satisfactory title, 
even for a comprehensive review. The reader wants to 
know M.hether the paper is a review or an account of 

Reprinted from E. Wiinninen. ed.. I3ssq~s on Anal~ticcrl 
Clwrt~i.\ fr,’ in ,Mmor,v o/ Pr~~/kwor Anders Ringhorn, 
Pergamon. Oxford, 1077; by permission of the 
Publishers. 

research, what type of concentration is dctcrmined, 
what the matrix is, CZC. The title should also bc 
grammatically correct and readable. “ldcntitication 
of bacteria using mass spectrometry” leaves one 
wondering about science tiction. “The geologic col- 
umn” appearing in Gcotimes. and written by Robert 
L. Rates, is a veritable treasurehousc of monstrosities 
in the title department. “Gcochronobioclimatopaleo- 

magnetostratigraphy” illustrates the danger of com- 
pounding words (for example, what does “chromato- 
polarography” convey to the reader?). The increasing 
habit of using nouns as adjectives must surely have 
reached the limit with “Earth resources technology 
satellite data collection platform ticld installation. 
operation and maintenance manual”. 

As pointed out elsewhere.’ language is a precise 
tool, and should be used as enc. Those uriting in 
languages foreign to them may be cxcuscd for lapses, 
but not native speakers or the editors who do not 
correct such faults. 

Almost all journals require a prccis to be written, 
and this must convey to the rcadcr the important 
information in the paper proper. and should be 
understandable in itself without reference to the main 
text. It should not contain material that does not 
appear in the paper itself. 

This section usually gives a historical survey and 
the reasons for doing the research. The documen- 
tation should be thorough enough to cover the main 
points and give the reader an adequate lead-in to the 
literature, but it need not bc so comprehensive as to 
mention all the work on the topic. whether it is useful 
and germane or not. The main purpose is to give the 
background to the work. It is here that the first 
doubts may arise in the rcadcr’s mind. Has the 
selection of literature been biased in any way’? Has an 
original source been omitted either by accident or 
design’? As hinted in a serio-comic article.’ it is easy 
to establish a reputation by using someone else’s idea 
and producing rapidly a number of papers on it. only 
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the first of these actually mentioning the originator of 
the idea, and the third and subsequent papers re- 
ferring back to the second in the series. It is advisable 
for the author to read the papers referred to in this 
section. Because of the “chain reaction” effect in 
published work,4 errors may have been made and 
perpetuated in derivative publications. Even if the 
referee does not have first-hand knowledge of the 
relevant literature, a quick scan will usually reveal 
whether the author is quoting other authors or has 
consulted the originals (and has understood and 
quoted them correctly). 

Experimental work 

The account of the experimentation must be 
su~ciently complete for the work to be repeatable by 
someone else starting from scratch. A clear dis- 
tinction should be made between the exploratory 
work done in arriving at the method or conclusion 
reached, and the practical details of any procedure 
recommended for application. The reason for this is 
simple. In the development of the technique, the 
amount of determinand was always known, and 

many of the experimental parameters could be altered 
with direct reference to this quantity; in a “real” 
application the determinand is the unknown quan- 
tity, and the parameters used should have a wide 
enough tolerance to cover the widest range expected 
for the dete~inand, without the need for prior 
knowledge of the amount present. It is not unknown 
for a paper on use of a spectrophotometric reagent in 

a mixed solvent system to specify that the reagent, 
dissolved in say ethanol, is to be added in fixed ratio 
to the amount of determinand, itself in acidic aque- 
ous solution, and enough additional acid and ethanol 
added to bring their total concentrations in the final 
solution to some critical value. Such a procedure is of 
little practical use to the working analyst. 

Because expertise has been unconsciously acquired 
during the many repetitions of experiments in the 
development of a method, small but vitally important 
points of technique may be overlooked in the writing 

up of the procedure; it is desirable to ask a competent 
analyst who is unacquainted with the new method to 
try it out on standard materials before the final 
version of the paper is written. Any inadequacies in 
description will often be manifested by errors in the 
results, and can be put right. 

The details of procedures should be self-consistent 
(e.g., 50 ml of solution should not be diluted to 25 ml) 
and wherever possible the tolerances for amounts of 
reagents etc. should be stated.’ When specially con- 
structed apparatus is used, the description given 
should be full enough for the reader to be able to 
have it made. When standard equipment is used it is 
not necessary to specify the model unless this is 
important for assessment of performance. Almost 
any spectrophotometer covering the necessary wave- 
length range will do for calorimetric analysis, but for 
measurement of constants such as molar absorptivity, 

it may be necessary to say which type of instrument 
was used. Similarly with reagents, most chemicals of 
analytical-reagent grade will conform to a more or 
less standard specification, and it is only necessary to 
name the supplier if it is absolutely essential. for some 
reason, to use only that maker’s product. An almost 
universal failing, for which editors (including the 
present writer) must take some responsibility, is to 
say that certain reference solutions were standardised 
by established methods but then to give no informa- 
tion about the number of standardisations done or 
the precision of the results. One of the few exceptions 
seems to be the class of papers on thermometric 
titrations, where the precision of the “classical” 
method is determined and compared (usually to its 
detriment) with that of the thermometric method. 
The only point to make here is that very often the 
precision reported for the classical method is much 
poorer than experience indicates should be the case, 
and a doubt is raised in the mind of the reader. 
Calibration of weights and apparatus also appears to 
be generally unheard of, although the most cursory 
glance at standard specifications shows that a com- 
paratively large error can accrue from ignoring the 
existence of manufacturer’s tolerances.’ 

Rest&s and discussion 

The first question here is whether the results mean 
what the author thinks they do, and whether the 
interpretation placed upon them is valid. Graphical 
and tabular presentation of results often gives a good 
insight into the validity of the work and the dis- 
cussion, and for this reason the author should supply 
full details of the experimental results with the manu- 
script, even though some will be edited out. The first 
thing to look for is the number of significant figures 
quoted. If these exceed the number that can be 

justified in terms of the likely experimental error in 
weighing, instrument reading etc., then the reader 
may begin to have doubts about the author’s knowl- 
edge and competence. On the other hand, too few 
significant figures may conceal the errors associated 
with the method. 

It is often particularly significant if an author 
quotes a table of results instead of drawing a graph, 
especially if all the other results have been presented 
graphically, or a statement is made about the re- 
lationship between the results, and some mathe- 
matical manipulation is needed. An example from 
experience is a set of Job plots which were all of 
normal form, and accompanied by a table of absorb- 
antes at different mole fractions for another system, 
which when plotted showed the formation of two 
complexes, only one of which was discussed in the 
text, Another was a table of absorbances which were 
said to result in a linear graph after appropriate 
manipulation; an actual plot turned out to be a more 
or less smooth curve. In another paper no fewer than 
six significant figures were quoted (because mcasurc- 
ments were made to I kltv, “which is 1 part in 10”” 
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according to the author) though the results were 
based on only some tens of mV change in signal. The 
same paper had a least-squares treatment of the 
results; the author kindly supplied the raw data, and 
a statistical test for the standard deviation of the 
slope gave a value that was about 25% of the slope. 
A plot of the data showed why-there were two large 
errors in subtraction in the results supplied, resulting 
in two large discontinuities in the graph. Yet again, 
a plot similar to that in Fig. 1 was submitted as 

“evidence” of a correlation. 
Another author produced a graph like that shown 

in Fig. 2. with the statement that the standard devi- 
ation for the distance of the points from the line had 
a certain value. Enquiry as to why a straight line 
would not do equally well produced a set of raw data 
which turned out to be duplicate determinations that 
when plotted as error bars gave Fig. 3. 

In a conductometric investigation the plot of con- 
ductance L’S, volume of titrant gave curve a in Fig. 4, 

which did not fit in with the experimenter’s precon- 
ceived ideas; it was therefore transformed into the 
reciprocal curve (h) to which tangents or segments 
could be fitted to prove the “theory”. 

Very long extrapolations from closely spaced data 
are another fruitful source of dubiety in the reader’s 
mind. especially when accompanied by an im- 
pressively large number of significant figures. For 
example, no fewer than five significant figures in a 

Fig. 2. 

Fig. 3. 

B 
standard entropy change have been deduced from 
equilibrium constants measured at 25. 35 and 45 C. 
Again. extrapolations sometimes become almost 
asymptotic by the time they reach the appropriate 
coordinate. 

Statistics may also easily be abused. Most workers 
seem to have heard of variance. but many still apply 
the “root mean square” formula to the results of two 
or three experiments. and very few apply Student’s 
r-test even if they have heard of it. It is true that 
“intuitive” inspection of the results uill often lead to 
sound conclusions.’ but statistics. if used at all. 
should be used properly. 

It is absolutely essential that the rcfcrcnces given 
should be quoted accurately. To this end, they should 
all have been checked against the originals (or at least 
against abstracts. in which case the refcrcnce to the 
abstract should also be given). They should also 
actually have been consulted and not lifted piecemeal 
from a paper by someone else. There is no excuse 
whatever for inaccurate copying of references, nor for 
writing them in a style that is not that for the journal 
to which the paper is submitted. Failure to use 

Volume added 

Fig. 4 
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journal style may suggest that the paper has already 
been rejected by another journal (sometimes 
identifiable!). However, the editor also bears the 
responsibility of ensuring that authors are suitably 
informed of the error of their ways if they produce 
incorrect or inadequate references. 

GENERAL ASSESSMENT OF A PAPER 

Because analytical chemistry, above all other 
branches of chemistry, is an intensely practical 
branch of science, the prime criterion of a paper on 
analysis must be its ~~~~~~~~~~.~. No matter how elegant 
a piece of work may be, if it has no conceivable 
application it must remain an academic curiosity. It 

is true that certain academic curiosities of the past 
have found subsequent applications, but their num- 
ber is so small that it merely serves to prove the rule. 
Once the paper has been read as a whole. for obvious 
errors of chemistry and logic, the next task is to assess 
its value to the practising analyst. 

would be obtained after a decomposition procedure. 
and the possibility of formation of kinetically sta- 
biliscd thermodynamically unstable complexes (inert 
complexes) is tacitly ignored. Over forty years ago, 

Lund&’ wrote some words of wisdom that are often 
referred to but apparently seldom read. 

Methods have been concocted (no other word will 
do to describe their development) that are so involved 
and tortuous that the errors build up very quickly to 
an unacceptable level. Others require very exacting 
time schedules or very close tolerance limits on pH 
and other parameters. Such methods are of very 
limited value, and are only useful if no other exists 
capable of giving about the same precision and 
accuracy. 

Many authors seem to consider it unnecessary to 
suggest how their work may actually be applied, 
deeming it enough to provide a method that works 
for a pure solution of the determinand, with OI 
without addition of other species (one at a time. but 
scarcely ever in combination). Frcquent~y the ratio of 
the tolerable level of interfering ion to determinand 
is so low that the method would be utterly useless 
unless the determinand were the major species 
present in the sample, and usually a few set ratios arc 
tested without any attempt to find the true tolerance 
limit. Sometimes the oxidation states chosen for the 
interference tests do not correspond to those that 

Such value judgments must be based on a good 
working knowledge of the type of method dealt with, 
and of possible applications in industrial and research 
analysis. The literature is rather like the “Fat lady” at 
a carnival sideshow. I& is held together by a skeleton 
of bone-hard solid fact, with connective tissue of 
theory and muscle of useful application, the whole 
being overlaid by a mountain of the fat of pointless 
variation that is of no use to any but those who make 
their living from it (those academic and other profes- 
sional researchers who do not have the ability or 
originality to strike out a new line of their own). 
Research has indeed become a sacred cow when the 
amount of trivial work is so large that a vast range 

of new journals has had to be created for it to achieve 
publication. What is the result? Long series of papers 
ringing the changes on reagent (how many com- 
pounds have been tested as reagents for copper, 
found wanting, but reported for “the sake of com- 
pleteness”?), ion determined (the minimum number 
of papers to be expected for a new reagent is the 
number of metals etc. it will react with), method of 
completing the determination (one paper per method, 
for the same metal-reagent combination). 

There are enough textbooks and papers on how to 
conduct research (e.g.. the series commissioned for 
Tulunta’ ‘I) for there to be no reason for researchers 
to plead ignorance of what should have been done. 
Rcferecs and editors are all too often involved in 
giving free lessons in chemistry, logic, grammar etc., 
and may feel obliged to spend far more time over an 
unacceptable paper than it is worth, simply to justify 
their opinion to the author. 

Scientists are commonly regarded as illiterate. In 
the sense that they are frequently unable to commu- 
nicate their thoughts and knowledge fluently and 
accurately, this charge has a substantial foundation 
in fact. It is unfortunately equally true in the sense 
that they sometimes seem unable to distinguish good 
and useful from bad and pointless science when they 
read it. The remedy lies in their own hands. Literacy 

is a skill that can be gained like any other, by precept 
and practice, and a more ruthless attitude on the part 
of referees and editors of journals would greatly 
improve the quality both of science and of its image 
in the popular mind. 
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Summary--A mercury film electrode modified with a film consisting of tri-n-octylphosphinc oxide in a 
poly(vinyl chloride) matrix ia used for a galvanostatlc stripping determination of bismuth in copper and 
copper alloys. The method can he used to determine from 0.002 to O.S%, of bismuth. It is very selective. 
simple and rapid. The precision and accuracy are good and the only serious interference is caused by 
tm(IV) 

The preparation and electrochemical properties of a 
mercury film electrode modified with tri-n- 

octylphosphine oxide (TOPO-MFE) have been 
described in an earlier paper.’ This type of electrode 
makes possible very selective determinations of many 

metals. The general procedure for electrochemical 
stripping determinations with the TOP0 MFE 
involves four steps: (I ) accumulation of the metal ion 
in the TOP0 film (non-electrochemical; essentially a 
solvent-extraction step): (2) electrochemical dcposi- 
tion of the metal from the TOP0 film into the 

mercury film (potentiostatic electrolytic reduction 01 
the metal ion, here termed pre-electrolysis); (3) elec- 
trochemical stripping of the metal from the mercury 
film back into the TOP0 film (galvanostatic or 
potentiostatic oxidative stripping as in ASV): (4) 
back-extraction of metal ions from the TOP0 film 
into the solution (as with step I, this is non- 
electrochemical). The highest selectivity is ohtaincd 
when the sample solution is replaced by a pure base 
clcctrolytc after the extraction and accumulation of 
the metal ion into the TOP0 film. The extraction 
etfciency and selectivity depend mainly on the com- 
position and acidity of the sample solution. This 
paper describes the application of the TOP0 MFE 
to the determination of bismuth in copper and copper 
alloys, by galvanostatic stripping analysis (GSA). 

The most common methods for the determination 
of bismuth in copper alloys employ spec- 

trophotomctry or flame atomic-absorption spec- 
trometry. These methods arc not particularly scnsi- 

*Author for correspondence 

tivc and often rccluire preconcentration of bismuth, 

usually by co-precipitation with lanthanum(II1) or 
iron(II1) hydroxide. Toropova et ul.’ proposed an 
elcotrochcmical stripping method better suited to the 
dctcrmination of low; levels of bismuth in copper 

alloys. based on a selective preconcentration by 
chemictl reduction of Bi’+ ‘ by metallic mercury in a 
solution containing thiourea. Later, to improve the 
selectivity of the method, bismuth was separated 
from the matrix elcmcnts by extraction of its 
iodo-complex into methyl isobutyl ketone.3.4 These 
methods ha\c an advantage in the possibility of 
simultaneous determination of antimony. 

The galvanostatic stripping method with the 
TOPO-MFE described in the present paper is very 
simple and exhibits high sensitivity and selectivity. 
The solution need not bc deacrated. As the highest 
extraction distribution ratios have been obtained in 
hydrochloric acid media.’ a solution of hydrochloric 
acid wah also used in this determination. It follows 
from the literature data< on extraction of various 
clcmcnts from hydrochloric acid into 5% TOP0 
solution in toluene that the extraction of bismuth into 
the TOP0 film will probably be most affected by 
gold. uranium. tin and zinc. 

For the description of the apparatus and the experimental 
techniques see OUI- preceding paper.’ The TOPO-MFE was 
prepared by Procedure B.’ with the optimal parameters, i.e.. 
a TOP0 lilm thickness of 1.6 pm and silver and mercury 
film thicknesses of 0.9 and I.7 pm. respectively. The 
reagents used in this work were of p.a. purity (Lachema, 
Czechoslovakia) and were not further puriiied. The 
experimentation is described below. 
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RESL’LTS AND DISCUSSION 

Preliminary experiments indicated that extraction 
of bismuth from 0.5M hydrochloric acid into the 

TOP0 film is sufficiently rapid and that the bismuth 
is retained in the TOP0 film during exchange of the 
base electrolyte and washing with pure 0.5M hydro- 
chloric acid.’ The extraction of copper is complicated 
by the different behaviour of Cu’* and Cu + Both are 
extracted into the TOP0 film, but Cu” is partially 

back-extracted during washing with pure 0.5M 

hydrochloric acid, whereas Cu+ is retained in the 
TOP0 film, apparently owing to stronger solvation 
by TOP0 (and possibly also by slower transport 
through the TOP0 film). JanouSekh observed a sub- 
stantial increase in the extraction of copper from 
hydrochloric acid into 0. I M TOP0 in methyl iso- 
butyl ketone on addition of ascorbic acid to the 
solution and hence the effect of stronger solvation of 
cuprous chloride by TOP0 apparently predominates. 

A concentration of hydrochloric acid was therefore 
sought that would back-extract Cu’+ but not 

bismuth. A 0.5M hydrochloric acid solution contain- 
ing Bi” or Cu” at concentrations of 2 or 10 pgg/ml, 

respectively, was used to accumulate the metals on 
the TOPO-MFE (disconnected from the poten- 
tiostat). Then pre-electrolysis was performed for 

80 set at potentials of -0.400 V (Bi) or -0.600 V 

(Cu). The deposit was stripped galvanostatically at a 
current of 5 /IA. yielding data on the relative 
amounts extracted. The solution was then replaced 
by pure hydrochloric acid of a particular concen- 
tration and this was stirred for 80 set, with the 
working electrode disconnected from the poten- 

tiostat. Next the solution was replaced by pure 0.5M 
hydrochloric acid and the amount of the test element 
still contained in the TOP0 fihn was determined by 
GSA under the same conditions as above. The 
TOPO-MFE was always regenerated by immersion 
for 80 set in a stirred solution of I M citric acid. The 
dependence of the fractions of Bi”’ and Cu” 
retained in the TOP0 film after washing, on the 
hydrochloric acid concentration in the washing solu- 

tion. is given in Fig. 1. It can be seen that the best 
separation of Cu’+ from Bi”+ is obtained by washing 
with hydrochloric acid at the lowest concentrations; 
bismuth is also somewhat back-extracted. but it can 
be assumed that the percentage loss of bismuth will 
be constant, independent of its concentration in the 
test solution. The percentage of Bi” retained in the 
TOP0 film is mostly somewhat higher than 100%. 
This is caused by the fact that the first GSA stripping 
determination was carried out in the presence of the 
solution containing the test metals. Therefore, accu- 
mulation into the TOP0 film continued during this 
determination, As virtually no bismuth was back- 
extracted during the washing step (except when the 
lowest hydrochloric acid concentrations were used), 

the amount of bismuth determined in the second 
GSA determination was greater than that determined 
previously. 

The electrode activity depends on the effectiveness 
of the back-extraction of interfering elements. As tin 
is a likely interferent the conditions for back- 

extraction of bismuth and tin were examined. The 
elements were extracted into the TOP0 film from 
0.5M (for Bi3+) or 1M (for Sn4+) hydrochloric acid 
containing 5 pg of bismuth or 25 pg of tin per ml. 
Pre-electrolysis was applied for 80 set at potentials of 
-0.300 V (for Bi) or - 1.20 V (for Sn) and the 
elements were then stripped galvanostatically at a 

current of 5 @A, giving data on the relative amounts 
extracted into the TOP0 film. After two washings 
with water, the cell was filled with a test back- 
extraction solution, which was then stirred for 80 sec. 
The solution was removed and the cell washed twice 
with water and the residues of the metals in the 

TOP0 film were determined by GSA in pure solu- 
tions of 0.5M (for Bi) and 1M (for Sn) hydrochloric 
acid under the same conditions as above. The back- 
extraction efficiencies are summarized in Table I. The 
back-extraction efficiency also depends on other fac- 
tors, e.g., the PVC matrix of the film, and thus the 
data in Table 1 must be considered as a comparison 
of the relative efficiencies of the solutions studied. 
Bismuth is most efficiently back-extracted with 3M 
sulphuric acid. Tin(W) cannot be back-extracted with 
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Fig. 1. Effect of hydrochloric acid concentration on the 
retention of bismuth (1) and copper (2) in the TOP0 film. 
C,, = 2 pg/ml, Cc, = 10 pg/ml; accumulation in the TOP0 
film for 80 set from 0.5.M HCl, with the working electrode 
disconnected; 80-set pre-electrolysis at -0.400 V (Bi) and 
-0.600 V (Cu) in the same solution; GSA stripping step at 
5 PA; solution exchange for a pure HCl solution of a 
particular concentration; stirring for 80 set with the working 
electrode disconnected: solution exchange for pure O.SM 
HCl; GSA determination of the residues of the metals in 
the TOP0 film under the same conditions as above. The 
fraction retained calculated as the percentage ratio of the 

results of the second to the first GSA determination. 
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Table I. Back-extraction yields of bismuth and tin(lV) 

Back-extraction yield, % 

Buck-extraction solution Bi Sn 

HZ0 41 29 
O.3M H,SO, 81 21 
3M H$O, 97 -3+ 
lJ4 oxalic acid 19 29 
IM citric acid 88 40 
O.IM NaF 28 41 
0.7M H,PO, 6X 49 
7M HCI 88 

*Because the TOP0 phase was analysed for tin, and the 
experimental uncertainty resulted in an apparent 103% 
retention in the TOP0 phase. 

an efficiency higher than 50%, apparently owing to 
slow reaction of the solvate, but back-extraction with 
phosphoric acid is recommended, in view of the fact 
that increasing concentrations of tin cause an irre- 
versible decrease in the sensitivity of the deter- 
mination of bismuth, owing to gradual reduction of 
the extraction capacity of the TOP0 film for bismuth. 

Before examination of the effect of the accumu- 

lation time and electrolysis potential on the transition 
time for bismuth in 0.5M hydrochloric acid, the range 
of calibration graph linearity was found for accumu- 

lation and pre-electrolysis potentials of -0.300 V 
applied for 80 see in 0.5M hydrochloric acid; it 
extends from zero to 6 pg/ml bismuth concentration 
(T = 23 sec. I,,,,, = 5 PA). The effect of the accumu- 

lation time on the bismuth transition time was stud- 
ied both for an accumulation potential of -0.300 V 
and for the wforking electrode disconnected from the 
potentiostat, with I leg of Bi per ml in 0.5M hydro- 
chloric acid. under the same conditions as above. The 
effect of prc-electrolysis time at -0.300 V on the 
bismuth transition time was examined. for an accu- 
mulation time of HO SW with the working electrode 
disconnected (0.5/M hydrochloric acid. Bi 5 /(g/ml). 

The three dcpendenccs are given in Fig. 2 and 
indicate that diffusion of bismuth through the TOP0 
film is the limiting factor in the overall process (see 
also the earlier paper’). and that migration transport 
is insignificant at an clectrodc potential of -0.300 V. 
The dcpcndencc of the bismuth transition time on the 
accumulation and prc-electrolysis potential (Fig. 3) 
then shows that solvate migration is insignificant 
cvcn at higher electrode potentials. 

Therefore. the optimal conditions for the deter- 
mination of bismuth can be summarized as follows: 
(I) the accumulation of bismuth is best done with the 
TOPO--MFE disconnected from the potentiostat, as 
the bismuth transport through the TOP0 film is 
virtually unaffected by the electrode potential and in 
this way the highest selectivity of determination is 
attained: (2) the determination is then done after 
replaccmcnt of the sample solution by a pure base 
electrolyte. into which bismuth is not back-extracted 

from the TOP0 film; (3) stripping of the elements 
from the TOP0 film after the determination is best 
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Fig. 2. Effect of accumulation time and TOPO-MFE 
potential on the transition time of bismuth in the GSA 
determination in 0.5M HCI. Accumulation: (I) C,, = I 
pg/ml, electrode potential -0.300 V. (2) C,,= I leg/ml, 
disconnected working electrode. (3) C,, = 5 pgiml. discon- 
nected working electrode. GSA determination: E, = -0.300 

“3 Lp = 5 PA. (I) C,, = 1 pg/ml, 1, = 80 sec. (2) C,, = 0. 
f, = 80 sec. (3) C,, = 0. 
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Fig. 3. Effect of TOPO-MFE potential on the transition 
time in the GSA determination of bismuth in 0.5M HCI. 
Accumulation: C,, = I pg/ml, E,,, = E,, f,,, = 80 sec. GSA 

determination: C,, = I pgg/ml, fc = 80 sec. ITlrip = 5 PA. 

done with acid solutions without electrode polar- 
ization, to stabilize the distribution of H+ and A- 

ions in the TOP0 film and avoid large changes in the 
TOPO-MFE activity. 

Determination of bismuth, and inte$erence.s ,from tin 

und zinc 

On the basis of the results above, bismuth was 
determined as follows. The TOPO-MFE was soaked 
for 15 min in 3M sulphuric acid before the first 
measurement. Bismuth was then accumulated for 80 
set from a stirred solution of 0.5M hydrochloric 
acid/0.4M phosphoric acid containing 5 pg of Bi per 
ml, with the TOPO-MFE disconnected from the 
potentiostat; the electrode was then rinsed twice with 
water and the galvanostatic stripping determination 
was done with pure 0.5M hydrochloric acid. After the 
measurement, bismuth was back-extracted from the 
electrode by an 80-set immersion in stirred 3M 
sulphuric acid. The dependence of the TOPO-MFE 
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Fig. 4. Activity of the TOPO-MFE in the GSA 
determination of bismuth in a solution of 0.5M HCI + 0.4M 
H,PO,. the first day (0) and the second day (0) after 
preparation of the TOPO-MFE. Accumulation: 0.5M 
HCI + 0.4M H,PO,. C,, = 5 /ig/rnl, disconnected electrode, 
accumulation time. 80 sec. GSA determination: after 
accumulation the TOPO-MFE was rinsed twice with water 
and then Bi was determined in 0.5M HCl. E, = -0.300 V, 

I, = 40 set, f,,,,, = 5 VIA. 

activity on the number of determinations is illustrated 

in Fig. 4. The average transition time for the bismuth 
stripping was ?a, = 19.0 set during the first day (with 
a standard deviation of i: 0.5 sec. n = 12) and 

fB, = 15.4 set during the second day of use 
(S.D. = & 0.9 sec. II = 5). These results represent only 
a rough estimate of the stability of the TOPO-MFE 
response, as different analyses were done with the 
electrode between these measurements. However, it is 
generally to be expected that the first determination 
will always yield an outlying result. The greatest 
changes in the TOPO-MFE activity were observed 
on polarization of the electrode at potentials of 
anodic mercury dissolution (see Lexa and Stulik,’ 
formation of the mercury salt solvates). 

The presence of phosphoric acid in the base elec- 
trolyte suppresses the accumulation of tin(W) in the 

TOP0 film, and back-extraction of the bismuth 
accumulated from this solution amounts to only 
about 15% during washing with the first two portions 

of water; on further washing, no addition~~l back- 
extraction of bismuth is observed. 

Calibration curves for 0.5-5.0 jrg of Bi per ml wcrc 

obtained by GSA by the following procedure. (I) 
Accumulation of bismuth for 80 set from bismuth 
solution in 0.5M hydrochloric acid/O.ililil phosphoric 
acid, with the TOPO-MFE disconnected from the 
potcntiostat. (2) Rinsing with water and prc- 
electrolysis of bismuth in pure 0.5M hydrochloric 
acid/0.4M phosphoric acid (I?, = -0.300 V, t, = 40 
set, I,,,;, = 5 PA). (3) Electrode regeneration in 
stirred 3M sulphuric acid for 80 sec. 

For the sake of comparison, caIibration curves 

were also obtained by direct-current anodic-stripping 
voltammetry (DCASV) and differential-pulse anodic- 
stripping voltammetry (DPASV) under the same 
conditions, except for the times of accumulation and 
the electrode regeneration, which were 200 see. The 
potential scan-rate was IO mV/sec for DCASV and S 

mV/sec for DPASV; the pulse amplitude and fre- 
quency in DPASV were - 12.5 mV and 1 sec. The 
methods of DCASV and DPASV are more sensitive 
than GSA and thus the respective bismuth concen- 

tration ranges were 0.05-0.6 and 0.005.-0.08 jrg;ml. 
The characteristics of the calibration curves are sum- 
marized in Table 2. Back-extraction of bismuth by 
200~set immersion in 3M sulphuric acid at very low 
concentrations is not complete and two regeneration 
steps are required to suppress the electrode memo1.y 
effect. As follows from Table 2, DCASV and 
especially DPASV should be used when very low 
concentrations of bismuth are to be determined. 
However, for common applications the sensitivity of 
GSA suffices, with the advantages of improved sclcct- 
ivity and the possibility of working with solutions 

that are not deaerated. (Solution dcaeration is by far 
the longest stage of the whole determination). 

The selectivity of the GSA determinalion of 

bismuth with respect to tin and zinc was studied with 
2 pg of Bi per ml, 80-set accumulation from 0.5M 
hydrochloric acid (disconnected electrode) and strip- 
ping step with pure 0.5M hydrochloric acid (no 
rinsing with water) at E, = -0.300 V, t, = 40 set and 
I str,p = 5 PA. The electrode was regenerated for 80 see 
in stirred 3M sulphuric acid. The results arc given in 

Table 2. Regression calibration straight lines, x = h C,, + a (GSA) and I = h C,, + o 
(DCASV and DPASV); tl = 0.05 

GSA 6 3.67 i 0.25 0.3 ri: 0.5 0.999 0.08 
sec.pg ‘.ml set 

DCASV 6 19.7 & 0.5 0.3 * 0.3 0.999 0.01 
/fA./lg ‘.ml /iA 

DPASV 7 132 + 18 -0.3 + 0.8 0.994 0.00 I 
wA./cg-‘.ml 11 A 

,I = number of determinations, s,. s,, = SD. estimates. I, = Student’s coefficient, 
r = correlation coefficient: limit of determination was obtained as three times the 
S.D. value. 
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Table 3. SelcctiLity of the GSA determination of bismuth with the TOPO-MFE 

Solution 
Interfering 

ion. M” C, /CR, 

Bi recovery. 
%, 

0.5.W HCI 

0.5J4 HCI + 0. I M citric acid 
0.5,!-1 HCI + 0.5M citric acid 
0.51W HCI + 0.4,M H,PO, 

Zn*+ I 
5 

25 
125 

Sn4’ I 
5 

IO 
10 
IO 
IO 

0.5,%’ HCI + 2M H,PO, 
100 

IO 
SO 

100 

99 
102 
91 
85 
94 
66 
50 
40 
49 
98 

4 
102 
88* 
56* 

*GSA determination in a solution of 0.5M HCI+0.4M H,PO,. after solution 
exchange. 

Table 3. from which it follows that when 0.5M 

hydrochloric acid is used as the base electrolyte in the 
accumulation step. interference by zinc begins at a 
zinc-to-bismuth weight ratio greater than 25, but 

tin(lV) intcrfcrcs even at the same concentration as 
that of bismuth. In the presence of phosphoric acid 

in the base electrolyte, however, tin(IV) is partially 
masked and a tenfold ratio to bismuth can be toler- 
ated: 0.4M phosphoric acid does not affect the accu- 
mulation of bismuth and may also mask some other 
cations, especially those with higher oxidation num- 
hers. In the presence of large amounts of tin(IV) and 
zinc. the recovery of bismuth is low and the 
TOPO-MFE activity gradually decreases. Never- 
theless. bismuth can still bc determined (see Table 4). 
but the standard-addition method must be used. 

The GSA method of determination of bismuth was 
applied to analyses of pure copper and copper alloys, 

Pvoc,crlu~c~. To 0.1 g of sample in a 50-m] beaker 

covered with ;I watch-glass add I .O ml of hydrochloric 
acid (I + I) and I ml of 30% hydrogen peroxide. 
Allow the sample to dissolve, rinse the beaker walls 
with ~1. 7 ml of water. add 0.1 ml of IM iron(l1) 
sulphatc and boil briefly to destroy the peroxide 
completely. Add 0.5 ml of phosphoric acid (I + 1) (or 

2.5 ml for samples containing high concentrations of 
tin), transfer the solution to a IO-ml standard flask 
and dilute with water to the mark. Transfer the 
solution to the electrolysis cell and accumulate bis- 
muth for 80 set with the TOPO-MFE disconnected 
from the potentiostat. Wash the TOPO-MFE with 
water and replace the test solution with pure 0.5M 
hydrochloric acid and perform a 40-set pre- 
electrolysis at a potential of -0.300 V. Then strip the 

deposit galvanostatically at a stripping current of 
5 PA and measure the transition time. Obtain the 
bismuth concentration from a calibration curve, or, 
in the presence of large amounts of tin and zinc, by 
the standard-addition method. Before the next mea- 
surement, regenerate the TOPO-MFE by immersion 
in a stirred solution of 3M sulphuric acid for 80 sec. 

For analyses of pure copper. with a bismuth 

content of less than I ppm, to which various amounts 
of bismuth were added, the calibration regression 
straight line, 7 (set) = cB, (I 76 ? 5) (XC!%) + (0.2 + 
0.1) (set), was obtained. with a correlation coefficient 
of 0.998 and a detection limit of 0.002% Bi in Cu 
(three times the standard deviation: II = 6). 

The precision and accuracy of the method were 

tested by analyses of standard copper alloys and by 

Standard 
material 

Table 4. Accuracy and precision of the GSA determination of bismuth in copper alloys 

Contents of other metals, % Bi content found, % 
Certified 

Bi content. GSA 
Cl 0 St1 Zn Sb Ag AAS* HAASt n &.$i 

Skoda No. I 
Skoda No. 2 
Skoda No. 3 
Skoda No. 4 
Skoda No 5 
Skoda No. 6 

0.009 0.01 0.01 0.006 
0.014 0.01 0.01 0.008 
0.02 0.02 0.02 0.01 
0.03 0.02 0.03 0.02 
0.05 0.02 0.05 0.01 
0.08 0.02 0.08 0.0 I 

0.045 6.6 2.3 0.25 
0.02 13.5 0.5 n 03 

0.005 0.005 4 
0.007 0.007 5 
0.01 I 0.011 5 
0.015 4 
0.022 4 
0.040 3 

4 
A 

0.0046 f 0.0005 
0.0070 i 0.0008 
0.0108 + 0.0006 

0.014 rf- 0.001 
0.022 rf- 0.001 
0.041 + 0.002 
0.043 * 0.008 
0.014 F 0.005 

*After separation and preconcentration of bismuth by co-precipitation with lanthanum hydroxide 
tAAS with hydride generation.’ 
4L, I = .\’ f .\I,., )I: n = number of determinations; 2 = 0.05. 
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comparison of the results with those obtained by 

AAS.’ The results are summarized in Table 4, from 
which it can be seen that the GSA method yields I. 

results that are in good agreement with those 2. 
obtained by AAS and with the certified bismuth 
contents. Hence, the method can be used for a simple, 3, 

direct. rapid and reliable determination of bismuth in 
copper alloys, at bismuth contents from 0.002 to 4. 

0.5%. To determine lower contents of bismuth, 5. 
DPASV should be used, but the calibration curve 
ceases to be linear below 0.001% Bi, owing to 

6. 

interference from the copper. I. 
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Summary--The phosphorescence characteristics (excitation and emission spectra and lifetimes) of 
acetophenone (AP), benzophenone (BP), p-aminobenzophenone (PABP) and Michler’s ketone (MK) 
adsorbed on Whatman No. I filter paper were measured at various temperatures, and compared with the 
phosphorescence characteristics in different solvent glasses at 77 K. Both AP and BP phosphoresce on 
filter paper only at low temperature (208 K). The phosphorescence lifetimes of AP and BP are < 1 msec. 
indicating a ‘(n, a*) lower triplet level for paper substrates. With PABP, the low lying triplet state in polar 
solvents is ‘(CT) and in non-polar solvents is ‘(n, a*); PABP on filter paper results in spectral 
characteristics similar to those of PABP in polar solvents at 77 K. The lifetime of PABP is longer than 
that of BP, indicating a ‘(CT) low-lying triplet state. MK, like PABP, has strongly environment-dependent 
photophysical properties. MK, when adsorbed on filter paper, has an intense long-lived luminescence at 
room temperature, resulting in a limit of detection of 3 ng/ml or 3 pg, and a linear dynamic range of over 
3 orders of magnitude. MK appears to be strongly hydrogen-bonded to the filter paper. In studies in 
ethanol and other solvents, MK adsorbed on filter paper shows a dramatic change in its phosphorescence 
spectrum when the temperature is lowered from 298 K to 208 K; the phosphorescence peak moves to 
longer wavelengths and the intensity decreases. The temperature effect could arise from the presence of 
several conformers of MK or be due to different environmental sites or E-type delayed fluorescence. The 
low-lying triplet state of MK on filter paper is most likely a ‘(CT) state. Lowering the temperature appears 
to increase the phosphorescence intensity for ketones which phosphoresce in the j(n, n*) triplet state. but 
affects it only slightly for analytes which phosphoresce in the ‘(rr, a*) triplet state. Room-temperature 
phosphorescence seems to arise for aromatic ketones and aldehydes with low-lying ‘(a, a*) or ‘(CT) triplet 
states. 

In recent years, room-temperature phosphorescence 

(RTP) has become a useful analytical technique.’ ’ It 
is suggested that to restrict the radiationless deacti- 
vation processes of the first excited triplet state, the 
phosphor should be held rigidly on the substrate.’ 
The studies by Schulman and Walling’ and later by 
Wellons ct nl.” demonstrated that aromatic ionic 
compounds exhibit strong RTP. On the other hand, 
non-ionic forms of the same compounds do not 
phosphoresce at room temperature when adsorbed 
on filter paper. These observations show the im- 
portant role of dipole-dipole interactions between the 
phosphor and the substrate. Schulman and Parker’ 
suggested that hydrogen-bonding of the phosphor to 
the substrate is also very important for minimizing 
the non-radiative deactivations of the excited triplet 
state. Dalterio and Hurtubise’” have recently used 
several spectroscopic techniques to study the inter- 
actions of aromatic hydrocarbons and hydroxy com- 
pounds with several solid supports. They have also 
shown that there are hydrogen-bonding interactions 

*Research supported by NIH-GM-I 1373-21. 
i-On leave from Institute of Chemistry, Tel-Aviv University, 

Tel-Aviv. Israel. 
$Author to whom correspondence should be addressed. 

between the phosphors and the substrates. RTP has 
been observed from non-polar polynuclear aromatic 

compounds in the presence of heavy atoms. It has 
been suggested” that the heavy atom forms a 
n-complex with the analyte, thus increasing the inter- 

actions between the phosphor and the support. In 
view of the importance of the interactions and our 
previous studies” on RTP of aromatic ketones and 

aldehydes, we decided to study the nature of the 
interactions between several of these compounds and 

filter paper. 
The absorption spectra of aromatic ketones are 

characterized by two types of electronic transitions: 
(i) a weak ‘(n, rr*) absorption band, (ii) a high- 
intensity ‘(z, n*) absorption band. Polar solvents 
have stronger hydrogen bonding and dipole-dipole 
interactions with the ‘(n, z*) ground-state than with 
the ‘(n, rc*) excited state. Therefore, the energy gap 
between the two states increases, producing a blue 
shift of this band. For the ‘(rr, rc*) transitions, it has 
been suggestedI that the excited state is more polar 
than the ground-state. Therefore, the excited state is 
stabilized to a greater extent than the ground-state, 
and the ‘(rc, x*) transitions are red-shifted with in- 
crease in the polarity and hydrogen-bonding capabil- 
ity of the solvent.“’ 

17 
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These carbonyl compounds may be classified into 
three groups: (i) compounds which have a low-lying 
‘(0, n*) state in polar and non-polar solvents; (ii) 
ketones which have a low-lying ‘(pi, n*) state in 
non-polar solvents, but a low-lying 3(n, n*) state in 

polar media; (iii) ketones which have a low-lying 
‘(n, n*) state in all solvents. These characteristics 
affect the photochemical reactivity of aromatic carbo- 
nyls. Ketones with a low-lying ‘(n, x*) state abstract 
hydrogen from the solvent in a highly efficient photo- 
chemical reaction. For a 3(n, z*) excited state, the 

carbonyl oxygen atom is electron-deficient, and the 
excitation energy is localized on the carbonyl group. 
On the other hand, ketones with low-lying ‘(n, z*) 
states are less reactive in hydrogen-abstraction reac- 
tions, since the excitation energy is partially de- 
localized into the aromatic z-system.15 

In singlet-excited aryl ketones having strong 
electron-donating groups, charge is transferred from 

the substituent to the carbonyl group, producing a 
charge-transfer excited state ‘(CT). These ketones 
belong to the highly polar D-Ar-A (D = donor, 
Ar = aryl, and A = acceptor) class of compounds, for 
which the characteristics of the absorption spectra are 
strongly dependent on the polarity of the solvent.14 

As mentioned before, the nature of the lowest 
triplet state in some aromatic ketones is solvent- 
dependent. In non-polar solvents, such as cycle- 

hexane, the lowest triplet has the ‘(n, n*) con- 
figuration, and in polar solvents, such as alcohols, 

the lowest triplet has the 3(~, n*) or ‘(CT) 
configuration. In this work, we determined the 
configuration of the lowest triplet (and for PABP and 
MK, also the lowest singlet) of aromatic ketones 
adsorbed on filter paper. This gave a closer insight 
into the nature of the interactions between the paper 
substrate and the analyte in solid-surface lumi- 

nescence. 

EXPERIMENTAL 

The instrLlmentai system and experimental conditions, 
except for those detailed below, have already been de- 
scribed.” 

Measurements in solvent matrices at liquid-nitrogen tem- 
perature were performed with the Perkin-Elmer LS-5 lumi- 
nescence spectrometer equipped with the low-temperature 
luminescence accessory. Ultraviolet absorption spectra were 
obtained with a Hewlett--Packard 8450A diode-array spec- 
trop~otometer. Reflectance spectra were obtained with a 
Perkin-Elmer Lambda-3B s~ctrophotometer equipped 
with an integrating sphere attxhment. Spectra were plotted 
with a Hewlett-Packard 7470A plotter. 

Ma1erial.s 
All aromatic ketones used in the study were of analytical 

grade (Fluka) and recrystallized several times from ethanol 
(used as received). Whatman No. I filter paper was used for 
all solid-surface measurements. 

RESULTS AND DISCUSSION 

Awtophenone and benzophenone 

Acctophenone (AP) and benzophenone (BP) are 
often used as triplet sensitizers because of their 

high-efficiency triplet yields (quantum yield of inter- 
system crossing, Cp,, z 1). In addition, the phos- 
phorescence quantum yields of AP and BP are also 
relatively high (Cp, > 0.7). It has been found” that in 
an ethanolic glass both AP and BP phosphoresce in 
the ‘(n, n*) triplet state. The phosphorescence life- 

times originating from the ‘(n, z*) state at 77 K are 
usually in the msec range, whereas the phos- 
phorescence lifetimes from the 3(~, n*) state are 
10-1000 times as long. Hence the phosphorescence 
lifetime of the analyte adsorbed on filter paper should 
indicate the electronic configuration of the emitting 

triplet. 
Phosphorescence is sometimes observed from the 

3(n, ?I *) state, in fluid solutions at room temperature. 
On the other hand, phosphorescence from the 
3(n, n *) state is rarely observed” unless special care is 
taken to exdude oxygen and other triplet quenchers. 

It is also possible to observe phosphorescence origi- 
nating from a 3(n, n*) state in the presence of heavy 

atoms and surfactants.” 
Thus, AP and BP should be ideal compounds for 

room-temperature phosphorimetry. However, we 
have foundI that aromatic ketones having a low- 

lying ‘(n, n*) state generally give very poor RTP 
signals. For example, using a spectrofluorimeter 
equipped with a mechanical chopper, we were unable 
to distinguish an RTP signal from the background 
emission for BP and AP, even when relatively concen- 
trated ketone solutions were used. The reason for this 

is probably not only the intrinsically short phos- 
phorescence lifetime of the 3(n, z*) state, but also the 
non-rigid nature of the molecule in this state com- 
pared to that of molecules in a ‘(n, n*) state. 

The spectrofluorimeter used in this study was the 
Perkin-Elmer LS-5, which is equipped with a 
flash-lamp and an electronic gating system which 
allow use of short delay times, such as 0.05 msec.16 To 
obtain high ratio of analyte-to-background phos- 
phorescence, very short delay times (0.05-0.1 msec) 
and short gate times (0.3-I msec) were chosen. How- 
ever, even under those fairly optimal conditions, 
relatively concentrated AP (6.25 mg/ml at room 
temperature, and 0.625 mg/ml at 208 K) and BP 
(240 @g/ml at room temperature, and 24 pg/ml at 
208 K) solutions were needed. Furthermore, to ob- 
tain phosphorescence signals with good signal-to- 
noise ratios from AP and BP adsorbed on Whatnlan 
No. 1 filter paper, the phosphorescence spectra and 
lifetimes were measured” at 208 K (Figs. 1 and 2). 

In Table 1, the phosphorescence lifetimes of AP 
and BP in various matrices are given. The phos- 
phorescence lifetime of BP adsorbed on filter paper is 
about one order of magnitude smaller than in solvent 
glasses. This is expected because of the difference in 
the temperature at which the measurements were 
performed. Similarly the phosphorescence lifetime of 
AP adsorbed on filter paper is one order of mag- 
nitude smaller than its lifetime in EPA (5:5:2 v/v 
diethyl ether:isopentane:ethanol). We may thus con- 
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Wavelength (nm) 

Fig. 1. Emission spectra of benzophenone adsorbed on Whatman No. 1 filter paper at various 
temperatures: 1, 20 C: 2. 0 C; 3, ~20 C; 4, -40°C; 5, -65’C. The spectra demonstrate the relatlvc 

intensities at the various temperatures. 

240 260 280 300 320 

Wavelength (nm) 

Fig. 2. Excitation and emission spectra of acetophenone adsorbed on Whatman No. 1 filter paper: I. 
emission spectra at 25’C; 2, excitation and emission at -65°C. The spectra show the relative intensities. 

elude that. when adsorbed on filter paper both AP 
and BP phosphoresce in the ‘(n, n*) state, as in 
alcohol glasses, in contrast to the situation in acidic 

ethanol glass and methylcyclohcxane-silica gel glass. 
It has been found’i,20 that in these glasses the AP 
phosphorescence lifetime is considerably longer, indi- 
cating that the lowest triplet is the 3(n, n*) state. 

glass (Figs. 1 and 2). The vibrational patterns which 
correspond to the carbonyl vibrational levels in the 
ground state are easily observed; such vibrational 
patterns are typical for phosphorescence emitted 
from a 3(n. 7r*) state.” 

p-Aminobenzophenone 

The phosphorescence spectra of AP and BP ad- It has been suggested’” that for acetophenone in 

sorbed on filter paper are relatively structured, es- ethanol solution the energy gap between T, “(n, n*) 

pecially at 208 K, compared to those in acidic ethanol and T2 3(q n*) becomes rather small. Hence, if the 

Table I. Phosphorescence lifetimes of acetophenone and benzo- 
phenone in various matrices 

Compound Solvent/Substrate Temperature, K T,, met 

Acetophenone EPA 
Acetophenone MCH + silica gel 
Acetophenone EtOH + HCI 
Acetophenone Whatman No. 1 
Benzophenone Cyclohexane 
Benzophenone iPrOH 
Benzophenone Whatman No. I 

“Data taken from Lamola.‘” 
“Data taken from Porter and Suppan.” 
‘Measured with Obey-Decay program. 

77 8” 
77 550” 
77 350” 

208 0.8 * 0.04’ 
71 5.lb 
71 5.4h 

208 0.5 * 0.05’ 
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energy of the 3(rr, rr*) state is lowered, the relative 
order of these two triplet states might be reversed. 
This might be achieved by substituting an electron- 
donating group, e.g., an amino or dimethylamino 
group, para to the carbonyl group.14 Several 

researchers” 24 have postulated that this is the situ- 
ation for p-aminobenzophenone (PABP); the low- 
lying triplet state in a polar protic solvent, such as 

2-propanol or ethanol, is the ‘(CT) state, and the 
low-lying triplet state in non-polar solvents, such as 
cyclohexane, is the ‘(n, n *) state. Moreover, PABP is 

a D-Ar-A compound and its spectral emission prop- 
erties change considerably with the polarity and 
hydrogen-bonding capability of the solvent or the 
substrate.2”26 

From the data given in Table 2, it is clear that there 
are hydrogen-bonding interactions between the filter 
paper and PABP. Thus, the reflectance spectrum and 
the RTP excitation spectrum of PABP adsorbed on 
filter paper are very similar to the ultraviolet absorp- 
tion spectrum of PABP in ethanol at room tem- 
perature. These absorption bands are considerably 
red-shifted compared to the corresponding bands in 
ether and cyclohexane solutions, indicating that the 
first excited singlet of PABP adsorbed on filter paper 
is the ‘(CT) state. The phosphorescence emission 
spectrum of PABP in ethanol glass at 77 K is also 
similar to that of PAPB on filter paper at room 
temperature, and in both spectra the emission peak is 
red-shifted compared to the emission bands in diethyl 
ether and cyclohexane medium. 

Table 2. Spectroscopic data for p-aminobenzophenone 

Absorption Phosphorescence 

Solvent 

Cyclohexane 
Ether 
Ethanol 
Whatman No. I 

i, mdXl nm I,,, nm I,,, nm 

303b _c 425b 
238, 317d _c 454, 484e 
244, 335d 253, 354d 484* 
248, 336d.’ 248, 336* 485* 

“Measured at room temperature. 
bData taken from Porter and Suppan.” 
‘Data taken from Porter and Suppan*’ or Davidson and 

Sauthanam.24 
dThis work. 
eData from Davidson and Sauthanam.24 
‘Reflectance spectrum. 

The phosphorescence excitation spectrum in eth- 
anol at 77 K is red-shifted compared to the room- 
temperature excitation spectrum of PABP adsorbed 
on Whatman No. 1 filter paper. This is a rather rare 
situation, since usually*~’ the RTP spectra are red- 
shifted compared to those obtained at low tem- 
perature. This red-shift may be attributed to the 
enhanced hydrogen-bonding and dipoledipole inter- 
actions at low temperatures.‘4.‘2.27 

The RTP spectrum of PABP does not exhibit 
vibrational structure, and in this sense is very similar 

to the phosphorescence spectrum of PABP in ethanol 
glass at 77 K. On the other hand, the phos- 
phorescence spectrum of PABP in the aprotic ether 
glass is relatively structured.24 All these observations 
indicate that there are strong hydrogen-bonding 
interactions between the paper and the absorbed 
PABP molecules. 

The phosphorescence lifetime of PABP at 298 K 
(Table 3) is about 40 times that at 208 K of benzo- 
phenone adsorbed on filter paper. In our opinion, this 
indicates that the RTP must originate from a ‘(CT) 
triplet state rather than from a 3(n, n *) state. We have 
found that at room temperature PABP phos- 
phoresces rather poorly. These results indicate that in 

ethanol solutions at room temperature the PABP 
triplet is not highly populated.22~23 In ethanol glass, 
PABP phosphoresces with relatively low efficiency, 
whereas in cyclohexane solution at room temperature 
the PABP triplet is quite efficiently formed 

(@,, = 0.3).23 

Michler ‘s ketone 

The photophysical and photochemical properties 
of Michler’s ketone [4,4’-bis(dimethylaminobenzo- 
phenone)] (MK) have been very extensively stud- 
ied.2’~22~27~34 MK is widely used as a triplet sensitizer 
in many photochemical reactions, owing to its high 
triplet yield. However, like PABP, its photoreactivity 

and photophysical properties are strongly solvent- 
dependent.22,‘8 In non-polar solvents, e.g., cyclo- 
hexane, MK is very photoreactive, and the quan- 

tum yield of intersystem crossing is very high 
(@,,, = 0.91). On the other hand, in ethanol solutions, 
MK is unreactive and the quantum efficiency of 
triplet formation is very low (@,, = 0.08). This has 
been attributed22,2” to the fact that in non-polar 

Table 3. Phosphorescence lifetimes of PABP and MK on Whatman 
No. 1 filter paper 

Compound Temperature, “C A,,, nm I,,, nm sp,* msec 

PABP 25 340 485 19.4 * 0.9 
PABP 25 340 485 2.14b+0.15 
MK 25 390 465 8.2 If: 0.26 
MK 25 390 465 I .84b + 0.04 
MK -65 390 510 36.5 + 3.6 

“Measured on at least 4 different samples by using Obey-Decay 
program (correlation coefficient 2 0.99). 

bThe short lifetimes were obtained while using delay times shorter than 
1 msec. 
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Table 4. Spectral properties” of MR in various matrices at ditrcrent temprraturer 

Absorption Phosphorcscencc 

Solvent/Substrate I -,,,,, 1. t2111 j._. u1u I.,,,, , 111?! Tp. .SC’C’ 

Hydrocarbon (303 K) 330h 330h 433, 46Y 
354h 440. 470h 

Methyl THF (303 K) :145’ 370’ 455’ 0 0’)‘ 
400’ 471’ 0.55’ 

Diethyl ether (303 K) 242. 33X‘! 
Ethanol (303 K) m. 366. (388 at 95 K)h 390d 475. 504” 0.2. 0. iJh 

420” 500. 52O\h” 0.4’. 0.2Xh 

Whatman No. I (303 K) 391” 365” 
4 IO” 367” 

Whatman No. I (208 K) 390d 510” 
4 I 0“ 520” 

Whatman No. I (77 K)d.’ 3X0”-’ 505” I 
420” f 515”’ 

“The underlined wavelengths indicate peak maxima. 
bData from Groenen and Koelman.“.” 
‘Data from KloptTer.” 
“This work. 
“Reflectance spectrum. 
‘Obtained with Perkin-Elmer MBF-44B spectrophotofluorimcter. 

solvents the reactive ‘(n. JC*) is the lowest triplet state, 

whereas in polar protic solvents the unreactive ‘(CT) 
is the low-lying triplet state. 

In addition. MK exhibits unique photophysical 
features in solvent glasses at 77 K,“,” ” namely. the 
phosphorescence emission spectra and decay times 
depend on the wavelength of excitation. These rather 
peculiar characteristics encouraged us to study the 
photophysical properties of MK adsorbed on What- 
man No. I filter paper. 

Spectrulpropertic~s. MK shows a very intense long- 
lived luminescence at room temperature when ad- 
sorbed on Whatman No. 1 filter paper and the 

detection limit is 3 ng:ml (absolute limit 3 pg. lineat 
dynamic range >3 orders of magnitude). 

Table 4 reveals that the absorption maxima of MK 

adsorbed on filter paper occur at longer wavclcngths 
than for MK in other media. indicating that MK has 
strong hydrogen-bonding interactions with paper at 

room temperature. The phosphorescence excitation 
spectra of ML on paper at room tcmpcraturc and in 
ethanol glass at 77 K are similar. and arc t-cd-shifted 
compared to the spectra in aprotic glasses. The 
emission spectra of MK in ethanol glass and on papc~ 
at 303, 208 and 77 K (Figs. 3-6) are also similar. and 
structureless, in contrast to the structured spectra of 

4 
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250 300 350 400 450 
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Fig. 3. Excitation spectra of MK adsorbed on Whatman No. I filter paper. measured at \ariou\ 
temperatures: I, 25 C; 2, ~ 12 C: 3. -50 C: 4. -65 C. The spectra show that upon cooling. the peak 

at 392 nm decreases while the peak at 235 nm increases. 
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420 440 460 480 500 520 540 560 580 600 

Wavelength (nm) 

Fig. 4. The effect of lowering the temperature for MK adsorbed on Whatman No. I filter paper, enussion 
spectra: I, 71°C; 2, 36°C; 3, -9”C, 4, -65 ‘C. 

MK in alkane glass. ‘4 Moreover, in hydrocarbon 
glass, where its lowest excited singlet is the ‘(n, K*) 
state, MK gives no fluorescence. On the other hand, 
MK in ethanol glass and on filter paper at 77 K 
exhibits both fluorescence and phosphorescence. 
These observations indicate that the lowest excited 
singlet of MK absorbed on filter paper, as in ethanol 
glass, is the ‘(CT) state. Interestingly the phos- 
phorescence excitation peak of MK on filter paper at 
room temperature is red-shifted compared to the 
peak obtained in the reflectance spectrum (Table 4). 
This is in contrast to our observations for PABP 
(Table 2), in which the reflectance spectrum and the 
phosphorescence excitation spectrum are identical. 

Temperature effects. Unlike the case for MK in 
solvent glasses at 77 K,2”~1’~” and in ethanol solutions 
at room temperature,“,‘4 the emission spectrum of 
MK on filter paper at room temperature does not 
change when the excitation wavelength is varied, 
though the emission peak shifts slightly with change 
in excitation wavelength at 208 and 77 K (Table 4). 
However, a dramatic change in the phosphorescence 
spectra of MK on filter paper is observed on lowering 
the temperature (Figs. 3 and 4). When our Dewar 
sample-holder (described in detail elsewhere”) was 

used two major changes occurred: (i) the phos- 
phorescence emission peak moved toward longer 
wavelengths; (ii) the intensity decreased considerably 

350 

Wavelength (nm) 

Fig. 5. Excitation spectra of MK in ethanolic glass at 80 K: l-scanned with i,, set at 475 nm 
(peak-389 nm); 2-scanned with & set at 540 nm (peak-390 nm); 3-scanned with i.,,, set at 450 nm 

(peak-363 nm). 
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Wavelength (nm) 

Fig. 6. Emission spectra of MK in ethanolic glass at 80 K: l-excitation at 390 nm (peaks--475 and 
504 nm); 2--excitation at 420 nm (peak-500 nm). The intensity of spectrum 1 is 20 times that of spectrum 

2. On excitation at 420 nm conformer B dominates the emission spectra.j4 

as the peak shifted to the red. Usually, lowering the 
temperature induces a blue-shif?‘,” of the phos- 
phorescence excitation spectrum and especially of the 
emission spectrum. This trend is indeed observed for 
most of the compounds shown in Tables 5 and 6. On 
the other hand, for MK only, the excitation peak is 
blue-shifted, but the emission peak is considerably 
red-shifted. This red-shift cannot be attributed to the 
change in background emission, since the phos- 
phorescence of Whatman No. 1 filter paper is blue- 

shifted on cooling (Table 5). In addition, it was found 
that when the temperature is lowered, the intensity of 
the excitation peak at 392 nm decreases but the 
intensity at 235 nm increases (Fig. 3). Here, the 
enhancement in the short wavelength region is due to 
the enhanced background emission which occurs on 
cooling the filter paper. 

Two main explanations have been given for the 

dependence of the MK emission spectra on the 
excitation wavelength (Figs. 5 and 6). (i) There are 

Table 5. Spectral properties of MK on Whatman No. I filter paper at various 
temperatures 

Phosphorescence (relative intensity) 

Sample Temperature, “C I,,. nm ncm, nm 

MK 70 235,393 462 (100) 
MK 25 234,392 465 (103) 
MK - 65 234.390 515 (50) 

Whatman No. 1 70 237.255 501 
Whatman No. I 25 237,255 480 
Whatman No. I -65 237.252 450 

Table 6. Spectral properties of aromatic carbonyls adsorbed on Whatman No. 1 filter paper at room temperature and at 
low temperature (-65’C) 

Compound 

Acetophenone 
Benzophenone 
MK 
PAAPb 
6Chrysenecarboxylic’ 

acid 

RTP LTP 
I LTP Type of 

J.,,, nm A,,, nm I,,, nm nern. nm rKTp triplet, T, 

w,260sh 400sh. 418, 440sh 247,287 394.418.443 20 
265 425sh, 447, 470sh 265 ~ 417,m,470sh 20 
392 465 390 510 0.5 
320 472 320 470 1.2 
27% 5&5,558sh 278 =,558sh 1.3 

n,7r* 
n,n* 

A. A * (CT) 
x, x * (CT) 
K, K * (CT) 

“The underlined wavelengths were used for excitation or emission 
bData from Scharf and Winefordner.jY 
CData from Scharf et al.‘” 
CT = charge-transfer. 
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several species of MK molecules in discrete solvent 
micro-environments. In solid glasses, MK can exhibit 
single or multiple hydrogen bonds or none at all, each 
species displaying different spectral characteristics.27 
(ii) There are two MK conformers, A and B, which 
have slightly different excitation and emission spec- 
tra.33,34 If hydrogen bonding is the reason for the 

variations, at various temperatures, in the spectral 
features of MK adsorbed on filter paper, then since 

hydrogen-bonding interactions are stronger at lower 
temperatures’4,‘7 the spectrum of highly hydrogen- 
bonded MK molecules should be red-shifted,27 and 

have relatively low phosphorescence yields because of 
the smaller intersystem crossing rate of this species.‘2 
On the other hand, we can also relate these obser- 
vations to the formation of another MK conformer 
which has a relatively low phosphorescence efficiency. 
Thus, at room temperature, conformer A, which is 
highly phosphorescent, predominates in the phos- 

phorescence spectra. Upon cooling, conformer B, 
which phosphoresces rather poorly at longer wave- 
lengths, becomes the favoured conformer (Fig. 6). 
This also explains why the phosphorescence of MK 

changes only slightly at temperatures above 298 K 
(Fig. 4) since conformer A is already dominant at 
room temperature. A further possible explanation for 
the changes occurring on cooling MK samples on 
filter paper is that the long-lived luminescence ob- 
served at room temperature is composed of both 
E-type delayed fluorescence and phosphorescence. 
The E-type delayed fluorescence, which arises by 
thermal repopulation of the singlet excited state from 
the triplet,6 eventually decreases on cooling. 

E-type delayed fluorescence has been observed at 
room temperature for several organic compounds 
adsorbed on filter paper. ‘1.35.36 In these compounds, 
the energy gap between S, and r, is usually smaller 
than IO kcal/mole.35,36 The energy gap for MK in 
ethanol glass at 77 K is 6.9-8.9 kcal/mole (the energy 
gap changes with the excitation wavelength). This 
gap is probably smaller at room temperature, since 
the fluorescence in ethanol at room temperature 

occurs at 450 nm, compared to 4 10 nm (I,, = 390 nm) 
at 77 K. This might also be the reason why separated 
peaks for the fluorescence and phosphorescence were 
not observed for MK on filter paper at room tem- 
perature. 

Similarly, E-type delayed fluorescence and phos- 

phorescence have been observed for benzophenone 
(BP) in fluid solutions,37 and in polymer matrices” at 
room temperature. Like that of BP38 the intensity of 
the delayed fluorescence of MK does not increase 
when the paper is heated from 298 to 343 K (Fig. 4 
and Table 5). 

Phosphorescence lifetimes. In Tables 3 and 4, the 
phosphorescence lifetimes of MK in various matrices 
at different temperatures are given. The RTP lifetime 
of MK is rather short compared to the lifetimes 
measured in solvent glasses at 77 K. However, the 
phosphorescence lifetime increases considerably (by a 

factor of 4) on cooling to 208 K. This rather large 
difference’6,39 in MK phosphorescence lifetimes at 
room temperature and at 208 K might indicate that 
these lifetimes correspond to two different species. 

Nakagaki et ~1.” found that in compounds having 
D-Ar-A structure, increasing the electron-donating 
capability of the donor group increases the spin-orbit 
coupling in the molecule, and decreases the 

singlet-triplet splitting. Therefore, the phos- 
phorescence lifetimes of these molecules become 
shorter. This might explain why the RTP lifetime of 
MK is shorter than the lifetime of PABP. In addition, 

the lifetime of MK at 208 K is about two orders of 
magnitude longer than the lifetime of benzophenone 
at the same temperature. This indicates that for these 
conditions, MK phosphoresces in a ‘(CT) state rather 

than a ‘(n, n*) state. 

CONCLUDING REMARKS 

Temperature effects 

We have shown that in several cases the phos- 
phorescence intensity increases quite strongly when 
the temperature is lowered. On the other hand, the 
phosphorescence intensity of MK decreases when the 
temperature is lowered. These observations indicate 
that changing the temperature can extend the ver- 
satility and selectivity of analytical solid-surface lum- 

inescence. Moreover, from the data given in Table 6, 
it can be deduced that lowering the temperature 
increases the phosphorescence intensity of ketones 
emitting in a ‘(n, 71 *) triplet state. On the other hand, 
for analytes which phosphoresce in the ‘(n, z*) triplet 
state, lowering the temperature affects the phos- 
phorescence intensity only slightly.” This also 
demonstrates the non-rigid nature of molecules in the 

‘(n, 7r*) state. 
The changes in luminescence observed.on cooling 

MK on filter paper are rather interesting, and may be 
interpreted by each of the mechanisms described. 
However, to differentiate between the various path- 
ways more experiments are required. We intend to 
continue studies on the temperature-dependence of 
other compounds related to MK. 

The nature qf‘the emitting triplet 

We have foundI that aromatic ketones emitting in 
a ‘(n, n*) triplet state do not exhibit appreciable 
RTP. On the other hand, aromatic ketones and 
aldehydes with low-lying ‘(71, rt*) or ‘(CT) triplet 
states usually phosphoresce significantly at room 
temperature. Thus, when the RTP of a mixture of BP 
and MK was measured, only the phosphorescence of 
MK was observed, even in the presence of very high 
concentrations of BP, whereas in ethanolic glass at 
77 K, both MK and BP phosphoresced. Interestingly, 
it was mentioned by Suppat? that commercial MK 
usually contains BP, which interferes with the photo- 
physical and photochemical processes of the MK. 
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Hydrogen -bonding between the paper and the phosphor 

We have shown that aromatic ketones are strongly 
hydrogen-bonded to the paper substrate. These inter- 
actions cause the phosphor to be rigidly held on the 
paper, thus minimizing radiationless deactivation of 
the triplet state.2.6 Moreover, we have also found that 
the hydrogen-bonding and dipole4ipole interactions 
between the paper and the phosphor control the 
nature of the excited singlet and the emitting triplet 
of the adsorbed phosphor. 

Analytical aspects 

We have demonstrated that RTP is a technique 

well suited to determination of aromatic ketones 
bearing electron-donating groups. A very low limit of 
detection (LOD) was obtained for MK adsorbed on 
Whatman No. 1 filter paper (3 ng/ml); which may be 
compared with the LOD of 20 ng/ml obtained for 

p-aminoacetophenone adsorbed on filter paper.j’ 
It seems that the quantum efficiency of triplet 

formation for MK adsorbed on filter paper is much 
higher than that in alcohol solution at room tem- 
perature.*’ It will thus be interesting to evaluate the 
phosphorescence quantum efficiency of MK ad- 
sorbed on filter paper at room temperature. 
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Summary-Room-temperature phosphorescence (RTP) of eight indolecarboxylic acids has been in- 
vestigated under different pH conditions, and on several ion-exchange filter papers. RTP excitation and 
emission wavelengths do not change significantly with pH. The largest RTP signals are obtained from 
neutral solutions adsorbed on DE-81 anion-exchange filter paper, while alkaline (pH - 13) solutions on 
S & S 903 filter paper treated with DTPA (diethylenetriaminepenta-acetic acid) give stronger signals than 
neutral or acidic (pH - I .6) solutions on the same substrate. The existence of several hydrogen-bonding 
interactions between the various ionic indolecarboxylic acid species and the substrates is discussed. 
Heavy-atom enhancement factors ranging between 4 and 550, according to the compound, are obtained 
with iodide. Absolute limits of detection between 100 and 500 pg demonstrate the usefulness of RTP for 
determination of indolecarboxylic acids at the trace level. 

The use of room-temperature phosphorimetry (RTP) 
as an analytical technique has received considerable 

attention in the past few years, as is shown by several 
reviews of the field.’ ’ Recently, Su and Winefordner,’ 
and Aaron et a1.,9 found that anion-exchange filter 
papers, such as Whatman DE-81, gave the lowest 
luminescence background and the largest analyte 
RTP signals in the presence of heavy atoms such as 

iodine (as II) and thallium (as Tl+); also, RTP had 
the advantage of significantly decreasing the limits of 
detection for a variety of organic compounds, includ- 
ing pesticides, aromatic hydrocarbons and indoles.“,’ 
Other solid substrates, such as silica gel,’ U” sodium 
acetate3,4 and polyacrylic acid-alkali-metal halide 
mixtures” ” have been tested for RTP. The influence 
of external heavy atoms on RTP has also been 
investigated by many authors.4 9.‘3 

Surprisingly, relatively little work has been re- 
ported until now on the effect of pH on RTP,‘“.‘4m’6 
although change in pH obviously determines the 
nature of many species, and the ways in which they 
can interact with the solid substrate on which they are 
adsorbed. Therefore, pH-related studies are very 
important in the understanding of the type of inter- 
actions responsible for the occurrence of RTP. 
Several authors have suggested that hydrogen- 
bonding of organic ionic molecules to the substrate 
increases the rigidity and, consequently, the RTP 
intensity of analytes adsorbed on filter paper, sodium 
acetate, or silica gel containing a polyacrylate 

*Research supported by NIH-SROl-GM 11373-22. 
tPresent address: Departement de Chimie, Faculte des 

Sciences, Universitt de Dakar, Senegal, West Africa. 
IAuthor to whom correspondence should be addressed. 

binder.2~6~‘7~‘x Ramasamy and Hurtubise” found that 

0. IM hydrobromic and 0. I M hydrochloric acid made 
the RTP signal of most nitrogen heterocyclics and 
aromatic amines adsorbed on filter paper and silica 

gel chromatoplates much stronger than that obtained 
in neutral media, and alkaline solutions gave rela- 
tively weak RTP intensity in most cases. Hurtubise 

and Smith” investigated the pH effect on the RTP of 

several aromatic carboxylic acids adsorbed on silica 
gel and polyacrylic acid-sodium chloride mixture. 
They found that terephthalic acid and coumarin-3- 
carboxylic acid, adsorbed on silica gel chro- 
matoplates containing a polyacrylate salt, yielded 
stronger RTP signals when sorbed from hydrochloric 
acid than from neutral solutions and concluded that 
interactions between the undissociated form of the 
aromatic carboxylic acid and the polyacrylate were 
responsible for inducing the phosphorescence; 
hydrogen-bonding would be the main but not the 
only interaction in RTP.” Reflectance and infrared 

spectroscopy of benzo(f‘)quinoline and quinoline 

adsorbed on filter paper, silica gel and polyacrylic 
acid-sodium chloride mixtures confirmed the 
existence of several hydrogen-bonding interactions of 
positively charged and neutral forms of these hetero- 

cycles with the different solid substrates. depending 
on the pH of the test solution.“’ 

In the present study we have evaluated the pH 
effect on the room-temperature phosphorescence of 
several indolecarboxylic acids. The possible mech- 
anisms of interaction of indolecarboxylic acids with 
different ion-exchange filter papers have been in- 
vestigated. In addition, we have determined the RTP 
analytical figures of merit of these compounds by 
using Whatman DE-81 anion-exchange filter paper, 
in optimal pH and heavy-atom conditions. 

27 
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EXPERIMENTAL 

Apparatus 

All RTP spectra and intensity measurements were per- 
formed with an Aminco-Bowman spectrophotofluorometer 
(American Instrument Co., Silver Spring, MD, U.S.A.), 
fitted with an Aminco 150-W Xenon arc lamp, a potted 
Hamamatsu lP21 photomultiplier tube (Hamamatsu Corp., 
Middlesex, NJ, U.S.A.), an MFE Plotamatic FIS X-Y 
recorder (MFE Corp., Salem, NJ, U.S.A.), and a 
laboratory-constructed phosphoroscope for use with the 
multiple sampling bar system.” During all RTP mea- 
surements, the sample compartments were flushed with dry 
nitrogen. 

Reagents 

3-Indoleacetic acid, 3-indolebutyric acid, 2-indolecar- 
boxylic acid, 5-indolecarboxylic acid, DL-p-3-indolelactic 
acid, 3-indoleacrylic acid, 3-indolepyruvic acid mono- 
hydrate, and 3-indoxyl acetate were purchased from Aldrich 
Co. (Milwaukee, WI, U.S.A) and used as received. 
Diethylenetriaminepenta-acetic acid (DTPA) was obtained 
from Sigma Chemical Co. (St Louis, MO, U.S.A.). 
Potassium iodide (Fisher Scientific, Fairlawn, NJ, U.S.A.) 
was utilized in the heavy-atom studies. The solvents used 
were absolute ethanol (Florida Distillers Co., Lake Alfred, 
FL, U.S.A.) and “nanopure” demineralized water 
(Barnstead System, Sybron Co.). The filter papers used were 
DE-81 (Whatman Chemical Separation Inc.. Clifton, NJ, 
U.S.A.), DTPA-treated S & S 903 (prepared as described by 
Bateh and Winefordner:O), and cation-exchange CM-23 
carboxymethylcellulose resin (Whatman Chemical Sepa- 
ration Inc.) on S & S 903 as support. 

Procedure 

Portions (2 ~1) of sample solution (or solvent) and of 1M 
potassium iodide solution were successively introduced by 
means of an SMI “micropetter” (Emeryville, CA, U.S.A.) 
onto the 0.25-in. diameter filter-paper discs, which were held 
in the multiple sampling bar. Immediately afterwards, the 

sampling bar was inserted into the sample compartment of 
the spectrophotofluorometer, where the samples were al- 
lowed to dry for about 8 min under a flow of dry nitrogen. 
RTP measurements were then made. The solutions of the 
indolecarboxylic acids were prepared in neutral, basic and 
acidic solvents. Neutral solutions were made up with an 
ethanol-water (50: 50 v/v) mixture; acidic solutions were 
made approximately 0.1 M in hydrochloric acid (pH _ 1.6); 
basic solutions were made approximately 0.5M in sodium 
hydroxide (pH h 13). 

RESULTS AND DISCUSSION 

R7’P spectral properties 

All the indolecarboxylic acids under study showed 

RTP spectra, when adsorbed on DE-8 1 filter paper in 
the presence of IM potassium iodide, with the excep- 
tion of 3-indoleacrylic acid, which gave no detectable 
phosphorescence signal at a concentration of 10-3M. 
The RTP excitation and emission wavelength 
maxima are given in Table 1 for neutral, basic and 
acidic conditions. 

It can be seen that the excitation and emission 
maxima do not change markedly with pH (Fig. l), 
although a significant blue-shift is observed on going 
from pH 7 to pH 13 for 5-indolecarboxylic acid and 
indoxyl acetate. However, the change in the phos- 
phorescence spectrum for the latter compound is 
probably due to hydrolysis in basic solution; indeed 
we noted a rapid colour change of the basic indoxyl 
acetate solution, from blue to pink-orange on 
agitation. The absence of pH-related shifts of the 
emission spectra of most of the indolecarboxylic acids 
is in agreement with the results of Aaron et al.,2’ who 

Table 1. Room-temperature phosphorescence spectral properties of indolecar- 
boxylic acids* 

Compound pH conditions 

3-Indoleacetic acid Neutrals 286 (429), 450 
0.5M NaOHf 288 450 

3-Indolebutyric acid Neutral 287 448 
0.5M NaOH 286 450 

2-Indolecarboxylic acid Neutral 299 (475), 490 - 
0.5M NaOH 299 (473), 489 

5-Indolecarboxylic acid** O.IM HCl # 245,272 452 
Neutral 245,272 453 - 
0.5M NaOH 243,271 439 - 

DL-3-Indolelactic acid Neutral 288 448 

3-Indolepyruvic acid Neutral 283 442 
0.5M NaOH 286 442 

3-Indoxyl acetate Neutral 266tt 466tt 
0.5M NaOH 323 434 

*Concentrations about lO_‘A4 in 1M potassium iodide solution in ethanol- 
water (50:5Ov/v). All RTP spectra were determined on DE-81 filter paper 
with the Aminco-Bowman spectrophotofluorometer, unless otherwise noted. 

twavelengths of the main peaks are underlined (when there are several com- 
ponents); wavelengths of shoulders are given in parentheses; precision of 
wavelength value + 1 nm. 

gEthanoI-water (50: 50 v/v) solvent. 
SApproximately pH 13. 
# Approximately pH 1.6. 

**RTP spectra were determined on DTPA-treated S & S 903 filter paper, with 
an LS-5 Perkin-Elmer spectrophotofluorometer. 

t_FRTP spectra were determined with an LS-5 Perkin-Elmer spectrophoto- 
fluorometer. 
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Fig. 1. Elrect of pH on the RTP spectra of 2-indolecarboxylic acid (10 -“M) on DE-81 filter paper, in 
the presence of IM KI. 1, Excitation and emission spectra of neutral water-ethanol (50: 50 v/v) solution. 

2, Excitation and emission spectra of basic (0.5M NaOH) water-ethanol (50: 50 v/v) solution. 

found that the low-temperature phosphorescence 
(LTP) spectra of these compounds did not change 
significantly with pH. It is apparent that RTP and 
LTP emission bands occur at very similar wave- 
lengths,” although the RTP bands are broadened and 
show little vibrational fine structure compared to 
LTP spectra, as previously observed for several other 

compounds.‘,” However, our RTP results, obtained 
on filter paper, are in contrast to those of Hurtubise 
and Smith,” who recently found that when adsorbed 
on aluminium-backed silica gel chromatoplates, 
2-indolebutyric acid and I-methylindole-2-carboxylic 

acid did not show any RTP signal, although 
5-indolecarboxylic acid did. This difference in behav- 
iour of the first two of these compounds, with the 
nature of the solid substrate used, seems to indicate 
that anion-exchange filter paper induces stronger 
phosphorescence signals than does silica gel in the 

case of indolecarboxylic acids. 

pH and suhstrute eff>cts on RTP intcnsit~~ 

The influence of pH and substrate on the RTP 
intensity of indolecarboxylic acids was investigated, 
with neutral, basic (0.5M sodium hydroxide) and 
acidic (0. I M hydrochloric acid) solutions adsorbed 
on DE-81, DTPA-treated S & S 903 filter papers and 
CM resin on paper support, In Table 2, we give 
the net RTP relative intensities found for the 
indolecarboxylic acids adsorbed on the different 
substrates at various pH values. 

At constant pH, the RTP intensities of all the 
compounds tested were higher on DE-81 filter paper 
than on the DTPA and CM supports. In basic 
solutions, the enhancement of the RTP signal by 
DE-81 was generally less marked. DE-81 also gave 
larger RTP signals than other papers did, for several 
pesticides, drugs and substituted indoles.x,’ This be- 
haviour can be explained by assuming that the car- 

boxy1 groups of the indole acids are hydrogen- 
bonded to hydroxide groups that are present on the 

anion-exchange filter paper DE-8 I, but not the other 

papers. 
It can also be seen from Table 2 that the pH of the 

test solution has a marked but variable effect on the 
phosphorescence signal. On DE-81, use of neutral 
media yielded slightly stronger signals than those 
from alkaline media, and signals 2-7 times those from 
acidic media. In contrast, on DTPA-treated S & S 
903, alkaline media (0.5M sodium hydroxide) en- 
hanced the signal for indolecarboxylic acids by a 
factor of 2-6 relative to that for neutral and acidic 
solutions, except for 3-indolelactic acid. With the 
cation-exchanger CM-treated S & S 903, there were 
relatively small differences in RTP signal from neu- 
tral and basic solutions. 

pH-related interactions in RTP 

The effect of pH on the RTP signals of in- 
dolecarboxylic acids suggests that various inter- 
actions occur between particular indole acid species 
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Table 2. Comparison of RTP intensities of indolecarboxylic acids on various substrates 
under various conditions* 

Compound 

RTP net 
relative 

Substrate? pH condition@ intensityz 10” I&, 1) # 

3-Indoleacetic acid 

3-Indolebutyric acid 

2-Indolecarboxylic acid 

5-Indolecarboxylic acid DE-8 1 

DL-3-Indolelactic acid 

3-Indolepyruvic acid DE-8 1 

3-Indoxyl acetate** 
CM-IO 
DE-81 

DE-81 

DPTA 

CM-10 

DE-8 1 

DTPA 

CM-IO 

DE-81 

DTPA 

CM-10 

DTPA 

CM-IO 

DE-8 1 

DTPA 

CM-10 

Neutral 
13 

Neutral 
13 

Neutral 
13 

1.6 
Neutral 

13 
1.6 

Neutral 
13 

Neutral 
13 

1.6 
Neutral 

13 
1.6 

Neutral 
13 

1.6 
Neutral 

13 
1.6 

Neutral 
13 

Neutral 
13 

Neutral 
13 

1.6 
Neutral 

13 
1.6 

Neutral 
13 

1.6 
13 

13 
Neutral 

13 

40.0 
25.0 

5.5 
24.5 

7.2 
9.9 

13.5 
24.3 
20.2 

5.5 
6.4 

22.3 
8.8 
5.0 

33.5 
68.2 
51.6 

4.0 
15.1 
31.0 

8.3 
26.5 
29.0 

9.6 
23.1 
17.6 
6.1 

16.5 
18.3 
13.0 
9.7 

12.5 
17.6 

1.8 
27.4 
13.7 
3.4 
6.4 
1.0 
2.2 
0.2 

21.0 

1.6 
1.0 
0.2 
1.0 
0.7 
1.0 
0.7 
1.2 
1.0 
0.2 
0.3 
1.0 
1.8 
1.0 
0.6 
1.3 
1.0 
0.1 
0.5 
1.0 
0.3 
0.9 
1.0 
0.5 
1.3 
1.0 
0.4 
1.0 
1.4 
1.0 
0.5 
4.1 
1.0 
0.1 
2.0 
1.0 
0.5 
1.0 
0.4 
1.0 

*Sample volume was 3 ~1 for DTPA and CM-10 substrates and 2 ~1 for DE-81 filter paper; 
[KI] = 1 M; solvent ethanol-water 50: 50 v/v. 

TDTPA means diethylenetriaminepenta-acetic acid-treated S & S 903 filter paper; CM-IO 
means carboxymethylcellulose-treated S & S 903 filter paper, with a pH of 10.0, 
corresponding to the pH of the filtrate obtained after rinsing the resin. 

#See text for the preparation of solutions at different pH. 
$RTP net relative intensity was corrected for background phosphorescence intensity and 

normalized to the RTP intensity of 10m3M 3-indolepyruvic acid on DE-81. RSD = 10%. 

# I,,/~,,,, represents the RTP relative intensity of the neutral or pH I .6 solution compared 
to the relative intensity of the pH 13 solution, with the same substrate. 

**RTP intensity probably corresponds to the hydrolysis product of this compound. For 
neutral solution, no detectable phosphorescence was observed with the Aminco- 
Bowman spectrophotofluorometer. 

and the substrates. Since the excited triplet-state 
dissociation constants (pKg) of the indole acids range 
between 4.5 and 6.3,” only undissociated species can 
be present in solutions at pH 1.6. In aqueous ethanol 
solutions, there will be a mixture of the undissociated 
and anionic species, as shown by the apparent pH 
of 4.5 for the aqueous ethanol solution of 
S-indolecarboxylic acid, for which pK% is 4.9.*’ 

Finally, only the indolecarboxylate species will be 
present in solutions at pH 13. 

On DE-81 filter paper, the mixture of dissociated 
and undissociated forms of the acid present in neutral 
solutions could remain on the dry surface and form 
various combinations of hydrogen bonds with the 
anion-exchange OH- groups as well as with the 
neutral cellulose OH groups of the paper, which 
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DE-81 paper will diminish the overall hydrogen 

bonding, thus reducing the RTP intensity. 
It is surprising that the phosphorescence signals 

l -q 
from DPTA-treated S & S 903 paper were higher for 

/ 

0 
. alkaline solutions (pH * 13), than neutral or acidic 

solutions. In the high-pH test, the diethylene- 
triaminepenta-acetic acid should initially react with 

'b 
the sodium hydroxide, and on drying exist only as the 
pentasodium salt, since pKas is 10.56:” electrostatic 
repulsion between the indolecarboxylate and DTPA 
acetate groups should then prevent formation of 
hydrogen bonds with the hydroxyl groups of the 
paper. However, as the sodium hydroxide content of 
the ~-PI sample is only 1 pmole, although the pH of 
the sample is > 13 the composition of the dried 
sample spot will depend on the loading of DTPA on 

-1 0 1 the paper and the degree of diffusion of the sample 

log c r-1 ) M 
spot before drying. Therefore, it is not clear whether 
hydrogen-bonding is responsible for the increase of 

Fig. 2. Heavy-atom RTP response curves for 3-indole- the RTP signals of indolecarboxylates when spotted 
butyric acid on DE-81 filter paper, in neutral water-ethanol 
(50: 50 v/v) solutions. Concentrations of 3-indolebutyric 

in alkaline solutions onto DTPA-treated S & S 903, 

acid: 10m3M (curve a), 10e4M (curve b). 
or to packing of the DTPA sodium salt into the filter 
paper. The latter could cause inhibition of the inter- 
nal molecular motions of the phosphor, analogously 

would give the strongest phosphorescence signals. to the interaction mechanism proposed by Niday and 
When acidified solutions are adsorbed, however, only Seyboldz4 to explain the effect, on RTP, of several 

undissociated species would be present in the “dry” salts or sugars packed into paper. 

state and give weaker hydrogen bonds with the 
substrate, which would explain the significantly lower Heavy-atom effect on RTP intensity 

phosphorescence signal. Finally, when basic test solu- The “heavy atom” effect of iodide on the RTP 
tions are used, electrostatic repulsions between the response curves (log I US. log concentration of heavy 
carboxylate groups and the OH- groups of the atom at a given analyte concentration) was studied by 

Table 3. RTP net intensities of selected indolecarboxylic acids with and without heavy atom 
present* 

RTP net 

PH Heavy relative 
Compound Substratet conditions atom$ intensity: I,_ /I” # 

3-Indoleacetic acid DE-8 1 Neutral I- 46.5 152 
None 0.3 

DE-81 13 I- 28.5 260 
None 0.1 

3-Indolebutyric acid DE-81 Neutral I- 24.1 300 
None 0.08 

3-Indoxyl acetate DE-8 1 13 I- 20.6 4 
None 5.0 

oL-3-Indolelactic acid DE-81 Neutral I- 72.5 480 
None 0.15 

DTPA Neutral I- 21.5 550 
None 0.05 

2-Indolecarboxylic acid DE-8 I 13 I- 51.5 16.3 
None 3.1 

DTPA 13 I- 31.0 8.3 
None 3.7 

*See first footnote in Table 2. 
tDTPA stands for diethylenetriaminepenta-acetic acid-treated S & S 903 filter paper. 
§I- refers to 1M potassium iodide solution. None means an analyte solution without heavy 

atom. 
$RTP net relative intensity was corrected for background phosphorescence intensity and 

normalized to the RTP intensity of 10-M 3-indolebutyric acid on DE-81. RSD = 10%. 
# I,_/[, represents the heavy-atom enhancement factor, defined as the ratio of analyte RTP 

net relative intensity in the presence of IM KI (I,_) to analyte RTP net relative intensity 
without heavy atom (1,). 
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Table 4. RTP analytical figures of merit of selected indolecarboxylic acids* 

J-DR,t Correlation Absolute LOD,f 
Compound pglml Slopcij coefficient ng 

3-Indoleacetic acid 1,000 0.87 0.994 0.2 
3-Indolebutyric acid 100 0.92 0.999 0.5 
oL-3-Indolelactic acid 200 0.88 0.996 0.3 
2-Indolecarboxylic acid 1,000 0.85 0.996 0.1 
S-Indolecarboxylic acid 1,000 0.82 0.998 0.1 

*Evaluated on DE-81 filter paper. with 1M KI solution in ethanol-water 
(50: 50 v/v). 

tLDR = linear dynamic range, corresponding to the ratio of the upper concen- 
tration of linearity (within 5%) and the LOD. 

@lope calculated from the log-log analytical calibration curve. 
$LOD = limit of detection, defined as the amount of analyte (in ng) giving a 

signal-to-noise ratio of 3. Absolute LOD was calculated for a 2-~1 sample 
solution 

varying the concentration of both heavy atom and 
analyte on DE-81 substrate. The RTP response 
curves for 3-indolebutyric acid are shown in Fig. 2. 
They are linear over a range of about one order of 
magnitude, and the curves decrease for I- concen- 
trations >2M. Although RTP response curves, and 
therefore optimal potassium iodide concentrations 
for maximum sensitivity, may differ according to the 
analyte,* a concentration of IM was selected for the 
analytical quantitative RTP studies of all the in- 
dolecarboxylic acids tested. 

Table 3 presents the heavy-atom enhancement 
factors for several indole acids. With the exception of 
3-indoxyl acetate and 2Gndolecarboxylic acid, the 
RTP signals were extremely weak in the absence of a 

heavy atom, but relatively strong when 1M potas- 
sium iodide was used. Therefore, heavy-atom en- 

I I I I 

-6 -5 -4 -3 

log tanalytel , M 

Fig. 3. Calibration curves of log (relative RTP intensity, I) 
vs. log (analyte concentration for DE-81 filter paper as 
substrate, in neutral solution. l Curve a, 2-indole- 
carboxylic acid. 0 Curve b, 3-indoleacetic acid. A Curve c, 

oL-3-indoielactic acid. 

hancement factors (I,/&) are generally very large, 
ranging between 4 and 550 according to the particu- 
lar compound. Our results are in agreement with the 
earlier data of Meyers and Seybold” who found a 
heavy-atom enhancement factor of 370 for un- 
substituted indole, with 1M sodium iodide. 

Analytical ,jgures qf merit 

The characteristics of the RTP calibration curves 
and the limits of detection for several indole- 
carboxylic acids are shown in Table 4, for optimal 
conditions, i.e., neutral sample solution on DE-81, 
with addition of IM potassium iodide. The log-log 

calibration plots (see Fig. 3) with slopes close to unity 
are linear from 10m6 or lO-‘M up to 10e3M for the 
compounds studied, indicating linear response; there 
is also excellent precision. The absolute limits of 
detection (LOD) are particularly low, ranging 
between 0.1 and 0.5 ng, according to the compound 
tested. Our LOD of 0.2 ng (corresponding to a 
concentration of 0.1 pg/ml) for 3-indoleacetic acid, 
compares favourably with the literature values of 
50 ng obtained by silica-gel thin-layer fluorimetry,26 
0.02 pg/ml evaluated by LTP,” and 0.1 ng 
determined by HPLC with fluorescence detection.** 

Therefore, our results demonstrate that room 
temperature phosphorimetry constitutes a precise, 
simple and sensitive analytical method for 
determination of indolecarboxylic acids. 

I. 

2. 

3. 
4. 

5. 

6. 
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Summary-The methyl isobutyl ketone extraction of I5 elements (Cu, Ag, Zn. Cd. In. Tl, Ge, Sn, As, 
Sb, Bi, Se, Te, MO and Pd) as iodide complexes from O.lI5M sulphuric acid/O.Ol-0.5M potassium iodide 
media has been studied. At the optimum potassium iodide concentrations, and a I : 2 v/v ratio of organic 
to aqueous phase, Cu(II), Ag, Cd, In(III), TI(III), Sb(III), Bi. Te(IV) and palladium(I1) are completely 
extracted in a single step from l-5M sulphuric acid. All these elements except palladium are also 
quantitatively extracted from 0.054.5M iodidei2M sulphuric acid. Zn, Sn(IV) and As!;rI) are completely 
extracted at high acid and iodide concentrations, and at the highest concentrations of acid and iodide 
investigated, Ge is partly extracted and Mo(V1) is slightly extracted. The extraction of Se(IV) is incomplete 
because of its reduction to the elemental state by iodide. The back-extraction of the elements has also 
been investigated and the forms in which they are extracted and potential analytical separations and 
interferences are discussed. 

Two current long-term CANMET projects are the 
study of the behaviour of silver in hydrometallurgical 
zinc processes, and the certification of diverse sul- 

phide and other ores, concentrates and related mate- 
rials for major, minor and trace elements. In the 
course of these studies various methods have been 
developed for the determination of silver,’ 3 indium.4 
antimony,5 arsenic,’ selenium,’ tehurium,* bismuth,’ 
tin” and germanium. ” Most of these elements can be 
extracted into polar organic solvents such as tributyl 
phosphate and ketones from acidic iodide media” but 
zinc is not appreciably extracted at high acid and 
iodide concentrations.” Hence group extraction of 
some of these elements as iodides, coupled with a 
flame or graphite-furnace atomic-absorption spec- 
trophotometry (AAS) finish, might provide a rela- 
tively rapid method for the determination of some 
five or more of these elements in the materials under 
consideration. The method would necessitate sepa- 
ration of the elements from matrix elements such as 
lead and iron and, particularly for graphite-furnace 
AAS, back-extraction from the organic phase. Ex- 
traction from sulphuric acid medium would be oblig- 
atory, partly for preliminary removal of lead as lead 
sulphate and also because lead iodide is co-extracted 
from hydrochloric acid-iodide media”.‘4 and nitric 
acid readily oxidizes iodide. 

Methyl isobutyl ketone (MIBK) is one of the most 
efficient and widely used polar solvents for the extrac- 

Crown Copyright Reserved. 

tion of iodide complexes.‘2,“.‘6 Non-polar solvents 
such as toluene and benzene extract only non- 
solvated molecular iodide compounds such as SbI,, 
AsI, and SnI,, but MIBK extracts not only these 
species and co-ordinatively solvated iodides such as 
TII,.S (where S represents the solvent) but also the 

ion-association complexes of anions such as [Cdl,]‘- 
with alkali-metal ions or protons.‘*,” lo Several 
investigators’3,” I3 have studied extraction of various 
elements into MIBK from sulphuric acid solutions 
containing alkali metal iodides, and the extraction 
procedure has been applied to group separation 

and spectrographic determination of various 
trace elements, including zinc, in steel.*’ Various 
investigators have studied the extraction of individual 
elements’7.‘“.‘4 ” but mostly for a limited range of 
conditions. A problem for many workers is that 
much of the information available is in Russian or 
Japanese,” 3’ with no English translation available, 
and often there is inadequate information in the 
abstracts. Furthermore, except for the work of 
Krivenkova et al.” and Clark and Viets32,33 very little 
information is available on stripping of the elements 
from the MIBK extract. 

Preliminary tests having shown that some of the 
elements mentioned above can be quantitatively 
extracted into MIBK in one step from sulphuric acid 
media at low potassium iodide concentration 
(<O.O5M) when the volume ratio of organic to 
aqueous phase is I :2, and that zinc is < 1.5% co- 
extracted, at the 500 mg level, from solutions that are 
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up to -O.lM in potassium iodide and up to 2M in 
sulphuric acid, a comprehensive investigation of 
MIBK extraction of iodides seemed to us to be of 
considerable value in our current and future work. 

This paper describes the results of these studies and 
the stripping investigations, Their analytical applica- 

tion to analysis of zinc ores and related materials will 
be the subject of a future paper. 

EXPERIMENTAL 

Reagents 

Working solutions of copper, silver, zinc and cadmium 
were prepared by dissolving the metals in dilute nitric and 
sulphuric acids, followed by evaporation of the solutions to 
dryness, dissolution of the salts in water and dilution to the 
required volume with water. Solutions of selenium(IV), 
tellurium(IV) and thallium(II1) were prepared by dissolving 
Se, TeO, and Tlz03 in dilute nitric acid plus sufficient 
sulphuric acid to give a final concentration of IM, evapo- 
rating the solutions to fumes of sulphur trioxide, cooling 
and taking up and diluting to the required volume with 
water. A solution of antimony(II1) was made by dissolving 
potassium antimony tartrate in water. 

Germanium, arsenic(II1) and molybdenum(V1) solutions 
were prepared by dissolving the oxides in dilute sodium 
hydroxide solution. A palladium(I1) solution, IM in sul- 
phuric acid, was prepared by treating an aliquot of a 
commercial palladium chloride solution with aqua regia 
plus the required volume of concentrated sulphuric acid and 
~0.5 ml of concentrated perchloric acid and evaporating 
the solution to fumes of perchloric acid, then cooling and 
diluting to the necessary volume. 

Stock IOOO-pg/ml indium and bismuth solutions were 
prepared by dissolving the metals in dilute nitric acid. 
Working solutions, IM in sulphuric acid, were prepared by 
evaporating suitable aliquots of these solutions, plus the 
required volume of concentrated sulphuric acid, to fumes of 
sulphur trioxide, cooling and diluting to volume with water. 
A stock 1000~pg/ml tin(IV) solution, 5M in sulphuric acid, 
was prepared by dissolving the metal in the required volume 
of concentrated sulphuric acid, oxidizing to tin(IV) with 
hydrogen peroxide and evaporating to fumes of sulphur 
trioxide to destroy the excess of peroxide, then cooling and 
diluting to volume with water. A working solution, 2M in 
sulphuric acid and 0.5% in tartaric acid, was prepared by 
adding the required amounts of tartaric and sulphuric acids 
and water to a suitable aliquot of this solution. 

In all these working solutions the concentration of the 
element of interest (assuming the starting materials were 
100% pure) was 100 ngg/ml. 

Analytical-reagent grade MIBK was used without further 
purification. 

General extraction procedure 

Five-ml aliquots of working solution were added to a 
series of 250-ml separatory funnels marked at 100 ml (Note 
1). After addition of the required volumes of IOM sulphuric 
acid and 2M potassium iodide, the solutions were diluted to 
the mark with water, mixed and allowed to stand for 30 min. 
Then SO ml of MIBK were added to each funnel and the 
solutions shaken vigorously for 2 min. The aqueous phases 
were discarded and the extracted element stripped by shak- 
ing each of the organic phases for 2-3 min with 25 ml (Notes 
2 and 3) of an appropriate stripping solution, then with lo- 
and 5-ml portions of the stripping solution for I min and 30 
set, respectively, each set of aqueous phases being combined 
in l50-ml beakers. 

Treatment cf the s/rip solutions 

Except as indicated below, about 2 ml of 50% v/v 

sulphuric acid was added to each of the combined strip 
solutions, the beakers were covered and the solutions evap- 
orated to - 20 ml. The covers were removed, the solutions 
were evaporated to fumes of sulphur trioxide and organic 
material was destroyed by repeated addition of -0.5-ml 
portions of concentrated perchloric acid to the hot solu- 
tions. The solutions were then evaporated to dryness and 
residues analysed by the methods shown in Table I. For 
most of these analyses, the residues were dissolved in an 
appropriate acid. However, for molybdenum, the residue 
was dissolved in dilute ammonia solution, the excess of 
which was then removed by boiling, and the solutions were 
acidified with hydrochloric acid for the final AAS 
determination.j4 For germanium, the residue was dissolved 
in dilute sodium hydroxide solution and appropriate ali- 
quots were analysed with phenylfluorone.” For palladium, 
10 ml of concentrated nitric acid were added to the strip 
solutions to destroy thiourea before treatment as described 
above, and the salts ultimately obtained were treated with 
aqua regia to dissolve any elemental palladium formed by 
reduction during the evaporation step. The hydrochloric 
acid content of the resulting solutions was adjusted to 10% 
v/v for the AAS determination. In the case of silver, -2 mg 
of potassium chloride was added to the strip solution to 
prevent formation of a highly insoluble silver compound 
during the evaporation to dryness in the presence of sul- 
phuric and perchloric acids2 Similarly, - 25 mg of sodium 
sulphate was added to the tellurium solutions before the 
evaporation step.’ 

For the determination of antimony, -2 mg of potassium 
sulphate was added to the strip solution, which was then 
evaporated to fumes of sulphur trioxide and treated with 
aqua regia to oxidize the antimony to antimony(V). The 
solution was then evaporated to dryness and the residue 
dissolved in hot dilute potassium hydroxide solution. After 
addition of tartaric and hydrochloric acids, antimony(V) 
was reduced to antimony(II1) with sulphurous acid, the 
excess of which was removed by boiling before the AAS 
determination5 

For the determination of arsenic, the strip solution was 
heated to remove the methanol, then made slightly alkaline 
with dilute sodium hydroxide solution. An aliquot of the 
resulting solution was treated with nitric acid to oxidize 
residual iodide (which interferes with the spectrophoto- 
metric determination) and the solution was evaporated to 
dryness on a water-bath. The remaining nitric acid was 
destroyed with formic acid, the solution was evaporated to 
dryness again and the residue was heated overnight at 
- 130:‘ in an oven. After dissolution of the salts in dilute 
sodium hydroxide solution and neutralization with dilute 
sulphuric acid, any arsenic(II1) present was oxidized with 
bromine water, the excess of which was removed by boiling 
before the final determination of arsenic.’ 

In the case of selenium, perchloric acid was added to the 
strip solution, which was then evaporated to fumes of 
perchloric acid to remove nitric acid and hydrogen peroxide 
before the spectrophotometric determination.’ 

Notes 

I. In tests with antimony(II1) and tin(IV), 5 ml of 5% 
tartaric acid solution were added to prevent hydrolysis. 

2. When oxidizing strip solutions were used, it was 
sometimes necessary, particularly in tests which involved 
extraction at high sulphuric acid and potassium iodide 
concentrations, to use either a longer initial shaking time 
(up to -4 min) or up to - 30 ml of strip solution to obtain 
a colourless aqueous phase devoid of iodine. 

3. When the stripping agent was water (uiz. for arsenic 
and germanium), about 2-4 ml of methanol was added after 
each stripping step, followed by gentle inversion of the 
funnel 3 or 4 times to destroy any emulsion and promote 
rapid separation of the layers. 
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Table I. Stripping solutions employed and analytical methods used to determine the degree of extraction 

Wavelength. 
Element Stripping solution* Method? nm 

Cu 10% HNO, -20% Hz02 AASp2”/o HNO, 324.8 
Ag 40% HNO,-IO% HCI AAS-20% HCI I % diethylenetriamine’,’ 328.1 
Zn 20”/0 HNOI-ZO%H,O, AASm2% HNO, 213.9 
Cd 20% HNO,-20% ti2d3 
In 20% HNO, 20% H,O, 
TI 40% HNO; 
Ge Water 
Sn 20%HNO, 20% Hz02 
As Water 
Sb 40% HNO: 
Bi 20% HNO,-20% H,O, 
Se 10% HNO, 10% CH,COOH 70”/0 HzOz 
Te 20% HNO,-60% H,O, 
MO 40% HNO, 
Pd 50% HCl I% thiourca 

AAS-2% HNO,~lOOO icg’rnl K 228.8 
AAS -4% HNO,-2000 ILg:rnl K’ 303.9 
AAS 4% HNO, 276.8 
LAS phenyllluorone” 507 
AAS 10% HCIkO.S”/o tartaric acid 250 pg:ml K’” 235.4 
LAS molybdenum blue6 845 
AAS~lO% HClXI.25% tartaric acid-2000 pg:ml K’ 217.6 
AAS 5% HNO’: 223.1 
LAS- 3,3’-diaminobenzidine hydrochloride’ 420 
LAS-thiourea 330 
AASSIO% HClklOOO llg:‘ml Alj4 313.3 
AAS 10% HCl 1% HNO, 244.8 

*The concentrations refer to volume proportions for the concentrated acids and of 30% hydrogen peroxide solution in the 
mixture and the w/v content of thiourea. 

tAAS = atomic-absorption spectrometry; LAS = light-absorption spectrophotometry. 

RESULTS 

The degree of extraction of various iodide 

complexes into MIBK from 0.1-5M sulphuric 

acid/O.Ol-0.5A4 potassium iodide media in a single 
step with a 1: 2 v/v ratio of organic to aqueous phase 
is shown in Figs. l-6. Higher sulphuric acid and 
potassium iodide concentrations were not in- 

vestigated because the MIBK phase would contain so 
much iodine that potentially dangerous exothermic 
reactions could occur in stripping with nitric acid 
with or without hydrogen peroxide; furthermore, 
potassium sulphate would be deposited and interfere 
mechanically with the extraction. The oxidation 

states shown for the elements are the initial states. 
The extraction of gold(W) and platinum(IV) was not 
investigated because suitable sulphuric acid solutions 
of these elements could not be prepared; evaporation 
to fumes of sulphur trioxide to remove aqua regiu or 
hydrochloric acid resulted in reduction of some gold 
and platinum to the elemental state. Lead was not 
investigated because insoluble lead sulphate is formed 
in sulphuric acid solutions. Initial tests were done 
with various potassium iodide concentrations in 2M 
sulphuric acid because this is a convenient acidity for 
analytical purposes; if extraction was quantitative 
over almost the whole range of iodide concentration. 
higher and lower acidities were not always in- 
vestigated. 

The stripping solutions and determination methods 
used are shown in Table 1. Although mixtures con- 
taining up to 10% v/v nitric acid and 67% v/v 30% 
hydrogen peroxide solution have been recommended 
for stripping halide complexes from MIBK extracts 
containing Alamine 336 and Aliquat 336,“,‘” solu- 
tions containing less than 10% v/v nitric acid were 
ineffective for many of the iodides tested in this work. 
For complete stripping of most elements sufficient 
nitric acid alone or nitric acid plus hydrogen peroxide 
had to be present for the MIBK phase to become 

colourless with 2-3 min of shaking. Both nitric acid 

and hydrogen peroxide oxidize iodide to iodate and 
hence destroy the iodide complexes in the extract.“.3X 
In this work, 40% v/v nitric acid and 20% v/v nitric 
acid/20% v/v 30% hydrogen peroxide mixture were 
found to be as effective stripping solutions for many 
of the elements studied. The use of more concentrated 
nitric acid is not recommended because of the exo- 
thermic reactions already mentioned. The results of 
the stripping tests are described in the appropriate 
sections below. 

Copper and siher 

Figure I shows copper is completely extracted into 
MIBK from 2M sulphuric acid/0.02-0.5M potassium 
iodide and from 0.05M potassium iodide/l-5M sul- 
phuric acid. The copper(I1) is reduced to copper(I) 
by the iodide and presumably extracted as ion- 
association complexes of anionic species such as 
[CuI,]- and [CuJ,].- with potassium ions.” The 
results arc in relatively good agreement with those of 
Kakita and Got? who showed that, for a I:1 
volume ratio of organic to aqueous phase, up to 
5 10 mg of copper can be quantitatively extracted 
from z 24M sulphuric acid/0.5M potassium iodide. 
Their results, and recent work by Krivenkova et al.” 
and Byrne,” show that the degree of extraction (or 
distribution ratio) decreases with increasing potas- 
sium iodide concentration. Possibly this could be due 
to formation of less readily extracted higher iodo- 
complexes of copper(I). The results obtained in this 
work show that copper can be quantitatively extrac- 
ted at considerably lower potassium iodide concen- 
trations that those (2 0.25M) investigated by Kakita 
and Got6.” Up to at least 20 mg of copper can be 
completely extracted in one extraction from 2M 

sulphuric acid/O. I A4 potassium iodide. The extracted 
copper can be readily stripped from the MIBK 
extract in three stages, as described in the procedure, 
with either 40% nitric acid or with solutions contain- 
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Fig. 1. Effect of H,SO, and KI concentrations on the extraction of Cu and Ag. (a) 0: Cu-2M H2S0.,; 
0: Ag-2M H,SO,; (b) 0: Cua).OSM KI; 0: Ag-0.02M KI. 

ing 10% nitric acid and 30% hydrogen peroxide, or 
20% each of nitric acid and hydrogen peroxide. 
Complete back-extraction of copper could not be 

obtained with up to 30% nitric acid alone. 
Figures l(a) and (b) show that silver is 

quantitatively extracted from 2M sulphuric 
acid/O.OlLOS~ potassium iodide and from 0.02M 

potassium iodide/O. I-SM sulphuric acid, re- 
spectively. Recently, Semkow and Wahlz3 reported 
that the extraction of silver is complete in a single step 
with an equal volume of a mixture of 85% MIBK and 
15% cyclohexanone from O.OSM sulphuric acid/O. 1 A4 
potassium iodide. Depending on the iodide concen- 
tration, silver is extracted as ion-association com- 
plexes of [AgIJ or [Ag213]-.‘9.35 Byrne” found that, 
with MIBK as extractant, the distribution ratio for 
silver decreases as the potassium iodide concentration 
increases above 0.5M. Possibly this decrease may be 
caused by the formation of unextractable multi- 
charged species at high iodide concentrations. Byrne 
also found that prolonged shaking can lead to partial 
back-extraction of silver into the aqueous phase and, 
consequently, he recommends an extraction time of 
1 min. However, no adverse effects were encountered 
in our work when the test solutions were shaken for 
2 min. Any insoluble silver iodide formed in the 
aqueous phase on the addition of potassium iodide 
solution readily dissolves during the extraction step, 
presumably because the removal of the ion- 
association complexes by extraction shifts the equi- 
librium. Silver cannot be completely stripped from 
the MIBK phase with high concentrations of nitric 
acid, because insoluble silver iodide is formed under 
these conditions. Furthermore, it cannot be stripped 
with concentrated hydrochloric acid containing 
thiourea.* However, it is readily back-extracted with 
40% nitric acid containing 10% v/v hydrochloric 

acid, which prevents the formation of silver iodide by 

preferential formation of the AgCI, complex. 

Zinc and cadmium 

Figures 2(a) and (b) show that, as found by 

previous investigators, I’,** the degree of extraction of 
zinc increases with increasing pbtassium iodide con- 
centration. The results show also that up to at least 
500 pg of zinc can be extracted in one step from 4M 
sulphuric acid/0.5M potassium iodide and from 5M 

sulphuric acid/O&O.SM potassium iodide, but is not 
appreciably extracted if the concentrations are < 2M 

sulphuric acid and <O.lM potassium iodide. Byrne” 
found that like silver, zinc is also partly back- 
extracted into the aqueous phase on prolonged shak- 
ing, particularly at low iodide concentrations 
(x0.05M). Probably zinc is extracted as an ion- 
association complex of an anionic species such as 
[ZnI,]- or [ZnI,]*-, since it is not extracted into 
non-polar solvents such as toluene.16 Zinc is 
effectively stripped from the MIBK with 20% nitric 
acid/20% hydrogen peroxide solution. 

Figures 2(a) and (b) show that cadmium is com- 
pletely extracted from 2M sulphuric acid/O.O14).5M 
potassium iodide and from 0.02M potassium 
iodide/l-5M sulphuric acid. These results show that 
it is quantitatively extracted at much lower iodide 
concentrations than those investigated by Byrne,13 
Kakita and Goto*’ and Krivenkova et al.** However, 
cadmium has been determined in waste water con- 
taining large amounts of zinc and manganese, by 
extraction into MIBK from 1M sulphuric acid/O.O2M 
potassium iodide3’ and has also been quantitatively 
extracted from solutions of moderate potassium io- 
dide (0.1 M) and low sulphuric acid content 
(O.O5M).*’ Although no decrease in the degree of 
extraction of cadmium with increasing potassium 
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Fig. 2. Effect of H2S0, and KI concentrations on the extraction of Zn and Cd. (a) 0: Zn-2M H$O,; 
0: Zn-4.44 H$O,; a: Zn-5M H$O,; A: Cd-2M H,SO,; (b) 0: Zn4.5M KI: A: Cd4).02M KI. 

iodide concentration was observed in the present 

work because of the low iodide concentrations used, 
Kakita and Goto’s” results show that, at low sul- 
phuric acid concentration (~0.5M), the degree of 
extraction of cadmium decreases with increasing po- 
tassium iodide concentration up to e 1.5M and then 
increases slightly. Byrne” obtained results similar to 
those of Kakita and Goto, ciz. distribution ratio 
minima which shifted toward lower potassium iodide 
concentration as the acidity increased. However, Kri- 
venkova et al.” obtained a maximum on the plot of 
distribution ratio cs. iodide concentration. Maxima 
and minima for these plots have also been obtained 
for other polar solvents such as diethyl ether, iso- 
pentyl alcoho13’ and tributyl phosphate.38 According 

to Kuchkarev et a1.,20,2” MIBK extracts cadmium 
predominantly as neutral solvated CdI, .4MIBK and 
as a solvated ion-association complex of [Cd1,12-, 
aiz. Kz[CdI,]. n MIBK. However, Solomatin and 

100 

(a) 
-.-a-a- -0 8 

II 

0 

CKII (Ml 

Kuz’min” suggest that, as the iodide concentration 
increases, CdI, is first converted into [CdI,]-, which 
is strongly extracted, then into [CdI,]‘- which is 

poorly extracted. This, depending on the acid concen- 
tration, causes the maxima and minima in the pre- 
viously reported curves of distribution ratio VS. iodide 
concentration. Cadmium is readily stripped from the 
MIBK extract with 20% nitric acid/20% hydrogen 
peroxide solution. 

Indium and thallium 

Figures 3(a) and (b) show that indium(II1) is 

quantitatively extracted from 2M sulphuric 
acid/0.05-0.5M potassium iodide and from O.lM 
potassium iodide/O. I-5M sulphuric acid. Extraction 
was about 97% complete from 0.1 M potassium io- 
dide in the absence of sulphuric acid. These results 
are consistent with recent results obtained by Sem- 
kow and Wahlz3 who found that indium can be 
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Fig. 3. Effect of H$O, and KI concentrations on the extraction of In(II1) and Tl(III). (a) 0: In(III)-2M 
H$O,; 0: Tl(III)-2M H,SO,; (b) 0: In(III)~).lM KI; 0: TI(III)-O.lM KI. 
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completely extracted into a mixture of 85%MIBK 
and 15% cyclohexanone from an equal volume of 

0.025-o. 15M sulphuric acid/O. I-0.3M potassium io- 
dide. Large amounts of indium (100 mg) can also be 

quantitatively extracted into MIBK from an equal 

volume of <0.5M sulphuric acid/0.5-lilri potassium 
iodide.39 The distribution ratio increases with potas- 
sium iodide concentration up to at least 1M.‘3.X’ 
MIBK extracts indium not only as the uncharged 
complex, InI,, but predominantly as an ion-pair of 

[InI,]~.‘5~‘7 In the present work, complete stripping of 
indium from the MIBK phase could not be obtained 
with 10% nitric acid, particularly from extracts ob- 
tained during extraction from 23A4 sulphuric acid. 
Quantitative back-extraction is readily achieved with 
20% nitric acid/20% hydrogen peroxide solution. 

The extraction profiles for thallium(III) [Figs. 3(a) 
and (b)] show that the extraction is complete from 
2M sulphuric acid/O.O54).5M potassium iodide and 
from 0.1 M potassium iodide/0.5-5M sulphuric acid, 
respectively. Although no information has been 
found in the literature on the MIBK extraction of 
thallium from sulphuric acid-iodide media, previous 
work with cyclohexanone as solvent suggests that 
thallium is extracted as the solvated neutral iodide, 
TII,.S (where S represents the solvent), and as the 
solvated ion-pair of [TIIJ, vi;. K[TII,].3S.‘9 Al- 
though thallium(III) is reduced to thallium(I) by 
iodide, it has been stated that in the presence of excess 
of iodide the iodine produced can reoxidize the 
thallium(I) with formation of the anionic tetra- 
iodothallate(II1) complex. 4” Thallium(I) can also be 
extracted from iodide solutions with polar sol- 
vents.‘Y,4’ In the present work, thallium(II1) could not 
be completely back-extracted from the MIBK extract 
(under the chosen conditions of volumes and shaking 
times) with 10% nitric acid containing 70% hydrogen 
peroxide, 20% nitric acid containing 20-50% hydro- 
gen peroxide or 30% nitric acid containing 20% 

hydrogen peroxide. With the 20-30% nitric 
acid/hydrogen peroxide mixtures only -45-60% of 

the extracted thallium was recovered. However, 40% 
nitric acid was found to be effective for stripping 
purposes. 

Germanium and tin 

Figure 4(a) shows that, at the 500~pg level, germa- 
nium is not extracted from 2M sulphuric acid con- 
taining potassium iodide up to 0.5M concentration, 
but is about 44% extracted from 5M sulphuric 
acid/0.5M potassium iodide, which shows that the 
degree of extraction increases with increasing acidity. 
According to Byrne and Gorenc3’j and Tanaka and 
Takagi,4’ who studied the extraction of germanium 
into toluene and cyclohexane, respectively, from 
sulphuric acid media, the degree of extraction also 
increases with increasing iodide concentration. Al- 
though Tanaka and Takagi’s results suggest that the 
extraction is almost quantitative from =5M sul- 
phuric acid/lilil sodium iodide, tests with potassium 
iodide showed that, at this acidity and iodide concen- 
tration, potassium sulphate deposits in the solution 
and interferes mechanically with the extraction. Only 

x62% of the added germanium was recovered 
from the MIBK extract under these conditions. 
Germanium is extracted as the neutral iodide, Gel,,” 
and can be readily stripped from the extract with 
water. However, the addition of methanol is required 
after each stripping step to destroy the emulsions that 
form. 

The extraction profiles for tin(N) [Figs. 4(a) and 
(b)] show that the degree of extraction increases with 
increasing potassium iodide and sulphuric acid con- 
centrations up to at least 0.5 and 5A4, respectively, 
and that the extraction is quantitative from 4M 
sulphuric acid/O. lP0.5M potassium iodide and from 
3-5M sulphuric acid/0.3M potassium iodide. These 
results are consistent with those reported for the 



Extraction of iodide complexes 41 

1 (b) 

80 

60 

E 

t 

Y 
f 

40 

W 

20 

00 01 02 03 04 05 

CKIIIM) 

Fig. 5. Effect of H$O, and KI concentrations on the extraction of As(lII), Sb(III) and Bi. (a) 0: 
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extraction of tin(IV) into toluene, a non-polar sol- 

vent.‘6 They are also consistent with those obtained 
by Krivenkova et al,,22 who found that the distribu- 
tion ratio, with MIBK as extractant, increases with 
increasing sulphuric acid and potassium iodide con- 
centrations up to at least 2.5 and 1.2M, respectively. 
Tin(I1) can also be extracted into MIBK from sul- 
phuric acid-iodide solutions containing chromous 
chloride as reductant.25 Tin(IV) is extracted into 
MIBK as the unsolvated neutral iodide, SnI,,” and 
can be readily stripped from the extract with 20% 
nitric acid/20% hydrogen peroxide solution. Tests 

showed that back-extraction of tin with 40% nitric 
acid/IO% hydrochloric acid is incomplete. Only 
about half of the tin in the extract is stripped under 
these conditions. Conversely, in previous work’” it 
was found that tin(IV), extracted as the iodide into 
toluene, can be completely stripped from the extract 
with a mixture containing 50% v/v nitric acid, 10% 
v/v sulphuric acid and 20% v/v hydrochloric acid. 
Consequently, it is possible that some SnCl, or higher 
negatively charged species such as [SnCl,]- or 
[SnClJ- are formed under these conditions and that 
these complexes are insoluble in toluene but soluble 
in MIBK. 

Arsenic, antimony and bismuth 

Figures 5(a) and (b) show that the extraction of 
arsenic(II1) into MIBK is quantitative only at rela- 
tively high sulphuric acid and iodide concentrations, 
viz. 45M sulphuric acid/zO.3-0.5M potassium io- 
dide, and that the extraction increases with increasing 
potassium iodide concentration up to at least 0.5M. 
These results are reasonably consistent with those 
reported for the extraction of arsenic into toluene 
from sulphuric acid-potassium iodide media.36 
Arsenic can also be quantitatively extracted at higher 
acidities and lower iodide concentrations.‘“.4’ 

Arsenic(V) is reduced to arsenic(II1) by iodide in acid 

media, and this is extracted into MIBK as the neutral 
molecule, AsI, ,” and can be readily stripped from the 
extract with water, as described for germanium. 

Antimony(II1) is completely extracted from 2M 
sulphuric acid/0.05-0.5M potassium iodide [Fig. 5(a)] 

and from O.lM potassium iodide/lL5M sulphuric 
acid [Fig. 5(b)]. Antimony(V) is reduced to anti- 
mony(II1) by iodide in acid media. At potassium 

iodide concentrations greater than z0.5M the degree 
of extraction of antimony decreases; about 96% is 
extracted from I A4 potassium iodide/2M sulphuric 
acid. These results are reasonably consistent with 
those obtained by Kakita and Gotb,” who found that 
the degree of extraction steadily decreases as the 
potassium iodide concentration increases from ~0.5 
to at least 3M. Krivenkova et al.” found that the 
distribution ratios for extraction into MIBK from 
z 2M sulphuric acid decreased with potassium iodide 
concentration up to =0.8M, then increased slightly. 
Decreases in the degree of extraction have also been 
observed, but to a much greater extent. with non- 
polar solvents such as toluene” and benzene.‘8,43d5 
This decrease has been attributed to the formation of 
the anionic [SbI,]- species, which does not form 
ion-pairs that are extractable into these sol- 
vents.28,43.45.46 However, because polar solvents such 
as MIBK extract both the uncharged SbI, complex 
and ion-pairs of [SbI,]~,“.‘“.4’.45.46 the effect of potas- 
sium iodide on the extraction would be considerably 

less with polar solvents than with non-polar solvents 
which extract only SbI,. The decrease in the MIBK 
extraction of antimony at high iodide concentrations 
may be caused by the liberation of iodine and sub- 
sequent oxidation of antimony(II1) to the less extrac- 
table antimony(V).“’ Possibly, this decrease in extrac- 
tion may be avoided by adding ascorbic acid to the 
solution before the addition of potassium iodide. to 
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Fig. 6. Effect of H$O, and KI concentrations on the extraction of Te(IV) and Pd(I1). (a) 0: Te(IV)-2M 
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inhibit the formation of iodine. Although 40% nitric 
acid was used in this work to strip antimony from the 

MIBK extract, later work showed that ~3% nitric 
acid is equally effective. Tartaric acid was required in 
the test solutions to prevent hydrolysis of antimony; 
erratic results were obtained in its absence. 

Figures 5(a) and (b) show that the extraction of 
bismuth is complete from 2M sulphuric acid/ 

~0.01-0.5M potassium iodide and from 0.02M 
potassium iodide/O.l-5M sulphuric acid. Although 

no apparent increases or decreases in extraction were 
observed at the acid and iodide concentrations used 

in this work, previous investigators have found that 
the degree of extraction with oxygen-compound sol- 
vents decreases with increasing iodide concen- 
tration,“.2’.47 presumably because of the formation of 
multicharged anionic [BiI,]‘- and [BiIJ- complexes 
that are not extractable into the organic phase. 
MIBK and other oxygen-containing solvents such as 
tributyl phosphate and cyclohexanone extract bis- 
muth as the neutral iodide, BiI,, and as ion-pairs of 
[Bi14]m.“,47 The present work showed that it can be 
completely stripped from MIBK extracts with 20% 
nitric acid/20% hydrogen peroxide solution. 

Selenium, tellurium and molybdenum 

Byrne and Gorenc” found that up to ~20 pg/ml 
concentration in the aqueous phase, selenium(IV) is 
~99% extracted into toluene from ~0.1L6M sul- 
phuric acid/0.05-I M potassium iodide, presumably 
as the amorphous form produced by reduction with 
hydriodic acid. However, in our work, the extraction 
of selenium(IV) was incomplete and very erratic 
because of this reduction. Only about 73-86% and 
80-86% of the added selenium was extracted from 
2M sulphuric acid/0.551M potassium iodide and 
from 4M sulphuric acid/0.2-I M potassium iodide. In 
these tests, selenium was stripped from the extract 

with a mixture of nitric and acetic acids and hydrogen 
peroxide.32,33 

The extraction profiles for tellurium(N) [Figs. 6(a) 

and (b)] show that it is quantitatively extracted into 
MIBK from 2M sulphuric acid/O.OlX).5M potassium 
iodide and from 0.02M potassium iodide/lL5M sul- 
phuric acid. These results are reasonably consistent 
with those obtained by Kakita and Got&21 who 

found that the extraction is complete from 0.54,~ 
sulphuric acid that is at least 0.551.5M in potassium 
iodide and from 0.25-3M potassium iodide that is at 
least I-2.5M in sulphuric acid. They did not in- 
vestigate the extraction of tellurium at iodide concen- 
trations less than 0.25M. It is generally considered 
that tellurium is extracted into oxygen-compound 
solvents as ion-association complexes of [TeI,]‘-, and 
possibly of [TeI,]- from dilute iodide media.” How- 
ever, Havezov and Stoeppler4* found that, at low 
iodide concentrations, tellurium can be extracted 
into o-xylene, a non-polar solvent, as the neutral 
iodide, TeI,. Consequently, depending on the iodide 
concentration, it is probably extracted into MIBK as 
both TeI, and [TeI,]‘-. Tellurium can be readily 
stripped from the extract with 20% nitric acid-60% 
hydrogen peroxide solution. Back-extraction with 
20% nitric acid-20% hydrogen peroxide solution was 
incomplete from extracts obtained from >2M sul- 
phuric acid/ > O.lM potassium iodide. 

Molybdenum(V1) is ~5% extracted into MIBK 
from 5M sulphuric acid/0.5hri potassium iodide. This 
agrees with earlier work in which ~6% and < 1% 
extraction into diethyl ether from 6.9M hydriodic 
acid“’ and from 0.75M sulphuric acid/ - 1.5M potas- 
sium iodide,4’ respectively was reported. Although it 
has been reported that molybdenum is ~43% extrac- 
ted into MIBK from 2.3M hydrochloric acid/0.2M 
potassium iodide containing ascorbic acid,“’ it is 
highly probable that it is largely extracted as a 
chloro-complex under these conditions. 
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Palludium 

Figure 6(a) shows that palladium(II), which forms 
a reddish brown iodide complex, is completely extrac- 
ted into MIBK from 2M sulphuric acid/O.O1~.05M 
potassium iodide, and that the degree of extraction 
decreases with increasing iodide concentration. Ex- 
traction is quantitative from 0.02M potassium 
iodide/0.5-5M sulphuric acid [Fig. 6(b)]. MIBK ex- 
tracts palladium as ion-association complexes of 
[PdI,]’ .14 The decrease in the extraction of palladium 
at >O.OSM potassium iodide concentration may be 
caused by the formation of unextractable higher 
multicharged anionic complexes.” Palladium cannot 
be stripped from the extract with 30% nitric 
acid-30% hydrogen peroxide solution or with 40% 
nitric acid. It is readily stripped with 50% hydro- 
chloric acid containing I % thiourea as a complexing 
agent.’ 

DISCUSSION 

The results of the present work show that, in 
general, the degree of extraction of all the elements 
investigated increases with increasing sulphuric acid 
concentration. and that copper, silver, cadmium, 
bismuth, tellurium and palladium can be quan- 
titatively extracted as iodides into 50 ml of MIBK, in 
one extraction from 100 ml of 2M sulphuric acid 

containing potassium iodide at concentrations as low 
as 0.02.V. In the absence of mutual interference 
effects between the extracted species,‘* the group 
separation of copper, silver, cadmium, indium, thal- 
lium, antimony, bismuth and tellurium from zinc, tin 
and arsenic is possible by simultaneous extraction of 
these elements into MIBK from z2M sulphuric 
acid/ E 0.05-O. 1M potassium iodide. It is probable 
that all or most of the elements extracted can be 
quantitatively back-extracted from the extract by 
stripping first several times with 40% nitric acid 
containing hydrochloric acid to remove silver, then 

several times with 20% nitric acid-60% hydrogen 
peroxide solution to ensure the complete recovery of 
tellurium. Zinc, tin and arsenic can be included in the 

group separation by extracting from 5M sulphuric 
acid/0.4M potassium iodide or from 4M sulphuric 
acid/0.5M potassium iodide. Tin, but not zinc and 
arsenic. can be included by extracting from 4M 
sulphuric acid/O. 1 Mpotassium iodide. Under these 
conditions very little arsenic would be co-extracted, 
and co-extracted zinc could readily be removed from 
the extract by washing it with a sulphuric 
acid-potassium iodide solution of the same com- 
position as that used for the extraction. If the sepa- 
rate recovery of zinc, tin and arsenic or of tin alone 
is required, copper, silver and the other elements 
mentioned above can be extracted from 2M sulphuric 
acid/0.05-0.lM potassium iodide as already de- 
scribed, followed by one or two washes of the extract 
with a solution of the same acid and iodide concen- 
tration as that used for the extraction, to recover the 

co-extracted zinc, tin and arsenic. Subsequently, after 

adjustment of the sulphuric acid and potassium io- 

dide concentrations of the combined aqueous phase 
to the required levels mentioned above, zinc, tin and 
arsenic, or tin alone, could be extracted. and finally 
stripped from the extract with water, followed by 
20% nitric acid-20% hydrogen peroxide solution as 
described below. However, for a single stage extrac- 
tion, sufficient MIBK would have to be used in this 
second extraction step for the volume ratio of the 
organic to aqueous phase to be 1: 2. The extraction 
of tin and arsenic. or of arsenic alone. at the acid and 
iodide concentrations mentioned above, is not appli- 
cable in the presence of a large amount of zinc, and 
none of the extraction schemes already mentioned is 
applicable in the presence of a large amount of 

copper. However, in the presence of a large amount 
of zinc, it should be readily possible to include tin and 

arsenic in a separation scheme by extracting them 
into toluene from = 5M sulphuric acid/0.5M potas- 
sium iodide,” after the group separation of copper 
and other elements from 2M sulphuric acid/0.05- 
0. IM potassium iodide and the recovery of any 
co-extracted tin and arsenic from the extract as 

described above. 
Some preliminary tests have shown that, in the 

presence of 500 mg of zinc and 50 mg of iron(III), up 

to at least 500 pg each of copper. silver, cadmium, 
indium and bismuth can be simultaneously and quan- 
titatively extracted into MIBK from 2M sulphuric 
acid/O. 1 M potassium iodide under the conditions 
used in this work. In these tests iron(II1) was reduced 
to iron(I1) with ascorbic acid before the addition of 
potassium iodide. Co-extracted zinc and residual iron 
were removed from the extract by washing it once 
with 20 ml of 2M sulphuric acid/O.lM potassium 

iodide and the extracted elements were stripped with 
40% nitric acid-20% hydrochloric acid solution. 
Because of the large amount of iodide present in the 
extract under these conditions, more hydrochloric 
acid than that used during the study of the extrac- 
tability of silver (c/L Table 1) was needed in the 

stripping solution to keep silver in solution during the 
stripping step. Subsequent work showed that if the 
solution to be extracted contains lead sulphate and 
this is removed by filtration before the extraction 
step, low results will be obtained for silver, bismuth 
and also for antimony. because of their partial oc- 
clusion by the precipitate. Calcium sulphate also 
occludes silver.’ The occluded silver can be readily 
removed from lead sulphate. but not from calcium 
sulphate, by washing with 25% ammonia solution.‘,’ 
Work is continuing to find a simple and rapid method 
for recovering the occluded bismuth and antimony 
from lead sulphate. 

In the presence of moderate amounts of 
arsenic(II1) (P.R.. 1 mg). low results are obtained for 
tin when it is stripped from the MIBK extract with 
20% nitric acid-20% hydrogen peroxide solution, 
Low results were also obtained previously’” in similar 
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circumstances when tin was extracted into toluene as 
the iodide and stripped with 50% v/v nitric acid-IO% 
v/v sulphuric acid. This was caused by the formation 
of a tin(IV~arsenic(V) compound which, although it 
was completely stripped from the toluene phase, was 
insoluble in the stripping solution and partially re- 
mained in the funnel after the back-extraction step. 
This compound could be kept in solution by adding 
hydrochloric acid to the stripping solution. However, 
as found in the present work, stripping solutions 
containing hydrochloric acid are ineffective for strip- 
ping tin from MIBK extracts, because of the probable 
formation of SnCl, or anionic chloro-complexes 
which remain in the MIBK phase. Some further work 
showed that although tin alone is not appreciably 
stripped with water (only = 13% at the 5OOqg level), 
it is completely stripped with water if sufficient 
arsenic is present during the extraction step. This 
suggests that under these conditions tin and arsenic 
are extracted in the form of a tin(IV)--arsenic(III)- 
iodide compound. Although this behaviour has not 
been investigated further, it is possible that, in the 
presence of both small and moderate amounts of 
arsenic, complete back-extraction of tin from MIBK 
extracts may be obtained by stripping the extract first 
several times with water to remove the extracted 
tin-arsenic compound and then with 20% nitric 
acid-20% hydrogen peroxide solution to ensure the 
recovery of any remaining tin. 
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Summary-A survey of the use of flow-injection analysis for speciation studies is presented. Comments 
are made about the future potential of the technique, and suggestions are made for further research. 

Study of the speciation of an element involves the 
determination of the various individual physico- 
chemical forms.’ This is of great interest, especially in 
environmental analysis, because the toxicity of an 
element depends on its chemical form. For example, 

As(II1) is more toxic than As(V) and As(V) has 
higher toxicity as arsenate than as mono- 
methylarsonic acid, which in turn is more toxic than 
dimethylarsonic acid.’ Chromium(V1) has been asso- 
ciated with several diseases3 but chromium(II1) is 
relatively non-toxic. Such differences in toxicity are 
one of the main reasons for the enormous recent 
development of analytical methods for differentiating 
the various forms of an element existing in the 
medium of interest.‘.” ’ 

Flow-injection analysis (FIA) has been found very 
useful in speciation studies, but its full potential has 
not yet been realized. This article reviews existing 
FIA methods for speciation, and mentions some that 
have not yet been utilized but could help to overcome 
certain problems encountered. Methods suggested up 
to now have been concerned only with determination 
of two oxidation states of an element, but there is 
great potential for development of methods for more 
complex systems. 

In this review, FIA configurations have been di- 
vided into two main groups, according to the number 
of detectors needed for the determination. When 
more than a single detector is used, subdivision is 
possible, by considering whether the detectors are 
arranged in series or parallel. Table I shows these 
divisions, and also a further division according to the 
presence or absence of a redox system. 

CONFIGURATIONS WITH A SINGLE DETECTOR 

Configurations with a single detector require some 
imagination from the designer. The methods pro- 
posed so far deal only with redox systems. and 
involve the use of a single indicator reaction for one 
of the species, and addition of a redox agent to 
transform the other into the one which undergoes the 
indicator reaction. 

The simplest method uses redox pretreatment of 

alternate aliquots, so that one of the forms (sample 
without pretreatment) or the sum of both (pretreated 
sample) can be determined by the same reaction. An 
example is the determination of NO; and NO; 
suggested by Valcircel ef al.’ in which NO< is 
determined indirectly by AAS, through formation of 

an ion-pair with the Cu(I)-neocuproin complex and 
extraction into isobutyl methyl ketone. Prior oxi- 
dation of NO; allows determination of the sum of 
the two anions. and the NO, concentration is found 
by difference. A slightly more complicated approach 
for NO; and NO, employs an injection valve with 
two loops that are used alternately. One loop con- 
tains a microcolumn for reduction of NO, to NO; .x.9 
The sum of nitrate and nitrite is thus determined by 
the Griess reaction (Shinn’s modification), which is 
commonly used for photometric determination of 
nitrite. Sample passed through the other loop is 
analysed for only the nitrite originally present. The 

Xu and Fang manifold for determination of NO, 
and NO, in waters and soils”’ uses two channels, 
each with its own injection valve. and one of the 

channels incorporates a reducing column. The two 
channels merge before the confluence with the re- 

agents. Injection first into one channel and then the 
other allows determinations of NO, and of 
NO; + NO, 

The use of a valve to switch between streams with 
and without a redox agent (Fig. I) for sequential 
determination of the oxidation states of an element 
has been the most usual method for speciation by 
FIA. Applications have included determination of 
Fe(II1) and Fe(I1) [indicator reaction Fe(II))I,IO- 
phenanthroline; reductant ascorbic acid],” Cr(V1) 
and Cr(II1) [indicator reaction Cr(VI))l,S-diphenyl- 
carbazide; oxidant Ce(IV)].” ” and AsO:- and AsO; 
(indicator reaction formation of molybdenum blue; 
oxidant IO, ).I4 Many methods used for arsenic speci- 
ation, such as those based on detection by AAS or 
ICP with prior selective hydride formation,‘5 ion- 
exchange,16 volatilization” or HPLC” have not yet 
been adapted for FIA. 

A method not requiring a redox agent could be 
based on use of selective indicator reactions for each 
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Table 1. FIA confieurations for soeciation studies 

With a single detector 
With sample pretreatment 

With redox column in sample ioop or in reactor 

With selecting raise 

With fwo flow-cells aligned with the same optical path 

With splitting and confluence pain fs 

With aqmmehic merging zones 

With double-beam spectropholometer 

Wilh reversed FIA 

With two detectors 
With dissolved 
redox agent 

series 
Without dissolt)ed 
redox agent 

With redox agent 
in column 

parallet 
With dissoived 
redox agenr 

Without redos 
agent 

two complexing agents 
redox stream 

series flow-cells 
parallel flow-cells 

open system 
closed system 

optical and electrochemical detectors 
two optical detectors 
two electrochemical detectors 

i 

molecular and atomic optical detectors 
optical and electrochemical detectors 
two optical detectors 
two electrochemical detectors 

{ 

two identical detectors 
(optical or el~trocbemica~) 

{ 

two identical or different detectors 
(optical or el~trochemical) 

molecular and atomic optical detectors 
optical and electrochemical detectors 
two electrochemical detectors 

oxidation state, with a valve to switch between the 
streams of the indicator reagents. The detector would 
have to be sensitive to both products. Such methods 
have not yet been described, probably because it is 
difficult to find suitable chemical systems. 

The speciation of an element can be determined in 
a simultaneous manner with a single detector (the 
term “simultaneous” in FIA means determination of 
two or more species in the same injection sample)” in 
several ways. 

(a) Two cells are aligned in the same optical path 
of the detector in a manifold. The injected sample is 
split into two sub-plugs, both of which reach a 
detector cell, but at different times; each is first 
merged with a reagent stream (for determination of 
one of the oxidation states) or first with a redox 

stream and later with that of the reagent (deter- 
mination of the sum of the two oxidation states), as 
shown in Fig. 2a. This has been done for chromium 
with the indicator reaction already mentioned.13 

(b) A manifold with both splitting and confluence 
points before the detector (Fig. 26) can also be used 
for the chromium determination.‘~ 

(c) The merging-zones mode’” is an ingenious way 
of performing speciation studies with a simple two- 
channel manifold. A large sample volume is injected 
along with a small amount of redox reagent, so that 
only the final zone of the sample plug merges with the 
redox agent. This channel then merges with that of 
the reagent. In the two-peak recording obtained, the 
first peak is due to one of the oxidation states and the 
second to the sum of the two. A somewhat more 
complicated configuration, but with greater possi- 

P 

Sample I 1 
IV 

Carrier 
D 

Buffer + 
redox agent 

Buffer 

Reagent 

Fig. 1. FIA configuration with a single detector for study of speciation by sequential determination. 
S-selecting valve; N-injection valve; P-peristaltic pump; L,, L,--reactors; D-detector; W-waste. 
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(u) 
P D 

Reagent Ll 

Sample 

Carrier 

Redox ogenl < 

Reagent 

w 
W 

Fig. 2. FIA configurations with a single detector for study of speciation by simultaneous determination: 
(n) with two flow-cells aligned in the same optical path of the detector; (b) with a confluence point before 

the detector. 

bilities, involves use of the asymmetric merging-zones 
mode in a closed system, to allow multidetection with 
a single detector.” In this way, reaction rates can be 
studied and measurement methods unusual in FIA 
applied.** 

(d) A double-beam spectrophotometer can be used 
without or with splitting of the sample if a series (Fig. 
3~) or parallel (Fig. 36) configuration of the cells is 
used. The first configuration was tested for chromium 
speciation with diphenylcarbazide (DPC), but was 
unsuccessful because of the characteristics of the 
chemical system;” it can be applied in chemical 

systems without this shortcoming. The second 
configuration gave good results with the same chemi- 

cal system.i3 
(e) The potential of FIA for speciation studies is 

increased by use of the reversed FIA mode, rFIA.*’ 
The most serious problem of rFIA is that sample 
consumption is higher than in normal FIA. However, 
this is not a problem in studies of water samples (tap-, 
sea-, waste-water, etc.), which are usually abundant. 

The three configurations outlined in Fig. 4 have been 
tested for speciation of chromium in water [indicator 
reaction Cr(VItDPC]. Configurations a and b allow 
the simultaneous determination of the two oxidation 
states; configuration c permits their sequential deter- 
mination. In Fig. 4a continuous analysis for Cr(V1) 
and periodical analysis for Cr(II1) is achieved, as 
shown. In Fig. 46, the asymmetric confluence of a 
large DPC plug and a small plug of oxidant gives two 
peaks, the first related to the Cr(V1) concentration, 
and the second to the sum of the two oxidation states. 
In Fig. 4c, valve S is used to switch between deter- 

mination of Cr(V1) (upper sub-manifold) and of 
[Cr(VI) + Cr(III)] (lower sub-manifold).23 

The rFIA mode has also been utilized for deter- 
mination of NO; and NO, by the modified Griess 
reaction. A valve allows passage of some of the 
sample stream through a by-pass with a cadmium 
microcolumn, in an alternating manner. After this 
valve is a confluence point with sulphanilamide 

(0) 
P 

Sample IV 

Carrier 
Ll (11 LZ (21 

Reagent 

Redox 

agent 
W 

(6) 
P 

Ll 
(1) 

Reagent 
n 

Sample 

Carrier 

Redox agent 

Reagent 

Fig, 3. FIA configurations with double-beam spectrophotometer for speciation studies (simultaneous 
determination): (a) series configuration of the flow-cells; (b) parallel configuration. 
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(0) 
P 

Redox - IV 

agent D 

Sample -- 

Reagent 

P 

Redox 
agent 

Sample 

Reagent w 

Sample 

Reagent 2 

\ 
Redox 
agent 

Reagent 

Fig. 4. Reversed FIA configurations for speciation studies, and the recordings obtained in each case: (u) 
with continuous determination of Cr(V1) and periodical determination of Cr(II1); (b) with asymmetric 
merging zones; (c) sequential determination of Cr(V1) (upper sub-system) or overall chromium (lower 

sub-system) with the aid of a selecting valve. S. 

solution, before injection of N-( l-naphthyl)ethyl- 
enediamine. The method has been applied to sea- 
water.24 

Electrochemical detection has not been used in 
such a configuration, but it seems likely that it would 
increase the potential of FIA. 

CONFIGURATIONS WITH TWO DETECTORS 

Despite the greater costs, the inclusion of two 
detectors in FIA manifolds for speciation studies 
opens up many more possibilities. The use of a redox 
agent in the chemical system is then not necessary. 
The various designs are discussed in the order in 
which they appear in Table I. 

Series detectors 

When a suitable redox agent is used, manifolds can 
involve (a) an optical and an electrochemical de- 
tector; (b) two identical detectors, one of which 
measures the concentration of one oxidation state, 
and the other, located after the confluence with a 
suitable redox agent, determines the sum of the two 
oxidation states; (c) two different electrochemical 
detectors placed as in (b). These possibilities have not 
yet been applied. 

When no redox agent is used in the chemical 
system, both the chemical and the FIA systems 
become simpler. The methods suggested by Burguera 
and Burguera2’ and Lynch et ~1.~~ for determination 
of Fe(III)/Fe(II) and Cr(VI)/Cr(III) use optical, 
molecular and atomic detectors to determine one of 
the oxidation states (molecular ‘detector) and the 
overall concentration (atomic detector) of the ele- 
ment concerned. It would be possible to use an 
optical detector to determine one of the chemical 
forms of the element and an electrochemical detector 
to determine the other or the sum of the two. The use 
of two potentiometric detectors (ISEs) in series has 
been outlined by RloliiEka et al. for nitrogen speci- 
ation studies (NO, and NH,+).27.2R Voltammetry 
could also be applied, with working electrodes suit- 
able for the chemical system under study and at an 
appropriate potential for detection of each of the 
oxidation states. The more negative electrode would 
provide the concentration of one of the species or the 
overall concentration, depending on whether the 
technique used were differential or not. 

Parallel detectors 

Two identical optical detectors in parallel and a 
solid redox agent (reducing microcolumn) have been 
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used to determine NO; and NO,. In parallel sys- 

tems, there must be a splitting point after the injec- 

tion port, to provide a sub-plug to each sub-system.” 
Confluence with a redox agent could be used instead 
of the column, and the optical detectors could be 
replaced by electrochemical ones, but neither ap- 
proach has yet been realized. 

Two systems with no redox agent have been pro- 
posed. (1) Use of a multichannel spectrophotometer 
and multiple injection for determination of NH: by 
formation of indophenol blue, and of nitrate by direct 
spectrophotometric measurement.3” The sample is 

injected simultaneously, by the multiple valve, into 
each of the sub-systems, later merging with the 
reagent channels in the NH: sub-system. (2) Use of 
two spectrophotometers, one for determination of 
Fe(H) with l,lO-phenanthroline, and the other for 
determination of Fe(II1) with thiocyanate. The mani- 
fold has a dual injection valve which inserts a plug 

into each sub-system.-” 

means of eliminating interferences from other species 

present, and also to separate the various chemical 

forms of the element of interest. The following tech- 
niques have been used in conventional speciation 
methods: ion-exchange (in arsenic speciation”), gel 
filtration (aluminium speciationJ4). Donnan dialysis 
(complexes of Pb, Zn, Cu and Cd with glycine and 
humic and nitrilotriacetic acids in lake waters35), 
HPLC (intermediate polar coal-derivatives,‘6 arsenic 

and selenium,” organocopper complexes,” methyl- 
tins,‘* etc.), thermal vaporization (inorganic and or- 
ganometallic compounds’“). The selective formation 
of hydrides can also be utilized as a separation 
technique.‘4,‘6 

Possibilities that might be considered in the future 
again include use of an optical and an electrochemical 
detector, or two electrochemical detectors. Injection 
could be performed by a dual valve, or a single 
injection could be made into a manifold with a 
splitting point located after the injection system. 

The method suggested by Burguera and Burgueraj2 
for determination of sulphide, sulphite, sulphate and 
total sulphur with the aid of a molecular-emission 
detector is of particular interest. The method is based 
on the differing emission generation rates for the 
various anions, resulting in the sequential appearance 
of peaks due to S’-, SO:- and SOS-. The use of 
hydrogen peroxide as carrier allows the deter- 
mination of total sulphur. 

(2) Many useful detection techniques (infrared 
spectrometry,‘6 atmospheric-pressure ionization 
mass-spectrometry,4” inductively coupled plasma 
spectrometry,‘8 ultraviolet resonance Raman spec- 
trometry,4’ etc.) have not yet been used for detection 
in FIA-speciation. Electrochemical techniques, es- 
pecially potentiometry”.” and vohammetry43m45 

should also be useful since commercially available 
instruments are affordable even by modest laborato- 
ries. A diode-array detector has recently been used to 
monitor the sample plug at several wavelengths46 and 
the potential of this for solving speciation problems 
is clear. 

(3) So far FIA has been used in speciation studies 
of very few elements. Currently, selenium is under 
study4’ on account of its presence in waters and 
biological fluids,48 but there are many other 
elements49 5’ of interest. 

A new alternative for the determination of more 
than two chemical forms of the same element is 
currently under study.” This makes use of some of 

the configurations suggested for chromium speciation 
studies (rFIA or normal FIA), along with a pH 
microelectrode located in the sample stream before 
the point of injection of the reagent (rFIA) or inside 
the loop of the injection valve if normal FIA is used. 
Once the sample pH is known, the use of known 
values for the formation constants of the various 
chemical forms [CrzOf., CrOi-, HCrO;, H&rO, 
and Cr(II1) hydroxo-complexes] allows the concen- 
tration of these species to be calculated, along with 
that of total chromium. 

(4) Conventional analytical methods have provided 
interesting results in theoretical studies of speciation 
(e.g., the work of Marinsky and co-workers5’.53 but 
FIA has not yet been used for this purpose. 
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Summary-Analytical applications of spectroelectrochemistry are limited by the short path-length, in the 
absorbing medium, that can be produced with most light-beam/electrode configurations. This disadvan- 
tage is overcome for grazing incidence. A cell fitted with glassy-carbon electrodes and used in a 
conventional spectrophotometer is described and applied to model systems illustrating the use of (a) 
homogeneous redox reactions, (b) homogeneous redox reaction followed by chemical reaction and (c) 
electro-deposition followed by stripping into a reagent solution. This last technique is the spectro- 
electrochemical analogue of anodic-stripping voltammetry. 

Although many spectroscopic techniques have been 
used to monitor species both in the diffusion layer 
and on the electrode surface (during and after elec- 
trolysis), there have been few quantitative analytical 
applications.’ The aim of most of such studies has 
been the elucidation of reaction mechanisms, mea- 
surement of rate constants, diffusion coefficients, E” 

and n values, and study of the electrode surface. As 
candidates for quantitative analytical application, 
spectroelectrochemical experiments based on the 
absorption of light by species in the diffusion layer 
after imposition of a potential step are the most inter- 
esting, because the equations which relate the absorb- 
ance to various parameters of the system are ana- 
logous to the Beer-Lambert equation for con- 
ventional solution spectrophotometry. These experi- 
ments include total internal reflection at an optically 
transparent electrode (OTE)* and normal trans- 
mission at an OTE.’ The limitations of the former 
technique are set by the path-length in the absorbing 
medium, which in turn depends on the extent to 
which the totally internally reflected beam passes into 
the solution at the other side of the electrode inter- 
face. The latter technique is limited by the time taken 
for the “equivalent path-length” to reach high 
enough values, the basic equation being 

C; 

where A is the absorbance, aR the molar absorptivity 
of the reduced species, D, the diffusion coefficient of 
the oxidized species, t time and C: the bulk concen- 
tration of the oxidized species. This form of the 
equation is for the reaction 0 + ne + R, namely a 
homogeneous reduction at the electrode surface. The 
“equivalent path-length” is 2(D,tjrr)’ ’ and thus for 
a given system with constant sR, Cl: and D,, the 
absorbance increases with the square root of the time. 

For a hypothetical value of IO ’ cm’/sec for D, the 
change in equivalent path-IcAgth (cm) with time is 
given in Fig. 1. It can be seen that the path-length 

(and hence absorbance) increases only very slowly 
with time. It can readily be calculated from equation 
(1) that it will take something approaching 22 hr for 
the equivalent path-length to become 1 cm. 

If the light-beam is passed at grazing incidence over 

the surface of the electrode the equation (1) is 
modified4 to 

A = +2(D,t/n)’ ‘(b/h)C,h (2) 

where b is the length of electrode surface traversed by 
the light-beam, h the width of the beam and the other 
symbols have the same meaning as before. The 
“equivalent path-length” in this equation is 
2(D,t/n)‘*(b/h) and is shown as a function of time 
in Fig. I for values of b and h of 1 and 0.05 cm 

respectively. It can readily be seen that potentially 
useful “path-lengths” are obtained in only a few 
minutes. 
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Fig. I. Variations of “equivalent path-length” with time, for 
a hypothetical compound with a diffusion coefficient of 10ms 
cm2/sec, with absorbance measured normal to (curve A) and 

parallel to (curve B) the electrode surface. 
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The quantitative analytical basis of the technique 
is also seen from equation (2). The absorbance is 
directly proportional to concentration at a given 
time, and furthermore, the slope of the A t:s. t’:2 plot 
is also proportional to concentration. The “equiv- 
alent path-length” mode1 predicts that the absorb- 
ance will reach a maximum value when 
2(D,t/~)‘,~ = h. For the values used here, the time for 
this to occur is 196sec. 

In recent years there has been an increase in the use 
of the parallel or near-parallel absorption method 
(see, for example, references 5-10) and other methods 
of increasing the sensitivity of the measurement, such 
as use of a circulating, long optical-path, thin-layer 
cell.” 

In this paper, two methods using grazing incidence 
and a glassy carbon electrode are reported. In the 
first, homogeneous reactions are used, in which the 
determinand species undergoes a spectral change on 
oxidation or reduction at the electrode surface. The 
possibility of producing a spectral change by a chem- 
ical reaction subsequent to the electrode reaction was 
also investigated. In the second method, a spectro- 
electrochemical analogue of anodic-stripping volta- 
mmetry is used, in which the metal to be determined 
is electro-deposited on the electrode surface and then 
stripped off into a solution of a spectrophotometric 
reagent. 

EXPERIMENTAL 

Reagents 

Metal-ion solutions were prepared from analytical- 
reagent grade salts. Spectrophotometric and other reagent 
solutions were prepared from the solid reagents. All solu- 
tions were prepared with triply distilled water. 

Apparatus 

The cell-holder of a Pye Unicam SP600 Series 2 spec- 
trophotometer was modified to accept a cell with two 
glassy-carbon plate electrodes (see Fig. 2). Slits (approxi- 
mately 1 mm wide) mounted in front of and behind the cell 

Fig. 2. Sketch of the spectroelectrochemical cell. The glassy- 
carbon electrodes, A (10 x 20 mm), are mounted in resin 
blocks, B, and connected to the external circuit by copper 
wires, C, joined to their backs with silver-loaded epoxy 
resin. The blocks are secured to a Teflon base, D, with the 
electrodes about 20 mm apart. The cell windows are micro- 
scope slides cut to size and glued in place. The path and 
dimensions of the light-beam, E, are defined by the slits, F, 

defined the light-beam and the cell was positioned by 
horizontal adjustment with a worm gear drive. The cell was 
equipped with a variety of inlets and outlets so that sample 
solutions etc. could be pumped in and out, the solution 
deoxygenated with oxygen-free nitrogen and a nitrogen 
atmosphere maintained. The spectrometer output was con- 
verted into absorbance by an SP45 unit and monitored with 
an X-t recorder. The electrode potential was controlled by 
means of a manual polarograph (Southern Analytical 
A1650) or a potentiostat (Princeton Applied Research 174). 

Procedures 

The general procedure for the homogeneous reactions 
was to transfer the solution (in background electrolyte) to 
the cell, deoxygenate it, set zero and 100% transmission, 
start the chart recorder and apply a potential step (typically 
2 V us. the counter-electrode). For the anodic-stripping 
mode, after a suitable deposition time, the solution was 
replaced by one containing the spectrophotometric reagent 
(dissolved in background electrolyte), the absorbance scale 
was set, the chart recorder started, and a potential step 
applied. 

RESULTS AND DlSCUSSlON 

Homogeneous reactions 

Various species were investigated, including 
ferroin, ferrocyanide, phosphomolybdate, methyl 
viologen (1,l ‘-dimethyl-4,4’-bipyridinium), perman- 
ganate, dichromate and iodide. The oxidation of 
iodide was monitored by means of the absorbance of 
the iodine produced or that of the blue starch-iodine 
compound. For all the species examined, the plots of 
A vs. t”* had a linear region (as shown in Fig. 3) the 
slope of which showed a high correlation with con- 
centration. A similar correlation between the max- 
imum absorbance obtained and concentration was 
also observed. As examples, the results for phospho- 
molybdate and the iodide-starch system are given in 
Table 1. 

Anodic-stripping 

The following combinations of metal and spectro- 
photometric reagent were investigated: (a) copper 
and Pyrocatechol Violet (PCV), murexide, or pyridyl 

/* 
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Fig. 3. Plot of absorbance (at 720 mm) against time’ t for 
phosphomolybdenum blue (8 x IOm4M). The applied poten- 

mounted either side of the cell assembly. tial was -2.0 V. 
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Fig. 4. Plot of absorbance (at 630 nm) against time’ ’ for the 
anodic redissolution of copper (at f2.0 V) into a solution 

of Pyrocatechol Violet. 

azo resorcinol (PAR), (h) zinc and zincon or PCV. (c) 
cadmium and murexide or PCV, (d) silver and 
l,lO-phenanthroline plus tetrabromofluorescein. All 
these systems exhibited a linear portion in the plot of 
A L’S, t”’ (see Fig. 4 for example), with a slope 
strongly correlated with concentration; the maximum 
absorbance was also correlated with concentration. 

Results for the copper-PVC system are given in Table 
I. The best performance in terms of sensitivity and 
detection limit was obtained for silver, with a 
3 x lO_‘M concentration (0.03 pgjml) being de- 
tectable after a deposition time of 15 min. 

It is interesting that the linear A L’S, t’ ’ relationship 

is obtained for systems which might be expected to bc 
far removed from the simple case of semi-infinite 
linear diffusion. This shows that in the systems so far 
chosen for investigation, the reaction kinetics are fast 
compared with the diffusion-controlled movement of 
species in solution. The homogeneous reactions show 
that the electrode acts as a solid redox reagent in the 
system and eliminates the thermodynamic and kinetic 
problems that are sometimes associated with the use 
of conventional redox reagents. The chemistry of the 
molybdenum heteropoly acid species provides a good 
example of the difficulties that can beset a spectro- 
photometric procedure. At least six different reducing 
agents have been recommended for the production of 
phosphomolybdenum blue and the product of the 
reaction may be either the s( or the /J’ form. depending 
on the reaction conditions and order of addition of 

reagents.“~” Often, as well as specifying the order of 
addition of reagents, a conventional procedure will 
specify a time period during which the absorbance 
should be measured. The use of the slope of the A vs. 

t” plot as the quantitative parameter means that 
solutions more concentrated than those that can be 

handled by the conventional procedure can be mea- 

sured without predilution. Both modes of operation 
can provide procedures for given analytes, as select- 
ivity can be introduced by control of the electrode 
potential at the various stages, by use of masking 
agents. and by use of consecutive chemical reactions 
following the electrochemistry. At present the meth- 
ods are slow and have not demonstrated any dra- 
matic improvement in sensitivity or detection limits 
(this is not expected for homogeneous systems), but 
in principle the anodic-stripping mode could rival its 
voltammetric analogue. as it is not limited by the 
problem of distinguishing between faradaic and non- 
faradaic processes. It can be seen from equation (2) 
that the speed of the technique could be improved by 
reducing /I. the width of the beam defined by the slits. 
With a conventional solution spectrophotometer, 
there is a limit to the reduction in beam-width that 
can be achieved before an unacceptable lowering of 
the signal to noise ratio occurs. This difficulty could 

be overcome by use of a laser as light-source, and the 
use of a slit-width as narrow as 3 /Lrn with such a 
source and consequent improvement in the rise time 
have been reported.” The electrode material. glassy 
carbon. appears more suitable than platinum, which 
was used in previous studies’” and produced OH- in 
the diffusion layer on reduction after an anodic 
pretreatment. No special cleaning of the electrodes 

has been found necessary and their efficiency has been 
maintained for several months. 

CONCLUSIONS 

The results of these preliminary investigations 

show that spectroelectrochemistry at a glassy-carbon 
electrode with use of the grazing-incidence 
configuration has considerable promise as a quanti- 
tative analytical technique, particularly when coupled 
with potential-step electrochemistry. The two modes 
described here, homogeneous reaction and anodic 
stripping, have both been shown to have features 
capable of exploitation for achieving selective and 
sensitive analytical determinations. It is expected that 
some improvement on these preliminary results 
would be obtained with a better quality spec- 
trophotometer, but a purpose-built instrument (in- 
corporating a tunable laser source) would be ex- 

Table I, Least-squares linear regression analysis of calibration data [A,,,,,, is maximum absorbance on absorb&ceetime plot, 
1~ is slope of absorbanceetime’ ’ plot (set I‘). C is concentration (,W). 11 is number of data points. and I is Pearson’s 

correlation coefficient] 

A 111‘1, r.7. c m t‘s, c 

slope. slope. 
System ,I I. ,m& intercept Y ,I I.nlolr~‘.src~‘~ intercept r 

Phosphomolybdenum blue IO 8.1 x IO’ 0.004 0.996 9 I.1 x IO’ 0.014 0.999 
Iodide-starch 9 8.5 x 10’ -0.35 0.998 8 2.5 x 10’ -0.10 0.988 
Copper-Pyrocatechol Violet I 4.6 x IO’ -0.018 0.983 7 1.6 x IO’ -0.003 0.993 
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pensive, and one of the attractive features of the 
technique in its present form is that it forms the basis 
of a low-cost accessory for an existing conventional 
spectrophotometer. It is expected that the analytical 
capability of the technique could be extended by use 
of fluorescence and chemihrminescence measurement. 

istry, Vol. 7, A. J. Bard (ed.), p. 9. Dekker, New York, 
1974. 

-3. 

4. 
5. 

J. W. Strojek and T. Kuwana, J. Electroanal. Chem., 
1968, 16, 471. 
J. F. Tyson and T. S. West, Talanta, 1980, 27, 335. 
R. Pruiksma and R. L. McCreery, Anal. Chem., 1981, 
53, 202. 
R. L. McCreery, R. Pruiksma and R. Fagan, ibid., 1979, 
51, 749. 
M. J. Simone, W. R. Heineman and G. P. Kreishman, 
ibid., 1982, 54, 2382. 
J. Zak, M. D. Porter and T. Kuwana, ibid., 1983, 55, 
2219. 

Acknowledgement-Assistance from J. R. Erone, A. S. 
Khulumula and P. J. Weir with aspects of the experimental 
work is gratefully acknowledged. 

REFERENCES 

1. J. Robinson, Specialist Periodical Report on Electro- 
chemistry, Vol. 9, p. 101. Royal Society of Chemistry, 
London, 1984. 

2. T. Kuwana and N. Winograd, Electroanalytical Chem- 

6. 

I. 

8. 

9. 

IO. 
II. 
12. 

13. 
14. 

C. W. Anderson and M. R. Cushman, ibid., 1982, 54, 
2122. 
J. D. Brewster and J. L. Anderson, ibid., 1982,54,2560. 
J. L. Anderson, ibid., 1979, 51, 2312. 
R. A. Chalmers and A. G. Sinclair, Anal. Chim. Acfa, 
1965, 33, 384. 
Idem, ibid., 1966, 34, 412. 
J. F. Tyson and T. S. West, Talanta, 1979, 26, 117. 

Dedicatio-As one who had the good fortune to be first made aware of the fascination of the application 
of chemical principles to the solving of analytical problems by Bob Chalmers, it is indeed a pleasure to 
have a small part in this tribute to him. In all aspects of his career as a professional analytical chemist, 
he sets examples of the highest standards and, in making this contribution, 1 am pleased to acknowledge 
that much of the enjoyment derived from the challenge of trying to emulate his example is due to his valued 
guidance, encouragement and friendship. 



OOiY-Y 140 X6 s3.00 + 0.00 
Perg2llnlon PX\S Ltd 

MATRIX MODIFICATION-THE USE OF PROTEIN-FREE 

SOLUTIONS IN THE DETERMINATION OF METALS IN 

BLOOD BY FLAME ATOMIC FLUORESCENCE AND 
EMISSION SPECTROMETRY 

E. J. EKANEM,* C. L. R. BARNARD+ and J. M. OTTAWAY 

Department of Pure and Applied Chemistry. University of Strathclyde. 295 Cathedral Street. 
Glasgow. Scotland 

G. S. FELL 

Department of Clinical Biochemistry, Royal Infirmary. Glasgow. Scotland 

Summary-A procedure is described for matrix modification in the determination of metals in blood b! 
flame spectrometric methods. The protein is removed by precipitation with dilute nitric acid and 
centrifugation and the supernatant liquid is used for direct analysis. Nitric acid is compared with other 
acids as the precipitant. The technique is simple. contamination-free and provides a solution which may 
be directly compared with aqueous calibration standards. Its application for determination of clinically 
important metals by flame atomic fluorescence and emission spectrometry is demonstrated. 

The direct determination of protein-bound metals in 
blood samples is complicated by the high matrix 
effect of the proteins themselves.’ The nature of the 
interactions between blood and metals is the subject 
of much debate and numerous metals are present as 
complexes with blood components and to a lesser 
extent as the free ions. 

Release of the metals from such complexes requires 

either the use of chelating agents or destruction of the 
ligand. The usual procedure for destroying organic 
material in blood samples involves wet oxidation’ 
with mixtures of sulphuric and nitric acids. and/or 
perchloric acid. Carter and Yeoman’ have described 
the use of low-temperature ashing in an oxygen 
plasma, although this is also a time-consuming pro- 
cedure. Various pressurized-bomb digestion systems 
have been described“ but there is always an appre- 
ciable decomposition time and significant risk of 
contamination.’ Use of glassy carbon instead of the 
traditional PTFE as the bomb material reduces con- 
tamination.’ Novel, contamination-free ultraviolet- 
irradiation techniques have been described by Batlcy 
and Farrar.’ but are even slower. the oxidation taking 
up to 12 hr. 

Routine analysis for clinically important metals in 
blood or plasma/serum has been largely restricted to 

*Now at School of Basic Studies. Ahmadu Belle University, 
Zaria, Nigeria. 

tNow at Department of Chemistry and Metallurgy, 
Glasgow College of Technology. Cowcaddens. Glasgow, 
Scotland. 

flame emission spectrometry (FES) and atomic- 
absorption spectrometry (AAS). Flame atomic- 

fluorescence spectrometry has been described for the 
determination of both tracex.’ and major”’ metals, 
with use of line and continuum sources respectively. 
There are difficulties in the determination of metals 
in whole blood, owing to the particulate nature and 
viscosity of the sample. Such problems arc reduced by 
dilution of the sample, but this increases the lower 
limit of determination. 

Removal of proteins from blood prior to col- 
orimetric analysis is widely used in the biochemical 
laboratory.“,” The protein precipitants in common 
use include sodium tungstate or alkaline zinc sulphatc 
solution. and trichloroacetic and perchloric acids. 
Use of acids is prcfcrred in metal analysis because 
they are available in high-purity grades. 

The addition of acids to blood denatures the 
proteins, resulting in their precipitation,‘” with dis- 
solution and release of the metals into the super- 
natant fluid. This is commonly used as a matrix 
modification procedure when metals are determined 
in blood by carbon-furnace atomic-absorption spec- 
trometry (CFAAS).” ‘” Protein-free liquids produced 

in this manner by centrifugation arc frcqucntly 
referred to as “protein-free filtrates“ but the more 
correct terminology “supcrnatant fuid” will be used 
throughout this articlc. 

A comparison of several acids commonly used to 
deproteinate blood is presented. The characteristics 
of each are compared in terms of metal rcleasc and 
suitability for flame spectrometric analysis. The ap- 
plication of the technique for the AFS determination 
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of cadmium, zinc, magnesium, calcium and iron is 
described, together with the flame AES determination 
of sodium and potassium. 

EXPERIMENTAL 

Apparatus 

The spectrometer used for line-source atomic-fluorescence 
spectrometry (LSAFS) was essentially the same as that 
described by Michel and co-workers.*,” The temperature 
control of the electrodeless discharge lamp (EDL) was 
modified by incorporation of a ~~rmocouple feedback 
system to maintain a constant temperature environment for 
the EDL. 

An Eimac xenon-arc continuum source was used at low 
power for background correction in LSAFS and also at 
higher power as a primary source in continuum-source AFS 
(CSAFS). In the latter case, background correction was 
achieved by means of a laboratory-constructed wavelength 
modulation device.1° The same configuration of flame, 
monochromator and detector was also used in the emission 
mode (i.e., with no light source) and in this case background 
correction was aiso achieved by means of wavelength mod- 
ulation. In all cases, a nitrogen-separated flame was used to 
reduce flame background.K 

Reagem is 

Analytical-grade reagents were used for preparation of 
solutions and “AristaR” nitric acid was used to precipitate 
the blood proteins. In all cases, solutions were prepared with 
high-purity demineralized water. 

Blood sample collection and storage 

The technique was developed with out-dated whole blood 
samples supplied by the blood bank. Samples for evaluation 
of the technique were collected in accordance with the 
established procedure used for CFAAS determinations of 
blood cadmium at Glasgow Royal Infirmary.” Whole blood 
was obtained by venepuncture and stored in contamination- 
free tubes containing anticoagulant (potassium-EDTA or 
lithium-heparin). All blood samples, including plasma and 
serum, were stored temporarily at 4’ or for longer periods 
at -20’. 

The sample containers, polypropylene centrifuge tubes 
and volumetric ware were all soaked overnight in nitric acid 
(I + I), then washed and rinsed with demineralized water 
prior to use. The containers were regularly examined for 
contamination, by rinsing with 2M nitric acid and aspirating 
the washings into the flame. The signals obtained were 
below the detection limits in all cases. 

Deproteination qf the samples 

A 2-ml portion of the blood sample was transferred into 
a centrifuge tube containing 2 ml of precipitant. The tube 
was stoppered and vigorously shaken, then the mixture was 
centrifuged at 3000 rpm for 30 set, after which the protein- 
free supernatant liquid was separated for analysis. Plasma- 
protein precipitation was found to be complete only if the 
precipitant was refrigerated before mixing. 

Each precipitant was considered in turn for its efficiency 
in reieasing metal ions from the proteins in blood, and the 
physical properties of the deproteinated samples were com- 
pared with those of the aqueous standards used for 
calibration. 

Evaluation of deproteinated samples,for metal determination 

Defection limits. The limit of detection was taken as the 
analyte concentration equivalent to twice the noise level 
associated with a deproteinated sample known to contain an 
analyte concentration (after appropriate dilution) about 
four times the detection limit for a purely aqueous solution. 

he&ion. To measure the precision of the entire pro- 
cedure, 15 separate 2-ml portions of the same pooled blood 
sample were deproteinated and diluted as appropriate for 
each analyte. The precision was determined as the relative 
standard deviation for each element measured in the I5 
samples. 

Accuracy. The accuracy of the procedure was evaluated 
by direct comparison with other spectrometric methods 
applied to the same samples. The levels of cadmium and zinc 
found in the deproteinated samples were compared with 
those obtained by the standard CFAAS method. Similarly, 
Rame AAS was used for checking the magnesium levels, 
FES for sodium and potassium and calorimetry for calcium 
and iron. 

Calibration standards were prepared from 2000-ppm 
stock solutions by serial dilution and were matrix-matched 
to the acid concentration of the deproteinated samples. The 
prepared samples were directly aspirated without dilution 
for the determination of cadmium by LSAFS and of zinc 
and iron by CSAFS. The solution was diluted 50-fold before 
CSAFS determination of calcium and magnesium. Calcium, 
sodium and potassium were determined with the instrument 
in the wavelength-modulated FAES mode, the de- 
proteinated samples being diluted 50-fold for calcium and 
SOO-fold for sodium and potassium determinations. 

The analytical standards and deproteinated samples were 
all prepared so as to contain 1000 pg of lanthanum (added 
as lanthanum nitrate solution) per ml to reduce anionic 
interferences. The l.OM nitric acid concentration in the 
standards and deproteinated samples reduced the inter- 
ferences from sodium, calcium and phosphate in the deter- 
mination of iron. In the determination of sodium, it was 
necessary to have 3000 ppm of potassium present in the test 
solution, and for potassium, 2000 ppm of sodium, in order 
to suppress ionization effects. 

RESULTS AND DISCUSSION 

The four acids, hydrochloric, nitric, monochloro- 

acetic (CA) and trichloroacetic (TCA), tested as 
protein precipitants. were compared in terms of the 
viscosity (measured as nebulizer uptake rate) and 
volume of the supernatant liquid produced. The 
release of metals from blood or plasma was assessed 
from the spectrometric signal obtained when the 
deproteinated sample was aspirated into the flame. 

The four acids were directly compared for their 

applicability to the determination of cadmium in 
whole blood (Table 1). It was observed that use of 
nitric acid gave the largest volume of supernatant 
liquid from blood, and also from serum or plasma. 
The nitric acid treatment gave a product with essen- 
tially the same uptake rate as the aqueous calibration 

Table 1. Comparative performance of acids as protein 
precipitants 

Volume of Uptake 
Cadmium signal, supernatant rate, 

Acid (‘I)s liquid, ml mtJmin 

HCI (2.OM) 119 9.0 
CA (1.5%) IO1 1.6 2.9 
TCA (1.0%) 94 1.6 2.9 
HNO, (2.OM) 340 2.0 9.0 
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standards, whereas CA and TCA gave products with 
markedly higher viscosity, necessitating use of an 

uptake-rate correction. The uptake rate for the nitric 

acid products was practically the same (9.0 ml/min) 
for all samples tested. 

Hydrochloric acid proved unsuitable as a protein 
precipitant because it caused excessive frothing and 
gave variable volumes of supernatant liquid. The 
optimum concentration of nitric acid for sample 
preparation was found to be 2.OM, as shown in 

Fig. 1. 

Analytical recoveries 

The efficiency of nitric acid in releasing metals from 

blood, for analysis, was assessed by adding known 
amounts of inorganic analytes to untreated blood 
samples, deproteinating them, and determining the 

recoveries of the analytes. The recoveries (Table 2) 
for cadmium and zinc, in whole blood and serum 
respectively, were all acceptable. 

Good recoveries and accuracy were also obtained 
for iron in serum, but the recovery for iron in whole 
blood was very poor. It appears from this that 

protein precipitation does not facilitate the release of 
iron from red-cell protein and this may be attributed 
to the strong covalent bonding of iron in the haemo- 
globin molecule. 

The concentration levels found for the de- 

proteinated serum and plasma samples were generally 
higher than those for aqueous dilutions of the same 
samples (Table 3) and this is consistent with the acid 
denaturing of plasma proteins, which quantitatively 
releases metal ions by proton exchange.20 The 60% 
increase in the calcium concentration found for 
plasma and serum by the deproteination method, 

Table 2. Analytical recoveries for Cd and Zn from whole 
blood and serum 

Cd (in whole blood) Zn (in serum) 

Apparent Apparent 
Added, Found, recovery, Added, Found, recovery, 

!-Xl/. pail. % v/i. wII. % 

0 1.16 0 0.82 
2 3.14 99 0.100 0.93 101 
4 5.56 110 0.400 1.22 99 
6 7.61 108 0.800 1.63 100 
8 9.80 108 1.000 1.82 100 

10 11.40 102 2.000 2.83 100 
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Fig. 1. Optimization of the nitric acid concentration for 
protein precipitation. 

compared to the aqueous dilution results, indicates 
the more efficient release of this metal by the acid 
medium. The same trend was observed, though to a 
lesser extent, for other essential elements, e.g., iron, 
sodium and potassium. 

When the protein precipitation method was com- 
pared with previous work’ a threefold improvement 
in blood cadmium detection limits was observed. The 
use of deproteination with nitric acid in the deter- 
mination of cadmium in whole blood was further 
tested by comparison with the routine CFAAS pro- 
cedure employed at Glasgow Royal Infirmary. The 
deproteinated samples were analysed for cadmium by 
use of a Perkin-Elmer 2280 spectrometer with an 
HGA-500 atomizer. The results, presented in Fig. 2, 
are in good agreement. 

The presence of particulate matter in the flame, 
which is a characteristic of aspirated blood samples, 
contributes significantly to the spectroscopic noise. 
Since in atomic-fluorescence spectrometry it is the 
flame noise levels that ultimately determine the at- 
tainable detection limit, it is essential to minimize all 
such noise. When the particles in the flame are of 
atomic or molecular size, Rayleigh scatter predom- 
inates as the normal limiting factor in fluorescence 
measurements,22 but for particles which have a di- 
ameter significantly greater than the wavelength of 
the incident radiation the noise-limiting factor will be 
governed by Mie scatter.2’ Mie scatter is a major 
problem when diluted blood is aspirated into the 
flame, because of the size of the particles and the high 
particulate content of the nebulized sample. 

Table 3. Comparison of results obtained for samples treated by de- 
proteination and by aqueous dilution 

Concentration found, mg/ml 

Element Matrix Deproteination Aq. dilution- Increase,t % 

Ca Plasma 0.113 0.069 65 
Ca Serum* 0.104 0.064 62 
Na Serum 3.04 2.93 4 

*The lower calcium values for serum are expected because of the 
involvement of Ca in coagulation. 

tIncrease = 100 (Deprotn. signal - Dilution signal)/(Dilution signal). 
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Fig. 2. Correlation diagram for the analysis of blood for 
cadmium by AFS (F) and CFAAS (A). Regression equa- 
tion: F = mA + C = 1.02A + 0.91. The standard deviation 
of the scatter” of the F values about the line = 1.33 rig/l.. 

The absence of particulate matter in the de- 
proteinated sample reduces the high scatter signal 

associated with blood analyses by flame AFS. 
Furthermore, the deproteinated sample does not clog 
the nebulizer (clogging is a problem when the 

haemolysis/dilution procedure is used). The particu- 
late content of the sample presented to the flame 
by the acid-deproteination and Triton X- 
100/hydrochloric acid procedure was evaluated by 
making cadmium measurements on the treated blood 
samples, both with and without scatter correction. 
The correction for scatter* involved nebulization of a 

highly scattering matrix [e.g., calcium phosphate (in 
hydrochloric acid) or 2% aluminium solution], irra- 
diation of the flame with both the EDL and a 
continuum source, and balancing of the two signals 

by adjustment of the continuum source intensity 
(measured at the cadmium wavelength). This pro- 

vides automatic compensation for scatter, but any 
variation in the balance between the two irradiation 
intensities will result in a corresponding variation in 

the scatter-correction. This sets a noise limit on the 
lowest level of detection of the cadmium signal and 
was one reason for modifying the temperature- 
control system for the EDL. It is clear from the 
results (Table 4) that the deproteinated matrix gives 
virtually scatter-free signals. 

The techniques used to assess the analyte content 
of the deproteinated samples are listed in Table 5. 
Their analytical figures of merit are described in 
terms of detection limits and precision. The de- 
proteination method gives lower detection limits than 
the other matrix-modification procedures. 

CONCLUSIONS 

The results obtained by flame spectrometric tech- 
niques for the determination of metals in blood are 
highly dependent on the viscosity of the matrix. The 

use of protein precipitation with dilute nitric acid has 
been shown to give good results. This technique gives 
a detection limit of 0.05 pg/l. for cadmium in blood 
and provides a scatter-free matrix which closely 
resembles the aqueous calibration standards. The 

high accuracy and precision afforded, together with 
the efficient release of metal ions, make this pro- 
cedure eminently suitable for use with the techniques 
of flame atomic spectrometry. 

The instrument used in this assessment of protein 
precipitation was an atomic-fluorescence spec- 
trometer. It is very versatile in that it can function in 
a line-source mode for single-element analyses, where 
maximum sensitivity is important, or in a continuum- 
source mode for the more abundant metals. It may 
also be operated as a flame atomic-emission spec- 
trometer. Each of these configurations incorporates 

Table 4. Scatter signals from matrices used in blood analyses 

Equivalent cadmium 
Pretreatment Scatter signal, concentration, 

method* Matrix? C’/J.S /‘g 0 1. 

A W.B. 1 0 0.0 
B W.B. 1 301 2.6 
A W.B. 2 2 0.0 
B W.B. 2 266 2.3 
A W.B. 3 0 0.0 
B W.B. 3 230 2.0 
A Plasma 4 0 0.0 
B Plasma 4 II 0. I 
A Plasma 5 0 0.0 
B Plasma 5 I3 0. I 

None 2% Al solution 18617 163 
None 2% Ca,(PO& solution 19099 168 

(in hydrochloric acid) 

*A = Deproteination with an equal volume of 2M nitric acid. 
B = Treatment’ with hydrochloric acid and Triton X-100 and dilution. 

tW.B. = whole blood. 
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Table 5. Figures of merit for the tlame spectrometric techniques used for 
blood analysis 

Concn. Relative Detection 
Wavelength. tested. std. devn..* limit, 

Analyte Technique 111?1 /‘,r, I. % /(I: :1. 

Cd 
Zn 

Mg 
Ca 
Fe: 
Ca 
Na 
K 

LSAFS 
CSAFS 
CSAFS 
CSAFS 
CSAFS 
FAES 
FAES 
FAES 

22x.x 8 
213.9 500 
285.2 40 
422.7 500 
24x.3 500 
422.7 1000 
589.0 IO00 
404.4 10000 

1.9(10) 0.05 
1.6(15) 14 
2.3 (IS) 2 
0.X(15) IO 
0.9 (IS) 4 
0.5(15) 26 
0.9(15) I 
2.2 (15) 213 

*Number of replicates given in brackets, 
tAs defined in text. 
$Serum iron. 

automatic background correction. The instrument 9. 

can thus offer an analytical service with rapid sample 
throughput and high standards of accuracy and 

10. 

precision and obviously has considerable potential II. 
for the determination of most metals of interest in the 
clinical laboratory. 
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Summary--Methods are described for the determination of trace levels of calcium in steels by 
atomic-absorption and atomic-emission spectrometry with a carbon furnace for atomization and 
excitation. In both cases, a commercial electrothermal atomic-absorption instrument was used. Samples 
were analysed after dissolution in a mixture of nitric. hydrochloric, and hydrofluoric acids. 

Although calcium compounds play a major role in 
the reduction of impurity levels during the prod- 
uction of iron, the final levels of calcium in finished 

steels are low and generally in the pg/g range. In the 
past, calcium alloy additions during steelmaking have 
been recommended for the deoxidation and de- 
sulphurization of steels’ ’ and have also been used in 
the control of the type and distribution of non- 
metallic inclusions4,’ Calcium determination in steel 
samples is not a common requirement in steelworks 
analysis, but does occasionally appear important.h It 
is then useful to have available a simple procedure 
using readily available instrumentation with a 
sensitivity of approximately 1 /‘g/g and offering 
acceptable precision and accuracy. The traditional 
approach to this problem has been to use flame 
atomic-absorption spectrometry with a nitrous 
oxide-acetylene flame,‘,’ lo but such methods gener- 
ally lack the sensitivity required and may give un- 
acceptable precision at the levels of calcium found in 
most steel samples. Headridge and Richardson’ did 
provide a flame AAS method for the determination 
of 2-60 pg/g calcium levels in steels, but this required 
a solvent-extraction preconcentration procedure. Al- 
though a convenient means of increasing the sensi- 
tivity of the measurement, and of separating the 
analyte from the major components of the sample, 
such procedures increase the analysis time, and com- 
plicate unnecessarily the essential simplicity of 
atomic-absorption procedures. They may also in- 
crease the possibility of errors due to contamination. 

Atomic-absorption spectrometry with electro- 
thermal atomization (ETA-AAS) should provide the 
sensitivity required for the determination of trace 
levels of calcium in steel samples. In fact. application 
of ETA-AAS to calcium determinations in general is 
rare,” and limited to materials such as snow” and 
high-purity water.” The reasons for the lack of 
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interest in applying ETA-AAS to calcium deter- 
minations may be several. Many types of sample 
certainly contain calcium levels amenable to deter- 
mination by use of flame atomization, but in any case 
the determination of calcium by ETA-AAS with 
commercial instrumentation has suffered from four 
readily defined problems. In some early instruments, 
excessive radiation from the wall or surface of the 
atomizer was able to enter the monochromator, 
causing severe noise in the atomic-absorption signal. 
Until recently, background-correction procedures did 
not adequately cover the wavelength of the most 
sensitive calcium line. Although instruments incorpo- 
rating the use of visible-range continuum sources, the 
Zeeman effect, and the Smith-Hieftje method for 
background-correction are now available, the major- 
ity of instruments in current use still suffer from this 
limitation. Finally, the graphite used for fabrication 
of the atomizer usually contains significant levels of 
calcium, which must be removed or controlled, and 
as calcium is a ubiquitous element, there are often 
contamination problems when low levels are being 
determined. In our experience the last two factors 
often lead to unacceptable precision unless rigorously 
controlled. 

In a recent paper, Fu et ~1.‘~ described an electro- 
thermal atomic-emission spectrometry method for 
the determination of calcium in steel samples. Al- 
though this procedure gave acceptable sensitivity, 
accuracy and precision for the trace levels of calcium 
found in steels, it made use of an instrument which 
was purpose-built for carbon-furnace atomic- 
emission measurements. I5 Thus the instrument was 
based on a high-resolution echelle monochromator, 
and incorporated a square-wave wavelength- 
modulation system. which gives accurate and auto- 
matic background correction at all wavelengths, in- 
cluding that of the calcium line of interest (422.7 nm). 
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Table 1. Instrumental parameters for calcium determination 

Perkin-Elmer 306/HGA-500 Perkin-Elmer 503:HGA-2100 

Wavelength, nm 422.7 422.7 
Lamp current, m.4 * I4 20 
Spectral bandwidth, nm 0.7 0.2 
Volume of sample, ptrt 10 10 
Argon flow-rate, nzl;‘mD7 300 104 
Temperature, C hold time. .FC( 

Drying 14op305 loo-25 
Ashing 1300-40~ I IO&20 
Atomization 2700-57 280&6 

*For the absorption measurements only. 
tSolutions were applied to the furnace with Eppendorf micropipettes fitted with disposable plastic 

tips. 
§A heating rate of IO was used. 
TAt maximum heating power. 

Carbon-furnace atomic-emission signals can readily 
be sensitively measured with commercial electro- 
thermal atomic-absorption instruments,16 but auto- 
matic background correction is not then available, 
and it is necessary to measure the background sepa- 
rately and subtract it from the total signal obtained 
in the presence of the analyte, to obtain the net 
atomic-emission intensity. Whilst this procedure is 
more tedious, it allows the sensitivity of the emission 
technique to be utilized by any laboratory possessing 
a commercial ETA-AAS system, and such a pro- 
cedure was earlier adopted for the determination of 
a number of elements in steels.” Calcium was not one 

of the elements included in that study, and the only 
other report of calcium determination by electro- 

thermal atomic-emission spectrometry was based on 
the use of a molybdenum micro-tube atomizer.” It is, 
however, interesting that some of the earliest obser- 
vations made with the King furnace were of calcium 
atomic emission and absorption spectra.” 

Since electrothermal atomic-absorption instru- 
ments are now widely available, it seemed worthwhile 
to investigate the practical difficulties involved in the 
determination of calcium in steels with typical com- 

mercial instruments. In the event, it proved possible 
to develop and test procedures for this determination 
by both carbon-furnace atomic-absorption and 
carbon-furnace atomic-emission spectrometry with 
commercial ETA-AAS instruments, and the results of 
these studies are reported in this communication. 

After this work was completed, we became aware 
of a report of the development of another carbon- 
furnace atomic-absorption procedure for the deter- 
mination of calcium in steels.‘” The method is similar 
toourproccdure, but uses laboratory-coatedpyrolytic- 
graphite tubes, and significantly different results were 
obtained. Some of the difficulties investigated in the 
present work do not appear to have been considered 
and may be the cause of anomalous results. 

EXPERIMENTAL 

Two different atomic-absorption/emission spectrometer,’ 
graphite furnace systems were used. 

(a) A standard Perkin-Elmer model 306 atomic- 
absorption spectrometer equipped with an HGA-500 
graphite-furnace atomizer in conjunction with a Servoscribe 
Is strip-chart recorder. 

(h) A standard Perkin-Elmer model 503 atomic- 
absorption spectrometer equipped with an HGA-2100 
graphite-furnace atomizer and coupled to a Perkin-Elmer 
model 056 strip-chart recorder. 

Both spectrometers were provided with a deuterium-arc 
background-correction system. A Varian-Techtron calcium 
lamp and a Perkin-Elmer multi-element lamp (calcium, 
magnesium, zinc) were used as sources for the atomic- 
absorption measurements. Standard and pyrolytically- 
coated graphite tubes were used as atomizers. The instru- 
ments were operated under the conditions listed in Table I. 

Reagenrs 

Reagents of the highest purity available were used 
throughout. To avoid calcium losses due to diffusion into 
the glassware walls, and to be able to use hydrofluoric acid, 
plastic vessels were employed during the preparation of 
standards and samples. Distilled demineralized water was 
used for dilution. 

Sfock calcium solution, 500 pg/mI. Dissolve 1.249 g of 
previously dried primary standard calcium carbonate in 
water containing sufficient “ArislaR” nitric acid to complete 
dissolution. Transfer the solution to a I-litre standard flask, 
add more nitric acid to make the final nitric acid concen- 
tration 1% v/v and dilute to the mark with water. 

Stock iron solution, 10.0 mg~‘ml. Dissolve 0.50 g of 
high-purity iron granules (BCS 14913) in a slight excess of 
“AristaR” nitric acid (I + I). transfer the solution to a 
50-ml standard flask and dilute to the mark with water and 
enough nitric acid to give a 1% v/v final concentration. 

S/ock nickel .x~lufion, IO00 pgjml. Dissolve 1.000 g of 
nickel metal in a minimum volume of “AristaR” nitric acid 
(I + I). Transfer the solution to a I-litre standard flask, add 
enough acid to make its final concentration 1% v/v and 
dilute to the mark with water. 

Stock chromium .vo/urion. fOOOpg!ml. Dissolve 3.735 g of 
potassium chromate in water and dilute to 1 litre. 

Stock .rfronfium .solution, IO.Omg~ml. Dissolve 2.415 g of 
strontium nitrate dihydrate in water, add enough “AristaR” 
nitric acid to give a linal 1% v/v concentration. transfer the 
solution to a IOO-ml standard flask and dilute to the mark 
with water. 

Standard culcium .volurion.v, 0.025-0.2 pgiml. Prepare 
immediately before use by appropriate dilution of the stock 
calcium solution with water. 

Srrmple trealmenl 

Weigh 0.5 g of steel sample into a IOO-ml poly- 
tetrafluoroethylene beaker and dissolve it in a minimum 
volume of a mixture of “AristaR” nitric and hydrochloric 
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acids (3 + I), then ;tdd 40 ~tl of concentrated hydrofluoric 
acid. When the reaction has subsided, heat gently until the 
solution is fully oxidized. Transfer the solution to a loo-ml 
plastic standard flask and dilute to the mark with water. 

RESULTS .AND DISCUSSION 

Presence of ccrlcium in th puphite utomi2r 

Calcium is present as an impurity in most graphites 

used for fabrication of electrothermal atomizer tubes, 
and presents a problem in any calcium determination. 
This problem usually manifests itself as a poor pre- 
cision of measurement (> 20% RSD). Before any 
analysis is attempted, the calcium present in the 
atomizer must be removed, which can be done 
effectively by repeated heating at high temperatures 
(-2800 ), The number of heating cycles needed for 
cleaning the tube sufficiently to bring the blank signal 
to an insignificant level could be taken as an indi- 

cation of the amount of calcium present in the 
graphite and the relative difficulty of removing it. 
Approximately IO-15 firings were required for stan- 
dard electrographite and pyrolytic-graphite coated 
tubes. the electrographite tubes being rather worse 
than the coated tubes. The repeated high-temperature 
firing of the tube. necessary before analysis can start, 
causes a deterioration in tube lifetime and per- 
formance. The electrographite tubes rapidly became 

dusty and more porous and exhibited poorer re- 
producibility and sensitivity, owing to increased 
soaking of the analyte solution into the graphite. 

Pyrolytic-graphite coated tubes deteriorated much 
less significantly and gave much better performance 
after cleaning and were used throughout this study. 
After initial removal of the calcium impurity, a single 
cleaning stage is perfectly adequate between atom- 
ization cycles. 

Reproducibility und .sensiticit~~ 

Calibration graphs for absorption and emission 

determinations were plotted from peak-height mea- 

surements for aqueous calcium standards containing 
1% v/v nitric acid. Background measurements in the 

atomic-emission work were made sequentially with 
the sample measurements, and the background signal 
corresponding to the maximum peak-height for the 

analyte emission plus background signal was 
recorded and subtracted to give the net analyte 
atomic-emission signal. 

No background signal was observed for atomic- 
absorption signals from aqueous solutions, but the 
atomization of steel solutions gave rise to significant 

background signals caused by the steel matrix. This 
was first observed with a Perkin-Elmer HGA 72 
atomizer. which has an open-ended furnace arrange- 
ment, and is mainly due to matrix condensation with 
air to give a “smoke” which is formed in the optical 

beam and gives rise to a background signal due to 
scatter. In the HGA 500;‘2100 series this problem is 
minimized, as condensation with air takes place out 
of the optical beam of the spectrometer. Since neither 
of the instruments used in this work was provided 
with background-absorption correction facilities for 
measurements at 422.7 nm, the background signal 
was made negligible by appropriate choice of ashing 
conditions, and the use of high gas flow-rates during 
the atomization stage. An attempt was made to 
operate with the deuterium-arc background system, 
but use of the hollow-cathode lamp at low currents 
led to unacceptable signal-to-noise ratios. At the 

matrix levels investigated and with the atomization 
programme adopted, no matrix-induced background 
was observed in atomic-emission measurements. 

The reproducibility of the instrumental mea- 
surement of calcium was routinely tested with a IO-PI 

injection of a 0.05 ~~g,‘rnl solution of calcium in 1% 
v/v nitric acid medium. Typical results are shown in 
Table 2. A similar experiment performed with a 
solution of BCS 261/l steel standard containing 

17 /ig of calcium per g (0.085 pg;ml in the sample 
solution) gave slightly higher RSD values for all three 
systems used. The RSD values are a little higher than 

Table 2. Figures of merit for the analysis of trace levels of calcium in steels by electrothermal atomization 

Atomic-absorption 
Atomic-emission 

PE306;HGA-500 PE503;HGA-2100 PE503,‘HGA-2100 

Reproducibility, RSD (for IO 
readings) for: 
Ca aqueous standard (0.05 /l&ml). % 
BCS 261/l, % 

Reproducibility. RSD (for IO 
complete determinations) for: 
BCS 26l:‘l. % 
BCS 333. % 

Detection limit. &nl/ 
Linear cahbration range (orders of 

magmtude) 

3.2 3.4 4.1 
5.4 5.0 6.5 

8.X 1.5 X.3 
11.3 9.7 11.2 
0.003* O.OOXf 0.009t 

2 2 2 

*Detection hmit expressed as twice the standard deviation for a calcium solution of concentratmn slightly 
greater than the detection limit. 

tDetcct)on limit (DL) calculated from DL = 2 C,, RSD,;($B) where C,, = Ca concentration of test 
solution. RSD, = relative standard deviation of IO blank measurements, S’B = signal-to- 
background ratio. 
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Table 3. Determination of trace levels of calcium in steels by electrothermal atomization 

Calcium content* found by AAS, pg/g 
Calcium content* found by AES, pg/g 

Sample PE306,‘HGASOO PE503,‘HGA2 100 PE503/HGA2100 

BCS 261/l 15.5 14.7 17.0 
BCS 325 4.2 5.6 5.0 
BCS 330 2.5 5.8 4.5 
BCS 331 3.0 4.2 3.5 
BCS 333 4.5 4.0 3.8 
BCS 334 3.5 4.7 5.2 
BCS 335 4.0 4.5 3.0 
BCS 401 6.7 5.9 5.6 
BCS 403 6.0 5.1 5.9 
BCS 405 17.0 19.1 24.7 
BCS 409 12.0 13.8 12.5 
BCS SS 31 9.8 
BCS SS 32 2.2 
BCS SS 35 20.0 
BCS SS 67 6.5 
BCS SS 69 6.7 
NBS 32e - 3.3 2.9 
NBS 72f - 2.7 2.2 
NBS 160b - 3.2 3.3 
NBS 344 - 4.2 3.0 
NBS 339 - 3.5 3.2 

*Corrected for blank solutions. 

would be expected for most elements in deter- 
minations with modern instrumentation, even allow- 
ing for the manual injection procedure, and may be 
due to residual small amounts of calcium impurity. 
The reproducibility for atomic-emission measure- 
ments is slightly poorer than that for atomic- 
absorption. which may be a result of the subtraction 
procedure used for emission background correction. 
In all cases, the precision is undoubtedly adequate for 
the determination of trace amounts of calcium in steel 

samples. 

Inteyference studies 

The effects of the presence of some of the major 
components of steels (iron, chromium and nickel) on 
the absorption/emission signals of a 0.05 pgg/ml cal- 
cium solution were examined. Concentrations equiv- 
alent to those found in the standard steels BCS 334 
and 219/3 were the highest levels tested. Very small 
enhancements were observed, and these were traced 
to calcium impurities in the iron and nickel metals 
and chromium salt used to prepare the standard 
solutions. BCS standard 261/l was analysed by the 
standard-additions method and this procedure gave 
exactly the same result as that obtained by using a 
calibration graph prepared from aqueous calcium 
standards. Finally, to test for the possibility of poten- 
tial interferences due to excessive ionization of cal- 
cium during atomization, strontium in the range 
5OfLlOOO LLg/ml was added to a typical calcium 
solution. No appreciable difference of either the 
absorption or net emission signal was observed for 
calcium with and without the strontium addition. 

Determination qf calcium in steels 

The results of the interference studies indicated the 
validity of analysing steel for calcium by either 

atomic-absorption or atomic-emission by use of the 
commercial instrumentation without background- 

correction facilities, and simple aqueous (1% v/v 
nitric acid) calcium standards. Two steel samples 
were analysed (ten separate samples of each) to test 

the reproducibility of the whole procedure. The re- 
sults are shown in Table 2. The calcium content of 
BCS 261/l is approximately I7 pg/g (0.085 pg/ml in 
the injected solution) and of BCS 333 approximately 
4 pg/g (0.02 pg/ml in the solution). The RSD values 
obtained reflected the levels of calcium in these 
samples, and gave detection limits of 0.6 and 1.6 pg/g 
by atomic-absorption and I.8 pg/g by atomic- 

emission spectrometry. The performance of all three 
instrumental methods appears adequate. Until re- 

cently, no standard steel samples had been assigned 
a certified calcium content, but a value of 17 pg/g has 
now been assigned to BCS 261/l. The results ob- 
tained agree satisfactorily in this case (Table 3). 
Results obtained for other samples show acceptable 
agreement between the different measurement tech- 
niques (absorption or emission) and in different 
laboratories carried out at significantly different times 
(in Scotland and Venezuela). Whilst these results do 
not allow a total confirmation of analytical accuracy, 
for which a wider range of certified materials or more 
different analytical procedures would have been pref- 
erable, the good agreement represents useful support- 
ing evidence. 

CONCLLWONS 

The results presented in this paper suggest that 
typical commercially available electrothermal 

atomic-absorption instruments may be used success- 
fully for the determination of calcium in steel sam- 
ples. Either atomic-absorption or atomic-emission 
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measurements can be used although the latter are 

slower owing to the need to use sequential 
background-signal measurement. The calcium levels 
in typical steel samples can be determined with 
adequate precision without the need for precon- 
centration or extraction procedures. As long as care 
is taken to remove the effect of calcium impurities in 
the graphite tube, either method can be used by 
laboratories with ETA-AAS equipment, Simpler pro- 
cedures or better performance might be possible with 
spectrometric systems incorporating automatic 

background-correction facilities at the calcium wave- 
length, and an automatic sample-dispenser, but the 
present method is probably acceptable for most of the 
routine requirements of the steel industry. 
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SAMPLE PRETREATMENT IN THE TRACE 

DETERMINATION OF DRUGS IN BIOLOGICAL FLUIDS 

ANIL C. MEHTA 

Department of Pharmacy, The General Infirmary, Leeds. Yorkshire. England 

Summary--Because of their complex nature. biological samples are often subjected to a pretreatment step 
before instrumental analysis. This paper outlines the methods a\allahle for sample preparation prior to 
gas or high-pressure liqmd chromatography. Practical aspects are emphasixd. 

Analysis of biological fluids for drugs and their 
metabolites requires detailed consideration of the 
methods for collection, storage. and preparation of 
samples before the analysis. The drug is usually 
present at trace levels (trig/l. or below) in a complex 
biological matrix, and the potentially interfering en- 
dogenous substances (which are usually present at 
higher concentrations than the drug) need to be 
removed before the analysis.’ 4 The amount of sample 
preparation required depends on the chemical nature 
and concentration of the drug or metabolite, the 
sample type, and the nature of any interfering sub- 
stances. It also depends on instrumental factors such 
as the sensitivity of the high-pressure liquid chro- 

matographic (HPLC) detectors, or the tolerance of 
specific gas-chromatographic (GC) detectors to con- 
tamination.5 The sample preparation step should 
therefore be capable of concentrating the sample and 
at the same time reducing the amount of interfering 
material so as to prolong column and/or detector life. 
No sample pretreatment is required for immuno- 
assays (e.g., Syva EMIT or Abbott TD, assays) which 
are increasingly used in hospitals for diagnostic tests 

and routine monitoring of certain drugs such as 
antiepileptics. However. most of the routine and 
research drug assays in hospitals are done by chro- 
matographic techniques. for which sample prepara- 
tion is necessary. In general, the sample clean-up 
procedure is simpler for HPLC than for GC. 
Prechromatographic sample treatment for plasma, 
serum and urine will be considered here. 

In drug analysis the most commonly sampled body 
fluid is plasma or serum, because a good correlation 
between drug concentration and therapeutic effect is 
usually found. Urine is useful when a drug or a 
rapidly formed metabolite is extensively excreted in 
it. Drugs can usually be detected as metabolites in 
urine for some time after they have become un- 
detectable in blood. Urine analysis for drugs is used 
in connection with urinary excretion and bio- 
availability studies. Saliva and cerebrospinal fluid 
(CSF) are also analysed for drugs. but less frequently. 
Drug concentrations in saliva are sometimes assumed 

to represent free plasma levels, but this is found to be 
true for only a few drugs (e.g.. carbamazepine, 
phenytoin). For others, the correlations are less 
satisfactory or apparently non-existent.’ ’ It is not 
practical to analyse CSF samples routinely. but 
occasionally CSF levels may be required if damage to 
the blood-brain barrier is suspected. 

SAMPLING AND STORAGE 

Collection of an uncontaminated specimen at the 

correct time in relation to the dose is vital in any 
projects involving drug analysis. If insufficient care is 
taken in collection and handling of biological speci- 
mens, data generated by using even the most soph- 
isticated techniques may be invalidated. If plasma or 
serum is analysed, the expressions “blood samples” 
or “blood levels” should not be used in description 

of the analytical procedure unless whole-blood 
samples are also to be analysed for some reason (for 

example, for drugs with high affinity for red cells, 
such as chlorthalidone or cyclosporin). Specimen 
collection tubes containing anticoagulants (for blood) 
or preservatives (for urine) arc commercially avail- 
able. The choice of anticoagulant may affect assay 
results, as may some plasticizers released from blood 
collection tubes made of plastic. The sample should 
be accompanied by a request form containing 
adequate information about the patient and therapy. 
including co-administered drug(s). The latter may be 
useful in the prediction of interferences and for 
development of an appropriate strategy for sample 
clean-up. 

On no account must the blood sample be frozen 
without treatment. because it would be haemolysed. 
It is essential to avoid this, since haemolysis prevents 
subsequent separation of plasma or serum. After 
collection of blood (5% 10 ml) a clot can be allowed to 
form and the supernatant liquid (serum) collected 
after centrifugation. Coagulation is complete in 
about 30 min at room temperature. Alternatively the 
blood can be collected in a tube containing an 
anticoagulant (e.g.. heparin, EDTA) and the super- 
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natant liquid (plasma) collected after centrifugation. 
Since the anticoagulation effect is temporary, col- 
lected specimens must be centrifuged quickly to pre- 
vent eventual clotting. Plasma is more frequently 

used than serum in drug analysis. Although assay 
results for plasma or serum are usually identical, 
plasma is preferred to serum since the anticoagulated 
blood can be centrifuged immediately, whereas serum 
cannot be sampled until coagulation is complete. 

Moreover, it is relatively easy to centrifuge blood that 
has been treated with anticoagulant, since the plasma 
separates quickly and the maximal volume can be 
recovered if required. 

Drug may be lost to the container or be degraded 
during storage. Thus, the stability of a drug in 
biological fluid at various storage temperatures 

should be studied, so that any effect of storage on the 
ultimate analysis can be predicted. This is especially 
important if samples arrive irregularly and assays are 
done on a batch basis. Fresh plasma or serum 
samples can usually be kept for 6 hr at room tem- 
perature, or for l-2 days in a refrigerator at 4 (this 
slows down enzymatic and bacteriological processes). 
For longer-term storage, samples should be frozen at 
-20 C. Recently, the Council of the Pharmaceutical 
Society has issued guidelines for a pharmacy-based 
pharmacokinetic service which includes instructions 
on sampling and storage of blood.’ 

Urine drug analysis is done either on a single or a 
24-hr specimen. Both pH and volume are important 
factors in urine drug analysis, and must be recorded 
immediately on collection. If urine is allowed to stand 

at room temperature, bacterial action causes the 
decomposition of urea into ammonium carbonate 
and subsequently to ammonia, with a resulting in- 
crease in pH. Urine can be preserved by freezing at 
-20” or by addition of a preservative. Freezing is to 
be preferred, since the preservative may interfere with 
the drug analysis. Toluene, boric acid, and concen- 
trated hydrochloric acid are commonly used as urine 
preservatives. 

Frozen samples of plasma/serum or urine should 
be brought to room temperature and subjected to 
vortex-mixing for 10 set to ensure homogeneity be- 
fore analysis. 

DIRECT INJECTION 

After centrifugation to remove particulate matter, 
and suitable dilution (preferably with mobile phase), 
urine can be injected directly into a liquid chro- 
matograph. For example, antibiotics” and other 
drugs” can be determined in urine by HPLC with 
on-column injection. To protect the analytical 
column from irreversible adsorption or blockage a 
precolumn should be used when the direct injection 
method is employed. Similarly, blood can be analysed 
for alcohols or anaesthetic gases by direct injection 
into a gas chromatograph.‘2.‘3 However, such direct 
on-column injection of samples is possible in only a 

few cases, since biological samples contain material 
such as lipids or proteins which deposit in the chro- 
matographic column and impair its performance, and 
such substances can also contaminate GC detectors. 
To avoid these problems, sample clean-up is neces- 
sary. The most widely used procedures are protein 
precipitation, and solvent and solid-phase extrac- 
tions. These procedures improve the sensitivity and 
selectivity of the assay, and the performance of the 

chromatographic equipment, relative to those for 
direct introduction of samples. 

PROTEIN PRECIPITATION 

In this method, one volume of plasma or serum is 
mixed with three volumes of acid (6% w/v perchloric 

acid) or organic solvent (ethanol, methanol, ace- 
tonitrile). This precipitates the proteins and releases 
the drug from protein-binding sites. After vortex- 
mixing and centrifugation, an aliquot of the clear 
supernatant liquid is injected into the HPLC column. 

Some protein precipitants, such as trichloroacetic 
acid (IO% w/v) or acetone, absorb in the ultraviolet 
region and should be used in conjunction with an 
ultraviolet detector only if the solvent front does not 
interfere with the peaks of interest. This method of 
sample preparation is simple, rapid, accurate and is 
increasingly used in analysis of drugs by HPLC. 

The protein precipitation method serves to protect 
columns against deposits of proteins. The reagents 
mentioned above will remove 99% of the proteins if 
three volumes are added to one volume of sample.14 
Dilution of the sample effectively decreases the sensi- 
tivity, but this drawback can be counteracted to some 
extent by increasing the sample injection volume say 
up to 100~1. It should be remembered that the 
supernatant liquid contains many constituents other 
than proteins, and often the drug peak is accom- 
panied by extraneous peaks in the chromatogram. It 
may, therefore, still be necessary to make a judicious 
choice of HPLC conditions in order to obtain ade- 
quate separation of the drug peak. 

The deproteination procedure can sometimes give 

low recoveries for drugs that are strongly bound to 
proteins. Also, certain protein precipitants may co- 
precipitate or degrade the drug or its metabolites. For 
acid-labile or easily oxidizable drugs, it is advisable to 
use organic solvents instead of perchloric acid for 
deproteination. On the other hand, certain drugs 
require a strong reagent, such as perchloric acid, for 
quantitative recovery. For these reasons, when a new 
method is being developed, several precipitation re- 
agents, in various proportions, should be in- 
vestigated, to test their efficiency in removing proteins 
and producing a relatively interference-free super- 
natant liquid with good recovery of the drug. Al- 
though methanol is slightly less effective as a protein 
precipitant than other organic solvents,14 it should be 
used whenever feasible, because of its relatively low 
cost and low toxicity. 
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The protein-precipitation method is particularly 

useful for highly polar (e.g.. antibiotics) or ampho- 

teric (e.g., sulphonamides) drugs, which are difficult 
to extract from plasma with organic solvents. Since 
the method is straightforward, it should be consid- 
ered first whenever possible. Analyses with good 
reproducibilities are often possible. without the USC of 
internal standards.” 

Proteins can also be removed by ultramicrofiltration 

of plasma or serum, but the ultramicrofiltrate con- 
tains only the free (i.e., unbound) fraction of the 
drug. Modern ultrafiltration membranes provide 
nearly complete removal of proteins, so ultramicro- 

filtration is becoming a useful tool in the monitoring 
of free drug levels in plasma or serum.16 

SOLVENT EXTRACTION 

Liquid-liquid solvent extraction is by far the most 
widely used method for the preparation of biological 
samples for subsequent analysis, owing to its ver- 
satility.” 2o Samples treated by solvent extraction are 
chromatographically cleaner than protein-precipi- 

tation samples, in that they contain lower amounts of 
interfering substances. Also, since the sample can be 
concentrated in the process, the limit of detection is 
improved. The choice of sample size depends on the 
amount of specimen which can be obtained con- 
veniently from the patient, and on the sensitivity of 
the assay. Generally a single extraction step involving 
1 ml of sample (pH adjusted if necessary) and 5 ml of 
organic solvent, which may give over 80% recovery, 
is adequate for the routine assay of a large number 
of samples. The addition of a large amount of the 
extractant is intended to prevent or minimize emul- 
sion formation. Glassware used in extractions must 
be scrupulously clean and free from any residual 

detergents. 
Extraction by shaking on a roller mixer is time- 

consuming but more effective than other methods 
because the mixing of the two phases is more uni- 
form. Shaking by vortex mixer is quicker, provided 
that equilibrium is reached rapidly. With a vortex 
mixer, I min of gentle shaking is recommended. since 
vigorous shaking favours emulsion formation. If 
emulsions occur, they can be broken by centrifu- 

gation. 
The polarity of the extractant and pH of the 

aqueous phase (sample) are major factors to be 
considered in the design of a suitable solvent extrac- 
tion scheme. Trial extractions should be performed 

and the solventjpH combination which gives a high 
recovery of the drug and minimal extraction of 
interfering material should be chosen. As the polarity 
of the solvent increases, the range of compounds 
extracted also increases. Drugs of high polarity are 
difficult to extract and require strongly polar, and 
hence non-selective, solvents. Chin and Fastlich” 
have listed a number of drugs that are extractable in 
the presence of sodium dihydrogen phosphate with 

diethyl ether but not with hexane. Bailey and Kelner” 

have investigated the extraction recoveries of 28 
acidic drugs from water and plasma. with hexane, 

diethyl ether, toluene, n-butyl chloride and chloro- 
form. As classes, the barbiturates, sulphonamides, 
and diuretics were optimally extracted with diethyl 
ether from both water and plasma, but considerable 
variation in recovery was noted between solvents for 
the other drugs. 

It is possible to select a mixture of solvents which, 
although it does not completely extract the drug, does 
give cleaner extracts. For example, barbiturates can 
be extracted from blood with a mixture of equal 
volumes of hexane and ether at pH 7.5. The use of 

a more polar solvent or a low extraction pH increases 
the co-extraction of interfering material consid- 

erably.‘3 
As well as having the correct polarity, the solvent 

should be of highest purity, non-toxic. not highly 
flammable, and have a suitable volatility. It should be 
redistilled if the preservative or a trace impurity is 
found to react with the drug or produce an interfering 
peak on the chromatogram. The most popular sol- 

vents for extraction are diethyl ether and chloroform. 
Although ether is flammable, it has the advantages 
that it is reasonably selective, and can be readily 
evaporated for recovery of the drug. Its low density 
facilitates phase transfer after extraction and min- 
imizes contamination of the organic extract with the 
aqueous phase during the transfer step. Moreover, 
ether emulsions are easier to break. Solvents such as 
benzene or carbon tetrachloride should be avoided 
because of their toxicity. Toluene, chloroform or 
dichloromethane should be used instead. 

The effect of pH is important in solvent extraction, 
particularly for the ionizable drugs. It is the un- 

charged (i.~., non-ionized) form of the drug which 
is extracted into the organic solvent. Thus. acidic 
drugs are extracted under acidic conditions and basic 
drugs under alkaline conditions. The optimum pH 
for extraction of acidic drugs usually lies l-2 pH units 

below the pK, value and for basic drugs I-2 pH units 

above the pK,, value. Amphoteric drugs also show 
an optimum pH for extraction. The extraction of 
neutral drugs is independent of pH; they are extrac- 
table over a wide pH range. Hence, they can be 

co-extracted with acidic or basic drugs, but they 
remain in the organic phase on back-extraction of the 
other drug into an alkaline or acidic (as appropriate) 
aqueous phase. However, consideration of pH is 

important even when assaying neutral drugs. A 
higher pH is often desirable to ensure cleaner ex- 
tracts, since many endogenous compounds are acidic 
and hence are not extracted from alkali. Several 
methods involving extraction of drugs at a single pH 
have been reported, particularly in the context of 
toxicological monitoring.‘4 

Another useful method is pre-extraction of inter- 
fering substances into an organic phase which is then 
discarded. Urine contains large amounts of endo- 



70 ANL C. MEHTA 

genous compounds, and a preliminary extraction Extraction of metabolites 
from acidic urine improves the purity of the sub- 

sequent basic extract. Urine can also be cleaned up by 
extraction with diethyl ether or n-hexane before 
HPLC.’ Sometimes the drug may be extracted into a 
very small volume of organic solvent (100 p 1 or less). 
After centrifugation, an aliquot of organic solvent is 
injected directly into a GC.25.2” The avoidance of a 
solvent evaporation step minimizes the possibility of 
losing drugs by adsorption onto glassware, and pre- 
vents the volatilization of certain drugs such as 

amphetamine. This approach is quick, simple, and 
particularly suitable for rapid screening of drugs of 
abuse. 

Extraction can be problematic when the drug is 
water-soluble at all pH values (water-soluble ampho- 
teric and neutral drugs, zwitterions), since pH adjust- 
ment does not help in this situation. In some cases, 
a salting-out procedure (addition of an excess of salt 
to the sample before extraction) can shift the par- 

tition equilibrium in favour of extraction, and result 
in a better extraction yield for the drug in question. 
Such an approach has been used by Horning et al.*’ 

in the screening of plasma and urine for acidic, basic 
and neutral drugs and their metabolites. By using 

ammonium carbonate as the salt and ethyl acetate as 
the solvent, they were able to extract drugs with 
recoveries better than 80%. The identification and 
determination were done by GC or GC-MS. An 
advantage of salttsolvent extraction is that emulsion 
formation is minimized. Polar water-miscible solvents 
(e.g., n-propanol, acetonitrile) can also be used as 
extractants in this technique, because the presence of 
an excess of inorganic salt results in a phase sepa- 
ration in which the upper layer consists mainly of the 

organic solvent.28 

Back-extraction 

Gas chromatographic analysis usually requires 
further purification of extracts, for example by back- 
extraction, to prevent extraneous substances present 
in the initial extract from contaminating the GC 
detectors, particularly the nitrogen/phosphorus de- 
tector and the electron-capture detector.5,‘i.2’ The 
drug present in the first extract is back-extracted into 
an aqueous phase of appropriate pH. This should 
reduce the amount of neutral material contaminating 
the drug, since neutral molecules remain in the or- 
ganic solvent. For back-extraction of basic drugs into 
an acidic aqueous phase, sulphuric and phosphoric 
acid are preferred to hydrochloric acid, because many 

hydrochlorides are soluble in organic solvents. After 
the back-extraction, the pH of the aqueous phase is 
readjusted to that of the first extraction, and the drug 
is re-extracted into an organic solvent. The solvent is 
then evaporated and the residue is either converted 
into a derivative29 ” prior to GC or redissolved in an 
appropriate medium, an aliquot of the solution being 
injected into the GC. 

,, Metabolites of a drug are usually more polar than 
the drug itself, and if the metabolites are of interest, 
then the solvent chosen should be capable of extrac- 
ting all the compounds of interest, so that they can 
subsequently be separated and determined by GC or 
HPLC. However, if desired, extraction with solvents 
of increasing polarity and/or at different pH values 
can achieve selective separation of a drug from its 
major metabolites. Another approach to extracting 
the more polar metabohtes is to extract the drug, then 
add a high concentration of a salt such as sodium 
chloride to the aqueous phase, and re-extract. This 
forces the desired compounds into the organic phase. 
The salting-out procedure does not always work, but 
it has been used in the extraction of hydroxy metab- 
olites of barbiturates from urine.*’ Occasionally the 
metabolites are similar in polarity to the parent drug, 
and both the metabolites and the drug are extracted 
by the same solvent. Partition of the extracted com- 
pounds between solvent and a buffer of appropriate 
pH can sometimes separate the individual com- 
ponents sufficiently to permit analytical deter- 
mination, as in the case of chlorpromazine and 
imipramine metabolites.‘3 A review by Martin and 
Reid’4 and a book edited by Reid and Leppard” deal 
with solvent extraction and other approaches to 
isolating metabolites. 

It should be emphasized that absolute specificity is 

difficult to achieve by selective extraction alone, and 
co-extraction of metabolites is inevitable (except 
where very different molecular structures are in- 

volved). Thus, the separation usually must include a 

chromatographic step. HPLC is generally the method 
of choice,‘5,16 since the drug and its metabolites can 
usually be analysed without conversion into deriva- 

tives or use of extensive clean-up procedures. After 
evaporation of the extraction solvent, the residue can 
be dissolved in the mobile phase and an aliquot of the 
solution injected into the HPLC. 

Silanization of glassware or the inclusion of l-2% 

of alcohol (ethanol or 3-methylbutan-l-01) in a non- 
polar extractant such as hexane or heptane usually 
prevents adsorption of the drug onto glassware dur- 
ing the solvent evaporation step. Adsorption is much 
more noticeable when a drug is present at low 

concentrations. The measures described are not al- 

ways effective, and others may have to be devised. 

Hydrolysis of conjugates 

Many drugs and metabohtes are present in urine as 
conjugates such as glucuronides or sulphates, which 
are very polar and essentially not extractable into 
organic solvents. It is often necessary to hydrolyse 
these conjugates so as to release the parent molecules 
for extraction. This is done chemically with hydro- 
chloric acid or sodium hydroxide, or enzymatically 
with enzymes such as /I-glucuronidase. Chemical 
hydrolysis decreases the yield of drugs that are heat- 
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labile (e.g., certain benzodiazepines) and sensitive to 

aggressive reagents. Enzymatic methods, on the other 
hand, are slow but the mild conditions required are 

less likely to cause degradation of the compounds to 
be determined. After hydrolysis, the products can be 
extracted after pH adjustment. If necessary, the ex- 
tract can be cleaned up further by back-extraction. 
Generally a urine sample is divided into two sub- 
samples. One is hydrolysed to give the total (i.e.. 

conjugated and unconjugated) concentration of the 
drug, and the other is extracted without hydrolysis to 
give the free (ix.. unconjugated or directly extrac- 
table) concentration of the drug. The concentration 
of the bound (i.e., conjugated) form is obtained by 
subtraction. This is done. for example, in the 
determination of oxmetidinc and its sulphoxide 
metabolite.37 

Ion -puir cstmc’tion 

A useful approach to dealing with a highly polar 
ionic drug is to convert it into a neutral ion- 
association complex by addition of an excess of 

suitable ions of opposite charge, and extract it into an 
organic solvent such as chloroform. The counter-ions 
used may be inorganic (halide. perchlorate, thio- 

cyanate) or polar organic (benzoate, sulphonate, tri- 
or tetra-alkylammonium). Formation of the complex 
depends on factors such as the pH of the aqueous 
phase, the polarity of the extracting phase, and the 
nature and concentration of the counter-ion. The 
ion-association complex technique can be used for all 
kinds of ionizable drugs. but it offers particular 
advantage for compounds that are difficult to extract 
in unchanged form (penicillins, amino-acids, conju- 
gated metabolitcs). This is the only method that 
allows extraction of quaternary ammonium com- 
pounds.‘“,” For example. tubocurarinc can be extrac- 
ted from an alkaline plasma or tissue solution into 
dichloromethane after ion-pair formation with potas- 
sium iodide. The use of this approach to achieve 
selective extractions has been discussed by Schill” 
and Tomlinson.“’ 

A further variation of the technique is extractive 
alkylation. In this procedure the drug is extracted as 
an ion-pair into an organic solvent where it immedi- 
ately reacts with an alkyl halide to form a derivative 
suitable for analysis by CC. Usually tetrd-alkyl- 
ammonium salts are used as ion-pairing reagents and 
alkyl halides as alkylating agents. This approach is 
quicker than other derivative-formation methods and 
has proved useful for CC analysis of several classes 

of drugs?’ such as barbiturates” and sul- 
phonamidcs.42~“’ 

LIQUID-SOLID EXTRACTION 

In liquid-solid extraction the sample is poured 
directly onto a column packed with solid adsorbent. 
and compounds of interest are eluted with organic 

solvent for subsequent analysis. Among the many 

adsorbent materials that have been used arc Celite, 

alumina. silica, chemically bonded silica, Florisil, and 
non-ionic and ion-exchange resins. These materials 
fall into two broad categories, according to whether 
they retain all the sample, or only the drugs and 
related compounds. In the first group. a hydrophilic 
packing materials such as inert particles of di- 
atomaceous earth (kicsclguhr) is used to adsorb 
sample (including water) over a large surface area. 
The second group is more selective. and requires 
either hydrophobic (r.g.. by bonded silica) or ion- 
exchange retention of the drug and metabolites. 

In the case of the first group, the sample (a complex 

aqueous solution) is adsorbed by the support so that 
a thin aqueous film is formed on the surface of each 
particle. A small volume of a water-immiscible or- 

ganic solvent such as chloroform is then passed 
through the column and this ehectivcly extracts the 
drug from the aqueous film of sample. Water and 
endogenous material such as pigments, particulates 
and polar compounds are retained in the matrix. This 
type of extraction is essentially a liquiddliquid extrac- 

tion, so drugs can be selectively eluted by approaches 
similar to those used in liquid-liquid extraction. 

The second type of liquid-solid extraction works 

on chromatographic principles. Compounds of inter- 
est are retained on the adsorbent surface when the 
sample is passed through. Certain undesirable com- 
pounds which are adsorbed at this stage may be 
removed by washing with a specific solvent or buffer. 
Drugs and related compounds are then eluted by 
passing an appropriate solvent through the column. 
The elution solvent may be miscible or immiscible 
with water, because little sample water remains on the 
column. The eluate is processed further as required or 
injected directly into the HPLC. Such chro- 
matographic systems can be tailored to requirements 
by choosing adsorbents with suitable properties 

(polar, non-polar, or ionic). 
Liqu&solid extraction can be done with home- 

made columns, for example a Pasteur pipette packed 
with adsorbent. However. disposable columns of 
various sizes (up to 20 ml), and covering a wide range 
of adsorbents. are available commercially (r.g.. from 
Waters Associates. Analytichem International). 
These columns have a high sample-loading capacity 
but are for single use only, since components left in 
the column matrix by a previous sample could affect 
the performance on subsequent use. In spite of this. 
some workers”4.“5 have shown that C,, bonded-phase 

disposable columns can be regenerated and used 
again without any loss of performance. Vacuum 
manifold devices are available from the companies 
listed above. to allow simultaneous extraction of up 
to IO samples in a few minutes under gentle vacuum. 

The liquid&olid extraction technique is becoming 
a serious challenger to conventional solvent cxtrac- 
tion (IiquidNiquid partition). It is simple and time- 
and labour-saving (though prcpacked disposable 
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columns are by no means cheap). There are no losses 
due to emulsion formation and the extraction results 
in cleaner samples, which extend the life of the 
analytical column. The efficiency and reproducibility 
are as good as, or better than, those of liquid-liquid 
extraction. The technique is well suited to automation 
and is particularly useful for highly polar or ampho- 
teric compounds which are difficult to extract from 

samples at any pH (e.g., antibiotics). The columns 
can also be used for sample storage during trans- 
portation. 

Adsorbents such as charcoal46 and XAD-2 resins4’ 
are popular in screening for drugs of abuse in urine, 
whereas columns containing purified diatomaceous 
earth, reversed-phase or ion-exchange material are 
increasingly used for extraction of drugs as individu- 
als or groups. For example, serum can be extracted 
with diatomaceous earth for the HPLC deter- 

mination of prednisone and prednisolone.48 Sample 
concentrates for GC determination of tricyclic 

antidepressants4’ and HPLC determination of anti- 
convulsants49 and benzodiazepines and metabolites” 

can be obtained by extraction of samples with 
reversed-phase disposable columns. Ion-exchange 
resin columns are particularly valuable for the 
extraction of ionic compounds such as amino- 
glycosides5’ 

Suppliers of prepacked extraction columns do “in 
house” development work to expand the applications 
and the range of their products. It is sometimes 
beneficial to contact them for advice on specific 

problems. 

INTERNAL STANDARDS 

During sample preparation, it is usual to add a 
fixed amount of an internal standard to each sample 
at the earliest possible stage, to permit correction for 
losses during sample treatment and to minimize 
errors due to variation in instrument response (col- 
umn, detector, etc.), injection volume, or yield of a 
derivative. Most internal standards are compounds 
chemically similar to the drug to be assayed. An 
internal standard should be well separated on the 
chromatogram, not only from the drug but also from 
other peaks. The ratio of the detector response (peak 
height or area) for the drug and the internal standard 
is then used in calibration and assay. 

Fike5’ has investigated a number of organic com- 
pounds, mostly aromatic hydrocarbons, for use as 
internal standards in GC analysis of drugs. Retention 
times at various temperatures on five commonly used 
columns have been determined. McAllisterS3 has rec- 
ommended prazepam, a structural analogue of di- 
azepam, as a possible internal standard for the GC 
determination of diazepam. Prazepam can also be 
used as internal standard for the HPLC deter- 
mination of diazepam or other benzodiazepines, for 
example clobazam.54 

FUTURE DEVELOPMENTS 

Since sample pretreatment is an important but 
labour-intensive step in GC and HPLC analysis, it 
seems likely that use of microprocessor-controlled 
automated systems for this task will increase greatly 
in the future. This is a new area and at present only 
a few systems exist. Such equipment is of value when 
large numbers of samples are to be analysed routinely. 
The Technicon FAST-LC unit provides on-line sol- 
vent extraction of drugs from serum, including sol- 
vent evaporation, redissolution of drug in the mobile 
phase and injection into the HPLC column. The Du 
Pont Prep I system is based on solid-phase extrac- 
tion, and incorporates an XAD-2 resin cartridge. The 
drugs and metabolites are isolated on the column and 
eluted with a selected solvent. The extract, after 
solvent evaporation, is presented in dry form for 
subsequent analysis by GC, HPLC, or GC-MS. 

Procedures are described for the isolation of anti- 
epileptic drugs” from biological samples with the 
FAST-LC system and of barbiturates and other 
drugs” with the Prep 1 system. Recently, the Zymark 
Corporation has introduced a robotic system” to 

automate sample-handling procedures, including 
liquid- and solid-phase extractions. The system is 
programmed by the user to meet the requirements of 
a particular procedure. Clarke and Robinson have 
surveyed different approaches to the automation of 
sample preparation prior to HPLC.‘* 

Apart from automation, the current trend towards 
liquid-solid extraction seems likely to continue, and 

new or modified adsorbents will appear, offering 
more selectivity in solid-phase extraction. 

Another relatively recent development which has 

been engaging attention is on-line sample preparation/ 
concentration by direct injection of plasma/serum or 
urine into the HPLC.59 6’ On-line concentration and 

clean-up is done with a small precolumn. Chro- 
matography takes place, after column-switching, in 
an analytical column. If two pre-columns are used, 
they can be alternately switched to avoid loss of 

time in the sample washing step. At present there are 
practical problems, especially during unattended 
operation, e.g., clogging of the autoinjector needle, 
baseline shift, and increase in back-pressure. How- 
ever, the principle of on-line sample handling may 

well be widely applicable once the practical problems 
are overcome. The technique has the following 
advantages: (1) possible sources of error during ex- 
traction, including adsorption losses during solvent 
evaporation, are avoided; (2) unstable samples can be 
processed immediately; (3) analytical time is reduced. 
Tamai er ~1.~~ have used a protein-coated HPLC 
column for the direct injection of plasma samples 
containing propranolol and its hydroxy metabolite. 
Before sample injection, the reversed-phase C,, col- 
umn is saturated with protein by repeated injection of 
bovine serum albumin. The protein-coated column 
shows no affinity for protein but does have an affinity 
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for drug molecules. Although the results with pro- 

pranolol are encouraging, more work needs to be 
done before this approach is routinely applied to 

other drugs. 
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Summary-A new method for collection of precious metals in analysis of “sweeps” is presented. It is based 
on use of copper sulphide as collecting agent. The oxidation state of the copper has been carefully 
investigated and the chemistry of the system is discussed. The method gives good accuracy and 
reproducibility and can be combined with a wide variety of methods of determination. 

Because of their substantial intrinsic value, precious 

metals are commonly recycled after use. Because of 

the wide variations in composition, it is desirable to 
reduce precious-metal “scrap” to a form which can 

be sampled effectively. If in powdered form. this 
scrap is generally referred to as “sweeps”. 

Sweeps may contain from 0.01 to 50% of total 
precious metals and a variety of base-metal com- 
pounds. Analytical requirements for sweeps depend 
on the net weight of the lot being evaluated and the 
value of the precious metals in it. 

In a previous paper’ the collection of precious 
metals from sweeps by means of nickel sulphide, first 
proposed by analysts at the National Institute of 
Metallurgy, in South Africa.‘,3 was discussed. In this 
procedure the sample is fused with a flux consisting 
of nickel powder or a nickel salt, sulphur, alkali- 
metal carbonate, silica and alkali-metal borate. On 
cooling, the heavier nickel sulphide phase separates 
readily from the lighter phase consisting of a glass- 
like slag containing the non-sulphide-forming constit- 
uents of the sample. The precious-metal sulphides 
accompany the nickel sulphide. The latter is readily 
soluble in hydrochloric acid, whereas the precious- 
metal sulphides remain insoluble. We expressed our 
disappointment that gold could not be recovered 
quantitatively by this method and conjectured that 
gold. unlike the other precious metals, does not 
readily form a sulphide and therefore appears to pass 
partially as free gold into the slag or to become 
embedded in the walls of the assay crucible. 

In our study’ we observed that in the presence of 

increasing amounts of copper the collection of gold 

by nickel sulphide markedly improved, presumably 

by a mechanism involving the formation of “copper 

metal which alloys with gold during the fusion step, 

before it and the gold are converted into their sul- 
phides”. 

The realization of the beneficial effect of copper on 

the collection of gold by nickel sulphide eventually 
motivated us to investigate the copper-precious- 

metal sulphide system, concerning which there 
appears to be no analytical literature 

EXPERIMENTAL 

Thoroughly mix I-25 g of finely ground sample (finer 
than IOO-mesh) with a flux consisting of 20 g of silica (or an 
amount equal to the sample weight. whichever is the larger), 
100 g of sodium carbonate, 60 g of boric acid. 35 g of cupric 
oxide and 15 g of sulphur. For alumina-based catalysts add 
an extra IO g of silica. Transfer the charge to a “40-g” assay 
crucible, place in a furnace at about 850”, and close the 
furnace. After the initial reaction, which involves the release 
and expulsion of CO2 and H,O, increase the temperature 
gradually to 1200’, and maintain at this temperature for 
about 30 min. 

Remove the crucible from the furnace and pour the 
molten mass into an iron mould. Cover with the inverted 
assay crucible to avoid loss of slag during cooling. When the 
copper sulphide button is sufficiently cool to be handled 
comfortably (5~-60 ), remove it from the mould and gently 
separate any adhering slag with a hammer or some other 
tool. but exercise care, since the button is somewhat brittle. 

To recover traces of precious metals retained by the slag, 
return the latter to the assay crucible and add a mixture of 
50 g of sodium carbonate. 30 g of boric acid, 15 g of cupric 
oxide and 8 g of sulphur. Cover the charge with a little borax 
to avoid oxidation of sulphur during the initial heating. 
Place the crucible in a furnace at 800 . close the furnace, 
heat again gradually to about 1200 , and maintain at this 
temperature for about IO min. Pour the molten mass into 
an iron mould, cool and separate the copper sulphide button 
(which will usually weigh a little less than half as much as 
the first button). 

Weigh the two buttons together (total weight usually 
6663 g) and grind them in appropriate equipment to about 
IOO-mesh particle size. Reweigh to establish any grinding 
loss, which will be taken into consideration during the fin2 
calculations. Analyse for one or more of the precious metals 
by one of the methods given below. 

Treuin7ent of thr cropper sulpi7id~ 

Since the copper sulphides. particularly Cu2S. are only 
slightly soluble in hydrochloric acid, dissolution procedures 
suitable for nickel sulphide are obviously not applicable. 
The following approaches have been thoroughly in- 
vestigated. 

Deconr/~~~irion ni/h aqua regia. This technique is applic- 
able to the determination of one or more of the precious 
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metals (except osmium, but see discussion) in amounts 
greater than 4 mg. This minimum of 4 mg is due to the fact 
that the method does not involve removal of copper. 

Decomposition with sulphuric acid, ,formic acid and thio- 
sulphare. This approach is applicable to the determination 
of silver, gold, platinum and palladium, each in amounts 
greater than I mg. Ruthenium and osmium are largely lost 
during the heating with sulphuric acid. Rhodium and iri- 
dium are only partially dissolved and are incompletely 
recovered. If rhodium and iridium are to be determined. 
Method III (below) should be used (but see discussion for 
a modification allowing determination of rhodium). 

Decomposition with hydrohromic acid. This more recent 
approach is applicable to determination of all the precious 
metals (osmium requires some modification) in amounts 
greater than 0.2 mg. Results obtained during the last year 
indicate that this approach may be preferable in most 
instances to the other dissolution techniques. A slightly 
modified version of this method allows the determination of 
osmium (Method IIIA). 

Melhod I, aqua regia method jbr Ag, Au, PI, Pd, Ir, Ru 
and/or Rh 

Transfer the ground copper sulphide to a I-litre beaker. 
Cover the beaker and add 500 ml of concentrated hydro- 
chloric acid and from time to time IO-15 ml portions of 
concentrated nitric acid to give rapid but not too violent 
decomposition of the copper sulphide. Add up to 150 ml of 
the nitric acid over a period of about I .552 hr until there is 
apparently no more reaction. Warm on a hot-plate until the 
renewed reaction slows down, then boil down the solution 
to about 300 ml. Dilute to 500 ml with water, cool, add 2 
ml of concentrated hydrofluoric acid and filter through a 
medium-porosity paper into an 800-m] beaker. Wash about 
5 times with 2% v/v nitric acid. Wipe the beaker with a piece 
of filter paper and add this to the funnel. Evaporate the 
filtrate to a convenient volume. 

Ignite the filter paper and contents in a zirconium crucible 
at low temperature until all organic matter and sulphur have 
been oxidized. Mix the residue with an appropriate amount 
of sodium peroxide and heat until a clear melt is obtained. 
Cool, transfer the crucible to a 600-ml beaker, leach the melt 
with water, then remove the crucible and rinse it with hot 
water. Clean the crucible with concentrated hydrochloric 
acid and add the solution to the 600.ml beaker. Acidify the 
solution with concentrated hydrochloric acid and heat until 
clear. If necessary, evaporate the solution to an appropriate 
volume, Combine this solution with the aqua regiu solution 
containing the bulk of the copper, and dilute to volume in 
a I-litre standard flask, adding sufficient hydrochloric acid 
to give a final 30% v/v concentration of the acid to prevent 
precipitation of silver chloride. Determine all the elements 
except silver by dc. plasma spectrometry,’ using aliquots 
diluted by at least a factor of 4. Determine silver by 
atomic-absorption spectrometry (AAS).’ See discussion for 
an alternative procedure involving separate handling of the 
soluble and insoluble fractions. 

Method II, sulphuric acid/formic acidjthiosulphate method 
for Ag, Au, Pt and/or Pd 

Transfer the ground copper sulphide to a I-litre beaker. 
Add 250 ml of concentrated sulphuric acid. Heat first at a 
temperature of about 250 When the reaction subsides, 
increase the temperature to the boiling point of sulphuric 
acid and maintain at this temperature for a minimum of 3 
hr. Should the solution become too viscous, indicating the 
removal of too much acid, add more acid to ensure complete 
decomposition of the sample. Cool, wash down the sides of 
the beaker with water, add about 100 ml of water and 20 
ml of formic acid and stir. When the reaction slows down, 
heat at low temperature for about 30 min. Dilute with hot 
water to about 800 ml. If a silver determination is required, 
add sufficient hydrochloric acid to precipitate the silver. 

Heat the solution just to the boil then remove from the heat. 
After 1 mitt, add 1 g of sodium thiosulphate. Heat again and 
boil for about 5 min. Remove from the heat, again add I 
g of sodium thiosulphate and boil for 5 min. Maintain the 
volume of the solution at 800 ml. Allow to stand for at least 
3 hr, preferably overnight. 

If some copper sulphate crystallizes out during the cool- 
ing, dissolve it by gently heating or, after the filtration, by 
washing with warm water. Filter off the residue on a 
medium porosity paper and wash a few times with warm 
water. Discard the filtrate. 

Wash the precipitate into the original I-litre beaker. 
Dilute to about 150 ml, add 15 ml of concentrated nitric acid 
and 7 ml of concentrated hydrochloric acid. Boil the solu- 
tion for about 5 min to dissolve the maximum amount of 
sulphides (mostly copper sulphide), cool, and filter with the 
same paper, washing the paper 5 times with 2% v/v nitric 
acid and wiping the beaker with a piece of filter paper, 
adding this to the funnel. Evaporate the filtrate on a 
steam-bath. 

Ignite the paper and residue in a zirconium crucible and 
fuse with sodium peroxide as in Method I. Add the acidified 
solution of the cooled melt to the main solution. Since in this 
case silver accompanies the other precious metals, maintain 
a 20% v/v hydrochloric acid concentration, which will keep 
up to 50 mg of silver in solution in a volume of 250 ml. 
Make up the combined solution to volume and complete the 
analysis as in Method I. 

Method III, hydrobromic acid melhodfor Ag, Au, PI, Pd, Rh, 
Ru and Ir 

Transfer the ground copper sulphide to an 800-ml or 
I-litre beaker. Add 500 ml of concentrated hydrobromic 
acid and heat for at least 3 hr on a steam-bath or at low heat 
on a hot-plate, Then heat to the boiling point and let simmer 
for about 2 hr or until the volume has been reduced to 400 
ml. Dilute with 200 ml of water and cool to room tem- 
perature. 

Add 2 ml of concentrated hydrofluoric acid and mix. 
Filter through a 15-cm hardened paper containing a gener- 
ous amount of filter-paper pulp. Wash the paper a few times 
with 30% v/v hydrochloric acid. (Determine HBr-soluble 
silver in the filtrate by AAS or evaporate the filtrate to 
dryness and convert the copper bromide into copper SUI- 
phate by heating to fuming with about 200 ml of concen- 
trated sulphuric acid. After cooling and dilution, precipitate 
the silver as chloride. The copper bromide solution may also 
contain a amount of gold, which can easily be determined 
by AAS as described below or recovered with thiosulphate 
from the copper sulphate solution in conjunction with the 
silver determination.) 

Wash the precious-metal sulphide precipitate into the 
original beaker, and treat it with concentrated nitric and 
hydrochloric acids as described in Method II, third and 
fourth paragraphs. Determine Au, Pt, Pd, Rh, Ru, Ir by d.c. 
plasma- spectrometry’ or, if preferred, by inductively- 
couoled nlasma snectrometry (ICP spectrometry). HBr- 
insoluble’silver is best determined by -AAS. If present at 
suitable concentrations, some of the precious metals other 
than silver can also be determined by AAS.’ 

Determination of traces qf gold in the hydrobromic acid 
filtrate. Transfer the solution to a I-litre standard flask. 
Transfer a 25-100 ml aliquot to a 250-ml separatory funnel. 
Add a measured volume of butyl acetate (I t&25 ml). shake 
for I min. allow the phases to separate. draw off the lower 
phase into a second separatory funnel and extract it with an 
additional 10 ml of butyl acetate. Draw off the lower layer 
and discard. Combine the two butyl acetate extracts in a 
standard flask of appropriate size, dilute to volume with 
butyl acetate and mix. Measure the gold by AAS directly in 
the butyl acetate solution.’ The sensitivity is about 0.1 
pg/ml. If preferred, evaporate the butyl acetate extract to 
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dryness and after treatment of the residue with a 
nitric/perchloric acid mixture, determine the gold, in cy- 
anide medium, by AAS or d.c. plasma spectrometry.’ 

Merhod IIA, determination of osmium after hydrohromic acid 

treatment of the copper sulphide 

Treat the ground copper sulphide, which should contain 
at least 50 mg of any other platinum metal, with hydro- 
bromic acid as described in Method III, and filter under 
suction, with a Gooch crucible containing a fibre-glass filter, 
finally transferring the precious-metal sulphides into the 
crucible. Wash a few times with 30% v/v hydrochloric acid 
to remove copper bromide, then wash in succession with 
ethanol, diethyl ether and carbon disulphide. Maintain the 
suction for a few minutes to remove residual Q. Transfer 
the precipitate and filter pad to a zirconium crucible and 
remove any adhering particles by wiping with a fibre-glass 
filter pad. Dry the pads and residue, add an appropriate 
amount of sodium peroxide and fuse until a clear melt is 
obtained. Cool. transfer the crucible to a 400. or 600-ml 
beaker, leach with water. wash the crucible and keep it for 
futher cleaning. Boil the contents of the beaker for a few 
minutes to remove excess of peroxide, add 25 ml of satur- 
ated sulphur dioxide solution and acidify the solution with 
hydrochloric acid. Clean the zirconium crucible with con- 
centrated hydrochloric acid and add the washings to the 
beaker. Warm until the solution clears, adding, if necessary, 
a few drops of concentrated hydrofluoric acid to dissolve 
any precipitated silica. 

Cool the solution, transfer it to a standard flask of 
appropriate size and determine osmium and other precious 
metals by d.c. plasma spectrometry (DCP)’ or, if preferred, 
by inductively-coupled plasma spectrometry (ICP). 

DISCUSSION 

The composition of the copper sulphide button 

As will be demonstrated later, the stoichiometry of 
the copper sulphide affects the quantitative collection 
of gold but not that of the other precious metals. 
Though there is a considerable literature on the 
composition of copper sulphides produced by heating 
copper or copper compounds with sulphur, there are 
no literature reports on analytical applications of the 
copper sulphide system. 

The composition of copper sulphides may range 
from orthorhombic or pseudohexagonal CuzS (as the 
mineral chalcocite). through orthorhombic Cu, g6S 
(as the mineral djurleite), isometric Cu,S, (as the 
mineral digenite), orthorhombic Cu,S, (as the 
mineral anilite). to hexagonal CuS (as the mineral 
covellite).4.5 

Because of the complex parameters of our fusion 
scheme, which has to accommodate samples of 
widely varying compositions and weights, little 
help was expected from the published literature in 

elucidating the composition of the copper sulphide 

generated in our procedure. 

Since CuS (covellite) is unstable at temperatures 
above 450-C it was not expected to be formed even 
in the presence of an excess of sulphur. The ex- 
pectation was that the fusion temperature of our 
procedure, which reaches 1250 , would favour the 
formation of Cu>S, which has a melting point of 
1127.. Our operation, however, involves a cooling 
period for the separation of the matte (synthetic 
sulphide) phase from the slag phase. It must therefore 
be assumed that during the cooling period the Cu2S 
will. at least in part, react with excess of sulphur to 
form, depending on the quantity of sulphur available, 
digenite (Cu,,S) or anilite (Cu, 75S). Since some of 
the non-precious metal components of the sample 

may also form sulphides and the fusion charge may 
be subject to some oxidation during heating and 
cooling, the precise composition of the copper sul- 
phide formed will vary from sample to sample and 
also, but to a lesser extent, depend on the position of 
the assay crucible in the furnace. 

Although X-ray diffraction studies performed for 
us at several establishments” ’ do not fully agree, the 
general conclusion can be drawn that the com- 
position of the copper sulphide will vary between 

Cu?S and Cu, ,sS as long as the fusion process is 
based on a ratio of 35 g of cupric oxide to I5 g of 
sulphur, a ratio which was experimentally shown to 
yield optimum gold recoveries (Table I). While the 
amount of sulphur specified in our procedure (15 g) 

is theoretically in excess of that required for the 
formation of any of the copper sulphides listed above, 
this excess of sulphur is partially consumed in for- 
mation of the sulphides of the precious and certain 
base metals and is partially oxidized in some of the 
reactions taking place during various stages of the 
fusion. 

Using only 10 or even 12 g of sulphur, instead of 
the 15 g specified in our procedure, caused the 
formation of a copper sulphide button of poor ap- 
pearance and frequently resulted in a blueish col- 
oured slag which indicated incomplete formation of 
copper sulphide and presumably of the precious- 
metal sulphides. Using more than 18 g of sulphur 
yielded a good looking copper sulphide button, but 
gold collection was incomplete (Table 1). 

Experiments done in the early stages of this in- 

vestigation indicated that the collection of silver and 
the platinum group elements is quantitative, irre- 

Table I. Chemical analysis of copper sulphides obtained with various CuO:S ratios 

cue s Copper Sulphur Atomic ratio Na,O 
used, ,g used, ,q found, % found, % CUlS found. % 

35 15 78.00 21.05 I.866 0.65 
35 15 75.15 23.36 1.620 I .05 
35 15 78.25 20.65 I.908 0.80 
35 20 72.41 26.20 I .38X 1.14 
35 25 70.64 28.23 1.260 1.15 
36 30 6X.00 30.87 1.109 1.26 

Gold 
recovery. “/0 

100 
100 
100 
95 
91 
x7 
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spective of whether 15, 20,25 or even 30 g of sulphur 
are used to react with 35 g of cupric oxide. This was 
not entirely surprising, since these elements form, 
under varying experimental conditions, stable sul- 
phides such as Ag,S, PtS and PtS, Rh2S,, and 
Rh,S,, RuSz, IrS2, and OsSZ. In contrast, the exis- 
tence of stable gold sulphides appears to be uncertain, 
with only AuzS being listed in Gmelin’” as a verified 

but unstable compound. In connection with our work 
on the nickel sulphide system,’ we established that 
gold is largely reduced by the sulphur to the free 

metal during the fusion process, passing partially into 

the slag and partially being retained by the walls of 
the assay crucible. Since gold can be collected by 
copper sulphide, it must be assumed that this involves 
the formation of a gold sulphide, presumably Au,S, 
in solid solution with Cu?S. This is borne out by our 
tests incorporating ‘95Au into our fusion charge. The 
results indicate that the slag and the assay-crucible 
walls retain less than 0. I % of the total gold, provided 
that (u) the 35/ 15 CuO/S ratio is applied, and (b) the 
total amount of gold in the sample charge does not 
exceed 0.75 g. This assumption is indirectly confirmed 
by X-ray diffraction studies, which indicate the pres- 
ence of free gold only when there is more than I g of 
gold in 60 g of copper sulphide. It was noted by one 
observer that the powder diffraction analyser indi- 
cated no free elemental gold in the original sample, 
but samples which had been exposed to the air for 
several days showed a progressive increase in the 
elemental gold peak and the appearance of copper 
sulphate compounds6 

That, unlike nickel sulphide, copper sulphide (pre- 
sumably as Cu,S) forms solid solutions with gold 
sulphide (presumably as AuzS) or is isomorphous 
with it is not altogether surprising, since nickel be- 
longs to group VIII of the periodic table, and copper, 
silver and gold belong to group IB. (As a corollary, 

preliminary tests with silver sulphide, Ag,S, as the 
matrix showed that it quantitatively collects copper 

and gold.) 
Increasing S/CuO ratios favour the formation of 

copper sulphides approaching the composition of 
CuS, instead of CuZS (see Table 1). This leads to the 
assumption that gold sulphide does not form solid 
solutions with CuS for the simple reason that AuS 

does not exist. Excess of sulphur apparently leads to 

the formation of metallic gold, with attendant gold 
losses to the slag and crucible. 

All copper sulphide buttons produced in our labor- 
atory contained a small amount of sodium (see Table 
1). About half of the sodium is water-soluble and 
unexpectedly was found to be in the form of sodium 
sulphite and/or sodium thiosulphate. Although the 
source of the sodium is undoubtedly the sodium 
carbonate used as a flux component, no other species 
contained in the flux could be detected in the cleaned 
copper sulphide by emission spectrographic analysis. 
The data in Table 1 indicate that the sodium content 
of the copper sulphidc increases with the percentage 

of sulphur in the flux. It is assumed that the for- 
mation of NazSO, and Na,&O, is part of a complex 
overall reaction during the fusion process and the 
cooling of the resulting CuzS underneath the slag. 
The water insoluble sodium fraction was found to be 
a part of the copper sulphide structure. Cu,Na,S, is 
the only such compound listed in X-ray diffraction 
tables. (It should be noted that in calculating the 
stoichiometry of the copper sulphide, Table I, the 
sulphur results were not corrected for the amount of 

sulphur contained in any NazSO,, Naz $0, or 
Cu, Na, S4 .) 

Inditlidual features of the copper sulphide method 

Fusion of the sample. It is essential that the furnace 
door be kept closed during the entire fusion process, 

to avoid losses of sulphur by oxidation. 
On the assumption that the slag cannot be entirely 

removed from the sulphide button, sodium carbonate 
is used instead of potassium carbonate (which is used 
in the nickel sulphide procedure flux) to prevent 
formation of KZPtC16 in the aqua regia dissolution 
procedure. 

Dissolution qf the residue insoluble in aqua regia. 
Fusion of the residue with sodium peroxide. though 
quite effective, imposes limitations on the final vol- 
umes used for AAS and/or DCP measurements. For 
dealing with small quantities of precious metals, the 
alternative acid treatments described should be con- 

sidered. 
The aqua regia dissolution procedure. To counteract 

the effect of silica introduced into the system by 
incomplete removal of the slag, a small amount of 
hydrofluoric acid is added to the cold diluted solution 
to form silicofluoride and thus act as a filtering aid. 
(For the same reason, hydrofluoric acid is also used 
in Method III.) 

The solubility of individual precious-metal sul- 
phides (which may partly be in solid solution with 
copper sulphide) in aqua regiu varies from virtually 
zero for ruthenium and iridium, and very slight for 

rhodium, to almost 100% for gold (Table 2). Most 
unexpectedly, 8&90% of the osmium sulphide re- 
mains insoluble if the sample contains at least 50 mg 
of any other “insoluble” precious-metal sulphide, 
and more than 70% of it is insoluble if osmium is the 
only precious metal present. The insolubility of the 

sulphides of Ru, Ir and OS, the slight solubility of 
rhodium sulphide, and the relative solubility of plat- 
inum and palladium sulphides in aqua regia depends 
to a large extent on their relative concentration and 
also on their ratio to the sum of all precious-metal 
sulphides present. (The limited solubility, in aquu 
regia, of the precious-metal sulphides collected by 
copper sulphide is in sharp contrast to the high 
solubility of precious-metal sulphides prepared by 
passing hydrogen sulphide into their chloride solu- 
tions.) 

The fraction insoluble in uquu regiu contains virtu- 
ally all of the ruthenium and iridium and only traces 
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Table 2. Solubility of precious-metal sulphides in quo regio 

Ag Au Pt Pd Rh Ru Ir OS 

Present, mg ~ 50 30 25 25 50 10 25 
Insoluble, % 2 85 60 98 lOl* lOl* 85 
Present, mg 75 120 150 I20 75 75 75 50 
Insoluble, % 15 24 83 75 100 99 99 85 
Present. nig 100 I20 150 120 ~ ~ _ _ 

Insoluble, o/o I3 6 72 57 - ~ ~ - 
Present, mg 25 30 12 IO 25 25 25 ~ 
Insoluble. % 6 2 80 55 98 9X 99 ~ 
Present, mg 50 50 50 50 ~ ~ - ~ 
Insoluble, % 10 7 30 45 - - ~ - 
Present. mg - 50 100 100 - 
Insoluble, o/b ~ 99 101* 99 - 
Present, mg ~ 25 25 25 20 - ~ - 
Insoluble, % 3 72 77 98 ~ - - 

*The apparent manufacture of an element is an artefact due to experi- 
mental error 
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of rhodium, even in the presence of an aqua regia- 
soluble, copper-rich, fraction containing almost all of 
the gold and significant amounts of platinum and 
palladium. Hence, the sensitivity of Method I for the 
determination of Ir, Ru, and Rh can be much im- 
proved by fusing the insoluble residue (from the aqua 
regia treatment) with a minimum amount of sodium 
peroxide and measuring the concentration of the 
precious metal by DCP in the virtual absence of 
copper, in volumes of 250 ml or less. The aquu 
vegia-soluble fraction containing the copper can be 
examined with adequate sensitivity for possible traces 

of Rh and major quantities of gold, platinum and 
palladium (Table 2). In individual determinations, 

Fig. I. Effect of copper on DCP measurements of I-pg,iml 
Pd. 

however, the effect of copper and sulphuric acid 
(formed by oxidation of the sulphide) on mea- 

surements of trace amounts of precious metals cannot 
be entirely disregarded. 

Figure I, for instance, shows the effect of various 
concentrations of copper (as sulphate) on DCP mea- 
surements of I-/(g/ml palladium at 3242.703 A. It is 
apparent that the final sample solution should not 
contain more than IO mg of copper per ml for 
measurements of I-~lg/ml palladium to be meaning- 

ful. Examination of the spectra of other precious 
metals at the I-pg,/ml level in the presence of various 

amounts of copper (as sulphate) showed similar 
effects of copper (Table 3). Table 3 clearly demon- 
strates the necessity of adding copper to DCP stan- 
dards when the concentration of the precious metal 
is less than 5 /(g/ml and that of copper is 10 mg/ml. 

As can be seen from Table 3, the effects of copper 

are negligible in the case of gold and most pro- 
nounced in the case of palladium. The copper inter- 
ference is usually positive, but for ruthenium is 

slightly negative. The extent of interference depends 
to a large extent on variations in the photomultiplier 
settings and gains used to compensate for substantial 
differences in the sensitivities of the signals from the 
precious metals at the interference-free wavelengths 
chosen. 

Extensive tests made in our laboratory indicate 
that there are only minor effects from copper when its 
concentration is less than IO mg/ml or the concen- 
tration of the precious metal is more than 5 pg/ml. 

The sulphuric ucid dissolution method. Formic acid 
is used to precipitate any palladium and platinum 
which may have been partially solubilized by the 
strong fuming with sulphuric acid. The additional 
precipitation of a small amount of copper sulphide 
with sodium thiosulphate ensures complete precip- 
itation of trace amounts of gold, silver. platinum and 
palladium. The mechanism of this reaction will be 
explained in a separate paper. 

It was mentioned earlier that rhodium is not 
quantitatively collected in Method II. This is due to 
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Table 3. Effect of copper on DCP measurements of the 
precious metals (all solutions contained 1% NaCl and 1.6% 

I.aCl,j 

Precious Copper Precious metal 
metal, added, found,* Wavelength, 

!-&/ml mglml &Y/ml k 

Au1 0 
I 10 
5 0 
5 10 
0 0 
0 10 

Pt 1 0 
1 10 
5 0 
5 IO 
0 0 
0 10 

Pd 1 0 
1 10 
5 0 
5 IO 
0 0 
0 10 

Rh 1.34 0 
I 10 
2.68 0 
5 10 
0 0 
0 10 

Ir 1 0 
1 IO 
5 0 
5 10 
0 0 
0 10 

Ru 0.973 0 
1 10 
5.83 0 
5 10 
0 0 
0 10 

0.963 0.961 
0.985 0.981 
4.86 4.91 
4.94 5.08 
0.045 0.033 
0.057 0.054 
1.12 1.12 
1.03 1.01 
5.10 5.07 
5.02 4.90 
0.202 0.191 
0.125 0.139 
1.23 1.32 
1.23 1.37 
4.80 4.68 
5.00 5.31 
0.229 0.258 
0.281 0.295 
1.30 1.31 
0.924 0.884 
2.59 2.66 
5.05 4.85 
0.065 0.064 

-0.044 -0.054 
1.14 1.16 
1.02 1.07 
4.61 4.86 
4.92 4.79 
0.260 0.298 
0.211 0.222 
1.06 1.04 
0.867 0.888 
5.76 5.80 
4.63 4.46 
0.018 0.013 

- 0.246 -0.243 

2675.95 

2659.45 

3242.70 

3434.89 

2639.71 

3728.03 

*Non-zero values obtained when no precious metal is 
present are artefacts of the experimental system. 

the formation of a stable rhodium sulphate complex 

which prevents quantitative collection of the rhodium 
as sulphide. In line with earlier observations” it was 
expected that rhodium sulphate would be converted 
into cationic rhodium chloride by prolonged treat- 
ment with concentrated hydrochloric acid. Sub- 
sequently, the following modified procedure was 
developed, which ensures quantitative collection of 
the rhodium as sulphide. 

Heat the sample strongly with sulphuric acid as 

described in Method II. Omit the treatment with 
formic acid. Raise the cover of the beaker and 
evaporate to dryness or until fumes of SO, cease to 
escape. Cool, add 300 ml of water, mix, add 150 ml 
of concentrated hydrochloric acid and boil for 1 hr 
with the beaker covered. Raise the cover and evapo- 
rate the solution to 300 ml. Dilute to 700 ml with hot 
water and precipitate the precious metals with four 
- l-g additions of sodium thiosulphate, boiling for 
2-3 min between additions. Allow to settle. Filter and 
continue as described in Method II. Since silver 

chloride is considerably soluble in the hydrochloric 
acid medium used for the precipitation of the 
precious metals, do not discard the filtrate. Transfer 
it to a I-litre standard flask, dilute to volume and 
measure the silver concentration by AAS. 

The hydrobromic acid dissolution method. The dis- 
solution of CuZS in hydrobromic acid (Method III) 
was derived from the classical use of this acid in the 
evolution procedure for determining sulphur in 
brasses or bronzes.12 It will be recalled that owing to 
the greater stability of CuBr, copper can reduce the 
protons from concentrated hydrobromic acid, though 
it cannot reduce those from concentrated hydro- 
chloric acid. It was therefore conjectured that hydro- 
bromic acid would be an equally efficient solvent for 
Cu,S. Method III is the best proof that this reasoning 
is correct. (It should be mentioned that hydrobromic 
acid is quite expensive if bought in small quantities; 
buying the technical grade, which is quite satis- 
factory, in a 50-gallon drum, results in a 75-80% 
saving over the single l-gallon bottle price.) 

The most attractive feature of the technique is that, 
with the exception of silver and possibly small 
amounts of gold, the other precious metals are not 
dissolved during the dissolution of the copper sul- 
phide. (However, even gram amounts of silver pass 
almost quantitatively into the filtrate, from which the 
silver can be readily recovered or in which it can be 
easily determined by AAS. Provisions have been 
made to determine any soluble gold by easy AAS 
measurements. It is assumed that the small amount of 
gold dissolved arises from the decomposition of the 
Au,S in solid solution with Cu,S.) The remaining 
precious metals and small amounts of silver are 
collected together, virtually uncontaminated by cop- 
per. Base-metal sulphides collected by the Cu,S (e.g., 
those of Pb, Bi, Ni, Fe, Co, Sn) are all soluble in 
hydrobromic acid and are quantitatively removed. Of 
particular interest is the tolerance of the method for 

substantial amounts of lead. It is assumed that a 
small amount of gold may be dissolved by the action 
of cupric bromide formed by aerial oxidation of 
cuprous bromide. This dissolution can be prevented 
by adding a small amount of zinc metal to the 
solution and/or the filter paper before the filtration. 

Unless an osmium determination is required (0~0, 
would be lost during ignition and requires the 
modification outlined in Method IIIA) fusion of the 
HBr-insoluble residue with sodium peroxide after 
ignition in a zirconium crucible therefore represents 
the most rapid approach for determining all the 
precious metals instrumentally in one master solu- 
tion. Starting with the dissolution of the Cu,S in 
hydrobromic acid, a master solution can be prepared 
for instrumental measurements in less than 5 hr. 

If the concentration of the precious metals (partic- 
ularly platinum and palladium) is greater than may 
be desirable for instrumental analysis, determination 
of one or more of the precious metals by gravimetric 
methods may be preferred. One approach successfully 
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used in our laboratory consists of: (1) treatment of 

the HBr-insoluble material with dilute aqua regia, 

followed by filtration to remove all but traces of the 

copper, most of the gold and small amounts of 
platinum and/or palladium (Solution A); (2) ignition 
of the aqua regiu-insoluble residue to convert the 
precious metals in the combined Solutions A and C 
(Ag by AAS); (5) gravimetric determination of the 
regiu followed by filtration (Solution B) and fusion of 
the ignited residue from (3) with sodium peroxide and 
acidification of the leached melt with hydrochloric 
acid (Solution C); (4) DCP measurement of the 
precious metals in the combined Soulutions A and C 
(Ag by AAS); (5) gravimetric determination of the 
major concentration of platinum and/or palladium in 
Solution B. 

This method represents a good example of a recent 
trend in analytical chemistry, demonstrating the in- 
terdependence of classical chemical and instrumental 

techniques. 

Interferences 

In the collection of the precious metals with copper 
sulphide. Base metals which do not form sulphides do 
not interfere, since they will aggregate in the slag. 
Thus there is no interference from Al,O,, MgO, CaO, 

TiO,, BaO, Ta,O,, Nb,O,, ZrO,, V,O, and even 
from Cr,O, (which seriously interferes in lead col- 

lection schemes). 
Sulphide-forming elements are collected together 

with the Cu,S; these include Ni, Co, Fe, Pb, Sn, Bi, 
but up to 2 g of these elements (the amount tested) 
will not interfere individually or as a group with the 
collection of the precious metals by copper sulphide. 

Up to 7 g of combined precious metals, with a limit 
of 0.75 g for gold, can be quantitatively collected by 
copper sulphide, but for determination of less than 10 
mg of precious metals it is advisable to add to the 

sample charge 20-25 mg of a precious metal which is 

not to be determined, to avoid physical losses of the 
precious metals during the treatment of the copper 

sulphide. 
Interferences in the measurements. The effect of 

copper and sulphuric acid on DCP measurements 
when Method I is used has already been discussed. A 
fourfold dilution (to yield 10 mg/ml Cu) allows the 

measurements of all the precious metals at the 
I-pg/ml level. Sodium salts introduced as a result of 
fusing the acid-insoluble residue with sodium per- 
oxide do not interfere if the final concentration of 
sodium chloride is not greater than 1%. Mea- 
surements by ICP may require additional dilution, 

All sulphide-forming elements collected by the 

copper sulphide will be found in the aqua regiu 

solution, but do not interfere in the DCP mea- 
surements provided their individual concentrations in 

the final solution are below the test limit, namely I 
mg/ml. 

In Methods II, III and IIIA virtually all the copper 

is removed. Residual amounts of copper (< 1 mg/ml) 
and sulphuric acid (< 0. I mg/ml) have no effect on 
DCP measurements of any of the precious metals at 
levels of 0.5 pg/ml or more. All sulphide-forming 
base elements have been removed and therefore do 
not interfere. The sodium chloride introduced as a 
result of the sodium peroxide fusion and acidification 
of the melt presents no difficulties so long as its 
concentration in the final solution is kept at I%, the 

preferred level for all DCP measurements. 
Flame AAS measurements of Au, Pd, and Rh 

match in precision those by DCP. AAS mea- 
surements of Pt, however, are significantly affected by 
sodium chloride. Ru and Ir determinations by DCP 

are much superior to those by AAS. It is assumed 
that ICP is equal to DCP in its ability to measure the 
precious metals. XRF and flameless AAS mea- 
surements of the precious metals appear feasible in 

Table 4. CuzS collection method applied to synthetic standards made by 
additions to blank sweep sample No. 1.; all measurements by DCP except for Ag 

(AAS) 

Aqua regia 
decomposition 

H, SO, 
decomposition 

HBr 
decomposition 

Added. Found. Added. Found, Added, Found, 

Au 25.2 
85.3 

Ag 125.4 
65.3 

Pt 68.7 
257.5 

Pd 175.4 
60.5 

Rh 15.2 
63.7 

Ru 7.5 
18.4 

Ir 16.8 
12.0 

24.9 50.3 49.6 
86.2 125.7 123.3 

126.2 130.3 132.8 
63.4 75.6 75.7 
69.4 25.2 25.4 

259.0 120.6 122.0 
173.8 63.1 
61.6 68.4 
15.2 24.7 
63.0 18.5 

7.3 15.5 
18.9 30.3 
17.2 60.2 
12.3 75.4 

62.2 
67.5 

18.2 18.4 
34.5 35.2 
25.1 24.0 

250.8 253.7 
17.2 17.9 
34.3 33.0 
15.0 15.2 
38.5 37.8 

4.8 4.8 
28.5 29.7 
38.5 39.6 

3.9 3.5 
40.7 41.4 

5.4 5.4 



SILVE KALLMANN 

Table 5. Analysis of sweep sample 27303 

Collection Isolation Final 
method method measurement 

Contents, % 

Ru Rh Ir Pt Pd Au Aa 

C&S HBr DCP 40.5 15.10 
cu, s HBr DCP 40.3 15.20 
cu, s HBr AAS - 15.05 
C&S HBr AAS - 15.14 
cu,s Aqua regia DCP 40.4 15.22 
cu,s Aqua regia DCP 40.3 15.07 
cu,s Aqua regia AAS - 15.05 
C&S Aqua regia AAS - 15.20 

*NiS HCI DCP, AAS 40.2 15.07 
*Na?O, Direct DCP 39.8 14.9 

fusion measurements AAS - 14.8 

4.94 0.728 0.460 
4.90 0.709 0.463 
- 

4.96 0.730 0.483 
4.96 0.735 0.474 

4.93 0.711 0.475 
4.63 0.70 0.46 

0.425 
0.427 
0.420 
0.433 
0.395 
0.407 

- 
- 

0.393 
0.42 

- 

1.56 
1.60 

1.50 
1.62 
1.50 

1.46 

*From previous work 

Collection Isolation 
method method 

Table 6. Analysis of sweep sample 92822-224 

Contents, % 
Final 

measurement Au Ag Pt Pd Rh Ru Ir 

cu,s 
cuzs 
cu, s 
cu2 s 

tcu,s 
v&S 
tcu, s 
*NiS 
*NiS 
*Na2 O1 

*Na,Oz 

*Ag bead 
*Ag bead 
*Outside 
Lab. No. 1 

*Outside 
Lab. No. 2 

HBr 
HBr 
HBr 
HBr 

H, SO, 
H, SO, 
H, SO, 
HCI 
HCL 
Direct 
measurement 
Direct 
measurement 
Parting 
Parting 

DCP 0.695 
DCP 0.692 
AAS 0.690 
AAS 0.700 
DCP 0.689 
DCP 0.701 
AAS 0.695 
DCP 0.659 
AAS 0.650 

- 
6.90 
6.92 
- 
- 

6.90 
- 

6.85 

0.278 
0.280 

0.270 
0.282 

0.274 
0.277 

0.172 
0.170 
0.162 
0.168 
0.168 
0.180 
0.175 
0.162 
0.167 

1.79 0.060 0.108 
1.76 0.058 0.104 
1.75 - 
1.80 - 
1.78 - 
1.75 - - 
1.78 - 
1.71 0.055 0.106 
1.77 - - 

DCP 0.69 0.275 0.185 1.76 0.066 0.10 

1.74 - 
1.78 - 0.108 
1.76 - 

AAS 
DCP 
AAS 

6.87 - 
- 0.273 
- 0.274 

0.694 
0.686 

0.164 
0.160 

0.706 6.875 0.294 0.171$ 

0.630 7.168 0.250 0.1606 

I .78 0.064s 0.110 

1.75 0.0524 0.100 

tModified procedure. 
*From previous work. 
§No referee analysis required. 

Table 7. Analysis of sweep sample 92822-424 

Contents, % 
Collection Isolation Final 

method method measurement Au Ag Pt Pd Rh Ru Ir 

cu, s HBr DCP 0.282 - 0.770 0.945 0.412 0.042 0.070 
cu,s HBr AAS 0.284 1.15 ~ - - - 

Vzu, s H, SO, DCP 0.286 - 0.775 0.928 0.402 - 
tcuz s H, SO, AAS 0.289 1.15 0.764 0.943 - - 

cu,s Aqua regia DCP 0.288 - 0.770 0.928 0.402 0.060 0.065 
cu,s Aqua regia AAS - 1.17 ~ - - ~ 

*NiS HCI DCP 0.266 - 0.772 0.940 0.387 0.071 0.068 
*NiS HCI AAS 0.260 1.13 0.773 0.932 0.400 - 
*Na,O, Direct 

measurement DCP 0.28 - 0.76 0.94 0.41 0.05 0.076 
*Ag Bead Parting DCP 0.282 - 0.763 0.932 0.383 - 0.070 
*Ag Bead Parting AAS 0.280 - 0.764 0.935 0.391 - 
*Outside 

Lab. No. I 0.294 1.17 0.835 0.966 0.388 0.082s 0.08 1 
*Outside 

Lab. No. 2 0.280 1.04 0.770 0.930 0.380 0 0.069 

tModified procedure. 
*From previous work. 
$No referee analysis required. 
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Table 8. Determination of osmium. iridium. ruthenium and rhodium 

Iridium, 
% 

Osmium, 
% 

Ruthenium, Rhodium. 
% % 

Method IIIA, 
HBr decomposition 
Method I, regiu uqucr 
decomposition 
Outside Lab. No. I 
(unknown methods) 
Outside Lab. No. 2 
(unknown methods 

12.10 14.15 4.35 2.80 
1 I .96 14.29 4.27 2.80 
II.80 14.45 4.28 2.83 

12.27 14.06 4.18 2.15 

11.85 14.00 4.05 2.78 

some instances, but were not included in this in- Arknow~led~rmenr~The generous and valuable assistance of 

vestigation. Paul Blumberg and Charles Maul. senior members of 

Mutual inteyference qf precious metals. No mea- Ledoux & Co,‘s analytical staff. in various phases of this 

surable interference was noted in DCP measurements 
investigation is gratefully acknowledged. 

of any one precious metal at the I-,~g/ml level in 
the presence of 200 /*g/ml of any other individual 

precious metal or 1000 pg/ml total concentration in 
a mixture of precious metals. 1. 

Recommended methods 
2. 

For general purposes we prefer the hydrobromic 

acid method, reserving the others for quality control 

or cross-checking. However, if only Au, Pt and Pd are 
to be determined. Method II is recommended, and 
the aqua regia technique (Method I) is perhaps 
preferable for comparatively large amounts of all the 
precious metals or for trace amounts of Ir or Ru in 

the presence of larger amounts of the other precious 
metals. 

Validation of the method 

No standard samples were available, but com- 
parison with results obtained by other techniques or 
made available to Ledoux & Co. by co-operating 
clients after the conclusion of referee analyses demon- 
strates the validity of the proposed procedure. As in 
our earlier publication,’ synthetic standards were also 
used for verification. Tables 4-8 give the results. 
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ETUDE ANALYTIQUE DU GOODRITE 3114, 

ANTIOXYDANT DES POLYOLEFINES 

COMPORTEMENT VIS A VIS DES AGENTS DE STERILISATION 

F. PELLERIN, C. MAJCHERCZYK et D. BAYLOCQ 

Labordtoire de Chimie Analytique, Centre d’etudes Pharmaceutiques, Universite de Paris XI, 
rue J. B. Clement; F 92290 Chatenay Malabry, France 

(Rep le 18 jmwier 1985. Accept& Ie 20 WKJ~S 1985) 

R&sum&Un pro&de d’identification et de dosage par HPLC, du Goodrite 3114 et des produits formes 
sous l’action d’agents de sterilisation, est decrit. La structure du produit de degradation resultant de 
l’irradiation 7 a et6 etablie. Une methode de recherche des migrations est proposee. 

De nombreux antioxydants phktoliques sont intro- 

duits dans les polyokfines haute et basse densite, et 

les polypropylktes, en vue de protkger le polymkre au 

tours des traitements de conservation et tgalement au 

tours de sa transformation. De tres nombreux tra- 
vaux ont ete consacrts a leur mise en evidence et a 
leur dosage, au moyen des techniques spec- 
trophotometriques, et chromatographiques.‘m4 Les 
antioxydants phenoliques, en nombre limit&, sont 
utilises pour la stabilisation des polyolefines, a usage 
alimentaire, pharmaceutique, ou medico chirurgical. 

Le Goodrite 3114, tris(di-tert butyl 35 hydroxy- 
benzyl 4-S-triazine-2,4,6 (1 H,3H,5H) trione, ou 
tris(di-tert butyl 3,5 hydroxybenzyl-4) isocyanurate 
(I), est utilise comme antioxydant a usage alimentaire 
dans de nombreux pays. 
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L’emploi de cet antioxydant dans les polyolefines 
a usage pharmaceutique ou medico-chirurgical, im- 
plique sa mise en evidence et son dosage dans les 
matereaux. Pour cette application, il convient de 
considerer son comportement vis a vis des agents de 

sterilisation ainsi que les risques de migration dans les 
medicaments. 

De nombreux travaux et brevets ont Cte consacres 
a I’etude du rote et des transformations des anti- 
oxydants au tours de la radiosterilisation des 
matieres plastiques;smn en regle generale, les produits 
de degradation n’ont pas ete isoles. 

Le present m&moire decrit une methode de chro- 
matographie liquide permettant l’identification et le 
dosage du Goodrite 3114, avant et apres traitement 
a I’oxyde d’ethylene et aux rayonnements y. Les 
produits de degradation ont et& mis en evidence et la 
stucture du produit forme aprts irradiation a Ctt 
etablie. Une etude d’interactions en vue de reveler 
d’eventuelles migrations d’antioxydants a ete tb- 

auchee. 

PARTIEEXPERIMENTALE 

Plaques de polypropylene ne renfermant pas 
d’antioxydant. Plaques de polypropylene renfermant 0,2y;b 
de Goodrite 3114. Plaques de polypropylene renfermant 
0,2”, de Goodrite 3114, irradiees par rayonnements (2,5 et 
10 Mrad). Goodrite 3114 pur. Goodrite 3114 irradie a 2,5 
et IO Mrad. 

Appureillage 

Chaine de chromatographie liquide comprenant: une 
pompe Chromatem 320 equip&e d’un Programmateur 420; 
une vanne d’injection (Rhtodyne) munie d’une boucle de 
20 ~1: un detecteur ultraviolet visible (Spectroflow) ii long- 
ueurs d’ondes variables, dont I’echelle des sensibilites, ex- 
prim&es en densites optiques varie de 0,001 a 2,999. Une 
colonne de silice greffee a polarite de phase inversee C,, 
(7 pm): 25 cm de longueur. 

Mode ophtoire 

Ewtruction. Le mode d’extraction peut &tre direct, en 
utilisant un solvant specifique de I’antioxydant. ou indirect, 
par dissolution du materiau par un solvant approprie et 
precipitation du polymere par le methanol. Ce deuxieme 
procede permet d’obtenir en solution l’ensemble des additifs 
contenus dans le materiau. 

8 



86 F. PELLERIN et al. 

Chromatogrqhie. Phase mobile; acetonitrile/eau (95/5), 
debit: I,5 ml/min. Longueur d’onde: 280 nm. Attenuation: 
0.002. Solution de reference: Goodrite 31 I4 dilue dans le 
tttrahydrofuranne (0,005 a O,OSOy;). 

RESULTATS ET DISCUSSION 

Conditions d’extraction 

La chromatographie realisee sur l’extrait obtenu a 
partir des plaques de polypropylene temoins ne ren- 
fermant pas de Goodrite 3 114 ne revele aucun additif. 
Le pro&de permet de determiner les teneurs en 
Goodrite 3114 des plaques de polypropylene par 

comparaison avec le chromatogramme dune solution 
temoin de cet antioxydant. Les resultats montrent 
que I’extraction est complete (trouve 0,205x; theorie 

0,200”/,). 

Action de I’hpo_xy6thane (oxyde d’Cthyl&e) 

Les plaques ont ete exposees a l’oxyde d’tthylene 
dans des conditions plus agressives que celles gener- 
alement retenues pour la sterilisation du materiel 
medico-chirurgical. Ces plaques ont subi dix ster- 
ilisations successives. L’examen du chromatogramme 
obtenu a partir de la solution extractive (dichloro- 
methane) montre l’absence du pit correspondant au 
Goodrite 3114, ainsi que celle d’un eventuel produit 
de degradation. Les plaques traitees a l’oxyde 
d’ethylene ont ete extraites par dissolution- 
precipitation; le chromatogramme obtenu, examine 
comparativement a celui correspondant a l’analyse 
d’une solution temoin de Goodrite 3114, montre 
la disparition de l’antioxydant et l’apparition d’un pit 
different de celui du Goodrite 3 I I4 et de l’extrait des 
plaques de polypropylene n’ayant pas ete exposees a 
l’oxyde d’ethylene. Le temps de retention est accru et 
quelques essais nous conduisent a formuler 
l’hypothese de la formation d’un derive d’oxydation 
dont la structure en tours d’etude n’a pas ete actu- 
ellement precisee. 

I(mln) 12 

Action des rayonnements y 

L’irradiation a IO Mrad du Goodrite 3114 fait 
apparaitre une intense coloration bleue. Apres irra- 
diation, les plaques de polypropylene ne rev&lent 
aucune coloration, alors que celles renfermant 0,27; 

d’antioxydant presentent une coloration jaune. 
La chromatographie en phase liquide, effectuee 

dans les conditions d&rites ci-dessus, d’une solution 
de Goodrite 3114 irradiee a 2, 5 et IO Mrad. revele 
la presence d’un compose non decele dans 
l’echantillon temoin non irradie. Ce compose est 
caracttrise par un temps tres reduit par rapport a 
celui du Goodrite 3114 (Fig. 1, E, F) qui permet 
d’emettre l’hypothese de la formation d’un produit de 
degradation resultant de la coupure de la molecule I. 

L’examen des chromatogrammes obtenus a partir 
des plaques irradiees et non irradiees, renfermant 
l’antioxydant (Fig. 1. B, C, D), met en evidence la 
diminution importante du Goodrite 3 114; celui-ci 

n’est plus extractible par le dichloromethane. 
Le produit de degradation a et& obtenu par 

dissolution-precipitation du materiau; l’examen des 
solutions obtenues dans ces conditions, a partir des 
plaques de polypropylene irradiees, montre la pres- 
ence d’un pit dont le temps de retention est identique 
a celui obtenu dans l’examen de la solution effectuee 
directement a partir du Goodrite 31 14. 

SpectromPtrie de masse du Goodrite irradib 

Les produits de degradation form& par irradiation 
du Goodrite 3 I I4 et des plaques de polypropylene qui 
le contiennent se sont rev&s identiques, apres les 
analyses en chromatographie liquide dans les condi- 
tions d&rites ci-dessus. 

L’etude de la structure du produit de degradation 
forme par irradiation du Goodrite a ete effectuee 
directement sur I’antioxydant ayant subi une irra- 
diation de IO Mrad. 

L’analyse a ete effectuee par couplage GLC/MS, a 
partir d’une solution de Goodrite 3 I I4 irradiee; la 
GLC/MS a ete conduite dans les conditions sui- 
vantes. 

I I 
I I * 

C 0 A 

;-.-:: 

16 12 8 4 12 8 4 12 8 

Fig. 1. A, Solution de Goodrite 3114 dans le tttrahydrofuranne. B, Goodrite 3114 extrait d’un 
polypropylene non sterilise. C, Goodrite 3 I14 extrait du polypropylene sterilise a 2,5 Mrad. D, Goodrite 
3114 extrait du polypropylene irradie a 10 Mrad. E, Goodrite 3114 pur, irradie a 2,5 Mrad: (I) produit 
de degradation du 3114; (2) Goodrite 3114 residuel. F, Goodrite 3114, irradie a 10 Mrad: (1) produit de 

degradation du 3114; (2) Goodrite 3114 residuel. 
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Chromatographie 

Colonne: OVl; 25 m x 0,3 mm. 
Gaz porteur: hklium, h 0,35 bar. 
TempCrature de I’injecteur: 260” 
TempCrature du four: 280”. 
Programmation: 40’ g 160” (40”jmin) 

160” a 260’ (IO”/min). 

Systkme d’injection: splitless. 

Spectromitrie de masse 

Spectrometre: NERMAG l&lOc. 
Traitement de donnkes: Ordinateur P.D.-P 11. 
Ionisations: impact klectronique g 20 eV et ion- 

isation chimique par le methane. 

R&dtats 

Quel que soit le pro&dC d’ionisation appliquk, il 
n’a pas &k possible de mettre en kvidence le pit de 
masse du Goodrite 3114 (m/z = 784), irradik ou non, 
du fait de sa segmentation au tours du stade chro- 
matographique. En effet, la skparation par GLC 
rkvtle dans le cas du Goodrite 3114 non irradit un 
composant dont le pit de masse correspond B 
m/z = 218 (II); I’analyse fragmentaire 

structure du radical R constitutif de 
initiale. 

confirme la 

la mokcule 

m/z = 219 

H&+ 

m/z = 218 

I -56 - 

H 

\ 
m/z = 162 

II 

’ H 

0 

m/z = 106 

II 

CH3 m/z -78 

Lb--- 2 

--A !_ ! A! 1 

1OC 200 300 400 500 600 700 800 900 
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Fig. 2. GLC du Goodrite 3114 irradii: B 10 Mrad: (1) produit de dtgradation; (2) Goodrite 3114 residuel. 
Colonne OV I ; solvant H$XI,; injection 1.5 p I; tempkrature de I’injecteur 260”; programmation: 40 g 160’ 

(4W/min), 160 A 260” (IPjmin). 

Dans le cas de l’kchantillon irradik, la skparation 
chromatographique (Fig. 2), fait apparaitre un pro- 
duit d&iv& du Goodrite 3 114 absent dans l’analyse du 
tCmoin non irradit-. 

Le spectre de masse obtenu par le pro&d& d’impact 
klectronique (20eV) $ partir du composk d&iv& du 
Goodrite 3114 irradit et sipark par GLC, r&Ye un 
pit de masse m/z = 234. Celui-ci correspond i une 
structure oxydke du radical R en position para, soit 
le di-tert butyl-3,5 hydroxy 4-benzaldkhyde (III). 

\ 

m/z -(218+16) 
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L’application du pro&d& d’ionisation chimique, 
aprCs la skparation chromatographique, confirme les 
rksultats. 

Les spectres de masse obtenus ?I partir des com- 

posCs &parks par GLC, r&lent les pits de masse 
suivants. 

(M + I)+ (M + 29)+ 

Composant 1 218 + 1 = 219 218+29=247 
Composant 2 234 + I = 235 234 + 29 = 263 

Les structures des formes ioniskes correspondent aux 
configurations suivantes: 

l’injection parent&ale. L’emploi de ces matkriaux est 
subordonk B une Ctude d’interactions “contenant- 
contenu”, et notamment g la recherche de dkharges 
des additifs dans les solutks. Une telle Ctude doit Etre 
entreprise dans chaque cas particulier. Toutefois, des 
rttsultats antkrieurs’.” ont montrk que certains sol- 
vants hydro organiques des mkdicaments injectables 
ont un pouvoir extractif important vis B vis des 
polyolCfines; tel est le cas en particulier des solutions 
de polysorbate qui se sont rCvClCes d’excellents 

liquides de simulation, et qui sont prksentes dans de 
nombreuses formules mkdicamenteuses. 

C+H 
H2C A H,C OH + CH, 

+ 
C2H5 

"2C 0 - H2C 

IV 

H\ 
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m/z= 218+29=247 t 
G /\ on 
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t 

* 
CHj 

t 
-G 0 OH 

t 
m/z =234t1=235 

'ZH4 

m/z = 234 t 29= 263 

En conclusion, l’analyse par spectromktrie de 
masse, couplke A GLC, permet de conclure A la 
prksence d’un produit d’oxydation de structure 
monomtrique, dans l’tchantillon soumis aux ir- 
radiations (10 Mrad). Le rksultat est obtenu par les 
deux pro&d&s d’impact klectronique (20 eV), et 

d’ionisation chimique par le mtthane. 
La structure de ce dCrivk correspond au di-tert 

butyl 3,s hydroxy 4-benzaldkhyde. 

MIGRATION DU GOODRITE ET DE SES 

PRODUITS DE DEGRADATION DANS 

LES MEDICAMENTS 

Ce dernier pro&d& a CtC appliqut au polypropykne 
renfermant 0,2% de Goodrite 3114, directement, 
aprkes irradiation a 10 Mrad, et stkrilisation A I’oxyde 
d’tthyltne (5 stkrilisations successives). 

Mode opbatoire 

Le polypropylke irradik, et non irradik, a ktC mis 
en contact avec une solution de polysorbate 40 g 2% 
dans un tampon phosphate pH = 4,5 durant 48 heu- 
res i la temptrature ambiante et i 45’; la solution a 

Divers polyolkfines sont utiliseks pour la fabri- it& examinke par HPLC, selon la technique d&rite 
cation des excipients g usage pharmaceutique, ou de ci-dessus, qui permet de rkvkler la prksence du Good- 
matCrie1 mkdico-chirurgical, tel que les seringues pour rite 3114 et de ses produits de d&gradation engendrks 
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par les traitements de sterilisation (rayons 1’ et oxyde 

d’Cthyl&e). 

L’examen du chromatogramme obtenu apt-es 

I’analyse des solutions de simulation, montre 
qu’aucune d&charge n’est decelable apres leur contact 
avec les plaques de polypropylene non sterilisees aux 
rayons 7, a I’oxyde d’ethylene. 

Ces resultats ne permettent pas d’extrapoler 
l’absence de decharges observees dans un cas partic- 
ulier a tous les solutes, et il convient pour chaque 
type, d’envisager une etude specifique; neanmoins ce 
pro&de peut etre propose comme schema d’etudes 
d’interactions entre un materiau plastique et divers 

solutCs. 

I. 

2. 
3 

h : 

5. 

6. 
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Summary-An HPLC method for the identification and determination of Goodrite 3114 and of the 
product derived from it by ;‘-ray irradiation is described. The chemical structure of the by-product 
obtained by the p-irradiation has been established. A technique for research on migration phenomena is 
proposed. 
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DETERMINATION OF SILVER, BISMUTH, CADMIUM, 

COPPER, IRON, NICKEL AND ZINC IN LEAD- AND 

TIN-BASE SOLDERS AND WHITE-METAL BEARING 

ALLOYS BY ATOMIC-ABSORPTION 

SPECTROPHOTOMETRY 

CHOW CHONG 

Geological Survey Laboratory. Scrivenor Road. P.O. Box 1015, Ipoh. Perak, Malaysia 

(Received 5 Mrrrch 1985. Acwpred 22 August 1985) 

Summary-A simple atomic-absorption spectrophotometry method is described for the determination of 
silver, bismuth. cadmium, copper, iron, nickel and zinc in lead- and tin-base solders and white-metal 
bearing alloys, with use of a single sample solution. The sample is dissolved in a mixture of hydrobromic 
acid and bromine, then fumed with sulphuric acid. The lead sulphate is dissolved in concentrated 
hydrochloric acid. The method is particularly suitable for the determination of silver and bismuth. which 
are co-precipitated with lead sulphate. The other elements can also be determined after removal of the 
lead sulphate by filtration. 

Lead- and tin-base solders and white-metal bearing 
alloys differ widely in composition. The major ele- 
ments range in concentration from 0.1 to 99% for Pb, 
0.5 to 95% for Sn and 0.02 to 20% for Sb. The alloys 
also contain various amounts of trace elements such 
as silver, bismuth, copper. zinc. nickel, cadmium and 
iron. Spectrophotometric.’ 5 spectrographic” and 
polarographic’ methods have been used in the deter- 
mination of the trace elements. The lead can be 
separated as lead sulphate’,‘,’ or chloride,’ or com- 
plexed with tartrate or EDTA.S Atomic-absorption 

spectrophotometry (AAS) has also been proposed for 
the determination of these trace elements after the 
sample has been dissolved with various acid mixtures 
and reagents. Farrar* used a mixture of hydrobromic 
acid and bromine to dissolve lead-base bearing alloys 

and type metal for determination of copper and zinc 
by AAS. Hwang and Sandonato’ used a special 
mixture of nitric acid, fluoroboric acid and water in 
the ratio 3:2:5 v/v to dissolve tin-lead solders. They 
claimed that the resulting solutions remained stable 
for up to 48 hr. Carleer et al.“’ used ayun regicc to 
dissolve lead- and tin-base solder for the deter- 
mination of several major, minor and trace elements 
by AAS. Mixtures of fluoroboric, nitric and tartaric 
acids,” and of fluoroboric acid and hydrogen 
peroxide” have been used to dissolve type metal and 
lead alloys, respectively, for the determination of tin 
and antimony by AAS. In general. the greatest 
problem in the dissolution is the stability of the 
solution, because precipitation of lead and some of 
the trace elements can occur on dilution or after 
standing for some time. 

A mixture of hydrobromic acid and bromine is 
effective in dissolving lead- and tin-base solders and 

white-metal bearing alloys and has the advantage 
that tin, antimony and arsenic may be removed by 
volatilization on fuming with sulphuric acid. How- 
ever, there have been many report?,‘” of the partial 
co-precipitation of some elements with the lead sul- 
phate produced. In this stuay it was found that the 
co-precipitation of silver and bismuth with lead sul- 
phate was substantial, rendering invalid any attempt 
to remove the precipitate and determine silver and 
bismuth in the solution. However. if the lead sulphate 
is dissolved in concentrated hydrochloric acid, the 
solution, after dilution. is stable for some weeks and 
silver and bismuth can easily be determined by AAS. 
Other trace elements such as nickel. cadmium, zinc, 
copper and iron can also be determined in the same 

solution or, since they are not co-precipitated with 
lead sulphate, they can also be determined after the 
lead sulphate has been filtered off. 

EXPERIMENTAL 

A Varian Techtron model AA875 atomic-absorption 
spectrophotometer, equipped with a IO-cm air~acetylene 
burner was used in all measurements. Standard single- 
element hollow-cathode lamps were used as line sources. 
The air and acetylene flows were set at 28 and 9, re- 
spectively, the aspiration rate was 6 ml’min and the absorb- 
ance read-out integration time was 3 sec. Other conditions 
used were as indicated in Table I. 

Slandard coppr, iron. c~utlnkm and nickel .rolution.r ( 1000 
u~:m/). Dissolve 0.25 g of the metal in 12.5 ml of concen- 
trated hydrochloric acid. Add 3 drops of concentrated nitric 
acid in the case of nickel and copper. Make up accurately 
to 250 ml with distilled water. Dilute to the desired concen- 
tration. 
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Table I. AAS conditions 

Absorbance 
Wavelength, Band width, Lamp current, expansion 

Element ntn nm mA factor 

Ag 328.1 0.5 3.5 1 
Bi 223.1 0.2 IO 1 
Cd 228.8 0.5 3.5 I 
C” 324.8 0.5 3.5 I 
Fe 248.3 0.2 5 I, 10* 
Ni 232.0 0.2 3.5 2 
Zn 213.9 I .o 5 5 

*For very low iron values. 

Standard silver solution (1000 pggimi). Dissolve 0.25 g of 
silver metal in 25 ml of 50% nitric acid. Make up accurately 
to 250 ml with distilled water. Dilute to the desired concen- 
tration. Keep in a dark place. 

Standard zinc solution (1000 pg/m/). Dissolve 0.3112 g of 
zinc oxide, previously dried for 1 hr at 105”, in 12.5 ml of 
concentrated hydrochloric acid. Make up accurately to 250 
ml with distilled water. Dilute to the desired concentration. 

Standard bismuth solution (1000 pg/ml). Dissolve 
0.2787 g of bismuth oxide, previously dried for 1 hr at 105’, 
in 12.5 ml of concentrated hydrochloric acid. Make up 
accurately to 250 ml with distilled water. Dilute to the 
desired concentration but maintain the acid concentration 
at 2% to prevent hydrolysis of bismuth. 

Procedures 

Method involving the dissolution of lead sulphate. Weigh 
accurately 0.4 g of lead-base bearing metal or 1.0 g of 
tin-base bearing metal or 0.5 g of solder into a 150-ml 
beaker. Add 10 ml of concentrated hydrobromic acid, 
followed by 2 ml of saturated bromine water. Cover with a 
watch-glass and heat on a hot-plate with occasional swirling 
until the sample is completely dissolved. It may be necessary 
to add a little more hydrobromic acid or a few extra drops 
of bromine for complete dissolution, depending on the type 
of sample. Wash down the glass cover and sides of the 
beaker and add 4 ml of 50% sulphuric acid and heat to 
strong fuming on top of a thin asbestos sheet on a hot-plate, 
then until the lead sulphate is white. Direct heating on a 
hot-plate before this stage may lead to spattering. Heat the 
beaker directly on the hot-plate until the lead sulphate 
becomes crystalline and about 0.5 ml of sulphuric acid 
remains. Allow to cool, add 40 ml of concentrated hydro- 
chloric acid and stir until all the lead sulphate has dissolved. 
Dilute with distilled water and transfer the solution to a 
200-ml standard flask. Cool to room temperature and make 
up to the mark. Transfer 50.0 ml of the solution as soon as 
possible into a IOO-ml standard flask and dilute to the mark 
with distilled water; this step must be done quickly because 
solutions containing large amounts of lead may yield a small 
amount of lead sulphate precipitate on standing. However, 
the diluted 50-m] aliquot is stable for some weeks. The final 
solution is now suitable for aspiration and AAS deter- 

mination of the various elements but may be further diluted 
where necessary, as in the case of the determination of 
copper in tin-base bearing metal. 

Preparation of calibration graph. Prepare a blank and 
mixed standards of silver, bismuth, cadmium, copper, iron, 
nickel and zinc by pipetting aliquots (as indicated in Table 
2) into a series of 150-ml beakers. Add IO ml of concentrated 
hydrobromic acid and 2 ml of saturated bromine water and 
proceed as for samples. 

Method involving Ihe separation of lead sulphate. Weigh 
accurately 0.2551.0 g of sample into a 150-ml beaker and 
proceed as above, up to the point at which about 0.5 ml of 
sulphuric acid remains. Then cool, add 10 ml of 1% v/v 
sulphuric acid and filter off the precipitate on a 9-cm 
Schleicher and Schiill No. 589’ paper (or equivalent, e.g., 
Whatman No. 40), collecting the filtrate in a IOO-ml stan- 
dard flask. Wash the precipitate with 40 ml of 1% sulphuric 
acid. Make the solution up to the mark with distilled water. 
The solution is now ready for aspiration and the deter- 
mination of the various elements. It may be diluted with 1% 
sulphuric acid when necessary to bring the absorbance 
within the calibration range. 

Preparation of calibration graph. Prepare a blank and 
mixed standards of copper, zinc, cadmium, nickel and iron 
by pipetting ahquots (as indicated in Table 3) into a series 
of 150-ml beakers. Add 10 ml of concentrated hydrobromic 
acid, 2 ml of saturated bromine water and 4 ml of 50% 
sulphuric acid. Heat to fuming until about 0.5 ml of 
sulphuric acid remains. Allow to cool and transfer to a 
lOO-ml standard flask with 50 ml of 1% sulphuric acid, and 
dilute to the mark with distilled water. 

RESULTS AND DISCUSSION 

Co-precipitation of some elements with lead sulphate 

Lead sulphate has been reportedI to co-precipitate 
a number of elements such as silver, bismuth, copper, 
antimony, calcium and strontium under certain con- 
ditions. However, there is some disagreement on the 
co-precipitation of certain elements by lead sulphate. 

Table 2. Concentration range of standard solutions used in procedure 
involving dissolution of lead sulphate 

Stock solution, Aliquot,* Concentrationt in 
Element PPm ml 100 ml, ppm 

Ag 10 4.0, 8.0, 12.0 0.1, 0.2,0.3 
Bi 100 2.0,4.0, 6.0 0.5, 1.0, 1.5 
Cd 10 4.0, 8.0, 12.0 0.1, 0.2,0.3 
C” 100 0.4, 1.2, 2.4 0.1, 0.3,0.6 
Fe 100 0.4, 1.2, 2.4 0.1, 0.3.0.6 
Ni 10 2.0.4.0, 6.0 0.05,o. 10,o. 15 
Zn 10 0.8, 1.6, 2.4 0.02.0.04.0.06 

*For making up to a volume of 200 ml. 
tAfter dilution of 50 ml of the 200-ml standard solution to 100 ml. 
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Table 3. Concentration range of standard solutions used in procedure 
involving separation of lead sulphate 

Element 
Stock solution, 

PPm 

Aliquot. 
ml 

Concentration in 
100 ml, ppln 

Cd 10 1.0,2.0. 3.0 0. I. 0.2, 0.3 
CU 100 0.5. 1.0.2.0 0.5. I .o, 2.0 
Fc 10 I .o. 3.0. 6.0 0.1. 0.3. 0.6 
Ni 10 I .o. I .5. 2.0 0.1.0.15.0.20 
Zn I 2.0. 4.0. 6.0 0.02.0.04.0.06 

Karabash et al.’ reported that there was no co- 

precipitation of some twenty metals, including nickel, 
zinc, cadmium, copper, bismuth, iron and silver at 
concentrations of 10~6P10 ‘% of that of the lead. 

Zhenpu Wang and Cheng4 reported serious co- 
precipitation of aluminium, bismuth and iron with 
lead sulphate, but Luke’ and Ota’ determined alumi- 
nium and iron, respectively, in tin and lead alloys 
without considering co-precipitation with lead sul- 
phate. In this study it was found that cadmium, 
copper, iron, nickel and zinc were co-precipitated to 
a negligible extent with lead sulphate, as shown in 
Table 4. 

The degree of co-precipitation of silver and bis- 
muth seems to depend on the conditions used. If a 
lead nitrate solution is used and hydrobromic acid 
and bromine are not added. the degree of co- 
precipitation of bismuth and silver with lead sulphate 
is about 19 and 27%. respectively. If hydrobromic 

acid and bromine are added, however, the degree of 

co-precipitation increases to 75 and almost lOO%, 
respectively. 

Solubilitl, of leud sulphate and the .stubilit~~ of’ its 

solution 

The solubility of lead sulphate in hydrochloric acid 
was studied at room temperature. It was found that 
to dissolve lead sulphate completely and keep it in 
solution after dilution to 200 ml with water, at least 
13 ml of concentrated hydrochloric acid per 100 mg 
of lead will be required for the initial dissolution, for 

200-500 mg of lead. The 200 ml of solution obtained 
in this way can be diluted fourfold without repre- 
cipitation of lead sulphate. 

Drtrrnzination of‘ silcer, bismuth, cadmium. copper, 
iron, nickel and :inc 

From Table 4. it is clear that silver and bismuth are 
considerably co-precipitated with lead sulphate 
whereas the other elements are not. The results given 

Table 4. Co-precipitation of bismuth. silver. copper. nickel, cadmium. 
zinc and iron with lead sulphate* 

Amount added. Amount found. 
Element w ,“R Co-precipitated, % 

Bi 0.100 0.020 
0.500 0.155 

Ag 0.100 0.001 
0.500 0.001 

cu 0.100 0.100 
0.500 0.500 

Ni 0.100 0.101 
0.500 0.495 

Cd 0.010 0.010 
0.050 0.046 

Zn 0.0100 0.0104 
0.0500 0.0510 

Fe 0.100 0.101 
0.500 0.500 

-80 
-69 
-99 
- 100 

0 
0 

+I 
-I 

0 
-8 
f4 
f2 
fl 

0 

*The amount of lead was I g, added as lead nitrate solution. 

Table 5. Determination of silver, bismuth. cadmium, copper. iron. nickel and zinc (%) in NBS samples 
by the lead sulphate dissolution method 

NBS 53e lead-base NBS 54d tin-base NBS 127b solder 
bearing metal bearing metal (Sn 40, Pb 60) 

Element NBS value Value found NBS value Value found NBS value Value found 

43 0.024 0.003 0.004 0.01 0.016 
Bi 0.052 0.052 0.044 0.048 0.06 0.070 

Cd 0.003 0.005 <O.OOl 
Fe <O.OOl < 0.001 0.027 0.028 - 0.002 
Ni 0.003 0.004 0.002 0.003 0.012 0.012 
cu 0.054 0.053 3.62 3.64 0.01 I 0.011 
Zn _~ 0.0005 0.0005 - <0.0001 
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Table 6. Determination of silver, bismuth, cadmium, copper, iron, nickel and zinc (%) in NBS samples 
by the lead sulphate separation method 

NBS 53e lead-base NBS 54d tin-base NBS 127b solder 
bearing metal bearing metal (Sn 40, Pb 60) 

Element NBS value Value found NBS value Value found NBS value Value found 

Ag <O.OOl 0.003 0.001 0.01 <o.oot 
Bi 0.052 0.01 I 0.044 0.020 0.06 <O.Ol 
Cd 0.003 0.005 <O.OOl 
Fe <O.OOl <O.OOl 0.027 0.028 0.001 
Ni 0.003 0.003 0.002 0.003 0.012 0.011 
cu 0.054 0.052 3.62 3.60 0.011 0.011 
Zn 0.0006 0.0006 <0.0001 

Table 7. Recovery of silver, bismuth, cadmium, copper, iron, nickel 
and zinc in a solder sample (Sn 60, Pb 40)* 

Amount added, Amount obtained, Recovery, 
Element 1’1: /x % 

Ag 25 25.2 101 
Bi 250 240 96 
Cd 25 26 104 
cu 150 149 99 
Fe 100 96 96 
Ni 25 24 96 
Zn IO IO 100 

*0.5 g of solder sample was analysed by the lead sulphate dissolution 
method. 

in Tables 5 and 6 show that good agreement has been 
obtained with NBS values for nickel, iron and copper 
by both the proposed methods, whereas for silver and 
bismuth the lead sulphate separation method gives 
exceedingly low results as a result of co-precipitation. 
Thus the lead sulphate dissolution method is recom- 
mended for determination of silver and bismuth. As 
the silver value in NBS 127(b) is given to only two 
decimal places, it is not possible to compare the third 
decimal place. Consequently this sample was anal- 
ysed for silver seven times by the lead sulphate 
dissolution method. The silver value was found to 
range from 0.0158% to 0.0160% with a coefficient of 
variation of 0.6%. Although the lead sulphate dis- 
solution method can be used to determine a wider 
range of elements, the lead sulphate separation 
method has the advantage that a larger sample size 
can be used and is thus useful for elements that are 
present in very small amounts and are not co- 
precipitated with lead sulphate. 

Recovery test 

To test the validity of the lead sulphate dissolution 

method, known amounts of silver, bismuth, cad- 
mium, copper, iron, nickel and zinc were added to a 
solder sample (Sn 60, Pb 40), the mixture was anal- 
ysed and the recovery (total concentration obtained 
for the element minus concentration of element 
present in the sample) was calculated. The results are 
given in Table 7 and the good recovery obtained 
shows that the lead sulphate dissolution method is 
reliable. 

Conclusion 

The lead sulphate dissolution method avoids those 

analytical problems associated with the co- 
precipitation of other elements and the insolubility of 
lead sulphate. The only limitation is that it cannot be 
used for large samples having high lead contents, 
because reprecipitation of lead sulphate occurs on 

dilution. 
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Summary-A mixture of eight N-substituted and unsubstituted nitroimidazoles has been separated by 
high-pressure liquid chromatography with 5% ethanol as the eluent. Compounds with the same capacity 
ratios were selectively detected electrochemically by differential pulse polarography with a hanging 
mercury drop electrode. The HMDE detector had higher detection limits than the photometric detector 
set at 315 nm. 

Nitroimidazoles are microbial agents used mainly as 
feed additives to treat histomoniasis in poultry, swine 
dysentery and bovine venereal disease.’ They are also 
used as radio-sensitizing agents on hypoxic tumour 
cells.* Lately concern has been expressed that many 
of the compounds have mutagenic or carcinogenic 
activity.’ They have been determined by various 
procedures, including ultraviolet spectrophotometry,’ 
thin-layer chromatography,4 polarography,’ and 
high-pressure liquid chromatography (HPLC).6 Most 
of the reports in the literature deal with simple 
mixtures which can be resolved by changing the 
wavelength used for photometric detection, or the pH 
or strength of the eluent. 

This report describes the separation of eight nitro- 
imidazoles by reversed-phase HPLC on a C-18 
bonded-phase column. Most of the compounds could 
be resolved by use of photometric detection, and 
electrochemical detection by differential pulse polaro- 
graphy enabled pairs of compounds with the same 
capacity ratios but different reduction potentials to be 
distinguished. 

EXPERIMENTAL 

All chemicals were of analytical reagent grade. The 
nitroimidazoles used were 2-nitroimidazole (Aldrich), 
metronidazole (Sigma), 2-methyl-5-nitroimidazole (Pfaltz 
& Bauer). 4-nitroimidazole. I-methyl-4-nitroimidazole, 
I-methyl-5-nitroimidarole and l,2-dimethyl-5-nitroimid- 
azolc (all synthesized”” from imidazole and I-methyl- 
imida7ole). 

Apparatus 

HPLC separations were done by use of a Constametric III 

*Monitoring and Criteria Division, Environmental Health 
Centre. Health and Welfare Canada, Tunney’s Pasture, 
Ottawa. Ontario. Canada. 

pump (Laboratory Data Control. Riviera Beach, Florida), 
a home-made pulse-damper, and a Rheodyne sample- 
injection valve Model 7125 with a IOO-~1 loop. The column 
was a Bio-Rad ODS-IO (25 cm x 4.6 mm bore; 10 pm par- 
ticle size) with C-18 bonded-phase packing, and the spec- 
trophotometric detector was a Bio-Rad Model 1305 variable 
wavelength instrument with a deuterium lamp set at a 
wavelength of 315 nm. The electrochemical detector was a 
PAR Model 303 static mercury drop electrode coupled to a 
Model l74A polarographic analyser (PARC, Princeton, 
N.J.). The electrode was operated in the hanging-drop 
mode. 

For photometric detection the eluent was 5% ethanol and 
for electrochemical detection the eluent was 5% ethanol in 
O.IM sodium acetate buffer (pH 4.5). The tlou-rate was 
1.0 ml:min. The retentions of the compounds were expressed 
as capacity ratios k’. which were determined from the 
formula: 

where I, and t, are the retention times of a sample com- 
ponent and of a non-retained compound (represented by 
25~1 of O.lM nitric acid), respectively. The eluent was 
degassed thoroughly under vacuum and the polarographic 
cell was kept under a blanket of high-purity nitrogen. 

Pretreatment of animal samples 

Samples from poultry, such as turkey tissue or eggs, were 
macerated with aqueous borax solution (2 g in 8 ml of 
water) and extracted with benzene (25 ml). The organic 
phase was separated by centrifugation and decantation, then 
stripped with 0.2M hydrochloric acid (5.0 ml). The aqueous 
phase was then neutralized with 2M potassium hydroxide. 
ethanol was added, the pH was adjusted with acetate buffer. 
and the HPLC separation performed. 

RESULTS AND DISCUSSION 

Figure 1 shows a typical chromatogram (photo- 
metric detection) and Table 1 displays the capacity 
ratios and detection limits of the compounds studied. 
The chromatographic conditions give satisfactory 
separation of most components in the mixture. How- 
ever, problems arise if both 2-nitroimidazole and 
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Fig. 1. HPLC chromatogram of nitroimidazoles with 
photometric detection: peaks for A, 2-nitroimidazole; C, 
2-methyl-5nitroimidazole; D, I-methyl-4-nitroimidazole; F, 

metronidazole; G, I-methyl-5nitroimidazole. 

4-nitroimidazole, or both metronidazole and 
1,2-dimethyl-4nitroimidazole are present, since the 
first pair give completely overlapping signals, and 
metronidazole gives a shoulder on the trailing edge of 

the 1,2-dimethyl-4-nitroimidazole peak. The polaro- 
graphic reduction potentials of the nitroimidazoles 
in O.lM acetate buffer (pH 4.5) are shown in Table 

2, and show that polarography would permit analysis 
of a two-component mixture but not of a more 
complex system. A solution to this problem lies in 
combining selective polarographic determination 
with the HPLC separation. 

Several methods of polarographic detection are 
possible, including direct current polarography and 
the pulse polarographic techniques, in which a rect- 
angular polarization-voltage waveform is used. 

Differential pulse polarography acts as a selective 
detector since the applied (ramp) potential can be set 
for the peak of the desired compound, and other 
compounds with different peak potentials will not be 
detected. This may be used for the selective detection 
of compounds which have the same capacity ratios 
but different reduction potentials. We have used this 
technique for the detection of those nitroimidazoles 
which could not be resolved by photometric de- 
tection. 

A hanging mercury drop electrode (HMDE) was 
used in the electrochemical detector to eliminate noise 

from varying drop size. A check of the polarographic 
curves of the nitroimidazoles in the eluent indicated 
cathodic shifts of 15-25 mV. The reduction potentials 
of the compounds in the eluent are shown in Table 

2. This table suggests that two potentials may be 
useful for these compounds-a potential of 
-400 mV r’s, Ag/AgCl would be suitable for 

2nitroimidazole, I-methyl-5-nitroimidazole, met- 
ronidazole and dimetridazole, and a potential of 
-514 mV US. Ag/AgCI would be suitable for the 
other four compounds. Figure 2 illustrates the select- 

Table 1. HPLC characteristics of nitroimidazoles in 5% v/v aqueous ethanol. 

Detection 
Compound k’ Sensitivity* limit, ng 

A 2-nitroimidazole 2.09 0.141 1 
B 4-nitroimidazole 2.09 0.096 2 
C 2-methyl-5-nitroimidazole 5.18 0.054 3 
D I-methyl-4-nitroimidazole 6.46 0.032 4 
E 1,2-dimethyl-4-nitroimidazole 9.50 0.021 7 
F metronidazole 10.00 0.021 I 
G 1-methyl-5-nitroimidazole 12.36 0.032 4 
H dimetridazole 19.72 0.042 4 

*Absorbance per pg. 

Table 2. Polarographic characteristics of nitroimidazoles 

Peak potential, mV 

Compound in water in 5% ethanol 

A 2-nitroimidazole -312 - 392 
B 4-nitroimidazole -491 -511 
C 2-methyl-5-nitroimidazole -544 -564 
D I-methyl-4-nitroimidazole -552 -575 
E 1,2-dimethyl-4-nitroimidazole -498 -518 
F metronidazole -420 -435 
G I-methyl-5-nitroimidazole -408 -438 
H dimetridazole -380 - 399 

All solutions were 0.1M in acetate buffer (pH 4.5). Potentials were 
measured against an Ag/AgCI electrode. Conditions: differential 
pulse polarography; dropping mercury electrode; 50-mV pulse; 1 
drop/set; medium drop size; scan-rate 2 mV/sec. 
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Table 3. HPLC electrochemical detection of nitroimidazoles in pH 4.5 
0.1M acetate buffer containing 5% ethanol 

Compound 

Applied Detection 
potential, limit. 

mV nR 

A 2-nitroimidazole -400 300 

3 4-nitrojmidazoie -514 320 

E 1,2-dimethyl-4-nitroimidazole -514 325 

F metronidazale -400 320 
H dimetridazole - 400 600 

A 

B 
Potent’al set ot -4oomv 

C 

@I 

Potential set at -514 mv 
D 

F 

E h 
I I I 

12 24 36 

Minutes 

Fig. 2. HPLC chromatograms of nitroimidazoles with elec- 
trochemical detection: 5% ethanol in 0.1 M pH-4.5 acetate 
buffer. A, Polarograph potential set at -400 mV; peaks for 
A, 2-nitroimidazole; F, metronidazole; H, dimetridazole. 
B, Polarograph potential set at -514 mV: peaks for B, 
4-nitroimidazole; C. 2-methyl-5-nitroimidazole; E, 1,2- 

dimethyl-4-nitroimidazole. 

ivity of the HMDE detection for 2- and 
4nitroimidazole, metronidazole and 1,2-dimethyl-4- 
nitroimidazole. The calibration curves were linear in 

the O.Ol-2.0,~g/ml range studied. Table 3 gives the 
applied potentials and detection limits for HPLC and 
electrochemical detection of these compounds. The 
sensitivity of the electrochemical detector was about 
two orders of magnitude poorer than that of photo- 
metric detection. This is partly due to difficulties from 
oxygen in the electrolyte and to pump pulsations. 
Most electrochemical work reported in the literature 
is for the oxidative mode, where dissolved oxygen is 
not a problem. 
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DETERMINATION OF TOTAL PHOSPHORUS IN WATER 

BY PHOTOCHEMICAL DECOMPOSITION WITH 

ULTRAVIOLET IRRADIATION 
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Summary-A simple and convenient photochemical decomposition method has been developed for the 
determination of total phosphorus in natural and sewage water. Organic phosphorus compounds and 
inorganic polyphosphates may be completely converted into orthophosphate in the presence of 0.3M 
sulphuric acid and 0.12% potassium persulphate with 50 min irradiation. The relative standard deviations 
found for analysis of natural water (P 35 pg/l.) and sewage (P 2.4 mg/l.) were 5.7% and 1.0% respectively. 
The method gives results comparable to those obtained by digestion with persulphate. 

Armstrong et al.’ first used a high-pressure mercury- 

arc lamp to decompose organic phosphorus com- 
pounds in sea-water for determination of organic 

phosphorus. They showed that phosphorus may be 
liberated as orthophosphate from organic matter by 
irradiation for 2 hr in the presence of hydrogen 

peroxide, and that inorganic polyphosphates were 
not hydrolysed by the same procedure. Their 
apparatus handled 12 samples at a time. Later, 
Henriksen’ combined thermal hydrolysis with photo- 
decomposition to decompose polyphosphates in 
order to determine total phosphorus in water, and 
designed equipment for simultaneous treatment of up 
to 24 samples. Goossen and Kloosterboer3 used a 
75-W Zn-Cd-Hg medium-pressure lamp to convert 
organic and hydrolysable phosphates completely into 
orthophosphate in only 30 min. In their reactor, 
however, only one water sample (50 ml) could be 
irradiated at a time. 

The method of photo-decomposition is particularly 
attractive, but the earlier procedures had the disad- 
vantage of either long irradiation times or restriction 
to one sample at a time. We have chosen potassium 
persulphate as a photochemical oxidant, and have 
found it more effective than hydrogen peroxide, 
which is commonly used. In 0.3M sulphuric acid 

containing 0.12% potassium persulphate, the photo- 
decomposition of organic phosphorus compounds 
and the thermal hydrolysis of polyphosphates may be 
completed in 50 min by irradiation. In our reactor, 12 
water samples can be decomposed simultaneously. 

EXPERIMENTAL 

Apparatus 

The reactor (Fig. 1) consists of a 1000-W high-pressure 
mercury-arc lamp (1st Lamp Factory, Shanghai, China), a 
reactor body (65 cm long, 24 cm diameter) and a cooling 
fan. The guard tube used by Henriksen is unnecessary. The 
reactor holds twelve sample tubes, each with a capacity of 
50 ml. The sample tubes are made of fused quartz and a 

stopper with a capillary hole is needed to relieve the pressure 
generated during the irradiation. 

The standard flasks and sample tubes are filled with 
concentrated sulphuric acid, stood overnight, then emptied 
and thoroughly rinsed. They are kept filled with distilled 
water when not in use. The treatment with sulphuric acid is 
required only occasionally. 

Reagents 

Potassium dihydrogen phosphate (99.8% pure, 0.1098 g) 
was dissolved in redistilled water and made up to 500 ml (P 
50 mg/l.), and diluted 500-fold before use. All organic and 
inorganic phosphorus-containing solutions were prepared 
with a phosphorus concentration of 1000 pg/l. and stored 
in dark brown bottles, Potassium persulphate (7.5 g). 
previously recrystallized and dried in a desiccator. was 
dissolved in 250 ml of redistilled water. This solution may 
be stored for two weeks in the dark at room temperature. 

Procedure 

A calibration graph is prepared by the method described 
by Shoji et a1.4 The same slope is obtained with or without 
photo-decomposition applied to the standards, For photo- 
decomposition, pipette the phosphorus-containing solutions 
(IO-30 ml) into sample tubes, To each, add 2.0 ml of 3.0% 
potassium persulphate and 1.0 ml of 7.5M sulphuric acid 
and make up to 50 ml with redistilled water. Put the sample 
tubes into the reactor and switch the lamp on. After IO min 

Samp 
lube 

Mercvry 
OTC lamp 

Fig. 1. Diagram of photo-decomposition reactor. 
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Table 1. Effect of acidity on the hydrolysis of poly- Table 3. Results of interference test 
phosphates 

Na,P,07’ IOH,O (Nap% 

[H&),1, M 0.1 0.2 0.3 0. I 0.2 0.3 
Hydrolysis, % 21.6 37.2 44.9 18.6 35.4 51.2 

P added, pg:‘l. 
Recovery. 

PO:- (PO,), organic P P found, pg;I. % 

250 250 250 164 102 
250 0 500 755 101 
200 200 400 790 98 

irradiation, turn on the cooling fan and continue to irradiate 
for a predetermined time. After cooling. pipette a suitable 
volume for determination of orthophosphate. In water 
analysis. use the same procedure but with an overall 
irradiation time of 50 min. 

Table 4. Water analvsis for total P 

Phosphorus found 

RESULTS AND DISCUSSION 

Natural water. Sewage, 

k% ;I. mg /I. 

Sample (a) (b) (a) (bl 
Acidity 

Initial experiments showed that even if the irra- 

diation time was prolonged to 2 hr, the polyphos- 
phates may not be hydrolysed to orthophosphate in 
neutral medium.’ According to our experiments, the 
major factors for hydrolysis of inorganic poly- 
phosphates are the acidity and temperature of the 
solution. Solutions of sodium pyrophosphate and 
hexametaphosphate (both containing 400 pg of 
phosphorus per I.) were adjusted to different acid 
concentrations, and irradiated for 20 min. The results 

(calculated as orthophosphate) given in Table 1 show 
that the hydrolysis depends on the acid concen- 

tration, and the results are not affected by the pres- 
ence of potassium persulphate. According to Table 1, 
it seems that a still higher acidity might give higher 
yields of orthophosphate. We have tested acidities up 
to 0.5M, and the rate of hydrolysis was not much 
increased when the acidity was higher than 0.3M 
sulphuric acid. To avoid the tedious adjustment of 

I 28 24 11.70 11.70 
2 26 29 3.87 3.69 
3 22 24 3.15 3.21 
4 42 41 1.48 1.39 
5 324 321 

(a) Proposed method. (b) Wet chemical 
digestion with potassium persulphate 
in an autoclave.6 

pH for the irradiation and again for the final deter- 
mination, 0.3M sulphuric acid was used in further 
work. 

Temperature and irradiation time 

The rate of hydrolysis of inorganic polyphosphates 
is dependent on temperature. In our reactor, the heat 
needed for hydrolysis is supplied by the high-pressure 
mercury-arc lamp. It has been found that the sample 

100 I ” /-- 
-b 

I I I 

10 20 30 

Time (min) 

Fig. 2. Relationship between temperature and irradiation 
time. O--O The cooling fan was turned on after 10 min 
irradiation. 0-0 The lamp and the cooling fan were 

turned on at the same time. 

10 20 30 40 

Time (min) 

Fig. 3. Photo-decomposition of organically bonded phos- 
phorus in 0.3M H$O, containing 0.12% K&O,. 0-O 
P 400 IcgJ. in 0,0-dimethyl-(2.2.2.trichloro-1-hydroxyethyl) 
phosphonate solution. l ---@ P 400 PgI. in triethylphos- 

phate solution. 

Table 2. Effect of irradiation time on the hydrolysis of polyphosphates (400 pg 
of P per 1.) 

Irradiation 
time, min 20 25 30 35 40 50 60 120 

Hydrolysis, PzO:- 44.9 56.8 73.7 97.8 98.2 99.4 98. I 100 
% WA), 51.2 58.9 80.3 96.4 98.3 99.2 100 98.6 
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Table 5. Reeoveries of total phosphorus spikes 

Water sample 1 2 3 4 5 6 7 8 
Original P, pg//. 16 23 19 37 293 185 484 393 
Added P, #g/l. 63 63 63 63 625 625 625 625 
P found, /(g/l. 77 81 90 88 907 823 1100 1010 
Recovery, % 97.5 94.2 110 88.0 98.8 102 99.2 99.1 

solutions may be brought to their boiling point much 
faster by the proposed system with controlled cooling 
than by the commonly used cooling methods.‘,* The 
relationship between temperature and irradiation 
time for different cooling methods is shown in Fig. 2. 
For 0.3A6 sulphuric acid and controlled cooling, the 
results given in Table 2 show that irradiation for 
longer than 40 min does not increase the concen- 
tration of orthophosphate in solution. To ensure 
complete photo-decomposition, water samples are 
irradiated for 50 min, and then analysed for their 
orthophosphate contents. 

Photo-decomposition of organically bonded phos- 

phorus 

The most favourable acidity for photo- 
decomposition of organic phosphorus compounds 
was found to be pH 2-4, and most of these com- 
pounds may be completely decomposed by irra- 
diation for 10 min in the presence of potassium 
persulphate. Phosphorus may also be liberated from 
organically bonded materials by irradiation in 0.3M 
sulphuric acid containing potassium persulphate. In 
this case, however, at least 35 min are required for 
completing the reaction (Fig. 3). 

Glycerol-2-phosphate, O,O-dimethyl-2,2-dichloro- 
vinyl phosphate, O,O-dimethyl-U-( I-chloro-l-N,N- 
diethylcarbamoyl) phosphate, tributylphosphine 
oxide, ~,~-dimethyl-~-(N-methy~carbamoyl)methyl 
phosphorodithioate, and 0,O -dimethyl-S-( 1,2-dicarb- 
ethoxyethyi) dithiophosphate are all decomposed 
quantitatively. In view of the quantitative decom- 
position of these compounds, it seemed pointless to 
test others. 

Interferences 

Mixtures of phosphorus compounds in different 
ratios were added to water. The results given in Table 
3 show that there was no mutual interference between 
the different phosphorus compounds in the photo- 
decomposition and dete~ination process. 

Annlysis of water samples 

Various water samples, including natural and 
sewage water, were analysed by the proposed method 
and commonly used methods. The results are shown 
in Table 4. 

Precision and accuracy 

The precision for total phosphorus determination 
was measured as the relative standard deviation of n 
replicate analyses of natural water (mean P 35 /fgjl., 
r.s.d. 5.7%, PI = 10) and sewage (mean P 2.38 mg/l., 
r.s.d. l.O%, n = 8). The accuracy was assessed by 
measuring the recovery of known amounts of phos- 
phorus added to water samples. The results are 
shown in Table 5. 
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NAFRONYL ION-SELECTIVE MEMBRANE ELECTRODES 

AND THEIR USE IN PHARMACEUTICAL ANALYSIS 
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Summary-A simple potentiometric method is described for the rapid determination of nafronyl-drugs 
in pharmaceutical preparations such as tablets. Nafronyl ion-selective membrane electrodes with 
either the nafronyl-dipicrylamine ion-pair complex in 1,2-dichloroethane or the nafronyl- 
dinonylnaphthalenesulphonic acid ion-pair complex in a PVC matrix as electroactive materials were used. 
Both electrodes exhibit near-Nernstian responses to protonated-nafronyl activity from lo-* to about 
10mSM. in pH ranges that depend on the nature of the electroactive material used in the membrane. 
Nafronyl in the mg-range can be determined by potentiometric titration with sodium tetraphenylborate 
solution, with a relative standard deviation of less than 2.0”,. No interference from any excipients in the 
tablets was observed 

Ion-selective membrane electrodes are used exten- 
sively for quality control of various drugs and have 
become a useful tool for solving analytical problems 
connected with complex pharmaceutical formu- 
lations.‘-s Some of these sensors are responsive to a 
large number of compounds, whereas others are 
specially designed to be highly selective for a partic- 
ular substance, and are often not commercially avail- 
able. Not all such sensors provide acceptable sensi- 
tivity and selectivity for the drug of interest. 

In this paper, two types of nafronyl-selective mem- 
brane electrodes are described, one based on the 
nafronyl-dipicrylamine ion-pair complex dissolved in 
1,2-dichloroethane, and the other on the 

nafronyl~dinonylnaphthalenesulphonic acid (DNNS) 
ion-pair complex embedded in a PVC matrix. These 
electrodes exhibit useful analytical characteristics for 
the determination of nafronyl-drugs either as the 
pure substances or in complex pharmaceutical prepa- 
rations. 

Nafronyl oxalate [2-( I-naphthyl)methyl-3-(2-furyl) 
propanoic acid 2-(diethylamino)ethyl ester oxalate, 11 
is a well-known vasodilator used (as “Praxilene”) in 
therapeutical practice since 1 972.6 

CH2 
\ COOH 

/ 

CH COOCH2CH,N ( C2H& * 1 

COOH 

CH2 

I 

*Department of Analytical Chemistry. National Institute of 
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tAuthor for correspondence. 

EXPERIMENTAL 

ReagentS 

All reagents, except nafronyl oxalate (which was syn- 
thesized and purified by us) were of analytical-reagent 
grade. Pharmaceutical preparations were purchased from a 
local drugstore. 

Standard O.OlM nafronyl oxalate solution was prepared 
by dissolving the appropriate amount in acetate buffer 
solution (pH 4.5). Working solutions were prepared by 
serial dilutions with pH-4.5 acetate buffer. Standard 0.05M 
sodium tetraphenylborate was prepared and standardized as 
previously described.’ 

Apparatus 

Potentiometric measurements were made with a Prac- 
itronic type MV 870 pH,‘mV meter and potentiometric 
titrations were performed with an automatic Radiometer 
assembly composed of a TTT2 titrator, ABU 12 autoburette 
and SBR 2C titrigraph recorder. The pH measurements 
were made with a Radiometer G 202C glass electrode and 
a saturated calomel electrode. For all measurements a 
Radiometer K 401 saturated calomel electrode was used in 
conjunction with the indicator electrode. 

Nqfron~l~dipicr.~lamine liquid ion-exchanger 

The nafronyldipicrylamine complex was precipitated by 
mixing 10 ml of O.OlM nafronyl oxalate with 10 ml of O.OlM 
dipicrylamine solution (made by dissolving the reagent in 
5% sodium carbonate solution by heating) in a separatory 
funnel. and dissolved in 25 ml of 1.2-dichloroethane by 
shaking the mixture for about 15 min. The organic phase 
was separated, dried by passage through a folded filter paper 
containing anhydrous sodium sulphate, transferred to a 
50-ml standard flask and made up to volume with 
1.2-dichloroethane. This solution (5 x lO_‘M concen- 
tration) was the electroactive material for electrode A. 

Construction of electrodes 

Electrode A was made by impregnating the support 
material (a graphite rod 15 mm long and 6.5 mm in 
diameter, made water-repellent and with a stainless-steel 
wire inserted in it to serve as reference) with the electroactive 
material obtained as described above. The electrode was 
stored in the electroactive material solution between mea- 
surements. 
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The construction of electrode B, based on the 
nafronyl-DNNS ion-pair, has been described elsewhere.R ‘a 
The membrane composition was 4.07; DNNS, 64.Ou/, plas- 
ticizer (o-nitrophenyloctyl ether) and 32.0”/, PVC. The 
electrode body was filled with lO_‘A4 nafronyl oxalate 
solution at pH 4.5 (acetate buffer). The electrode was 
preconditioned by soaking it for 24 hr in O.OlM nafronyl 
oxalate and was stored in the same solution when not in use. 

Potmriornerric ritration oJ nqfronyl oxalate 

A 25.0-m] ahquot of the sample solution (adjusted to pH 
4.5 with acetate buffer) was pipetted into the reaction-cell 
and titrated with 0.05M sodium tetraphenylborate. The 
inflection point of the titration curve was taken as the 
end-point. 

Potentionwtric assay of nafronyl oxalate in tablets 
Five tablets were finely powdered and a portion of the 

powder equivalent to about 50 mg of nafronyl oxalate was 
weighed into a SO-ml beaker, dissolved in about 30 ml of 
pH-4.5 acetate buffer and potentiometrically titrated as 
above. 

RESULTS AND DlSCUSSION 

Characteristics of the electrodes 

Typical calibration curves for the electrodes at 
constant ionic strength and pH (both adjusted with 
pH-4.5 acetate buffer) are shown in Fig. 1. 

The e.m.f. measurements were made with an elec- 
trochemical cell of the type: 

Nafronyl 

I 

Nafronyl oxalate 

electrode (10-6-lO~*M), 

! 

S.C.E. 

(A or B) I = constant, pH = 4.5 

The e.m.f. is given by: 

EcA, = Ebo, + 0.051 log [nafronyl+ I 

(for electrode A) (1) 

and 

L&, = E&s, + 0.052 log [nafronyl+l 

(for electrode B) (2) 

k? 
UJ 200 

P 

2 
G 150 

100 

I 

\ b 
X- 

““L 
01234567 

pCNafronyl+l 

Fig. I Electrode functions for (a) electrode A, (b) electrode 
B (constant ionic strength and pH maintained with pH 4.5 

acetate buffer). 
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PH 

Fig. 2. Effect of pH on the response of (a) electrode A, (b) 
electrode B to 10m4M nafronyl oxalate. 

where the Ei values are the conditional standard 
potentials for electrodes A and B, under the condi- 
tions for use of the cell. The electrode responses are 
linear over the range from lo-* to about 10m5M, with 

sub-Nernstian slopes. Electrode B reached stable 
potential readings (kO.2 mV) within 3&60 set, de- 
pending on the nafronyl concentration; the response 
time of electrode A was a bit longer, but still less than 
1 min for lo-* and lo-‘M solutions. The detection 

limits were 1.0 x 10m5M for electrode A and 
3.2 x 10m6M for electrode B. 

The influence of pH on the electrode responses to 
10m4M nafronyl oxalate is shown in Fig. 2. The 
working pH range depends on the nature of the 
electrode. In acidic medium the nafronyl-DNNS 
complex is stable, but the nafronylldipicrylamine 
complex is not, the dipicrylamine becoming pro- 
tonated. Electrode A is H+-sensitive outside the pH 
range from about 5 to 7. At pH > 7 free base 
precipitates in the aqueous test solution, the concen- 
tration of unprotonated nafronyl species increases, 
and lower e.m.f. readings are recorded for both 
electrodes. 

Potentiometric selectivity coefficients for both elec- 
trodes were measured by the mixed solution method 
and calculated as previously described.“’ Both elec- 
trodes show high selectivity with respect to most 
inorganic and organic cations tested. The selectivity 
coefficients, Kc&+ ,,: + with respect to glycine, 
L-histidine, methionine, nicotinamide, atropine, sco- 
polamine, diethanolamine, K +, Na + , Cal + and Mg’+ 
were all less than 10-j. Most excipients in pharma- 
ceutical tablets (usually lactose or glucose as diluent 
and corn starch or gelatin as binder) do not interfere. 

Analytical applications 

For the determination of nafronyl in aqueous 
solutions either the standard-addition method or 
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potentiometric titration can be used. We found ti- 

tration to be advantageous, especially for assay of 
complex pharmaceuticals. When 0.05M sodium tetra- 

phenylborate is used as titrant, the potential jumps 

around the equivalence point are high enough for 
accurate evaluation of the equivalence volumes. 

The average recovery in analysis of six pure na- 
fronyl oxalate samples, each in duplicate and weigh- 

ing between 40 and 70 mg was 100.6%, standard 
deviation 1.9%. For nafronyl oxalatc assay in three 
pharmaceutical products a relative standard devi- 
ation of I .O-1.5’>,, was obtained. 

The potentiometric method requires no prior sepa- 

ration steps and may be applied directly to coloured 
or turbid solutions. The accuracy of the method is 
typical of most ion-selective electrode potentiometric 
titrations of pharmaceuticals. 

REFERENCES 

2. Idem. Memhranc~ Electrodes in Drug-Suhsrunce.s Anul- 
j..vis. Pergamon Press. Oxford. 1982. 

3. T. C. Pinkerton and B. L. Lawson. C/in. Chem.. 1982. 
28, 1946. 

4. E. Pungor. 2. Feher. G. Nagy and K. Toth. Anal. Proc., 

1982, 19, 79. 
5. V. V. Cosofret and R. P. Buck. lowSc~lectiw Elecirodc 

Rw.. 1984. 6, 59. 
6. M. Sittig, Phurmuwuiicul Mum!fircturin,y Encyclopdiu. 

p. 437. NDC. Park Ridge. N.J.. 1979. 
7. D. Negoiu. M. S. Ionescu and V. V. Cosofref. Trrlnntcr, 

1981. 28, 377. 
8. G. J. Mood\. R. B. Oke and J. D. R. Thomas. ilnrrl1~sr. 

1970. 95, 9io. 
9. C. R. Martin and H. Freiser. Anul. Ckw.. 1980. 52, 

562. 
IO. V. V. Co$ofreJ and R. P. Buck. Anal. C‘him. Acfcr. 1984. 

162, 357. 

Dedication-Dedicated to Bob Chalmers. with congratulations and greetings from the Black Sea. 



003').9140.X6 $3.00+0.00 
Pergamon Pre.a Ltd 

ANALYTICAL DATA 

CORRECTION FACTORS FOR THE GLASS ELECTRODE 

IN AQUEOUS NJ-DIMETHYLFORMAMIDE SOLUTIONS 

GUSTAVE GONZALEZ, DANIEL ROSALES. Jaw L. GOMEZ ARIZA and ALFONSO GUIRAUM PEREZ 

Department of Analytic:il Chemistry. Faculty of Chemistry, University of Seville. 41012 Seville. Spain 

(Rcceired 24 Jull, 1985. Accepted 13 September 1985) 

It is well known that titrations arc often done in 
aqueous organic solvent media in order to determine 
pK, values for sparingly soluble compounds, with 
measurement of so-called pH-values obtained by use 
of a pH-electrode and a pH-meter, generally cali- 
brated with aqueous buffers. The bias due to neglect- 
ing the medium effects and the liquid-junction poten- 
tials leads to a non-thermodynamic or “apparent” 
pK, value. 

When a pH-meter is calibrated with aqueous 
buffers, and the pH-measurement is made in mixed 

solvent solutions, the absolute error in the pH is given 

by 

,pH - B = log Uo, = log,?, + (‘c, - “E,)F/2.303RT 

It has been known for some time that there are 
several aprotic polar solvents in which I:1 electro- 
lytes are dissociated at low concentrations. We have 
chosen NJ-dimethylformamide (DMF) as such a 
solvent to study the pK, variations of a set of acidic 
systems because its diclcctric constant is relatively 
high. but lower than that of water, and because of its 
frequent use as a polar solvent. By means of the Van 
Uitert and Haas’ method. and using the relations 
reported by Reynaud’ for ionic activity coefficients in 
DMF-water mixtures, we have obtained the cor- 
rections to be made to glass-clcctrode readings for 
O-90% v/v mixtures of DMF with water. 

where ,pH is -log a,, in the mixed solvent, B is the 
reading of the pH-meter and ‘E, and ‘+E, arc the 
liquid-junction potentials between the saturated 
aqueous solution of potassium chloride and the aque- 
ous or the mixed-solvent solution respectively. The 
term log Q!, is usually called the “correction factor” 
for the glass electrode,‘.‘,“ and ,,,yH is the hydrogen- 
ion activity coefficient in the medium used. 

If the stoichiometric concentration, C,. of a strong 
acid (e.g., hydrochloric acid), in a mixed-solvent 
solution is known, the ,pH value can be evaluated by 
means of the expression 

,pH = -log ,uH = -log C, - log ,;‘k, 

The ionic activities can be evaluated as reported by 
Reynaud.’ By comparison of the ,pH value with the 

Table I. Evaluation , of log U: at 25 C 

DMF. DMF Density, Dielectrict 
“/” (“L mole fraction log (;;;Fs’ da’. g/ml constant 

0 0 0.001 * 0.005 0.997, 78.54 
5 0.012 -0.055 * 0.003 0.996, 77.93 

I 0 0.025 -0.088 f 0.009 0.996, 77.32 
15 0.039 -0.091 * 0.004 0.996, 76.10 
20 0.052 -0.093 i 0.006 0.996, 74.86 
25 0.07 I -0.129&0.004 0.996, 73.63 
30 0.089 ~0.182,0.018 0.995, 72.40 
35 0.109 -0.247 k 0.013 0.995, 70.96 
30 0.131 -0.309 * 0.005 0.995, 69.52 
45 0. I55 -0.344 * 0.019 0.995, 67.73 
50 0.1x2 -0.386 k 0.010 0.995,) 65.95 
55 0.21’ -0.468 + 0.003 0.994, 63.84 
60 0.247 -0.476 + 0.01 I 0.992, 61.74 
65 0.286 -0.490 f 0.020 0.991, 59.27 
70 0.332 -0.536 f 0.007 0.987, 56.73 
75 0.387 -0.560 f 0.015 0.983, 53.88 
80 0.454 -0.491 + 0.009 0.978, 51.04 
85 0.537 -0.422 k 0.006 0.972, 48.20 
90 0.647 - 0. I76 + 0.009 0.964, 45.35 

*The values of log L’;, (,s = standard deviation) were the averages from three 
independent experiments on solutions of the same solvent composition at 
different ionic strength and hydrogen concentration. 

+From Bougard and Jadot.’ 
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apparent pH. B. the electrode correction is obtained 
by: 

logZ/“,=-logC,-log,y,-B=,pH-B 

With log Ui known, the corrections to the apparent 
pK, can be obtained by means of the expression: 

,pK, = apparent pK, + log Ui 

where ,pK, is the pK,, value in the standard state in 

the mixed solvent. 

We have used a typical cell 

.&SS HCI in mixed saturated KCI 

electrode ~ solvent solution solution in water 

The pH-meter was calibrated at 25-C k 0.1_ with aque- 
ous buffers. The correction factors, log Q!,, for the 

glass electrode in aqueous mixtures of DMF were 
evaluated by comparing the apparent pH values with 
the stoichiometric hydrogen-ion concentrations in 

O.OlL0.002M hydrochloric acid, corrected by means 
of the corresponding activity coefficient. The results 
obtained are given in Table 1. 

The small standard deviation of log r/U, indicates 
that the liquid-junction potentials are virtually con- 
stant for a given solvent composition. Furthermore, 

single log Uh evaluations in basic media (pH 8-9) 
showed negligible variation compared with those 
obtained in acid media. 

A minimum value for log UO, can be observed at 

a DMF mole fraction of 0.4. This behaviour is in 
good agreement with that reported by other authors 
for ion-solvent interactions in aqueous DMF media, 
showing that in such mixtures AC; and other proper- 
ties show an extremum at around that composition.’ ’ 

Further experiments in order to evaluate other ,pK, 

changes in water-DMF mixtures will be the subject 

of a future paper. 
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Summary-An automated Row-injection system with a computer-controlled sample changer, injection 
device and digital photometer IS described. for use with an Apple II. The software is understandable, 
flexible and easily adaptable to different computers provided with the programming language FORTH. 

FORTH is a relatively new computer language and 
quite unknown to most analytical chemists. It com- 
prises an operating system, assembler, interpreter, 
compiler, editor and so on. Since FORTH is all these 
things at once, it can be described as a programming 
environment. The language is easy to learn and 
makes otherwise complex programming straight- 
forward and simple. In contrast to the standard 
languages, it is not restricted by a finite set of 
instructions and data structures. The user can create 
his own extensions for the required application. All 
the programming work consists of adding new words 
to a rather limited dictionary already known to the 
machine. The programs operate very rapidly and 
efficiently, retaining the advantages of an interpreter 
and the speed of a compiler, and can still be more 
compact than assembler.’ ’ 

For analytical instrumentation FORTH provides 
an environment for on-line control, data-acquisition, 
data-processing and report-generation. Some intro- 
ductory papers on FORTH are already available in 
the analytical literature. 4 ’ A software package in 
BASIC for automated flow-injection analysis by use 
of a professional computer was described earlier.” As 
an exercise a similar program has been written in 
FYSFORTH 0.3 for the same instrumental arrange- 
ment, with an Apple II computer.’ 

Flow-injection analysis is a widely used, reliable 
and versatile routine method for the determination of 
various chemical constituents.‘” It is based on the 
injection of a small volume of sample into a con- 
tinuously flowing stream. The moving bolus may be 
treated with reagents, diluted, incubated, dialysed, 
extracted etc., and the final product is led to a 
detector to generate a peak-shaped signal. Cali- 
bration is done with standards similarly treated, 
with use of the height, width or area of the peaks. 
Operation of the system is easy to automate with a 
computer. This paper describes a program for con- 
trol of the sample changer, switching of the injection 

*Author for correspondence. 

valve and registration of the signal. Additionally 
the flow-rates, the sample-size and the lengths of 

the reaction coils may be placed under computer 
control. In automated flow-injection analysis the 
application of on-line optimization as well as on-line 
calibration are real possibilities that have recently 
been developed.“.” 

Hardware 

The entire system comprises: 

(I) an Apple II equipped with minima1 one-disk 
drive and the parallel interface U-DT (two 16-bit 
6522 I/O) in slot 4; 

(2) a Gilson Minipuls II pump and a Skalar 
Sampler i 000 sample-changer; 

(3) a BIFOK FIA 05 flow-injection device with an 
LIOO-1 injection valve and an FIA 06 photometer. 

To demonstrate the approach an arbitrarily chosen 
routine method serves as an example. The complete 
system for the determination of chloride in aqueous 
samples in the ppm-range’” is depicted in Fig. I. 
Figure 2 shows the most important connecting lines 
between the computer and the instrumental arrange- 
ment. The sample-changer is interfaced so that all its 
functions are directed by the computer. The switches 

ml /mm 

Hq (SCN I2 0 

Fe 3t 2.0 
I I 

Fig. I. Scheme of the flow-injection system for the deter- 
mination of Cl- with Hg(SCN)? and Fe3+ in water.‘” The 
hardware consists of a peristaltic pump P, a sample changer 
S, an injection valve I, the waste W, a reaction coil C, a 

photometric detector D and an Apple II computer. 

107 



108 F. T. M. DOHMEN and P. C. THIJSSEN 
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Fig. 2. Scheme of the most important lines connecting the computer to the sample changer, injection device 
and photometer. The different functions are explained in the text. 

of the wash, sample turntable disk, and left and right 
sampler-arm motors are controlled by parallel out- 
put. The status of the micro-relays indicating the 
position of the disk and sampler arm is read in by 
parallel input. In a similar way the rotation of the 
injection valve is controlled by the computer. The 
BCD-output of the digital photometer is connected 
to the parallel input of the computer (O-l V, 12 bits 
for 3 digits). 

Software 

The programming in FORTH starts from the 
original dictionary. After some initial definitions it 
moves to user-understandable words such as 
Check.system, Injection, Move.disk, Move.sampler, 
Read.bcd and Measure. Then these themselves are 
used to make up the main program, called Fia. A 
short description of the most important words in the 
program listing follows (see below). Communication 
between different words is provided by a data stack, 
in addition to constants, variables, strings or user- 
defined data-structures. Usually single-length num- 
bers in the range from -32,768 to 32,767 are em- 
ployed on the data stack. The data required by a 

word are shown between brackets, with the top of the 
stack to the right separated by an arrow (-) from the 
data returned after execution: 

Numbers: denote the number of data points to be 
measured. 
Disk.position: is the current position of the turntable 
disk. 

,___ 

600 - I 
\ 
: 

I I I I I 
0 200 400 600 600 I 

Mmmum : 908 
Intcqro1 : 392 

Fig. 3. Example of a digitized flow-injection peak as dis- 
played by the graphics of the Apple II. 
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Target: is the direction in which the sampler arm has 
to be moved. 
Maximum: denotes the height of the measured peak. 
Integral: denotes the area of the measured peak. 
Inject, Left, Right, Disk and Wash: define the required 
I/O-lines towards the injection valve and sample 
changer. 
Port.OB, Port.OA, Port.lB and Port.lA: are the 
memory locations in the computer of the two 16-bit 
parallel I/O-ports. 

FORGET-RLL 
LOAD GRCIPHICS.CMO 

REVISION FIR.REV ‘I--- FIA-SYSTER VSN 0.1 ___*v CR 

I OVPlLUE 
CREL)TE , , DOES> , 

* OI 
DUP G SWRP 2+ G SWAP , 

I O! 
SWAP OVER ’ 2+ ! , 

DECIMAL 

0 VALM NUMBERS 
0 VALUE OISK.POSITIDH 
0 VALUE TRRGET 
0 VALUE MAXIf'lUIl 

0 0 OVALUE INTEGRRL 

DISK OUTPUT THEN 
ELSE DROP BELL CR .” DISK ERROR ” 
THEN , 

2 TO BME 

00000001 CONBTANT INJECT 
00010000 CGNSTRNT LEFT 
00100000 CONSTANT RIGHT 
01000000 CONSTANT DISK 
10000000 CONGTRNT WGH 

t MOVE. SAMPLER 
0 TO TARGET 
LEFT INPUT 0, IF RIGHT TO TARGET THEN 
RIGHT INPUT 0, IF LEFT TO TARGET THEN 
TARGET 0) IF TARGET OUTPUT 

BEGIN TRRGET INPUT 0) UNTIL 
TARGET OUTPUT 
ELSE BELL CR . ” SRMFLER ERROR ” 
THEN , 

HEX 
8 WAIT 

C400 CONSTANT WRT.OE 
C401 CONSTANT PORT. 06 
C402 CONSTANT PORT.SGTO 
C410 CONSTANT PORT. 1G 
C411 CONSTANT PORT.lA 
C412 CONSTRNT PORT.SETl 

0 DO 10000 0 DO LOOP LOOP 8 

I REFID.GCO 
PORT. IA CO PORT. 15 CI 
I6 MOO 100 l SWAP 16 /NOD 10 l + + 1 

t INPUT 
PGRT.18 G AND , 

I CALCULATE 
OUP WAXIlIUM MPlX TO HCIXIWUII 
OUP S->D INTEGRCIL 05 O+ INTEGRAL O! , 

I OUTPUT I NEASURE 
PORT.08 I XDR PORT.OB ! , TO NUtlBERS 

0 1000 Y SIZE 
0 NUMBERS X SIZE 
PAGE BOX AXES NOMIX 
0 0 INTEGRCIL O! 0 TO MAXIMUM 
NUMBERS 0 00 

READ. GCO 
CALCULRTE 
I SWAP SCLILE PLOT 

LOOP 

8 CHECK. INTERFACE 
FFFF PORT.SETO ! 
FFFE PORT.OG ! 
0000 PORT.SETl ! 
PORT.SETO G FFFF XOR 
PORT.SETl G 0000 XDR 
OR IF SELL CR .” INTERFACE ERROR * 
THEN , 

OECIR/.U 

I CHECK.DISK 
DISK INPUT 0- IF 
BELL CR . ” Press rmturn to Start dlmk * 
KEY CR DROP 
DISK OUTPUT 
BEGIN 0xsK INPUT 0) UNTIL 
DISK OUTPUT THEN , 

8 CHECK. GAHPLER 
RIGHT INPUT 01 IF 
BELL CR . I* Prrsm r&urn to suck ..a,,,,. * 
KEY CR DROP 
RIGHT OUTPUT 
BEGIN RIGHT INPUT 0, UNTIL 
RIGHT OUTPUT THEN , 

8 CHECK. SYSTEM 
CHECK. 1NTERFL)CE 
CHECK. SAMPLER 
CHECK.OISK , 

Port.&0 and Port.setl: are the memory locations of 
the initial port settings for each line to be either input 
or output. 
Input (n -+ n): returns the status of the required input 
lines. 
Output (n +): switches and masks the desired output 
lines. 
Check.system: examines for a proper start for the 
status of the interface card, Check.interface, for the 
position of the turntable disk Check.disk, and of the 

t INJECTION 
INJECT OUTPUT 
INJECT OUTPUT I 

I WASH. MOTOR 
WRSH OUTPUT i 

I MOVE.OISK 
DISK INPUT O> IF 
OUP OUP O> IF DISK OUTPUT 
OISK.POSITION + 40 NGD TO DISK.POSITION 
0 00 

BEGIN DISK INPUT 0- UNTIL 
BEGIN DISK INPUT O> UNTIL 

LOOP 

HONE 22 VTAB 
. ” Maximum I ” MAXIMUM . CR 
.” 1ntmgra1 t * INTEGRAL DI 
NUMBERS M/ . DROP ‘ 

t FIA 
GRAPHICS 3 COLOR NDNIX 
CHECK. SYSTEM 
BEGIN 
PRGE 10 HTAE . * Flow Injection C)n4lYsis ” CR 
10 VTRB 0 HTRG . * Give nunb.r 04 smn~,.. I ” 
GUERY -WORD NUMGER 
1 - IF 
0 DO 

MOVE. SANPLER 
12 WAIT 
INJECTION 

1000 WEASURE 
1 HOVE.OISK 

LOOP 
THEN CR 
. ” Do You want to quit (Y/N) ” 
KEY ICY = UNTIL CR , 

Fig. 4. The program. 
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sampler arm Check.sampler. If not correct these 
words will signal and ask for action. 
Injection: rotates the valve that introduces the sample 
into the system. 
Wash.motor: switches the wash motor either on or 
Off. 

Move.disk (n +): steps the turntable disk a given 
number of places. 
Move.~mpler: the sampler arm is moved to the 
right-hand position from the left-hand, and ~+ee 
l*ersu. 
Read.bcd (-+n): reads a signal from the digital volt- 
meter and converts the BCD code into a 3 decimal 
value. 

Read&d /read the signal and display it 
Injection /rotate the valve 
5 Move.disk /move the disk five steps ahead 
Move-sampler /switch the sampler arm 

Fia /start the main program 

An example of a Row-injection peak measured and 
displayed by the graphics of the Apple Ii is shown in 
Fig. 3. The time scheduling of the delay in the 

different words should be found by experimentation, 
since no real-time provisions are employed. The 
software (Fig. 4) is flexible and can easily be extended 
if other advanced implementations are required. 

Measure (n +): performs the general layout for the 
graphics, reads and plots the measuremenls. The 
height and area of the peak-shaped signal are com- 
puted on-line by Calculate. These values are dis- 
played afterwards. 
Fia: the main program to perform flow-injection 
analysis checks first the status of the system and asks 
for the number of samples. Therafter, the samples are 
repeatedly taken, injected and measured, and the 
results are processed and plotted. The photometer 
signal is read 1000 times during 24 set, including 
plotting and processing of the measurements. One 
complete manipulation of the turntable disk and the 
sampler arm takes about 4 sec. For taking the sample 
into the injection loop (100~1) a pause of about 
12 set is provided by Wait (n -). Thus for each 
sample a total period of about 40 sets is required. 
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Summary-A rapid and sensitive spectrophotometric method has been developed for the micro- 
determination of some phenothiazine derivatives as the pure substances and in different dosage forms. 
The method depends on the formation of stable donor-acceptor complexes between phenothiazines and 
chloranilic acid in an acetonitrile-2-propanol solvent mixture. The resulting intensely purple chloranilic 
acid radical anion possesses a characteristic absorption maximum at 515 nm. Beer’s law is obeyed over 
the concentration ranges l-6, I-10 and 5-30 pg/ml for prochlorperazine dimaleate, trifluoperazine 
dihydrochloride and thiethylperazine dihydrochloride, with apparent molar absorptivities of 7.76 x 104, 
I .95 x IO4 and 6.64 x IO’ I. mole-’ .cm-‘, respectively. Statistical comparison of the results with those of 
an official method shows excellent agreement and indicates no sigmficant difference in precision. 

Numerous procedures are available for determining 
phenothiazine derivatives, e.g., titrimetric,’ 3 spec- 
trophotometric,4~6 polarographic,7 gas chromato- 
graphy’ and high-pressure liquid chromatography’ 
methods. Chloranilic acid, 2,5 - dichloro - 3,6 - 

dihydroxy-1,4-benzoquinone, has been used for 
determination of certain metal ions,“.” and recently 
has found application to the microdetermination of 
basic compounds by charge-transfer complex for- 
mation in various solvent systems. Several amino- 
acids have been determined in water,12 some alkaloids 
in dioxan,‘3’4 and piperazine and a number of its salts 
in chloroform-2-propanol mixture.15 

Phenothiazine derivatives are known to be power- 
ful electron donors, and hence to form charge- 
transfer complexes with many rr-acceptorst6 The 
donated electrons may originate either from the 
conjugated portion of the N-substituted pheno- 
thiazine, producing a n-n complex or from the 
terminal nitrogen atom of the substituent, as in the 
case of free phenothiazine bases, forming n-n com- 
plexes.” 

Although various workersI ” have reported the 
formation of charge-transfer complexes of pheno- 
thiazines with a large number of n-acceptors (not 
including chloranilic acid), their major interest’was to 
throw light on a proposed relation between phys- 
iological action and electron-donating power.” No 

attempt was made to utilize this sensitive reaction for 
the determination of phenothiazine drugs. 

The purposes of the present investigation were (a) 
to study the changes in the absorption spectrum of 
chloranilic acid on addition of phenothiazine free 

*To whom enquiries should be directed. 

bases, and (b) to develop a simple assay procedure for 
phenothiazine drugs as the pure substances as well as 
in various dosage forms. 

EXPERIMENTAL 

Apparatus 

Spectra were recorded on a Perkin-Elmer 550-S double- 
beam spectrophotometer, with l-cm cells. 

Materials 

Prochlorperazine dimaleate, trifluoperazine dihydro- 
chloride and thiethylperazine dihydrochloride were ob- 
tained from commercial sources and their purity was deter- 
mined by the BP and USP methods.z0,2’ 

Reagents 

All the chemicals used were of analytical-reagent grade 
and the solvents were of spectroscopic grade. A 0.1% 
chloranilic acid solution in acetonitrile, and 2% aqueous 
tartaric acid and 6M ammonia solutions were used. 

Preparation of sample solutions 

An accurately weighed IOO-mg portion of the pheno- 
thiazine salt was transferred into a 250-ml separating funnel 
with a little distilled water and alkalized to litmus paper with 
ammonia solution, I ml being added in excess. The liberated 
phenothiazme base was then extracted with five l5-ml 
portions of chloroform with shaking for 3 min each time. 
The extract was dried by shaking with anhydrous sodium 
sulphate for 5 min. then filtered into a IOO-ml standard flask, 
and finally made up to volume with anhydrous chloroform, 
which was also used to wash the sodium sulphate and filter. 

For preparation of working solutions in acetonitrile, an 
accurately measured volume (not less than I.0 ml) of this 
solution was evaporated to dryness by means of a stream of 
dry nitrogen and the residue obtained was dissolved in 
acetonitrile and made up to volume in a standard flask of 
suitable size with the same solvent. 

General procedure 

Accurately measured volumes of the acetonitrile solutions 

of the phenothiazine free bases, equivalent to 25-150, 
25-250 and 125-750 pg of prochlorperazine dimaleate, 

Ill 
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triflouperazine dihydrochloride and thiethylperazine dihy- 
drochloride respectively, were transferred into a series of 
25-ml flasks, to give final concentrations of l-6, l-10 and 
5-30 pg/ml. Then 5 ml of chloranilic acid solution were 
added to each followed bv 5 ml of 2-oronanol. The solutions 
were mixed well and made up to volume with acetonitrile, 
and the absorbance was measured at 515 nm against a 
reagent blank. A calibration graph was drawn or a re- 
gression equation calculated. 

Procedure for tablets 

Twenty tablets were weighed and finely powdered. An 
accurately weighed portion of the powder, equivalent to 
about 50 mg of the phenothiazine salt, was treated in the 
same way as the pure drugs in the calibration procedure, 
and an accurately measured volume of the acetonitrile 
solution thus obtained, containing about 0.08, 0.13 or 
0.5 mg of pr~hlor~razine dimaleate, trifluoperazlne dihy- 
dro~hloride or thiethyl~razine d~hydrochlo~de, re- 
spectively, was transferred into a 25ml standard flask and 
treated in the same way as the standards. 

Procedure for mjections 

An accurately measured volume of the mixed contents of 
ten ampoules, equivalent to 50 mg of the drug, was analysed 
as just described for tablets. 

Procedure for suppositories 

Ten suppositories were accurately weighed, broken up 
into small pieces, melted and mixed well. An accurately 
weighed portion equivalent to 50 mg of phenothiazine drug 
was transferred into a 250-ml separating funnel and dis- 
solved in 50 ml of tartaric acid solution. The solution was 
shaken for 5 min with 50 ml of diethyl ether. The acid layer 
was then transferred into a second separating funnel and 
extracted with another 50 ml of ether, this operation being 
repeated once more. The combined ether extracts were then 
shaken for 5 min with 10 ml of tartaric acid solution, and 
the ether layer was discarded. The acid solution was then 
alkalized with ammoma and the analysis completed as 
already described. 

RESULTS AND DISCUSSION 

A chloranilic acid solution in acetonitrile is faint 
purple. The spectrum of 0.5 x 10e4M chloranif/c acid 
in acetonitrile possesses a major band at 3 15 nm with 
an absorbance of 0.86 @m-ionized form) and a broad 
very weak band at about 525 nm (chloranilic acid 
anion), Fig. I. Addition of phenothiazine bases to 
this solution causes an immediate change in the 
absorption spectrum, with a new characteristic band 
at 515 nm, believed to be due to chloranilic: acid 
radical anions. 

Reactions involved 

Chloranilic acid in organic solvents exists in the 
unionized form and acts as a x-acceptor in a similar 
manner to quinones. I2 Therefore, the addition of 
compounds possessing a lone pair of electrons, such 
as phenothiazine free base, results in formation of a 
charge-transfer complex of the n-n type. This com- 
plex is believed to be an intermediate molecular 
association compound, for which, in appreciably 
polar solvents, complete transfer of the charge takes 
place, producing the corresponding radical ion, 

which is responsible for the production of the intense 
absorption band at 515 nm, Fig. 2. 

R,r;5 + CA Z$ (R,N --+ CA) Z$ R;rj + CA 

This type of reaction was first reported by Buckley 
et a1.22 F&on and Lyons I8 have described a similar 
pathway for the reaction of a number of pheno- 
thiazine bases, which contain either tertiary or sec- 
ondary amino groups, with chloranil in acetonitrile 
medium. According to these authors, the chloranil 
radical anion band was measured at 540 nm. Further 
reaction between the radical ions results in formation 
of an aminoquinone derivative, which absorbs at 590 
nm, and the liberation of a chloride ion. This inter- 
pretation is supported by the experimental finding 
that a trimethylamine-chloranil mixture in ace- 
tonitrile also has two bands, at 540 and 590nm, 
corresponding to the chloranil radical anion and the 
aminoquinone derivative, respectively. 

O~t~~~~ation of variables 

To develop a quantitative method based on this 
reaction, a search was conducted for the most 
effective n-acceptor. 

Chloranil, bromanil, tetracyanoethylene and di- 
chlorodicyanobenzoquinone in various concen- 

i!! 
6 0.6 
0 

P 

=t 0.3 

I 1 I 1-I 8 r‘--~ I 

300 350 400 450 500 550 600 

Wavelength (nml 

Fig. 1. Absorption spectrum of 0.5 x 10m4M chloranilic acid 
solution in acetonitrile. 
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Fig. 2. Absorption spectrum of phenothiazine bases with 
chloranilic acid. A, 10 pg/ml trifluoperazine dihydro- 
chloride; B, 3 pg/ml prochlorperazine dimaieate; C, 

20 pg/ml thiethylperazine dihydrochloride. 
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Fig. 3. Effect of chloranilic acid concentration on formation 
of trifluoperazine drhydrochloride-chloranilic actd charge- 

transfer complex. 

trations failed to give quantitative results although 
many solvents were tried. In contrast, chloranilic acid 
in acetonitrile readily reacts stoichiometrically with 
all three phenothiazine derivatives investigated, form- 
ing a stable purple chloranilic acid radical anion. 
Acetonitrile proved to be the most suitable solvent. 
Chloroform, 2-propanol, dichloroethane and 
chloroform-2-propanol mixture were not suitable, 
because the complex formed in these solvents either 
had low absorbance or was precipitated on dilution. 

Pure acetonitrile as solvent was found to cause 
opalescence only with high phenothiazine concen- 
trations, and this difficulty was overcome by adding 
small amounts of 2-propanol. A 5:l v/v 
acetonitrile-2-propanol mixture was used success- 
fully for all the drugs investigated, over the concen- 
tration ranges examined. The reaction was instanta- 
neous and the product remained stable for at least I 
hr. 

The most effective chloranilic acid concentration 
was found to be given by use of 5 ml of 0.1% 
solution. Figure 3 shows the relationship between 
absorbance and concentration of chloranilic acid at 
fixed phenothiazine salt concentration. 

Performance characteristics 

Under the proposed experimental conditions, there 
was linear correlation between absorbance and final 
concentration over the ranges 14, l-10 and S-30 
pgg/ml, with corresponding molar absorptivities of 
7.76 x 104. 1.95 x lo4 and 6.64 x lo3 l.mole-‘.cm-’ 
for prochlorperazine dimaleate, trifluoperazine dihy- 
drochloride and thiethylperazine dihydrochloride, re- 
spectively. 

Table I. Determination of phenothiazine derivatives* 

Prochlorperazine Trifluoperazine Thiethylperazme 
dimaleate dihydrochloride dihydrochloride 

Taken, Mean recovery Taken, Mean recovery Taken, Mean recovery 
pgglml &SD., % pglml *SD., % pgglml *SD., % 

1 99.5 f 0.5 1 100.4 + 0.6 5 100.0 * 0.5 
2 100.3 + 0.4 2 99.8 * 0.4 IO 100.9 + 0.6 
3 100.2 + 0.5 3 100.0 * 0.4 I5 99.7 + 0.6 
4 IO1 .o f 0.4 5 100.7 + 0.8 20 99.8 * 0.5 
5 100.7 f 0.8 7 99.4 + 0.4 25 100.6 k 0.4 
6 101.1 +0.6 IO 99.8 & 0.3 30 99.5 f 0.5 

*Five determinations at each level. 

Table 2. Assay of phenothiazine derivatives in some pharmaceutical prepara- 
tions by the chloranilic acid and official methods 

Mean recovery + SD.*, % 

Chloranilic acid 
Drua method Official method? 

Prochlorperazine dimaleate 
Stemetil tablets, 5 mg§ 
Trifluoperazine dihydrochloride 
Stelazine tablets, 5 mg$ 
Stelazine tablets, 15 mg 
Thiethylperazine dihydrochloride 
Torican tablets, 6.5 rng$$ 

(Thiethylperazine) 
Torican ampoules, 6.5 mg 
Torican suppositories, 6.5 mg 

100.5 * 0.7 99.9 f 0.4 
98.7 + 0.5 100.3 * 0.9 

100.0 + 0.6 100.4 k 0.6 
101.2kO.8 101.7 + 0.3 
100.2 + 1.0 102.0 * 0.5 
100.1 + 0.7 99.6 + 0.5 

99.2 f 0.6 100.5 * 0.4 

101.1 f 0.9 100.2 k 0.6 
100.2 & 0.7 98.8 + 0.4 

*Average of at least five determinations, calculated relative to nominal 
content. 

tAccording to BP 1980, except for thiethylperazine dihydrochloride (USP 
XX, NF XV). 

$May and Baker, England. 
ISmith Kline and French, England. 
j$Swiss Pharma, Egypt, under licence from Sandoz, Switzerland. 
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Regression analysis indicated a very small intercept 
on the ordinate. The reproducibility of the method 
was determined by analysis of six samples covering 
the recommended concentration range for each of the 
phenothiazines investigated. As shown by the recov- 
eries and standard deviations, Table I, the method is 
reproducible, accurate and precise. 

Application to dosage forms 

Results for determination of the three drugs in 
different dosage forms by the proposed method are 
presented in Table 2, and show good agreement with 
those of the official procedures. 

This conclusion was confirmed by statistical anal- 
ysis, the t-test and F-test showing no significant 
difference in accuracy and precision between the 
official methods and the proposed chloranilic acid 
method. 
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Summary-A very sensitive, selective and simple method for extraction and speCtrophotometric deter- 
mination of titanium(IV) with an cl-hydroxy acid has been developed. p-Chloromandelic acid reacts with 
titanium m weakly acidic aqueous solution at room temperature to form a complex anion extractable into 
chlorobenzene with Malachite Green as counter-ion. Titanium is determined indirectly by measuring the 
absorbance of Malachite Green in the extract,at 630 nm. The calibration graph is linear for titamum(IV) 
over the range 0.25-7.5 FM (0.05-1.44 pg); the apparent molar absorptivity is 1.31 x IO5 l.mole-‘.cm-‘. 
The method has been successfully applied to the determination of titanium in mild steels. 

Most spectrophotometric methods for titanium(IV) 
have been based on its reactions with suitable colour- 
producing reagents such as hydrogen peroxide,‘,* 
diantipyrylmethane3,4 and tirons,6 and measurement 
in aqueous solution. Trioctylphosphine oxide,’ N- 
benzoyl-N-phenylhydroxylamine8~‘o and N-phenyl- 
laurohydroxamic acid I’ have been used as reagents 
for extraction and spectrophotometric determination 
of titanium. Some of these reagents have disadvan- 
tages such as low sensitivity and selectivity, slow 
reaction, or the need for strongly acidic media for 
complete colour development. Mori et al.‘* have 
reported a sensitive method based on the colour 
reaction between o-hydroxyhydroquinonephthalein 
and titanium(IV) in the presence of a surfactant 
(Tween 20). This method is very simple, but time- 
consuming because of the heating step used. It is 
difficult to obtain high sensitivity by using flame 
atomic-absorption spectrometry, owing to the for- 
mation of a highly stable oxide species in the flame. 

In our laboratory, several g-hydroxy acids have 
been investigated as complexing agents for the extrac- 
tion and spectrophotometric determination of boron 
and antimony, and highly sensitive and selective 
determination methods have been reported.13 ” In 
further work on these systems, it was found that the 
titanium-p-chloromandelic acid complex can be ex- 
tracted into chlorobenzene with Malachite Green as 
counter-ion and that the colour of the resulting 
organic phase is very stable. A method for deter- 
mination of titanium has been based on this and 
applied to analysis of mild steel. The proposed 

method is sensitive, selective, convenient and rapid. 
Interference from boron and antimony(III) can be 
eliminated by the use of tartrate buffer, and iron(W) 
can be masked with ethyleneglycol-bis(2-aminoethyl 
ether)tetra-acetic acid (EGTA). 

EXPERIMENTAL 

Apparatus 

Hitachi model I81 and 624 digital spectrophotometers 
were used, with IO-mm glass cells. The pH-values were 
measured with a Hitachi-Horiba M-8 pH-meter. 

Reagents 

Standard titanium(IV) solution. A commercially avadable 
titanium standard solution (1000 ppm TiOSO, m -IN 
sulphuric acid) was used and working solutions were made 
by suitable dilution as required. 

Malachite Green (MG) solution, I x IO-?vl. Prepared 
from guaranteed MG (oxalate). 

p-Chloromandelic acid (p-MAGI) solution. 5.0 x IO-hl. 
Sodium acetate buffer (pH 3.0). Prepared from O.lM 

sodium acetate and OSM sulphuric acid. 
Tartrate solution, 5.2 x IO-‘M. Prepared from O.OlM 

tartaric acid and adjusted to pH 3.0 with sodium hydroxide 
solution. 

Ethyleneglycol-bis(2-aminoethyl ether)tetra-acetic acid 
(EGTA) solution O.2M. Adjusted to pH 9 with sodium 
hydroxide solution. 

Use demineralized water throughout. 

Standard procedure 

Take an aliquot of standard titamum(IV) solution con- 
taining up to 1.44 pg of titanium, in a IO-ml test-tube 
equipped with a stopper. Add 1.0 ml of sodium acetate 
buffer, 0.2 ml of p-MAC1 solution and 0.5 ml of MG 
solution. 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 630 nm, 
using a IO-mm glass cell, with chlorobenzene as reference. 

Analysis of steel samples 

Weigh the steel sample (up to 0.2 g) mto a 100-m] fused 
silica beaker, and dissolve it in 20 ml of sulphuric acid 
(I + 6) by heating, and then gradually add 5 ml of 35% 
hydrogen peroxide solution. When the sample has dissolved, 
boil the solution on the hot-plate for about IO min to 
completely remove the hydrogen peroxide. Adjust the solu- 
tion to pH 1.8-2.0 with 8M sodium hydroxide, transfer the 
solution to a 100-m] standard flask and make up to volume 
with water. 

II5 
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Table I. The reagent blank and the apparent molar absorptivity (E, I.mole -‘.cm -‘) for titanium complexes with a-hydroxy 
acids and dves. extracted into chlorobenzene 

Ethyl Violet Crvstal Violet Methyl Violet Brilliant Green Malachite Green 
Complexing - - ___- 

reagent blank E blank E blank E blank E blank E 

2-Hydroxy- 0.44 2.1 x lo4 0.29 2.8 x IO4 0.34 4.0 x IO’ 0.10 2.5 x IO4 0.13 7.8 x IO4 
2-methylbutyric acid 

2-Hydroxy- 0.22 9.0 x IO4 0.15 1.17 x IO5 0.23 1.17 x IO5 0.18 7.3 x IO4 0.07 1.23 x IO’ 
isocaproic acid 

Mandelic acid 0.38 -* 0.28 9.4 x IO4 0.35 3.1 x I04 0.34 4.3 x IO4 0.12 9.1 x IO4 
p-Chloromandelic acid 0.16 8.0 x lo’ 0.41 I.3 x IO4 0.17 2.2 x IO4 0.22 1.24 x IO5 0.08 I.31 x IO5 
p-Bromomandelic acid 0.17 2.0 x lo’ 0.33 1.6 x IO4 0.08 2.0x IO4 0.24 1.10x IO5 0.07 I.17 x IO5 

I_ 
!550 6cO 650 700 

Fig. I. 
2.5 x IO ,- 

Wavelength (nm) 

Absorption spectra: (I) reagent blank; (II) 
6M Ti(IV) (0.48 pg). Malachite Green, 

*No extraction of complex. 

Transfer 0.3 ml of this solution into a stoppered IO-ml 
test-tube. Add 0.2 ml of EGTA solution, 1.0 ml of tartrate 
solution, 0.2 ml of p-MAC1 solution and 0.5 ml of MG 
solution, then extract and measure as in the standard 
procedure. The apparent molar absorptivity obtained by 
this procedure is I.17 x IO5 l.mole-‘.cm-‘, about 11% less 
than that obtained by the standard procedure. 

RESULTS AND DISCUSSION 

Selection of complexing agent, cationic dye and ex- 
traction solvent 

We have found that a-hydroxy acids are useful 
complexing agents, especially for metals which form 
0x0-ions in solution. 

We have now examined the reactions between 
titanium and glycollic acid, lactic acid, 2-hydroxy- 
2-methylbutyric acid, 2-hydroxyisocaproic acid, 
mandelic acid, p -chloromandelic acid and p -bromo- 
mandelic acid, along with extraction of the products 
into 4-methyl-2-pentanone, 1,2-dichloroethane, di- 
chloromethane, chloroform, chlorobenzene, benzene, 
toluene, carbon tetrachloride and cyclohexane with 
the dyes Ethyl Violet, Methyl Violet, Crystal Violet, 
Brilliant Green, Malachite Green and Methylene 
Blue as counter-ions. With each acid, different combi- 
nations of solvents and dyes were examined. The 
titanium complexes with glycollic or lactic acid can- 
not be extracted into any of the solvents listed, and 
none of the ion-association species formed between a 

1.3 x 10-4M: pH, 3.0; p-chloromandelic acid, 2.5 x 10m4M; 
reference, chlorobenzene. 

titanium complex anion and a dye can be extracted 
into carbon tetrachloride or cyclohexane. 4-Methyl- 
2-pentanone, 1,2-dichloroethane, dichloromethane 
and chloroform cannot be used as the solvent (except 
with Methylene Blue) because of the high extrac- 
tability of the cationic dyes themselves. Of the other 
solvents, chlorobenzene was preferred. Table 1 lists 
the apparent molar absorptivities of the complexes 
and the absorbances of the reagent blanks obtained 
with chlorobenzene as solvent. It is clear that the 
MC-p-MACl-chlorobenzene system should be the 
most suitable for the determination of micro amounts 
of titanium(IV). For Methylene Blue, the best combi- 
nation was with 2-hydroxyisocaproic acid and chlo- 
roform, the apparent molar absorptivity and the 
reagent blank being 4.5 x lo4 l.mole-‘.cm-’ and 
0.095, respectively. 

Absorption spectra 

The absorption spectra of the reagent blank and of 
the ion-association species formed between the 
titanium-p-MAC1 complex and MC in chloroben- 
zene are shown in Fig. 1. MC is not extracted in the 
absence of p-MACl, whether titanium is present or 
not. The maximum absorption occurs at 630 nm. 

Experimental variables 

Extraction at various pH values resulted in max- 
imum and constant absorbance of the organic phase 

0.4 c 

Concentration of p-MAC1 (x 1@1u) 

Fig. 2. Effect of p-chloromandelic acid concentration: (I) 
reagent blank; (II) net absorbance (Ti = 2.5 x IOehM). Mal- 

achite Green, I.3 x 10m4M: pH, 3.0. 
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Ion 

Table 2. Effect of other ions on the determination of 0.48 fig of titanium in 4 ml 

Added Amounts Recovery, Added Amounts Recovery, 
as added,* LL~ % Ion as added,* ng % 

Cl- 
Br- 
I- 
ClO; 
SCN- 
NO, 
SO?? 

Mg2’ 
CaZ+ 
Sr2+ 

KC1 360 
NaBr 80 
NaI 4.8 
KCIO, 0.4 
KSCN 0.1 
NaNO, 8.2 
Na,SO, 1000 
KH,PO, 300 
BeSO, 45 
MgClz 150 
CaCI, 200 
SrCI, 450 

103 
102 
105 
106 
105 
107 
103 
94 
99 

103 
101 
103 

As(W) 
As(V) 
Sb(II1) 

Sb(V) 
Se(W) 
B(II1) 

Cr’+ 
Mn*+ 
Fe*+ 
Fe’+ 

A@4 
Na,HAsO, 
SbCl, 

WWW,I 
H,SeO, 
H,BO, 

KCr(SOJ, 
MnCl, 
Mohr’s salt 
Ferric alum 

300 
400 

0.2 
1 .ot 

200 
400 

1.6 
4.0.l 

260 
300 
60 

6.7 

105 
103 
107 
104 
101 
I03 
106 
103 
102 
99 

104 
105 

Ba’+ BaCfz 700 97 670§ 103 
Al’+ Potassium alum 150 97 coz+ CoCl, 300 97 
In3+ InCl, 550 96 Ni’+ NiCl 300 99 
PbZ+ PbCl, 1000 95 cu’+ cu&, 300 97 

Zn2+ ZnSO, 330 100 

*Amounts added per 4 ml. 
tin the presence of 1.3 x lo-‘M tartrate. 
§In the presence of EGTA (5 x IO-jM). 

over the pH range 2.0-3.5, and pH 3.0 was chosen as 
optimal. The absorbance of the reagent blank in- 
creased with increase in MG concentration, but the 
net absorbance for the extracted complex was con- 
stant for MC concentrations > 1.0 x 10e4M in the 
aqueous solution extracted. The concentration of 
MG was fixed at 1.25 x 10b4M for convenience. The 
effect of p-MAC1 concentration was examined, with 
the results shown in Fig. 2. Maximal and constant net 
absorbance was obtained with > 1.5 x 10d4A4 p- 
MAC1 in the aqueous phase extracted. The concen- 
tration of p-MAC1 was therefore fixed at 
2.5 x lo-4M. 

An extraction time of about 2.5 min was necessary 
to attain constant absorbance, but for routine work 
5 min is recommended for safety. 

Composition of the complex 

The apparent molar absorptivity for titanium in 
the extract is about twice the molar absorptivity (cu. 
6.8 x IO4 l.molee’.cm-‘) for MG itself in aqueous 
solution, suggesting that the mole ratio of MG and 
Ti in the extracted species is 2: I. The composition of 
the extracted species could not be determined by the 
continuous-variation or the mole-ratio methods, be- 
cause of the large excess of p-MAC1 and MG re- 
quired for its formation. However, it is suggested that 
either [TiO@-MAGI),]‘- or [Ti@-MAC1),]2m is 
formed and extracted as its ion-association complex 
with Malachite Green. 

Calibration graph 

The calibration graph obtained by the standard 
procedure was linear over the range 0.25-7.5 pM 
titanium in the aqueous phase (0.05-I 44 pg of Ti). 
The apparent molar absorptivity calculated from the 
slopeofthegraphwas 1.31 x 10SI.mole-‘.cm-‘,and 
the absorbance of the reagent blank was 0.078. These 

figures were independent of temperature in the range 
7-30”. The coefficient of variation of the absorbance 
for 2.5pM titanium was 2.4% (10 replicates). The 
absorbance of the organic phase remained constant 
for at least 60 min. 

Eflect of other ions 

Table 2 shows the apparent recovery in deter- 
mination of 0.48 pg of titanium in presence of various 
other ions. Iodide, perchlorate, thiocyanate and ni- 
trate, which are bulky and of low surface-charge 
density, caused positive errors even at low levels. 
Boron and antimony(II1) gave positive errors because 
they react with p-MAC1 to form extractable complex 
anions, whereas antimony(V) did not interfere, owing 
to its slow reaction rate at room temperature. Phos- 
phate gave negative errors, because at relatively high 
concentration it forms a precipitate with titanium, 
but chloride and sulphate did not interfere. Most 
cations tested did not interfere when present in 
600-fold ratio to the amount of titanium, but iron- 
(III) gave rise to positive errors when present in 
ICfold ratio. The interference of boron (up to 4.0 pg) 
and antimony(II1) (up to I.0 pg) could be eliminated 
by the addition of tartrate (1.3 x 10-j M). Iron(II1) 
(up to 670 pg) could be masked by addition of EGTA 
at the 5.0 x lO-)M level, but the slope of the cali- 
bration graph was decreased by about 11%. 

Determination of titanium in steel samples 

The proposed method was applied to the deter- 
mination of titanium in carbon steels.” Any residue 
from the sulphuric acid-hydrogen peroxide treatment 
was collected on filter paper, dried at 1 lo” and ignited 
in a platinum crucible at 600”; silica in the product 
was removed by treatment with sulphuric and 
hydrofluoric acids and the residue was fused with 
potassium pyrosulphate. The cooled melt was dis- 
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Table 3. Determination of titanium in steel 

Sample* Sample Titanium Titanium Ti 
(certified so1ution.t added,§ found,? content Recovery, 

value. %) al1OOml UP UP found. % % , _, .I - 

NBS 362 0.0532 0 0.134 0.0841 
(0.084) 0.240 

0.479 
0.1001 0 

0.479 
0.1004 0 
0.1504 0 
0.1983 0 
0.2007 0 0.504 

0.240 0.751 
0.479 

0.376 
0.599 
0.251 
0.725 
0.248 
0.375 
0.502# 

0.973 

101 
97 

0.0837 
99 

0.0823 
0.0832 
0.0844 
0.0837 

103 
98 

JSS 171-3 0.0824 0 0.090 0.0366 
(0.036) 0.479 0.555 97 

0.1124 0 0.119 0.0354 
0.1509 0 0.167 0.0369 
0.1973 0 0.207 0.0349 
0.203 1 0 0.221 0.0362 

0.479 0.710 102 

*Other components. NBS 362: C, 0.16; Mn, I .04; Si, 0.39; V, 0.04; MO, 
0.068; W, 0.20; Sn, 0.016; Al, 0.09; Zr, 0.19; Sb, 0.013; Cu, 0.50; 
Ni, 0.59; Cr, 0.30; Co, 0.30; As, 0.09%. JSS171-3: C, 0.042; MO, 
0.035; AS, 0.045; Sn, 0.034; Cr, 0.067; Al, 0.040; Ca, 0.0013; Ni, 
0.11%. 

TO.3 ml of sample solution was analysed. 
§The titanium solution was added to the sample solution in the 

test-tube. 
IMean of eight determinations. 
#Standard deviation 0.015 pg. 

solved in dilute sulphuric acid, then the solution was 
filtered if necessary, adjusted to pH 1.8-2.0 with 8M 
sodium hydroxide, diluted to 50 ml, and analysed for 
titanium by the procedure for steel analysis. No 
significant amounts were found to be present, so any 
residue from the dissolution step can safely be dis- 
carded. 

The iron(II1) and any boron and antimony(II1) 
present could be dealt with by adding EGTA and 
tartrate. Table 3 shows that the values obtained are 
in good agreement with the certified values. Results 
of recovery tests for titanium by the standard addi- 
tion method are also shown in Table 3. The standard 
deviation for the determination of titanium in the 
NBS 362 steel was reasonably good (see footnote to 
Table 3). The method is suitable for routine work, 
because the time for analysis of steel samples is also 
satisfactory, being less than 100 min (60 min for 
dissolution of steel sample, 20 min for preparation of 
sample solution and 20 min for determination of 
titanium). 
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Summary-For extraction studies a “filter-probe” porous Teflon membrane phase-separate; is used in 
conjunction with a spectrophotometer fitted with a small-volume flow-cell and a peristaltic pump to 
measure absorbance of the organic phase as a function of aqueous phase pH. Acidity constants of 
monoprotic (HA) and diprotic (H,A) acid benzothiadiazines have been measured with the apparatus. 
Accurate pK, values for these compounds are difficult to measure by other techniques. Mixtures of 
n-octanol and chloroform in various proportions can be used as the organic phase in order to adjust the 
distribution coefficient of the neutral species to give optimum precision and accuracy in measurement of 
the pK, values. 

Solvent extraction possesses several advantages over 
other techniques which are used to measure ioniz- 
ation constants of acids and bases. It is applicable to 
compounds which have low solubility in water, or 
similar or even identical electronic absorption spectra 
for the conjugate acid-base species, or an especially 
high or low ionization constant, or, in the base of 
diprotic acids and bases, have very similar values for 
the two ionization constants4 Solvent extraction 
can also be adapted to measure ionization constants 
of several compounds simultaneously in the same 
solution.’ Greater precision and accuracy are 
achieved with this technique when the concentrations 
of the solute are measured directly in both phases 
rather than just in one phase. The use of continuous 
segmented solvent flow to achieve phase-distribution 
equilibrium and of porous membranes to achieve 
phase-separation greatly facilitates simultaneous 
measurements in both phases.’ 

Nevertheless, for the sake of simplicity of experi- 
mental apparatus and because pK, values precise to 
0.14.2 are quite adequate for many purposes such as 
toxicological and pharmacological predictions and 
the design of analytical separations, it is still most 
common to measure the solute concentration in only 
one phase in a batch equilibration experiment. It 
should be possible to make such measurements of 
phase-distribution equilibria more conveniently by 
using a “filter-probe” porous membrane phase- 
separator rather than by the traditional separatory 
funnel technique.* lo 

In designing an analytical separation scheme m- 
volving the benzothiadiazine compound poly- 
thiazide” it became necessary to measure the pK, 
value of this compound. A literature survey revealed 

*Author to whom reprint requests should be directed. 

that the state of knowledge about the pK, values of 
both monoprotic and diprotic benzothiadiazines is 
uncertain, largely because these compounds exhibit 
the properties listed above which make pK, measure- 
ments difficult-low solubility in water, small spectral 
shifts on ionization, high pK, values and overlapping 
ionization in the case of the diprotic compounds.” I4 
Therefore, in addition to polythiazide several other 
benzothiadiazines were included in a study designed 
to demonstrate simultaneously the use of the 
“filter-probe” membrane phase-separator for pK, 
measurements by solvent extraction and to obtain 
reasonably accurate pK, values for typical members 
of this traditionally difficult to measure class of 
compounds. 

EXPERIMENTAL 

Apparatus 

The extraction vessel was a glass beaker with a Teflon hd, 
similar in design to that described previously for continuous 
solvent-extraction measurements.‘0 The pH of the aqueous 
phase was raised incrementally by addition of concentrated 
sodium hydroxide solution from a microburette, as described 
earlier.15 Smce the concentration of sodium hydroxide solu- 
tion was high enough for the total volume delivered never 
to be more than about 1% of the initial volume of the 
aqueous phase, dilution effects in the aqueous phase during 
a run were ignored. A Fisher Accumet Model 520 meter 
with a combination glass/silver-silver chloride electrode was 
used for pH measurements. The absorbance at the wave- 
length of maximum absorption by the sample compound 
was measured as the organic phase was circulated through 
an 80-~1 flow-cell m a Cary 118 spectrophotometer. To 
pump the organic phase selectively through the flow-cell, 
a porous Teflon membrane (Zitex Filter Membrane. l(t20 
pm pore size, triple layer 4 mils thick, No. E249-122, 
Chemplast Inc., Wayne, N.J.) was stretched over the end of 
the “filter-probe”,‘6 and pumping was accomplished with 
a Gilson “Minipuls-2” peristaltic pump and Technicon 
“Acidflex” pump tubing. The extraction mixture was stirred 
by magnetic stirrer. and its temperature was kept at 25 _+ I’ 
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Reagents 

Water was demineralized, distilled and finally distilled 
from alkaline permanganate. All organic solvents were of 
reagent grade. Cyclohexane was further purified by passage 
through a silica gel column. Chloroform was washed three 
times with an equal volume of water and filtered through 
dry paper before use. Drug compounds obtained from the 
Faculty of Pharmacy, University of Alberta, were used 
without further purification. Primary suppliers for the vari- 
ous drug compbunds were: polytl&zi& (Pfizer), methy- 
clothiazide (Abbot). althiazide (Pfizer), cyclothiazide 
(Lilly), flumdthiazide (Squibb) and I-chlorotheophylline 
(G. D. Searle). All other chemicals were of analytical- 
reagent grade. 

Solvent extraction procedure 

The aqueous phase was O.OlOM sodium chloride. Both 
phases, aqueous and organic, were pre-equilibrated with one 
another before use. Stock solutions of the compounds to be 
studied were prepared in water-saturated organic solvent. 
An accurately measured volume of presaturated organic 
solvent was f&t pipetted into the extr&tion vessel contain- 
ine the magnetic stirring bar. The Teflon lid with the 
“filter-probe”, return line, pH-electrode and vortex spoiler 
was clamped in place; the pump was started and the 
spectrophotometer was set at 100% transmittance with the 
organic phase circulating through the flow-cell. Next an 
accurately measured 10 or 20 ml aliquot of stock solution 
of the sample compound in organic solvent was pipetted 
into the beaker and the absorbance was allowed to come to 
a steady value, A,,. The concentration of the compound in 
the organic phase was in the range from 1 x 10-‘M to 
I x 10m4M at this point. The pump was stopped, an accu- 
rately measured volume of aqueous phase was added, and 
the magnetic stirrer and the pump were started. The total 
organic phase volume was in the range 5&80 ml and the 
aqueous phase volume was 25-50 ml. The absorbance of the 
circulating organic phase was noted after about 2 min, when 
it had become constant at its new value, A. The aqueous- 
phase pH was measured after the stirrer had been switched 
off. With stirrer on again, a few ~1 of sodium hydroxide 
solution were added and the sequence of measurements of 
equilibrium absorbance and pH was repeated. Addition of 
further increments of alkali and measurements of A and pH 
were repeated until the desired pH range had been covered. 

RESULTS AND DISCUSSION 

Dependence of distribution on pH 

For a diprotic acid H,A the ionization steps in the 
aqueous phase are: 

H,A + H,O+HA- + H,O+ (1) 

HA- + H,O+A*- + HjO+ (2) 

and the extraction equilibrium for the neutral species 
between organic solvent and the aqueous phase is: 

H,A = (H,A), (3) 

The subscript o indicates a species in the organic 
phase and lack of a subscript indicates a species in the 
aqueous phase. In this treatment “side-reactions” 
such as aggregation (e.g., dimerization) of H,A in the 
organic phase,’ dissociation of H2A in the organic 
phase?’ and extraction of HA- or A2- as ion-pairs 
with cations in the system (e.g., NaHA)” are all 
assumed to be’ absent. The only one of these side- 
reactions that is potentially liable to occur at the low 

sample concentrations employed is dissociation of 
H,A in the organic phase. While this may be of some 
concern in polar organic solvents such as n-octanol, 
it is not likely to be significant in the less polar 
solvents employed in the present work.4.5 

In the experiment, the absorbance of the organic 
phase is measured before addition of aqueous phase 
(A,,) and at various times after incremental increases 
in the aqueous-phase pH (A). The distribution ratio 

of the sample component between organic and aque- 
ous phases is defined as 

where C is the total concentration (mole/l.) of all 
sample component species in the aqueous phase at any 
pH. The value of D is pH-dependent. Assuming that 
Beer’s law applies, the organic phase sample concen- 
tration is related to absorbance by: 

F-WI, = $t- (5) 
“‘2 4” 

where T is the total number of moles of sample 
component added to the system and V, is the volume 
(litres) of organic phase. The aqueous phase concen- 
tration, C, can be calculated as follows: 

where V is the volume (litres) of aqueous phase. 
Combining equations (4)-(6) gives: 

(7) 

Plots of D us. pH for a hypothetical family of acids 
for which pK,, = 9 and pK,, has various values are 
presented in Fig. 1. When pKa2 = 00 (i.e., Ka2 = 0) the 
acid is monoprotic. For a monoprotic acid the typical 
sigmoidal relationship between D and pH, with the 
inflection point occurring at pKa,, is seen.‘.‘* For 
pK,, < 03 (i.e., Ka2 > 0) the plot drops more sharply 
as pK,, approaches pK,,, although in the mid-region 
of the curve significant differences from the mono- 

PH 

Fig. 1. Plot of D vs. pH for hypothetical diprotlc acids with 
pK,, = 9.0 and K = I. Numbers by the curves are the values 

of pK,,. (When pK,, = co the acid is monoprotic.) 



Measurement of acidity constants 121 

1 x 10-s 
WI 

Fig. 2. Plots of 1/D us. l/[H] for the same hypothetical 
diprotic acids as in Fig. I. 

protic case begin to appear only when plu,, is less 
than about (pKa, + 1.5). 

The dependence of D on aqueous phase acidity can 
alternatively be represented as a plot of l/D vs. l/[H]. 
For a diprotic acid H,A the following relationship 
can be derived: 

1 1 Kti, 
-_=_+- f&2 

D fc K[H] ( > l+,, 
(8) 

where IC is the distribution coefficient for the neutral 
species corresponding to the equilibrium in equation 

(3): 

]H,Al, 
K=[H2Al (9) 

and the quantities K,i and Ka2 are the first and second 
acid ionization constants corresponding to the equi- 
libria given in equations (1) and (2).4 From equation 
(8) it is seen that a plot of l/D us. l/[H] is a 
parabola.4.5 Non-linear parabolic least-squares fitting 
of the data yields the values of K, Kal and Ka2. 

For a monoprotic acid HA (neutral species) the 
second term in the parentheses in equation (8) is 
equal to zero and a plot of l/D vs. l/[H] is a straight 
line. From its slope and intercept, obtained by linear 
regression, K and KS, can be obtained.i8 The linear 
dependence of l/D on l/[H] for a monoprotic acid 
with pK,, = 9 is exhibited by the curve labelled co in 
Fig. 2. For pKaZ < cc a deviation (parabolic) appears 
and becomes more marked as pK,, gets closer to pKa,. 
For pH values in the vicinity of pK,,,, significant 
deviations from the straight line for the monoprotic 
case begin to appear only when pK& is less than 
about (ply,, + 1.5). plu,, can be evaluated experi- 
mentally only when a significant deviation from 
linearity is present. If measurements are performed at 
pH>>pK,, then significant deviations from the mono- 

protic acid curve occur even when pK,, x p&,,. How- 
ever, such measurements cannot usually be made 
with acceptable experimental accuracy, because the 
fraction extracted into the aqueous phase is so high 
that the organic phase concentrations and hence 
absorbances are too small to be accurately measured 
[i.e., there is an uncertain value of A in equation (7)]. 

Another approach to the calculations has been 
used to measure acidity constants from solvent ex- 
traction data, in which the dependence of D on [I-I] 
is linearized for a diprotic acid,’ but it was not 
employed in the present study. 

In the solvent extraction technique the most accu- 
rate measure of pK=, is obtained when the value of 
pK& is close to the value of pEL,,.‘-’ In this sense it 
is complementary to the potentiomet~c and spectro- 
photometric techniques, which are more reliable 
when pK,, and pK,, are farther apart. It can be shown 
from statistical reasoning that pKa,, for a diprotic acid 
should not normally be lower than pKa, + 0.6.19 This 
condition corresponds to the curves labelled 9.6 in 
Figs. I and 2. However, if conformational changes 
occur in the HA- species it is possible that this rule 
will be violated and p&, may be less than 0.6 higher 
than pKa, or even be below it. 

In Figs. 1 and 2 the distribution coefficient of the 
neutral species, K, was taken as 1. If a different value 
is used, the resulting plots will be identical to the ones 
shown except that the vertical axis values (D or l/D) 
will be changed proportionately. 

ply, valws 

Acidity constants were measured by the solvent 
extraction technique, with a “filter-probe” membrane 
phase-separator, for seven compounds-five of which 
were benzothiadiazines. Four of the compounds were 
monoprotic acids and three diprotic. The pK, values 
are presented in Table 1. Because previous work had 
produced accurate values which could be used 
for comparison purposes, the monoprotic acid 
3,5~dimethylphenol was also investigated. Two 
different solvents were used as the organic phase, 
cyclohexane and chloroform. Within experimental 
error, the pK, values measured in both solvent 
systems agreed with the literature values. A second 
monoprotic non-benzothiadiazine, 8-chlorotheo- 
phylline, was also included in the study because its 
pKa value has recently been measured by using 
solvent extraction/flow-injection analysis.‘s,26 The 
value reported here agrees within experimental error 
with the previously reported value. The agreement 
with literature values for the two compounds, 
3,5-dimethylphenol and 8-chlorotheophylline, is con- 
sistent with earlier observations that distribution 
ratios can be measured accurately with the 
“filter-probe” system.9.‘“.‘h 

The structures of the five ~nzothiadiazines are 
shown in Fig. 3. The acidic proton of the monoprotic 
compounds is on the nitrogen atom of the sulphamyi 
group attached to the 7-position. The additional 
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Fig. 3. Structures of benzothiadiazines. 

X R, R, R3 

Methychlothiazide Cl CH, 
Polythiazide Cl CH, 
Althiazide Cl H 
Flumethiazide CF, H 
Cyclothiazide Cl H 

acidic proton present in the diprotic benzo- 
thiadiazines is on the other nitrogen atom at the 

CH,Cl H 
CH,SCH,CF, H 
CH,SCH,CHCH, H 

- - 
bomyl H 

2-position. The literature values reported in Table I, 
with the exception of those from references 22,23 and 
24 (marked in the table with superscripts i, j, k), have 
been converted into “mixed-constants” at an ionic 
strength of 0.01 in order to allow comparison with 
the “found” values measured in the present study. 
Activity coefficients were estimated with the Davies 
equation.25 

No PI&,, value has previously been reported for 
althiazide. Significant discrepancies between the val- 

ues measured in the present study and those in the 
literature exist for the monoprotie acid polythiazide 
and for pKa,, of the diprotic acid cyclothiazide. For 
polythiazide a very small spectral shift occurs on 
deprotonation, so 9.65 and 9.12, both measured 
spectrophotometrically, are probably less accurate 
than the value of 9.82 reported here.‘* The value 9.1 
comes from extrapolation, to 100% water medium, 
of the values obtained by potentiometric titration in 
aqueous-acetone mixed solvent-a technique which 
cannot be relied on for accuracy.*’ Finally, the iitera- 
ture value > 11 for polythiazide is clearly in error. 
The pK, values for the second discrepant compound 
cyclothiazide were measured in the present work by 
using three organic phases consisting of various 
mixtures of n-octanol and chloroform. The grand- 
mean value of 9.35 + 0.04 is significantly higher than 
the value of 8.8 measured in two spectrophotometric 
studies reported in the literature. This compound 
shows only small spectral shifts on loss of its pro- 
tons.12 This, along with the closeness of its pK,, and 
pKa2 values to one another, makes the spec- 
trophotometric method likely to be less accurate than 
the solvent extraction method, for which overlapping 
constants cause no problems in data evaluation. The 
literature value of 9.1 for cyclothia~de was obtained 
for aqueous ethanol medium (30% v/v ethanol) and 

Compound 

Table 1. Values found in the present study and in the literature 

P&I 
-~ 

Solvent K found” literature’ 

62 

found” literature 

3,5-Dimethylphenol 

8-~hlorotheophylline 
Methychlothiaz~de 

Polythiazide 

Cyclohexane 

Chloroform 
Chloroform 
Chloroform 

Chloroform 

1.52 10.16+0.16 10. 16n 
10.15’ (monoprotic) 

I6 10.4 f 0.2 10.16 +0.01d 
1.46 5.44 * 0.05 5.44 + 0.06’ (monoprotic) 
0.95 9.47 + 0.01 9.4+02’ (monoprotic) 

9.5” 
3.32 9.82 f 0.04 9.6Sh (monoprotic) 

9.1 ;to.t/ 
9.18 

211’ 
Althiazide Methylene chloride 3.12 8.52 + 0.06 8.4 If: 0.3’ 10.00 k 0.007 N.V.R.” 
Flumethiazide Octanol/chIoroform (20/80) 0.148 6.43 f 0.09 6.3x ?” N.V.R.” 

6.0 + 0.2’ 
6.44, 

Cyclothiazide Octanol/chlorofo~ (S/95) 2.76 9.29 f 0.07 
(;$k._ 

10.65 _+ 0.1 lI.ok 
Octanol/chloroform (lO/90) 5.64 9.37 + 0.05 10.66 + 0.1 
Octanol/chloroform (1 S/85) 10.6 9.38 + 0.1 8.8* 10.88 & 0. I (10.5)km 

“Measured at ionic strength 0.01. The + value represents the standard deviation of at least triplicate runs for the “found” 
values, and represents reported or estimated uncertainties for literature values. 

“Reference 20. 
c Reference 2 1. 
dReference 1. 
“Reference 26. 
‘Reference 12. 
RReference 13. 
hReference 14. 
‘Reference 22. 
‘Reference 23. 
‘Reference 24. 
‘Literature values have been converted into “mixed constants” at ionic strength of 0.01 by using the Davies equation?s to 

estimate activity coefficients, except for those with superscripts i, j and k. 
mLiterature value measured in 30:70 v/v ethanol-water mixture. 
“Reliable values could not be obtained for pKa,,. 
“N.V.R., no value reported in the literature. 
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can therefore be expected to differ from the value for 

aqueous medium.” 
The present method did not yield a reliable value for 

pKa, of flumethiazide. This is most likely to be due to 
the fact that pK,, >> pK,, The first proton lost from 
this compound (pK,, = 6.43) is probably the one 
attached to the nitrogen atom in the 2-position, 
which is adjacent to the electron-delocalizing 
-N=C- group in the 3,4-position. The second 
deprotonation step would therefore be from the 
sulphamyl group in the 7-position which, in com- 
parison with the monoprotic compounds, probably 
has a pKat,, of 9-10. As discussed earlier, if 
pKa* >> pK,, , the solvent extraction technique cannot 
be used to measure pKa,,. 

Choice of solvent 

The most accurate pK, measurements are obtained 
when IC has a value near I. In general, values of K 

between 0.1 and 10 can be used. If K is very small then 
the absorbance A in equation (7) experiences a large 
uncertainty due to photometric error, so D in equa- 
tion (8) is also uncertain. On the other hand if K is 
large then in the vicinity of pH =pKa, which is the 
region where data must be collected because it is 
where D is changing most markedly with pH (Fig. l), 
the change in A with pH is small, so the term 
(A,, - A) in equation (7) will involve a small 
difference, and hence D will again be uncertain.18 

The use of mixed organic solvents as the organic 
phase provides a convenient means of bringing the 
value of K into the desired range. As shown by the 
data for cyclothiazide, mixtures of n-octanol and 
chloroform are convenient for this purpose. The 
compound flumethiazide has such a low solubility in 
chloroform that it was necessary to use a 20:80 v/v 
mixture of n-octanol/chloroform to raise K above 0.1. 

The uncertainties shown for the “found” pK, val- 
ues in Table 1 represent the standard deviation of at 
least triplicate runs. Although for several of the 

entries the uncertainties are small, this high precision 
should not be taken as general. The technique of 
solvent extraction in which absorbance is measured in 
only one of the phases is capable, in general, of 
precisions and accuracies of only O.lLO.2 pK, units. 
For more reliable values, the absorbances of both 
phases should be measured.’ 

The present study has demonstrated that, by the 
use of a “filter-probe” membrane phase-separator, 
pK, values can conveniently be measured with a 
precision and accuracy satisfactory for routine appli- 
cations. The apparatus required is simple and all 

measurements, over a range of pH, are made on one 
solution in a single beaker. It is hoped that such a 
device will contribute to the more widespread routine 

use of solvent extraction in the measurement of pK, 

values. 
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Summary-Different ways of making pH-sensing electrodes from monocrystalline or polycrystalline 
antimony, uidmm and palladium have been investigated. Monocrystalline antimony and iridium are 
superior to the polycrystalline elements with respect to reproducibility between electrodes and stability 
of the electrode potential over long periods of time. No good palladium/palladium oxide electrode could 
be obtained by electrochemical oxidation and the thermal preparation method could not take advantage 
of the properties of the monocrystalline palladium. Therefore, only polycrystalline palladium was used 
to study this type of electrodes. The different electrodes were compared with respect to the manner of 
preparation, the pH-response (reproducibility and time response) and the effect that different complexing 
ligands present in the measuring solutions may have on the electrode response. Also, the redox-response 
of the electrodes and the effect of different oxygen pressures on the electrode potentials were studied. The 
monocrystalline antimony electrodes have the best reproducibility and long-term stability but also respond 
to complexing ligands and to variations in the oxygen pressure. Monocrystalline iridium electrodes can 
be obtained by continuously cycling the potential between -0.25 and + 1.25 V (SCE) in 0.544 sulphuric 
acid. They do not respond to the complexing ligands tested, and have fairly good long-term stability, but 
the reproducibility between electrodes is inferior to that of the monocrystalline antimony electrodes. 
Polycrystalline antimony and iridium electrodes were inferior to the monocrystalline ones. The properties 
of the palladium electrodes were similar to those of the iridium ones. 

The determination of pH in special situations, for 
example in uivo applications where the fragility of the 
glass electrode is a drawback, requires pH-sensors 
that can easily be miniaturized and built into phys- 

ically rugged sleeves. Furthermore, the electrodes 
should have a good pH-response and little or no 
response to the complex-forming ligands that are 
present in most biological fluids. One class of poten- 
tially suitable micro-electrodes is that of metal/metal 
oxide electrodes. 

Recently, electrodes based upon antimony, iridium 

and palladium have mainly been the subject of 
scientific interest. The present group of authors has 
previously studied antimony/antimony oxide’ and 
palladium/palladium oxide electrodes’ as pH-sensors. 
Monocrystalline antimony electrodes were intro- 
duced by Edwall. The effect of complex-forming 
ligands in solution on the calibration of electrodes 

was studied by Glab et al.,’ who recommended 
procedures for the calibration of the antimony 
electrode. 

Various kinds of iridium electrodes are described in 
the literature. Perley and Godshalk4 were the first to 
use iridium for measuring pH. De Rooij and 
Bergveld’ used electrodes made by cycling the poten- 
tial of the iridium electrode continuously between 

-0.25 and + 1.25 V (SCE) for around 200 cycles. 
Thermal methods of preparation were used by Pa- 
peschi et al.’ and by Ardizzone et al.’ The first group 
used the electrode to monitor pH in biological fluids, 
and the second made a closer study of the electrode 
mechanism. Iridium dioxide electrodes were studied 
by Fog and Buck,’ who used iridium dioxide on an 

inert electrode of the RdiiEka Selectrode type (Radi- 
ometer, Copenhagen). Data on the reproducibility, 
pH range and some interfering ions were given. A 
similar mechanism was utilized by Katsube et aI., 

who used a sputtered film of iridium oxide on a 
support of steel or tantalum. 

Electrodes for pH-determination, based on the 
palladium/palladium oxide couple, have been studied 
by many workers. Grubb and King” devised a 
method for preparing electrodes by coating pal- 

ladium wires with sodium hydroxide and oxidizing 
them at 800” for 20 min. Chung-Chiun Liu et al.” 

used electrochemical oxidation in a mixed melt of 
sodium nitrate and lithium chloride. The present 
group studied the utility of monocrystalline pal- 
ladium as a material for palladium/palladium oxide 
electrodes* but concluded that no advantage was 
offered by this material since the electrochemically 
deposited oxide layer did not function well for pH- 
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sensing purposes, and the thermally prepared oxide 
had no defined crystal structure. 

The aim of the present work was to study different 
ways of making pH-sensing electrodes from mono- 
crystalline or polycrystalline antimony, iridium or 
palladium. Also, it was desired to study the re- 
producibility between electrodes and the stability of 
the electrode potential over long periods of time. The 
different electrodes were to be compared with respect 
to the manner of preparation, the pH-response (re- 
producibility and time response) and the effect that 
different complexing ligands present in the solutions 
may have on the electrode response. Further, the 
redox-response of the electrodes and the effect of 
different oxygen pressures on the electrode potentials 
were to be investigated. 

The electrode was then cast in epoxy resin (Araldite, 
Ciba-Geigy) to form a plastic cylinder approximately 3 mm 
in diameter and with the exposed metal surface at the 
bottom end. The electrodes were ground and polished, with 
I-pm diamond paste in the final step. 

The same procedure was used to make polycrystalline 
tridmm electrodes. However, the polycrystailine iridium 
wire was 0.25 mm in diameter, and 12 pieces, each 3 mm 
long, were connected in a bundle, connected by silver-epoxy 
resin, and cast in one piece of epoxy resin to make an 
electrode. 

EXPERIMENTAL 

Monocrystalline antimony and iridium electrodes were 
made by the following method. 

The palladium electrodes were made as follows. Poly- 
crystalline palladium wire (99.9% pure, 1 mm diameter and 
10 mm long) was ground to remove any oxide present, and 
cleaned with acetone, ethanol and concentrated nitric acid. 
The clean wire was then immersed in a 50% aqueous 
solution of sodium hydroxide and subsequently dned in a 
flow of nitrogen. The coated wire was placed in an elec- 
trically heated oven at 7.50”. After 20 min, the oxidized wire 
was rinsed with distilled water. One end of the wire was 
cleaned from oxide and used for the electrical connection. 
This part of the wire was covered by silicone rubber sealant 
(Dow Corning Silastic 734 RTV) and tubing to prevent it 
from coming into contact with the test solution. 

The pieces of antimony or iridmm, which were 0.6 mm 
in diameter and 2 mm long, were degreased in tri- 

Reagent-grade chemicals and doubly distilled water were 
used for the solutions. All measurements were made at 25” 

chloroethylene. An electrical contact lead was attached with (thermostatic bath). Magnetic stirring was employed. In 
conductive epoxy resin (MRC 4912, Materials Research). order to keep the partial pressure’of oxygen constant, air 
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Fig. 1. Titratton of 0.02M TRIS/O.l4~ NaNO, (to keep the ionic strength at 0.16). A palladium electrode 
made by thermal oxidation was used for measuring the potentials. The arrows indicate the direction of 
titration. The following equations were obtained by regression. For the ph-range 2.5-10, E = 821 - 58.6 
ph, rz = 0.9982; for the ph-range 2.5-8.3, E = 821.6 - 59.6 ph, r2 = 0.9993. The number of points was 39 

in the first case, 34 in the second. 
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was bubbled through the test solutions before and during 
the measurements. The oxygen response measurements uti- 
lized mixtures of oxygen and nitrogen obtained from AGA 
Specialgas AB, Stockholm. Their oxygen partial pressures 
were2.1 ~0.1,2.3~0.1.3.8+0.1,7.4~0.1, 13.4fO.l and 
20.7 f 0.1 kPa (100 kPa = I bar). 

The equipment used for the titrations has been described 
previously. All potential values given in this paper are 
referred to the standard hydrogen electrode unless stated 
otherwise. 

Throughout this paper, the electrodes have been cali- 
brated to measure hydrogen-ion concentration (denoted by 
ph) at the gtven ionic strength instead of hydrogen-ion 
activity (denoted by pH). The technique has been described 
elsewhere.’ 

RESULTS 

The ph-response of the various types of electrode 

The monocrystalline antimony electrodes exhibit a 
very good ph-response in the absence of complexing 
agents, for example in unbuffered solution or when 
TRIS [tris(hydroxymethyl)aminomethane] is used to 
buffer the ph of the solution.’ For six electrodes 
studied, the E-value measured at ph = 7.4 was 
- 174.7 mV, S.D. 0.3 mV and the slope was - 52.0 
mV/ph, SD. 0.1 mV/ph. The commercially available 
polycrystalline antimony electrodes showed a less 
reproducible dependence of potential on ph, and the 
standard deviation for six electrodes was higher than 
for the monocrystalline electrodes. Electrodes made 
by Ingold, Tacussel and Radiometer were tested (two 
of each make) and the results were: E-value at 
ph = 7.4 was - 171.8 mV, S.D. 2.7 mV and slope 
- 52.6 mV/ph, S.D. = 0.1 mV/ph. The polycrystalline 

ph 

Fig. 2. The dependence of the potential of palladium 
electrodes, made by thermal oxidation, on ph in 0.02M 
TRIS/O.l4M NaNO,. the ph was varied by adding either 
0.05M HNOJ0.I IM NaNO, or O.O5M- NaOH/O.I IM 
NaNO,. a and b, lines valid for the data obtained with the 
thermally oxidized palladium electrodes having the highest 
and the lowest E” value, respectively; c and d. lines 
calculated from literature data for the reaction 
PdO + 2H+ + 2e- $Pd + H,O. Two different E” values 

were used: line c-790 rnV;12 line d-917 mV.” 

electrodes also had inferior long-term stability in 
comparison with the monocrystalline antimony elec- 
trodes, and were sensitive to the speed of stirring of 

the solution. The potential is a linear function of ph 
over the ph range 2-10. 

For palladium/palladium oxide electrodes made by 
thermal oxidation for 20 min at 750”, the ph-response 
was linear over the ph range 2.5-S as shown in Fig. 
1. The E”-value for these electrodes decreased by 

-20 mV during the first two days after preparation, 
but then remained unchanged for a few months. The 
E”-values differed between individual electrodes. In 
our study, fifteen electrodes were tested. Figure 2 
shows the range within which all the results lay. The 
greatest difference in E” between two samples was 
about 50 mV. The potential values for the thermally 
prepared palladium/palladium oxide electrodes fell 
between the values that could be calculated for the 
reaction 

PdO+2H++2e-+Pd+H,O 

from an E”-value of 0.79 V (determined experi- 
mentally by Hoare”), and an E”-value of 0.917 V 
(calculated from thermodynamic data13). Most of the 
electrodes in the group tested had potentials which 
were closer to the value calculated from Hoare’s 
value than to the thermodynamic value. 

Iridium/iridium oxide electrodes obtained by con- 
tinuously cycling the potential of the iridium elec- 
trode between -0.25 and + 1.25 V (SCE) in 0.5M 
sulphuric acid, so-called AIROF-electrodes (Anodic 
Iridium Oxide Film electrodes), exhibited a linear 
response over the ph-range 2.5-8.7, as can be seen in 
Fig. 3. At ph-values higher than 8.7, the potential of 
the electrode drifted away in a positive direction from 
the straight line. The correlation coefficients for the 
linear part of the E vs. ph plots were slightly better 
for monocrystalline (0.9990-0.9997) than for poly- 
crystalline electrodes (~0.999). No clear trend could 
be observed in E” or slope when electrodes were 
prepared by cycling voltammetrically for 100, 200 or 
400 cycles, other experimental parameters being 
equal. The slope differed within the group of elec- 
trodes and consequently the different electrodes also 
had different E”-values. In general, the slopes of the 
E vs. ph plots obtained with polycrystalline AIROF- 
electrodes were lower (62-68 mV/ph) than the slopes 
obtained by using monocrystalline AIROF- 
electrodes (69-74 mV/ph). 

Response-rates of the electrodes 

From a practical point of view, the speed with 
which the electrode will respond to a change in 
ph-value of the solution is important. Our experi- 
mental set-up permitted us to make only a relative 
comparison of the response times of the glass elec- 
trode and the metal/metal oxide electrodes. The 
potential values of the electrodes were recorded for 

0.02M orthophosphate/O. 14M sodium nitrate me- 
dium subsequent to very fast addition of either strong 
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Fig. 3. Titration of 0.02M phosphate/O.l4M NaNO,. The electrode was a monocrystalline AIROF 
electrode obtained by cycling the potential between -0.25 and + 1.25 V (SCE) for 200 cycles, at a 
scan-rate of 100 mV/sec. The data can be described by the regression line E (mV) = 714 - 71.2 ph, 

r* = 0.9990. The number of experimental points was 32 and the ph range 2.5-9.5. 
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acid (0.05k.f nitric acid/O.1 1M sodium nitrate) or 
strong base (O.OSM sodium hydroxide/O. 11 M sodium 
nitrate). The ph was changed in steps: from ph 6 to 
ph 2.5, from ph 2.5 back to ph 6, from ph 6 to ph 8.3 
and from ph 8.3 back to ph 6. The response rates 
were evaluated from the time required for the elec- 
trodes to reach 95% of the new steady-state value 
after change in the composition of the solution. 

Monocrystalline antimony electrodes have re- 
sponse times that are similar to the response time of 
the glass electrode used (Ingold, type HA-401 M5, 
Ingold, Switzerland) over the entire ph-range. 

Thermally prepared palladium/palladium oxide 
electrodes have response times similar to the glass 
electrode in acidic or neutral solution. In the alkaline 
range, the response times are 6-10 times those for the 
glass electrode for increase in pH and 24 times 
longer than for the glass electrode for decrease to 
ph 6. 

AIROF-electrodes exhibit response times similar 
to or slightly longer than those for the glass electrode 
in alkaline solution. Monocrystalline AIROF- 
electrodes have 3-10 times longer response times than 
the glass electrode in acidic solution. The number of 

cycles used in preparation of the electrode had no 
clear effect on the response time. Polycrystalline 
AIROF-electrodes responded more slowly than the 
monocrystalline ones. 

The effect of complexing agents on the electrode 
response 

A comparison of the effects of some complex- 
forming ligands on the potential of the various 
electrode types studied can be based on the results 
summarized in Fig. 4. The potential of the antimony 
electrode is non-linear for ph < 8 in the presence of 
all ligands tested except TRIS. Among the ligands 
affecting the antimony electrode is orthophosphate, 
so certain standard buffer solutions cannot be used to 
calibrate this type of electrode. Orthophosphate had 
no effect on the potential of the thermally oxidized 
palladium electrodes, nor on the potential of the 
AIROF-electrodes. However, oxalate, being a strong 
reducing agent, will affect the potential of these 
electrodes. For palladium, a potential shift of be- 
tween + 1 and +5 mV was observed for 0.02M 
sodium oxalate (0.14M in sodium nitrate) relative to 
the response for TRIS of the same concentration. 
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Fig. 4. The dependence of potential on ph for a, antimony/antimony oxide, b, palladium/palladium oxide 
and c, AIROF electrodes, in 0.14M NaNO,/O.O2M ligand medium. 

Also, the response times of the palladium electrodes 
were longer in the presence of oxalate than in its 
absence. The potential of neither the monocrystalline 
nor polycrystalline AIROF electrode was affected by 
the same concentration of oxalate in the ph range 
2.5~K5, but shifts of about + IO mV were observed 
for neutral solution. 

The HCO;/CO, system does not affect the ph- 
response of the antimony electrode but preliminary 
results indicate that calibration plots of the palladium 
electrode and the AIROF-electrode are shifted by 
between +5 and +8 mV in the presence of this 
system. 

The effect of redox systems in the solution 

Non-linear calibration plots were obtained for all 
metal/metal oxide electrodes in the presence of a 
redox buffer (Fig. 5). However, the effect of ferro- 
cyanide on the antimony electrode is different from 
that on the palladium and AIROF electrodes. The 
potentials are shifted towards higher values and there 
is a “bump” in the curve at around ph 5. The 
potential us. ph plots for the latter two electrode types 
are the same as for a platinum wire in the solution, 
indicating that the response is due to slight variations 
in the redox potential and not to the change in ph. 
Only at very low ferrocyanide/ferrocyanide concen- 

trations did the potential of the palladium electrode 
differ from the potential of the platinum wire. 

The palladium electrode retained its ph-response 

after being used in the ferricyanide/ferrocyanide 
buffer, but lost it after being used in a 
bromine/bromide redox buffer. Dissolution of the 
oxide phase by formation of palladium bromide 
complexes is the most probable explanation. 

The effect of oxygen pressure on the electrode response 

Various mixtures of oxygen and nitrogen [oxygen 

content 2, 8 and approx. 20% (air)] were bubbled 
through a 0.02M orthophosphate/O. 14M sodium ni- 
trate solution at ph 6.5. In this way, the oxygen 
response of the thermally prepared palladium elec- 
trode or the AIROF electrodes could be tested. The 
results are summarized in Fig. 6. The potential 
change 2 hr after switching from air to the mixture 
of 8% oxygen in nitrogen was only 3 mV for the 
palladium electrode and the monocrystalline AIROF 
electrode. Consequently, oxygen is probably not 
directly involved in reactions with the electrode 
material, or if it is, the reactions proceed very slowly. 
Thus in practice these electrodes are not sensitive to 
oxygen. 

The polycrystalline AIROF electrodes behaved 
differently. Their oxygen response was both greater 
and faster. Switching from air to 8% oxygen resulted 



Crystalline Sb, Ir and Pd electrodes 131 

(cl (a) (b) 
400- -- 3 

-__e____-__ 

I: l\,fIj\__[~: :_, 
-LOO- 200 - 200 - 1 

2 4 ph 6 a 10 2 ‘P6 a lo 2 ‘P6 a lo 

Fig. 5. The redox sensitivity of the metal/metal oxide electrodes recorded for curves l,O.O2M TRIS/O. 14M 
NaNO,; curves 2, the same solution, containing also (a) 0.009M Fe(CN):- + O.OOlM Fe(CN):- for the 
Sb-electrode, (6) O.OlM Fe(CN)z- + O.OlM Fe(CN):- for the Pd-electrode. and (c) O.OOlM 
Fe(CN)z- + O.OOlM Fe(CN)i- for the AIROF electrode. A platinum-wire electrode was used as a check 

of the redox response (curves 3; for Pd, curves 2 and 3 coincided). 

in a potential change of around 10 mV after 1 hr and 
switching from 2% oxygen to air again gave rise to 
a sharp change in the potential. 

The difference between the monocrystalline and 
polycrystalline AIROF electrodes could be attributed 

________ 

a Y -IO/ ---L_f- 1 

to structural differences. The oxidized electrodes dis- 
played obvious differences under an optical micro- 
scope (Fig. 7). The monocrystalline electrode ap- 
peared uniform, with no visible colour differences, 
whereas the polycrystalline electrode showed a regu- 
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Fig. 6. The change m the electrode potential of the various types of electrode, on changing the partial 
pressure of oxygen above the test solution, as a function of time. The oxygen pressures used are indicated. 
(a) The antimony electrode. (b) the palladium electrode, (c) the polycrystalhne and (d) the monocrystalline 

AIROF electrode. 
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Fig. I. Photc bmicrographs showing the surfaces of (a) monocrystalline and (b) polycrystallir 
electrodes after oxidation for 200 cycles between -0.25 and + 1.25 V. 

le A .IR( 3F 

lar pattern of two colours (blue and yellow). It is 
tempting to attribute this pattern to the grain struc- 
ture of the polycrys~lline electrode. However, at- 
tempts to use a scanning electron microscope to 
analyse different parts of the electrode surfaces 
showed no difference between the two types of elec- 
trode. 

Antimony electrodes have a definite oxygen re- 
sponse. l4 For the monocrystalline electrodes it is 
comparatively fast, of the order of 15 set, and 
reproducible, as seen in Fig. 6. The antimony elec- 
trodes were tested in distilled and demineralized 
water in order to avoid the influence of complex- 
forming ligands (such as orthophosphate). The gas 
mixtures consisted of carbon dioxide at 5.4 &- 0.1 kPa 
partial pressure to keep the pH constant, various 
partial pressures of oxygen, and nitrogen to make up 
the balance. 

The potential response was linearly related to the 
logarithm of the oxygen partial pressure. For ten 
electrodes of 6N (i.e., 99.9999%) purity, the slope of 
the response graph was 15.5 f 0.7 mV per unit 
change in log poi and the correlation coefficient was 
typically 0.99. The purity of the antimony affected the 
stability of the E”-value and also the slope of the 
oxygen-response curve. Electrodes of only 4N purity 
showed a potential drift of some mV per hr and a 
response slope of 13.6 t_ 1 .I mV/log pW For poly- 
crystalline electrodes, the oxygen response was more 
sluggish and irreproducible, both between electrodes 
and with time. 

When the monocrystalline electrodes were in- 
spected with a scanning electron microscope the 6N 
purity electrodes were evenly corroded, whereas im- 
purity inclusions, mainly of lead and copper, could be 
found in the surface of the 4N purity electrodes. The 
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inclusions were standing up like towers in the other- 
wise generally corroded surface. The inclusions could 
have acted as cathodic sites for the reduction of 
oxygen in the corrosion reaction. The inferior sta- 
bility of less pure electrodes can thus be understood, 
as the inclusions will in due time be undermined by 
selective corrosion and thereby the cathodic area will 
be changed. 

DISCUSSION 

The results presented in the previous section make 
it possible to compare the different types of pH- 
sensing electrodes on the basis of the differences in 
their properties. 

~re~a$ut~o~. The monocrystalline antimony elec- 
trodes are simple to make. Antimony monocrystals 
are readily chipped into pieces and easily machined 
and ground. Orienting the monocrystals with a 
tightly packed crystal plane towards the solution 
requires some skill. The palladium and iridium elec- 
trodes are not as simple to make. The crystals are 
hard and difficult to machine. The observation about 
orientation applies to monocrystalline iridium as bell 
as to antimony. 

The ph -response. Monocrystalline antimony elec- 
trodes have a good response over the ph range 2-10, 
The response slope is typically 52 mV/ph. The ther- 
mally oxidized palladium~palladium oxide electrodes 
have a good response in the ph range 2.5-8.2 with a 
slope which is typically 59.6 mV/ph. AIROF elec- 
trodes can be used in the ph range 2.5-8.5. Mono- 
crystalline AIROF electrodes give typical response 
slopes in the range 69-74 mV,/ph, whereas the slopes 
for the polycrystalline electrodes are 62-68 mV/ph. 

Reproducibility of the E”-values between electrodes. 
Within a group of monocrystalline antimony elec- 
trodes, the differences in E” values are very low. A 
typical standard deviation for six electrodes was 0.3 
mV. The differences between electrode samples are 
substantially greater for the thermally oxidized 
palladium/palladium electrodes than for the anti- 
mony electrodes. However, the E”-value for a partic- 
ular electrode is quite stable during its life-time. The 
E”-values of the AIROF electrodes differ, too, be- 
cause the slope is different for different samptes. 

The response time. Monoc~stalline antimony elec- 
trodes respond as fast as the glass electrode. The 
palladium electrode has a fast response in acidic and 
neutral solution, but slower in alkaline medium 
(ph > 8.2). Monocrystalline AIROF electrodes have 
response similar to or slightly slower than that of the 
glass electrode in alkaline solution but substantially 
slower response in the acidic range. Polycrystalline 
AIROF electrodes respond more slowly than do the 
monocrystalline ones. 

The efkct of complexing ligands. Antimony elec- 
trodes are very sensitive to several ligands, some of 
them components of standard buffers. None of the 

common ligands except bicarbonate affects the 
palladium/palladium oxide electrode. The same is 
true for the AIROF electrode, but it is also slightly 
affected by oxalate in neutral and alkaline media. 

The effect of redox systems present in the solution. 
All three types of electrode are affected by redox 
systems to an extent that makes their practical use 
difficult under such circumstances. 

The effect of oxygen pressure. Palladium and 
monocrystalline AIROF electrodes display the same 
kind of slow response towards a change in the oxygen 
pressure. The polycrystalline AIROF electrodes show 
a faster and more definite oxygen response. The 
fastest and also most stable and reproducible oxygen 
response was, however, found for pure mono- 
crystalline antimony electrodes. These can in fact be 
used as oxygen electrodes if the pH of the measuring 
solution can be kept constant. The oxygen response 
was not significantly different from that for a four- 
electron oxygen reduction process. 

CONCLUSIONS 

The type of metal/metal oxide pH-sensing elec- 
trode to choose in a particular case depends on the 
relative importance of the various properties of the 
electrodes. Monocrystalline antimony electrodes are 
the choice when fast response, good reproducibility 
between electrodes and stability are important. Their 
potential is, however, sensitive to several ligands that 
may be present in the solutions tested, and particular 
care is required in the choice of buffers for the 
calibration. 

Thermally oxidized palladium/palladium oxide 
electrodes are insensitive to most common complex- 
ing agents. The slope of the calibration curve varies 
very little from one electrode to another, which 
simplifies their calibration. The preparation requires 
access to a furnace capable of maintaining a tem- 
perature of 750”. Monocrystalline palladium does not 
offer any advantage over the polycrystalline material. 

Monocrystalline AIROF electrodes are also insen- 
sitive to most complexing agents. They are simple to 
make and to regenerate after polishing off the oxide 
layer. Both the slopes and the E” values differ 
between electrodes, which makes calibration difficult. 
The response time is comparatively long, particularly 
in acidic medium. The monocrystalline AIROF elec- 
trodes are preferable to the polycrystalline ones. 

The potential of all the electrode types discussed is 
affected by variations in the oxygen partial pressure, 
reproducibly for the monocrystalline antimony elec- 
trode. Also, all types are affected by the presence of 
redox buffers in the solution. 
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KINETIC DETERMINATION OF TRACES OF 
MANGANESE TN DIFFERENT MATERIALS BY ITS 

CATALYTIC EFFECT ON THE METHYLENE 
GREEN-PERIODATE REACTION 
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Summary-The oxidation of Methylene Green by sodium periodate is a slow process. A kinetic method 
based on the catalytic effect of manganese(l1) on this reaction in the presence of l,lO-phenanthroline as 
activator is described. The reaction is followed spectrophotometrically by measuring the decrease in the 
absorbance of the dye at 620 nm. Under the optimal experimental conditions [4 x 10e5M Methylene 
Green, 0.2M acetate buffer (pH 4), 2 x lO-‘M l,lO-phenanthroline, 2.5 x lo-‘M sodium periodate, 357, 
manganese(H) between 0.2 and 30 ng/ml is determined by the tangent method. The accuracy of the method 
and the influence of 44 foreign ions have been studied and an equation for the kinetics of the catalysed 
reaction is proposed. The procedure has been applied to the determmation of manganese in water, milk 
and beer with excellent results. 

The importance of being able to determine man- 
ganese at the nanogram level is widely recognized. 
Recently, several catalysed reactions for this purpose 
have been described.‘-‘4 Although catalytic reactions 
offer good sensitivity, several attempts have been 
made to decrease the detection limit for man- 
ganese(H) by using activator ligands. The activators 
most widely used have been 1, I 0-phenanthroline,~~19 
2,2’-bipyridy1,19 ethylenediamine” and nitrilotriacetic 
acid.2’-23 The oxidation of numerous organic com- 
pounds by periodate is catalysed by Mn(II), but no 
report concerning the catalytic oxidation of thiazine 
dyes has been found. 

In the present study, the manganese-catalysed 
Methylene Green-periodate reaction in the presence 
of l,lO-phenanthroline as activator is described. A 
new and sensitive method for the determination of 
manganese with a detection limit of 0.2 ngjml is 
reported. The procedure has been applied to the 
analysis of beer, milk and tap water with excellent 
results. 

EXPERIMENTAL 

Reagents 
All chemicals used were of analytical reagent grade and 

the solutions were prepared with doubly distilled water. 
Methyiene Green solution, 4 x 10e4M. Prepared from the 

commercial product (Fluka, C.I. 52020) without further 
purification, by dissolving 0.0365 g in 250 ml of water. 

Manganese(ll) standard solution, 0.01 M. Prepared from 
the sulphate (Merck) and standardized with EDTA. Work- 
ing solutions were prepared by dilution just before use. 

Other reagent stock solutions were 1M acetate buffer (pH 
4), 0.01 M l,iO-phenanthroline and 0.05N sodium periodate. 

*To whom correspondence should be addressed. 

Apparatus 
A Pye Unicam SPS-100 double-beam spectrophotometer 

with l-cm cells and constant-temperature cell-holder was 
used for recording spectra and absorbance-time curves. 

General procedure 
In a IO-ml standard flask place I ml of 4 x IO-PM 

Methylene Green, 2 ml of In/r acetate buffer (pH 4). 2 ml 
of 0.01 &f I ~lO-phenanthroline and an appropriate volume of 
diluted manganese(I1) solution to keep the final concen- 
tration of the cation between 0.2 and 30 ng/mI. Keep the 
flask in a thermostat at 35.0 + 0.5” for 15 min. then add 0.5 
ml of 0.05M sodium periodate and dilute to volume with 
water. Turn on the recorder, mix the solution by vigorous 
shaking, transfer it to the spectrophotometer cell (kept at 
35.0 k 0.5”) and record the absorbance-trme curve at 620 
nm. Prepare a calibration graph by usmg the same pro- 
cedure and obtaining tan Q = AA/At for the initial straight- 
line portions of the absorbance zjs. time plots. 

Determination of manganese m samples 
Milk. Add 10 ml of concentrated nitric acid to 10 ml of 

milk in a loo-ml Erlenmeyer flask and heat to near dryness. 
Repeat the addition of nitric acid. Cool. add 5 ml of 2M 
sulphuric acid and heat until the nitric acid is evaporated 
and white fumes begin to appear. To complete the destruc- 
tlon of the organic matter, add 2 ml of concentrated 
hydrogen peroxide and heat. Cool, adjust to pH 4 with 
sodium hydroxide, dilute to volume in a 50-ml standard 
flask, and analyse a suitable ahquot. 

Beer. Heat IO ml of beer m a IOO-ml Erlenmeyer flask to 
near dryness. Then proceed as for milk. finally &lute to 
volume in a 15-ml standard flask, and analyse a suitable 
portion of this solution. 

RESULTS AND DISCUSSION 

Preliminary experiments showed that the oxidation 
of Methylene Green (MG) by periodate is a slow 
process which is catalysed by Mn(II), and that 
I,lO-phenanthroline has an activating effect on the 

**I. 132-_( 135 
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Fig. 1. Catalytic effect of manganese(H) (activation by 
1, IO-phenanthroline) on the Methylene Green-periodate 
reaction: 4 x 10m5M MG, 0.2M acetate buffer (PH 4) 
2.5 x 10m3M NaIO,, 35”. (1) Uncatalysed reaction. (2) 
Catalysed reaction: 20 ng/ml Mn(II). (3) Activated reaction: 

20 ng/ml Mn(II), 2 x lo-‘M l,lO-phenanthroline. 

reaction. Figure 1 shows both the catalytic and 
activating effects at pH 4. All spectra were recorded 
5 min after the start of the reaction. 

The reaction was followed spectrophotometrically 
by measuring the decrease in the absorbance of the 
Methylene Green at 620 nm. The slope of the absorb- 
ance vs. time graph was used as a measure of the 
reaction rate. 

Effects of reaction variables 

The variation of the reaction rate with pH was 
studied over the range 2-11, with different 
Britton-Robinson buffer solutions. Figure 2 shows 
the results obtained in the presence and absence of 
manganese (20 ng/ml). The catalysed reaction rate 

2 4 6 

Fig. 2. Variation of the reaction rate with pH: 4 x 10m5M 
MG, 0.04M Britton-Robinson buffer, 2 x IO-‘M 
l,lO-phenanthroline, 2.5 x lO-)M NaIO,, 25”. (I) Un- 

catalysed reaction, (2) 20 ng/ml Mn(II). 
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Fig. 3. Dependence of the reaction rate on the activator 
concentration: 4 x 10e5M MG, 0.2M acetate buffer (pH 4), 
2.5 x 10m3M NaIO,, 25”. (1) Uncatalysed reaction, (2) 20 

ng/ml Mn(I1). 

does not depend on pH in the range 3.5-4.2. A pH 
of 4 was chosen because it leads to the maximum 
difference between the catalysed and uncatalysed 
reaction rates. As pointed out elsewhere,‘* activation 
is due to the formation of catalytically active com- 
plexes of manganese with phenanthroline. The theo- 
retical formation curves for these complexes indicate 
that at pH 4 the 1: 1 complex predominates. 

The influence of several buffer solutions at pH 4 
was tested. The best results were obtained with 
0.05-0.4M acetate buffer. A 0.2M acetate buffer 
concentration was chosen. 

As can be seen in Fig. 3, the reaction rate increases 
linearly with l,lO-phenanthroline concentration up to 
lo-‘M for both the catalysed and uncatalysed reac- 
tions. Increasing the activator concentration above 
lo-‘M does not affect the rate of the catalysed 

6- 

Fig. 4. Dependence of the reaction rate on the MG concen- 
tration: 0.2M acetate buffer (pH 4). 2 x IO-‘M 
l,lO-phenanthroline, 2.5 x 10mZM NaIO,, 25’. (I) Un- 

catalysed reaction, (2) 20 ng/ml Mn(II). 
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Fig. 5. Variation of the reaction rate with periodate concen- 
tration: 4 x IOB5M MG, 0.2M acetate buffer {pH 4), 
2 x 10-AM I,lO-phenanthroline, 25”. (1) Uncatalysed reac- 

tion, (2) 20 ng/ml Mn(I1). 

reaction. The maximum difference between the 
two rates is obtained with 2 x 10a3M I,lO-phenan- 
throhne, so this was the concentration chosen as 
optimal. The theoretical curves for formation of the 
Mn(II)-phenanthroline complexes show that the 
catalyst is completely complexed with a 2 x 10-3M 
ligand concentration at pH 4, which strongly suggests 
that the activator complex is the catalytic agent. 

The variation of the reaction rate with MG con- 
centration is shown in Fig. 4. Both the catalysed 
and uncatalysed reactions increase their rate 
with dye concentration in the range studied 
(8 x 10e6-4 x IOF5M). A 4 x IO-‘M MG concen- 
tration, which provides an adequate absorbance at 
620 nm. was chosen. 

Figure 5 shows the effect of sodium periodate 
concentration in the range 2 x 10W4-2 x 10-rM. The 
rate of the catalysed reaction increases with periodate 
concentration up to 2.5 x 10e3M and then becomes 
constant. A 2.5 x 10e3M concentration was chosen 
because it gave maximum rate of the catalysed reac- 
tion and a low value for the blank reaction. 

The dependence of the reaction rate on tem- 
perature was studied between 20 and 40” for the 
uncatalysed reaction and in the presence of Mn(II) 
(10 ng/ml). In the absence of catalyst, the reaction 

Table 1. Dependence of the reaction rate on temperature 

K* x 102, min-’ 
Temperature, 

“C Uncatalysed reaction Catalysed reaction 

19.7 0.352 0.97, 
23.4 0.375 I .27, 
26.9 0.413 1.75, 
31.9 0.45 1 2.39, 
35.0 0.498 2.71, 
38.6 0.531 3.11, 

Conditions: 4 x IO-‘A4 Methylene Green, 0.2M acetate 
buffer (pH 4), 2 x IO-jM I,lO-phenanthroline, 2.5 x 
IO-‘M NaIO,, IO ng/ml Mn(I1). K* = [log(A, /AZ)]/ 
(f, - fl ). 

rate increases slightly with temperature. The tem- 
perature effect is more pronounced for the .catalysed 
reaction. Table 1 shows the overall pseudo first-order 
constants, K*, calculated as slopes of first-order plots 
at different temperatures. A temperature of 35’ was 
selected for further studies. The calculated activation 
energy is 12.9 f 0.2 kcal/mole for the catalysed 
reaction. 

Rate equation 

The kinetic data obtained for the reaction variables 
are summarized in Table 2. 

The following kinetic equation is proposed for the 
manganese(H)-catalysed Methylene Green-periodate 
reaction in the presence of I,lO-phenanthrohne as 
activator: 

-F = ~[MG][Mn~+] 

This equation is useful for the proposed experimental 
conditions; K is the rate constant for the catalysed 
reaction. 

Calibration graph and efict of foreign ions 

The absorbanc~time curves at different man- 
ganese concentrations are shown in Fig. 6. Such 
curves were treated by different kinetic methods and 
the highest reproducibility was found for use of the 
tangent method. Under the optimal experimental 
conditions (see Fig. 6) a linear calibration graph was 
obtained for manganese between 0.2 and 30 ng/ml. 

Table 2. Kinetic data for the Mn(II)-~talys~ Methylene Gun-Reriodate reactlon 

Uncatalysed reaction Catalysed reaction 

Variable 

H+ 

l,lO-Phenanthroline 

Methylene Green 
Periodate 

Concentration Kinetic Concentratton 
range, M order range, M 

*O-“-lo-4 IO-“-IO-4 
IO-‘-3 x IO-4 -;;2 10-4-3 x 10-d 
3 x IO-4-IO-’ -l/4 3 x lo-4Plo-” 
2 x 10~4-lo-’ 2 x IO-“-IO-’ 
IO-‘-S x IO-’ --Y/2 IO--‘-5 x lo-’ 

8 x IO-h-4 x IO-5 + I 8 x 10-Q x lO-5 
5 x IO_‘-5 x IO-3 +I 2.5 x 10-4-1.5 x lo-’ 

Kmetic 
order 

+ 312 
0 

- I/3 
-El/2 

0 
+t 

+ 114 
5 x 10-2-2 x 10-z 0 1.5 x IO-?-2 x 10-z 0’ 
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Fig. 6. Absorbance-time curves: 4 x IO-‘M MG, 0.2M 
acetate buffer (pH 4). 2 x IOm3M l,lO-phenanthroline, 
2.5 x IO-)M NaIO,, 35”. [Mn(II)], rig/ml: (1) 0.0, (2) 2.5, (3) 

5.1, (4) 10.2, (5) 15.2, (6) 25.4. 

The standard deviation of the method for IO-ng/ml 
manganese (10 determinations) was +O.S ng/ml, with 
a mean relative error of f3.8%. 

Interference by foreign ions in the system was 
studied with 1.5 x lo-‘M manganese solution con- 
taining the foreign ion. The results are summarized in 

Table 4. Determination of manganese in milk 
and beer 

Manganese, ng/ml 

Sample Kinetic method* AAS 

Milk 1 290 278 
2 237 222 
3 155 166 
4 340 306 

Beer 1 210 225 
2 191 180 

*In the presence of 0.02M H2P20:- to avoid 
the interference of Fe(II1). 

Table 3. The proposed method is quite selective. No 
ion interferes when present at less than IO-fold molar 
ratio to Mn(II). The strongest interference is caused 
by Fe(III), which also catalyses the MG-periodate- 
phenanthroline reaction. However, the tolerance for 
Fe(II1) can be improved by using dihydrogen pyro- 
phosphate as masking agent. In 0.02M HrPrO$- 
medium, a 20-fold molar ratio of Fe(II1) to Mn(I1) is 
tolerated, but it is necessary to make a new cali- 
bration graph for Mn(I1) in the presence of the 
masking agent. Fe(II1) is only tolerated in molar ratio 

Table 3. Interference of foreign ions in the determination of 1.5 x IO-‘M 
manganese(I1) 

Limiting 
molar ratio. 

[~onl/[MnWI Foreign ion 

2000* 

1000 
500 
200 
100 
50 
20 
10 

ClO,-, NO;, SO:-, HPO-, H,P,O;-, CO:-, 
Cl-, F-, IO;, ClO;, BrO; , VO; , citrate, 
tartrate, As(V), Ce(IV), Cd(II), Ca(II), 
WI), Ba(II), Mg(II), In(III), AI(III), TI(1) 
As(III)t, Cr(III), Th(IV), Zn(I1) 
Br-t, MOO:- t, WO:- t, oxalatet, Cu(II), Ni(I1) 
Cr,O:- t, Pb(II), Co(II), Bi(II1) 
Ce(III), Hg(I1) 
SCN- 
EDTA, Fe(III)§ 
I- 

*Maximum ratio tested. 
tIons which increase the reaction rate. 
@In the presence of 0.02M H,P,O:- . 

Table 5. Determination of manganese in water, and recovery determined by the 
standard addition method 

Sample 
Water I 

Water 2 

Water 3 

Total 
Mn, Mn Mn added, Mn found, Recovery, 

wlml taken, ng/ml nglml nglml % 

6.7 2.0 - 2.1 - 
2.0 4.2 105 
4.0 5.8 93 
6.0 8.0 98 

5.7 1.7 - 1.7 
2.0 3.5 90 
4.0 5.9 105 
6.0 7.8 102 

3.3 I.0 - I.0 
2.0 3.1 105 
4.0 4.9 98 
6.0 6.8 97 
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[Fe(III)]/[Mn(II)] = 0.2 in the absence of H,P,O:- . 7. D. Perez-Bendito, M. Valdrcel, M. Ternero and F. 

Most of the ions tested decrease the reaction rate. The Pino Perez, Anal. Chim. Acta, 1977, 94, 405. 

ions which increase the reaction rate are indicated in 
8. M. A. Sekheta, G. A. Milovanovic and T. J. Janjic, 

Table 3. 
Mikrochim. Acta, 1978 I, 297. 

9. A. Ya. Sychev, V. G. Isak and U. Pfannmeller, Zh. 

Applications 
Analit. Khim., 1978, 33, 1351. 

10. I. F. Dolmanova, G. A. Zolotova and M. A. Ratina, 

The proposed method has been applied to the ibid., 1978, 33, 1356. 

determination of manganese in milk and beer. The 
I I. J. L. Burguera and A. Townshend, Talanta. 1981, 28, 

results obtained for 3 determinations of each sample 12. 
are given in Table 4 and shown to be in good 
agreement with those obtained by AAS. 13. 

The method has also been applied to the deter- 
mination of manganese in tap water and the results 

l4 
’ 

obtained by the standard addition method are sum- 15. 
marized in Table 5. 

- 731. 
A. Moreno, M. Silva, D. Perez-Bendito and M. 
Valcarcel, ibid., 1983, 30, 107. 
A. A. Alexiev and K. L. Mutaftchiev, Anal. Lett., 1983, 
16, 769. 
S. Rubio, A. Gomez-Hens and M. Valcarcel, Analyst, 
1984, 109, 717. 
A. Ya. Sychev and Ya. D. Tiginyanu, Zh. Analit. Khim., 
1969, 24, 1842. 
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SOLVENT EXTRACTION OF ~-~YCLOHEXYL-~- 
NTTROSOHYDROXYLAMINE (cnha) INTO SOME ORGANIC 
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Summary-The drstribution equilibria of N-cyclohexyl-N-nitrosohydroxylamine (cnha) in the 
water-chloroform, water-hexane, water-methyl isobutyl ketone (MIBK) and water-isopentyl alcohol 
systems, and of the Cu(II)icnha complex in the water-MIBK system have been studied. From the 
distribution data the dissociation and distribution constants of the reagent have been calculated; their 
values are pK, = 5.55 rf 0.10; log KDR = 2.46 f 0.05 (chloroform), 1.76 f 0. I 1 (MIBK), 1.06 + 0.07 
(hexane) and 1.48 + 0.06 (isopentyl alcohol). In the same way the values of the distribution and stability 
constants of the Cu(I1) complex have been obtained; log K, = 3.51; log p, = 7.23 + 0.10 and log 
& = 12.00 f 0.08. For the determination of cnha in the aqueous phase saturated with MIBK, a 
speetrophotometric method based on the coloured comptex formed by the feagent with Fe(III) has been 
established. Finally, an analytical method for Cu(I1) by atomic-absorption spectrometry after its 
extraction with cnha into MIBK, is proposed. Its detection limit is 4.6 pg/I., its precision +2.1% and 
its accuracy 97.5%. This method has been applied to the determination of the copper content in the surface 
water of the Congost River of Catalonia (Spain). 

~-Aryl-~-nitrosohydroxylamines, especially cup 
ferron and neocupferron, have been widely applied to 
the separation and preconcentration of inorganic 
ions.’ These reagents are very good ‘extractants but 
are not very stable233 so only a few authors3” have 
studied the equilibria involved in the extraction. 

Buscarons and Canela9*io reported that N- 
cycloalkyl-N-nitrosohydroxylamines behave simi- 
larly to cupferron as analytical reagents but they have 
the advantage of greater stability. They also studied” 
the extraction of several metals with ~-cyclohexyl-~- 
nitrosohydroxylamine (cnha) and chloroform, and 
calculated the extraction constants for Cu(II), Pb(I1) 
and At@) in the water~hlorofo~ system. Later, 
Petrukhin and Kolycheva” gave values for the distri- 
bution constants of cnha in several water-organic 
solvent systems and reported qualitative data on the 
extraction behaviour of some metal ions with the 
same reagent in chloroform, using a paper chro- 
matography method. They paid special attention to 
the extraction of Cu(II), determining the stoichi- 
ometry of the extracted species and the equilibrium 
constants involved in the extraction. 

The first part of the presetit paper deals with the 
distribution of cnha in some organic solvent-aqueous 
buffer systems. Because of the high absorbance of 
methyl isobutyl ketone (MIBK) in the ultraviolet 
region, where cnha has its maximum absorption, a 
new spectrophotometric method based on the col- 
oured complex formed by the reagent and Fe(W) has 
been established to determine the cnha concentration 
in aqueous phases saturated with MIBK. 

In the second part, the extraction of Cu(I1) with 
cnha into MIBK, which is the best solvent medium 
for use in atomic-absorption analysis, is reported; the 
distribution constant and the stability constants (in 
water) of the Cu(II)-cnha complexes are given. A 
method for the dete~ination of Cu(I1) by atomic- 
absorption spectroritetry has been based on these 
results and applied to the analysis of a river water. 
The copper values found have been compared with 
those found by a standard methodi and by cupferron 
as the extractant, the experimental conditions for 
which in the water-MIBK system have also been 
established. 

Apparatus 
A Beckman Acta MVII spectrophotometer, with l-cm 

quartz cells, and a double-beam Perkin-Elmer 4000 atomic- 
absorption s~ctrophotometer, with a copper holiow- 
cathode lamp and an air-acetylene flame, were used. A 
Radiometer PHM64 pH-meter, equipped with a 
glass-calomel electrode pair, standardized with buffer solu- 
tions at pH 4.008 and 6,865 (25”) prepared from Merck salts 
according to DIN 19266, was also used. 

Reagents 
The sodium salt of N-cyclohexyl-N-nitrosohydroxyl- 

amine was obtained from the potassium salt (BASF) by 
acidification, extraction of cnha with diethyl ether, and 
back-extraction with aqueous sodium hydroxide solution. 
Addition of dioxan to the aqueous solution precipitated the 
white sodium salt of cnha, which was used as the reagent 
because perchloric acid and sodium perchlorate were to be 
used for acidification and ionic strength adjustment. 

The copper salt of cnha was obtained by precipitation at 
pH 7 from aqeuous solutions of the sodium salt of cnha and 
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copper nitrate. The copper content was determined by 
atomic-absorption spectrometry after dissolution of the 
solid in nitric acid. 

A stock solution of copper (1 g/l.) was prepared by 
dissolving the pure metal in perchloric acid, and standard- 
ized gravimetrically.‘4 

Chloroform, hexane, MIBK and isopentyl alcohol 
were purified by distillation. All other chemicals were of 
analytical grade and used without further purification. 

Procedures 

Disrribution measurements of cnha. Ten ml of an aqueous 
buffer solution containing the sodium salt of cnha 
(9 x 10-5-10m’M), with an ionic strength of 0.1 and satur- 
ated with the organic solvent, and IO ml of organic solvent 
saturated with water, were shaken together at 25.0 + 0.1” in 
30-ml glass-stoppered vials, long enough for equilibrium to 
be attained. After phase separation the cnha concentration 
m the aqueous phase was determined by one of the follow- 
ing methods. 

Method A (for chloroform, hexane and isopentyl alcohol). 
An ahquot of the aqueous phase was adjusted to pH 10 with 
sodium hydroxide solution and diluted to 25 ml. The 
absorbance was measured at 246 nm against a blank and 
compared with that of a standard. 

Method B (for MIBK). Into a 25-ml standard flask, an 
appropriate volume of the aqueous phase to give a final 
cnha concentration between 10m2 and 10d4M, enough 1M 
perchloric acid to make the final solution 0.1 M in acid, 5 ml 
of butylglycol and 2.5 ml of a l-g/l. solution of Fe(W) were 
introduced and diluted to the mark with water saturated 
with MIBK. An analogous solution without cnha was 
prepared as a blank. The absorbance was measured at 418 
nm after 15 min. 

Dlstribulion of Cu (II) complex. Ten ml of aqueous phase 
saturated with the organic solvent and containing appropri- 
ate concentrations of copper and the sodium salt of cnha, 
were shaken with either 1 or 10 ml of MIBK saturated with 
water for 10 min in a thermostatic bath at 25.0 k 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. I. A phase-volume ratio, VW/V,, of 1 was used 
in the experiments at pH 1-2. and of 10 for the pH range 
from 2 to 9. After phase separation, the equilibrium concen- 
trations of copper in the crganic and aqueous phases were 
determined by atomic-absorption spectrometry at 324.8 nm. 
It had been checked previously that the pH of the aqueous 

phase had no influence on the absorption readings. Solu- 
tions of the copper salt of cnha in MIBK were used to 
obtain a calibration graph for the metal determination in the 
organic phase. 

Determinalion of copper in water. A lOO-ml sample of 
water, 2 ml of 1 M acetic acid-sodium acetate buffer (pH 5) 
I ml of 0.1 M aqueous cnha or cupferron solution and 10 ml 
of MIBK saturated with water were transferred into a 
separatory funnel. After 1 min of shaking, the aqueous 
phase was discarded and the organic phase was aspirated 
into the flame of the atomic-absorption spectrophotometer. 
Reference solutions prepared by extracting aqueous phases 
containing between 10 and 500 pg/l. Cu(I1) were used for 
the calibration. Measurements were made at 324.8 nm. 

RESULTS AND DlSCUSSlON 

Spectrophotometric determination of cnha with Fe (III) 

Iron(II1) forms a yellow complex with cnha which 
is soluble in water in presence of 20% v/v butyl 
glycol. Its absorption spectrum shows a maximum 
between 414 and 420 nm. The acidity of the solution 
influences the colour intensity, O.lM acid being opti- 
mum. In order to avoid high blank absorbances, a 
final Fe(II1) concentration of 100 mg/l. is used. In 
these conditions the absorbance remains stable for 
more than 1 hr and Beer’s law is obeyed for cnha up 
to 150 mg/l. (log E = 2.84). The precision of the 
method is +0.3%. 

Several ions, particularly phosphate and acetate, 
interfere in the proposed method, so no buffer solu- 
tions containing these substances were used in the 
distribution equilibria studies of cnha in the 
MIBK-water system. 

Distribution of cnha in water-organic solvent systems 

Effect of shaking time. The absorbance of the 
aqueous phase after equilibration with the organic 
solvent does not depend on the shaking time, so 
equilibrium is attained almost immediately when the 
phases are shaken. 

3.0 r 

I I I 1 1 I I I I I I I 

1.0 2.0 30 4.0 50 60 70 6.0 9.0 100 11.0 
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Fig. I, Distribution of cnha between aqueous solutions and organic solvents: n chloroform; A MIBK; 
0 isopentyl alcohol; n n-hexane. 
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Table I. Distribution and dissociation constants of cnha 

log Ko, PK, 

-GraphIcal Numerical Graphical NumerIcal 

Solvent E calcn. calcn. Other values calcn. calcn. 

Chloroform 4.9 2.50 2.46 & 0.05 I .98 + 0.03* 5.70 5.67 + 0.06 
2.18t 
2.143 

MIBK 13.1 1.76 1.76+O.ll I .92t 5.62 5.44 + 0.16 
n-Hexane 1.9 I .02 I .06 f 0.07 0.9+0.1* 5.62 5.55 & 0.10 
Isopentvl alcohol 14.8 1.59 I .48 + 0.06 5.60 5.73 + 0.08 

E = Dielectric constant. 
*Petrakhin and Kolycheva.” 
tValue for cupferron. Is 
#Value for cupferron.’ 

Influence of the reagent concentration. The distribu- 
tion ratios of cnha in the chloroform, hexane and 
MIBK systems with water are not affected by vari- 
ation in reagent concentration in the range 
10~4-10-2M, so molecular association in the organic 
phase seems negligible. 

The pH-dependence of the distribution equilibria. 
Assuming that there is no reagent polymerization in 
the organic phase, then for a monobasic acid such as 
cnha the distribution ratio is related to the pH of the 
aqueous phase according to D = &/(I + KJ[H+]), 
where KDR is the distribution constant and K, is the 
dissociation constant of the reagent. Figure 1 shows 
the plots of log D ZLS. pH for the n-hexane, chloro- 
form, MIBK and isopentyl alcohol systems. When 
[H+]>> Kakt,, the distribution ratio is independent of the 
pH and D = KDR; in this region the molecular species 
is dominant in both phases. When [H+]<< K, the slope 
of the linear segment is - 1, and corresponds to the 
region where the anionic species is dominant in the 
aqueous phase. 

Distribution and ionization constants of c&a. Table 
1 gives the I6g KDR values determined in this work, 
together with those found in the literature for the 
same reagentI and for cupferrom2,” The results were 
obtained by means of Sill&n’s graphic methodI and 
the LETAGROP-DISTRIBUTION program.” Our 
value for the n-hexane system agrees with the one 
found by Petrukhin and Kolycheva” but the values 
for the chloroform system differ. According to these 
authors this difference may be attributed to different 
mixtures of cnha tautomers co-existing in the solu- 
tions, which may affect the distribution ratio.18 

KDR for cnha in the chloroform system is higher 
than the values for the other solvent systems, and also 
than the reported KDR values2,” for cupferron. In the 
MIBK system the KDR value of cupferron is higher 
than that of cnha. This behaviour can be attributed 
to specific solvent-solute interactions. If we consider 
that cnha has a more basic nitrogen atom and a less 
acidic proton than cupferron, and that the solvent 
donicities and solvent-acceptor numbersI of chloro- 
form and acetone (which should give specific inter- 
actions similar to those of MIBK) are 17.0 and < 1, 
and 12.5 and 23.1 respectively, we can conclude that 

the interactions of cnha with chloroform are sfronger 
than those of cupferron. The reverse is valid for 
MIBK, which agrees with the experimental values 
found in this work for the distribution constants. 

The ionization constant of cnha is also obtained by 
the methods applied for the determination of KDR. 
The values are given in Table 1 and agree with the 
values found by Buscarons and Canela” except for 
the isopentyl alcohol system, a fact which can be 
attributed to the high solubility of this solvent in 
water. 

Distribution of the copper complex in the water-MIBK 
system 

In the ranges of pH and metal concentration 
studied in this work, the presence of hydroxo- 
complexes of Cu(I1) can be neglected.20 Assuming 
that only mononuclear species are formed, the distri- 
bution ratio will be given by 

11 N4Wn1, 
D=[MIO.fOt=“m 

Wlwo, c MAv 
(1) 

n 

where M represents the metal, HL the extracting 
agent and the subscripts o and w denote the organic 
and aqueous phases respectively. If only one species 
is extracted and the metal is present in the aqueous 
phase predominantly as the cation M”+, equation (1) 
can be written as 

= ~5, W-l’,” + n, 
W+l: 

(2) 

where Pn is the formation constant of ML, in the 
aqueous phase, K,, its distribution constant, K, the 
adduct formation constant in the organic phase, K, 
and KDR the dissociation and distribution constants 
of the reagent, respectively, and K,, the extraction 
constant of ML,(HL),. Taking logarithms in 
equation (2) gives 

log D = log K,, + (WI + n) log[HL], + n pH (3) 
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Fig. 2. Influence of pH on the distribution ratio. Initial [cnha] in the aqueous phase: I.0 x IOm2M between 
PI-I 1 and 2 (where VW/V,= 1) and 1.0 x IOm3M at pH r 2 (where VW/V,, = IO). Initial [copper]: 

1.28 x IO-4M. 

If log ff is plotted us. pH at constant [HL],, or as. 
IogfHL], at constant pH, straight lines with slopes n 
and (m + n), respectively, are obtained. When the pH 
is increased, the complexes with the extracting agent 
become the predominant species in the aqueous 
phase, and the distribution ratio is given by 

K,fHL]~“’ + “I 
a= , \ (9 

fH*lE 
t 

1 f C ML-P ) 
When species other than GL,, can be neglected in 

the aqueous phase, a plot of log D vs. pH will give 
a straight line with a slope of zero, in this case 

log D = log KN (5) 

Inzuence of&king time. The log D values obtained 
at pH 1.10, with the shaking time varied between 1 
and 20 mm, show that distribution equilibrium is 
attained after 1 min of shaking. In subsequent experi- 
ments an extraction time of 10 min was adopted. 

Composition of extractable complexes+ TO determine 
the composition of the extractable complexes, experi- 
ments were done in which the pH af the aqueous 
phase and the initial concentrations of Cu(f1) and 
cnha were successively varied. Varying the copper 
con~ntratio~ had no effect on the distribution ratio, 
suggesting that only mononuclear species were ex- 
tracted in the range of metal concentrations studied 
(2.46 x lO-*-6,15 x WSM). 

In Fig. 2 log D is plotted vs. PH. The curve shows 
three segments, which differ in slope. At pH l-2 a 
straight line with slope of 1.92 points to the validity 
of equation (3) and indicates that n = 2. Between pH 
2 and 4 the dist~bution curve tends towards a slope 
of 1. Finaily, at pH > 5, the distribution ratio be- 
comes independent of the pH. 

series of extra~ions with cnha concentrations be- 
tween lo-’ and 3 x IO-*M, at a pH value near to 1, 
was performed. Despite the fact that the initial pH 
was the same for a11 the samples, small differences 
were found in the ~uilibri~m pH values. For this 
reason log D - 2 pH is plotted VS. log[HLJ, in Fig. 3. 
From the values of pH, initial concentration 
([HL],,,,) of cnha and equilibrium copper concen- 
tration in the organic phase, the [HL&, values were 
calculated by means of the equation 

-2.00?- 

- 2.20 - 

-2.40 - 

-2.60 

-2.80 - 

?i - 3.00 - 

cu - - (s - 3.20 

3.40 

8 - 3.60 - 
-I 

-3.80 - 

-4.00 - 

- 4.20 - 

-0.40 A - 

A 

Fig. 3. ~~tr~but~o~ of Cu(It) as a function of the equi- 
librium fcnha] in the organic phase. Initial pH = 1.10. Initial ._ 4.. 

To determine the value of m in equation (3), a [copper]: 1.28 x 10~*M. 
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Table 2. Survey of the equilibrmm constants for the extraction of Cu(ll) 
with cnha into MlBK 

Method log K,, 

Graphical 1.05 

LETAGROP I. I I f 0.06 

*Petrukhin and Kolycheva.‘* 

log K, log BI log 82 

3.50 7.13 II.90 
7.7 + 0.6+ 14.9 + 0.3* 

3.51 7.23 + 0.10 12.00 k 0.08 

A phase-volume ratio of 1 was used in this series of 
experiments. The values of KDR and K, are given in 
Table 1. The points in Fig. 3 fall on a straight line 
with slope 1.92, indicating m + n = 2 and accordingly 
m = 0. Hence no adducts with the extracting agent 
are formed and the stoichiometry of the extracted 
complex is CuL,. 

ft@ence of the ionic strength. The values of log D 
obtained at constant pH and cnha concentration 
were independent of the ionic strength of the aqueous 
phase, varied between 0.05 and l.OM by addition of 
sodium perchlorate, also showing that the 
perchlorate does not take part in the distribution 
equilibrium. 

Calculation of the equilibrium constants. From the 
distribution data the extraction (K,,) and the distri- 
bution (K,,) constants, as well as the stability con- 
stants of the species CuL, and CuL+ in the aqueous 
phase, were obtained by graphical and numerical 
methods. According to equation (3) the K,, value can 
be calculated from the intercept of the straight line 
obtained by plotting log D us. pH when the predom- 
inant species in the aqueous phase is Cu*+. From the 
segment of slope 2 in Fig. 2 a value of 1.05 for log 
K,, is obtained. 

The Sillen curve-fitting method” was used to ob- 
tain the values of Koc, fl, and p2 shown in Table 2. 
In Fig. 4, log D t’s, log[L-] is plotted, superimposed 
on the normalized curves of log D* vs. log u, as 
different values of the parameter p, in the conditions 
of best fit. The normalized variables and p are defined 
by D* =D/KDc; u = fi::Z[L-]; p =/I,/&. 

The values of the constants obtained graphically 
were refined by means of the program LETAGROP- 
DISTRIBUTION;” the final values and their stan- 
dard deviations are given in Table 2. There is good 
agreement between the constants obtained by the 
two methods. Figure 5 shows the difference log 

&arc - log Dexp . 
The value of the distribution constant of the spe- 

cies CuL, in the system studied is higher than that 
obtained when chloroform is used as organic sol- 
vent.‘* As can be seen in Table 2, the value of /I, 
calculated in this work agrees with that obtained by 
Petrukhin and Kolycheva’* but the values of j?? differ. 
However, the number of experimental points treated 
in this paper to obtain the p2 value is much greater 
than that used in the Russian work, and mainly at 
ligand concentrations in which CuL, predominates in 
the aqueous phase. 
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Fig. 4. The experimental curve of log D US. log [L-l superimposed on the normalized curves log D* vs. 
log U. at different values of the parameter p, in the conditions of best fit. D* = I/(1 +p/u + l/u2). 
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Fig. 5. The differences between the measured values of the distribution ratio of Cu(Il) and those calculated 
by the program LETAGROP, as a function of pH. 

~eterminati~n of copper by atomic -absorption spec - 
trometry 

The high values of the recovery factor (> 99.9%) 
in the copper extraction with cnha in MIBK at 
pH > 4, suggested use of the system for deter- 
mination of this element in natural waters. 

Because of the lack of stability of cupferron in acid 
medium, especially in presence of MIBK, which 
acceierates decomposition of the reagent, it was not 
possible to make a complete study of the distribution 
equilibria of the copper-cupferron complex. How- 
ever, to compare the extractions with cnha and 
cupferron, the recovery factor with the latter was 
determined at several pH values between 2.7 and 6.7; 
it ranged between 99.3 and 103.7% and showed that 
extraction is quantitative under these conditions, 
even though partial decomposition of the reagent 
takes place. 

The accuracy, precision and detection limit for the 
determination of copper in water by atomic- 
absorption spectrometry after extraction with cnha 
or cupferron into MIBK were compared with the 
values for a standard method with ammonium pyr- 
rolidinedithiocarbamate (apdc) as extracting agenti 
The accuracy was evaluated by known-addition re- 
covery experiments with 5, 10 and 15 pg of copper 

added to 100 ml of water containing 5 fig of the 
metal. The precision (relative standard deviation) was 
determined by extracting ten identical samples with a 
copper content of 244 pg/l. and making three absorb- 
ance readings for each sample. The detection limit 
was calculated according to IUPAC” as three times 
the standard deviation of the blank (determined from 
triplicate measurement of each of ten blanks). The 
results are summarized in Table 3. It can be con- 
cluded that the determination of Cu(II) in naturai 
waters by atomic-absorption spectrometry after ex- 
traction with cnha or cupferron in MIBK is a good 
method, with accuracy and precision better than 
those of the APHA standard method and detection 
limits of the same order of magnitude as for that 
method. 

Determination of copper in the Congest River surface 
water 

The Congost River is a long tributary of the Besos 
River. Both cross a highly industrialized area in the 
east of Catalonia (Spain), and their waters are very 
polluted. The samples were taken at five points along 
the river, every month from July to December of 
1982, as described in a previous paper.** Figure 6 
shows the copper content of the river water, ex- 

12345 12345 12345 12345 

July September October November December Mon?h 

Fig. 6. Copper content in the Congost River, determined by atomic-absorption spectrometry after 
extraction with cnha (0) or apdc (a) into MIBK. 
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Table 3. Characteristics of the methods for determination of 6. G. K. Schweitzer and L. H. Howe, rbid., 1967, 37, 316. 
copper with cnha, cupferron or apdc 7. A. T. Pihpenko. E. A. Shpak and A. I. Samchuk, (/kr. 

cnha cupferron apdc 
Khim. Zh:, 1972, 38, lO5i. 

8. A. A. Nadezhoda, K. P. Ivanova and F. P. Gorbenko, 
Detection limit, pggll. 4.6 2.9 0.8 ibid., 1980, 46, 1315. 
Precision,* % 2.1 1.7 3.2 9. F. Buscarons and J. Canela, Anal. Chim. Acra, 1973,67, 
Accuracv.t 97.5 98.2 86.3 349. < 
*Expressed 10. as the relative standard deviation. Idem, ibid., 1974, 71, 468. 
TExpressed as the recovery determined by the known- 11. Idem, ibid.. 1974, 70, 113. 

addition method. 
12. 0. M. Petrukhin and N. V. Kolycheva, Zh. Analit 

Khim., 1980, 35, 1478. 

pressed in pg/l., obtained with cnha and apdc as 
extracting agents. It can be concluded that there are 
no significant differences between the results obtained 
with the two reagents. All the values in Fig. 6 are 
below the maximum level permitted by the Spanish 
standards for the quality of river waters. 
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Summary-Anion-exchangers loaded with SPADNS or Orange II or SPADNS + Nitroso-R salt are used 
for selective separation of bismuth and cadmium, which are then determined by AAS. 

Extensive investigations have been made”’ of 
chelate-forming resins prepared by modification of 
the common anion-exchange resins with sulphonated 
aromatic compounds which display high affinity for 
anion-exchangers. When immobilized on an ex- 
change resin these reagents transform it into a selec- 
tive exchanger which prefers some metal ions much 
more than others, according to the complexing ability 
of the immobilized agent. Ferron, Nitroso-R salt, 
Alizarin S, chromotropic acid, Bromopyrogallol Red, 
Tiron and Xylenol Orange have been used in this way 
in our laboratory. The usefulness of this technique 
has been confirmed by others.“-” 

This paper describes the properties of the chelating 
resin obtained by modification of the macroporous 
anion-exchanger Amberlyst A-26 with SPADNS 
[2-(p-sulphonylazo)- 1 &dihydroxy-3,6-naphthalene- 
disulphonic acid] and of the anion-exchanger Varion 
AT-400 with Orange II [p-(2-hydroxy-l-naph- 
thylazo)benzenesulphonic acid]. Both reagents con- 
tain oxygen and nitrogen atoms as electron-donors. 
The complexation ability of SPADNS and Orange II 
depends strongly on pH. In acid medium they react 
with only a limited number of metal ions. As a result, 
the SPADNS resin reacts with very few metal ions in 
acid medium, for instance Bi(III), as we show in this 
paper. 

We also describe the usefulness of the resin 
obtained by the modification with two complexing 
reagents, SPADNS and Nitroso-R salt for the sepa- 
ration of metal ions. Such a procedure enables reten- 
tion of a great number of metal ions ‘on the resin bed 
and if a “reverse separation method” is used’ (only 
one metal ion passing into the effluent, the others 
being retained) selective separation of some metal 
ions is possible. We have shown that selective 

*This paper was presented at Euroanalysis V, Cracow, 
26-31 August 1984. 

separation of Cd(H) from other metal ions is thus 
possible. 

EXPERIMENTAL 

Reagents 

SPADNS, Orange II and Nitroso R-salt (NRS) were 
recrystallized from ethanol. 

The solutions of metal ions were prepared by dissolving 
appropriate weights of the analytical grade sulphates or 
nitrates, and standardized by EDTA titration or atomic- 
absorption spectrometry (AAS). 

Amberlyst A-26 (Rohm and Haas) macroporous strongly 
basic anion-exchanger in chloride form (0.45-0.55 and 
0.1-0.2 mm particle size, 3.46 meq/g capacity) and the 
stronglv basic anion-exchanger Varion AT-400 (Nitro- 
Kern&Hungary) in chloride firm (0.40.5 mm pa&e size, 
3.45 meq/g capacity) were used for preparation of the 
chelating resins. 

Preparation of chelating resin 

A mixture of chelating agent and anion-exchanger was 
shaken at room temperature until the supernatant liquid 
became colourless. The resin was then filtered off, washed 
with water and methanol, air-dried and stored in the 
refrigerator. 

Determination of exchange capacity for complexing agents 

In the batch method a 200-mg portion of anion-exchanger 
was stirred with 20 ml of a 0.02M solution of the chelating 

HO OH 

HO SBN::*S03H 
3 3 

SPADNS 

Scheme I. 
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Reactton tcme t hr I 

Fig. 1. Adsorption of SPADNS on the anion-exchange 
resin. 

agent, and the concentration of the latter in the liquid phase 
was measured at regular intervals by spectrophotometry 
(Fig. I). In the dynamic method 1000 ml of 0.002M solution 
of the chelating agent was passed through a bed of I .O g of 
ion-exchanger, and IOO-ml fractions of the effluent were 
analysed by spectrophotometry (Table 1). 

Stability of the modiJied resm in miner& acid and sodium 
&hloride media 

The resin (500 mg) loaded with the complexing agent (0.2 
mmole per g of resin) was packed in a column (8 mm bore 
tube fitted with a stopcock), and 100 ml of mineral acid or 
sodium chloride solution of known concentration were 
passed through it at a flow-rate of l.O+_O.l ml/min. The 
amount of complexing agent appearing in the effluent was 
determined spectrophotometrically (Table 2). 

Determination of exchange capacity of SPADNS resin for 
bismuth (III) 

Portions of SPADNS-Amberlyst resin (200 mg) loaded 
with 0.10, 0.20 and 0.40 mmole of SPADNS per g of resin 
were shaken for about 12 hr with Bi(II1) in 3: 1 molar ratio 
to SPADNS, at pH = I.5 The amount of Bi(II1) ieft in 
solution was determined I2 hr later. 

Determinaiion of retention of metal ions on modt~ed resins 

A portion of loaded resin corresponding to 200 mg of the 
original chloride-form resin was shaken for 12 hr with 20 ml 
of the metal ion solution. the concentration of which 
corresponded to a 1: 10 molar ratio of metal ion to ligand 
immobilized m the resin phase. The concentration of metal 
ion left in solution was determined 12 hr later by AAS. This 
period was found to be adequate for reaching equilibrium. 

Table I. Total amount of chelating agent loaded on anion- 
exchanaer (chloride form) 

Chelating 
aeent 

Total amount loaded, rnrnole~~ 
- 

Batch method Elution method 

Orange II+ 
SPADNSt 

0.8 kO.1 o&*0.1 
l.OIt0.16 - 
1.7 Z0.Q 1.8 +O.l$ 

NRS 1.8 50.15 

*The total capacity of Varion AT-400 (0.4-0.5 mm) is 3.45 
meqlg. 

TThe total capacity of Amberlyst A-26 is 3.46 meq/g. 
BResin beads 0.45-0.55 mm diameter. 
iResin beads 0.14.2 mm diameter. 

Table 2. Resistance of the loaded resins to mmeral acids and 
sodium chloride (0.5 g of resin; capacity of chelating agent 

0.2 mmole/g; 100 ml of eluent) 

Release, % 
Concentration, ._ 

Eluent M Orange II SPADNS NRS 

0.1 0.f 0.1 0.1 
HCl 0.5 - 0.1 7.0 

I.0 - 1.0 28 

0.1 0.5 0.1 4.0 
HNO, 0.5 1.0 4.0 52 

I.0 3.0 16 80 

0.1 1.0 26 94 
HClO, 0.5 - 80 - 

I.0 99 - 

0.1 0.1 1.0 
NaCl 0.5 0.5 6.0 

1.0 - 2.0 22 

Determination of Bi(llI) in Pb(NO,), 
A 0.5-g sample of lead nitrate was dissolved in 50 ml of 

doubly distilled water, and 5 ml of this solution 
(pH = 1.3-1.5) were introduced into a column of 0.1 g of 
resin loaded with 0.025 mmole of SPADNS. The lead was 
eluted with SO ml of O.OOiM nitric acid, followed by bismuth 
with 20 ml of I.OM nitric acid. 

RESULTS AND DISCL’SSION 

Table 1 gives the exchange capacities determined 
by the batch method. It can be seen that the capacity 
is higher for the smaller particle-size beads of Amber- 
lyst A-26. As the apparent capacity of the Amberlyst 
A-26 for SPADNS is about 50% greater than the 
exchange capacity of the resin, other sorption effects 
besides simple ion-exchange must be involved. The 
resistance of the SPADNS and Orange II chelate- 
forming resins to minerai acids depends on the 
affinity of the acid anions for the anion-exchanger; 
the affinity sequence is CIO; > NO; > Cl-, and 
perchloric acid therefore displaces the reagents more 
effectively than nitric or hydrochloric acid does 
(Table 2). 

The retention of metal ions on SPADNS and 
Orange II chelate-forming resins was investigated as 
a function of pH. The results are presented in Figs. 
2 and 3. It is seen that varying the pH gives good 
differentiation of the selectivity of the SPADNS or 
Orange II resins for metal ions, especially in the acid 
range. These two resins more strongly retain metal 
ions that have higher preference for oxygen as a 
donor atom. The SPADNS resin in acid medium is 
selective for Bi(II1) and Zr(IV>; Co(II), NW) and 
other metal ions preferring nitrogen as a donor atom 
are practically not bound to the resin in acid medium. 
Our investigations show that the binding capacity for 
bismuth(II1) increases linearly with increase in the 
amount of SPADNS loaded, and the binding ratio of 
Bi(II1) to SPADNS on the resin is about 1: 1. 

Experiments performed in dynamic conditions 
confirmed that in the pH range 1.3-l .5 Bi(II1) can be 
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Nt(ll) Fe(lllf Cd(U) Zn(li) Pbitl) 

81 (III I ZrilV) Al t III i 

Fig. 2. Retention of metal ions on SPADNS resin as a function of pH. 

quantitatively separated from Ni(II), Co(B), Cu(II), 
Cd(H), Cr(III), Mn(II), Pb(II), Fe(II1) and Zn(I1) 
when these ions are present in 2500-fold ratio to the 
bismuth (Table 3). Especially important from a prac- 
tical point of view is the separation from lead. This 
method of separation was therefore adopted for the 
determination of Bi(III) in p.a. lead nitrate. The 
Bi(II1) content found by flameless atomic-absorption 
spectrometry (AAS) without separation was 
1.0 x 10e3%, but that found when separation was 

CO(U) NICII) 

used was 3.7 + 0.2 x 10e3%. Considerable attention 
has been paid to ion-exchange separation of Bi(II1) 
from other metal ions.*‘. 

The batch method results show (Fig. 2), that the 
SPADNS resin has the least affinity for cadmium, 
because of the very weak complexes formed by Cd(B) 
with SPADNS. If the “reverse separation method” is 
used, cadmium(I1) should be separable from several 
metal ions. As cadmium is one of the most poisonous 
metals present in the environment, its determination 

Zn I II) Cdtlll Pbflll 

PH 

Fig. 3. Retention of metal ions on the Orange II resin as a function of pH. 
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Table 3. Separation of Bi(III) from various ions on SPADNS resin (column 
diameter 5.8 mm; 0.1 g of 0.1-0.2 mm resin beads; 0.25 mmole of SPADNS 
per g of resin, 10 ml of solution at pH 1.3-l 5; loading at 0.5 ml/min, elution 
at 1.0 ml/min; all foreign metals eluted with 30 ml of IO-)M HNO,, Bi eluted 

with I.OM HNO,: averaaes of 10 determinations) 

Amount of Bi Amount of Me 

Added, Found& Error, Metal ions Added, Found,$ Error, 
mf mE % in mixture m.c w % 

1 .oo* 0.997 0.3 Ni 1.00 1.00 - 
Mn 1.00 1.W - 
Cr 1.00 1.00 - 
Cd 1.00 1.01 fl 
Zn 1.00 1.01 i-1 
co 1.00 1.01 fl 
cu 1 .oo 0.99 -1 
Fe 1 .oo 0.98 -2 
Pb 1.00 1.00 - 

0.004t 0.0041 2.5 Ni 1 .oo 1.00 - 
Mn 1.00 1.00 - 
Cr 1.00 1.00 - 
Cd 1.00 1.01 fl 
Zn 1.00 1.02 +2 
CU 1.00 0.98 -2 
CO 1.00 1.00 - 
Fe 1.00 0.98 -2 
Pb 1 .oo 1.00 - 

0.004t 0.0643 7.5 Pb 5.00 5.00 - 

*50 ml of eluent. 
t20 ml of eluent. 
$For determination by AA:, standards were prepared in the same way as the 

sample solutions. 

as a ~llutant is very important from a practical point 
of view. Most methods described in the literature 
use AAS for cadmium determination, especially in 
analysis of natural waters. Our investigations (Fig. 4) 
showed that several interferences were observed in 
the determination of cadmium by flameless AAS in 
the presence of other metal ions. If precise deter- 
mination of cadmium is necessary, the influence of 
the other metal ions should be taken into consid- 
eration. The best method of avoiding such inter- 
ferences is to separate the cadmium from the other 
metals. 

Prelimina~ investigations showed that the 
SPADNS resin allowed the separation of Cd(H) from 
Pb(II), Cu(II) and Fe(III), but not from Co(U) or 
Ni(II), which partly pass into the effluent along with 
cadmium. Thus, we decided to use a resin bed 
modifid with two reagents, SPADNS and NRS, to 
make it possible to retain Co(H) and Ni(I1): NRS was 
used in our earlier work4 and shown to have high 
preference for Ni(II), Cu(II), Fe(II1) and especially 
Co(II), but not for PbfII) (Fig. 5). The results 
presented in Table 4 show that quantitative sepa- 
ration of Cd(I1) from Pb(II), Cu(II), Co(II), Fe(II1) 

500 IOOO Me/Cd 

-50 - 

-60 - 

x Pb 

. NI 

-70 - 0 CU -\ ‘\ 
0. co ‘1 l 

-b 

Fig. 4. Effect of Pb, Co, Cu and Ni on the AAS signal of Cd, expressed as relative change in signal. 
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Fig. 5. Retention of metal ions on -O- SPADNS resm, -x- NRS resin, as a function of pH. 

and Ni(I1) is possible on the SPADNS + NRS resin Orange II complexes are weaker than the SPADNS 
by the reverse separation method. It should be noted complexes. 
that concentrations of Cd(I1) lower than 0.01 ppm The experiments with the Orange II resin (Fig. 3) 
could not be determined. show that separations of the following pairs of metal 

The retention curves for the Orange II resin ions are possible at suitably chosen pH values: Al-Ni; 
are shifted to slightly higher pH than those for Pb-Mn(I1); Al,Pb,Zn-Ni; Al,Pb,Zn-Mn(I1). Results 
the SPADNS resin, probably because the metal- for analysis of such mixtures are given in Table 5. 

Table 4. Separation of Cd from other metals on mixed NRSjSPADNS resins 
diameter of column 5.8 mm; 0.2 g of 0.1-0.2 mm resin beads; 0.1 g of NRS 
resin (NRS 0.5 mmol/g) + 0. I g of SPADNS resin (SPADNS 0.1 mmole/g; 
50 ml of solution at pH = 6.3-7.0, loading and elution at I ml/min, other 
metals all eluted with 10 ml of 2M HClO,; average of 10 determinations) 

Amount of Cd* Amount of Me 

Added, Found,? Error, Metal ions Added, Found,t Error, 
IG /G % in mixture pg fig % 

20 20 - 1 

CU 20 20 
Fe 20 19.4 -3.0 
Pb 20 19.2 -4.0 
Ni 20 19.6 -2.0 
co 20 20. I +0.5 

1 

cu 20 20 - 
0.5 0.48 -4.0 Fe 20 19.5 -2.3 

(corresponds to 0.01 ppm) Pb 20 19.4 -3.0 
Ni 20 19.8 - I.0 
co 20 19.9 -0.5 

*Cd passes through the resin bed without being retained if its concentration 
is >O.Ol ppm. 

tFor determination by AAS, standards were prepared in the same way as the 
sample solutions. 
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I. 

2. 
3. 
4. 
5. 
6. 

Table 5. Separation of the synthetic mixtures of metal ions on Orange II resin 
(0.5 g of resin 0.2-mmole/g Orange II; 15 ml of mixture of metal 
ions + Orange II, [Me] : [Orange II] = 1: 1, at pH = 1 I .5; loading and elution 

at 1 ml/min; average of 4 determinations) 

Amount of metal, mg 

Metal ion Elution agent Added Found* Error, % 

Al 60 ml of 0.25M NaOH 20.0 20.0 
Ni > 50 ml of 0.2M HCl 0.20 0.199 -0.5 

Al 66 
> 50 

ml of 0.25M NaOH 6.00 6.05 +0.8 
Mn ml of 0.2M HCI 0.04 0.039 -2.5 

Pb 50 
> 50 

ml of 0.25M NaOH ‘5.00 4.98 -0.4 
Mn ml of 0.2M HCl 0.04 0.038 -5.0 

Al 6.00 6.01 -0.2 
Pb 60 ml of 0.25M NaOH 5.00 4.99 -0.2 
Zn 1 4.94 4.95 f0.2 
Ni 50 ml of 0.2M HCI 0.20 0.199 -0.5 

Al 6.00 6.02 0.3 
Pb > 60 ml of 0.25M NaOH 5.00 4.98 0.4 
Zn 4.94 4.95 0.2 
Mn 50 ml of 0.2M HCI 0.04 0.039 -2.5 

*For determination by AAS, standards were prepared in the same way as the 
sample solutions. 
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Summary-A method (“electrosorption”) has been developed for separation of silver from copper by its 
deposition through internal electrolysis with hydrogen adsorbed on a platinum surface. The silver can then 
be stripped and determined by atomic-absorption spectrometry or the dithizone method. The activation 
of the platinum surface with adsorbed hydrogen can be achieved either electrolytically or by passing 
hydrogen gas through the solution m which the platinum is Immersed. The method of electrosorption has 
been successfully applied to determination of trace levels of silver in copper metal. 

Electrolysis with an electrode of small surface 

area, maintained at very negative potential, is well 
known as a technique for the separation of traces of 
heavy metals from matrices such as water, biological 
materials and possibly salts of alkali or alkaline-earth 
metals. 

It is also known that a metal monolayer can be 
formed on the surface of an inert electrode (such as 
a platinum electrode) at a potential considerably 
more positive (“underpotential”) than that required 
for deposition of macroscopic quantities of the 
metal.‘-’ However, no analytical use seems to have 
been made of this fact. 

In a previous paper’ we presented the results of 
studies on the separation of silver traces from various 
media by controlled potential electrolysis. We 
showed that deposition of silver traces on a platinum 
gauze electrode under “underpotential” conditions 
(formation of a monolayer) was just as effective as 
deposition under “Nernst” conditions (formation of 
1 bulk phase). Deposition in the underpotential range 
also makes it possible to separate trace quantities of 
silver from metal matrices. As an analytical applica- 
tion we examined the electrolytic separation of silver 
traces from copper and other materials from the 
copper industry,’ since the “normal” potential for 
copper is higher than that of other base metals. The 
results obtained led us to expect that the method 
should be useful for separation of silver traces from 
various metallic matrices. 

In the present work, we make use of another 
under-exploited facet of redox chemistry, namely that 
silver can be deposited as a monolayer on an inert 
(platinum) electrode through an adsorption mech- 
anism. The reaction is based on adsorption of hydro- 
gen on a platinum surface, and its redox reaction with 

silver ions, involving “internal electrolysis,” to give 
an adsorbed layer of silver metal:” 

2Ag+ + &fads) -, 2H+ + ZAG,,,, 

This process has not hitherto been applied in ana- 
lytical practice. 

It was first necessary to investigate the conditions 
for the electrosorption (internal electrolysis and ad- 
sorption) separation of silver traces on a platinum 
gauze of large surface area. It was found that hydro- 
gen adsorbed on the platinum gauze surface lowers 
the electrode potential, making it possible for silver 
traces to be deposited. 

EXPERIMENTAL 

Reagents 

Siluer nitrate. Aqueous I-mg/ml stock solution, suitably 
diluted to give working solutions. 

Dithizone. A 0.002% solution in carbon tetrachloride, 
prepared by dilution of 0.01% solution.” 

EDTA solution, 0.25 M. 
Water. Triply distilled in glass apparatus. 
Radioactive silver (““An), as AaNO, in 0.1 M HNO,. 

Radioactivity 1 mCi/& s&&c activity i .2 mCi/mg of Ag; 
working solution (solution A; Ag+ about 0.8pg/ml) pre- 
pared by IOOO-fold dilution of the initial solution with 
water. 

Apparatus 

Platinum gauzes. A 4 x I4 cm piece of gauze (contain- 
ing 2% Ir),-- 140 mesh/cm*, permanently attached to the 
inside wall of a 60-ml Teflon beaker. A 2.5 x 1.5 cm 
320 mesh/cm2 pure platinum gauze, folded double. A 
2.5 x 2.0cm piece of platinum foil. 

Deposition of silver by electrolysis at controlled potential 

The working electrode (platinum gauze, 320 mesh, 
2.5 x 1.5 cm, folded double) was set at the desired potential 
us. an SCE (with a potentiostat) and the working and 
auxiliary (platinum foil, 2.5 x 2 cm) electrodes were inserted 
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mto a magnetically stirred solution in a Teflon beaker, the 
reference electrode (SCE) connected to a potentiostat being 
used only as reference. 

Before and during experiments with”“Ag, the activity of 
1 ml of the solution was measured with a scintillation probe, 
in a polyethylene ampoule. 

The stlver deposited was removed from the electrode by 
rinsing the surface with 5 ml of hot nitric acid (I + I) (added 
from a pipette rinsed with the same acid), then water. The 
solution was made up accurately to IOml with water, and 
the silver content was determined by measuring its activity. 

In the work with non-radioactive silver, the metal depos- 
ited was stripped with acid in the same way, and determined 
by AAS. the 328.07 nm line being used. 

Deposrtlon of silver by electrosorptron reaction with adsorbed 
hydrogen 

Before Insertion into the test solution the platinum gauze 
was connected to the millivoltometer (pH-meter), and the 
SCE reference electrode was connected to the test solution 
by a salt bridge. The change in silver concentration during 
the reaction and amount of silver deposited were determined 
in a way similar to that used in the electro-deposition 
studies 

Determination of silver in copper 

The copper sample was dissolved in concentrated nitric 
acid m a covered Teflon beaker, and the solution was heated 
to remove nitrogen oxides and then evaporated until copper 
nitrate began to crystallize. It was then diluted accurately to 
known volume with water and its acidity determined. The 
solution was stored in a Teflon bottle. 

The platinum gauze (140 mesh, 4 x 14cm, permanently 
fixed in the Teflon beaker), rinsed in hot nitric acid (1 + 1) 
and then in water, was cathodically polarized in the support- 
ing electrolyte (O.lM KNO, + 0.1M HNO,) for 20-40 set 
by use of a 4.5-V battery. The platinum gauze potential was 
controlled by means of a millivoltmeter @H-meter), with an 
SCE as reference, connected by a salt bridge to the solution 
into which the platinum gauze was dipped. The electrolysis 
was stopped just as liberation of oxygen on the anode 
(platinum foil) was seen to begin. The potential of the gauze 
was then about -2SOmV. 

The gauze thus prepared was removed and immersed in 
50 ml of copper solution (in 0.3-0.6M nitric acid) containing 
< 15 pg of silver. The solution was stirred for IO min; the 
gauze potential was about + 500 mV. After deposition of 
the silver by electrosorption the solution was removed, and 
the deposited silver was stripped from the gauze with 5 ml 
of boiling nitric acid (1 + 1) (from a pipette, initially rinsed 
with the hot acid), with a final rinsing with water. 

The silver solution thus obtained was made up to volume 
in a lo-ml standard flask with water, and analysed for silver 
by atomic-absorption spectrometry (AAS). Alternatively, 
the solution containing the stripped silver was evaporated to 
about 0.5 ml, cooled, transferred to a separatory funnel, and 
diluted to about 10 ml, then 1 ml of 5M sulphuric acid was 
added and the solution was extracted with successive 2-ml 
portions of dithizone solution until the last portion con- 
tained only copper dithizonate (violet tint). The combined 
extracts were then washed with 0.5M sulphuric acid and the 
silver was stripped with two portions of IM hydrochloric 
acid (IO and 5 ml). The organic phase was discarded and 
2 ml of EDTA solution were added to the aqueous phase, 
with enough ammonia to give pH 4.5-5. Silver was again 
extracted with excess of dithizone, the surplus dithizone was 
removed from the organic phase with dilute ammonia 
solution, and the organic phase was transferred to a stan- 
dard flask of suitable capacity, made up to the mark with 
the solvent, and mixed. Then the absorbance was measured 
at 460 nm against a blank, and the silver content read from 
a cahbration graph. 

RESULTS AND DISCUSSION 

Influence of hydrogen on electrolytic deposition of 

silver traces 

We investigated the electrolytic separation of 
0.8 pg of “‘Ag on a 2.5 x 1.5 cm platinum gauze (320 
mesh) after preliminary electrolysis (E = -0.4 V, 
volume 50 ml, time 10 min) to enrich the test solution 
in hydrogen. From the dependence of silver recovery 
on applied potential (Fig. la) we can conclude that 
set potentials of between f0.8 and +0.9 V are 
relatively useful for the separation of silver traces. 
This is at variance with our previous recommen- 
dation.’ Recoveries up to 100% can be obtained at set 
potentials of 0.8-1.2V if a larger piece of gauze is 
used. The influence of the preliminary electrolysis on 
the electrolytic deposition of silver traces can be 
explained from measurements of the working elec- 
trode potential. The differences between the set po- 
tential and the actual potential are shown in Fig. 1 b. 
In solutions that had not been preliminarily electro- 
lysed, the electrode worked at the set potential values 
(curve 1, Fig. 1 b). The higher silver recovery from 
solutions that had been preliminarily electrolysed 
(i.e., before introduction of the silver) in the range of 
high set potentials is due to the adsorption of hydro- 
gen. An electrode thus activated with hydrogen at- 
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Fig. 1. (a) Influence of the electrode potential on the silver 
recovery. (b) Differences between the set (EJ and actual 
(E,,) electrode potentials (O.lM HNO, + O.lM KNO,; 
0.8 pg of “OAg; V = 50 ml; t = 10 min; working electrode 
platinum gauze). Curve l-solutions without preliminary 
electrolysis; curve 2-solutions after preliminary electrolysis 

(-0.4 V, 10 min). 
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Es,,(V) 

Fig. 2. Relation of the real working electrode potential to 
the set value at different times of electro-deposition (O.lM 
HNO, + O.lM KNO,; 0.8 pg of “OAg; V = 50 ml; working 
electrode platinum gauze). Solutions after preliminary elec- 
trolysis, subsequent electro-deposition time: 1-O min; 2-2 
min; 3-5 min; 4-10 min. Curve 5 shows the values for 
solutions without preliminary electrolysis, for O-10 min of 

subsequent electro-deposition. 

tained potential values favourabie for deposition of a 

silver monolayer. 
It has been found that after preliminary electrolysis 

has been applied the initial value of the real electrode 
potential in the subsequent electro-deposition is not 
identical with the set voltage applied (Fig. 2, curve l), 
but slowly approaches the set value as electro- 
deposition proceeds (curves 2-4, in Fig. 2). Curve 5 
shows that the real and set potentials are identical if 
no preliminary electrolysis is applied. 

Similar effects were obtained in other experiments, 
examples of which are illustrated in Figs. 3 and 4. 
During the first stage, the electrode was cathodically 
polarized (-0.4 V vs. SCE), and its surface and the 
solution were saturated with hydrogen. During the 
second stage the electrode was held at +0.8 V vs. 
SCE; the adsorbed hydrogen was anodically oxidized 
and the electrode surface was covered with platinum 
oxide. The time needed for the electrode to attain the 
set potential was N 10 min (Fig. 3). 

Alternatively the sequence of platinum electrode 
potentials was reversed. During the first stage (elec- 
trode at 0.8 V vs. SCE) the electrode was covered with 
a layer of platinum oxide; during the second stage 
(-0.4 V vs. SCE) this layer was reduced and the 
surface of the working electrode was covered with 
hydrogen (Fig. 4). The working electrode needed 
about 20 min to attain the set potential. In both 
experiments, application of a potential lower than 
0.55 V us. SCE to the working electrode made it 
possible to deposit silver (Figs. 3 and 4). 

The set potential for deposition of half the silver on 
the platinum surface without preliminary electrolysis 
was about +0.55 V (Fig. 1, curve 1). 

At real potentials > +0.8 V deposition of silver is 
negligible. Instead, silver already deposited at lower 

electrode potential is transferred into solution (Figs. 
3 and 4). 

In the second stage of the experiments represented 
in Figs. 3 and 4 the auxiliary electrode also reached 
potentials at which silver traces were deposited. The 
amounts of silver deposited on the working and 
auxiliary electrodes were measured and are shown in 
Figs. 3 and 4. 

It can be stated that the durability of the silver 
monolayer on the gauze electrode depends to some 
degree on the previous treatment given to the elec- 
trode. Preliminary electrolysis at f0.8 V (Fig. 4) 
makes the transition of silver into the solution in the 
second stage easier than in the experiment repre- 
sented in Fig. 3. During the whole experiment repre- 
sented in Fig. 4 the auxiliary electrode potential was 
favourable for silver deposition on the electrode. The 
large fraction of total silver found on the electrode is 
in agreement with this. 

Infiuence of hydrogen on adsorption of silver traces on 
a platinum gauze 

The electrosorption of silver traces on platinum 
gauze activated with hydrogen is represented in 
Fig. 5. Curve 1 shows the process of adsorption in a 
solution without hydrogen introduced. Silver was not 
completely deposited, because the potential attained 
by the gauze (+0.6 V) was not sufficient for deposi- 
tion of a silver monolayer. It has been estimated that 
the “capacity” of the gauze used was _ 8 pg 
(_ 7 x lo-* mole) of silver monolayer. Curve 2 shows 
the effect of introducing hydrogen by preliminary 
electrolysis. The gauze attained lower potentials but 
silver was completely deposited. Curve 3 shows that 

Fig. 3. Investigation of the processes of electro-deposition of 
trace amounts of silver. Gauze working electrode, foil 
auxiliary electrode. (I ml of solution A; V = 50 ml; 0. IM 

KNOS, O.IM HNO,). 
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Fig. 4. Investigation of the process of electro-deposition of trace amounts of silver, with a fresh electro- 
lyte solution of the same composition introduced for the second stage. Electrodes and solutions as for 

Fig. 3. 

the adsorption process still takes place even if the 
hydrogen is introduced into the solution by bubbling 
from a gas cylinder; because of deoxygenation of the 
solution and its saturation with hydrogen the plat- 
inum gauze reached very low potential values and 
silver was deposited completely. 

The gauze potential appears to be de~ndent on 
the degree of 0, and H, adsorption on the gauze but 
is independent of the adsorption of silver if the 
solution contains only trace amounts of that element. 

D~~e~~~rnent of the method of pI~t~nurn -gauze activa- 
tion with hydrogen 

The gauze used had a silver monolayer capacity of 
less than 15 pg. The gauze was initially washed with 
boiling nitric acid (1 + 1) and water, then 10 pg of 
silver were deposited on it. The results obtained were 
similar to those for adsorption of the smaller 
amounts of radioactive silver, reported above. It was 
advisable to pre-electrolyse the solution to introduce 
hydrogen into it before the traces of silver were added 
and the gauze was placed in it (Fig. 6a). The gauze 
potential was considerably diminished in this way 
(Fig. 6b). 

Activation of the gauze by this method or by 
continuous passage of a stream of hydrogen is incon- 
venient in analytical practice, so we attempted to 

devise a method of activation by cathodic polar- 
ization of the platinum gauze in a solution of sup- 
porting electrolyte free from silver. If the oxygen 
liberation zone is not separated from the remainder 
of the solution only a short electrolysis should be 
applied. If the preliminary electrolysis is stopped just 
as liberation of oxygen on the anode is seen to begin 
(i.e., within IO-20 set), then when transferred to the 
test solution the gauze acquires a potential suitable 
for silver monolayer formation (Fig. 71.’ Recovery 
of 10 pg of silver was 93% complete and was the 
same as in the controlled-potential electrolysis with 
underpotential conditions (+0.4 V).’ The gauze 
potential was independent of the electrolyte com- 
position (Fig. 7). If the preliminary electrolysis was 
not stopped just as liberation of oxygen was seen to 
begin, oxygen was adsorbed on the platinum gauze, 
the gauze potential attained values > +0.6 V, and 
silver was not completely deposited. 

Determination of silver in copper 

The results for dete~ination of silver in spectrally 
pure copper are given in Table 1. The accuracy was 
checked by the standard-addition method. These 
results for AAS determination of silver after ad- 
sorption deposition on a hydrogen-activated gauze 
are in agreement with those obtained earlier’ for 
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Fig. 6. Investigation of trace silver adsorption on a platinum 
gauze (10 fig of Ag; V 50 ml; O.lM HNOS + O.lM KNO,), 
Curve l-supporting electrolyte without preliminary elec- 
trolysis. Curve 2-supporting electrolyte after preliminary 

electrolysis (-0.4 V. 10 min). 

Fig. 5. Investigation of the adsorption of trace amounts of 
silver on platinum gauze: l-solutions without preliminary 
electrolysis; 2-solution after preliminary electrolysis for 
10 min at -0.4 V cathode potential; 3-solution saturated 
with hydrogen passed from a gas cylinder for 5 min (1 ml 

of solution A; V = 50 ml; O.lM KNO, + O.lM HNO,). 

its determination after underpotential electrolytic 
separation (at +0.4 V US. SCE), viz. 3.6 x 10m4 + 
0.17 x 10e4%. The silver content determined without 
preliminary separation was 4.8 x 1O-4%.9 

The results of dithizone determination of silver in 
an electrolytic copper are given in Table 2. Silver was 
separated from the matrix by adsorption or by under- 
potential electrolysis at +0.4 V us. SCE; the results 
were in good agreement. They also agreed with the 
results of AAS determination after underpotential 
electrolytic separation. 

Table 1. Results of silver determination m the 
spectrally pure copper by AAS 

Ag Ag Ag found 
Copper, added, found, in sample,* 

R PR m? lo-4% 

“.‘r------ 5 
kj 0.6 
m 
ui 
b 

t ?. 

z o.5-iYYr-T 

l-4 

1.05 4.0 3.8 
1.05 3.3 3.2 
1.05 3.6 3.4 
2.10 1.6 3.6 
2.10 7.7 3.7 
1.05 2 5.1 3.1 
1.05 2 5.5 3.5 
1.05 10 13.4 3.4 
1.05 10 13.3 3.3, 

*Mean 3.5 x 10e4%; standard deviation 
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Time (min) 

Fig. 7. Investigation of the adsorption of trace amounts 
of silver on a platinum gauze preliminarily cathodically 
polarized for 2CklO set (4.5 V; i = 1.7 A) in O.lM KNO,/ 
O.lM HNO, (V = 50 ml). l-Supporting electrolyte (0. IM 
KNO,/O.lM HNO, without preliminary electrolysis); 
2-supporting electrolyte +I0 pg of Ag; S-supporting 
electrolyte + 10 pg of Ag + 1 g of Cu; 4-supporting elec- 

0.2 x 10-4%. 
trolyte + 1 g of Cu; S-supporting electrolyte; gauze with- 

out preliminary cathodic polarization. 
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Table 2. Results of silver determination in electrolytic copper 

Method Weight Silver content Standard 
of sample, found, Average, deviation, 

Separation Determination g I.% IO-‘% IO-“% 10-3% 

Adsorption Spectrophotometry 1 .o 10.9 I .09 1.03 
9.9 0.99 0.05 

10.5 1.05 
9.7 0.97 

10.3 1.03 
Electrolysis Spectrophotometry I.0 11.0 1.10 

10.2 1.02 I .04 0.04 
Electrolysis Spectrophotometry 0.5 5.05 1.01 

5.15 1.03 
Electrolysis AAS 1.0 10.1 I.01 1.01 - 

10.1 1.01 

After the matrix separation as little as 1 pg of silver simple passage of the gas through the solution in 
could be determined with dithizone, because no other which the surface is immersed, gives quantitative 
reagents were introduced into the solution. deposition of a layer of adsorbed silver by internal 

As reported previously? stripping the deposited electrolysis through interaction with the adsorbed 
silver from the platinum gauze is vital for the accu- hydrogen. The technique can be used for separation 
racy of the determination. of trace amounts of silver from matrix metals, and for 

purification of reagents containing traces of silver. 

CONCLUSIONS REFERENCES 

Introduction of hydrogen has an important 
influence on the potential of a platinum gauze with 
large surface area. In this way it affects deposition of 
silver traces both by electrolysis at controlled poten- 
tial and by electrosorption. During the electrolysis 
the gauze potential (in the range of its positive values) 
lags behind the set potential value. This is not 
observed for electrodes of very small surface area. 
These results demonstrate the importance of the 
method of preparation of both the electrode and the 
solution. It is common practice to clean electrodes by 
electrolysis, but the consequences are rarely taken 
into consideration. 

When they are given proper consideration, how- 
ever, it is seen that it can be deduced that production 
of an adsorbed film of hydrogen on a platinum 
surface of large area, whether by electrolysis or 
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PRECONCENTRATION OF COBALT WITH 
N-(DITHIOCARBOXY)SARCOSINE AND 

AMBERLITE XAD-4 RESIN 
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Faculty of Education, Miyazaki University. Funatsuka, Miyazaki 880, Japan 

(Received 29 July 1985. Accepted 18 October 1985) 

Summary-Cobalt reacts with N-(dithiocarboxy)sarcosine (DTCS) to form a I:3 Co:DTCS complex 
wtuch is so stable that after its formation no decomposition occurs even in 4M hydrochloric actd. The 
complex is sorbed on a column of Amberlite XAD-4 copolymer from an acidic solution and eluted with 
10 ml of a 1:1:3 v/v mixture of I.OM ammonia solution (pH = 9). O.lM EDTA and methanol. The 
absorbance of the eluted chelate is measured at 320 nm against water (E = 2.15 x IO4 l.mole-’ .cm-‘). The 
recovery of cobalt from I litre of tap-water or sea-water is quantitative. The effect of diverse ions can 
be eliminated by the addltlon of EDTA after chelation of the cobalt. The copper complex with DTCS 
is partly sorbed on the column because of its slow rate of decomposition by EDTA, but most of the copper 
chelate sorbed can be eluted with hydrochloric acid and any co-eluted with the cobalt chelate can be 
completely decomposed by heating the eluate. Cobalt enrichment factors of at least I00 are obtained. so 
the method is applicable to the determination of cobalt at the ng/ml level. 

Several techniques are available for concentrating 
traces of metal ions from natural waters. Solvent 

extraction is one of the most widely used, but is 
sometimes tedious, and the concentration factor ob- 
tained can be limited by mutual solubility of the 
phases. Chromatography is useful for obtaining high 
concentration factors, and Amberlite XAD co- 
polymers, which have porous structure and large 
specific surface area, have been used to sorb various 
water-soluble organic substances’,* and metal 
chelates.3 5 

In an earlier paper,6 we reported the photometric 
determination of copper after preconcentration by 
sorption of its N-(dithiocarboxy)sarcosine(DTCS) 
chelate on Amberlite XAD-2 resin and elution with 
an ammonia solution in 60% methanol. Concen- 
tration factors of 20 were achieved by the method. 

In the present investigation, the work has been 
extended to cobalt, with the XAD4 resin, which is 
superior to XAD-2 in sorption capacity.’ 9 

Reagents 
EXPERIMENTAL 

DTCS was synthesized as the diammonium salt by the 
followmg procedure. ‘O To 20 ml of carbon disulphide, a 
solution of 25 g of sarcosine in 60 ml of IOM ammonia 
solution was added. The reaction flask was stoppered and 
the mixture was stirred for IO hr at room temperature. After 
the unreacted carbon dlsulphide had been removed from the 
reaction flask, ethanol was added dropwise until white 
crystals appeared. The flask was then allowed to stand 
overnight in a refrigerator. The white product obtained was 
filtered off, washed with ethanol, and dried in a vacuum 
desiccator. The yield was about 60%. The reagent is now 
available from Dojindo Labs. Inc., 2861 Kengun, 
Kumamoto-shi, 862 Japan. A 0.02M aqueous solution of 
DTCS was used. All other solutions used were prepared 
from analytlcal-reagent grade chemicals. 

Buffer solutions were purified by adding DTCS solution 
and passing the mixture through a column of Amberlite 
XAD-4 copolymer. 

Column preparation 

Amberlite XAD-4 copolymer (Rohm and Hass, 20-60 
mesh) was cleaned prior to use by extraction for 8 hr with 
methanol in a Soxhlet extractor. The resin was packed into 
a glass tube (20 cm long, 9 mm bore) to give a resin bed 
about 8 cm in height. The column was washed with I00 ml 
of l.OM hydrochloric acid in 50% methanol and then I00 
ml of 0.2M ammonia solution in 10% methanol. Fmally, the 
column was washed with a large volume of distilled water 
to remove methanol from the column. 

Standard procedure &or preconcentration 

An aliquot of standard cobalt solution was placed in 
a IOO-ml standard flask, 2 ml of 0.2M sodium tri- 
polyphosphate (TPP), I ml of 0.02M DTCS and I ml of 
0. I M EDTA were added successively, and after the cobalt 
chelation with DTCS was complete, I ml of 6.OM hydro- 
chloric acid was added and the whole was diluted to volume 
with distilled water. This solution was loaded onto the 
column at a flow-rate of 5.0 ml/min by means of a peristaltic 
pump, then the column was washed with 20 ml of I.OM 
hydrochloric acid at the same flow-rate. The cobalt chelate 
sorbed on the column was eluted with IO ml of a I: I :3 v/v 
mixture of l.OM ammonia (pH = 9). O.IM EDTA and 
methanol at a flow-rate of 0.7 ml/min. The eluate was then 
heated for IO min to decompose any co-eluted 
copper-DTCS chelate. Finally, the absorbance of the eluate 
was measured at 320 nm in a IO-mm quartz cell. 

RESULTS AND DISCUSSION 

Formation of cobalt chelate with DTCS 

The cobalt chelate with DTCS shows two absorp- 
tion maxima, at 320 and 630 nm. As the molar 
absorptivities at these wavelengths are 2.24 x IO4 and 
500 I. mole-‘. cm-’ respectively, the absorbance mea- 
surements are made at 320 nm. The cobalt chelation 

I61 
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Ol 
[HCll F+, 

Rg 1. Effect of pW on the formation of cobalt chelate with 
DTCS. Co(H) taken 29 itg/25 ml; reference reagent blank. 
I. pH adjusted prior to cobalt chelation (0). II, pH adjusted 

after cobalt chelation (Of. 

with DTCS is strongly dependent on pH (Fig. 1). 
When the pH is adjusted before the addition of 
DTCS, the absorbance is maximal and constant for 
the pH range 5-10 (curve I). The decrease in absorb- 
ance at pH < 5 is due to decomposition of the 
DTCS, and that at pH > 10 is due to hydrolysis of 
the cobalt ion. In contrast, once formed, the cobalt 
chelate is stable in the range from 3.6M hydrochloric 
acid to 0.3M sodium hydroxide (curve II), and the 
absorbance does not change for at least 3 days even 
m 3.6M hydrochloric acid medium. The extreme 
stability of cobalt (III) complexes in acid solution is 
well known, and the cobalt in the DTCS chelate is 
presumably in the tervalent state. The molar ratio 
method indicates that the cobalt chelate has a com- 
position of I:3 cobalt:DTCS, which would agree with 
this. 

A small decrease of the absorbance in the acidic 
solution is probably due to decomposition of the 
DTCS chelates of other metal ions, introduced into 
the solution as contaminants from the water and 
reagent solutions used. 

optimum conditions for surption, washing and strip- 

ping 

The sorption of the cobalt chelate is considerably 
affected by the ionic strength and acidity of the 
solution. Recovery is quantitative when the ionic 
strength of the solution loaded onto the column is 
>O.OS. However, when the ionic strength is adjusted 
to 0.05 with potassium phosphate buffer (pH = 7), 
the recovery decreases with increasing volume of the 
solution, viz., 90% from 250 ml of solution and 65% 
from 500 ml. 

The effect of the acidity on the sorption is shown 
in Fig. 2. The acidity was adjusted with hydrochloric 
acid, and at pH > 4.0 the ionic strength was kept at 
0.02 with potassium chloride. As shown in Fig. 2, 
sorption of the cobalt chelate increased linearly with 
the acidity and recovery was quantitative at 
pH < 4.0. The quantitative sorption from an acidic 
solution can be interpreted as due to strong inter- 

action between the undissociated carboxyl group in 
the cobalt-DTCS chelate and XAD-4 copolymer, by 
analogy with the retention of amino-acids by XAD 
copolymers, including XAD-4.’ In the present study, 
the solution was acidified to pH 1.2 with hydrochloric 
acid. 

At this acidity all the other metal-DTCS chelates 
are decomposed, but the rate of decomposition of the 
copper chelate is slow under these conditions, and the 
residual chelate is sorbed on the XAD4 column 
along with the cobalt chelate. 

Washing the column with hydrochloric acid de- 
composes the sorbed copper chelate; more than 90% 
of the copper chelate on the column can be washed 
away with 20 ml of l.OM hydrochloric acid. 

The stripping solution adopted was similar to that 
reported previously [pH 9 ammonia solution (0.2M) 
in 60% methanol],iO but with EDTA added to decom- 
pose any residual copper chelate in the eluate. 

Calibration graph 

The calibration graph is linear over the cobalt 
concentration range 0.18-2.52 pg/ml in the eluate. 
The precision was 20.3 pg (95% confidence limits) 
for determination of 12.6 pg of cobalt in 100 ml of 
solution, As the molar absorptivity obtained is 
2.15 x lo4 l.mole-l.cm~~i, recovery from the column 
with 10 ml of stripping solution is estimated to be 
about 96% complete. The absorbance of a blank was 
<O.OlO. 

Effect of foreign ions 

Investigation of masking of foreign ions revealed 
that the combined use of TPP and EDTA was 
effective. TPP prevents the chelation of iron(III), 
manganese(I1) and chromium(II1) with DTCS. The 
EDTA must be added after formation of the cobalt 
chelate, because otherwise it masks cobalt from che- 
lation with DTCS. The DTCS chelates of cadmium, 
lead, nickel and copper are decomposed by EDTA. 

The decomposition of the copper chelate largely 
depends on the concentration of EDTA, because the 

Fig. 2. Effect of pH on the recovery of cobalt. At pH > 4.0 
the ionic strength was kept at 0.02 with potassium chloride. 

Co(H) taken 8.80 pg. 
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Table I. Effect of foreign ions on recovery of cobalt 

(8.80 pg) 

Ion Added, mg Co found, ng Recovery, % 

AI(II1) 2.0 8.59 98 
Cr(II1) I.0 8.78 100 
Mn(lI) 1.2 8.69 99 
Fe(II1) 1.1 8.89 101 
Ni(I1) 1.2 10.30 118 
Cu(I1) 0.65 8.75 99 

13 4.42 50 
Zn(I1) 1.4 8.89 101 
Cd(l1) 1.1 8.98 102 

Hg(l1) 0.94 9.24 105 
Pb(I1) 2.0 9.05 103 

Table 2. Recovery of cobalt from 1000 ml of water samples 
(five replicates) 

Co added, Co found, Recovery (C.V.), 
Sample 

Distilled water 
Tap-water 
Sea-water 

/G ng % 

8.80 8.85 100 (1.6) 
8.80 8.59 98 (4.5) 
3.52 3.54 101 (7.3) 
8.80 9.19 104 (2.5) 

degree of dissociation of the Cu-DTCS chelate is 
comparable to that of the Cu-EDTA chelate in the 
medium. At pH 7 the conditional stability constant 
for Cu(DTCS), is 1019’, while that for CuEDTA is 
10’54.‘2 From these conditional stability constants 
and the concentrations of DTCS and EDTA used, 
the molar ratio of CU(DTCS)~ to Cu EDTA in the 
medium is calculated to be 0.25. This suggests high 
dependence of the decomposition on the EDTA 
concentration. In addition, the rate of decomposition 
of the copper-DTCS chelate was slow. Hence, the 
copper chelate is eliminated in three stages: (I) de- 
composition with EDTA in the sample solution; (2) 
decomposition of the chelate sorbed onto the XAD4 
resin, by washing with 20 ml of I.OM hydrochloric 
acid after the sorption; (3) decomposition with 
EDTA by heating the cobalt eluate for IO min. 

The effect of foreign ions on the determination of 
8.8 pg of cobalt is summarized in Table I. It is seen 
that the presence of about I mg of each foreign ion 
except for nickel and copper does not cause a 
sigmhcant error. The presence of a few mg of alkali 
and alkaline-earth metals does not interfere. The 
positive error apparently caused by nickel was found 
to be due to cobalt contained as an impurity in the 
nickel solution used; this was confirmed by atomic- 
absorption analysis. The negative error from larger 
amounts of copper is due to its consumption of some 
of the DTCS added, so a larger amount of DTCS 
reagent should be added to deal with this. 

Recoveries from tap-water and sea-water 

Recoveries of cobalt from IOOO-ml water samples 
were examined. The samples, filtered through a 
0.45~pm Millipore membrane, were spiked with 3.52 

or 8.80 fig of cobalt and analysed by the standard 
procedure. The volume of DTCS solution added was 

increased to IO ml to compensate for the dilution 
effect on the reaction with cobalt. 

The average values of five determinations are sum- 
marized in Table 2, from which it is seen that 
quantitative recoveries were obtained. The results 
also indicate that the method can be applied to the 
determination of cobalt at ng/ml concentrations. 

Sample volumes up to 2 Iitres can probably be 
handled by the procedure given. 

Conclusions 

The method is fairly simple and highly selective. A 
feature of the method is that cobalt in highly saline 
water can be concentrated in a small volume of 
eluate. Almost all other metal ions except copper can 
be masked with TPP and EDTA. The resultmg 
complexes appear not to be sorbed on the XAD4 
resin6 so the selective separation of cobalt is possible 
by the method. 

The method can be useful for preconcentration 
prior to cobalt determination by other methods such 
as atomic-absorption spectrometry. In addition. the 
cobalt chelate with DTCS can easily be decomposed 
by the addition of hydrogen peroxide to the cobalt 

eluate, followed by heating.13 Hence, the method can 
also be used for preconcentration of cobalt before 
photometric determination with more sensitive 

reagents such as 4-(5-bromo-2-pyridylazo)-1.3- 
diaminobenzene and its derivatives.” I5 

Like the XAD-2 column,’ the XAD-4 column is 
easily regenerated by washing with a large volume of 
water after the elution and can be used repeatedly. 
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IODINE OR PERIODATE, AND METOL AND 
SULPHANILAMIDE 

C. S. P. SASTRY, T. E. DIVAKAR and U. VIPLAVA PRASAD 
Food and Drug Laboratories, School of Chemistry Andhra University, Waltair 530 003, India 

(Received 12 June 1985. Revised 30 August 1985. Accepted 18 October 1985) 

Summary-Two spectrophotometric methods are described for the determination of antibiotics. In the 
first method, penicillins, cephalosporins, streptomycin and griseofulvin are estimated by oxidizing them 
under neutral or slightly acidic conditions, after alkaline hydrolysis, by means of a known and excessive 
quantity of iodine solution. The excess of iodine is determined at pH 3.0 with metol and sulphanilamide. 
In the second method, dihydrostreptomycin, framycetin and the acid hydrolysis product of chloram- 
phenicol are determined by a method involving oxidation with sodium metaperiodate, masking the excess 
of periodate with sodium molybdate, and using metol and sulphanilamide at pH 3.0 to determine the 
iodate formed. In both methods the absorbance of the resulting p-N-methylbenzoquinonemonoimine 
sulphanilamide charge-transfer complex is measured at 520 nm. 

Several spectrophotometric methods for assay of 
penicillins,’ cephalosporins,* griseofulvin,3 strep- 
tomycin,4 dihydrostreptomycins and chlor- 
amphenicol’ are cited in the literature. The reported 
titrimetric procedures for estimation of these anti- 
biotics with oxidants such as iodine’-9 and sodium 
metaperiodates.10 are not satisfactory for microgram 
quantities. Metol and iodine” or potassium iodate12 
have been found to be valuable reagents for the 
determination of primary aromatic amines. This pa- 
per describes the use of metol and sulphanilamide for 
the indirect spectrophotometric determination of the 
amounts of iodine and sodium metaperiodate con- 
sumed during oxidation of the antibiotics. In the first 
method, penicillins (potassium penicillin G, potas- 
sium phenoxymethyl penicillin, methicillin, sodium 
amoxycillin, sodium cloxacillin and sodium ampi- 
cillin), cephalosporins (cephaloxin monohydrate, 
cephalothin and cephaloridine), streptomycin and 
griseofulvin are hydrolysed initially with alkali, then 
oxidized with standard iodine solution in excess 
under neutral or slightly acidic conditions. The iodine 
consumed is measured by estimating the excess of 
iodine spectrophotometrically at pH 3.0. In the sec- 
ond method, dihydrostreptomycin, framycetin and 
the acid hydrolysis productof chloramphenicol’” are 
determined by a method involving oxidation with 
periodate, masking the excess of periodate with 
sodium molybdate,‘4 and using metol and sul- 
phanilamide at pH 3.0 to determine the iodate 
formed. In both cases metol is oxidized to p-N- 

methylbenzoquinonemonoimine which then forms a 
charge-transfer complex with the sulphanilamide 
present, and the absorbance of the complex is mea- 
sured at 520 nm. The procedures have been applied 

to a wide variety of pharmaceutical preparations of 
the antibiotics mentioned. 

EXPERIMENTAL 

A Shimadzu UV-140 double-beam spectrophotometer 
with matched I.O-cm quartz cells was used for absorbance 
measurements. 

Reagents 

Aqueous solutions of iodine (0.0037M Iz in 0.05M potas- 
sium iodide), sodium metaperiodate (0.2%). metol (0.2%). 
sulphanilamide (0.2%), sodium molybdate (I .O%), hydro- 
chloric acid (0. I, I, 3 and 4M), sodium hydroxide (0. I. I, 
3 and 4M) and potassium hydrogen phthalate-hydrochloric 
acid buffer (pH 3.0)15 were prepared. 

Antibiotic solutions 

Aqueous solutions (200 pg/ml) of penicillins, cephalo- 
sporins, streptomycin, dihydrostreptomycin and framycetin, 
and a methanolic solution (200 pg/ml) of griseofulvin were 
prepared. The hydrolysis product of chloramphenicol 
[2-amino-3-@-nitrophenyl)propane-l,3-diol] was obtained 
by heating chloramphenicol (50 mg) with 3M hydrochloric 
acid (5 ml) under reflux on a steam-bath for 2 hr, followed 
by neutralization with sodium hydroxide solution (3M). and 
the solution was then diluted accurately to 250ml. 

All chemicals and reagents used were of analytical or 
pharmaceutical grade. Distilled water was used throughout. 

Procedures 

A. For estimating the iodine consumed. Transfer 0.2-2.0 ml 
(accurately measured) of antibiotic solution into a 25-ml 
standard flask. Add I .O ml of sodium hydroxide solution 
(I M for penicillms, 0.1 M for streptomycin and 4M for 
cephalosporins and griseofulvin) and set the mixture aside 
for 20 min at 30 (in the case of streptomycin and griseoful- 
vin heat on a boiling water-bath for 4 min and 15 min 
respectively). 

Add I .O ml of hydrochloric acid (1 M for penicillins, 0. I M 
for streptomycin and 4M for cephalosporins and griseoful- 
vin) and 2.00 ml of 0.0037M iodine solution and keep the 
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Table I. Concentration ranges and regression equations 

Concentration 
Compound range (C), pglml Regression equation* 

Potassium pemcillin G 2-14 A = 0.587-0.0399C 
Sodium amoxycillin 2-14 A = 0.525-0.0355C 
Sodium cloxacillin 2-14 A = 0.529-0.0339C 
Potassium penicillin V 2-14 A = 0.527-0.0342C 
Methicilhn 2-14 A = 0.5340.0332C 
Sodium ampicillin 2-14 A = 0.519-0.0345C 
Cephalexin monohydrate 2-14 A = 0.540-0.0327C 
Cephaloridine 2-14 A = 0.557-0.0279C 
Cephalothin 2-14 A = 0.5414.0272C 
Griseofulvm 2-14 A = 0.521-0.0252C 
Streptomycm sulphate 2-16 A = 0.520-0.0251 C 
Chloramphenicol 428 A = -0.004 + 0.0214C 
Dthydrostreptomycin sulphate 424 A = -0.001 + 0.018OC 
Framycetin sulphate 424 A = 0.001 + 0.0125C 

*Found in this work; must be determined independently by users of the method. 

solution in the dark for 15 min. Then add I5 ml of pH 3.0 520 nm with distilled water as reference. In the same way 
buffer and I .5 ml of metol solution. After 2 min. add I .5 ml prepare a corresponding reference solution simultaneously, 
of sulphanilamide solution and make up to the mark with containing the sample, but with 1.0 ml of distilled water 
distilled water. After IO min measure the absorbance at instead of the I .O ml of sodium hydroxide solution. Subtract 

Table 2. Analysis of dosage forms by proposed and reference methods 

Recovery* + s.d., % 

Drug 
Proposed 
method 

Reference 
method? 

Potassium penicillin C powder 
Pentids tablet (Sarabhai) 
Pentids syrup (Sarabhai) 
Sodicillin injection (HAL) 
Sodium amoxycillin powder 
Amoxylin capsule (Biddle Sawyer) 
Cemoxin (suspension) (Cevoe pharma) 
Sodium cloxacillin powder 
Cloxacillin capsule (Biochem) 
Cloxacillin injection (Biochem) 
Potassium penicillin V powder 
Crystapen V tablet (Glaxo) 
Crystapen V syrup (Glaxo) 
Methicillin powder 
Sodium ampicillin powder 
Ampisyn capsule (Cipla) 
Olinkid tablets (Cufic) 
Biocilhn drops (Biochem) 
Ampisyn syrup (Cipla) 
Ampisyn injection (Cipla) 
Cephaloxin monohydrate powder 
Cephaxin capsule (Biochem) 
Cephacillin tablets (Biddle Sawyer) 
Cephaxm dry syrup (Biochem) 
Cephaloridine powder 
Cephlodine injection (IDPL) 
Sodium cephalothin powder 
Griseofulvm powder 
Grisovm-FP tablet (Glaxo) 
Streptomycin sulphate powder 
Sugacin injection (HAL) 
Clorstrep capsule (Parke Davis) 
Chloramphenicol powder 
Halcetm capsule (HAL) 
Chloromycetin Injection (Parke Davis) 
Dihydrostreptomycin sulphate powder 
Framycetin sulphate powder 

99. I + 0.5 
98.9 + 0.7 
98.6 + 0.6 
98.8 + 0.7 

100.6 f 0.6 
100.1 + 0.4 
99.8 f 0.6 

101.2 * 0.4 
100.9 -+ 0.5 
100.7 + 0.5 
102.0 f 0.7 
101.9+0.6 
102.7 + 0.9 
100.1 + 0.3 
100.9 + 0.4 
101.3 + 0.7 
101.0 & 0.6 
102.1 + 0.9 
98. I & 0.4 
98.4 &. 0.5 
99.1 + 0.3 

100.7 + 0.4 
101.3 + 0.5 
100.9 _+ 0.6 
97.1 & 0.3 
96.9 k 0.5 
98. I + 0.6 

100. I & 0.3 
101.0~0.4 
102.0 * 0.2 
101.2_+0.4 
99.2 k 0.3 
97. I * 0.9 
98.8 k I.0 

102.1 f 0.7 
99.3 + 0.3 

100.7 & 0.4 

97.3 + 1.1 
96.9 f 1.2 
97.8 + 0.9 
97.2 & 1.3 
99.2 + 0.9 
99.9 * I.0 
99.3 * 1.2 
98. I _+ 0.9 
98.9 + I.0 
99.0 + 0.9 
98.7 k 1.3 
99.6 f I.0 
98.1 + 1.4 

- 

98.9 k 1.3 
99. I f 0.9 
98.6 + 1.0 

101.3 f I.4 
96.7 _+ 0.9 
97.6 + 0.8 
98.1 k 1.0 
98.0 f 0.9 

103.4 + 0.6 
102.1 + 0.7 
96.7 k 0.9 
98. I f 0.8 
96.1 f 1.1 

101.3 + 0.4 
101.1 kO.6 
IOI.O&O.9 
98.3 k 0.8 
98.1 kO.7 
96.3 + 1.4 
97.2 + I.0 

101.9 & 0.8 
- 
- 

*Average of 6 determmations, value based on nominal content. 
tPenicillins, cephalorins and streptomycin determined by the BP methods,’ 

griseofulvin by the Bhatkar and Madkauker method,’ and chlor- 
amphenicol by the method of Anupa et al.” 
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the absorbance of the sample solution from that of the 
reference. Prepare a calibration graph similarly. The 
difference in absorbance corresponds to the iodine con- 
sumed in oxidizing the antibiotic. 

B. For estimating periodate consumed. To a 25-ml stan- 
dard flask containing 0.2-2.0 ml of antibiotic solution 
(accurately measured), add I .O ml of sodium metaperiodate 
solution and set the mixture aside for a suitable period 
(framycetin, acid hydrolysis product of chloramphenicol, IO 
min; dihydrostreptomycin 40 min), maintaining the pH in 
the range 7.0-7.5. Then add 1.5 ml of sodium molvbdate 
solution and after IO min add I5 ml of pH 3.0 buffer and 
I.5 ml of metol solution. After 2 min, add I.5 ml of 
sulphanilamide solutron and heat for 2 min at 70”. Cool, 
make up to the mark with distilled water, and measure the 
absorbance at 520 nm against a reagent blank. Prepare the 
calibration graph similarly. 

Analysis of pharmaceutical preparations 

Take a known quantity of sample equivalent to I00 mg 
of the antibiotic, dissolve it in I00 ml of water (methanol in 
the case of griseofulvin), filter if necessary, and dilute 
accurately to 250 ml. Dilute the solution as necessary and 
determine the antibiotic content by procedure A or B, as 
appropriate. 

RESULTS AND DISCUSSION 

In procedure A, the iodine consumed during the 
oxidation of antibiotic is indirectly determined spec- 
trophotometrically with metol and sulphanilamide. 
In procedure B, the iodate formed during the ox- 
idation of the antibiotic with periodate is also esti- 
mated spectrophotometrically with metol and sul- 
phanilamide. The experimental conditions in both 
procedures have been established through control 
experiments. Beer’s law is valid over the concen- 
tration ranges presented in Table 1. The unknown 
drug concentration in different pharmaceutical prep- 
arations can be calculated from calibration graphs or 
their corresponding regression equations. 

The results of the assay of the pharmaceutical 
preparations (tablets, capsules, injection and syrups) 
presented in Table 2 compare favourably with those 
obtained by other methods. 

The proposed methods can be applied to the 
determination of penicillins, cephalosporins, strep- 
tomycin, griseofulvin, and chloramphenicol in vari- 
ous pharmaceutical preparations even when they are 
present in microgram quantities. Other ingredients 
such as glucose, lactose, starch, vitamins, sulpha 
drugs and sodium phosphate usually present in phar- 
maceutical preparations do not interfere. 

The basis of the methods is as follows. Although 
penicillins, cephalosporins, streptomycin and griseo- 
fulvin do not themselves consume iodine, the prod- 

ucts resulting from their treatment with alkali (which 
produces a free imine group through hydrolytic cleav- 
age of the /l-lactam ring in penicillins and cepha- 
losporins, maltol from streptomysin and griseofulvic 
acid from griseofulvin) ’ 9 do. Sodium metaperiodate 
has a rather selective oxidizing action on 1,2-dials, 
cleaving a carbon+arbon bond and producing two 
aldehydes5,r0 Framycetin and dihydrostreptomycin 
react directly with periodate owing to the presence of 
a 1,Zdiol system. Although chloramphenicol does 
not react with periodate, its acid hydrolysis product 
(containing an amino group at position 2, vicinal to 
both hydroxyl groups of the propyl side chain) does. 

The potential interference of glucose and lactose in 
the determination of the antibiotics mentioned, ex- 
cept framycetin and dihydrostreptomycin, is avoided 
by subtracting the amount of oxidant consumed by 
the antibiotic from that consumed by the hydrolysed 
product. 

The purple-red charge-transfer complex may be 
presumed to arise by electron transfer from the 
highest 7c molecular orbital of sulphanilamide to the 
lowest empty orbitals (K*) of two adjacent p-N- 

methylbenzoquinonemonoimine molecules (formed 
in situ on treating metol with iodine or iodate).” 
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Summary-Docecyl sulphate forms precipitates with certain metal-l,lO-phenanthroline complexes. This 
is the basis of a simple and direct thermometric titration of dodecyl sulphate with Cd(phen)i+ 

In recent years sodium dodecylsulphate has been 

recommended as a reference standard in deter- 

mination of anionic surfactants. However, sodium 

dodecyl sulphate itself needs standardization by 
acid-base titration after hydrolysis with acid. The 
hydrolysis is time-consuming and the mixture is apt 
to bump on heating, and a large sample is required. 
A simple and direct method for standardization of 
dodecyl sulphate (DS-) solutions is therefore highly 
desirable. 

Some metals form precipitates with large anions in 
the presence of I.lO-phenanthroline (phen). These 
systems have been used for gravimetric determination 

of cadmium,’ conductometric titration of nitrate,2 
perchlorate, cadmium,4 and so on.’ Anionic surfac- 
tants also form insoluble ternary ion-association 
compounds with certain metal-phenanthroline com- 
plexes, and these can be extracted into organic sol- 

vents.“’ If such compounds can readily be quan- 
titatively formed with DS-, they might be useful in 
a titrimetric determination of DS-. 

Thermometric titration is a widely applicable and 
rapid analytical method and we have found it to be 
one of the best methods for the study of the inter- 
action between anionic and cationic surfactants to 
produce precipitates.’ We have also found that 
poly(vinyl alcohol) (PVA) prevents aggregation of 
the precipitate formed. The purpose of this paper is 
to demonstrate the usefulness of the metal-phen 
complex system as the titrant for thermometric ti- 
tration of DS- in aqueous PVA medium. 

EXPERIMENTAL 

The differential thermometric titration apparatus used 
has already been described m detail.‘” 

ReUpt1l.Y 

Sodium dodecyl sulphate (mmimum assay 98.0%) was 
standardized by acid-base titration after acid hydrolysis.” 
A 0. IM Cd(phen)f + solution was prepared by dissolving 
0.08 mole of I,lO-phenanthroline monohydrate in 25 ml of 

*Author for correspondence. 

I M cadmium acetate stock solution and diluting to 250 ml 
with distilled water. The cadmium acetate stock solution 
was standardized by EDTA titration. with Eriochrome 
Black T as Indicator, at pH 10. The Cd(phen)i+ solution 1s 
stable for at least a few months, but the free phenanthrolme 
in the solution tends to decompose in light, so it is preferable 
to store the solution in the dark. Other metal-phen com- 
plexes were prepared analogously, except for Fe(ll)-phen. 
which was prepared from ferrous chloride. 

Procedure 

One of the twin burettes is filled with O.lM Cd(phen)i+ 
solution, and the other with distilled water as a reference. 
The sample solution, containing 20-200 pmoles of DS- . is 
placed in a IOO-ml Dewar flask. Five ml of 0.5M acetate 
buffer (pH 5) and 5 ml of 2.5% PVA solution are added, and 
the mixture is diluted to 50ml with distllled water In the 
reference flask 50ml of distIlled water are placed. When 
their temperatures are the same, the solutions m the two 
flasks are simultaneously titrated with the twin burette 
system, the rate of addition being 0.1 ml/min, and the 
difference in temperature is recorded as a function of titrant 
volume added. 

RESULTS AND DISCUSSION 

Reaction of some metal-phen comple.ues with DS 

Some relatively stable metal-phen complexes were 
thermometrically titrated with D.9; they were the 
Ni(II), Fe(H), Cu(II), Hg(II), Zn(II), Cd(II), and 

Pb(I1) complexes. The last four gave large apparent 
enthalpy changes for the reaction, and the titration 
curves showed a clear end-point at a 2: I molar ratio 
of DS- to phenanthroline complex. The heats of 
formation of the precipitates are shown in Table I. 
The other metal-phen complexes gave smaller en- 
thalpy changes in reaction with DS 

Hg-phen complex should be the best titrant for 
DS-, but unfortunately is somewhat unstable on 

Table I Heat of preclpitatlon of 
M(phen),DS, 

Complex -AH. kJim& 

Hg@henL D% 80.6 
Cd(phen),DS, 74.4 
Zn(phen), DS, 50.6 
Pb(phen), DS2 42 6 
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phen /Cd 

Fig. I. Concentration of phen in the filtrate us. initial 
phen: Cd molar ratio. 

storage. The Cd-phen complex, which gives the next 
largest enthalpy change, is stable and the cadmium 
acetate stock solution keeps without decomposition. 
Therefore Cd-phen complex was selected as the 
titrant for DS. 

Ca~positio~ of Cd-~~en-~~ precipitate 

The molar ratio of phen to cadmium in the precip- 
itate was examined by a spectrophotometric method 
with iron(I1) as described earlier.* A series of solu- 
tions containing a constant amount of cadmium, the 
required amount of DS- and various amounts of 
phen m O-4.0 molar ratio to cadmium, was adjusted 
to pH 5. After a few hours, these solutions were 
centrifuged. Part of each supernatant liquid was 
filtered and the phenanthroline in the filtrates was 
measured by the iron(H) method, at 510nm. The 
results are shown in Fig. 1, and it is clear that 
the molar ratio of phen to cadmium is 3.0. From 
this result and the end-point of the titration of 
Cd(phen):+ with DS-, it may be concluded that the 
composition of the precipitate is Cd’+:phen: DS- = 
I : 3:2. This is different from that for the iodide 
complex Cd(phen), I, .’ 

Titration of dodecyl sulphate ion 

The end-pomt of the titration is influenced by the 
pH of the titrand solution, and the type and quantity 
of the buffer solution. Of the buffer solutions tried, 

I I 

0 a4 08 

mi 

Fig. 2. Typical titration curve of 2.2 mM sodtum dodecyisul- 
phate (110 pmoles) with O.iM Cd(phenx+. 

Table 2. Determination of dodecyl sulphate (IO deter- 
minations) 

Mean 
Taken, flumoles Found. pmoles r.s.d.. % 

21.2 21.2 2.4 
106.0 106.8 0.9 
212.0 212.9 0.4 

0.05M acetate buffer of pH4.~.0 gave the best 
results. 

PVA was found useful for inhibiting aggregation of 
the precipitate, as in the earlier work.’ The presence 
of O.l-2.0% PVA gives good results but at high 
concentrations PVA tends to be precipitated in 
presence of electrolytes. A typical titration curve is 
shown in Fig. 2 and the analytical results are given 
in Table 2. 

The effect of various anions on the determination 
was also investigated. The results are summarized in 
Table 3. Some anions with low charge density, such 
as perchlorate, iodide and nitrate, interfere since they 
also react with Cd(phen)~+. Perchlorate ion gives 
serious positive error, but the anions listed in Table 
3 cause < 1% error when present at the concentration 
ratios shown. 
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Summary-The analytical uttlity of ethyl acetoacetate for the spectrophotometric determination of 
benzothiadiazine diuretics has been studied. The procedure developed is based on coupling of the 
diazotized drugs with the reagent, which possesses an active methylene group. The stoichiometry of the 
reaction is presented. The nominal recovery of the drugs from pharmaceutical preparations ranges from 
97.6 & 0.7 to 102.3 + 0.3%. The suggested method is simple, sensitive and applicable to unit dose analysis. 

Benzothiadiazines are widely used as potent diuretics 
of low toxicity, and several methods have been 
developed for their determination. These include 
non-aqueous titration,‘,* direct ultraviolet spec- 
trophotometry,’ calorimetry,‘.* polarography’ and 
complexometric,3.4 amperometric,’ thermometric6 
and bromometric titrations.7.8 Differential spec- 

trophotometry and the orthogonal function method” 
have also been used. Benzothiadiazines are deter- 
mined calorimetrically after hydrolysis, diazo- 
tization, and coupling with amines and phenols.‘~‘~‘2~‘3 
GLC,r4 HPLC’5,‘6 and LC-MS17 are the methods of 
choice for the determination of benzothiadiazines in 
biological fluids. 

The coupling reaction of the diazo derivative, being 
an electrophihc substitution, can take place not only 
with phenols and amines, but also with carbanions 
associated with an active hydrogen atom.” A col- 
orimetric method for the determination of such a 

carbanionic compound, namely ethyl acetoacetate, 
has been based on its reaction with the diazo- 
derivative of 4nitroaniline, to give a coloured prod- 
uct.” The use of compounds with an active methylene 
groups as reagents for the determination of primary 
aromatic amines was first reported by Bela1 and 
co-workers, who employed ethyl acetoacetate” and 
barbituric acid*’ as coupling reagents to determine 
some pharmaceutical primary aromatic amines. 

This paper presents a simple and sensitive pro- 
cedure for the estimation of six benzothiadiazines 
(Table I), by coupling of the diazotized hydrolysed 
amines with the reagent. The method is simple, 
sensitive and readily adaptable to unit dose analysis. 

EXPERIMENTAL 

Ethyl acetoacetate, 5% ethanohc solution. 
Sodmm nitrite, 0.5% aqueous solution. 
Urea. 2% aqueous solution. 
Sodium hydroxide, 20% and 50% aqueous solutions. 

Pure drug samples were kindly provided by various 
manufacturers, and used as such. Pharmaceutical prepara- 
tions containing the compounds studied were obtained from 
the Egyptian market or were laboratory-made. 

Procedures 

Calibration graph. Dissolve 50 mg of the pure compound 
in IO ml of 20% sodium hydroxide solution by boiling under 
reflux for 30 min, and cool. Add I5 ml of concentrated 
hydrochloric acid, and dilute accurately to 100 ml wtth 
water. Dilute this solution tenfold with IM hydrochlortc 
acid for analysis. Transfer to 25-ml standard flasks suitable 
volumes of this solution to cover the working range 
(Table I). Add I ml of sodium nitrite solution to each, cool 
the flasks in an ice-bath for 3 min, add 2 ml of urea solution 
and after 3 mm add I ml of ethyl acetoacetate solution 
followed by 6 ml of 50% sodium hydroxide solution. 
Measure the absorbances against a reagent blank at i.,,, 
(Table 1). Use the same procedure for analysts of nominally 
pure drug samples. 

Analysu of tablets. Weigh 20 tablets and pulverize them. 
Extract a known weight of the powder, equivalent to 50 mg 
of the pure drug. by shaking it with three successive 25-ml 
portions of 0.8% sodium hydroxide solution; filter the 
extract into a IOO-ml standard flask, and wash the filter and 
dilute to volume with water. Boil IO ml of thts solution with 
IO ml of 20% sodium hydroxide solution under reflux for 
30 mm and cool. Add I5 ml of concentrated hydrochloric 
acid, and dilute accurately to 100 ml with water. Dilute thrs 
solution tenfold wtth IM hydrochloric acid for analysis. 
Proceed as described above, starting from the words 
“Transfer to 25-ml standard flasks suitable volumes” 

Table I. Data for the reactton of benzothiadiazines and 
ethyl acetoacetate 

Molar Working 
1 rn_l” 3 absorptivity,* range, 

Compound 

Chlorothiazide 425 
Hydrochlorothiazide 425 
Trichlormethiazide 425 
Benzthtazide 425 
Bendroflumethiaztde 430 
Methylclothiazide 430 

*Mean of I2 determinations. 

3.46 x IOJ 2-15 
3.16 x IO4 2 -20 
3.23 x IO” 2-24 
3.02 x IOJ 2-24 
2.32 x IO’ 2m 30 
1.26 x IO’ 4 48 
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RESULTS AND DISCUSSION 05 

r 
Benzothiadiazmes are hydrolysed completely to 

yield 2,4-disulphamoylanilines, and these can be cou- 
pled with ethyl acetoacetate in strongly alkaline 
medium to produce yellow compounds. This reaction 
can be used for spectrophotometric determination of 
some benzothiadiazine diuretics. Scheme I represents 
a possible reaction pathway for the formation of the 
azo compounds, with hydrochlorothiazide as the 

model. 
The coupling reaction is instantaneous, and the 

colour remains stable for more than 24 hr. The 
optimum concentrations of the reagents were deter- 
mined, and are those used in the procedure. 

The molar absorptlvities of the products from 
chlorothiazide, hydrochlorothiazide, benzthiazide 
and trichloromethiazide (Table 1) are nearly the same 
because hydrolysis of all four compounds yields the 
same product, 5-chloro-2,4-disulphamoylaniline. 
Bendroflumethiazide, on the other hand. yields 5- 
trifluoromethyl-2,4-disulphamoylaniline, and methyl- 
clothiazide yields 5-chloro-2-(N-methylsulphamoyl) 
4-sulphamoylaniline. 

Mole - fractton 

Fig. I. Continuous variations plot for reaction of methyl- 
clothiazide and ethyl acetoacetate (total concentration of 

reactants 2 x IO-‘M). 

Figure I shows the continuous variations graph for 

methyclothiazide as a model.22 Complementary vol- 
umes of 2 x 10m3M solutions of the hydrolysed and 
diazotized drug, and of ethyl acetoacetate (0: IO, I :9. 
2:8.. .9: I, IO: 0) were mixed in 25-m] standard 
flasks with 6 ml of 50% sodium hydroxide solution 

H,NO,S Hydralysls 
H-Cl-IO 

0 
Cl 

H, NO,S SO, NH, 
N,NOz 

H,NO,S SO,NH, 

* 
HCI 

Cl NZNC? Cl NH2 

0 CH, -C --c-C -COO Et -& CH, + _c__C-_C-cooE+ 

I 
+OH a 

H 

H,NO,S SO, NH, 

0 
CH,-C-C-C-COOEt - 

0 
Cl N=% “cl 

H,NO,S 

CH,_~_~ ii -C-COOEt 

I 
H 

Scheme I. 
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Table 2. Analysts of commercial and laboratory-made tablets by the 
proposed and official methods 

Preoaration 

Recovery, % 

Prouosed method Official method 

Hydrochlorothiazide tablets? 
(24 mg/tablet) 

Chiorothiazlde tablet@ 
(25 mg/tablet) 

Trichiormethrazide tablets9 
(25 m&tablet) 

Methylclothiazide tablets5 
(25 mg/tablet) 

Bendroflumethiazide tablets? 
(25 mg/tablet) 

Benzthtazide tablets5 

101.8~0.5 102.3 + 0.4 

98.7 & 0.4 99.5 + 0.2 

97.8 + 0.7 98.5 + 0.5 

102.4 & 0.5 101.9 f 0.3 

102.3 & 0.3 101.8 If 0.5 

99.5 + 0.4 98.8 f 0.5 
(25 mg/tablet) 

*Means and coethctents of variation for 6 dete~inations. 
~~ommercia~iy available tablets. 
&aboratory-made tablets. 

and the solutions made up to the mark with water. 
The absorbances were measured and plotted against 
the mole fraction of the drug. 

The systems all obeyed Beer’s law over the concen- 
tration ranges shown in Table I. The method was 
applied to analysis of commercial and laboratory- 
made tablets containing the benzothiadiazines, with 
the results shown in Table 2. Lactose, starch, mag- 
nesium stearate and talc, which are commonly used 
as excipients, were found not to interfere in the 
analysis. Hydralazine hydrochloride and reserpine, 
which are co-formulated with hydrochIorothiazide, 
also had no effect. Statistical analysis2’ (F-test and 
t-test) of the results obtained by the suggested 
method and by the standard calorimetric methods’,2 
showed no significant difference between the per- 
formance of the two methods. 

The method suggested has the advantages of being 
simple and sensitive. It may be considered as a 
general method for the spectrophotometric deter- 
mination of ~nzothiadiazines. The method has the 
additional advantage that the coloured products are 
soluble in alkali, so they do not precipitate and do not 
need extraction. 
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Summary-A simple and rapid method is described for the direct thermometric determination of milligram 
amounts of methyl dopa, propranolol hydrochloride, I-phenyl-3-methylpyrazolone (MPP) and 
2,3-dimethyl-I-phenylpyrazol-S-one (phenazone) in the presence of excipients. The compounds are reacted 
with N-bromosuccinimide and the heat of reaction is used to determine the end-point of the titration. 
The time required is approximately 2 min, and the accuracy is analytically acceptable. 

N-Bromosuccinimide (NBS) is a valuable reagent for 
the determination of many organic compounds.’ Its 
use as a titrant for the determination of ascorbic acid 
was first introduced by Barakat et al.’ Pathak et al.’ 

have reported the titration of methyl dopa and 
propranolol hydrochloride with NBS, with Methyl 
Red as indicator. Potentiometric titration of pharma- 
ceuticals with NBS is also reported in the literature.4.5 
The usefulness of NBS results from its high oxidation 
potential and applicability in oxidation, substitution 
and addition reactions.2,6 

In analysis of pharmaceuticals problems sometimes 
arise if the matrix is coloured or the components of 
the formulation are not all readily soluble in the 
reaction medium. The classical methods of analysis 
therefore often involve a filtration or solvent extrac- 
tion step before the active ingredient is in a suitable 
medium for determination. Thermometric titrimetry 
overcomes this problem provided the reaction chosen 
is selective for the active ingredient, the heat of 
reaction is large enough, and the excipients are 
thermally neutral. By taking advantage of the rapid 
bromination reaction of NBS with organic com- 
pounds, we have developed a simple, fast and selec- 
tive thermometric method which is quantitive and 
accurate for the determination of milligram amounts 
of some antihypertensive and antipyretic drugs. 

EXPERIMENTAL 

Insrrumentation and procedure 

The instrument was as described earlier,’ with certain 
modifications. The basic electrical circuit had a simple d.c. 
Wheatstone bridge, incorporating a thermistor of nominal 
resistance 10 kR at 25” (Standard Telephone and Cables 
Ltd., model F-14). The off-balance voltage was fed into an 
operational amplifier and the output recorded (2-mV full- 
scale deflection) at a chart-speed of 6 cm/min. 

For accurate and precise delivery of the titrant and titrand 
a Mettler automatic titrator model DV 11 or 13 was coupled 
with the instrument. The delivery rate was found gravimet- 
rically to be 4.47 ml/min. The titrant was maintained at a 
constant temperature of 24.00 + 0.01” by passage through a 
thermostat before entering the titration vessel. The titration 
vessel was a thick-wailed polythene bottle of nominal capac- 
ity 15 ml, and was thermally insulated m a polystyrene block 
so that heat losses during titration were not significant. A 
known amount of sample was placed in the titration vessel 
and stirred mechanically at constant speed until thermal 
stability was achieved. It was then titrated with NBS and the 
amount of sample estimated from the enthalpogram. 

Reagents 

The methyl dopa (Merck, Sharp and Dohme) and pro- 
pranolol hydrochloride (Ciba-Geigy) used were of pure 
pharmaceutical grade. The phenazone and MPP were pre- 
pared by a standard pr0cedure.s The identity and purity of 
all these reagents were checked by taking melting points and 
mixed melting points, followed by ultraviolet 
spectroscopy’,” thin-layer chromatography, and analysis by 
a standard method.” Standard solutions (100 ml) were 
prepared by dissolving accurately weighed amounts in 
doubly distilled water. The NBS was standardized io- 
dometrically.’ 

RESULTS AND DISCUSSION 

Methyl dopa, propranolol hydrochloride, phen- 
azone and MPP were thermometrically titrated 
with standard NBS solution. The results obtained 
(Table 1) were precise and accurate with relative 
standard deviations in the range 0.34.6%. The 
chemical structures of these compounds are given 
below. Various matrix ingredients such as starch, 
lactose and magnesium stearate, frequently used in 
pharmaceutical preparations, were found to have no 
effect on the determinations. Hence single-dosage 
forms can be analysed. All these data suggest that the 
test compounds are brominated readily and quan- 
titatively. 
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Table I. Summary of results for NBS determination of the test compounds (I I 
different sample weights) 

Compound 

Range 
taken, 

mg 
Recovery, 

% 
Mean, 

% 

Standard 
deviation, 

% 

Methyl dopa 5-55 98.7-99.8 99.6 0.3 
Propranolol hydrochloride IO-60 98.6-100.0 99.6 0.5 
MPP 5-55 98.3-100.0 99.3 0.5 
Phenazone 5555 98.4-100.0 99.4 0.6 

CH3 

HID ’ 

H,C-NH-CH (CH,), 

I 
CH,- $ - COOH HOCH 

\--/ I 
NH2 

Methyl dopo 

I 
H2C-0 / \ 

- 

H \ / 

Ph 

MPP Phenozone 

As seen from the structures, methyl dopa and 
propranolol contain many reactive sites for bro- 
mination. According to the literature,‘2m’5 amino, 
methylene, phenyl and carboxylic groups undergo 
bromination by substitution. 

In the pyrazolone derivatives, MPP and phen- 
azone, substitution by an electrophile can take place 
at the 4-position. I6 Bromine is the most likely electro- 
philic reagent under the conditions used, so it is 
assumed that the reaction product is the 4-bromo 
derivative. This derivative can easily be prepared by 
treatment of the parent compound with NBS in 
carbon tetrachloride or aqueous acetic acid.j The 
molar reacting ratio for MPP and phenazone shows 
that one mole of the former consumes two moles of 
NBS. The secondary amino-group in MPP is labile to 
attack by a bromine atom, so the second mole of 
NBS is consumed to give the 2,4-dibromo derivative. 
Furthermore, bromine atoms at low concentration 
give an N-bromo rather than a C-bromo-derivative.” 
It has been reported that N-halocompounds are 
easily converted into halogen and amines, whereas 
C-halogenation is non-reversible.” Accordingly a 
bromine atom substituted on the nitrogen atom at the 
2-position of MPP would be labile, and liberate 
iodine from potassium iodide under back-titration 
conditions.” There is no such replaceable hydrogen 
atom in phenazone, however, so only one mole of 
NBS is consumed per mole of phenazone. The reac- 
tion ratios for methyl dopa and propranolol hydro- 

- 

Propronolol 

Ph 

chloride with NBS are 4 and 5 moles of NBS 
respectively per mole of pharmaceutical, and the 
bromination pattern is complicated.” However, the 
mechanism of interaction between NBS and these 
compounds is not fully understood. We only suggest 
that most of the bromination occurs at the sites 
mentioned here. 

CONCLUSION 

In previously reported methods3 for the deter- 
mination of methyl dopa and propranolol hydro- 
chloride the concentration of sulphuric acid was 
critical. In the assay of phenazone and MPP a 
concentration of acetic acid less than 9M at the 
end-point causes the change in colour of the indicator 
to be less sharp, leading to difficulties in end-point 
detection. Moreover, titration of MPP and phen- 
azone in more dilute acetic acid is always accom- 
panied by precipitation of the bromo-derivative. The 
proposed thermometric method for the deter- 
mination of these pharmaceutical compounds is more 
precise, accurate, selective and rapid in aqueous 
media in the presence of manufacturing impurities, 
than the classical and potentiometric techniques. It 
provides analytically acceptable results for routine 
analysis. 
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Summary-Conventronal nuclear magnetic resonance spectrometry in solution, in combination with “C 
labelling, has been utilized to investigate differences in freedom of motion of similar chemically altered 
and physically modified porous silica sorbents under dry conditions, and the results have been correlated 
with previously reported results for chemically altered solvated surfaces. Spin-lattice relaxation trme of 
the labelled terminal methyl groups decreases in the order chemrcally modified solvated ligands. chemically 
bonded unsolvated hgands, and physically sorbed unsolvated molecules. 

Various techniques have been used in preparing 
chromatographic sorbents, including thermal treat- 
ment, salt modification, physical coating, and chem- 
ical reactions, alone or in combination, e.g., reaction 

of a chlorosilane with the sorbent followed by phys- 
ical coating with liquid phase. The physical coating 
and chemical reaction procedures have been the most 
widely accepted methods of achieving selectivity in 
gas and liquid chromatography respectively. Charac- 
terization of such modified materials has been im- 
portant in the development of reproducible materials 
with known selectivities, and many methods have 
been used for the purpose. 

Most recently, spectral probing of the surface has 
emerged as a technique for investigation of the 
properities of sorbents. The methods used include 
fluorescence,‘,2 infrared3.4 and photoacoustic4.’ spec- 
troscopy as well as nuclear magnetic resonance 
(NMR) spectrometry. &*’ Key questions which have 
only partially been answered are concerned with the 
steric and motional aspects of the molecules immo- 
bilized on the surface. 

NMR spectrometry, especially of 13C, has been 
widely applied to study various aspects of modified 
surfaces. Information thus gained falls into several 
classes: (1) characterization of attached ligands;4.6 lo 
(2) determination of degree of surface modification;” 
(3) elucidation of bonding chemistry;14 (4) mea- 
surement of molecular dynamics.‘j ” Most of these 
studies have been made by using magic-angle spin- 
ning and proton cross-polarization, especially for 
chemically attached ligands, for which line- 
broadening occurs owing to restricted molecular 

mobility. 

*Author to whom correspondence should be addressed. 
tPresent address: Department of Chemistry, University of 

Oklahoma. 

In the past, conventional NMR has been used to 
investigate adsorbed molecules,‘s~20 but until recently 
its application to chromatographic-type, bonded- 
phase surfaces has been limited owing to problems of 
signal intensity and multiple-line coalescence arising 
from the broad resonances of s’milarly shifted sig- 
nals.7.‘6.” These problems have been minimized by 13C 
enrichment of a chosen carbon atom in the attached 
ligand.‘2m24 Using such chemically modified materials, 

we have examined various aspects of the surface, 
including surface-backbone structure,7.2’ preferential 
surface solvation in binary aqueous-organic systems 
(corresponding to liquid chromatography),2’ and 
changes in spin-lattice relaxation as a function of 
position of labelling, surface-attachment chemistry, 
and degree of coverage.16 As a follow-up this report 
presents a comparison of data for chemically 
modified and physically coated porous silica under 
dry conditions (i.e., corresponding to gas chro- 

matography). Further, it correlates these dry-state 
(i.e., unsolvated surface) data with the previously 
reported liquid-state (i.e., solvated surface) data.16 

EXPERIMENTAL 

Materials 

The synthesis of the labelled chlorosilanes used has been 
described previously.z4 but for convenience is summarized 
below. Two labelled compounds were made, one with a 
“C-enriched terminal carbon atom m the alkyl chain and 
the other with the labelled carbon atom attached to the 
silicon atom. For the first, I-bromoundecene was reacted 
with magnesium to produce the corresponding Grignard 
reagent, “C-labelled carbon dioxide was bubbled through 
the solution to yield dodecenoic acid which was then 
reduced to the corresponding alcohol wrth lithtum alumi- 
nium hydride, and the alcohol was treated with tosyl 
chloride in the presence of pyridine to give the tosylate. The 
tosylate was reacted with sodium iodide in acetone to yield 
the iodoalkene. which was reduced with lithium aluminium 
hydride to form terminally labelled dodecene. This was 
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finally coupled with dimethylchlorosilane to produce 
‘sC,2-labelled n-dodecyldimethylchlorosilane. For the sec- 
ond, octylmagnesium bromide was prepared and reacted 
with labelled carbon dioxide; the resulting acid was reduced 
with lithium aluminium hydride and the alcohol formed was 
treated with phosphorus tribromide to yield “C-labelled 
I-bromononane. From this compound nonylmagnesium 
bromide was prepared and reacted with excess of silicon 
tetrachlorlde to yield “C,-labelled n-nonyltrichlorosilane. 

Both compounds were purified by distillation under 
reduced pressure and their structures verified by infrared 
spectroscopy, and proton and carbon NMR spectrometry. 

From these products the corresponding labelled alkyl- 
trimethylsilanes were prepared by treatment with excess of 
methylmagnesium iodide in diethyl ether followed by add]- 
tlon of dilute hydrochloric acid and shaking. The organic 
layer was separated and dried over anhydrous sodium 
sulphate. the ether was removed by gentle heating, and the 
remaining liqtnd was distilled under reduced pressure to 
yield the pure product. The identity of these materials was 
verified by infrared analysis. 

The chemically modified surfaces were prepared by 
reacting” excess of the labelled chlorosilane with IO-pm 
particle-size chromatographic-grade LiChrosorb SI-60 
porous silica with a reported surface area of approximately 
550 m’/g. 

The physically coated sorbents were prepared by mixing 
I g of the same lot of silica with an appropriate amount (i.e., 
enough to give the desired loading) of the n-nonyltrimethyl- 
sllane or n-dodecyltnmethylsilane in about 20 ml of dry 
diethyl ether, mixing thoroughly with a vortex shaker, 
letting stand overnight and then drying for 1 hr at 105”. 

NMR studies 

Approximately I g of each material was placed in a 
IO-mm NMR tube and spin-lattice measurements were 
made with a Varian model FT-80 NMR spectrometer at 
ambient temperature in the absence of solvent, with C,D, as 
the external reference compound. An inversion recovery 
pulse sequence was employed. 

RESULTS AND DISCUSSION 

The observed spin-lattice relaxation times (r,) and 
the widths of the resonances at half intensity (Q) are 
summarized in Table 1. In all cases a series of at least 
seven different pulse delays was employed. The re- 
sulting fit for each inversion recovery experiment was 

linear with a regression coefficient of at least 0.99. 
The standard deviation of the mean for multiple 
determinations of individual T, values ranged be- 
tween 0.03 and 0.06 sec. 

Physically coated materials 

The spin-lattice relaxation time increased with 
increasing amount of sorbed material. As shown in 
Table 1, this corresponded to approximate doubling 
of T, with tripling of surface coverage. On the basis 
of the surface area listed by the manufacturer (550 
m*/g), such an increase in 7’, seems unreasonable. For 
example, for nonyltrimethylsilane, assuming uniform 
coverage of the total area available, the surface 
concentration of the silane should have been approx- 
imately 0.6 molecules/nm* for the 11.6% coverage 
and 1.9 molecules/nm* for the 34.7% coverage. 

It has been suggested by several investigators25m28 
that significant molecular exclusion may occur with 
similar porous silica materials. For adsorbents with 
porosity and structure close to those used in the 
current investigation, even under vigorous reaction 
conditions only about 30-40% of the surface area 
determined by BET may be available.27 

In our studies, if a similar reduction in available 
surface area is assumed (e.g., 0.35 x 550 m2/g) an 
effective coverage of 2 and 6 molecules/nm* area for 
the 12-35% loading range is not unreasonable. If this 
is accepted, arguments for self-association of the 
sorbed molecules, resulting in a quasi-liquid state, 
seem reasonable, and the observed increase in spin- 
lattice relaxation time with increasing surface concen- 
tration of the sorbed material is in agreement with 
expected liquid behaviour.‘9-3’ These data are also 
indicative of increasing motional freedom with in- 
creasing surface coverage and support the ideas of 
those investigators25-28 who have suggested that the 
available area is considerably smaller than the BET 
area. 

Chemically bonded materials 

The 7’, and v,,~ values, which were also determined 
under unsolvated conditions, were greater than the 
corresponding values for the physically coated sor- 
bents. The T, values demonstrate an overall 
significantly different degree of motional freedom for 
the sorbed molecules than for the chemically attached 
ligands. The spin-lattice relaxation time for the 
C, carbon atom of the n-nonyltrichlorosilane 

Table I. Spin-lattice relaxation and band-width data for physically coated and 
chemically altered surfaces under unsolvated conditions 

Modification reagent Carbon,? % T,, set “112. HZ 

(CH,),Si*CH,(CH,),CH~ PW II.6 0.75 70 
23.1 1.21 66 
34. I I.41 62 

(CH,),Si(CH2),,*CH, (PC) 11.5 0.77 76 
34.0 I .90 66 

CI,Si(CH,),,*CH, 
;:E; 

13.7 2.25 125 
Cl(CH,),Si(CH2),,*CH, 9.5 2.64 110 
CI,Si*CH2(CH,),CHj (CB) 8.0 - 720 

*Denotes position of 13C enrichment. 
TIndicates surface loading. 
@Mode of attachment: (PC) physically coated; (CB) chemically bonded. 
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Table 2. Spin-lattice relaxation data for chemically altered 
surfaces under solvated conditions 

Modification reagent Carbon,? % 

C~(CH,)~SI(CH~),,*CH, 9.5 
CI,Si(CH2),,*CH, 10.8 
CI,Si(CH,),,*CH, 13.7 

*Denotes position of “C enrichment. 
tlndicates surface loading. 

T,, see 

3.50 
3.25 
2.66 

chemically-modified surface has not been reported, 
owing to the extremely broad resonance (720 Hz) and 
resulting unfavourable signal-to-noise ratio. 

For the physically coated samples with similar 
coverages, v,,‘~ and T, were nearly independent of the 
position of labelling. However, in the case of the 
chemically bonded groups the decrease in line-width 
for the free end of the chain shows the effect of 
anchoring by chemical attachment. For similar chem- 
ically attached ligands studied under dry conditions 
by magic-angle spinning and cross-polarization tech- 
niques, Sindorf and Maciel” suggested that rotation 
is the dominant factor in the overall mobility of the 
terminal methyl carbon atom. 

Similarly, we have demonstratedI that the same 
applies for chemically attached solvated ligands. In 
that earlier work a rather sharp drop in T, at 
increased surface coverage was interpreted as sug- 
gesting that an overall decrease in end-group mobility 
occurs once a certain critical surface concentration is 
attained. Data from those studies are summarized in 
Table 2. The overall higher values of T, for the 
solvated bonded state (Table 2) compared to data for 
the physically sorbed molecules (Table 1) suggest a 
relatively greater degree of motion for the end carbon 
atom in the chemically bonded solvated material than 
for that in the physically sorbed material, owing to 
the fact that the dominant means of relaxation is by 
rotation of the end methyl group in the terminal unit 
of such bonded ligands. 

CONCLUSION 

The results reported demonstrate considerable 
differences between physically coated and chemically 
modified surfaces in terms of motional freedom. 
Such differences should result in differences in 
chromatographic behaviour (e.g., in experimentally 
measured thermodynamic values). Work on this is 

now in progress. The data further show a significant 
degree of exclusion of the sorbed material as well as 
sorption in self-associated micro-clusters. 
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COLORIMETRIC DETERMINATION OF PIPERAZINE 
WITH p-BENZOQUINONE 
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Summary-Piperazine and its salts are reacted with aqueous alcohohcp-benzoquinone, buffered at pH 5.4, 
to give a coloured product with maximum absorption at 516 nm. The piperazine base has a molar 
absorptivity of 0.96 x 1041.molem .cm-’ and Beer’s law is obeyed over the range 2-lOpg/ml. When 
applied to three commercial preparations, the proposed method gave mean recoveries within 1% of those 
obtained by the official gravimetric method. The relative standard deviation was less than 1%. 

Piperazine and its salts have been determined by 
gravimetric, spectrophotometric and complexometric 
methods.’ The colour reaction with p-benzoquinone 
was first reported by Fo~cry,~ and later developed 
into a quantitative method,3-5 based on heating the 
reaction mixture at 80”. This reaction with p- 
benzoquinone seems to be general for amines and 
Benson and Spillane6 have described its use for 
determination of a wide range of amines (aliphatic, 
primary and secondary, alicyclic and heterocyclic 
amines), again by conducting the reaction at elevated 
temperature. 

This paper presents a simpler direct method for the 
determination of piperazine by reaction with p- 
benzoquinone at room temperature, without prior 
separation of the free base. The method is very 
suitable for routine analysis and can replace the 
official gravimetric method,’ which is based on pre- 
cipitating the dipicrate salt. 

EXPERIMENTAL 

Reagents 

p-Benzoqumone solution, 1%. Freshly prepared, in 95% 
ethanol. 

Buffer solution.’ Prepared by mixing 44.7 ml of 0. 1M citric 
acid and 55.3 ml of 0.2M disodium hydrogen ortho- 
phosphate to give 100 ml of buffer (pH 5.4). 

Piperazine solution, 0.004%. Prepared in water by accu- 
rate dilution of a concentrated solution of piperazine with 
distilled water. 

Piperazine dihydrochlorlde solutron, 0.008%. Prepared by 
accurate dilution of a concentrated piperazine dihydro- 
chloride monohydrate solution. 

Plperazine c&are solution. O.OIO%. Prepared by accurate 
dilution of a concentrated solution of piperazine citrate 
3C4H,,N,.2C,H,0,.5fHz0. 

Piperazine phosphate solution, 0.008%. Prepared by 
accurate dilution of a concentrated solution of piperazine 
phosphate monohydrate C4H,,N,~H,P04.Hz0 

Procedure for calibration graph 

Pipette l-5 ml volumes of standard piperazine or piper- 
azine salt solution into 20-ml standard flasks. Add 2 ml of 
buffer solution (pH 5.4) and 2 ml of p-benzoquinone 

solution to each. Allow to stand for 30 min, then dilute to 
volume with distilled water. Prepare a reagent blank by 
diluting 2 ml of the buffer and 2 ml of p-benzoquinone 
solution to 20 ml with distilled water. Measure the absorb- 
ance of the standards against the reagent blank in l-cm cells 
at 516 nm. 

Assay of pharmaceutical preparations 

Transfer an accurately weighed amount of granules or an 
accurately measured volume of piperazine solution equiv- 
alent to 40 mg of piperazine base (C,H,,N,) or 80 mg of 
piperazine hydrate (C,H,,N,.6H,O) or plperazine salts into 
a 250-ml standard flask. For granules add 100 ml of water 
to dissolve them, and wait till effervescence ceases. Make the 
solution up to volume with water. Pipette 25 ml of the clear 
solution into a loo-ml standard flask and complete to 
volume with water. Pipette 3 ml of the final solution into a 
20-ml standard flask and proceed as described for the 
calibration graph. 

RESULTS AND DISCUSSION 

Ethanolic p-benzoquinone solution reacts with 
piperazine to give a red colour with maximum ab- 
sorption at 516 nm (Fig. 1). The absorbance of the 
yellow reagent blank solution at 516 nm is only about 
0.04. 

The effect of the pH of the buffer used has been 
examined (Fig. 2) and the optimum pH for high 
sensitivity, minimal blank reading and high stability 
found to be 5.4. The colour reaches maximum in- 
tensity in 30 min and remains stable for 2; hr (Fig. 3). 

Beer’s law was found to be obeyed over the concen- 
tration range 2-10 pgg/ml for piperazme base and 
4-20 pg/ml for its salts (Table 1). The apparent molar 
absorptivities (referred to the parent compound) were 
found to be 0.96 x lo4 1. mole-‘. cm-’ for piperazine 
dihydrochloride and piperazine phosphate, and 
2.97 x lo4 1. melee’ . cm-’ for piperazine citrate. 

The method was applied to the determination of 
piperazine in three commercial preparations. The 
results obtained were compared with those obtained 
by the official gravimetric method based on weighing 
the dipicrate salt. Thus for “Uvilon Solution” la- 
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07 

r 

X(nm) 

Fig. 1. Absorption spectra of piperazine citrate. 5fH,O 
(15 pg/ml)-p-benzoquinone complex (-) and reagent 

blank (---), pH 5.4. 

belled to contain 1000 mg of piperazine hydrate 

(C,H,,Nr .6H,O) neutralized with citric acid per 5 ml 
of solution, the recoveries (relative to nominal con- 
tent) found were 94.4 f 0.6 and 94.2 f 0.5% (mean 
and standard deviation) for the p-benzoquinone and 

the official method, respectively. “Urosolvin” 
effervescent granules, labelled to contain 1.8 g of 
piperazine hydrate, C,H,,N2.6H,0, 4.2 mg of col- 
chicine, 1.8 mg of atropine sulphate and 9.6 g of 

sodium citrate per 70 g, have been assayed by the two 
methods and the recoveries were 103.0 f 0.6 and 
103.4 f 0.4%, respectively. “Piperazine Midy” 
effervescent granules labelled to contain 3.50% of 
piperazine hydrate gave recoveries of 102.2 f 0.8 and 
101.5 f 0.6%, respectively (Table 2). Application of 
the t- and F-tests’ showed that there was no 
significant difference in precision and accuracy be- 
tween the proposed and the official methods. The 
official gravimetric method’ was also applied to 
ascertain the purity of the piperazine, piperazine 
dihydrochloride monohydrate, piperazine phosphate 

monohydrate and piperazine citrate 

[(C,H,0N,),.2C,H,07.5iH,0] used in the work. The 

values obtained were 97.8 + 0.2, 99.6 f 0.2, 
99.8 + 0.1 and 101.4 + O.l%, respectively, based on 4 
replicates of each. The relatively low purity of the 
piperazine base (97.8%) is attributed to the presence 
of water of deliquescence, but this was taken into 

Fig. 2. Effect of pH on absorbance of the colour produced 
on reaction of p-benzoquinone with plperazine. 

10 20 3c 40 50 

(min) 

Fig. 3. Effect of time on absorbance of the colour developed 
on reaction of p-henzoquinone with piperazine. 

account in constructing the calibration graph. The 
calibration graphs for piperazine base and piperazine 
hexahydrate are practically identical. 

The method has the advantage over the previous 
methodsti that no heating is required. Since p- 
benzoquinone reacts with primary, secondary, ali- 
cyclic and heterocyclic amines, any of these com- 

pounds, if present, might interfere with the 
determination. Piperazine degradation products con- 
taining primary or secondary amine groups might 
also give a positive reaction. However, this is also the 
case with the official gravimetric method, which is 
thus no more specific than the proposed method. 

Benson and Spillane’ reported that condensation 
may take place between an amine and p-benzo- 
quinone at position 2 or positions 2 and 5 when the 

Table 1. Beer’s law linearity ranges and regression equations 

Compound 

Piperazine 
Piperazine dihydrochloride H,O 
Piperazine H,PO, H,O 
PiDerazine citrate. 5SH,O 

Linearity 
range, 
pgglml 

2-10 
4-10 
4-20 
5-25 

Regression 
equation* 

A = 0.002 + 0.0998C 
A = 0.004 + 0.0483C 
A = 0.001 + 0.0423C 
A = 0.006 + 0.0332C 

*C = concentration in pg/ml. 
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Table 2. Comparison of the recommended procedure with the official BP (1980) 
method 

Recovery k SD., % 

Official p-Benzoquinone 
Sample method method F’ t* 

Uvilon solution 94.2 + 0.5 94.4 -+ 0.6 1.70 0.47 
(n = 4) (n = 5) (9.12) (2.365) 

Urosolvin eff. granules 103.4 & 0.4 103.0 + 0.6 2.21 1.18 
(n = 4) (n = 5) (9.12) (2.365) 

Piperazine Midy eff. granules 101.5 + 0.6 102.2 + 0.8 1.70 0.49 
(n = 4) (n = 5) (9.12) (2.365) 

n = number of replicates. 
*Results in parentheses indicate tabulated levels at P = 0.05. 

0 0 0 OH 

0 0 ii t)H 

Fig. 4. Proposed reaction mechanism. 

reaction is done at 80” in chloroform. However. 
application of the molar-ratio and continuous- 
variations methods under the conditions given in this 
paper showed the reacting ratio of p-benzoquinone 
to piperazine to be 4:l. This can be explained as 
due to an oxidation-reduction reaction as shown in 
Fig. 4. 
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Summary-Silver, gold and palladium can be sorbed by a thiopolymer of the type 
[HO(CH,CH,OCH,SS),CH2CH,OH]. The distribution coefficient for palladium increases with halide 
concentration, with iodide having the largest effect. Silver can be extracted from chloride, nitrate or picrate 
media. The different distribution coefficients for aold in hydrochloric acid and in sodium chloride suggest 
that different sorption mechanisms predominate. 

In 1970 Bowen reported the use of polyether-based 
polyurethane foam for the sorption of several sub- 
stances from aqueous media.’ Since then, poly- 
urethane foam has been widely used for the sorption 
and concentration of both inorganic and organic 
species.* The’ sorption of platinum metals by poly- 
ether foam from thiocyanate media,j of gold(II1) 
from chloride media4 and as a thiourea complex from 
perchlorate solution,’ and of silver from picrate 
solution6 have been reported. 

The hard and soft acid-base theory’ predicts that 
a polythioether foam should give greater sorption 
and selectivity than a similar polyether foam for soft 
metal ions such as gold(III), palladium(II), silver(I), 
mercury(I) and copper(I). In fact, the use of organic 
sulphur compounds as solvents for extraction of 
several of these metals has been reported. Pallad- 
ium(I1) has been extracted from chloride solution by 
neutral organic sulphur compounds such as 
alkylsulphides’ and petroleum sulphides’ and sol- 
vents of this type have also been used to recover 
gold(III), from both nitric and hydrochloric acid 
solutionslo The extraction of silver from nitric acid 
by diesel oil” and of silver(I) and mercury(I) with a 
macrocyclic polythioether ‘* has also been recorded. 
Although polyether foam is a more efficient extrac- 
tion agent than its monomeric analogue, diethyl 
ether, there has been little analytical use of polymeric 
thioethers. The synthesis and use of SH-polyurethane 

foam for the concentration of mercury(I1) was re- 
ported earlier.13 While the present work was in 
progress, the synthesis and use of a polymeric thio- 
ether of the type (CH,-S),, for the sorption of plat- 
inum metals appeared.14 

The present work uses a thiopolymer (Thiokol) for 
the sorption of noble metals from halide and other 
media. 

EXPERIMENTAL 

Apparatus 

A model 306 Perkin-Elmer atomic-absorption spec- 
trometer was used for the determination of metal ions 

except for one study where ‘lh”Ag tracer was used and the 
samples were analysed with a Baird Atomic 530A gamma- 
spectrometer with a 2-in. well-type (NaI(T1) detector. 

Reagents 

Stock solutions of Pd(I1) and Au(II1) (1000 pg/ml) were 
prepared from palladium chloride and sodium tetra- 
chloroaurate(II1) dehydrate in 0.2M hydrochloric acid. A 
silver solution (1000 pg/ml) was prepared from analytical 
grade silver nitrate and ‘lomAg was obtamed from NEN 
(Canada) Ltd. The Thiokol polymer was a gift from Dunlop 
(Canada) Ltd. and had been prepared by reacting polymer 
ZL574 (from Morton Thiokol, Trenton, NJ, U.S.A.) with 
diphenylmethane di-isocyanate. ZL574 is a hydroxy- 
terminated polymer of general formula 
[HO(CH,-CH,-&H,-CH,-S-S),CH*-cHzOH] with molecu- 
lar weight -4000 and sulDhur content 3638%. Before use 
the polymer was soaked’ in O.lM nitric acid for 24 hr, 
washed with water until free from acid, then washed with 
acetone and finally air-dried. All other chemicals used were 
analytical-reagent grade. The water was doubly distilled and 
demineralized. 

Procedure 

The sample solutions and polymer were placed in 
Erlenmeyer flasks and equilibrated by mechanical shaking 
for at least 2 hr. The degree of sorption was determined by 
measuring the concentration of metal ion in the aqueous 
phase before and after equihbration with polymer. The 
distribution coefficient (D in I./kg) was calculated from the 
degree of extractlon (% E) according to the equation 

where V is the volume of sample solution (ml) and W is the 
weight of polymer (g). 

RESULTS AND DISCUSSION 

The results of preliminary studies showed that 

Pd(II) and Au(II1) are effectively sorbed by the 
thiopolymer from chloride solutions, whereas Pt(I1) 
is recovered to a lesser extent and Pt(IV) sorbs 
poorly. Ag(I) was efficiently sorbed even from nitrate 
media. The results of detailed studies of the sorption 
behaviour of Pd(I1). Ag(l) and Au(lII) by the poly- 
mer from different solutions are given below. 
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Palladium 

Results for the sorption of Pd(I1) from the halide 
solutions are shown in Fig. I. The sorption increases 
according to halide in the order Cll < Br < I -, as 
expected from the change in hydrophobicity. It can 
also be seen that in all three systems the sorption 
increases with the increase in initial concentration of 
halide, reaches a plateau and then declines with 
further increases, with this effect more prominent for 
iodide. Solutions up to 0.08M in iodide become 
turbid after addition of Pd(lI), but a further increase 
in iodide concentration gives clear solutions. It is 

bable species of the type PdX, and PdX$- . The log 

D VS. log [X] curves in Fig. I indicate that the 
palladium complexes with lower and higher halide 
content are less extractable than those with inter- 
mediate metal-halide ratios. A low ratio limit of 0.4: 1 
(Cl:Pd) has been observedI for the extraction of Pd 
from chloride media at high temperature by poly- 
meric (CH, S),). These authors have suggested that the 
co-ordinately solvated species (I) extracted at room 
temperature is converted at higher temperature into 
a polymeric mercaptide (II) which also forms 
donor-acceptor bonds with the sulphur atoms in the 
neighbouring molecules. 

CH2-S-CH2 

1 
2(CH2-S-CH?) + Cl-Pd-Cl 

r 
CH,-S-CH2 

I 

I (1) 

CH?--- S-CH2 

1 
-CH,-S-Pd-S-CH2 

t 
CH,----S-CH, 

(11) 

likely that PdI, is formed at lower concentrations of 
iodide and dissolves as PdI, or PdI,Z- in presence of 
excess of iodide. 

Another important feature of Fig. 1 is that the 
sorption profiles of Pd(I1) from hydrochloric acid and 
sodium chloride solutions are identical. which sug- 
gests that Pd(I1) is not sorbed by the thiopolymer as 
an acidic species of the type H,PdCI,. Although the 
extraction of H,MX, type species has been 
established” for the extraction of several metal ions 
from halide solutions by oxygen-containing organic 
solvents, it has been reported by several workersI 
that Pd(I1) is extracted by sulphur-containing organic 
solvents as a solvated species of the type PdX,.2RS. 
Assuming that PdX, is also the species sorbed in the 
present system, the decrease in sorption of palladium 
at higher concentrations of halide ion can be attrib- 
uted to the increased concentration of the less sor- 

It is not clear from our results whether the sorbed 
Pd species is solvated or co-ordinated in the thio- 
polymer. However, it is certain that Pd is not sorbed 
as an acidic complex by the thiopolymer. 

Silver 

The sorption profiles of silver from nitrate, chlo- 
ride and picrate solutions are shown in Fig. 2. The 
sorption of silver by the thiopolymer increases with 
increase in the initial concentration of nitrate over the 
entire concentration range studied, whereas the sorp- 
tion from chloride solution becomes almost constant 
from > IM hydrochloric acid. The sorption of silver 
from picrate media shows a levelling off at 
>2 x 10m4M initial picrate concentration. Silver has 
been extracted from nitrate solutions by several 
sulphur-containing organic solvents.” In addition, 
the extraction of silver from nitric acid solutions by 

I I I I 

-20 -1 0 0 10 

Log cx-1 

Fig. 1. Sorption of palladium from hahde soluttons; 45 ml 
of IO ppm palladium solution; 0.05 g of polythioether foam; 
2 hr equilibration. x : Cl- (NaCI); 0: Cl- (HCI); l : Br- 

(HBr); A: I- (HI). 

-Log CPtc-or Cl-1 

5oc 
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D 

x 
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Fig. 2. Sorption of silver; 95 ml of I ppm silver solution; 0. IO 
g of polythioether foam; 3 hr equilibration. 0: Picc; 0: 
Cl-; A: NO; (HNO,); n : NO, (KNO,); +: NO; 

(NaNO,). 



184 SHORT COMMUNICATIONS 

5ct_ 

p”“” 

i 

.’ 
y-- 

.*’ 
*./ ? 

201 I I I / I 
25 20 15 10 05 

-Log cx-I 

Fig. 3. Sorption of gold; 90 ml of 10 ppm gold solution: 0.10 
g of polythioether foam; 3 hr equilibration. 0: Cl- (HCI); 

0: Cl- (NaCI); x : NO, (HNO,). 

diesel oil has also been attributed” to the presence of 
sulphur compounds. A polythio-crown ether has 
been usedI to extract silver from chloride, picrate 
and perchlorate solutions. By comparing the sorption 
behaviour of silver from nitric acid with that from a 
potassium or sodium nitrate system (Fig. 2), it is clear 
that, as with palladium, the sorption of silver from 
nitrate solution by the thiopolymer does not involve 
any acidic species of the type HAgX,, which has been 
reported’* to be the silver species extracted from 
chloride solutions by triphenylphosphine oxide. On 
the other hand, a solvated species of AgX .2R, S type 
has been established” as the silver species extracted 
by sulphur-containing solvents. 

The value of unity for the slope of the log D as. log 
[Pie] plot is consistent with the sorption of an [AgPic] 
species, which would agree with previous work on 
extraction of solvated species. On the other hand the 
smaller slopes for the chloride and nitrate systems 
suggest that sorption of silver from these solutions 
more likely involves a co-ordinated species. 

Gold 

Figure 3 shows the results of Au(II1) sorption by 
the thiopolymer from hydr~hlor~~ acid, nitric acid 
and sodium chloride solutions. The most striking 
feature is that unlike silver and palladium, gold is 
sorbed to different extents from hydrochloric acid 
and sodium chloride solutions. Since the thiopolymer 
contains both oxygen and sulphur atoms in the 
polymeric chains, the increase of the sorption of 
Au(M) from hydrochloric acid solutions can be 
attributed to the sorption of HAuCl; type species by 
the oxygen-containing portions of the poiymer. The 
extraction of gold from acidic chloride solutions by 
oxygen-containing solvents is well documented.‘s On 
the other hand, the sulphur content of the thio- 
polymer has a dominant role in the sorption of 
Au(II1) from sodium chloride solutions, but whether 

Au(II1) is sorbed as a solvated species of the type 
AuCl,‘XRS or as a co-ordinated species is not appar- 
ent. 

The sorption of gold(III) from nitric acid (Fig. 3) 
is practically constant over the entire range of nitric 
acid concentration studied and is similar to results 
reported” for the extraction of gold and some other 
noble metals from nitric acid by organic sulphides. 

These results clearly show that the thiopolymer is 
very effective for the sorption of silver, gold and 
palladium. In addition to these metals, it is likely that 
other soft metal ions, e.g., Cu(I), Hg(I), can be sorbed 
by the thiopolymer and that it should be possible to 
select suitable conditions for the separation of some 
of the noble metals, Further studies are required to 
establish the composition of the species sorbed. 

Ackno~~gdgement-his work was supported by the 
Natural Science and Engineering Research Council of 
Canada and the University of Manitoba Research Grants 
Committee. 

1. 
2. 

3. 

4. 

5. 
6. 

7. 
8. 

9. 

10. 

II. 

12. 

13. 

14. 

15. 

16. 
17. 
18. 

REFERENCES 

H. J. M. Bowen, J. Chem. Sot. A, 1970, 1082. 
G. J. Moody and J. D. R. Thomas, Chro~togra~hi~ 
Separation and Extraction with Foam Plastics and 
Rubbers, Dekker, New York, 1982. 
S. J. Al-Bazi, Ph.D. Thesis, University of Manitoba, 
1983. 
P. Schiller and G. B. Cook, Anal. Chim. Acta, 1971,54, 
364. 
T. Braun and A. B. Farag, ibid., 1973, 66, 419. 
A. S. Khan. W. G. Baldwin and A. Chow, ibid., 1983, 
146, 201. 
R. G. Pearson, J. Am. Chem. Sot., 1963, 85, 3533. 
V. G. Toreov. V. N. Andrievskii, E. N. Gilbert, I. L. 
Kotlyarevs&,‘V. A. Mikhailov, A. V. Nikolaev, V. N. 
Pronin and D. D. Trostsenko, Izv. Sib. Otd. Akad. Nauk 
SSSR. Ser. Khim. Nauk. 1969, 148; Chem. Abstr., 1970, 
72, 93,804. 
V. T. Athavale, M. N. Karnik, R. M. Sathe, 
V. Venkatasubramanian and Ch. Venkateswarlu, Indian 
J. Chem., 1967, 5, 585. 
V. A. Pronin, M. V. Usol’tseva, Z. N. Shastma, N. K. 
Gusarova, E. P. Vyalkh, S. V. Amosova and B. A. 
Trofimov, ipuss. J. Inarg. Chem., 1973, 18, 1016. 
G. N. Shiv&, B. N. Laskorin, E. M. Shivrina and 
G. V. Kuzmiehev, Tsset. Metaf., 1966, 39, I 1; Chem. 
Abstr., 1966, 65, 18214. 
D. Sevdic and H. Meider, J. inorg. Nucl. Chem., 1977 
39, 1403, 1409. 
M. A. J. Mazurski, A. Chow and H. D. Gesser, Anal. 
Chim. Acta, 1973, 65, 99. 
Yu. A. Zolotov, 0. M. Petrukhin, G. I. Malofeeva, 
E. V. Marcheva, 0. A. Shiryaeva, V. A. Shestakov, 
V. G. Miskar’yants, V. I. Nefedov, Yu. I. Murinov and 
Yu. E. Nikitin, ibid., 1983, 148, 135. 
Y. Marcus and A. S. Kertes, Ion Exchange and Solvent 
Extraction of Metal Complexes, Chapter 9, Wiley- 
Interscience, New York, 1969. 
M. Mojski, Talanta, 1978, 25, 163. 
Idem, Chem. Analit. (Warsaw), 1979, 24, 207. 
V. I. Levin and M. D. Kozlova. Radiokhimiya, 196.5, 7, 
534; Chem. Abstr., 64, 18494. 



0039-9140/X6 $3 OO+OOO 

Pergamon Press Ltd 

USE OF p-CHLORANILIC ACID FOR 

COLORTMETRIC DETERMINATION 
SOME ANTIMALARIALS 

M. S. MAHROUS, M. ABDEL SALAM. A. S. ISSA 

and M. ABDEL-HAMID 

THE 

OF 

Department of Pharmaceutical Chemistry, hCUky of Pharmacy, Umversity of Alexandria, 
Alexandria. Egypt 

(Received I March 1985 Revised 8 May 1985. Accepted 29 August 1985) 

Summary-A simple and sensitive calorimetric method for the assay of quinine sulphate, primaquine 
dtphosphate, amodraquine hydrochloride and pyrimethamine is described. The method IS based on the 
interactron of the drugs and p-chloranilic acid to give a stable product with an intense colour which can 
be used for the determination of these antimalarials in their pharmaceutical preparations. 

The aminoquinoline antimalarials have been deter- 
mined calorimetrically with ammonium reineckate’ 

and trans-aconitic acid,* or by the acid dye technique3 
or formation of a ternary complex with cobalt thio- 
cyanate. Primaquine has been determined by the 
diazotization method5 and with diazo-p-nitroaniline,6 
2,6-dichloroquinone chlorimide and 1,2-naphtho- 
quinone-Csulphonic acid.’ Spectrophotometric,8 
gravimetric’ and titrimetric” methods have been used 
for determination of amodiaquine. Pyrimethamine (a 
pyrimidine derivative) has been determined by an 
extractive calorimetric method using Methyl Orange, 
Bromophenol Blue or Cresol Purple,” and by 
conductimetric titration.‘* 

p-Chloranilic acid has recently been used for the 
spectrophotometric determination of some alkaloids 
in dioxan medium,13 and the aim of the present work 
was to use this reagent in acetonitrile medium for 
spectrophotometric determination of some anti- 
malarials. The method developed has been applied to 
the determination of quinine sulphate, primaquine 
diphosphate, amodiaquine hydrochloride and 
pyrimethamine in pure form and in pharmaceutical 
preparations. The colour produced in the reaction is 
attributed to ion-pair formation.14 

EXPERIMENTAL 

Reagents 

Pharmaceutical grade qumine sulphate, primaquine phos- 
phate, amodiaqume hydrochloride and pyrimethamine. p- 
Chloranilic acid solution. 0.2% in acetonitrile. All the 
reagents were analytical grade and the solvents spec- 
troscopic grade. 

Standard solutions 

An accurately weighed amount of the drug or its salt 
equivalent to 0.1 g of the free base was dissolved in about 
20 ml of water. The solution was quantitatively transferred 
to a separatory funnel, made alkaline with ammonia solu- 
tion and shaken with four 20-ml portions of chloroform, 

for 2 min each time. The extracts were pooled in a lOO-ml 
standard flask after passage through a filter paper contain- 
ing anhydrous sodium sulphate, the paper being washed and 
the solution made up to volume with chloroform. 

Calibration graphs 

Volumes of the standard solution ranging from 0.2 to 
I .O ml were transferred into a series of 5-ml standard flasks 
and the solvent was removed by immersing the flasks in a 
water-bath kept at 70”. The residue was dissolved in 2 ml of 
acetonitrile, then I ml of p-chloranilic acid solution was 
added. The volume was made up to 5 ml with acetonitrile 
and the absorbance measured at 522 nm against a reagent 
blank prepared simultaneously. 

Analysis of tablets 

Ten tablets were finely powdered and the powder thor- 
oughly mixed. An accurately weighed quantity of the pow- 
der equivalent to 0.1 g of the free base was transferred to 
a separatory funnel containing about 20 ml of water. The 
mtxture was shaken for 15 min. then made alkahne wtth 
ammonia solution and the base was extracted and deter- 
mined by the procedures above. 

RESULTS AND DISCUSSION 

Quinine, primaquine, amodiaquine and pyri- 
methamine react instantaneously with p-chloranilic 
acid in acetonitrile medium to give a purple product 
which has a broad absorption peak with a maximum 
at 522 nm. The reagent has a broad peak with a 
maximum at 435 nm (Fig. 1). 

p-Chloranilic acid (p-CA) exists as the orange 
undissociated species H,A at very low pH, the dark 
purple HA- at intermediate pH, and the pale violet 
A*- at high pH. 

Since the reaction product in acetonitrile is purple, 
we consider that HA- is the form in which the p-CA 
is involved in the reaction with the chosen anti- 
malarials, and hence that there is proton transfer 
from p-CA to the basic centre of the antimalarials 
(Scheme 1). The ion-pair salt obtained dissociates to 
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Table 1 Results for assay of dosage forms of antimalarial drugs with 
p-chloranilic acid 

Preparation* 

Meant & SD. % 

Proposed Official BP 
method method 

Quinine sulphate tablets 
(150 mg/tab.)M 

Prlmaquine diphosphate tablets 
(Primaquine 15 mg/tab.)M 

Amodiaquine hydrochloride tablets 
(Camoquine 260 mg/tab.)P o 

Pyrimethamme tablets 
(Daraprim 25 mg/tab.)a w 

101.3 & 0.7 98.2 k 0.8 

100.5 * 0.5 98.8 + 1.8 

99.7 * 0.4 97.8 + 0 7 

99.9 k 0.6 98.5 + 0 3 

*M. Mlsr Co.: B. Baver Co.: P.D.. Park Davis; B.W., Burroughs Wellcome. 
tSix separate determinations 

04r 

I I I I 
--__ 

450 490 530 570 610 650 

Wovelength (nm 1 

Fig. 1. Absorption spectra of A, pnmaquine-p-chloranilic 
acid reaction product measured against reagent blank; B, 
reagent blank measured against acetomtrile. Primaquine 
concentration = 120 pg/ml; p-CA concentration = 2 x 10’ 

pglml. 

give the purple HA- anion.14 This dissociation is 
promoted by a solvent with high dielectric constant. 

0 

0 H 

HIA Z$ H+ + HA- (purple) 

B+H+ Z$ BH+ (colourless) 

0 Scheme I. 

We reject the alternative mechanism involving a 
radical anion CA’, since we have found no ESR 
signal suggesting its presence.14 

p-Chloranilic acid gives an immediate colour reac- 
tion with the drug bases at room temperature. For 
quantitative purposes a volume of 1 ml of 0.2% p-CA 
in acetonitrile for a final volume of 5 ml is the optimal 
quantity for maximal colour formation. The colour is 
stable for at least 5 hr. 

Beer’s law is valid over the concentration range 
0.04-0.20 mg/ml for amodiaquine, primaquine and 
pyrimethamine and 0.04-0.12 mg/ml for quinine. 

Application of official methods and the proposed 
method for assay of the test compounds in their 
dosage forms gave the results presented in Table I. 
Student’s t-test showed that the proposed and official 
methods are equally accurate (95% confidence level). 
The proposed method is simpler, faster and more 
sensitive than the official procedures. These advan- 
tages suggest its application in the analysis and 
quality control of these antimalarials in their pharma- 
ceutical preparations. Substances having no basic 
centre are not expected to interfere, since extraction 
of the antimalarial base precedes the colour reaction. 
Although the method will not differentiate between 
the antimalarials investigated it is useful for routine 
analysis and quality control. 
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Summary-A polarographic method has been developed for the simultaneous determination of cadmium 
and tellurium in thin-film cadmium telluride. The procedure involves dissolution of the film with 
concentrated mtrlc aad, which IS subsequently removed by evaporation. The Cd(H) and Te(IV) waves 
are well seoarated at nH 10. but sufficient ammonia must be present to prevent the precipitation of 

& 

cadmium hydroxide. 

The cathodic electro-deposition of thin-film cadmium 
telluride has been reported by a number of work- 
ers.l-’ The interest in this material arises because it 
has an energy band-gap well suited to the solar 
spectrum, has a direct transition and absorbs 
strongly, and can be deposited as either n- or p-type. 
This last property is related to the composition of the 
film. An excess of cadmium results in n-type and an 
excess of tellurium in p-type CdTe.’ In a number of 
studies of electro-deposition from solutions contain- 
ing Cd(H) and Te(IV), X-ray diffraction and electron 
microprobe analysis were used to determine the com- 
position of the film in relation to its type of conduc- 
tivity.3” Since these techniques cover small surface 
areas, polarography can act as an effective com- 
plement to them because it can provide the average 
composition of the whole film as well as the total 
amount of material deposited. In addition, polar- 
ography has the advantages of speed and cheapness. 
It has been very helpful in our studies of new 
electrochemical processes for the preparation of thin- 
film cadmium telluride,’ with special regard to cor- 
relation of composition with deposition conditions. 
We have found that the non-aqueous cathodic 
electro-deposition of CdTe from solutions containing 
Cd(H) and tri-n-butylphosphine telluride results in a 
p-type film which contains a slight excess of cad- 
mium.’ Consequently, since an excess of cadmium 
usually produces n-type CdTe, it would appear that 
the excess is not uniformly distributed throughout the 
films and may occur in small pockets and hence not 
affect the type of conductivity. 

tions containing various Cd/Te concentrations and ratios. 
The cadmium solutions were prepared from cadmium 
perchlorate, and the tellurium(IV) solutions by dissolving 
elemental tellurium in concentrated nitric acid, which was 
then removed by evaporation after addition of few ml of 
sulphuric acid. The pH of the mixed solution was raised to 
10 by addition of ammonia solution, and 0.1M ammonium 
sulphate was used as the supporting electrolyte. The total 
volume of the solution was brought to 25 ml. At equimolar 
cadmium and tellurium concentrations of 5 x IOm4M or 
lower, the tellurium wave was not distorted, and the 
diffusion current for the tellurmm was exactly twice that for 
the cadmium (Table 1). 

Cadmium telluride films for analysis were dissolved in a 
few drops of concentrated nitric acid, after which a few ml 
of sulphuric acid were added and the excess of nitric acid 
was removed by evaporation. The solution was diluted to 20 
ml. After addition of 0.125 g of ammonium sulphate and 
adjustment of the pH to 10 with ammonia solution, 
sufficient distilled water was added to adjust the cadmium 
and tellurium concentrations to close to lo-“M. As a check 
of this procedure, authentic samples of 99.99% pure CdTe 
were dissolved in the same manner and analysed. 

The polarographic analysis was performed with a PAR 
174A polarographic analyser operating in the normal mode. 
A drop-time of 1 set and a potential scan of 5 mV/sec were 
employed. These conditions provided two clean waves that 
were well separated, with E,,, at -600 f 20 mV for Cd(I1) 
and -800 k 10 mV for Te(IV), vs. Ag/AgCl. A pool of 
mercury was used as the counter-electrode. 

RESULTS AND DISCUSSION 

EXPERIMENTAL 

The calibration procedure made use of standard solutions 
of Cd(H) and Te(IV), which were mixed to provide solu- 

*Author to whom correspondence should be addressed. 
ton leave from Department of Chemistry, Warsaw 

Technical University. 

Figure 1 shows the polarogram of a solution 
containing Cd(I1) and Te(IV), both at 1 x 10-4M 
concentration. Since the cadmium reduction involves 
two electrons, the fact that the tellurium reduction 
current is twice that of the cadmium indicates a 
four-electron reduction for the tellurium. Table 1 
indicates that this current ratio holds for concen- 
trations up to 5 x 10e4 M. Consequently it appears 
that Te(IV) is reduced to elemental tellurium 
under these conditions. The diffusion current was 
linearly proportional to concentration for both 
elements, the slopes of the calibration graphs 

SIMULTANEOUS POLAROGRAPHIC DETERMINATION OF 
CADMIUM AND TELLURIUM IN ELECTRO-DEPOSITED 

CADMIUM TELLURIDE THIN FILMS 
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Fig. 1. Polarographic waves due to Cd(H) and Te(IV), both 10m4M, with E,,, at -610 and -800 mV 
vs. Ag/AgCl, respectively. Supporting electrolyte was O.lM ammonium sulphate. 

Table 1. Polarography of standard solutions containing Cd(I1) and Te(IV) 

PWUI, ~e(Wl~ 
10-4M 10-4M 

5.0 5.0 
2.0 2.0 
1.0 1.0 
0.50 0.50 
0.50 1.0 
2.0 1.0 

Diffusion current, PA 

Cadmium Tellurium 

1.32 2.64 
0.52 1.06 
0.275 0.55 
0.132 0.270 
0.134 0.563 
0.50 0.52 

Current ratio, 

GCd 

2.0 
2.0, 
2.00 
2.05 
4.20 
1.0, 

being 26 and 52 mA. 1 .mole-’ for cadmium and 
tellurium respectively. Cadmium concentrations 
larger than 5 x 10m4M are not practical because the 
increased ammonia concentration that is required to 
prevent precipitation of cadmium hydroxide results 
in poor separation between the Cd(I1) and Te(IV) 
reduction waves. Below 5 x 10-5M concentration the 
ratio of the diffusion currents for the two waves 
deviates from 2 and calibration curves must be 
employed. A CdTe film electro-deposited on a ti- 
tanium plate was dissolved and the procedure applied 
to the solution; two waves were obtained, which were 
similar to those in Fig. 1. We have found no wave for 
Te(VI), for which & is quoted’ as - 1.34 V at pH 
9.2 in the presence of ammonium chloride. As a 
control, the dissolution procedure was repeated with 
a bare titanium plate; no waves were observed over 
the scan range employed for the CdTe analysis. Table 

2 lists some results of analyses of authentic samples 
of 99.99% pure CdTe. For ten replicate analyses the 

Table 2. Polarographic analysis of 99.99% pure CdTe and 
electro-deposited thin-film CdTe 

Measured concentrations, 10-4M 

WTel, Atomic ratto, 
lo-4M lCd(II)l lTe(IV)l Te/Cd 

1.50’ 1.5, 1.5, 0.98 
1.001 1 .o, I .o, 1 .o, 
0.75* 0.77, 0.78, 1.0, 
0.501 0.52, 0.52, 1 .o, 
Film? 0.51 0.58 1.1, 
Film? 0.91, 0.98 0.99, 

*Prepared by dissolution of 99.99% pure CdTe according to 
the procedure in text. 

tDissolution of thin-film CdTe that had been electro- 
deposited on titanium. 
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average Te/Cd ratio was 0.99, with a standard devi- 
ation of 0.01, and 95% confidence limits of f0.01. 
The close agreement between the measured concen- 
tration and that based on the mass of material 
dissolved indicates that the dissolution procedure 
causes little loss of tellurium by evolution of hydro- 
gen telluride. For comparison, the results’ for two 
electro-deposited CdTe thin films are also listed. 

The advantage of this analytical procedure is that 
it is relatively quick because cadmium and tellurium 
are determined simultaneously with a minimum of 
handling. The polarographic analysis for tellurium in 
the presence of 0. I M sodium hydroxide’ is less attrac- 
tive because cadmium is precipitated under these 
conditions and, therefore, cannot be determined 
simultaneously with the tellurium. Likewise, polaro- 
graphic analysis in dilute nitric acid is less attractive 
because two pre-waves occur before the tellurium 

wave,“’ and we have found that the tellurium wave is 
sometimes distorted by hydrogen evolution. 
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Summary-The individual adsorption behavlour of potassium, cupric, zinc, cadmium and nitrate ions on 
hydrous lead dioxide (HLD) was investigated. HLD was found to be an amphotenc ion-exchanger with 
an equi-adsorption point in the vicinity of pH 4.6. For bivalent metal ions, the amount of adsorption 
increased with pH (at pH > 3) and there was almost 100% adsorption at pH > 6. Both the adsorption 
capacity and the adsorption affinity on HLD were in the order copper(l1) > zinc(H) > cadmium(R). 

Hydroxides and hydrous oxides of various metals 
have been used as co-precipitation’ or adsorption2,3 
reagents for separation or concentration of trace 
amount of materials from matrices. For example, the 
oxides and hydrous oxides of multivalent metals, 
such as zirconium, titanium and thorium, have been 
applied as synthetic ion-exchangers.4 It has also been 
found that the hydrous oxide of manganese(N) 
(HMO) behaves as a cation-exchanger, and that a 
surface redox reaction on the HMO is correlated to 
the adsorption behaviour.5 However, the adsorption 
properties of the corresponding compound of 
lead(IV) have been little explored. 

Recently, hydrous lead dioxide (HLD), freshly 
prepared by hydrolysis of lead tetra-acetate, has been 
studied in our laboratory. We have already reported 
that HLD is a superior adsorbent for bismuth ions in 
acidic medium and that traces of bismuth in a copper 
metal standard (about 10m5%) can be quantitatively 
collected on HLD.6 In another investigation the 
adsorption of bismuth on HLD from bismuth-EDTA 
solution was examined and it was found that HLD 
oxidizes EDTA over the pH range from 1 to 12.’ 

In the present work, the adsorption behaviour of 
potassium, cupric, zinc, cadmium and nitrate ions on 
HLD was investigated, to elucidate the fundamental 
adsorptive properties of HLD. 

EXPERIMENTAL 

Reagents 

A 0.05M solutron of lead tetra-acetate m glacral acetic 
acid was standardrzed by potentrometric titratron wrth 

sodium oxalate’ and the concentration of lead(W) in the 
lead dioxide suspension was measured simply by vrsual 
titration with sodium oxalate.* A IM potassium nitrate 
standard solution was prepared from potassium nitrate that 
had been crystallized twice from water and then drted for 
5 hr at I IO”. Bivalent metal ion solutrons were prepared 
from the analytical-reagent grade nitrates A 0 065M so- 
dium tetraphenylborate (Na-TPB) solutton and a 0.025M 
zephiramine (tetradecyldimethylbenzylammonium chloride) 
solution, used for the determination of potassium, were 
prepared and standardized with 0. IOOOM potassium chlor- 
ide standard solution as described previously.9 ‘9 

A 10% nitron solution in O.IM acetic acid. used for the 
determination of mtrate. was prepared. The other reagents 
were of analytical-reagent grade, and the water used was 
made by distilling demineralized water containmg a little 
potassium permanganate and sodium hydroxide 

Ad.yorption of porassium and &rare 

The HLD was prepared as reported previously.’ HLD 
(4 mmoles) and 5 ml of I M potassmm nitrate adjusted to a 
selected pH value with IM nitric acid or potassium hydrox- 
ide solution were placed in a 50-ml standard flask, diluted 
to 50 ml with distilled water, brought to a temperature of 
30 , and stirred for 5 hr. The HLD was then filtered off with 
a 0.45~pm pore-srze membrane filter. and the potassrum and 
nitrate in the filtrate were determined as described below. 
The pH of the solution was also measured, Immediately 
after filtratron, under a nitrogen atmosphere because of the 
low buffering capacity of the solution. The amount of each 
ion adsorbed was calculated from the difference in its 
concentration before and after adsorptton. 

For determination of potassium. 10 ml of filtrate. 3 ml of 
3M sodium hydroxide (potassium-free) and 20 ml of 0.065M 
Na-TPB solutron were added to a IOO-ml standard flask, 
and the mtxture was drluted to 100 ml with disttlled water, 
allowed to stand for 20 min at 30 , and then filtered off 
with a I-pm pore-size membrane. The excess of tetra- 
phenylborate in a 25-ml portion of the filtrate was titrated 
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Fig. 1. Effect of pH on the adsorptton of potassium (0) and 
nitrate (0) ions on hydrous lead dioxide (HLD). HLD 
4 x 10m3 mole; potassium or nitrate ion 5 x 10-3mole; 
solution volume 50 ml; shaking time 5 hr. temperature 30”. 

with 0.025M zephiramine solution, with Clayton Yellow as 
indicator.9-‘Z 

Nitrate was determined m a IO-ml aliquot with nitron.” 

Adsorption test for bivalent metal ions 

HLD (5 x 10m4 mole; about 0.14 g of PbOz.2H,0), a 
known amount of metal ion solution, 10 ml of O.lM 
potassium nitrate and 20 ml of buffer solution (0.2M acetic 
acid/sodium acetate or 0.1 M nitric acid/borax) were placed 
in a 200-ml Erlenmeyer flask and diluted to 100 ml with 
distilled water. The suspension was shaken for I hr, at 30°C. 
The HLD was then filtered off with a 0.45pm membrane 
and the concentration of the metal ion in the filtrate was 
determined by differenttal pulse polarography, at the appro- 
priate pH.14 The amount of metal ion adsorbed was found 
by difference. 

RESULTS AND DISCUSSION 

Adsorption behaviour of potassium and nitrate 

In a preliminary test of accuracy, for six analyses 
of 10 ml of 0. IOOOM potassium nitrate, the recoveries 
of potassium and nitrate were 100.0 f 0.2 and 
98.6 f 0.1% respectively. 

The effect of pH on the adsorption of potassium 
and nitrate ions on HLD is shown in Fig. 1. For 2-6 
replicates at each pH value the mean deviations were 
kO.032 and f0.013 mole per mole of HLD for 
potassium and nitrate ions, respectively. Equal 
amounts of potassium and nitrate ions were adsorbed 
at about pH 4.6, and HLD preferentially adsorbed 
the cation at higher pH, the anion at lower pH. 

Adsorption behaciour of copper(H), zinc(Il) and cad- 
mium (II) 

Effect of pH. Figure 2 shows that the effect of pH 
on the adsorption behaviour is very similar for all 
three ions. 

Effect of metal ion concentration. This was in- 
vestigated at about pH 6 with 5 x 10m4 mole of HLD. 
The results are summarized in Fig. 3. The limiting 
adsorption capacities were about 0.13, 0.08 and 

0.04 mole per mole of HLD for copper(H), zinc(H) 
and cadmium(H), respectively. 

7 2-3 4 5 6 7 6 9 10 

PH 

Fig. 2. Effect of pH on the adsorption of copper(H) (a), 
zinc(U) (0) and cadmmm(II) (0) on HLD. HLD 
5 x 10m4 mole; metal ion 2 x 10e6 mole; solution volume 

100 ml; shaking time I hr; temperature 30 

One hour of shaking was adequate for equilibrium 

to be reached. The adsorption values of pH 4 were 
practically constant over the temperature range from 
30 to 70”. 

From the results, the adsorption capacities for 

these metal ions on HLD is in the order cop- 
per(I1) > zinc(I1) > cadmium(II), which is in accord 
with the sequence of decreasing ionic crystal radius 
(cl?+ 0.12 A, Zn2+ 0.74 A, Cd’+ 0.97 A)” and in- 

creasing negative logarithm of solubility product for 
the hydroxides, [pK,, 18.2 for Cu(OH),, 15.3 for 
Zn(OH), and 13.2 for Cd(OH),, all at 0.1 ionic 
strength].16 

Effect of competing ions. The effect of the presence 

of another metal ion on adsorption of the three metal 
ions was studied at pH 6, as follows. After 
2 x 10-4mole of metal ion (adsorbate ion) had been 

01 I I I 1 

0 1 2 3 4 

Metal ion added ( 1c4 mole) 

Fig. 3. Relation between the concentration of metal ion 
added and the amount of metal ion adsorbed on HLD at 
pH 6. HLD 5 x 10m4 mole; solution volume 100 ml; shaking 
time 1 hr; temperature 30 ; 8 copper(I1); l zinc(I1); 

0 cadmium(I1). 
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Table I. Competitive adsorption of metal ions on the hydrous lead dioxide 
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Adsorption of adsorbed ion 
Amount of 

Without competing With competing Residual adsorbed adsorptton of 
Adsorbed Competing ion present,* ion present,* ion, competing ion*, 

ion ion IO-‘mole/mole HLD IO-‘mole/mole HLD % IO~‘mole/mole HLD 

Cu(I1) Zn(I1) 9.5 * 1.4 8.4 f 0.6 88 1.8 k 0.5 
Cd(I1) 9.4 f 0.5 99 I .o f 0.3 

Zn(I1) Cu(I1) 5.9 * 0.5 3.1 +0.3 53 7.7 + 0.2 
Cd(I1) 5.2 k 0.3 88 1.5 kO.3 

Cd(I1) 
Cu(l1) 
Zn(l1) 

3.2 + 0.7 
1.8kO.2 57 7.9 + 0 6 
1.9 f 0.3 58 4.6 + 0.5 

*Average and standard deviation are based on five or nine replicates. 

shaken for 1 hr with 5 x 10-4mole of HLD as de- and the effects of competing ions, it is concluded that 
scribed above, the same amount of another metal ion hydrous lead dioxide (HLD), freshly prepared by 
(competing ion) was added, and the mixture was hydrolysis of lead tetra-acetate, behaves as an 
shaken again for 1 hr. The individual amounts of the amphoteric ion-exchanger, which acts as a cation 
two metal ions adsorbed were then determined as adsorbent at pH > -4.6 and an anion adsorbent at 
above. pH < -4.6. 

The results in Table 1 clearly show that the ad- 
sorption equilibrium between metal ion and HLD 
was mainly controlled by an ion-exchange reaction, 
the degree of exchange being dependent on the nature 
of the competing ion. There was little desorption of 
copper(I1) by addition of zinc(U) or cadmium(II), but 
both copper and zinc caused considerable desorption 
of cadmium. Copper had more effect than cadmium 
on the desorption of zinc. 

The ion-exchange reaction for bivalent metal ions 
can be simply written”.” as 
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Summary-The spectrophotometric methods applicable to the numerical evaluation of acidity constants 
of monobasic acids are briefly reviewed. The equations are presented in a form suitable for easy calculation 
with a programmable pocket calculator. The aim of this paper IS to cover a gap in the education analytical 
literature. 

Among the physico-chemical properties of molecules, 
the acidity constants are of vital importance both in 
the analysis of drugs as well as in the interpretation 
of their mechanism of action.ld Evaluation of the 
acidity constants of organic reagents is also of great 
value in planning analytical work,5 e.g., the acidity 
constants can be employed in the design of titration 
procedures and examining the possibility of separ- 
ation of mixtures of compounds by extraction. The 
complexing properties of a molecule depend on the 
number and steric disposition of its donor centres as 
well as on its acid-base properties. The evaluation of 
acidity constants from spectrophotometric mea- 
surements has been treated by several authors.6’0 In 
the present paper attention is focused on the numer- 
ical methods for estimating acidity constants from 
spectrophotometric data. An attempt has been made 
to review the literature on the use of measurements 
in the ultraviolet and visible regions for determining 
acidity constants, but no attention will be paid to the 
experimental details of the methods. The original 
methods have been modified in order to obtain 
expressions more convenient for use with a pro- 
grammable pocket calculator. 

THE BASIC ALGEBRA 

The ionization equilibrium of a monobasic acid, 
HR+H + R, is characterized by the acidity con- 
stant, 

K, = WI [RI 

’ F-W 
(1) 

The ionic strength and temperature of the solution 
are assumed to be kept constant, so that mixed” or 
conditional’2 constants are used in the calculations. 
Charges are omitted for simplicity. 

If A is the measured absorbance (for l-cm path- 
length) of a solution containing a total concentration 

C, =([R] + [HR]) of the acid, then assuming that 
Beer’s law holds, we have: 

A = A,+ A,P-WK, 
1+ FWfG 

(2) 

where A, and A, are the absorbances of the pure 
forms of the reagent, R and HR, respectively. Equa- 
tion (2) can be rearranged to give: 

The slope of the graph of A vs. pH is given by: 

dA 
- = -2.303 (A, -A&J 
d(pW 

(4) 

where f0 andf, are the molar fractions’ of R and HR, 
respectively. Stationary points are given by the condi- 
tion dA/d(pH) = 0, and correspond to the limiting 
values f0 = 0 and f, = 0, to which the graph tends 
asymptotically. The expression on the right-hand side 
of (4) will also be zero if A, = A,, and then A will not 
change as the pH is varied. Differentiation of equa- 
tion (4) gives 

d2A 
-= 
d(pW* 

-2.303 (h-J,,& (5) 

and the condition d2A/d(pH)* = 0 will locate the 
point of inflexion in the graph of A vs. pH. At this 
point, f0 =f, = 0.5, and [H] = K,. Rewriting equation 
(2) for this point (A”, pH”) gives 

A” = (A, + A,)/2 (6) 

Thus, at the midpoint of the break in the curve, 
pH = pK,, and the value of dA/d(pH) at this point 
is 

dA 

[ 1 d(pW pw 
= -2.303 (A, - A,) x OS* = -0.576 AA 

(7) 

195 
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where AA = A, - A,. Equation (7) was reported by 
BudeSinsky’j in a paper dealing with the spec- 
trophotometric evaluation of acidity constants of 
several azo-derivatives of chromotropic acid. 

NUMERICAL METHODS 

Equation (3) contains three unknowns: A,, A, and 

K,, so, by measurement of the absorbances at three 
different pH values (with the concentration of acid, 
C,, kept constant) it is possible to evaluate the 
acidity constant. Four different experimental 
situations” can be envisaged, depending on whether 
the molar absorptivities of the pure forms R and HR 

are available (E, = ,4,/C,). The appearance of an 
isosbestic point in a series of spectra for different 
acidities (at constant temperature and ionic strength 
constants) establishes the validity of application of 
the method. 

Case I: A, and A, known 

In the first instance, the measurement of the ratio 
[R]/[HR] at a given pH value is sufficient for a value 
of K, to be obtained. This implies the obtention of the 
absorption spectra of the pure forms HR and R and 
a mixture of HR and R at a pH close to pKa. It is 
usually assumed that A, and A, can be obtained 
directly by measurement of solutions of sufficiently 
high and low pH, respectively, and application of 
equation (3).14 

As pointed out by Rossotti and Rossotti,‘5 mea- 
surements of this type were first applied in the study 
of ionic equilibria in solution in the period 
1912-l 9 16. In 1926, Stenstriim and GoldsmithI eval- 
uated the acidity constants of phenol and tyrosine by 
absorbance measurements in the ultraviolet region. 
Prior to 1945, rather inaccurate photographic meth- 
ods for determining the molar absorptivity were 
usually employed, although in 1924 von Halban and 
Ebert16 reported the evaluation of the acidity 
constant of picric acid by use of a photoelectric 
calorimeter.” 

An alternative procedure’* is to determine graphi- 
cally the pH value at which A = A” [equation (6)]. In 
this case, a complete absorbance vs. pH plot must be 
obtained in order to draw a smoothed curve through 
the experimental data. So far as we know, Bjerrum,” 
in I9 15, was the first investigator to make use of this 
relation. 

Case II: A, known; A, and K, unknown 

An example of this situation occurs when sparing 
solubility of a compound in water makes difficult the 
determination of the molar absorptivity of the acid 
form, or if the pK, value is too low. 

From equation (2) or (3) we have: 

(A, - A )K, + [HIA, = [H]A (8) 

The required unknowns can be obtained by solving 
pairs of simultaneous equations derived from (8) 
(e.g., by Cramer’s rule), for two solutions a and b: 

Wl,Wl,(A, - 4) 

Ka = Wl~Gh - 4) - [HI&h - 4 
(9) 

A = WlJdA, - 4) - (4 - Ao)Wl,4, 
I 

P-%(4 - 4~) - (4, - AoWl, 

(lo) 

Equation (9) was described by Lunn and MortonZo in 
a paper dealing with the absorption spectra of pyri- 
doxine and related compounds, in 1952. By dividing 
the numerator and denominator of expressions (9) 
and (10) by [H],,(A, - A,), and as in Ingman’s 
paper,*’ writing 

A -A, 
-_=r 
&--A, 

and k=q (11) 
b 

we get 

(12) 

A, = 
Abr - ~4, 

(13) 
r-9 

Equation (12) was given by Ingman*’ in 1973, as a 

variant of a method of indirect calorimetry described 
by Sacconi** in 1950 and termed “single incomplete 
colour change.” 

The route described by Ingman is shown below 

with slight modifications. For a monobasic acid we 
have: 

A =Aof,+A,f, 

and since f0 +f, = 1, we obtain 

(14) 

A -A0 
A=- 

Al-A, 
(15) 

For two different solutions a and 6, it follows that 

WI, fi, &-A, _=_=-== 
F-W, fib 4--A, 

(16) 

Thus fi, = r&,. On the other hand, 

K, = [H].(y) = [H]*(y) 

which leads to 

r-9 
fl,=- 

l-9 

(17) 

Introduction of this expression for f,, into 
K, = [H],( 1 -f,,)/fi, gives equation (12). 

Case III: A, known; A, and K, unknown 

An example of this situation occurs when a com- 
pound rapidly hydrolyses in basic medium, or the pK, 
is very high, since it is then not possible to evaluate 
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accurately the molar absorptivity of the species R. and for three different solutions a, b and c, it follows 
Equation (2) or (3) can be rearranged to give: that 

F-MA -AI)_~ = _A 

4 
0 (19) 

Arranging pairs of observations (A, pH) to eliminate 
A,, we get?O 

K =[Hlh(Ah-A,)-[Hl,(A,-A,) 
d 

A, - A, 
(20) 

and by dividing the numerator and denominator of 
this expression by [H],(A, - A,) we obtain 

where 

A -A, 
r’ E-c--- [Hlh 

Ah-A, and q’=[Hl, (22) 

Equation (21) was reported by Ingman.” 
Likewise for A, we get 

A = $4 - r’4 
I q’ - rf 

(23) 

Case IV: A,, A, and K, unknowns 

Equation (19) can be rearranged to give: 

AD-U A,Wl A = _A 

7-K,- a (24) 

Rosenblatt23 in 1954 pointed out that a set of 
equations (24) can be solved for values of Ka. As we 
have recently demonstrated,24 the resolution of any 
three solutions a, b and c, gives the following expres- 
sions for K,, A, and A,: 

K, = [Hl 4Hr”h - 1) + 4,u - 41,) 
d 

h ‘“(1-%)+(%,-l) 
(25) 

A = 4h - 1) + A,/‘(1 - 4,) 
I 

r”(l - 41) + (41, - 1) 
(26) 

A 

cl 
= %lr”(Aa - h/I,) + q,(A,q,, - A,) 

911”‘(1 - 4,) + q,(q,, - 1) 
(27) 

where 

L = r,t. D-flu A -Ah WI, -= 
4-4 ’ fHlh 41; [Hlh= 411 (28) 

Expression (25) was also described by Ingman,21 
again on the basis of the paper by Sacconi, who called 
case IV “double incomplete colour change”. In a 
forthcoming paper” equilibrium data will be 
presented. 

An expression equivalent to (25) was deduced by 
Romain and Colleter26 in 1958, as we can see in the 
following. From equation (15) we have 

A =(A,-AoV,+Ao (29) 

since 

WI, 
” = [HI, + K, 

(31) 

Expression (30) can be rearranged to 

which gives finally, 

K = WI, - WI, 
a 

Y-l 
(33) 

an expression reported by Romain and Colleter26 and 
applied to the evaluation of pK, for substances of 
therapeutic interest: acetylsahcylic acid, vitamin B,, 
antipyrine and I-phenyl-3-methyl-pyrazolone. 

According to equations (28) and (32) 

y=p a- 1 

0 411- 1 
(34) 

By introducing this value for Y into (33) and re- 
arranging, we obtain (25). 

An interesting method for the evaluation of the 
acidity constant of Thymol Blue was reported by Lai 
and Burkhart2’ in 1975. The method is applicable to 
the “double incomplete colour change” if the follow- 
ing conditions are satisfied. Two wavelengths are 
selected so that the absorbance due to the form HR 
at the first wavelength (2) and the absorbance due to 
the form R at the second wavelength (A’) are negli- 
gible. If A and A’ are the absorbances at 2 and 1’; 
then 

A = sOIR] (35) 

A’=e,[HR] (36) 

If the concentration of reagent is kept constant but 
the pH is changed then A[R] = -A[HR] and 

El AA‘ 
-= -- 
60 AA 

(37) 

SO 

WI AAA’ 
_= -- 
P-W A’AA 

(38) 

Once the concentration quotient is known, the acidity 
constant is easily evaluated from (1). 

CONCLUSION 

Although the principles of spectrophotometric 
evaluation of acidity constants of monoprotic acids 
are described in some detail in almost every modern 
textbook of analytical chemistry for cases in which 
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the limiting absorbances of HR and R species are II. 
known, little attention is paid to the treatment of raw 12. 

absorbance 1’s. pH data for more complicated cases. 
A complete coverage of this topic from the point of 

13. 
14. 

view of numerical evaluation is given in this paper. 
A collection of programs for use with a Texas 15. 

Instruments TI SSj59 pocket calculator and based on 

the equations developed in this paper has been de- 
16. 

vised and is available from the authors on request. 17. 
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Summary-The analytical potential of a closed flow-injection system with multidetection by a single 
detector (for calculation of rate constants, reaction rate, dilution and amplification methods, etc.) is 
extended to simultaneous determinations for chromium speciation, with injection of the reagent(s) into 
the sample solution (which acts as the carrier). 

The analytical information obtained by flow-injection 
analysis, FIA, can be extended by use of a multi- 
detection system to obtain sequential or simultaneous 
values of the analytical signai, measured at different 
times or with different values of the instrumental 
variable. This can be done in three different ways. 

(a) By use of several detectors (of the same’ or 
different’ nature) arranged in series3 or in paralleL4 In 
some cases the use of a double-beam spec- 
trophotometer also permits this form of measure- 
ment.s In every case, more than one signal peak is 
obtained per sample injected. 

(b) By use of fast-scan detectors (e.g., a diode- 
array detector) which simultaneously measure the 
analytical signal at several values of the instrumental 
variable6 (e.g., with the diode-array detector, the 
wave~en~h). 

(c) By use of a single conventional detector in a 
closed-flow system.’ Detection for each sample is 
performed as a function of time, with as many peaks 
as the number of times, n, that the sample plug passes 
through the detector, until equilibrium is attained. 

The last procedure has the advantage of simplicity. 
The envelope of the maxima or minima of the H peaks 
obtained defines typical kinetic profiles which provide 
analytical information and are the basis of the 
different types of determinations which can be done 
with this multidetection system. 

In this paper we consider the use of this method for 
the simultaneous determination of species in a system 
in which, in contrast to the one described earlier,’ the 
sample acts as carrier and circulates continuously in 
a closed loop into which the reagents are injected. 
The reaction system chosen was Cr(VI)-I ,5 diphenyl- 
carbazide,x which in acidic medium yields a coloured 
product that is photometrically monitored at 540 nm. 

This reaction has been used for chromium speciation 
by FIA determination of first Cr(VI) and then total 
chromium after oxidation of Cr(III) to Cr(VI).9-12 In 
the new method Cr(V1) and Cr(II1) are determined 
separately. 

EXPERIMENTAL 

Reagents 

Aqueous solution of 1,5-diphenylcarbazide (DPC): 0.425 
g of DPC dissolved in 100 ml of ethanol and diluted to 250 
ml with water. Aqueous solution of Ce(NH& (NO,),: 0.489 
g dissolved in 250 ml of 0. IM nitric acid. Stock aqueous 
solutions of Cr(V1) and Cr(II1) (100 pg/ml) in 0. IM nitric 
acid. 

Apparatus 

A Pye Unicam SP6-500 single-beam spectrophotometer 
equipped with a Hellma 178.12 QS flow-cell (inner volume 
18 pl), a Gilson Minipuls-2 peristaltic pump, a Tecator 
LIOO-1 and home-made dual injection valves were used. 

Manifold 

In the configuration used, shown in Fig. I, the chromium 
sample circulates continuously through the system. When 
the selecting valve is switched to channel 2, the sample 
remains confined in the closed circuit, while the reagents 
[DPC and Ce(IV)] are injected simultaneously by means of 
the valves V, and V,, respectively. When the sample 
contains only Cr(V1) the recording obtained shows as many 
peaks as the number of times that the reacting plug 
(DPC + sample) passes through the detector before the 
solution held in the closed system is homogenized. The 
splitting of the first peak is due to the large volume of 
reagent injected (Fig. 2a). If the sample contains only Cr(III) 
the indicator reaction takes place when the reagent plugs 
meet after dispersing throughout the closed system (Fig. 2b). 
When the sample contains both oxidation states of chro- 
mium, there is superimposition of the indicator reaction 
signals corresponding to both species (Fig. 2~). 

RESULTS AND DISCUSSION 

The variables influencing the system were opti- 
mized separately for Cr(VI) and Cr(III), the follow- 
ing results being obtained. 

Increasing L, from 50 to 5.50 cm results in an 
increase in A, for Cr(III), with splitting of the first 
peak, and in a decrease in A, for Cr(V1). As a 
compromise, L, = 100 cm was chosen. The oxidation 
reaction for Cr(II1) is slow; hence L, was fixed at 
300 cm. The optimum flow-rate is 3. I ml/min, and the 
values of V,, and V* are 130 and 230 /cl, respectively. 
Larger volumes result in unwanted splitting of the 
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PW ‘.+’ DPC P’ ;---{RECORDER] 
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r L2 7 "B 
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I----_ 
42’C 

t 
Ce (IV) 

Fig. 1. Closed system with continuous sample flow. When valve S is switched to position 2, the sample 
is confined in the closed system, where oxidant and reagent are injected simultaneously. 

peaks. The acidic medium (optimum for developing 
the indicator reaction) is provided by dilute nitric 
acid since the presence of sulphuric acid in the system 
gives rise to the formation of complex species with 
Cr(III) and inhibits or slows down the indicator 
reaction.” The optimum concentrations of oxidant 
and DPC are 0.5 g/l. and 0.17%, respectively. 

The relations of the concentration of the analytes 
in the sample to the parameters inferred from the 
recording are listed in Table 1, and are linear for A, 
(absorbance at equilibrium), A, (absorbance of the 
first peak), B, and B, (absorbances of the first and 
second minima, respectively) and V2,, (increase in 
absorbance between the first and second peaks). 

The base-line and the peak height for each record- 
ing change with time (dispersion) in such a way that 
the envelope of the minima defines a kinetic curve. 
The increase between two consecutive minima is 
representative of the reaction rate of the system and 
is proportional to the analyte concentration in the 
sample. The rate constant, k, is given by the expres- 
sion log (A, - A,) = mt + n where M = -k/2.303 

of k thus found for different analyte concentrations 
are also shown in Table 1. 

This configuration also allows the direct analysis of 
a very concentrated or very dilute sample of the 
analyte, the analytical measurement being taken as 
the absorbance of the minimum between peaks or the 
sum of the absorbances of the first n peaks of the 
recording, respectively. Figure 3 is illustrative of the 
application of the technique for analysis of dilute 
solutions by the amplification method (Z: A, Ei A are 
the sums of the absorbances of the first two and three 
peaks, respectively), and of concentrated samples by 
the dilution method, which uses the absorbances of 
the minima (B2 and B, are the absorbances of the 
second and third minima, respectively). The straight 
lines shown in Fig. 3 are indicative of the potential 
of these methods. 

The equations corresponding to the Cr(VI) and 
Cr(II1) calibration curves, correlation coefficients and 
determination ranges for different measurements 
which can be performed on a recording of the 
type obtained with this configuration are shown in 

and Aj is the absorbance of the minimum. The values Table 2. 

(al (bl (cl 

A =O.lOO I 2m1n 
- 

Fig. 2. Recordings obtained with the configuration in Fig. I for samples containing; (a) Cr(V1); (b) 
Cr(II1); (c) a mixture of Cr(II1) and Cr(V1). 
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‘F( 0.6 - 

Table I. Influence of the analyte concentration on the signals from the system 

‘4% A, A; 3, B2 V 2. I k, mine' 

0.1 
0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.4 
1.6 

3.0 
4.0 
5.0 
6.0 

0.076 0.136 
0.133 0.209 
0.258 0.325 
0.370 0.398 
0.479 0.474 
0.590 0.563 
0.693 0.658 
0.772 0.720 
0.862 0.815 

0.073 
0.125 
0.172 
0.290 
0.355 
0.440 
0.505 

* 

0.060 -0.028 -0.020 0.004 - 
0.118 0.03 I 0.060 0.029 0.530 
0.164 0.035 0.124 0.089 I.319 
0.290 0.056 0.216 0.160 1.320 
0.408 0.065 0.272 0.207 1.313 
0.526 0.066 0.338 0.272 1.336 
0.613 0.106 0.452 0.346 1.267 
0.705 0.183 0.597 0.414 1.301 
0.805 0.141 0.595 0.454 1.255 
0.888 0.199 0.700 0.501 1.232 

0.142 -0.007 0.009 0.016 0.239 
0.168 0.003 0.028 0.025 0.276 
0.233 -0.005 0.032 0.037 0.290 
0.350 0.021 0.075 0.054 0.313 
0.455 0.018 0.090 0.072 0.325 
0.688 0.034 0.119 0.085 0.318 
0.710 0.036 0.138 0.102 0.329 

*For Cr(II1) A, is equal to the signal given by the blank. 

a2 0.4 0.6 0.8 1.0 1.2 1 2 3 4 5 6 

CCr(VI)l fpglml t tCr~~II)lt~g/rnll 

Fig. 3. Calibration curves obtained by use of different points on the recordings from closed-flow systems. 

Table 2. Determination of Cr(VI) and Cr(II1) (normal, amplifi~t~on and 
dilution methods) 

Species Method 

Cr(V1) Normal 

Amplification 

Dilution 

Cr(II1) Normal 

Ampli~catjon 

Dilution 

*Concentrations in +ug/ml. 

Correlation 
Equations* coefficient 

A, = 0.435[Cr(VI)] f 0.015 0.9940 
A, = OS34[Cr(VI)] f 0.013 0.9965 
A2 = 0.547[Cr(VI)] + 0.009 0.9976 

A, = 0.538[Cr(VI)] + 0.029 0.9971 
V,, I = 0.3OO[Cr(VI)] + 0.03 1 0.9963 
TfA = 0.954[Cr(VI)] + 0.048 0.989 I 
ETA = I .562[Cr(VI)] + 0.032 0.9969 

B2 = 0.417[Cr(VI)] + 0.048 0.9965 
B1 = O.S3S[Cr(VI)] + 0.036 0.9980 

A{ = O.O9l[Cr(III)] + 0.019 0.9820 
A2 = O.l54[Cr(III)] + 0.050 0.9964 
A, = O.l24[Cr(III)] + 0.049 0.9955 

Ax = O.O8O[Cr(III)] + 0.028 0.9939 
V,,, = O.O16[Cr(111)] + 0.004 0.9987 

Zi A = O.L59[Cr(III)] + 0.059 0.9962 
C:A = 0.28?[Cr(III)] + 0.101 0.9959 

g2 = O.O26[Cr(III)] + 0.008 0.9938 
3 = O.O39[Cr(III)] + 0.022 0.9967 
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Table 3. Resolution of mixtures of chromiumtV1) and chromium(II1) 

Added, fig/ml Found, pg/ml Relative error, % 
~- 

[Cr(VI)] [Cr(III)] [Cr(Vl)] [Cr(III)] [Cr(Vl)] Cr(III)] 

1.20 3.00 1.2l 3.12 + 0.8 + 4.0 
1.00 4.00 1.01 3.84 + I.0 - 4.0 
1.00 1.00 0.97 1.05 - 3.0 + 5.0 
0.60 2.00 0.59 2.09 - 1.7 + 4.5 
0.80 1.00 0.77 0.95 - 3.7 - 5.0 

The simultaneous determinatjon of Cr{VI) and 
Cr(III) is another possibility offered by this 
configuration. The concentration of Cr(VI) in the 
mixture is proportional to the height of the first peak, 
since in its first passage through the detector the DPC 
plug has not yet met the oxidant and therefore the 
contribution of Cr(II1) is nil. The Cr(II1) concen- 
tration is obtained from k’*.i, because at the first 
minimum Cr(V1) has already reacted and the 
difference in absorbance between the first and the 
second minima is due to the contribution of the 
reaction of Cr(II1). Table 3 lists the results obtained 
in the resolution of the mixture of both oxidation 
states of chromium together with the errors corre- 
sponding to each determination. 
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Summary-During work on atomic-absorption determination of arsenic, antimony and bismuth by the 
hydride-generation method with sodium tetrahydroborate, the thermal and kinetic stabilities of the 
hydrides at various generation temperatures were studied. The arsenic and antimony hydrides are very 
stable even at 40” but bismuth hydride is very unstable both thermally and kinetically, even at 25’. The 
approximate rate constants for the decomposition of gaseous bismuth hydride at 0, 10, 25 and 40” were 
found to be 0.05, 0.10, 0.24 and 0.29 min-’ respectively. 

The group Vb elements form gaseous trihydrides such 
as NH,, PH,, ASH,, SbH, and BiH,, and the stability 
of these hydrides falls rapidly along the series.’ The 
dissociation energies of the M-H bonds of the first 
four are in accord with this trend in stabilities: 391, 
321, 297 and 257 kJ/mole.2 However, BiH, is 
extremely unstable thermally, so the chemical and 
physical properties of this compound have been rarely 
studied.3,4 

Although the hydride generation technique in 
atomic-absorption spectrometry (AAS) has been 

widely exploited and many investigations have been 
made of the optimal generation conditions, inter- 
ferences etc., the thermal instability of the gaseous 
hydrides of certain elements has not been taken into 
account and the effect of temperature on the gener- 
ation and decomposition of the hydrides has not been 
thoroughly studied. 

Two methods are generally utilized to transfer the 
generated gaseous hydride to the atomizer for AAS. 
In one the hydride is collected in a balloon or suitable 
vessel and after a specified time, transferred to the 
atomizer (collection mode).’ 8 In the other mode, the 
hydrtde is directly transferred to the atomizer without 
collection (direct-transfer mode).’ ” FernandezS ex- 
amined the collection mode for seven hydride- 
forming elements (Ge, Sn, As, Sb, Bi, Se, Te) and 
reported that bismuth hydride was very unstable, and 
that prolonging the collection time resulted in a much 
poorer detection limit, on account of decomposition 
of the hydride, and the optimal collection time was 
found to be 30 sec. Chapman and DaleI compared 
the collection mode with the direct-transfer mode for 
seven hydride-forming elements (Sn, Pb, As, Sb, Bi, 

*To whom correspondence should be directed. 

Se, Te), and investigated the stabilities and the kinet- 
ics of generation of these hydrides. They reported 
that bismuth hydride was generated more slowly than 
SnH,, PbH, and H,Te. Lee” reported that the cold- 
trap method was unsuitable for bismuth, because 
bismuth hydride was so unstable that thermal decom- 
position occurred during the warming period needed 
to volatilize the trapped hydride and stated that only 
5-l 5% of the trapped hydride was volatilized by this 
method. 

The work described in this paper was done to 
estimate the thermal and kinetic stability of the 
gaseous hydrides of arsenic, antimony and bismuth, 
by means of a flame-heated T-shaped tube atomizer 
with simple hydride generation and collection sys- 
tems. In particular, the effects of temperature on the 
generation and decomposition of the hydrides are 
reported for the first time. 

EXPERIMENTAL 

Apparatus 

A Nippon Jarrell-Ash model AA8500 atomic-absorption 
spectrometer with a IO-cm single-slot burner was used. The 
hydride generation and atomization system was similar to 
that previously described’s except that the exterior of the 
pipe between the reaction vessel and the atomizer was 
wrapped with insulating tape. A Yamato model CTE-22W 
“Coolnics” was used to control the temperature of the 
water-bath in which the reaction vessel was immersed. 

The absorbance was recorded with a Rika Denki model 
361 recorder. The atomization tube was heated with an 
air-acetylene flame; the temperature at the centre of the tube 
was measured with a chromel-alumel thermocouple. 

Reagents 

All reagents except for sodium tetrahydroborate were of 
analytical-reagent grade. All water used was redistilled. 

Sodium tetrah!droborate solution. Sodium tetra- 
hydroborate (98% assay, Nisso-Ventron) was dissolved in 
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0.1% sodium hydroxide solution and filtered through paper. 
This solution could be used for a few days. 

Arsenic(IlI) stock solution, 1000 ppm. Arsenious oxide 
(0.1320 g) was dissolved in a small amount of water 
containing 0.40 g of sodium hydroxide, and then diluted to 
IO0 ml with water. 

Anfimon.v stock soluiion, 1OOOppm. Antimony potassium 
tartrate (0.2740 g) was dissolved in 100 ml of water. 

BOmuth(lI1) stock solurion, 1000 ppm. High-purity bis- 
muth (0.1000 g) was dissolved in 5 ml of 2M nitric acid and 
the solution evaporated to dryness. The residue was taken 
up with a small amount of 1M hydrochloric acid and the 
solution diluted to 100 ml with IM hydrochloric acid. 

RESULTS AND DISCUSSION 

Conditions ,fbr atomixMwz 

The most critical variables in the atomization 
process are the carrier gas flow-rate and the atom- 
ization temperature. The dependence of the absorb- 
ance on the nitrogen flow was investigated in the 
range 0.6-2.2 I./min and found to be independent of 
it between 0.6 and 1.0 I./min, for all three elements. 

The influence of the atomization temperature is 
shown in Fig. 1. The temperature was changed by 
changing the acetylene/air flow-ratio. Since the tem- 
perature also depends on the carrier gas flow-rate, the 
nitrogen flow-rate was maintained at 1.0 I./min. 

In contrast to bismuth, which gave the same ab- 
sorbance at atomization temperatures between 800 
and 920’, arsenic and antimony gave absorbances 
which first increased with temperature (up to 860”) 
and then remained almost constant. This indicates 
that the thermal stability of arsenic and antimoy 
hydride is considerably higher than that of bismuth 
hydride. The conditions shown in Table 1 are recom- 
mended as optimal. 

Conditions ji)r hydride volatilization 

The effect of sodium tetrahydrobarate concen- 
tration on the efficiency of generation of the hydrides 
from 40 ng of arsenic, antimony and bismuth was 
investigated. One ml of tetrahydroborate solution 
was injected into 10 ml of sample solution, and the 
absorbance was measured as a function of tetra- 
hydroborate concentration. It increased with tetra- 
hydroborate concentration up to 0.5% for antimony 
and bismuth, and 1.0% for arsenic, a constant value 
being obtained with 1 .&lS% tetrahydroborate for 
all three elements. It was also found that varying the 
hydrochloric acid concentration between 1.0 and 
I .SM had little or no effect on the absorbance. Hence 
I.0 ml of 1% sodium tetrahydroborate solution, a 

0.5 - 
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/BOO 

’ ’ ’ ’ 
830 MO 890 920 

Quartz tube temperature PC1 

Fig. I. Effects of atomization temperature on the peak 
absorbance of 40 ng of As(III), 40 ng of Sb(II1) and 50 ng 

of Bi(II1). The collection time was kept at 60 sec. 

reaction medium of 1 M hydrochloric acid, and a total 
volume of 10.0 ml of sample solution were chosen as 
optimal for hydride generation from all three ele- 
ments. 

Thermal and kinetic stabilities of the gaseous hydrides 

Figure 2 shows the effect of sample temperature on 
the signal of the hydrides of arsenic, antimony and 
bismuth for a fixed collection time of 60 sec. In 
contrast to arsenic and antimony, bismuth gives a 
narrow plateau of practically constant and maximal 

o,4~ A5 
0.2 L 

Temperature VC) 
Fig. 2. Effects of temperature on the peak absorbance of 40 
ng of As(III), 40 ng of Sb(II1) and 50 ng of Bi(II1). The 

collection time was kept at 60 sec. 

Table 1. Conditions for AAS measurement 

Parameter AsfIII) Sb(II1) Bi(II1) 

Wavelength, nm 193.7 217.6 223.1 
Lamp current, mA I6 10 
Temperature of quartz tube, “C 9:: 920 830 
Flow-rate of carrier-gas (NZ), l./min 1.0 1.0 1.0 
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response over the range 25-35 . Since (as shown 
below) no further reduction of the three elements 
took place at 25 when the collection time was 
increased, the increase in absorbance is attributed to 
decrease in the solubility of the gaseous hydrides in 
the solution. For bismuth, however, if the tem- 
perature is too high there is thermal decomposition of 
the hydride generated, resulting in lower absorbance. 
At the optimum generation temperature there will be 
a short-lived steady-state balance between generation 
and decomposition. The arsenic and antimony 
hydrides are more stable. 

The effect of collection time (period between 
adding the reductant and sweeping the volatilized 
gases into the atomizer) on the absorbance is shown 
in Figs. 3 and 4. In the cases of arsenic and antimony 
hydride (Fig. 3), no loss by decomposition was 
observed for storage periods up to 4 min, even at 40‘. 
The lower absorbances at shorter coilection times are 
a measure of the generation reaction-rate. 

On the other hand, for bismuth hydride, the max- 
imum absorbance value was obtained for collection 
periods ranging from 60 to 130 set at 25” (Fig. 4, 
curve 1). At 40” the maximum absorbance.value was 
obtained in the collection period range from 25 to 45 
sec. At both temperatures the hydride generation was 
relatively rapid but the hydride was thermally 
unstable. 

Since a closed system is used for the generation 
reaction and hydride collection, a greater amount of 
hydride remains in solution. To confirm this thermal 
decomposition, after the first measurement a further 
I.0 ml of sodium tetrahydroborate solution was 
added to the sample solution and after 60 see the 
absorption signal was measured as before. Curve 2 in 
Fig. 4 shows the result. The longer the collection 
times in the first measurement, the greater the absorb- 
ance obtained in the second measurements. This 
indicates that a fraction of the hydride will dissolve 
in the solution and is also unstable. It decomposes 
slowly at a temperature of 25”. Presumably, it reacts 
with protons to give hydrogen gas and bismuth(II1) 

I I I I I I I I 
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Collecllon tcme (set) 

Fig. 3. Effects of cofiection time on the peak absorbance of 
40 ng of As(III) and 40 ng of Sb(II1) at 25 and 40 ~. 
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Fig. 4. Effects of collection time on the peak absorbance of 
50 ng of Bi(II1) at 25”. 1, First measurement; 2, after the first 
measurement a further I .O ml of NaBH, solution was added 
to the sample solution and after 60 set the absorbance was 

measured. 

ions which can be reduced by sodium tetra- 
hydroborate again. 

It is thought that the stability of bismuth hydride 
in solution is dependent upon the temperature and 
the pH. The decomposition reaction will be acceler- 
ated by increasing the temperature and lowering the 

PH. 
At temperatures of 0 and lo”, the maximum 

absorbances were obtained for collection times in the 
ranges 14@390 and 90-300 set respectively. Al- 
though bismuth hydride is more stable at these 
temperatures, the hydride generation becomes very 
slow, and longer collection times are required. Figure 
5 shows that for bismuth hydride there is a critical 
optimum combination of generation temperature and 
collection time. Because a closed system is used for 
the reduction reaction and hydride collection the 
resulting increase in gas pressure (from the hydrogen 
generated) causes a greater amount of hydride to 
remain in solution, and this makes it difficult to 
determine the kinetics of the hydride reactions. How- 
ever, if the absorbance after the peak in Fig. 5 is due 
only to the bismuth hydride in the gas phase in the 
reaction vessel, this section of the plot should give 
information about the kinetics of the decomposition 
process. 

Figure 6 shows that a linear plot of log absorbanc? 
VS. time was obtained for each temperature, which 
suggests a first-order reaction, and the decomposition 
process is postulated as BiH, + Bi -+ j H,. If this 
assumption is correct, a rate constant (k) can be 

determined. The values obtained are listed in Table 2 
together with the half-life (T) of the decomposition. 
In view of the experimental results, we conclude that 
bismuth hydride in the gas phase is extremely unsta- 
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Fig. 5. Effects of collection time on the peak absorbance of 50 ng of Bi(III) at various temperatures (0) 
@‘; (A) IO’; (0) 25”; (0) 40‘. 
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Fig. 6. Plots of -In absorbance us. collection time for the decomposition of bismuth hydride at various 

temperatures. (0) 0”; (A) 10”; (Cl) 25” (Of 40” 

Table 2. Kinetic parameters of the decom- 
position of BiH, 

Temperature, ‘C k*, min -’ zt, min 

0 0.05 14.7 
10 0.10 6.9 
25 0.24 2.9 
40 0.29 2.4 

*Rate constant. 
iHalf life. 

ble, and readily undergoes thermal decomposition to 
bismuth, which is deposited on the inside of the 
reaction vessel as a mirror> or settles into the 
solution. 

In the hydride-generation technique in atomic- 
absorption spectrometry, the stability of the gaseous 
hydride generated can affect the signal and hence the 
sensitivity obtained. Arsenic and antimony hydrides 
are thermally and kinetically stable, and their thermal 

stabilities are similar, but bismuth hydride is very 
unstable even at room temperature, and care must be 
taken in designing methods based on its use in AAS. 
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Summary-The synthesis, spectroscopic characteristics and analytical applications of I,Z-cyclo- 
hexanedione bjs-ben~oylhydrazone are reported. The reaction of this new ~rn~und with titanium(IV~ 
has been studied sp~ct~ophotometri~~y. An orange I:2 met~/ligand complex (I,,, = 477 nrn; 
L = 1.05 x IO4 l.mole-‘.cm-“) is formed at pH 1.75-3.0 in 3:2 v/v ethanol-water medium. The method 
is simple and selective and has been satisfactorily applied to the determination of titanium in bauxite, 
Portland cement, amphibolites and granites. 

Aroylhydrazo~es have been mainly used as chromo- 
genic reagents for the determination of metal ion~.‘-~ 
Bis-aroylhydrazones have also been used as ana- 
lytical reagents, particularly those derived from 
oxalyldihydrazone.’ Lever’ has reported the spec- 
trophotometric and fluorimetric properties of the 
bis-(4-hydroxy~nzoylhydrazone) derivatives of gly- 
oxal, methy~glyoxai and dimethylglyoxal, the glyoxal 
derivative being used for the calorimetric deter- 
mination of calcium and cadmium. Zinc has 
been determined gravimetrically with the bis(2- 
hydroxybenzoylhydrazone) and bis-(5bromo-lt- 
hydroxybenzoylhydrazone) of dimethylgiyoxai.* The 
analytical properties of diphenylgIyoxa1 and 
d~pyridylglyoxal bis(2-hydroxybenzaylhydrazone)9-’2 
and bis-benzoylhydrazone’3 have also been in- 
vestigated. Less attention has been paid to the use of 
bis-aroylhydrazones derived from cyclic ketones. 

In the present paper, the synthesis, properties and 
analytica applications of ~,2-cyclohexanedione bis- 
~nzoylhydrazone (CH33H) are reported. A rapid 
and simple method for the calorimetric deter- 
mination of titanium has been developed and applied 
to the determination of this element in mineral and 
siliceous materials. 

EXPERIMENTAL 

Reagents 

Salts and solvents of analytical-reagent grade purity or 
better were used throughout and all solutions were prepared 
with distilled demineralized water. 

CHBBH solutions, 0.2,&l, 0.05 and 0.0375% in ethanol, 
0.1 and 0.05% in dimethylformamide and 0.05% in chloro- 
form, were prepared. 

A stock tjtanium(~V) solution (Ti 1.046 &I.) was prepared 
by dissolving titanium metal in 4M hyd&hloric &id and 
oxidizing with concentrated nitric acid, and standardized 
gravimetrically with cupferron.‘” Working solutions of 
the required concentration were prepared daily from this 
solution. 

Buffer solution of pH 2.4 was made by dissolving 94.5 g 
of mon~hloroacetic acid and 16.2 g of sodium hydroxide 
in water and diluting to 1 Iitre. Other buffer solutions 
(phthalate, acetate and ammonia) were prepared by con- 
ventional methods. 

Preparation qf the reagent 

The reagent was synthesized by the general procedure for 
related com~unds.s.6 Benzoylhydrazide, I g in 14 ml of 
ethanol, was mixed with 0.41 g of cyclohexan~ione in 
I5 ml of ethanol, several drops of concentrated hydrochloric 
acid were added and the mixture was refluxed for 30 min. 

The white crystals (tetragonal symmetry, a = b = 
15.78 A, c = 19.82 A) produced were filtered off, washed, 
recrystallized from ethanol and dried at 100”. Yield 60%; 
melting point 209”. 

Elemental analysis gave C 68.7%, H 5.8%, N 16.3%. 
C,H,,N,O, requires C 68.980/b, H 5.74%, N 16.09%. 

The reagent is thermally stable in air up to the melting 
point, as deduced from data obtained by thermogravimetry 
and differential thermal analysis. 

Spectrophorometric procedures 

Ionization constant. Determined by the Stenstriim and 
~oldsmi~h’s and Phillips and Merritt” methods by mea- 
suring the absorbance at 32.5 and 360 nm against water, for 
solutions adjusted to various pH values. 

Determination oftitanium. In a 25-ml standard flask, place 
a suitable volume of sample solution containing up to 
100 ~g of Ti(IV), 15 ml of 0.05% CHBBH solution in 
ethanol. 5 ml of monochloroacetate buffer and dilute with 
water to the mark. After 5-10 min measure the absorbance 
at 477 nm against water. 

Prepare a calibration graph by using standard titanium 
solutions treated in the same way. 

Decomposition of samples 

Amphibolites and granite. Dry the sample at I lo”, weigh 
accurately 0.5-l g in a platinum crucible, add a S-fold 
weight of hthium metaborate and fuse at 1000” for 2 hr. 
Cool, extract the melt with 2M hvdroc~iorjc acid and 
remove the silica precipitate, collee~ing the filtrate in a 
500-ml standard flask and making up to volume with dilute 
hydrochloric acid. Use a I-4 ml portion for the deter- 
mination of titanium. 

Portland cement. Weigh accurately ca. 1 g of sample 
(dried at I lo“) into a beaker and dissolve it in hydrochloric 
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Table 1. Ultraviolet spectra of CHBBH in some common solvents 

G 6, 
Solvent D’ &,, nm I.mole-‘.cm-’ I,,,, nm I.mole-‘.cm-’ 

Dimethylformamide 31.6 335 1.06 x 104 271 8.69 x 10’ 
Methanol 32.63 329 1.13 x 104 266 1.20 x 104 
Ethanol 24.3 328 1.13 x 104 265 1.14 x 104 
Acetone 20.7 335 1.02 x 104 - 
3-Methylbutan-l-01 14.7 335 1.13 x IO4 - 
n-Pentanol 13.9 334 1.14 x 104 273 1.14 x 104 
Isobutyl methyl 13.11 340 1.02 x 104 - 

ketone 

*D = dielectric constant at 25”. 

acid, evaporate to dryness, digest with 6M hydrochloric acid 
and filter off the silica precipitate. Dilute the filtrate to 
volume with water in a 500-ml standard flask. Use a 3 or 
4 ml portion for the determination. 

Bauxite. Weigh about 1 g of sample into a Kjeldahl flask, 
heat for 60 min with a mixture of concentrated sulphuric, 
nitric and hydrochloric acids (1: 1: 1 v/v), evaporate to fumes 
of sulphuric acid, leach with dilute hydrochloric acid and 
filter. Fuse the residue with potassium pyrosulphate and 
extract the cooled melt with dilute hydrochloric acid and 
filter. Combine the filtrates in a 500-ml standard flask and 
make up to the mark with water. Take a 1 or 2 ml portion 
for the determination. 

In all instances, add 0.2 ml of thioglycollic acid to avoid 
possible interferences. 

RESULTS AND DISCUSSION 

Analytical properties of the reagent 

The wavenumber of the CL0 band of aroyl- 
hydrazones in the infrared spectrum has already been 
reported.‘7m20 The absorption bands associated with 
the imine group are also well known.2’-22 The bands 
at 3220 and 3 170 cm-’ can be attributed to the N-H 
stretching vibration for associated secondary ami- 
nes.23 Amide I (1655 cm-‘, very strong), amide II 
(1510 cm-‘, medium) and amide III (1270 cm-‘, 
strong) bands are assigned in agreement with the 

observations made by Domiano et al.l8 and Pelizzi 
and co-workers.“,” 

Table 1 shows the spectral characteristics of the 
reagent (1 .lS x 10-4M solution) in some common 
organic solvents. The reagent shows two maxima (at 
265-280 and 335-340 nm), except in acetone, 
3-methylbutan-l-01 and isobutyl methyl ketone. The 
absorption spectrum shows a slight red-shift as the 
polarity of the solvent decreases. The main absorp- 
tion band is probably due to an n-w* transition.18 

In 4% ethanol-water medium CHBBH is pale 
yellow in acidic or neutral media, and bright yellow 
in alkaline solution. The spectra are shown in Fig. 1. 
The red shift from 330 to 345 nm in basic media 
(curves 4 and 5) is due to formation of anionic species 
of the type >C=N-N-C<O-. The blue shift 
from 265 to 245 nm in acid medium (curve 1) is 
attributed to protonation of a nitrogen atom in the 
hydrazide group and to hydrolysis of the reagent to 
yield its parent species. The dissociation constant for 
the proton of the --CONH- group, was evaluated 
by the Phillips and MerrittI and Stenstriim and 
Goldsmithi methods. The value found was 
10.4 + 0.1, in agreement with those obtained for 
related aroylhydrazones. 13.24 Solutions of the reagent 
in ethanol, dimethylformamide, methanol, acetone 

Xtnm) 

Fig. 1. Absorption spectra of CHBBH (1.15 x 10e4M) in 4% aqueous ethanol medium at different pH 
values: 1, pH = 2.34; 2, pH = 4.23; 3, pH = 9.88; 4, pH = 11.30; and 5, pH = 12.83. 
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Fig. 2. (a) Absorption spectrum of the Ti(IVtCHBBH chelate in 60% aqueous ethanol at pH 2.4 
(titanium concentration 4.18 pg/ml). (b) pH-absorbance graph of the chelate at (1) 477 nm, and (2) 
500 nm (the pH values between parallel segments correspond to a region where precipitation occurs). 

and n-pentanol are stable for at least a month, 
whereas the reagent decomposes in 3-methyl- 
butan-l-01 and isobutyl methyl ketone. In acid aque- 
ous solution, CHBBH is rapidly hydrolysed, but in 
moderately strong basic media no hydrolysis takes 
place. However, the hydrolysis is less severe in aque- 
ous ethanol as the proportion of ethanol is increased. 

Reducing substances, such as thiosulphate, as- 
corbic acid and hydroxylamine, do not affect the rate 
of hydrolysis of the reagent in aqueous ethanol 
solution, but sulphite appears to stabilize the reagent 
in moderately strong acid medium. Persulphate and 
hydrogen peroxide have no effect on the reagent at 
low pH, but hydrogen peroxide decomposes it in 
basic media. 

A systematic study of the reaction of CHBBH with 
40 different ions showed that the most interesting 
metal complexes were formed in chloroacetate buffer 
(pH 2.4), acetate buffer (pH 4.5) or ammonia buffer 

(PI-I 9.5) with Fe(III), Fe(II), Ti(IV), Pd(II), V(V), 
Sb(III), W(VI), Mo(VI), Cu(I1) and Bi(II1). The 
presence of at least 40% v/v ethanol is necessary to 
prevent the precipitation of the metal chelate or 
excess of reagent. Once formed, the chelates are all 
readily extracted into chloroform but when the metal 
ion solutions are shaken with a chloroform solution 
of the reagent only the Cu(II), Mo(VI), Bi(II1) and 
Sb(II1) complexes are extracted. 

Spectrophotometric study of ‘the Ti(IV)-CHBBH 
system 

Formation of the Ti(IV) chelate. An aqueous Ti(IV) 
solution reacts with an ethanolic solution of CHBBH 
in acidic medium (optimum pH value 1.8-3.0) to 
form an orange chelate that shows excellent anal- 
ytical properties. The spectrum shows an absorption 
maximum at 477 nm, where the reagent does not 
absorb (Fig. 2). The titanium chelate is completely 

Table 2. Tolerance limits in the determination of 45 ~a/25 ml of Ti(IV) with CHBBH 

Ion* 
Tolerance limit, 

mg/25ml 

Ba’+, Na+, Tl(I), Hg(I), ascorbic acid, 
H,BO,, Cl-, NO;, Ni*+ 50 
Mg2+, Sr2+t, Cs+t, Br-, CIO,, S,O:-, acetate 40 
Benzoate 30 

Ca(II), Ag(I), Rb(I)t, SCN-, B,O:- 25 
La(III), Li(I), Zn(II), Hg(II), Pb(II), As(III), ClO; 20 
s2- 10 
Al(III), Fe(CN)i- , tartrate 5 
Th(IV), Cr,O:-, BrO,, NO;, CrO:-, CO:-, SO:-, citrate 2.5 
Co(II), Cd(II), SiO:-, NH:, MnO; 1.5 
Cu(I1) 0.5 
H,O,, AsO:-, In(II1) 0.3 
Sb(II1) 0.2 

*Cations were added in the form of chlorides or nitrates; anions were added in the form 
of sodium or potassium salts. 

tMaximum concentration tested. The mean value for eleven samples with 2 pg/ml Ti 
gave a relative error of 0.3% for a probability level of 95% (P = 0.05). 
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Table 3. Tolerance limits of foreign ions in the presence of masking agents 

Tolerance limit* 
Ion pglml Masking agent? 

Al(III) 
Al(II1) 
Mo(V1) 
Ce(III] 
Sb(II1) 
Fe(III), W(H) 

Ag(I), Hg(II) 
Cu(II) 

Ag(I), Zn(II), Hg(II) 
WVI) 

Ag(I!, Hg(II) 
As(W) 
Cu(II) 
Bi(II1) 
Sb(III) 

Cu(II), Hg(II), Pb(II) 
Bi(III) 
Sn(IV) 
Sn(II), Fe(III) 

W(H) 
Co(H) 
Cu(II) 
Fe(H) 
Bi(III), Fe(W), Pd(II) 

Fe(CN)z- 

F- 
F- 

so:-, PO:-, so:-, co:- 
Mn(I1) 
Pd(II) 
Zr(IV) 

600 
600 

20 
10 
6 
2 

1200 
800 

80 
60 
12 

1600 
100 
80 
60 

1000 
120 
100 
30 
10 

200 

80 
10 

2000 

20 
100 
100 

Tiron (1000 pg/ml) 

Tartaric acid 

(200 pg/ml) 

Thiourea (4000 pg/ml) 

Thiocyanate (1000 pg/ml) 

Sulphide (400 pg/ml) 

Thioglycollic acid 

(4000 p g/ml) 

Thiosulphate 

(1000 pg/ml) 

Zn(I1) (800 pg/ml) 

La(W) (800 pg/ml) 

HrBQ, (5000 pg/ml) 
Ba(II) 

Peroxydisulphate (crystals) + Ag(I) 
DMG§ (1000 fig/ml) 
Periodate (0.5 g) 

*If a precipitate is formed, filter or centrifuge before measuring absorbance. 
tThe amount added is shown in parenthesis. 
§DMG: dimethylglyoxime. 

Table 4. Comparative determination of Ti in rocks and siliceous 
materials by the CHBBH and AAS methods 

Ti, % 

CHBBH method 

Sample Present procedure* SAMt AAS§ 

Amphibolite (A-63) 0.81 + 0.01 0.80 & 0.03 0.75 
Amphibolite (A1512) 0.94 + 0.02 1 .Ol & 0.05 0.98 
Amphibolite (A-1618) 0.264 + 0.04 0.30 & 0.01 0.25 
Granite (G-3) 0.12~0.01 0.11 +0.02 0.10 
Granite (G-8) 0.44 f 0.01 0.50 + 0.03 0.46 

Portland cement 
(BCS, No. 372) 0.34 f 0.02$ 0.32 _+ 0.03$ 0.3311 

Bauxite 
(BAS, No. 87) 2.24 k 0.03$ 2.28 + 0.041: 2.25 11 

*Mean value and range of duplicate analyses corresponding to two 
different weights of every sample, with two aliquots of different 
volume from each sample solution. 

tSAM: standard addition method. 
§Quadruplicate determinations by atomic-absorption spectroscopy. 

Since the sensitivity is lower than that of the CHBBH-based 
method, a larger sample is needed. 

IGiven as percentage of TiO,. 
IICertified value as percentage of TiO,. 
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formed within 5 min of mixing the reagents and 
remains stable for at least 2 hr. 

To find the conditions needed (a) to avoid precipi- 
tation of the metal &elate and reagent excess, (6) to 
decrease the rate of hydrolysis of the reagent, and (c) 
to increase the sensitivity of the reaction, the 
influence of the organic solvent/water ratio 
(ethanol/water and DMF/water from 1:4 to 3:2 v/v, 
and ethanol~DMF/water 2: I :2 v,/vf, the choice of 
buffer solution (phthalate and chloroacetatef and the 
amount of reagent solution (I-14 ml of 0.2% solution 
in ethanol) was examined. The optimal conditions 
found were a medium containing 60% v/v ethanol, 
2-12 ml of 0.2% rcagcnt solution, and chloroacetate 
buffer. The ionic strength of the solution and the 
order of addition of the reagents are immaterial. 

because most metal chelates of CHBBH are not 
completely formed in moderatety strongly acidic 
media, and their absorption maxima occur at wave- 
lengths shorter than 435 nm; the selectivity is in- 
creased by the addition of suitable masking agents. 

I. 
2. 

3. 
4. 
5. 

6. 

The continuous-variations method showed the for- 
mation of two complexes, with rnet~~/I~~a~d ratios of 
1 :I and 1:2. The I:1 complex is not observed when 
the absorbance measurements are made more than 
2 hr after preparation of the samples. The Asmus 
method2’ also gave the 1: 1 ratio and a new ratio of 
2:3+ possibly from averaging of the I: 1 and I:2 ratios. 
The charge on the Ti(IV) complex and the reagent 
was investigated by anion-exchange, and it was con- 
cluded that the complex is positively charged, but the 
reagent is neutral. 

7. 
8. 

9. 
10. 
Il. 
12. 
13. 

Under the optimum conditions for formation of 
the titanium complex, the absorbances at 477, 490 
and 500 nm are all linearly related to the titanium 
concentration over the range 0.25-8.25 @g/ml. 

A systematic study of interferences in the deter- 
mination of 1.8 fig/ml Ti(IV> (Table 2) showed that 
Bi(III), FefIIQ, Mo(VI;), Sn(II), V(V) and Zr(IV) 
interfere when present at the same concentration level 
as Ti(IV), but Fe(D), Mn(II), Pd(II), Sn(IV), UjVI), 
W(VI), Fe(CN);f-, F’-” and PO:- interfere at greater 
concentration. The tolerance limits for most inter- 
fering species can be increased by addition of mask- 
ing agents (Table 3) and this enlarges the scope of the 
CHBBH system for practical dete~~nat~on of ti- 
tanium. 

14. 

15. 

16. 

17. 

is. 

19. 
20. 

21. 
22. 

23. 

24. 

2.5. 
26. 
27. 
28. 

Lleterrnination of titanium in bauxite and siliceous 
materials 

29. 

30. 
The proposed method was satisfactorily applied 

to the dete~~nation of titanium in two standard 
samples (bauxite and Portland cement) and several 
rocks (amphibolites and granites). Table 4 sum- 
marizes the results obtained. Those for the rock 
analysis are compared with those obtained by 
atomic-absorption spectrometry. The method of 
standard additions was also used for validation. 

31. 

32. 

33. 

34. 
35. 
36. 

CONCLUSION 37. 

The proposed procedure compares satisfactorily 
with other methods proposed For the spectro- 
photometric determination of titanium(IV~ (Table 5). 
The method is relatively fret from interferences 

38. 
39. 
40. 

41. A. V. Dolgorev, Zh. Ana&. K&m., f973, 2S, 1093. 
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EVALUATION OF FILTER PAPERS AS SUBSTRATES 
FOR SOLID-SURFACE ROOM-TEMPERATURE 

FLUORIMETRY AND PHOTOCHEMICAL FLUORIMETRY 
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Sammy-Filter papers ~hatman Nos. 1 and 41, S & S 904) and anion-exchange filter paper ~hatman 
DE-81) have been evaluated for their use as substrates in solid-surface room-temperature fluorescence 
(RTF) and photochemical fluorescence (RTPF). Several chemical treatments of filter papers are found not 
to reduce significantly their background fluorescence signal. Analyte fluorescence signals are 2-4 times 
higher on filter papers than on silica-gel TLC plates. Absolute limits of detection range between 0.6 and 
40 ng on the Whatman filter papers, depending on the test compound. Filter papers are proposed as 
convenient, inexpensive, and easy-to-handle substrates for RTF and RTPF measurements, 

In recent years, solid-surface room-temperature 
fluorescence (SS-RTF) has become an important 
technique for the analysis of a variety of organic 
compounds, such as polycyclic aromatic hydro- 
carbons, nitrogen heterocyles, pesticides and drugs, 
because of the small amount of sample needed, and 
simplicity, sensitivity, and relatively low cost.’ In 
some cases, SS-RTF has also been shown to be useful 
in combination with room-temperature phos- 
phorescence. ‘-* Several solid substrates, such as silica 
gel,‘,’ aluminium oxide,6 filter paper3*“’ and acety- 
lated cellulose5 have been used in RTF. Recent work 
in our laboratory has involved the use of silica gel 
thin-layer chromatoplates for room-temperature 
photochemical fluorescence (RTPF) analysis of 
several aminoquinoline derivatives.11-14 In this latter 
method, ultraviolet irradiation of samples adsorbed 
on silica gel induced a photochemical reaction which 
led to strongly fluorescent photoproducts.r4 However, 
until now, no attempt has been made to study the 
analytical performance and possible drawbacks, such 
as background fluorescence, of filter papers, in com- 
parison with other supports currently used in 
SS-RTF and RTPF. 

The goal of the present study was to test several 
types of filter papers and compare them with other 
solid substrates, in order to evaluate their back- 
ground fluorescence and analytical usefulness for 
quantitative SS-RTF and/or RTPF dete~ination of 
selected organic compounds. 

*Author to whom all correspondence should be addressed. 

EXPERIMENTAL 

Apparatus 
All SSRTF and RTPF measurements were performed 

with a Turner model 11 i filter fluorimeter fitted with a 
1 l&850 or i IO-851 ultraviolet lamp, 760 or 7-54 emission 
and 2-A excitation filters, and 10% or 1% neutral density 
filters. For the photolysis, a 200-W Osram mercury arc lamp 
was used, with an Oriel model 8500 power supply. 

A new aluminium single-sample holder was constructed 
(Fig. I), and positioned in the standard Turner fluorescence 
sample compartment. It was used to hold 0.6cm diameter 
filter paper discs or 0.5-cm2 squares of plastic-backed silica 
gel and aluminium oxide thin layers. The discs were ob- 
tained by punching filter paper with a standard office paper 
punch. The plastic-backed silica-gel and aluminium oxide 
squares were cut with scissors. The samples were placed 
under the cover plate of the sample holder and held in place 
by two screws, 

Reagents 
Chloroquine and primaquine diphosphate salts and dan- 

syl chloride (Sigma). 6-methoxvauinaldine (Aldrich) and 
quinine sulphat; (Prolabo) were-used as rec&ed. Solvents 
used were analytical grade acetone, phosphoric acid, eth- 
anol. propan-&al, triethanolamine, and distilled water. The 
triethanolamine spray was a 1:9 v/v mixture of tri- 
ethano~amine and propan-2-01. 

The S & S 904 and Whatman Nos. 1 and 41 filter papers 
were obtained commercially and the Whatman DE-81 
anion-exchange filter paper was donated by Prof. J. D. 
Winefordner. Precoated 5 x 20 cm silica gel and aluminium 
oxide N plastic sheets (Polygram, Macherey-Nagel) were 
used. 

Procedures 
Fkorimetric and photo~bemieal~uorimetric measurements. 

Once the paper, plastic-backed silica gel or aluminium oxide 
was put in the sample holder, portions (5 ~1) of solvent or 
solution were spotted onto it with a Hamilton IO-PI micro- 
syringe. The samples were dried for 10 min with a hot-air 
current. For the photochemical fluorimetric measurements, 
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Aluminium 
S~lflpl~ COVW 
holder plate 

Fig. I. The new RTF and RTPF sample holder. 

the sample holder was placed about 60 cm from the mercury 
arc lamp and irradiated for a fixed time, then immediately 
transferred to the fluorimeter sample compartment, and the 
fluorescence intensity of the spots was measured. 

Treatment of the papers. To try to reduce the fluorescence 
background of the papers, several treatments were tested. 
Filter paper discs were washed with 20 ml of demineralized 
water, OSM sodium hydroxide, 0.7M phosphoric acid, 
OSM potassium chloride, ethanol, or acetone, for periods 
between 1 and 60 hr, then dried in an oven at 100” for 
various periods between 30 min and 24 hr. On removal from 
the oven, the discs were placed in the sample holder and 
allowed to cool for about 10 min, after which the back- 
ground fluorescence measurements were performed. After 
heating for 1 hr, the discs soaked in phosphoric acid had 
begun to char, and those treated with sodium hydroxide 
solution had turned yellow. In another test, the filter paper 
discs were irradiated for 2 hr with the mercury arc lamp, and 
removed at IO-min intervals during this period, for their 
fluorescence signals to be measured, but no change in the 
fluorescence background was noted. 

RESULTS AND DISCUSSION 

Backgroundjluorescence 

Table 1 gives the results for the background 
fluorescence of different kinds of plain and treated 
filter papers, compared with that of silica gel and 
aluminium oxide as substrates. It can be seen that 
Whatman No. 1 filter paper gives significantly lower 
background fluorescence signals than the other pa- 
pers, for the same excitation. The Whatman No. 1 
paper background fluorescence is also practically 
equal to that of the aluminium oxide TLC plate, and 
slightly lower than that of the silica gel thin-layers. 
For all papers studied, no significant decrease of the 
background fluorescence was found to be caused by 
the washing and heating treatments. In fact, soaking 
in 0.5M sodium hydroxide even increased the back- 
ground signal. The background fluorescence signals 
were lower in all cases when the 1 IO-851 ultraviolet 
lamp was used instead of the 1 l&850 visible-region 
lamp. This indicates that the background emitting 

species has a more intense absorption band at around 
370 nm, the main excitation region of the 11&850 
lamp. 

Analyte fluorescence signal 

We have compared the fluorescence signals of 
several selected compounds adsorbed on the different 
papers under study, and on silica gel and aluminium 
oxide thin layers (Table 2). It is interesting to note 
that the analyte fluorescence signals are 24 times 
higher on filter papers than on silica gel thin layers, 
except for primaquine which gives approximately the 
same signal on all substrates. On aluminium oxide 
thin layers, the fluorescence intensity of the analytes 
is significantly lower than on other substrates, except 
that of dansyl chloride. Whatman No. 41 and S & S 
904 papers give only a slight improvement of the 
analyte signals, compared to DE-8 1 anion-exchange 
filter paper. However, for dansyl chloride, the largest 
fluorescence signal is obtained on DE-81. 

Ultraviolet irradiation has a significant effect on 
the fluorescence signal of the photoactive analytes 
adsorbed on filter papers. A 2-3 min irradiation of 

Table 1. Effect of the treatment of filter papers on the 
background fluorescence signal 

Blank fluorescence 
Relative intensityb 

Visible 
region 

Substrate Solventa lamp’ UV lampd 

s & s 904 None 2.1 1.3 
filter paper Water 2.1 1.3 

OSM NaOH 6.2 1.8 
0.5M KC1 2.5 I .45 

Acetone 2.5 1.05 
Ethanol 2.8 1.3 

DE-8 1 anion- None 1.7 1.1 
exchange paper Water 1.7 1.1 

0.5M NaOH 3.2 1.8 
0.5M KCI 2.0 1.3 

Acetone 2.3 I .05 
Ethanol 3.7 2.3 

Whatman No. I None 1.3 0.9 
filter paper Water 1.3 1.0 
Whatman No. 41 None 1.4 1.1 
filter paper Water 1.5 1.1 

OSM NaOH 3.4 1.6 
0.5M KCI 1.5 1.1 

Acetone 1.6 0.95 
Ethanol 1.5 0.9 

Silica gel None 1.6 I.0 
TLC plate 
Aluminium oxide None 1.3 1.0 
TLC plate 

Solvent or solution used for soaking filter papers; “none” 
means that the blank fluorescence signal of untreated 
plain filter paper or other substrate was measured. 

“Blank fluorescence relative intensity was normalized to the 
blank fluorescence intensity (1.0) of silica gel substrate 
(UV lamp). 

‘11&850 lamp with emission maximum at 370 nm. 
dl IO-851 far-UV lamp with major emission (about 95%) at 

254 nm. 
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Table 2. Comparison of the analyte fluorescence signals determined on several substrates 

Relative fluorescence signal” 

Substrate Chloroquineb 
6-Methoxy 
quinaidine’ Primaquined Dansyi chloride’ 

s & s 904 
filter paper 
DE-8 1 anion- 
exchange filter paper 
Whatman No. 41 
filter paper 
Silica gel 
TLC plate 
Aluminium oxide 
TLC mate 

4.3 12.1 3.9 12.2 

4.1 10.5 2.1 14.0 

3.4 12.9 3.4 12.0 

1.8 5.0 3.2 7.5 

1.2 3.8 NF 15.8 

“All fluorescence relative intensities were normalized to the blank fluorescence intensity (1.0) of 
aluminium oxide substrate. 

bAqueous solution of I~-~g/ml chloroquine (after a Cmin irradiation time). 
‘1.75&i H,P04 solution of 6-metho~yquinaldiae (50 fig/ml). 
“3.OA4 H,PO, solution of primaquine (1000 rg/ml) (after a 4-min irradiation time). 
eAcetone solution of dansyl chloride (200 pg/ml) (after spraying with triethanolamine solution). 
‘NF = not fluorescent. 

chloroquine and primaquine adsorbed on Whatman 
No. 41 paper produces a 2-4-fold increase of the 
signal {Fig. 2). This behaviour is very similar to that 
previously noted by us for the photolysis of the same 
compounds adsorbed on silica gel thin layers.‘2,‘3 It 
shows that filter papers are convenient solid sub- 
strates for use in the photochemi~l-fluorimetric 
method. 

AnalyticaiJigures of merit 

Table 3 gives RTF and RTPF calibration data and 
limits of detection for the selected compounds ad- 
sorbed on Whatman No. 41 or No. 1 filter papers. 
The linear dynamic ranges are relatively large, be- 
tween 20 and 250 times the LOD. Slopes of the 
log-log calibration curves are close to unity for most 

of the compounds, and the correlation coefficients 
indicate that the precision of the plots is reasonably 
satisfactory, except for chloroquine. The absolute 
limits of detection (LOD) are relatively low for 
measurements on filter papers, ranging from 0.6 to 40 
ng, and are generally lower than those obtained on 
aluminium oxide or silica gel chromatoplates, with 
the same sample holder and optical system. For 
example, the LOD of quinine sulphate is about thirty 
times higher on a silica gel TLC plate than on filter 
paper. 

CONCLUSION 

We can conclude from this study that filter papers 
constitute satisfactory substrates for RTF and RTPF 

Table 3. RTF and RTPF analytical data for selected compounds adsorbed on filter papers 

LDR, Correlation Absolute 
Compound” Substrateb @g/ml) Sloped coetTicientd LOD,’ ng 

Chloroquinef w-41 100 0.70 0.95 I 40 
Dansyl chloride8 w-41 50 0.80 0.987 7 

AL-O 250 0.87 0.995 8 
6-Methoxyquinaldine w-41 100 0.94 0.994 0.6 
Quinine sulphate W-l 50 I .02 0.995 2.5 

SIL 75 0.80 0.985 75 
Primaquinef w-41 20 0.53 0.997 5 

“Chloroquine solutions were prepared in water. Dansyl chloride solutions were prepared in 
acetone. 6-Methoxyquinaldine and quinine sulphate solutions were prepared in 1.75M 
and 3.5M phosphoric acid respectively. 

“W-41 and W-l mean Whatman No, 41 and No. 1 filters; AL-O means an aluminium oxide 
TLC plate; SIL means a silica gel TLC plate. 

‘Linear dynamic ranges, expressed as the ratio of the upper concentration of linearity (within 
5%) and the limit of detection. 

‘jSlopes and correlation coefficients calculated from the log-log calibration plots by a 
microcomputer program. 

‘Absolute limit of detection, defined as the amount of compound (in 5 /J 1 of sample solution) 
giving a signal-to-noise ratio of 3. 

‘Fluorescence intensities determined after an irradiation time of 4 min (for chloroquine) and 
2 min (for primaquine). 

*A triethanolamine solution is sprayed on the substrate before measurements. 
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Fig. 2. Effect of irradiation time on the relative fluorescence 
intensity of chloroquine (concentration 1 x IO3 pg/ml) ad- 

sorbed on Whatman No. 41 filter paper. 

measurements. Although the fluorescence back- 
ground of filter papers is not reduced by chemical or 
photochemical means, it does not seem to be much 
higher than that of silica gel or aluminium oxide thin 
layers, when our new sampling device is used. There- 

fore, filter papers can be used in place of silica gel or 
aluminium oxide thin layers with comparable sensi- 
tivity, linear dynamic range, and precision for room- 
temperature fluorimetry and photochemical 
fluorimetry. The sampling procedure used with filter 
papers is also more convenient for the operator, and 
less expensive than the conventional glass-backed 
silica gel chromatoplates. 
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Summary-The extraction of fifteen elements in the systems consisting of polyurethane foam (polyether 
type)/HF-alkali-metal fluoride and cyclic polyether/HF-alkali-metal fluoride has been investigated. Little 
or no extraction was found for Co, Zn, Fe, Zr, Hf, Sn(IV), Nb, Pa, As(V), MO, and W. Only Ta, Sb, 
Re, and Tc are well extracted with either polyurethane foam or dicyclohexano-l8-crown-6 in dichloro- 
ethane under the conditions investigated. The mechanism of the extraction is discussed. The most 
interesting separation possibilities have been tested 

In our previous work,’ we used polyurethane foam 
pretreated with extractants, for the separation of 
tantalum from hydrofluoric acid media, and observed 
that tantalum was also separated by unloaded poly- 
urethane foam. In recent reviews on the use of 
polyurethane foam materials for separations,2.3 it was 
shown that “soft” anions, such as thiocyanate, heavy 
halides, picrate, etc. are the most readily extracted 
anionic species. From this point of view, the distribu- 
tion behaviour of complex fluorides is rather 
surprising. 

The purpose of the present work was to study the 
retention of certain elements forming stable anionic 
fluoro-complexes in hydrofluoric acid media by 
polyether-based polyurethane foam. Since rhenium 
and technetium exhibited similar retention behav- 
iour, they were also included in this study. For 
comparison, the extraction with cyclic polyethers was 
also studied. 

EXPERIMENTAL 

Chemicals 

Polyurethane foam, a polyether of PWE/40 open-cell 
type, was obtained from Greiner GmbH, Kremsmiinster, 
Austria. It had a bulk density of 0.042 g/cm3. The foam was 
cut with a cork-borer, treated with acetone and 2M hydro- 
chloric acid for several hours, thoroughly rinsed with de- 
mineralized water, and then washed in a plastic syringe with 
acetone as described before,’ and dried. 

The cyclic polyethers dibenzo-18-crown-6 (DB-18,6), 
dicyclohexano-1%crown-6 (DC-18,6), 18-crown-6 (C-18,6) 
(obtained from Ventron GmbH, Karlsruhe, F.R.G.) and 
12-crown-4 (C-18,4) (Aldrich Chemical Co. Inc., 
Steinheim/Albuch, F.R.G.) were of pa. purity. 

Dichloroethane, used as a solvent in the extraction experi- 
ments, was purified by washing with dilute sulphuric acid 
and water, followed by distillation. 

*Author for correspondence. 

Estimation of the distribution ratios 

The distribution data were obtained under static condi- 
tions (batch method) by use of radiotracer techniques. The 
radiotracers were prepared by irradiation of high-purity 
metals or their compounds in a nuclear reactor. The radio- 
nuclide purity of the tracers was checked by high-resolution 
gamma-ray spectrometry. Except where otherwise men- 
tioned, the solutions contained 5-10 pg of the labelled 
element per ml; the concentrations of niobium and tin were 
about 50 pg/ml and in the case of technetium no carrier was 
present. 

The distribution ratio, D,, defined as the ratio of the total 
analytical amount of the given element per gram of dry 
foam to the total amount of the element in 1 ml of the 
external solution, was determined at 21 k I”. The 
volume-weight ratio of solution to foam was 58 ml/g. The 
foam and aqueous solution were shaken in plastic vials for 
24 hr. 

The extraction experiments with crown ethers were done 
by mixing (in polypropylene vials) 2 ml of the organic phase 
with 2 ml of aqueous solution containing the element under 
investigation, and shaking the mixture for 10 min, at 21”. 
The phases were separated and the distribution of the 
element was determined by measuring the radioactivity of 
an aliquot of each of the two phases. The distribution ratio 
D, is defined as the ratio of the total concentration of the 
element in the organic phase to the concentration of the 
element in the aqueous phase. 

Separation procedures 

For the batch separations, 5 ml each of the aqueous and 
organic phases were mixed for 15 min in a polypropylene 
syringe. The phases were then separated and measured. For 
column separations, beds 45 mm long and 9 mm in diameter 
were made with two polyurethane foam cylinders (0.270 g 
of foam). Other conditions were the same as described 
earlier.’ 

RESULTS 

Retention on the polyurethane foam 

Figure 1 shows experimental distribution ratios 
plotted as a function of hydrofluoric acid concen- 
tration. The uptake of tantalum on the polyurethane 
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Fig. I. Dependence of the distribution ratio on the hydrofluoric acid concentration for Ta, Re, Tc, and 
Sb in the system polyurethane foam/HE D, = distribution ratio; C HF = hydrofluoric acid molar concen- 

tration. 

foam increases with hydro~uoric acid concentration 
to a maximum at about 0.8M acid. Making the 
aqueous phase 0.1 M in potassium fluoride leads to a 
considerable decrease in the distribution ratios, but 
the general character of the tantalum plot shown in 
Fig. I remains. The slopes of the plots for the linear 
part of the curves before the maximum are 0.71 and 
I .03 for pure hydrofluoric acid solutions and those 
also containing potassium fluoride, respectively. 

The influence of ammonium, sodium or potassium 
fluoride concentration on the tantalum distribution 
was also investigated, the concentration of 
hydrofluoric acid being kept constant at 0.4&f. From 
the data given in Fig. 2 it can be seen that, at 
concentrations 2 0.1 M, potassium fluoride decreases 
the retention of tantalum somewhat more effectively 
than the other two fluorides do. 

The dependence of the distribution ratio for anti- 
mony(V) (see Fig. 1) on the hydroffuoric acid concen- 
tration shows a similar character to that for tanta- 
lum, but the maximum value of D, is lower and 
occurs at a higher hydrofluoric acid concentration 
than for tantalum. The elements Zr, Hf, Sn(IV), Nb, 
Pa, As(V), MO, and W are only slightly retained on 
polyurethane foam from hydrofluoric acid in the 
concentration range 10-3-10M (the .&values are 
6 10). For Co, Zn and Fe(III), no retention from 
I-2M hydrofluoric acid was observed. The distribu- 
tion of Tc(VI1) and Re(VI1) is also shown in Fig. 1. 
These elements are well retained from 10-3-0.5M 
hydrofluoric acid. For this acid range the distribution 
ratio remains almost constant, but at higher acid 

concentrations the fraction retained decreases sharply 
in the same manner as in the case of tantalum. 
Technetium is retained a little more strongly than 
rhenium. 

Extraction with cyclic polyethers 

The dist~bution of tantalum as a function of 
hydrofluoric acid concentration is shown in Fig. 3 for 

0.4Pd HF 

6 

x 

-1 0 

Fig. 2. The effect of KF, NaF and NH,F on the ~tcntion 
of tantalum on polyurethane foam from 0.4M Hi? 
Dr = distribution ratio; CEneF = metal fluoride molar 

concentration. 
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Fig. 3. Dependence of the distribution ratio on the HF- 
concentration in the extraction of tantalum with O.OlM 
cyclic polyether solutions in dichloroethane from 
hydrofluoric acid solutions: D, = distribution ratio; 

CHF = hydrofluoric acid molar concentration. 

various crown ethers. These results show that the best 
extraction of tantalum can be achieved with 
dicyclohexano-18-crown-6 in dichloroethane. Chlo- 
roform and benzene proved to be unsuitable for this 
purpose. 

For all the extractants studied, the distribution 
ratio of tantalum increases with increasing acid con- 
centration, passing through a maximum for 0.24.5~4 
acid. 

Figure 4 shows the influence of potassium fluoride 
on the extraction of tantalum, in two types of experi- 

ment. In the first (open symbols), the hydrofluoric 
acid concentration was kept constant at 1M while the 
concentration of potassium fluoride was varied from 
10m4 to lM, and in the second (filled symbols), the 
solutions were O.lM in potassium fluoride and the 
concentration of hydrofluoric acid was varied from 
10m3 to 10M. It can be seen that the general character 
of all the plots is similar. However, the various cyclic 
polyethers differ substantially in their extraction 
efficiency for tantalum. For dicyclohexano-18-crown- 
6 (the most effective), maximum extraction is ob- 
tained from solutions O.OlLO.2M in potassium 
fluoride and O.l-1M in acid. 

Particular attention was paid to the influence of 
various fluorides on the extraction of tantalum with 
dicyclohexano-18-crown-6. In the series of experi- 
ments the concentration of hydrofluoric acid was 
kept constant at 0.2M. In the absence of the fluoride 
salts, log D, was found to be 1.81. The results 
summarized in Fig. 5 show that the distribution ratio 
for tantalum decreases according to the fluoride used, 
in the order KF > NH4F > NaF, with sodium 
fluoride significantly reducing the extraction 
efficiency. 

The plot of log D, us. log [dicyclohexano-18-crown- 
61, at a constant aqueous phase composition (0.2M 
acid), gave a straight line for which the equation log 
D, = 0.807 log [DC-18,6] + 3.35 holds over the range 
10-S-lO-‘M DC-18,6. The slope and point of inter- 
section for a solution 1M in hydrofluoric acid and 
O.lM in potassium fluoride were 0.775 and 3.33, 
respectively. 

With the cyclic polyethers, as with the foams, all 
other elements studied showed only negligible extrac- 
tion, with distribution ratios below 10e2, except for 
technetium and rhenium. Figure 6 shows the results 
for the extraction of these two elements with 

-1 I I I I 
-4 -3 -2 -1 0 1 

log CHFlKFl 

Fig. 4. Distribution ratios for the extraction of tantalum with cyclic polyethers from hydrofluoric 
acid-potassium fluoride solutions: D, = distribution coefficient; C,,,,,, = molar concentration of varied 

component of system. 
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log Cl.46 
Fig. 5. The effect of KF, NaF and NH,F on the extraction 
of tantalum with O.OlM dicyclohexano-18-crown-6 in 

dichloroethane from 0.2.M HF: notation as in Fig. 3. 

dicyclohexano-l&crown-6 from solutions of 
hydrofluoric acid alone and in mixtures with potas- 
sium fluoride. 

In the absence of potassium fluoride, the extraction 
is moderate and the plot of log D, us. log C,, shows 
a broad maximum at 0.1-0.2M hydrofluoric acid. 
The addition of potassium fluoride leads to a 
significant increase in the Q-value, whereas addition 
of hydrofluoric acid to a solution that is O.lM in 
potassium fluoride has the opposite effect. Under all 
conditions used, technetium is slightly better extrac- 

ted than rhenium, but the plots have the same shape 
for both elements. 

Applications 

The results obtained in the distribution study indi- 
cate that polyurethane foam or a cyclic polyether can 
be used to provide new and effective procedures for 
the separation of Ta, Tc and Re from a number of 
other elements, and in particular from refractory 
metals such as Nb, MO and W. Some examples are 
given below. 

Extraction with 0.01 M dicyclohexano- 18-crown-6 
in dichloroethane can be used for the batch sepa- 
ration of traces of tantalum from niobium at concen- 
trations up to 30 mg/ml in 1M hydrofluoric acid 
medium. At least 99.9% of the tantalum is found in 
the organic phase after repeated extraction, with 
niobium left quantitatively in the aqueous phase. 
Similar results are obtained for the separation of 
technetium from molybdenum, and of rhenium from 
molybdenum and tungsten, the aqueous phase being 
1 M in ammonium fluoride and 0.1 M in hydrofluoric 
acid. 

The possibilities for column separation are demon- 
strated in Fig. 7. Tantalum is strongly sorbed from 
1M hydrofluoric acid onto the polyurethane foam 
column, but niobium is not retained at all. The 
tantalum can be eluted with 1M nitric acid/0.3% 
hydrogen peroxide mixture (recovery 95-97%) or 
with acetone (recovery ~99%). 

In another experiment, a column of polyurethane 
foam was coupled with a column of the same size 
loaded with Dowex 1 x 8. A lOO-mg sample of 

Fig. 6. Distribution ratios for the extraction of technetium and rhenium with O.OlM dicyclohexano-18- 
crown-6 in dichloroethane from hydrofluoric acid (&A) and from HF-KF mixtures (Cl,m, O.IM KF, 

xM HF; 0.0, IA4 HF, xM KF). Notation as in Fig. 4. 
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Fig. 7. Separations of Nt+Ta, Mo-Tc, and Mo-Re on 
polyether-type polyurethane foam under dynamic condi- 
tions. Polyurethane-foam column 45 x 9 mm, flow-rate: 
0.54.7 ml/min. Top: A, 100 mg of Nb in 1M HF; B, 
1M HF; C, IM HN@ + 0.3% H,G,. Middle: A, 100 mg of 
MO in O.lM HF + 1M NH,F: B, O.lM HF + 1M NH,F: C. 
IM HNO,. Bottom: A, lob rng of MO in O.lM HF$iM 

NH,F; B, O.lM HF + IM NH,F; C, 1M HNO,. 

irradiated niobium pentoxide containing 1500 ppm of 
tantalum was dissolved in -0.5 ml of concentrated 
hydrofluoric acid and the solution was diluted to 5 ml 
to give a 1 M hydrofluoric acid medium. This solution 
was passed through the column system, followed by 
15 ml of 1 M hydrofluoric acid. The effluent contained 
most of the trace impurities, including the alkali- 
metal and transition elements, but not tantalum 
activity (the decontamination factor was >= lo*), and 
the anion-exchanger column contained 0.2% of the 
tantalum activity. This Dowex column can be further 
washed with 40% hydrofluoric acid for elution of 
such elements as Hf, Zr, MO, Pa, leaving the niobium 
and traces of tantalum sorbed on the column. 

For separation of molybdenum from technetium or 
of rhenium from molybdenum or tungsten, the aque- 
ous solution was made 1M in ammonium fluoride 
and O.lM in hydrofluoric acid (see Fig. 7). The 
technetium or rhenium could be eluted with a recov- 
ery of 98-99% with 1M nitric acid. Elution with 1M 
hydrochloric acid was not satisfactory. If a 1M 
hydrofluoric acid medium was used without the 
addition of ammonium fluoride, about 26% of the 
technetium or the rhenium was found in the initial 
effluent. From the mechanisms discussed below for 
the distribution of rhenium and technetium, it can be 

assumed that these two elements can also be retained 
on polyurethane foam from other media such as 
chloride, nitrate etc., at lower acidity of the solution. 

DISCUSSION 

Bowen who first studied the retention of anionic 
complexes on polyurethane foam, assumed that 
polyether-type polyurethane foam has anion- 
exchange sites of various strengths as a result of the 
tendency of the ether oxygen atoms and/or the nitro- 
gen atoms of the urethane linkage to accept protons. 
It is known that anionic fluoro-complexes of tanta- 
lum are efficiently extracted by many extractants, 
such as ketones, amines, phosphates, etc. The strong 
anion-exchange of tantalum from hydrofluoric acid 
media with anion-exchangers containing amine 
groups has also been described. In both cases, the 
extraction and anion-exchange can take place from 
concentrated solutions of the acid, where the com- 
plexation of tantalum as well as protonation of the 
extractants (or the exchanger amine groups) is com- 
plete. However, from Figs. 1 and 3 it can be seen that 
the distribution ratio of tantalum decreases when the 
hydrofluoric acid concentration is above a certain 
level, for both types of material, the acyclic poly- 
urethane foam and the cyclic polyethers. Tantalum, 
in general, shows great similarity between its reten- 
tion on the foam and its extraction with crown ethers, 
which implies that the anion-exchange mechanism is 
improbable. 

The mechanism of the retention of metal ions by 
polyurethanes has been systematically studied by 
Hamon et al.,’ who have discussed all possible reten- 
tion processes, viz. surface adsorption, solvent extrac- 
tion, ligand addition or exchange, base anion- 
exchange and cation-chelation. They concluded that 
the foam acts predominantly as a long acyclic poly- 
ether chain, and the extraction of anions is due to the 
complexation of counter-cations in the cavities 
formed by the polyether chain; the efficiency of the 
extraction depends on how well the cation fits. 

The cations participating in the complexation in- 
clude those of the alkali metals and hydronium ions.5 
The ionic diameter of the hydronium ion is close to 
that of K+ and NH: and matches closely the cavity 
size of both the foam and the 18-crown-6 type 
compounds. Complexation of the hydronium ion by 
crown ethers and cryptates has already been re- 
ported.6,7 Al-Bazi and Chow’ supposed that H30+ 
ions are held in the cavities of polyurethane by both 
ion-dipole interaction and hydrogen-bonding 
whereas K+ ions are held only by ion-dipole inter- 
action. 

The retention of tantalum on polyurethane foam as 
well as the extraction of polycyclic crown ethers can 
then be described as a distribution of anionic com- 
plexes of the type TaFi-” (n 2 6). The sorption by 
foam materials is caused by complexation of hydro- 
nium ions in the cavities formed by the polyethylene 
oxide chain of the polymer. According to Tadokoro 
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et uI.,~ the polyethylene oxide has a helical structure 
which contains seven chemical units and two turns in 

the repeat unit of length 19.3 A. In the extraction 
with a cyclic polyether, the anionic tantalum com- 
plexes are the counter-ions to the H,O+ or K+ ions 
held in the cavities of the polyether ring. 

Technetium and rhenium are present in aqueous 
solution as the weakly hydrated soft anions TcO; 

and ReO; Accordingly, the extraction of these two 
elements with crown ethers can be explained as due 
to formation and extraction of the ion-association 

complexes [K(H,O), crown]+. MeO; (where Me = Tc 
or Re). The counter-ion in the organic cavity is either 
K + or H30+. In view of the greater effect of potas- 
sium fluoride on the extraction of these two elements 
with dicyclohexano-18-crown-8 (see Fig. 6), it might 
be concluded that KC is more efficient than HIOf as 
the counter-ion. 

With the polyurethane foam, the anions MeO; are 
the counter-ions to the H,O+-ions held in the cavities 
of the polyethylene oxide chain of the polymer. 

This conclusion agrees well with the results ob- 
tained by infrared spectroscopy for a synthetic tanta- 
lum fluoride-polyether complex.” On the basis of 
these experimental results, we assume that the extrac- 
tion of tantalum can be explained by the formation 
of the complex [H,O, (DC- 18,6)] + . TaF;. 

The increase in the Df and D, values for tantalum 
(Figs. 1 and 3) with increasing acid concentration 
(up to the acidity for D,,,) can be attributed 
to the conversion of oxofluorotantalates into 
fluorotantalates. The acids HTcO, and HReO, are 
very strong and stable over a wide pH-range in 
aqueous solution, so the extraction of Tc and Re with 
both the polyurethane foam and the crown ether 
takes place even at low acidity. 

The decrease in D, and D, for tantalum at acidities 
higher than that for D,,, can be connected with either 
the formation of highly co-ordinated and non- 
extractable complexes such as TaFi- etc.” or an 
increase in the concentration of HF; ions, which can 
be regarded as competing with the fluorotantalate 
complexes for ion-association. The latter possibility 
seems to be the more important, as the behaviour of 
rhenium and technetium, which do not form 
fluoro-complexes and are present as MeO;-type OXO- 

anions even at higher hydrofluoric acid concen- 

trations, is comparable with that of tantalum. 
The equilibrium constant for HF + F-$HF; is 

reported’* to be _ 1Oo.6 and as the concentration of 

hydrofluoric acid is increased there will consequently 
be a shift to the right in its dissociation into H+ and 
F-. Although hydrofluoric acid is a weak acid in 
dilute aqueous solutions (pK z 3.l), its acidity in- 
creases with concentration, and this has been attrib- 
uted to extensive dissociation, coupled with 
hydrogen-bonded ion-pair formation (H,O+ . . . F-), 
a consequence of which is a decrease in free fluoride 
concentration.‘3 

This could explain why alkali-metal fluoride con- 

centrations zO.lM cause a rapid decrease in the D, 

and D, values in the extraction of tantalum with both 
the cyclic polyether and the polyurethane foam. 

In the media considered in this work, niobium, 
molybdenum and tungsten are assumed to exist pre- 
dominantly as anionic oxofluoro-complexes, which 
are stable even at high acid concentrations. From this 
point of view it is not surprising that practically no 
detectable retention and extraction of these elements 
is observed. On the other hand, hafnium and protac- 
tinium form only simple fluoro-complexes,‘4 and are 
neither retained on polyurethane foam nor extracted 
with cyclic ethers. A possible explanation of these 
apparent discrepancies is the formation of the species 
HfFi- and PaF:-, which are not extracted. The effect 
of alkali-metal fluoride on the distribution of 
tantalum at C MeF 2 O.lM (Figs. 2 and 5) could 
also be explained by the formation of higher 
fluoro-complexes such as TaF:- and TaFi-. 

Retention on polyurethane foam was also observed 

for the fluoro-complexes of antimony(V), and the 
behaviour of tantalum and antimony with poly- 
urethane foam in hydrofluoric acid solution is similar 
to that in their extraction as ion-association com- 

plexes into solvents such as ketones, amines and TBP, 
as well as to that in anion-exchange, and is probably 
due to the formation of complexes of the same type 
and having similar properties, presumably TaF; and 
SbF;. However, the formation of the antimony 
species takes place at slightly higher concentrations of 
hydrofluoric acid than that of the tantalum species. 
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Scan-Experimental ~hitin-uranium~op~r EPR spectra have been simulated by computer. The 
simulation suggests that the chitin~opper-uranium EPR spectra are primarily due to a chitin~opper 
interaction, with insignificant contribution from other paramagnetic species. The simulation suggests two 
possible complex configurations. both involving one ligand nitrogen atom. 

One of the recent developments in biotechnology is 
the identi~~at~on of a new type of adsorbents of 
biological origin which have high sequestering capac- 
ity for organic or inorganic pollutants. One of these 
adsorbents is the inactive biomass of Rhizopus ar- 

rhizus that has been demonstrated to give selective 

sequestration of radionuclides, such as uranium, tho- 
rium or radium, from aqueous solution.‘.’ A detailed 
investigation of the uranium and thorium uptake by 
R. arrhizus has led to the identification of the cellular 
components mainly responsible for the observed 
uptake and has allowed hypothesis of a mechanism 
for the process of radionuclide biosorption.3,4 

Biosorption of uranium by R. nrrhizus is concen- 
trated at the cell wall of the dead mycelium. Chitin, 
a crystalline aminopolysaccharide and a basic build- 
ing block of the R. arrhizus cell wall, has been 
identified as the active constituent of the mycelial cell 
wall responsible for the biosorptive behaviour. In 
order to improve the understanding of the mech- 
anism of uranium uptake by dead cells of R. arvhizus 

the competitive uptake of uranium by chitin in the 
presence of copper was investigated. Equilibrium 
data for competitive uranium adsorption, along with 
the result of other spectral investigation techniques, 
have already been reported.’ The information accu- 
mulated thus far has provided concrete evidence that 
the chitin amine nitrogen and a free radical associated 
with the chitin macromolecule are responsible for the 
co-ordination and sequestering of uranium as well as 
of other cations by the cell wall chitin.’ 

Equilibrium and spectral data on the competitive 
uranium uptake by chitin have shown that the ura- 
nium uptake capacity can be reduced by transition 
metal ions, such as copper (II), which compete with 
uranium for the chitin amine sites5 In an effort to 
acquire evidence for the three dimensional arrange- 
ment of the metal chitin complex, it was decided to 
examine the electron paramagnetic resonance (EPR) 

spectra of the chitin-uranium-copper system. The 
present work is not intended to be an exercise in 
theoretical EPR spectroscopy but rather an applica- 
tion of this type of spectroscopy in the area of 
biosorption, aiming at providing information on the 
mechanism of biosorption. 

EXPERIMENTAL 

The EPR spectra were determined by using a Varian 
E3 EPR spectrometer. The magnetic field sweep and the 
magnitude of the spin Hamiltonian tensor components 
were calibrated by means of a solid sample of 
diphenylpicrylhydrazyl free radical. All the sample tubes 
were checked and found to be free of any spurious and 
extraneous resonances in the temperature range 77-298 K. 
Special care was taken to ensure that the resonance line- 
shapes were not distorted by excessive amplitude modulation 
or microwave power. The experimental procedure and 
conditions used in the preparation of the chitin samples 
have been described previously.5 

RESULTS AND DISCLISSION 

Natural chitin has a naturally occurring organic 
free radical in its crystalline structure, Fig. 1.’ Since 
radicals are usually short-lived, the stable EPR spec- 
trum of the free radical suggests that the radical is 
trapped and stabilized in the rigid crystalline chitin 
matrix. Upon introduction of uranium ions alone 
into chitin, the free radical EPR spectrum changes, 
suggesting an interaction with uranium, Fig. 2.’ 
When copper(H)-ions are also introduced, the EPR 
spectrum of chitin changes further, mainly because of 
the copper-chitin interaction. The chitin-uranium- 
copper spectrum (Fig. 3) appears to be primarily the 
result of chitin-copper interaction. The contribution 
of the uranium interaction does not appear to be 
significant. It was decided to focus the investigation 
on the copper-chitin interaction since it produces a 
better defined EPR spectrum and is representative of 
the metal-chitin interaction system. The recorded 
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Fig. 4. Suggested environments of Cu moieties in the chitin 
network. 

copper-chitin spectrum corresponded well with the 
ones reported in the literature.(’ Chemical equilibrium 
data for the chitin-uraniumcopper system have 
confirmed that the affinity of chitin is greater for 

copper than for uranium.’ 

In simulating the line-shapes the best results were 
achieved when it was assumed that the Cu(II) moiety 
was associated with one nitrogen atom, resulting in 
a three-fold splitting of the resonances, with equal 
relative intensities. Owing to the unresolved nature of 
the superhyperfine splittings, it could not be un- 
equivocally determined whether the ligand nitrogen 
atom was axially or equatorially attached. Such 
unresolved superhyperfine splittings are not 
uncommon, and occur in the EPR spectra of 
most Cu(II)-amine complexes such as bis(ethyl- 
enediamine) copper (II).” 

Figure 3 is a typical example of the experimental Figure 5 shows the simulated resonance field posi- 
EPR spectrum of chitin following uptake of copper tions of the “Cu isotope of the copper complex 
and uranium from solution at pH 4.0. Although the situated at site I, LX. cos 0, where 0 is the angle 
resonance components in the z-direction (Fig. 4) are between the external applied magnetic field, B, and 
weak, under conditions of higher spectrometer sensi- the principal molecular axis of symmetry of the 
tivity they become more discernible, as shown on line molecule (Fig. 4). From this figure it can be seen that 
b in Fig. 3. This EPR spectrum indicates that there the electronic magnetogyric and nuclear hyperfine 
exist two main sites for the Cu-chitin interaction in tensor components, g::;, and A,,, at an angle of 0 = 0, 
the solid chitin matrix. The major site is denoted as are greater than the corresponding components g,, , 
I and the minor site is called site II. The suggestion g II J A,, and A,, at an angle of 0 = 90” The EPR 
of two sites is in agreement with the fact that solid spectrum generated by these resonance field positions 
chitin exists mainly as a mixture of two isomorphous is shown in Fig. 6. This spectrum, which includes the 
phases, namely LY- and /I-chitin. Thus when copper contributions of the superhyperfine interactions from 
ions interact with chitin, two different major com- one nitrogen nucleus, is separated into its four copper 
plexes may be formed, depending on whether the hyperfine components. These lines are labelled I, 2, 
chitin involved in complexation is of the c(- or fi- 3 and 4 respectively and the overall spectrum is 
form. labelled 5. 

Owing to the large line-widths of the EPR reso- 

nances the spectra are difficult to analyse, and com- 
puter simulation was tried as it is a technique that can 

assist in the resolution of spectral features. Such 
simulation enables the determination of most of the 
effective spin Hamiltonian tensor components. The 
estimated tensor components for the spectrum in 
Fig. 3 are listed in Table 1. Chitin is an amino- 
polysaccharide and there is extensive experimental 
evidence in the literature indicating that the amino 
nitrogen atom is the site for the co-ordination of 
metal ions.37 9 Because of the three-dimensional ar- 
rangement of the chitin monomer units, it is possible 
that when a metal ion is complexed it may interact 
with more than one nitrogen ligand atom. The possi- 

bility that the environment of the co-ordinated copper 
contains at least open nitrogen atom was thus in- 
vestigated. The spectrum was simulated by means of 
a Fortran IV program which makes provisions for 
superhyperfine splittings, assuming that potentially 
one, two, three, or four nitrogen atoms participate in 
a copper-chitin complex.‘0 

Table I. Effective spin-Hamiltonian parameters for Cue chitin 

Chitin 
site G’;;, ‘?,, R,, R:: A :, A :, AZ A,,(N)? A,,W)t A,,W)t 

I 9.45 2.062 2.062 2.31 I 20.00 20.00 154.47 2.5 2.5 1.9 
II 9.45 2.060 2.060 2.321 18.00 18.00 145.80 2.5 2.5 1.7 

tNitrogen superhyperfine tensor components (mT). 
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The spectra presented in Figs. 5 and 6 also assist in 
understanding the sloping of the overall spectrum 5 
in the region 260-310 mT. This sloping appears to be 
the result of the large line-widths of the resonances 
along the z-axis, which in turn results in the overlap 
of their wings, thus producing the apparently sloping 
base-line. The spectra in Figs. 5 and 6 also indicate 
that the four perpendicular hyperfme lines along the 
x and y axes lie close to one another, in contrast to 
the parallel components that are some distance apart. 
This is interpreted as the result of the larger copper 
hyperfine tensor component A,; as compared to A,, 
and A,.,. Consequently the corresponding EPR spec- 
trum (Fig. 6) is unresolved and more intense along 
the perpendicular components A, and A,,:,.. 

The simulated spectra for b3C~ and 65Cu, as well as 
their resultant effect for site I, taking into account 
their natural abundance isotopic ratio, are shown in 
Fig. 7. Although the spectral line shapes of the 
parallel components are better resolved in the simu- 
lated than in the experimental spectrum (Fig. 3), 
when the spectrum of the minor site II is also taken 
into account the experimental spectrum is well re- 
produced by our simulation (Fig. 6). The best simu- 
lated spectrum is obtained when the abundance of the 
two sites is in the ratio 1:0.13, implying 13% of 
/?-chitin in the sample. This ratio is not unreasonable 
and agrees well with the ratios reported in the 
literature.’ 

by chitin EPR spectra 231 

Relation of the spin Hamiltonian components to the 
nature of the Cu-chitin complex 

Assuming that the unpaired electron for the 
Cu(II)-chitin complex resides in a molecular orbital 
that is mainly dX2_y2 (Cu) > in character, then the g 
tensor components may be approximately expressed 
as 

g,, = g;; N 2.0023 - -& 
0 

and 

g, = g,, = grY N 2.0023 - ;, 
I 

wheie i is the spin-rbit coupling constant for the 
copper atom, AE, is the energy separation between 
the IL&_+ (Cu) > and I&,,. (Cu) > states, and AE, is 
the energy difference between the ldr2_+ (Cu) > and 
either the I& (Cu) > or Id,,(Cu) > orbitals.” Since 
the spin-orbit coupling constant is negative (using a 
hole formalism for the Cu 3d9 system) and AE,, is 
usually smaller than AE,, it is expected that all the 
diagonal g tensor components will be greater than the 
corresponding value for the free electron, g,. In 
addition, the g,Y,Y and gXY components are expected to 
be smaller than the g,, component, which is in 
accordance with the experimental and simulated 
spectra. Generally the spin-orbit coupling constant, 
1, for CuN, is less than that for CuO, complexes, 

Magnetic field (mT) 

Fig. 7. Simulated EPR spectra from “CU and osCu chitin complexes. Resultant spectrum is labelled 3. 
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whereas the ligand-field energies, AE, and A&, are of 
the same order of magnitude. Consequently it is 
expected that the g tensor components should be 
larger for CuO, complexes than for the respective 
components of CuN, complexes. The vaiues of 
g,, = 2.311 and g,, = gvv = 2.062, determined by the 
simulation, suggest the existence of two most likely 
local copper moieties. The first includes three oxygen 
and one nitrogen atoms in the equatorial plane and 
the second has four oxygen atoms in its equatorial 
plane and an additional nitrogen atom along the 
z-axis. Both of these moieties are schematically 
presented in Fig. 4. Two-dimensional arrangements 
for the complex of copper with chitin have been 
proposed in the literature, and agree reasonably well 
with the proposed three-dimensional models.‘2,‘” 

The absolute values of the copper hyperfine tensor 
components for site I were estimated to be A, = 
154.47 x low4 cm-’ and A, = A, N 20.0 x lO-4 
cm-‘. The theoretical expressions for these tensor 
components are given approximately byL3 

A-.-g~~-K-~+i(gl-2)+(g,,-2)~ __ 

A,,y = A,,. z ‘w - K + f - y &- 
I 

Spin-orbit coupling and the unquenching of orbital 
angular momentum contribute the factors (g, - 2), 
$(g, - 2) and y(gl - 2). On the other hand the 
dipolar interactions result in values of -! and 5 
for A,,, and for A,y.y and A!:,. respectively. Although 
the dipolar and spin-orbit coupling contributions 
oppose one another for A, and reinforce each other 
in A,, and A,.,. the value of A,, is found, from the 
simulation of the experimental spectrum, to be much 
larger than A,, and A ~~. This is due to the isotropic 
Fermi contact interaction (K) resulting from the 
existence of electronic charge density at the copper 
nucleus. In the case of Cu(II), the Fermi term arises 
from the core s electrons that are spin-polarized. It is 
very difficult to estimate in advance the contribution 
to the Fermi term arising from core polarization. 
However, from the values of the copper hyperfine 
tensor components that were estimated by the simu- 
lation, the value of K was found to be 0.312. This 
value is close to values that have been reported for 
other Cu(Il) complexes.” The value found for k: 
indicates that A,; is negative, whereas both A,, and 
A,., are estimated to be positive, equal and approxi- 
mately 20.0 x 10e4 cm-‘. The g and A tensors for the 
Cu(II) complex suggest that the unpaired electron of 

the Cu(II)-chitin complex sites lies in a molecular 
orbital that is mainly IL& (Cu) > in character. 

CONCLUSIONS 

The experimental and simulated EPR spectra of 
the chitin-uranium-copper system suggest the fol- 
lowing conclusions. 

Copper appears to form two separate complexes 
with chitin at two possible sites, designated as sites I 
and II, which are probably related to the existence of 
the two main crystalline forms of chitin (CL and 8). 

From the present simulation and previous experi- 
mental work, both copper complexes are thought to 
involve one nitrogen ligand atom, with the remaining 
ligands oxygen atoms. The proposed possible 
con~gurations of the copper en~ronment for sites I 
and II are presented schematically in Fig. 4. 

The estimated g tensor components (g,, > 
guu =gX,) indicate that the copper complex has its 
unpaired electron lying in the copper IdXZ_,,2 > 
orbital. 

The chitin-uranium~opper EPR spectrum ap- 
pears to be, primarily the result of the chitin-copper 
interaction. Any contributions to the spectrum by 
uranium or a free radical do not appear to be 
significant. 
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Summary-Methods for determining -0.2 pg/g or more of silver and cadmium, -0.5 pg/g or more of 
copper and u 5 rg/g or more of antimony, bismuth and indium in ores, concentrates and related materials 
are described. After sample decomposition and recovery of antimony and bismuth retained by lead and 
calcium sulphates, by co-precipitation with hydrous ferric oxide at pH 6.20 k 0.05, iron(III) is reduced to 
iron with ascorbic acid, and antimony, bismuth, copper, cadmium and indium are separated from the 
remaining matrix elements by a single methyl isobutyl ketone extraction of their iodides from -2M 
sulphuric acid-O.lM potassium iodide. The extract is washed with a sulphuric acid-potassium iodide 
solution of the same composition to remove residual iron and co-extracted zinc, and the extracted elements 
are stripped from the extract with 20% v/v nitric acid-20% v/v hydrogen peroxide. Alternatively, after 
the removal of lead sulphate by filtration, silver, copper, cadmium and indium can be extracted under 
the same conditions and stripped with 40% v/v nitric acid-25% v/v hydrochloric acid. The strip solutions 
are treated with sulphuric and perchloric acids and ultimately evaporated to dryness. The individual 
elements are determined in a 24% v/v hydrochloric acid medium containing 1000 pg of potassium per ml 
by atomic-absorption spectrophotometry with an air-acetylene flame. Tin, arsenic and molybdenum are 
not co-extracted under the conditions above. Results obtained for silver, antimony, bismuth and indium 
in some Canadian certified reference materials by these methods are compared with those obtained earlier 
by previously published methods. 

Recently, we published a study of the methyl isobutyl 
ketone (MIBK) extraction of 15 elements as iodides 
from O.l-5M sulphuric acid/O.Ol-0.94 potassium 
iodide solutions.’ This study showed that silver, 
antimony, bismuth, copper, cadmium, indium, tellur- 
ium(IV) and thallium(II1) can all be quantitatively 
extracted into MIBK in one extraction from 2M 
sulphuric acid/0.05-0.5M potassium iodide when the 
volume ratio of the organic to aqueous phase is 1: 2. 
Furthermore, at the 500-mg level, < 1.5% of any zinc 
present is extracted from solutions that are up to 
-O.lM in potassium iodide and up to -2M in 
sulphuric acid. The back-extraction of these elements 
was also investigated. In recent years, individual 
atomic-absorption spectrophotometric (AAS) and 
light-absorption spectrophotometric methods have 
been developed in this laboratory for the deter- 
mination of some of the elements above, viz. silver,2m4 
antimony,5 bismuth6,’ and indium’ in zinc sulphide 

Crown Copyright Reserved. 

ores and concentrates, zinc processing products and 
other diverse sulphide ores and related materials. 
However, the results of the extraction study sug- 
gested that the group extraction of these elements, 
plus copper and cadmium, from -2M sulphuric 
acid-O. 1 M potassium iodide might provide an alter- 
native and relatively rapid flame AAS method for the 
determination of all six elements in the materials 
listed. Because these materials usually contain only 
trace amounts of thallium and tellurium, deter- 
mination of these two elements by flame AAS was not 
considered feasible. 

AAS methods9m20 based on extraction of the iodides 
of one or more of the elements above, and other 
elements including zinc and lead, into MIBK [or 
MIBK containing compounds such as tri-n-octyl- 
amine,” trioctylphosphine oxideI and tricapryl- 
methylammonium chloride (Aliquat 336)9.‘o] from 
hydrochloric,’ 12,18 2o sulphuric,‘4,‘7 perchloric” and 
phosphoric acid”,16 media have been reported for 
various types of materials. However, none of these 
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methods is directly applicable to samples containing 
relatively large amounts of lead, because in hydro- 
chloric acid media lead is co-extracted as the 
iodide,9.‘o,‘~,‘~ whereas in sulphu~c, perchloric and 
phosphoric acid media, the lead sulphate produced 
by reaction with sulphuric acid and/or by the 
oxidative decomposition of sulphide ores must be 
filtered off before the extraction step. This results in 
the loss of appreciabIe amounts of antimony, bismuth 
and silver, which are retained by the precipitate.’ The 
occluded silver can be readily recovered by washing 
the precipitate with -4M ammonia solution.2.3 How- 
ever, the development of a suitable group iodide 
extraction/AAS method, which would be applicable 
to the determination of both antimony and bismuth 
in ores of moderate and high lead content, and which 
would involve extraction from sulphuric acid media, 
would require that provision be made for the recov- 
ery of these occluded elements from the lead sulphate 
precipitate. This, as well as the group back-extraction 
of the elements under consideration, was investigated 
in this work. Although the extracted elements can 
be dete~ined directly in the MIBK extract by 

AAS,9~‘2.“20 an aqueous medium was chosen because 
of the wide variation in the contents of some of these 
elements in sulphide ores and related materials. This 
simplifies the dilutions needed, and results in sample 
and calibration solutions that are usually more stable 
than MIBK extracts.‘“.” 

The proposed method A involves the separation of 
antimony, bismuth, copper, cadmium and indium 
from the matrix elements by a single MIBK extrac- 
tion of their iodides from _ 2M sulphuric acid/O. IM 
potassium iodide, after the recovery of antimony and 
bismuth from lead and calcium sulphates by co- 
precipitation with hydrous ferric oxide at pH 6.20 
_t 0.05. The extracted elements are stripped from the 
extract with 20% v/v nitric acid containing 20% v/v 
hydrogen peroxide and ultimately determined in 24% 
v/v hydrochloric acid medium containing 1000 pg 
of potassium per ml by AAS with an air-acetylene 
flame. Method B involves the extraction of silver, 
copper, cadmium and indium under the same condi- 
tions, after the removal of lead sulphate by filtration 
and recovery of the occluded silver from the precipi- 
tate by washing with dilute ammonia solution. The 
extracted elements are stripped with 40% v/v nitric 
acid containing 25% v/v hydrochloric acid to keep 
silver iodide in solution, and determined as described 
above. Results obtained for silver, antimony, bismuth 
and indium in some Canadian certified reference 
materials by these methods are compared with those 
obtained earlier by previously published methods. 

Apparatus 

EXPERIMENTAL 

A Perkin-Elmer model 5000 spectrophotometer, 
equipped with a single-slot IO-cm air-acetylene burner, was 
used for all atomic-absorption measurements. Operating 
conditions were those recommended by the manufacturers, 

and the burner position and flame parameters for each 
element were optimized for maximum absorbance while 
aspirating standard solutions. Hollow-cathode lamps, the 
impact bead and the most sensitive resonance lines were 
used for all the elements determined, and background 
correction was employed for antimony and bismuth. Each 
element was determined by using the direct read-out device 
after calibration of the instrument with two or three cali- 
bration solutions of different concentrations. Under these 
conditions and depending on the concentrations of the 
calibration solutions, the instrumentally computed scale 
expansions ranged from - 1 up to -7, 1 I, 7, 10, 3 and 13 
for silver, antimony, bismuth, copper, cadmium and indium, 
respectively. Depending on the volume of sample solution, 
2 or 3 set integration times were used in conjunction with 
an aspiration rate of -6 ml/min. 

Reagents 

Standard silver solution, 100 pg,!rnl. Dissolve 0.1000 g of 
pure silver foil in - 25 ml of 25% v/v nitric acid, add - 10 
ml of 50% v/v sulphuric acid and evaporate the solution to 
fumes of sufphur trioxide. Cool the solution, dissolve the 
salts by heating gently with - 100 ml of concentrated 
hydrochloric acid, then dilute to volume with water in a 
I-litre standard flask containing - 300 ml of concentrated 
hydrochloric acid. This solution is stable for at least 2 
months. 

Stan~rd ~t~mony(II~~ solution, 1000 pgtglml. Dissolve 
0.5338 g of pure potassium antimony tartrate (dried at 105” 
for 1 hr) in water and dilute to 200 ml. 

Bismuth, indium, copper and cadmium solutions, 1000 
pgglml. Dissolve 0.5000 g of each of the pure metals by 
heating gently with -40 ml of 25% v/v nitric acid. Cool and 
dilute each solution to 500 ml with water. 

Copper plus Casio solution, I00 ug/ml. Transfer 25 ml 
of each stock solution to a 250~ml standard flask and dilute 
the resulting mixed solution to volume with water. 

Indium solution, 100 pglml. Dilute a 25-ml aliquot of the 
stock solution to 250 ml with water as described above. 

Antimony plus bismuth solution, 100 pg/ml. Dilute 25 ml 
of each stock solution plus 50 ml of concentrated hydro- 
chloric acid to 250 ml as described above. 

Zron(ZIZ) solution, 5 mg of iron Jml. Dissolve 12.5 g of 
ferric sulphate nonahydrate in -300 ml of hot water 
containing - 10 ml of concentrated hydrochloric acid. Cool 
and dilute to 500 ml with water. 

Potassium solution, lO.Omg/ml. Dissolve 19.0 g of potas- 
sium chloride in water and dilute to 1 litre. 

Bromine, 20% v/v solution in carbon tetrachloride. 
Su~~rous acid. Water saturated with sulphur dioxide. 
Tartaric acid, 5% solution. 
Ammonium chloride, 15% solution. 
Potassium iodide, 2M solution. 
Sulphuric acid (2M)-potassium iodide (O.IM) wash solu- 

tion. Prepare a sufficient volume of solution just before use, 
containing 22 ml of 50% v/v sulphuric acid and 5 ml of 2M 
potassium iodide solution per 100 ml. 

Nitric acid (20% v/v)-hydrogen peroxide (20% v/u) 
solution. Prepare a sufhcient volume of solution just before 
use, by appropriate dilution of concentrated nitric acid and 
30% w/v hydrogen peroxide. 

Nitric acid (40% u/v)-hydrochloric acid (25% u/v) solu- 
tion. Prepare a sufficient volume of solution just before use, 
and cool to room temperature. 

Aqua regia. Mix 3 parts of concentrated hydrochloric acid 
with 1 part of concentrated nitric acid. Prepare fresh as 
required. 

Sulphuric acid, 50% VJV. 
Suiphuric acid, I% and 5% v/v. Store in a plastic 

squeeze-type wash bottle and a glass wash-bottle, re- 
spectively. 

Ammonia, 25% v/t, solution. Store in a plastic squeeze- 
type wash-bottle. 
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Ammonia, 10% v/v solution. Store in a dropping bottle. 
Hydrochloric acid, 10% v/v. Store in a dropping bottle. 
MIBK. Analytical-reagent grade. 

Calibration solutions 

Prepare 0.5, I-, 1.5-, 2-, 2.5- and 3+g/ml silver solutions 
by adding the corresponding volumes of lOO-pg/ml 
standard silver solution to IOO-ml standard flasks (Note 1). 
Add IO ml of lO.O-mg/ml potassium solution to each flask, 
followed by sufficient concentrated hydrochloric acid for the 
final solutions to be 24% v/v hydrochloric acid, then dilute 
each solution to volume with water. Using the IOO-pgjml 
standard antimony plus bismuth solution and the IOO-pg/ml 
indium solution, prepare, in a similar manner, one series of 
calibration solutions containing 0.5, 1, 2, 3, 5, IO, 15 and 20 
pg/ml each of antimony and bismuth and a second series 
containing the same concentrations of indium (Note 2). In 
the same way, prepare solutions containing 0.5, I, l&2,2.5, 
3 and 4 pg/ml each of copper plus cadmium, then prepare 
a zero calibration solution by diluting 25 ml of IO.O-mg/ml 
potassium solution and 60 ml of concentrated hydrochloric 
acid to 250 ml with water. 

Procedures 

A-Determination of antimony, bismuth, copper, cadmium 
and indium. Transfer up to 1 g of powdered sample, 
containing up to -500 pg each of antimony, bismuth, 
cadmium and indium and not more than N 150 mg each of 
calcium and lead and 20 mg of copper, to a 400-ml Teflon 
beaker. Cover the beaker and add 5 ml of 20% bromine 
solution in carbon tetrachloride and 15 ml of concentrated 
nitric acid. Mix and allow the solution to stand for N 15 
min, then heat gently to remove the bromine and carbon 
tetrachloride. Add 25 ml of 50% v/v sulphuric acid, heat 
until the evolution of oxides of nitrogen ceases, then remove 
the cover and wash down the sides of the beaker with water. 
Add 10 ml of concentrated hydrofluoric acid and carefully 
evaporate the solution until copious fumes of sulphur 
trioxide are evolved. Cool, cover the beaker with a Teflon 
cover (Note 3), add 5 ml of aqua regia (Note 4) and heat 
until the evolution of oxides of nitrogen ceases, then remove 
the cover and evaporate the solution to fumes of sulphur 
trioxide. Cool, wash down the sides of the beaker with water 
and evaporate to fumes again to ensure the complete 
removal of hydrofluoric and nitric acids. Cool, add 10 ml of 
5% tartaric acid solution and 50 ml of water and heat gently 
to dissolve the salts. Cool the solution to room temperature 
and, if necessary, filter it (Whatman 11-cm No. 40 paper) 
into a 400-ml Pyrex beaker. Wash the beaker and paper each 
three times with +- 5-lo-ml portions of 1% v/v sulphuric 
acid, then once each with water. Reserve the filtrate. If the 
antimony, bismuth and copper contents of the sample are 
expected to be <200 pg, run a blank through the whole 
procedure. 

Using a jet of water, wash the residue into the original 
Teflon beaker, then place the beaker under the funnel and 
add, in succession, three 25-ml portions of hot 15% ammo- 
nium chloride solution to the funnel to dissolve any residual 
lead and calcium sulphates. Wash the paper once with 
water, then reserve it. Add 3 ml of concentrated hydro- 
chloric acid, 1 ml of concentrated nitric acid (Note 5) and 
5 ml of 5 mg/ml iron(II1) solution to the resulting solution, 
cover, and boil vigorously for -30 min to ensure the 
complete dissolution of lead sulphate. Cool the solution to 
room temperature, then adjust the pH to 6.20 f 0.05 with 
concentrated and 10% v/v ammonia solution, and with 10% 
v/v hydrochloric acid if required. Cover the beaker and boil 
the solution for _ 1 min to coagulate the precipitate; allow 
it to settle, then filter the solution through the original filter 
paper and wash the beaker and the paper plus precipitate 
each thoroughly three or four times with water to remove 
chloride. Discard the filtrate and mace the beaker containing 
the initial filtrate under the funnel. Wash down the sides of 

the precipitation beaker with _ 10 ml of hot 5% v/v 
sulphuric acid and add the solution to the funnel containing 
the precipitate. Wash the beaker once more with the hot 
acid solution, followed by water, then wash the paper three 
times with -5 ml portions of the acid solution to dissolve 
any remaining precipitate. Discard the paper. Place a glass 
rod in the solution to prevent bumping, cover the beaker, 
evaporate the solution to -60 ml, then cool it to room 
temperature. 

Transfer the solution to a 250-ml separatory funnel 
marked at 100 ml, add 3 g of ascorbic acid, then stopper the 
funnel and shake until most of the acid has dissolved. Add 
5 ml of 2M potassium iodide solution, dilute the solution to 
the mark with water and allow it to stand for 30 min to 
ensure complete complex formation. Add 50 ml of MIBK, 
stopper the funnel and shake it for 2 min. Allow several min 
for the layers to separate, then drain off and discard the 
aqueous layer. Wash the extract by shaking it for -30 set 
with 20 ml of freshly prepared 2M sulphuric acid-O.lM 
potassium iodide. Discard the wash solution. Add 25 ml of 
freshly prepared 20% v/v nitric acid-20% v/v hydrogen 
peroxide solution to the extract and shake for 2 min (Note 
6). Allow the layers to separate, then drain the lower 
(aqueous) layer into a 150-ml beaker and wash the stem of 
the funnel with water. Strip the MIBK phase twice more by 
shaking it for _ 1 min with 10 ml of the strip solution and 
then for -30 set with 5 ml. Collect these solutions in the 
beaker containing the initial strip solution and wash the 
stem of the funnel with water each time (Note 7). 

Add 1 ml of lO.O-mg/ml potassium solution, 2 ml of 
50% v/v sulphuric acid and 1 ml of concentrated perchloric 
acid to the combined strip solution. Place a thin glass 
rod in the solution to prevent bumping, then cover the 
beaker and evaporate the solution to fumes of perchloric 
acid. Continue to heat the solution for * 10 min to destroy 
organic material, then cool to room temperature, add 2 ml 
of aqua regia and heat until the evolution of oxides of 
nitrogen ceases. Cool, remove the cover and evaporate the 
solution to dryness. Wash down the sides of the beaker with 
water and evaporate the solution to dryness again to remove 
all the sulphuric acid. Add 2.4 ml of concentrated hydro- 
chloric acid and 3 ml of sulphurous acid to the beaker 
containing the blank. Depending on the lowest expected 
content of any of the elements to be determined, add 
sufficient concentrated hydrochloric acid to the beaker 
containing the sample for the final solution to be 24% v/v 
in hydrochloric acid (Note S), then add sufficient 
lO.O-mg/ml potassium solution for 1 ml to be present for 
each 10 ml of final solution in excess of 10 ml (Note 9). Add 
5 ml of sulphurous acid followed by sufficient water for the 
hydrochloric acid concentration to be _ 50% v/v (Note IO). 
Cover both beakers and boil the solutions gently for _ 5-7 
min to remove sulphur dioxide (Note 1 I), then cool to room 
temperature. Transfer the blank solution to a IO-ml stan- 
dard flask and the sample solution to a flask of appropriate 
size (25-100 ml). Dilute each solution to volume with water 
and mix. 

Using the conditions described under Apparatus, deter- 
mine the concentrations of antimony, bismuth, copper, 
cadmium and indium at 217.6,223.1, 324.8,228.8 and 303.9 
nm, respectively, spraying the sample solution into an 
appropriately adjusted air-acetylene flame. If dilution of 
the solution is necessary, add sufficient concentrated hydro- 
chloric acid and lO.O-mg/ml potassium solution to the 
aliquot taken, for the final concentrations of acid and 
potassium to be 24% v/v and 1 .O mg/ml respectively (Note 
12). Calculate the contents of each element (in pg), then, if 
necessary, correct the results obtained for antimony, bis- 
muth and copper by subtracting those obtained for the 
blank. 

B-Determination of silver, copper, cadmium and 
indium. Treat up to 1 g of powdered sample (Note I), 
containing up to -500 pg each of silver, cadmium and 
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indium and not more than _ 10 mg of calcium, 350 mg of 
lead (Note 13) and 20 mg of copper, with bromine in carbon 
tetrachloride solution and nitric acid as described above, 
then add 10 ml of concentrated hydrochloric acid, 5 ml of 
concentrated perchloric acid and 15 ml of 50% v/v sulphuric 
acid. Heat until the evolution of oxides of nitrogen ceases, 
then cool the solution and remove the cover. Add 10 ml of 
concentrated hydrofluoric acid and carefully evaporate the 
solution to fumes of perchloric acid (Note 14). Cool, wash 
down the sides of the beaker with water and evaporate the 
solution to -5 ml. Cool, add 20 ml of 50% v/v sulphuric 
acid and -35 ml of water and heat to dissolve the salts. 
Cool the solution to room temperature and, if necessary, 
filter it as described above into a 250-m] separatory funnel 
marked at 100 ml. Wash the beaker once with water, then 
twice with 5 lo-ml portions of 25% v/v ammonia solution 
to dissolve any insoluble silver compounds adhering to the 
sides. Wash the paper and residue thoroughly (Note 15) 
three times with -7-ml portions of 25% v/v ammonia 
solution to recover the silver retained by the lead sulphate, 
then wash the beaker and paper each once with 5% v/v 
sulphuric acid. Discard the paper. 

After the addition of ascorbic acid and potassium iodide 
solution dilute the solution to 100 ml with water, allow it to 
stand for 30 min, then proceed with the MIBK extraction 
and washing step as described in Procedure A. Strip the 
solution as described, using 40% v/v nitric acid-25% v/v 
hydrochloric acid solution instead of the nitric acid-hydro- 
gen peroxide solution. After the addition of the recom- 
mended volumes of potassium solution, 50% v/v sulphuric 
acid and concentrated perchloric acid, treat the sample and 
blank solutions as described in Procedure A but omit the 
additions of aqua regia and sulphurous acid and the final 
boiling step. If necessary, warm the solutions very gently 
(Note 16) to dissolve the residue, then dilute them to 
suitable volumes and determine silver (at 328.1 nm), copper, 
cadmium and indium as described above. 

Notes 
1. For silver determinations, all glassware and Teflon- 

ware should be washed with N 25% v/v ammonia solution, 
followed by water. 

2. As mentioned subsequently under Calibration solu- 
tions, relatively exact additions (graduated pipette) of 
concentrated hydrochloric acid are necessary for indium 
calibration solutions. If desired, calibration solutions 
containing copper, cadmium and indium can be prepared. 

3. A watch-glass should not be used, because if the 
hydrofluoric acid has not all been removed in the preceding 
step it will etch the glass and result in the contamination of 
the solution by antimony and other elements from the glass. 
If antimony is not of interest and a relatively large amount 
is present, it can be removed at this stage by volatilization 
as the bromide by adding N 10 ml of concentrated hydro- 
bromic acid and evaporating the solution to fumes of 
sulphur trioxide again. In this case the subsequent additions 
of aqua regiu and sulphurous acid can be omitted. 

4. Aqua regia is added to ensure that all the antimony is 
present as antimony(V).5 

5. Nitric acid is added to prevent possible loss of anti- 
mony by volatilization as the chloride during the subsequent 
boiling step.’ 

6. The MIBK phase should be colourless after shaking 
for 2 min. If it is not, add more strip solution and continue 
shaking until the extract becomes colourless. 

7. Warning. After the stripping step shake the MIBK 
phase with _ 100 ml of water to remove some of the 
co-extracted acid before draining the solvent into a waste 
bottle. If this is not done, a potentially dangerous exo- 
thermic reaction can occur if the combined stripped extracts 
are allowed to stand for some time, particularly in a tightly 
closed bottle, before disposal. 

8. If indium is to be determined, the exact volume of 

concentrated hydrochloric acid required must be added 
(Note 2) and the subsequent boiling step to remove sulphur 
dioxide must not be prolonged, or hydrochloric acid will be 
lost by evaporation. This causes a high result for indium 
because the hydrochloric acid concentration in the sample 
solution will be lower than that in the calibration solutions 
and cause less depression of the indium signal. 

9. Additional IO.O-mg/ml potassium solution is not re- 
quired for the blank solution, which is ultimately diluted to 
10 ml, because I ml was added to the strip solutions before 
the evaporation step. For final sample solution volumes of 
25, 50 and 100 ml, add 1.5, 4 and 9 ml, respectively. 

IO. An approximately 6M hydrochloric acid medium is 
required for the rapid reduction of antimony(V) to anti- 
mony(III) with sulphurous acid.5 

11. The boiling step should not be prolonged because 
antimony will be lost by volatilization if the solution is 
evaporated to low volume or to dryness. 

12. The additional IO.O-mg/ml potassium solution and 
concentrated hydrochloric acid required for some dilutions 
are as follows: 2 ml of sample solution diluted to 25 ml 
requires 2.3 ml of potassium solution and 5.6 ml of concen- 
trated hydrochloric acid; 2 ml/50 ml requires 4.8 and 11.6 
ml; 5 ml/25 ml requires 2.0 and 4.8 ml; 5 ml/50 ml requires 
4.5 and 10.8 ml; and 4 ml/100 ml requires 9.6 and 23.0 ml, 
respectively. For dilutions of 2 ml/100 ml, or more dilute 
solutions, which may be required for the determination of 
copper, the small amounts of potassium and hydrochloric 
acid in the aliquots taken do not need to be considered. 

13. If silver is not of interest, up to u 50 mg of calcium 
and * 600 mg of lead can be present. 

14. If much antimony is present, it can be removed as 
described in Note 3. 

15. For the residue to be washed effectively, any that 
adheres to the sides of the paper should be gently loosened 
with a glass rod. If silver is not of interest, the beaker and 
residue can be washed with 1% v/v sulphuric acid. 

16. Gentle warming minimizes loss of hydrochloric acid 
(Note 8) during the dissolution step. 

RESULTS AND DISCUSSION 

Calibration solutions 

Calibration solutions containing 24% v/v hydro- 
chloric acid were chosen, to keep silver in solution 
without the addition of diethylenetriamine as recom- 
mended previously,2 and 1 mg of potassium per ml 

(as the chloride) was added to both the sample and 
calibration solutions as an ionization suppressant, 
particularly for cadmium and indium. Silver solu- 
tions prepared in this way and containing < 1 pg of 
silver per ml are stable for at least one week. Solu- 
tions of higher concentration should be prepared 
fresh every 2 or 3 days because their absorbance may 
decrease on standing. Calibration solutions contain- 
ing both antimony and bismuth should be prepared 
fresh every 2 weeks. Those containing indium, copper 
and cadmium are stable for at least one month. 
Except for indium solutions, it is not necessary to add 
the exact required volume of concentrated hydro- 
chloric acid; 24 f 1 ml per 100 ml is adequate. 
However, for indium calibration solutions rather 
more accurate additions are necessary because of 
the severe depressive effect of hydrochloric acid on 
indium absorption in an air-acetylene flame.2’ In this 
work, it was found that, at the lo-pgg/ml level, indium 
absorbance was depressed -27 and 32% in the 
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presence of 20 and 25% v/v hydrochloric acid, 
respectively. For convenience, the hydrochloric acid 
concentration of the calibration solutions was kept 
the same for both Procedures A and B. However, 
if only Procedure A is used, the acid concentration 
can be reduced to - 15% v/v. A lower concentration 
is not recommended, because bismuth may then 
hydrolyse in the solutions. 

Separation of silver, antimony, bismuth, copper, cad- 
mium and indium by extraction as iodides and back- 
extraction of the complexes 

Previous’ and later work showed that, in the 
presence of 500 mg of zinc, 50 mg of iron and 
ascorbic acid as a reductant for iron(III), up to at 
least 500 pg each of silver, bismuth, cadmium and 
indium, and up to at least 20 mg of copper can be 
simultaneously and quantitatively extracted into 50 
ml of MIBK from h 100 ml of 2M sulphuric acid- 
0.1 M potassium iodide solution and subsequently 
stripped from the extract with 40% v/v nitric acid 
containing 20-25% v/v hydrochloric acid to keep 
silver iodide in solution. However, although anti- 
mony, in the presence of tartaric acid to prevent 
hydrolysis, ’ is also quantitatively extracted under 
these conditions, it is not stripped with solutions 
containing hydrochloric acid, probably because of 
the formation of SbCl,, which remains in the MIBK 
phase. Similar behaviour was observed previously for 
tin’ and was attributed to the formation of SnCl, or 
possibly negatively charged chloro-complexes. Sub- 
sequent tests with pure antimony and silver solutions 
showed that antimony can be stripped from the 
extract first with 5-20% v/v nitric acid, followed 
by stripping of the silver with nitric-hydrochloric 
acid solution as described above. However, low and 
erratic results were consistently obtained for silver 
when this double stripping technique was applied to 
some Canadian Certified Reference Materials Project 
(CCRMP) ores and concentrates in which the lead 
sulphate formed during decomposition was first 
washed with 25% v/v ammonia solution to remove 
occluded silver, followed by dissolution of the 
precipitate with ammonium chloride and recovery 
of the occluded antimony and/or bismuth by co- 
precipitation with hydrous ferric oxide as described in 
Procedure A. In these tests the beaker containing the 
combined solution, after the dissolution of the 
hydrous ferric oxide precipitate, was washed with 
25% v/v ammonia solution before the extraction 
step,* to ensure the recovery of any insoluble silver 
compounds adhering to the sides of the beaker after 
concentration of the solution by evaporation. Ulti- 
mately, because subsequent tests suggested that silver 
in the sample extracts is not completely stripped by 
this double stripping technique, a separate method 
was developed for the determination of antimony, as 
well as for bismuth, copper, cadmium and indium, in 
which these elements are stripped from the extract 
with 20% v/v nitric acid containing 20% v/v hydro- 

gen peroxide.’ Silver is not stripped under these 
conditions. 

Treatment of the strip solutions 

In Procedure A, involving the determination of 
antimony, aqua regia is added before the evaporation 
of the strip solution to dryness, to convert all the 
antimony present into antimony(V). This prevents or 
inhibits the formation of a mixed antimony(III and 
V) species which is not readily reduced to anti- 
mony(III).’ Because the atomic-absorption of anti- 
mony depends on its oxidation state, this treatment 
ensures that ultimately all the antimony present in the 
final solution will be in the same, antimony(III), state 
as in the calibration solutions after reduction of the 
resultant antimony(V) with sulphurous acid in _ 6M 
hydrochloric acid. l-5 High results will be obtained if 
antimony(V) is present in the final solution. The 
additions of aqua regia and sulphurous acid are not 
necessary for Procedure B. However, in both Pro- 
cedures A and B, N 10 mg of potassium is added as 
the chloride to the strip solutions to prevent or inhibit 
the formation of insoluble antimony’ and silver3 
compounds on evaporation of the solutions to dry- 
ness in the presence of sulphuric and perchloric acids. 

Recovery of antimony and bismuth retained by lead 
and calcium sulphates, by co-precipitation with hy- 
drous ferric oxide 

Previous work showed that if lead sulphate is 
removed by filtration before the extraction step, it 
retains appreciable amounts of bismuth and anti- 
mony,’ and subsequent work showed that calcium 
sulphate behaves similarly. Consequently, a simple 
and reasonably rapid method was required for the 
recovery of these occluded elements. Because it has 
been reported recently** that trace amounts of anti- 
mony(V), bismuth and tin(IV) can be separated from 
up to 10 g of lead by co-precipitation with hydrous 
ferric oxide at pH 4.0-4.5, with ammonia solution for 
pH adjustment, the applicability of this separation 
procedure was investigated in this work. However, 
this method yielded low results for both bismuth and 
antimony(V) [prepared by oxidation of antimony(II1) 
with aqua regia] in the absence of lead, because of the 
low pH used for co-precipitation. Subsequent work 
showed that essentially complete co-precipitation of 
both elements can be obtained at -pH 6-7. Because 
lead would be expected to be co-precipitated as the 
hydrous oxide at pH values approaching 7, a pH of 
6.20 + 0.05 was chosen for further work, and tests 
showed that, under these conditions, bismuth and 
antimony can be quantitatively recovered from pre- 
cipitates containing up to N 150 mg each of calcium 
and lead. With larger amounts of lead some co- 
precipitation of lead may occur and cause low results 
for antimony and bismuth. 

Effect of diverse ions 

At the sulphuric acid and potassium iodide concen- 
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trations used for the extraction of silver, antimony, 
bismuth, copper, cadmium and indium, germanium, 
arsenic and molybdenum are not extracted into 
MIBK, and tin is not significantly extracted. Thal- 
lium(II1) and tellurium(W) are completely extracted 
and palladium is almost completely extracted, but the 
amounts of these elements present in ores and con- 
centrates-relative to silver and the other elements- 
would not be expected to interfere in their extraction 
or to cause error in their determination by flame 
AAS. Selenium is reduced to the elemental state by 
ascorbic acid before the extraction step. Zinc is partly 
extracted--6 mg at the 500-mg level-but can be 
readily removed from the extract by washing it once 
with _ 20 ml of 2M sulphuric acid-O. 1 M potassium 
iodide solution. Residual iron is also removed under 
these conditions.’ 

As found previously, silver occluded by lead 
sulphate,* but not by calcium sulphate,’ can be 
recovered by washing the precipitate with 25% v/v 
ammonia solution. Up to N 10 mg of calcium and 
-350 mg of lead can be present in the sample 
without producing appreciable error in the silver 
result.-’ As mentioned earlier, up to at least 20 mg of 
copper-which is usually present in much larger 
amounts in ores and related materials than are the 
other elements of interest-can be present during the 
extraction step, and up to 1 mg of copper per ml will 
not cause significant error in the AAS determinations 
of silver, antimony, bismuth, cadmium and indium. 

Applications 

Tables 1 and 2 show that the results obtained for 
antimony, silver and copper in six diverse CCRMP 
ores and concentrates are in excellent agreement with 
either the values obtained during the preliminary 
CCRMP work or the certified values, or are within, 
or almost within, the 95% confidence limits. The 

results obtained for cadmium in MP-1 also agree 
reasonably well with the approximate value obtained 
during the preliminary CCRMP work, but those 
obtained for CPB-1 and CZN-1 are slightly higher 
than, but still in good agreement with, the certified 
values. Except for bismuth in CZN-1 (Table 1) and 
indium in MP-1 (Tables 1 and 2), the results obtained 
for indium and bismuth are also in good agreement 
with the certified values or those given for informa- 
tion only. Although that obtained for bismuth in 
CZN-1 is slightly lower than the recently certified 
value,23 it is in excellent agreement with the mean 
results (Table 3) obtained previously in this labora- 
tory by three different methods involving both 
spectrophotometri&’ and AAS finishes’ after separ- 
ation of bismuth from matrix elements by various 
extraction and co-precipitation procedures. Similarly, 
the result obtained for indium in MP-1 is lower than 
the certified value but in good agreement with pre- 
vious results (Table 3) obtained by extraction/flame 
atomic-emission, extraction/AAS and iron collection/ 
AAS methods8 From the results of this work and 
that shown in Table 3, it is considered highly prob- 
able that the certified values for bismuth in CZN-1 
and for indium in MP-1 are slightly high. The results 
(Table 1) obtained for antimony in the industrial zinc 
concentrates agree well with previous results obtained 
by a spectrophotometric iodide method after separ- 
ation of antimony by co-precipitation with hydrous 
ferric and lanthanum oxides followed by chloroform 
extraction as the xanthate.’ Those obtained for silver 
(Table 2) agree with the mean result obtained by an 
acid-decomposition/AAS method involving no separ- 
ations. Table 3 shows that the mean results obtained 
for antimony and bismuth in various CCRMP 
reference materials by Procedure A, for silver by 
Procedure B and for indium by both procedures are 
all in excellent agreement with the mean values 

Table 2. Determination of silver, copper, cadmium and indium in CCRMP reference materials and zinc concentrates by 
Procedure B 

Sample* 

Ag CU Cd In 

Certified Found, Certified Found, Certified Found, Certified Found, 

value, pgcgig pgcglg value, % H?g/g value, % I&g/g value, % /@g/g 

CBP-I 626 * 6 627 0.254 + 0.004 2511 0.0143 f 0.0005 154 
620 2524 152 

CZN- 1 93 +3 94.3 0.144 + 0.003 1448 0.132 k 0.002 1395 86k 17pg/gt 86.0 
95.0 1433 1385 86.2 

MP-1 57.9 + 2.2 59.0 2.09 + 0.03 2&I,% 0.07t 540 0.069 + 0.003 645 
59.0 2.06,% 540 649 

MP-la 69.7 k 2.2 69.6 1.44 kO.01 1.41,% 0.033 * 0.001 323 
71.2 1.41,% 332 

MP-2 4.9 * 0.3 5.2 
5.4 

Zinc concentrate-73 1 51.13 52.0 
51.6 

Zinc concentrate-732 51.11 51.1 
51.4 

*Subsamples taken are given in footnote to Table 1. 
tSee pertinent footnote to Table 1. 
$Mean of two results by an acid-decomposition/AAS method.“ 



T
ab

le
 3

. 
C

om
pa

ri
so

n 
of

 t
he

 m
ea

n 
re

su
lts

 o
bt

ai
ne

d 
fo

r 
si

lv
er

, 
bi

sm
ut

h,
 

an
tim

on
y 

an
d 

in
di

um
 

in
 C

C
R

M
P 

re
fe

re
nc

e 
m

at
er

ia
ls

 
by

 t
he

 p
ro

po
se

d 
m

et
ho

d 
w

ith
 

th
os

e 
ob

ta
in

ed
 

by
 p

re
vi

ou
sl

y 
pu

bl
is

he
d 

m
et

ho
ds

 

Sa
m

pl
es

 
an

d 
m

ea
n 

va
lu

es
, 

pg
gl

g 
(o

r 
%

)t
 

E
le

m
en

t 
M

et
ho

d*
 

PR
-1

 
C

PB
-1

 
C

Z
N

-1
 

M
P-

1 
M

P-
la

 
M

P-
2 

A
8 

ol
dg

) 

B
i 

(%
) 

Sb
 (

%
) 

In
 0

18
/g

) 

T
B

A
-c

hl
or

of
or

m
 

ex
tr

ac
tio

n/
A

A
S 

fi
ni

sh
2 

T
B

A
-M

IB
K

 
ex

tr
ac

tio
n/

A
A

S 
fi

ni
sh

3 
A

~d
~~

m
po

si
tio

n/
A

A
S 

fi
ni

sh
4 

Pr
op

os
ed

 
m

et
ho

d 
B

 

D
D

T
C

 
an

d 
xa

nt
ha

te
 

ex
tr

ac
tio

ns
/ 

sp
ec

tr
op

ho
to

m
et

ri
c 

io
di

de
 

fi
ni

sh
6 

D
D

T
C

 
ex

tr
ac

tio
n/

A
A

S 
fi

ni
sh

’ 
Fe

 c
ol

le
ct

io
n/

A
A

S 
fi

ni
sh

’ 
Pr

op
os

ed
 

m
et

ho
d 

A
 

Fe
-L

a 
co

lle
ct

io
n-

xa
nt

ha
te

 
ex

tr
a~

tio
n/

s~
ro

ph
ot

om
et

~c
 

io
di

de
 

fi
ni

sh
5 

Fe
-L

a 
co

lle
ct

io
n/

A
A

S 
fm

is
h*

 
Pr

op
os

ed
 

m
et

ho
d 

A
 

N
-b

ut
yl

 
ac

et
at

e-
H

B
r 

ex
tr

ac
tio

n/
 

FA
E

S 
fi

ni
sh

* 
N

-b
ut

yl
 

ac
et

at
e-

H
B

r 
ex

tr
ac

tio
n/

 
A

A
S 

fi
ni

sh
8 

Fe
 c

ol
le

ct
io

n/
A

A
S 

fi
ni

sh
s 

Pr
op

os
ed

 
m

et
ho

ds
 

A
 

an
d 

B
 

62
3 

(2
) 

62
9 

(2
) 

62
4 

(2
) 

0.
10

7 
(6

) 
0.

02
15

 (1
0)

f 

0.
11

3 
(1

) 
0.

02
3 

(I
) 

0.
10

9 
(I

) 
0.

02
1 

(1
) 

0.
10

8 
(2

) 
0.

02
26

 (2
) 

0.
37

0 
(l

O
)$

 

0.
36

7 
(I

) 
0.

37
2 

(2
) 

94
.1

12
) 

59
.3

 (2
) 

94
.2

 {
2j

 
60

.5
 is

j 
94

.9
 (

2)
 

60
.5

 (3
) 

93
.2

 (5
) 

58
.9

 (5
) 

0.
00

23
 (1

0)
f 

0.
02

2 
(6

) 

0.
00

23
 (1

) 
0.

00
22

 (1
) 

0.
00

23
 (5

) 

0.
05

41
 (l

O
)t

. 

0.
02

3 
(1

) 
0.

02
2 

(I
) 

0.
02

31
 (5

) 

0.
05

4(
l)

 
0.

05
34

 (5
) 

86
.6

 (5
) 

87
.3

 (5
) 

85
.9

 (1
) 

88
.0

 (I
O

) 

65
9 

(3
) 

65
2 

(I
) 

66
5(

l)
 

65
5 

(I
O

) 

67
.5

 (5
) 

5.
5 

(5
)f

 
70

.4
 (2

) 
70

.2
 (5

) 
70

.4
 (2

) 
5.

3 
(2

) 

0.
03

19
 (4

5)
f 

0.
03

23
 (2

) 
0.

24
9 

(5
)$

 
0.

25
0 

(2
) 

32
8 

(3
) 

32
8 

(1
) 

34
0 

(1
) 

33
0 

(4
) 

*T
B

A
 =

 t
~~

nz
yl

am
in

e;
 

D
D

T
C

 =
 d

ie
th

yl
di

th
i~

ar
b~

at
e;

 
FA

E
S 

=
 f

la
m

e 
at

o~
c~

m
is

si
on

 
sp

ec
tr

os
co

py
. 

tR
es

ul
ts

 
sh

ow
n 

am
 t

he
 m

ea
ns

 o
f 

th
e 

nu
m

be
r 

of
 d

et
e~

in
at

io
ns

 
sh

ow
n 

in
 p

ar
en

th
es

es
 

an
d,

 e
xc

ep
t 

fo
r 

th
e 

re
su

lts
 o

f 
th

is
 w

or
k 

(c
al

cu
la

te
d 

fr
om

 r
es

ul
ts

 i
n 

T
ab

le
s 

1,
 2

 a
nd

 
4)

 a
nd

 
th

os
e 

in
di

ca
te

d 
by

 t
he

 f
ol

lo
w

in
g 

fo
ot

no
te

, 
ar

e 
ta

ke
n 

fr
om

 
pr

ev
io

us
ly

 
pu

bl
is

he
d 

pa
pe

rs
 

(r
ef

er
en

ce
s 

gi
ve

n 
in

 s
ec

on
d 

co
lu

m
n)

. 
$M

ea
n 

re
su

lt 
ob

ta
in

ed
 

du
ri

ng
 

th
e 

in
te

rl
ab

or
at

or
y 

ce
rt

if
ic

at
io

n 
pr

og
ra

m
m

e.
 



Determination of various metals by AAS 241 

Table 4. Precision for silver, antimony, bismuth, copper, cadmium and indium in a CCRMP concentrate, ore and soil 
sample 

Element found by Procedure A and/or B, pg/g* 

Ag Sb Bi cu Cd In 

Sample B A A A B A B A B 

CZN- 1 
Mean 93.2 534 22.5 1445 1451 1383 1396 88.1 87.9 
SD 1.47 4.34 0.24 6.66 13.10 5.08 6.27 1.88 1.73 
RSD, % 1.6 0.8 1.1 0.5 0.9 0.4 0.4 2.1 2.0 

MP-I 
Mean 58.9 231 2.082% 2.054% 555 540 659 651 
SD 0.41 7.65 0.023% 0.014% 4.83 2.70 4.55 8.01 
RSD,% 0.7 3.3 1.1 0.7 0.9 0.5 0.7 1.2 

SO-.?f 
Mean 10.1 10.5 10.3 3.80 10.4 11.4 
SD 0.12 0.45 0.10 0.25 0.12 0.27 
RSD, % 1.2 4.3 1.0 6.6 1.2 2.4 

*Results reported in pg/g unless otherwise indicated. Except for Cu in SO-2 (7 determinations) the means reported are those 
for 5 determinations. 

tThe approximate percentage chemical composition of SO-2 is 25.0 Si, 8.1 Al, 2.0 Ca, 5.6 Fe and 0.9 Ti. 
Except for Cu (no additions), the respective mean values given for SO-2 include the amount of each element present in 

a l-g subsample plus that added (10 pg). The approximate means of duplicate determinations of Ag, Sb, Bi, Cd and 
In in SO-2 by the proposed method were 0.3, 0.5, 0.9, 0.2 and 1.2 pg/g, respectively. 

obtained previously by other methods. The results 
shown in Tables 1 and 2 are the means of four or five 
AAS measurements. For convenience, all the results 
by the proposed methods, except for copper in MP-1 
and MP-la, are given in pgg/g. This was not possible 
for ail cases in Table 3 because many of the earlier 
results used for comparison purposes were reported 
in weight per cent to three decimal places only. 

Table 4 shows that the precision for all six elements 
in CZN-1, and for five elements in MP-1, by the 
proposed methods is good and that Procedures A and 
B yield approximately similarly precise results for 
copper, cadmium and indium. Ore samples contain- 
ing microgram quantities of all six elements were not 
available to determine the precision at low levels. 
Consequently, except for copper, which is present in 
microgram quantities, 10 pg each of antimony, bis- 
muth, cadmium and indium were added to five l-g 
subsamples of SO-2, a CCRMP podzolic soil sample, 
and the resulting synthetic samples were analysed for 
these elements and copper by Procedure A. Silver, 
added to five separate subsamples, was determined by 
Procedure B. The results (Table 4) show that the 
precision for silver, antimony, bismuth, cadmium and 
indium, at about the IO-pg/g level, is reasonably 
good, and that for copper, at about the 4+g/g level, 
is moderately good. In these tests, each result ob- 
tained for the six elements is the mean of 4-6 AAS 
measurements at, except for copper, about the 
0.4~pg/ml level; copper was measured at about the 
0.2~pg/ml level. The relative standard deviations for 
these measurements were 1.5, 16.3, 3.8, 8.6, 1.6 and 
11.0% for silver, antimony, bismuth, copper, cad- 
mium and indium, respectively. This indicates that, at 
these levels, sufficient AAS measurements must be 
taken, particularly for antimony, bismuth, copper 

and indium, if a reasonably accurate result is desired. 
Compared with the other elements, which required 
little or no correction for reagent blanks, as indicated 
below, the poorer precision for copper (Table 4), 
which at the resonance line used is relatively sensitive 
by flame AAS, may be caused by a variable blank 
effect because a relatively high copper blank (2.5 pg) 
was obtained in these tests. The mean value obtained 
for copper is also somewhat lower than, but still in 
reasonably good agreement with, the recommended 
value of 7 + 1 p g/g which is the mean of N 200 results 
ranging from 3 to 14 pg/g. The mean values for the 
other five elements include the amount of each 
present in the sample. 

The proposed methods are suitable for samples 
containing -0.2 pg/g or more of silver and cadmium, 
-0.5 pg/g or more of copper and -5 fig/g or more 
of antimony, bismuth and indium. Smaller amounts 
can also be determined if the final sample solution is 
diluted to 10 ml instead of 25 ml. However, this 
volume of solution may not be sufficient for the 
determination of all the elements desired, particularly 
if dilutions are necessary. Procedure B is better than 
Procedure A for the determination of indium because 
the final hydrochloric acid concentration can be 
controlled more readily. If antimony is not of interest 
in Procedure A, nor silver in Procedure B, a dilute 
nitric acid-potassium nitrate medium would prob- 
ably be more advantageous for the determination of 
indium and the other elements. In this case, corre- 
sponding calibration solutions would have to be 
prepared and any silver chloride present in the final 
sample solution would have to be removed by filtra- 
tion. In this work, in which doubly demineralized 
water was used, the reagent blanks for copper, anti- 
mony and bismuth were ~2.5, < 1.4 and ~0.7 pg, 
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respectively. No blanks were obtained for silver, 
cadmium and indium. The proposed methods are not 
applicable to samples containing a large amount of 
copper. 
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Summary-Second-harmonic alternating-current voltammetry can be used for the sequential deter- 
mination of two electroactive species having very similar half-wave potentials (AEli < 50 mV). Since the 
concentrations of such metals in samples of special interest are often at trace levels, for their determination 
second-harmonic a.c. voltammetry (extremely selective but not sufficiently sensitive) can usefully be 
combined with the anodic stripping method, which has a very high analytical sensitivity. The deter- 
mination of tin and lead as well as of indium and cadmium in 1M hydrochloric acid is described. The 
half-wave potentials are only 35 and 45 mV apart, respectively, for these systems. A three-electrode cell 
was used with a long-lasting sessile-drop mercury electrode as the working electrode, with a drop-time 
of 24&300 sec. The detection limit was found to be IO-‘M for all four elements studied. The precision 
expressed as the relative standard deviation was 2-3% and the relative error was l-2%. 

Anodic stripping voltammetry is at present the most 
powerful electroanalytical method for the deter- 
mination of trace metals.‘,* Modern voltammetric 

techniques have increased the sensitivity and select- 
ivity of the method.3 The hanging mercury drop 
electrode (HMDE) has been partly superseded by the 
mercury film electrode (MFE),4.5 which gives better 
resolution,6 though the HMDE gives more re- 
producible results at higher concentrations. Recently 
Andruzzi and Trazza’ introduced the long-lasting 
sessile-drop mercury electrode (LLSDME), which 
compares favourably with the HMDE.8 It has been 
used for the determination of metals in water’ and 
plant materials.” 

Second-harmonic a.c. voltammetry has been found 
to offer the best resolution in ASV with the MFE as 
the working electrode6 and the resolution is found to 
depend on the substrate.’ The resolutions attainable 
by a.c. anodic stripping voltammetry techniques with 
the semi-stationary electrodes do not necessarily fol- 
low the relationships valid for a.c. polarography, 
however, since the fundamental and second- 
harmonic a.c. functions are distorted in the case of 
anodic oxidations of amalgams.“.‘* 

In the present work the simultaneous deter- 
mination of certain pairs of metals with a small 
difference in half-wave potential (A&,* < 50 mV) by 
a.c. anodic stripping voltammetry (ACASV) at the 
LLSDME was investigated. 

‘To whom correspondence should be addressed. 

EXPERIMENTAL 

The apparatus and reagents were as described previously.8 
The procedures are fairly standard and are indicated in the 
text. 

RESULTS AND DISCUSSION 

The difference in half-wave potential AE is 35 mV 
for tin(I1) and lead(II), and 45 mV for indium(II1) 
and cadmium(I1) in 1M hydrochloric acid medium. 
Various organic complexing agents have been used to 
increase these AE values and facilitate determination 
of these pairs of ions. ‘3-‘5 These additions can be 
avoided if second-harmonic a.c. voltammetry is 
used.16.” 

Since the concentrations of these ions are often at 
trace levels, combination of the selectivity of second- 
harmonic a.c. voltammetry with the sensitivity of 

anodic stripping is useful for their determination. 

Tin (II) and lead(lZ) 

Calibration graphs. The experimental conditions 
for the determination of these ions by first and 
second-harmonic a.c. anodic stripping voltammetry 
are reported in Table 1. The demodulation phase 
angle 4 was carefully set, to minimize the capacitive 
current. 

The calibration graphs obtained for the two species 
by first and second-harmonic ACASV are sum- 
marized in Table 2. In the second-harmonic method 
the peak current was calculated for the cathodic peak 
of tin and the anodic peak of lead.12 The peak-width 
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Table I. Experimental conditions for first and second-harmonic ACASV* 

Parameter? Sn(I1) Pb(I1) Cd(II) In(II1) 

Ed, V vs. SCE -0.700 -0.700 -0.800 -0.800 

~~~~~~~~i=, degrees degrees 270 270 i- + 67 SO 270 270 + + 89 724 270 0 i- + 0.5 65 270 Of0 + 64$ 

*Electrolysis time 180 set; rest time between deposition and start of recording 30 set; 
scan rate 10 mV/sec: frequency 100 Hz; amplitude of a.c. voltage 10 mV; stirring 
rate 800 rpm. 

tEd = electrodeposition potential. 
$Phase angle used in the simultaneous determination. 

Table 2. Calibration curves for tin(II) and lead(II)* 

Method Sn(I1) Pb(I1) 

First harmonic ip = (1.665 f 0.003) x 106c 
r = 0.9999; s, = 1.0%; D.L. = 1.2 x 10-aM 

ip = (3.77 + 0.02) x 106c 
r = 0.9999; s, = 3.2%; D.L. = 5.3 x 10-9M 

Second harmonic ip = (2.025 F 0.019) x 1osc 
r = 0.9997; s, = 2.4%; D.L. = 9.9 x IO-*M 

ip = (4.69 + 0.09) x lose 
I =0.9989; s,=3.0%; D.L. =4.3 x 10-8M 

Range of concentrations S5 x lo-‘M O-2 x 10-‘&f 

*The limit of detection, D.L., is expressed according to the IUPAC recommendation’g (99% probability). The units are 
A for Peak current, i,,, and M for c. The uncertainties reported correspond to a probability of 95%. 

measured at half-height ( W,,,) for the first-harmonic 
a.c. voltam~rograms and the peak-to-peak sepa- 
ration of potentials (p-p) for the second-harmonic 
a.c. voltamperograms are given in Table 3. The 
theoretical values for the reversible electrode process, 
i.e., W,,2 = 90/n and p-p = 68/n mV (where n is the 

(A) (8) 

I 
0.4pA 

number of electrons involved in the electrode 
process’), are indicated in brackets. 

Sim~l~~neo~s determination. The simultaneous de- 
termination of tin and lead has heen examined. 
Examples of first and second-harmonic a.c. anodic 
stripping voltamperograms of the mixture are shown 

I I I / I 1 I 
0.4 0.5 0.6 ,// 0.4 0.5 0.6 

-fT(V/SCE) 

Fig. 1. Alternating-current anodic stripping voltamperograms of a tin and lead mixture: 
cpb = 2.99 x lo-‘M; cs, = 7.90 x 10W7M. Curve A: second-harmonic. Curve B: first-harmonic. Experi- 

mental conditions as in Table 1. 
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A 

(A) 

0.04pA 

(B) 

I 
0.4pA 

I I I // I I I 
0.6 0.7 0.8 /I 0.6 0.7 0.8 

-E(V/SCE) 

Fig. 2. Alternating-current anodic stripping voltamperograms of an indium and cadmium mixture: 
C,” = 3.49 x IO-‘M; Ccd = . 3 05 x IO-‘M. Curve A: second-harmonic. Curve B: first-harmonic. Experi- 

mental conditions as in Table I. 

in Fig. 1. In the second-harmonic voltamperogram 
(curve A), the peaks due to the two electroactive 
species were well separated, whereas only an increase 
in the half-peak width was observed (70 mV) in the 
first harmonic voltamperogram (curve B). The simul- 
taneous determination of tin and lead in mixtures by 
second-harmonic ACASV is possible only in the 
range of concentration ratios 1 : 2 s cPb: csn 5 1 : 20 
under the experimental conditions given in Table 1. 
If the concentration ratio is unfavourable, the deter- 
mination can be made possible by adjusting the 
concentration ratio to within the stated range by 
addition of a suitable amount of the appropriate 
standard metal solution. 

The regression functions calculated on the basis of 
the respective peak current values for mixtures of tin 

and lead are shown in Table 4. The univariate 
analysis neglects the presence of the second element, 
whereas the bivariate analysis takes it into account. 
For either element the slopes of the univariate and 
bivariate regression equations and of the individual 
calibration curves are practically identical, showing 
that there is negligible mutual interference in the 
range of concentration ratios considered. The pre- 
cision expressed as the relative standard deviation, sr, 
is 2-3% and the relative error, e, is l-2%. The 
detection limits are very low, but the concentration 
range is narrow. 

Indium (III) and cadmium (II) 

Calibration graphs. Table 1 gives the experimental 
conditions for the determination of indium and cad- 

Table 6. Simultaneous determination of indium and cadmium in mixtures by second-harmonic ACASV* 

Determination of In(III) in 
the presence of Cd(H) 

Univariate analysis iP = (I ,474 & 0.004) x 106c 
I = 0.9999; s, = 1.4%; e = +0.6% 

D.L. = 1.4 x IO-‘M 

Bivariate analysis iP = -0.0004 + (1.474 & 0.003) x IOQ,, 
+ (7.3 f 2.3) x IO&, 

I = 0.9999; s, = 1.7%; c = +0.6% 
D.L. = 1.4 x 10mHM 

*D.L., Units and errors are defined in the footnotes to Table 2. 

Determination of Cd(H) in 
the presence of In(II1) 

iP = (I .502 k 0.005) x 10’~ 
r = 0.9999; S, = 1.4%; e = + 1.2% 

D.L. = 1.2 x IO-‘M 

iP = 0.0002 + (1.507 * 0.003) x IOQ,, 
+ (2.1 * 3.7) x IO’C,” 

r = 0.9999; S, = 1.8%; e = + 1.5% 
D.L. = 1.2 x IO-‘M 
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mium by first and second-harmonic ACASV, and 
Table 5 the calibration data. 

For the second-harmonic method the cathodic 
peak current of cadmium and the anodic peak current 
of indium were used. The wave parameters are shown 
in Table 3 together with the theoretical values (in 
brackets). 

Simultaneous determinations. Indium(II1) and cad- 
mium(H) were simultaneously determined in the con- 
centration ranges covered by the individual cali- 
bration curves. Examples of the first and 
second-harmonic a.c. anodic stripping voltam- 
perograms are shown in Fig. 2. Only the second- 
harmonic method (curve A), gives separation of the 
two peaks. Indium and cadmium can be determined 
by second-harmonic ACASV in the range of concen- 
tration ratios 15 : 1 s tin : cCd 5 1: 15 under the experi- 
mental conditions listed in Table 1. If the concen- 
tration ratio is unfavourable, again it can be adjusted 
to within the required range by addition of the 
appropriate standard solution. The regression func- 
tions relating to indium and cadium mixtures are 
summarized in Table 6. The mutual interferences are 
again negligible. 

The relative standard deviation and relative error 
are both 2-3%. 

Conclusion 

It can be concluded that the combination of 
second-harmonic a.c. voltammetry and the anodic 
stripping technique gives very high sensitivity in the 

trace level determination of metals which have very 
similar half-wave potentials. 
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3. 

4. 
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6. 
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Summary-A flow system for hydride generation and atomic-absorption spectrometry is described, and 
the results from the optimization of the equipment for selenium determination are reported. For a sample 
volume of 0.6 ml the limit of detection for selenium was 0.1 pg/l. and the imprecision less than 1% RSD 
at the IO-pg/l. level. Four digestion procedures for selenium in bovine liver have been tested. ,411 
procedures gave concordant results, provided that the standard-additions method was used. The 
accuracies of the overall analytical procedures were estimated by comparison with results from 
neutron-activation analysis and analysis of NBS Bovine Liver, No. 1577. These comparisons proved that 
the accuracies of the procedures described in this paper are good. 

Soils and crops in Scandinavia are low in selenium 
(about 0.2pg/g in soil and 0.02 pg/g in crops). Cattle 
may therefore suffer from selenium deficiency, which 
can cause a number of diseases such as muscle 
dystrophia.’ In some countries (including Sweden) 
selenium is added to fodder in order to balance the 
natural deficiency of the element. On the other hand, 
high selenium levels are poisonous.2 The span be- 
tween beneficial and detrimental concentrations is 
small, so accurate analytical procedures are required 
for monitoring the selenium status. For cattle and 
wild animals analysis of liver specimens may be 
adequate for this purpose.3,4 

The hydride-generation technique combined with 
atomic-absorption spectrometry (HG-AAS) is a sen- 
sitive and convenient method for the determination 
of selenium. Use of a flow system for sample handling 
and hydride generation further simplifies the pro- 
cedure, increases sample throughput and reduces the 
indeterminate error. 

The assay of selenium in biological materials by 
HG-AAS requires destruction of the organic matter. 
This is often done with strong acids at elevated 
temperatures and can lead to losses of volatile sele- 
nium compounds such as SeCl, and SeO, if not 
properly conducted. 5 ’ The choice of digestion 
method is highly dependent on sample type. A pro- 
cedure suitable for water samples’ may, for instance, 
prove inadequate for body fluidsY or marine biologi- 
cal samples.‘” Thus each sample type requires the 
destruction step to be checked and optimized before 

use. 
We describe four digestion procedures suitable for 

the determination of selenium in bovine liver by 
HG-AAS. An apparatus utilizing a flow system for 
HG-AAS is also presented. The limit of deter- 

mination (10% RSD) for selenium was 0.25 pg/l. The 
quality of the analytical procedures was evaluated by 
comparison of the results with those from neutron- 
activation analysis (NAA) and analysis of NBS SRM 
1577, Bovine Liver. 

EXPERIMENTAL 

Apparatus 

The HG-AAS apparatus is outlined in Fig. 1. A Varian 
AA5 atomic-absorption spectrophotometer equipped with 
an EDL (Westinghouse) operated at 7.5 W was used to- 
gether with a commercial flow-injection system (FIA-05, 
BIFOK, Sweden) and a peristaltic pump (FIA-08). All 
tubing in the manifold was made of Teflon, with an inner 
diameter of 0.7 mm. The sample was injected into the carrier 
stream by a valve (Rheodyne) with a 0.6-ml loop. As 
purging and carrier gas a stream of nitrogen was used at a 
flow-rate of 250 ml/min. The gas-liquid mixture was parted 
in a gas-liquid separator. The gases were passed on to a 
heated quartz tube (length 180 mm, inner diameter 12 mm), 
where the hydrogen selenide was atomized at 850”. The 
quartz tube was electrically heated and the temperature 
regulated by control of the voltage applied. To prevent the 
hydrogen produced from igniting at the tube ends, which 
leads to noisy signals, the ends were left unheated and 
uninsulated. The absorbance signals, measured at 196.0 nm 
with a slit-width of I mm, were recorded on an x-t recorder 
(W + W 1100, W + W Electronic Inc., Switzerland) and 
peak heights evaluated from the recorder tracings. A total 
time constant of about 2 set was used for the AAS and 
recorder. 

The digestion vessels were heated in temperature- 
programmed aluminium blocks, either commercially avail- 
able (Tecator, Sweden) or laboratory-built, The laboratory- 
built unit consisted of an aluminium block, one for each 
type of digestion vessel, placed on a hot-plate. The tem- 

perature programme was controlled by a calculator (HP 
41-CV) interfaced with a temperature regulator (MDV, Ero 
Electronics, Italy). 

Chemiculs 

All chemicals used were of analytical grade. 
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N2 lgl 250ml/min 

0.2% Na BH4 3mlfmin 

lMHCl8ml/m~n~ \ \ 
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Gas liquid separator 
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Fig. I. Flow system used for selenium HG-AAS. 

A standard solution of selenium(W), 1 g/l., was prepared 
from an ampoule of selenium dioxide in dilute nitric acid 
(Merck). Its concentration was checked by amperometric 
titration with thiosulphate after addition of a large excess of 
iodide and found to be I.O08g/i. (T. A. Bengtsson, un- 
published method). Further standards were prepared from 
this solution by dilution. 

Distilled and Milli-Q-filters water was used in preparing 
solutions and in the final washings of the acid-cleaned 
utensils. 

Sample pretreatment 

Liver from two calves, one of which had been given 
selenium-enriched fodder, was analysed. 

The liver specimen was freed from visible fat and sinews, 
homogenized in a Turmix mill and subsequently frozen. The 
material was then freeze-dried (Hetosicc, CD 52, Heto, 
Denmark) and again homogeni~d in the Turmix mill. The 
freeze-dried specimen was stored in acid-washed plastic 
boxes at room temperature. The water content of the livers 
was about 70%. 

Digestion procedures 

Four different digestion procedures were applied to sam- 
ples of the dried material weighing 0.1-0.2 g. After digestion 
any selenate present was reduced to selense by boiling the 
digest for 30 min in the oresence of 6M hvdrochloric acid.s.” 
TGe HG-AAS finish was performed wiihin two days after 
the reduction step. 

A. Nitric acid-bomb digestion. The pressure vessel de- 
scribed by Uhrberg is used.” 

To the quartz tube add the sample and 3 ml of concen- 
trated nitric acid. Place the tube in the pressure vessel and 
cover it with the Teflon lid acting as a seal. Close the 
pressure vessel and put it into an aluminium block. Raise the 
temperature steadily and keep it at 12.5” for 20 min and at 
175. for 90 min. Cool to room temperature and transfer to 
a Kieldahl flask with the aid of 9ml of 6M hvdrochloric 
acid. Boil under reflux for 30 min. Cool, and finally transfer 
to a 50-ml standard flask and dilute to volume with water. 

8. Nitric--perchloric-sulphuric acid digestion. The di- 
gestions are done with the concentrated acids in the propor- 
lions nitric:perchloric:sulphuric 20:5:2 V/V.” 

Transfer the sample to a SO-ml Kieldahl flask and add 
20 ml of the mixture of acids. Boil in-a heating stand until 
the sulphuric acid starts to distil. Cool, add 3 ml of water 
and 6 ml of concentrated hydrochloric acid. Boil the digest 
for 30 min, transfer it to a 50-ml standard &ask and dilute 
to volume with water. 

C. nitric [tcid-ma~ne.~ju~~ nitrate digestion. The digestion 
agent contains 0.5 g of magnesium nitrate hexahydrate per 
ml of 100% nitric acid.14 

Put the sample and 5 ml of the digestion agent into a 
graduated SO-ml glass tube (150 x 14mm). Insert the tube 
into an aluminium block and apply the following tem- 
perature programme; 85” for I hr, 175” for 2 hr and 225 
until the tube contents are dry and have stopped climbing 
up the tube wall. Place the tube in a muffle furnace and 
dry-ash at 520” for 4 hr. After cooling, add 6 ml of 6M 
hydrochloric acid and 3 ml of concentrated hydr~hIoric 
acid. Boil the digest for 30 min, cool and dilute to the mark 
with water. 

D. Nitric-perchloric acid digestion. The digestion pro- 
cedure developed by FrankIs utilizes a mixture of concen- 
trated nitric and perchloric acids (7:3 v/v). 

Place the sample and 10 ml of the mixture of acids in a 
glass tube (24 mm bore). Raise the temperature to 225” 
according to the nine-step programme described by Frank.ls 
Reduce the voIume of perchloric acid to about I ml by 
gently blowing fittered air into the tube. Add 3 ml of water 
and 6 mI of concentrated hydrochloric acid and boil the 
digest for 30 min. Cool, transfer to a 50-ml standard flask 
and dilute to volume with water. 

RESULTS AND DISCUSSION 

Hy&ide generation 

Several types of equipment have been described for 
the generation of hydrides in a flow system and the 
subsequent determination of the hydride-forming ele- 
ments by AAS after thermal atomization of the 
hydrides.‘6-2’ The equipment used here is adapted 
from that of Astr6m22 and modified to suit the 

requirements for the determination of selenium. A 
supporting hydrochloric acid stream has been added 
to ensure complete acidification of neutral and 
slightly basic samples (see Fig. 1). 

The absorbance registered by the spectrophoto- 
meter will depend on the design and operating con- 
ditions of the hydride-generating unit in a manner 
that is not well understood. Empirical optimization 
of the various parameters involved is therefore neces- 
sary. These include (i) flow-rate and concentration of 
the hydrochloric acid in the carrier and support 
streams, (ii) flow-rate and concentration of the so- 
dium tetrahydroborate solution used as reducing 
agent, (iii) Row-rate of the nitrogen carrier gas, and 
(iu) atomization temperature. 



Comparison of digestion methods 251 

I I I 1 

Q2 (xc 
NaBH4t %I 

Fig. 2. The relative signal from 10 pg/l. selenium as a 
function of the concentration of sodium tetrahydroborate at 
different concentrations of hydrochloric acid: 0 0.2M, 0 

0.5M, . IM, x 2M. 

Figure 2 shows the peak height of the selenium 
signal as a function of the concentration of tetra- 
hydroborate at different constant concentrations of 
hydrochloric acid. Under standard conditions the 
flow system was run with solutions of 1M hydro- 
chloric acid and 0.2% sodium tetrahydroborate in 
0.2% sodium hydroxide. The flow-rate of the reduc- 
ing agent is not critical and a broad maximum is 
observed between 2.5 and 5.5 ml/min. As expected, 
the selenium signal increases with the flow-rate of the 

hydrochloric acid until back-pressure causes leak- 
ages. The flow-rates chosen for trouble-free per- 
formance are given in Fig. I. The influence of the 
flow-rate of the stream of nitrogen gas used for 
purging and transport of the selenium hydride is 
shown in Fig. 3. A working flow-rate of 250 ml/min 
was used. The selenium signal as a function of the 

I ’ I I I 

150 200 250 300 
Flow rate of nitrogen (ml /min 1 

Fig. 3. The relative signal from IO pg/l. selenium as a 
function of the flow-rate of nitrogen. 

1 ’ 1 1 I 

700 800 900 1000 
Temperature 1-C 1 

Fig. 4. The relative signal from 10 pg/l. selenium as a 
function of the temperature of the quartz tube. 

temperature in the quartz tube is depicted in Fig. 4. 
The optimum at around 850” has also been reported 
by others.‘7%23 

The lengths of the coils and tubings were found to 
have only a minor influence on sensitivity. On the 
other hand, the condition of the tubings may affect 
the signals significantly. For instance, after repeated 
injection of solutions containing considerable 
amounts of copper (N 1 pg/ml), memory effects 
occur in the form of decreased signals. 

The shape of the absorption peak as registered by 
a transient-recorder is shown in Fig. 5. The peak area 
is linearly dependent on sample volume up to at least 
2 ml. For speed and convenience a sample volume of 
0.6 ml was chosen, leading to a cycle time of about 
45 sec. Peak height was used as the measure of the 
analytical signal. The detection limit (30) for sel- 
enium with the equipment was 0.1 pg/l. and the 
calibration graph was linear up to about 15 pg/l. 

under standard working conditions. The character- 
istic concentration of selenium (for 1% absorption) 

Fig. 5. Absorbance us. time for 10 pg/l. selenium, as 
registered by a transient-recorder. 
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Table I. Results from the test of the evaluation methods; duplicate digests were 
prepared for each destruction method and each digest was subjected to all three 

evaluation methods 

Se concentration, pg/g 
(dry weight) 

______- 
Pure standards Matched standards Standard-additions 

Digestion method I 2 I 2 1 2 

A I .03 I .02 1.22 I.21 I .45 I .43 
B 0.86 0.79 1.32 1.21 1.47 1.43 
C I .32 1.35 I .28 1.31 I .43 I .46 
D 1.10 1.10 I.12 I.12 1.39 I .48 

_____ 
Mean (n = 8) 1.07 I .22 1.44 
RSD. % (n = 8) 18.3 6.3 2.0 

was 0.39 /lg/l. The imprecision was less than 1% RSD 
at the lo-pg/l. selenium level. Figure 6 shows some 
recorder tracings for different concentration levels of 
selenium. 

Evaluation methods 

Three methods were tested for the evaluation of the 
selenium concentration from the absorbance signal, 
aiz. selenite standards in hydrochloric acid, matched 
selenite standards, and standard-addition. The 
matched standards, in addition to hydrochloric acid, 
contained the estimated amounts of the digestion 
agents remaining after the decomposition step. In the 
standard-addition method three aliquots were taken 
from the digest. Standard additions were made to two 
of them and all samples were made up to the same 
volume with water to ensure that the concentrations 
of non-selenium components were equal. The tests 

0.001 A 

1 0.002 A 

were performed on the specimen from the calf that 
had been given selenite as an additive. The results are 
presented in Table 1. 

The discrepancies between the results obtained by 
these evaluation methods (Table 1) are due to inter- 
ferences. When pure standards are used for cali- 
bration, interferences from both the matrix and the 
acids used in the digestion step will show up. From 
experiments with selenite solutions, nitrate, sulphate 
and perchlorate were all found to suppress the sel- 
enium signal when present in large concentrations. 
This effect is not present in digestion method C, since 
nitrate is removed. The perchlorate interference is 
virtually absent in method D when the perchlorate 
concentration in the final solution is below 0.3M. 
Hence an evaporation step was included in this 
digestion method. The acids used in procedure B 
have been used in different proportions by various 

f 

Cl02 A 

Fig. 6. Recorder traces of selenium signals at different concentration levels; (a) 0.05 fig/l., (b) 0.25 pg/l.. 
(c) 10 pg/f. 
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Table 2. Selenium concentration (dry weight) in bovine livers 

Liver from calf, given Se 
Liver from calf, normally fed as additive NBS Bovine Liver 1577 

Digestion Mean, CI*, Mean, c1*, Mean, Cl*, 
method pg/R RSD, % llsls n pglg RSD, % /xl&z n pgg/g RSD, % pglg n 

A 1.13 0.5 I.11 I.14 3 1.45 2.2 1.41~1.48 6 I.12 2.8 1.07?1.17 4 
B I.12 I.8 I.10 I.15 5 1.44 2.1 I .40-I .48 6 I.11 I.5 1.08&1.14 4 
c I .0x 3.0 I .03 I. I3 4 1.42 3.0 1.37?1.48 5 I.12 2.9 1.07-1.17 4 
D 1.02 5.5 0.93- I. I I 4 1.39 3.7 1.33-1.44 6 1.04 3.4 0.98&1.10 4 

All I .09t 5.1 1.05.-1.12 16 I.424 3.1 1.40@1.45 23 1.10: 3.9 1.07~1.12 I6 

*Confidence interval (95%). 
tNAA (Studsvik) “Se: 1.088 i_ 0.137 /(gig: “Se: 1.044 k 0.124 /(g/g; NAA (Isotopcentralen): 
$NAA (Studsvik) “Se: 1.557 i 0.122 /[g/g: “Se: 1.363 k 0. I IO /cgi’g; NAA (Isotopcentralen): 
$Certified value I. I + 0. I /~g;g. 

I.071 (i < IO%)pg/g. 
I.451 (+ < IO%)pg/g. 

workers. A method with little sulphuric acid has been 
chosen here to minimize the interference from 

sulphate. 
The difference between the results obtained by use 

of matched standards and by the standard-additions 
method is most certainly caused by interference from 
copper.5 In the samples injected the concentration of 
copper was about 0.5 mg/l. (as determined by AAS). 
Figure 7 shows the variation of the analytical signal 
caused by copper at O-10 mg/l. levels with different 
concentrations of hydrochloric acid in the carrier and 

support flows. Although a somewhat smaller dis- 
turbance from copper is experienced with increasing 

concentration of hydrochloric acid, this advantage is 
partly offset by a general decrease of the analytical 
signal with increasing concentration of acid and by 
corrosion problems. Hence, 1M hydrochloric acid, 
which is optimal for interference-free work, was 
adhered to as carrier medium. 

The results from the evaluation with standard 
additions are concordant and indicate that this eval- 
uation method must be used to obtain reliable results. 

Accuracy and precision 

The precision and accuracy of the procedures were 
determined from replicate determinations on the two 
specimens of calf liver and on NBS Bovine Liver (No. 
1577). The results obtained by the standard-addition 
method are given in Table 2. The imprecision of 
procedures A-C is 3% RSD or less and no significant 
difference appears between the results from these 
digestion methods. Procedure D tends to yield a 
somewhat larger RSD and a lower result than the 
other methods. The lower value might be due to 
losses of SeO, in the evaporation step.‘4 This step is 
probably unnecessary when the standard-additions 
method is used for evaluation, but this point has not 
been tested. 

The accuracy is very satisfactory as can be inferred 
from the results obtained with the NBS reference 
material. The calf livers were also analysed by NAA 
(Studsvik Energiteknik AB, Studsvik, Sweden and 
Isotopcentralen, Copenhagen, Denmark). 

As shown in Table 2, the NAA results agree, within 
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Fig. 7. The relative signal from IO pg/l. selenium as a 
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the limits of error reported, with the HG-AAS 
results. 

Conclusions 

In conjunction with HG-AAS the digestion pro- 
cedures will allow an accurate determination of sel- 
enium in liver provided the result is evaluated by the 
standard-additions method, but it would be desir- 
able to find a means of eliminating copper during 
the sample preparation. It might then be possible to 
use matched standards for evaluation and to avoid 
fouling of the tubings. The fouling can only be partly 
overcome by rinsing, so the tubings have to be 
replaced occasionally. 
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DYE-SURFACTANT INTERACTIONS: A REVIEW 

M. E. DIAZ GARCIA and A. SANZ-MEDEL* 

Analytical Chemistry Department, Chemistry Faculty, University of Oviedo, Oviedo. Spain 

Summary-The present state of knowledge of the mechanisms of dye-surfactant interactions for “normal” 
aqueous micelles is surveyed. The nature of the forces which lead to the binding of dye molecules in 
micelles, the influence of the cationic, anionic or non-ionic character of a surfactant on the absorption 
and/or fluorescence behaviour (below and above the critical micelle concentration), ion-association 
processes and the influence of additives on these processes are discussed. Some discussion along these lines 
on related systems (reverse micelles, vesicles, polyelectrolytes) is included. 

In analytical chemistry the main use of surfactants is 
in spectrophotometry and fluorimetry, particularly in 
the development of new methods of metal-ion deter- 
mination.’ ’ The addition of cationic surfactants to a 
negatively-charged coloured binary complex may re- 
sult in the formation of new analytical systems (sen- 
sitized reactions). In such sensitized systems, the 
addition of a surfactant may lead to lowering of the 
pH at which the complex is formed, red-shifts in 
absorption bands, and increases in molar absorptivity 
or fluorescence intensity. Usually, the metal-chelate 
complexes formed in the micellar systems are more 
stable than those formed in the absence of micelles.6 
Micelles are responsible for many of the practical 
applications of detergents such as: (i) enhancement of 
the soIubility of organic compounds in water,‘.” 
owing to their incorporation in the micelle, where 
they experience an altered micro-environment; (ii) 
catalysis of many reactions,12 usually explained in 
terms of a “concentration effect” in the micellar 
pseudophase; (iii) alteration of reaction pathways, 
rates and equilibria. I3 I6 Additionally, micelle systems 
are convenient to use because they are optically 
transparent, stable and relatively non-toxic.“.” 

These beneficial effects show the advantage of such 
surfactant systems in the development of new 
spectrophotometric and Buorimetric methods for 
determining micro amounts of metal ions, anions, 
biological compounds, drugs and pesticides. 

Typical chromophoric reagents which have been 
used to determine metal ions by use of surfactants as 
a third component include derivatives of the tri- 
phenylmethane series,’ azo~ompounds,‘8~zo anthra- 
quinone dyes,” phenoxazone,“*23 and oxine deriva- 
tives.24.‘5 Although considerable attention has been 
paid to the analytical applications, the nature and 
mechanism of these types of reaction are still not 
clearly understood. The electrostatic interactions be- 
tween oppositely-charged surfactants and dyes are 
well understood (Hartley rules),2h but do not in 

*Author for correspondence. 

themselves explain the spectral changes observed. ft 
seems probable 25.27 that once the electrostatic forces 
have brought together the oppositely-charged mole- 
cules, hydrophobic interactions take place, dra- 
matically changing the micro-environment experi- 
enced by the chromophoreZS or lumophore.‘7 
Knowledge of dye-surfactant interaction should be 
of great value in understanding the chemical equi- 
libria, mechanisms and kinetics of surfactant- 
sensitized colour and/or fluorescence reactions. In 
this review, data scattered throughout the literature 
on dye-surfactant interactions are discussed in the 
light of our own experience. 

NORMAL MICELLE FORMATION 

A surfactant (surface active agent) is a molecule or 
ion that possesses both polar (or ionic) and non-polar 
moieties, i.e., it is amphiphilic. Large variations in 
structure are possible; the polar group can have 
varied charge and nature (e.g., alkylsulphate, alkyl- 
phosphate or alkylammonium) and be attached to 
alkyl groups of varying lengths (8-18 carbon atoms) 
or to other hydrophobic moieties (Table I). 

In very dilute solutions, surfactants dissolve and 
exist as monomers, but when their concentration 
exceeds a certain minimum, the so-called critical 
micelle concentration (c.m.c.), they associate sponta- 
neously to form aggregates. The term “micelle” is 
used for an entity of colloidal dimensions, in dynamic 
equilibrium with the monomer from which it is 
formed. As the surfactant concentration increases 
above the c.m.c., the addition of fresh monomer 
results in the formation of new micelles, so the 
monomer concentration remains essentially constant 
and approximately equal to the c.m.c. Micelle for- 
mation is a result of the dual nature of the surfactant 
molecule, the hydrophobic part trying to escape from 
the bulk water, and the hydrophilic part interacting 
strongly with the water. Water has an open structure 
because of three-dimensional hydrogen-bonding, 
which permits the existence of clusters of water 
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Table I. Micelle-forming amphiphilic molecules 

Cationic swfactants 

CH,-(CH,),,-fi-(CH,), X0 

X0 = F-, Cl-, Br-, 
I-, NO, 

CH,-(CH,),-OPO;- Mm Me = Li+, Na+, K+, 
Ca*+, MgZ+ 

i--J-+0 
CH,-W;),,-N N-R 

I 

L/OyOcI 
Zwitterionic swfactants 

CK 

CH,-(CH2),,-@i!LCH,-SO~ 

c! H, 

molecules containing cavities of specific sizes, which 
can accommodate non-polar chains.*’ The “flickering 
cluster” model of water structure29 postulates that the 
formation of hydrogen bonds is predominantly a 
co-operative phenomenon; formation of a hydrogen 
bond between any two given atoms results in the 
binding of each atom by hydrogen bonds to 
neighbouring molecules. In this way, cavities of 
different volumes (Fig. l), surrounded by hydrogen- 
bonded water molecules, are formed.29 

For a given surfactant, at a given temperature, only 
a certain amount of monomer can be accommodated 
in the cavities and any further addition of surfactant 
will result in the formation of micelles. In other 
words, the further addition of surfactant provides a 
driving force to minimize contact of the monomer 
hydrocarbon chains with water. Therefore, according 
to Langmuir’s principle of differential solubihty, the 
hydrocarbon chains cluster to form a core (micellar 
core), while the polar groups interact with the water.j” 

Each micelle consists of a certain number of mono- 
mer molecules (aggregation number, N), which deter- 
mines its general size and shape. The exact size and 
shape of micelles is still uncertain but it is assumed 
that an ionic micelle in dilute aqueous solution is 
roughly spherical (Fig. 2). The charged (or polar) 

Clusters 

Fig. 1. Schematic representation of hydrogen-bonded water 
molecules in liquid water. 

hydrophilic groups are directed towards the aqueous 
phase (Stern layer), while the hydrocarbon chains are 
directed away from the water (forming the hydro- 
phobic central core). The region adjacent to the Stern 
layer contains a high density of counter-ions of the 
polar heads (~ouy~hapman double layer) and sep 
arates the hydrophobic interior from the bulk aque- 
ous phase.16 This model visualizes a micelle as “an oil 
drop with an ionic or polar coat”.31 On the macro- 
scopic scale, a micellar medium could be described as 
a mixed aqueous-organic solvent3* 

It is interesting to note that although it is usually 
assumed that there is a fairly well-defined water layer 
around the micellar surface, there is no agreement on 
the composition of the micellar core, i.e., whether it 
consists of pure hydrocarbon or of hydrocarbon 
chains mixed with water. Water penetration of the 
micellar core is still a matter of controversy. Experi- 
mental evidence has been produced supporting the 
view that water cannot rigorously be excluded from 

Gout-ChaRman 

X 

X > 
X X 

X 

I-’ 
Stern 
layer 

X 

buik ohase 

Fig, 2. Two dimensional representation of a model spherical 
ionic micelle. x : counter-ions, 0: ionic head-groups, 

-: hydrocarbon tails. 
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the micellar core. This conclusion is supported not 

only by early NMR studies”,” but also from the 
more recent “C-NMR investigations.‘4 Many 

spectroscopic studies indicate that there is signi- 
ficant penetration of water into micelIes.” Recent 
fluorescence studies on the hydrogen-bonding in 
micellar aggregates?” indicate that the distinction 
between polar and non-polar sites in the micelles is 
inaccurate; in fact, it has been proposed that micelles 
are loose and porous structures in which water and 
hydrophobic regions are constantly in contact.‘8,‘9 

Current thought on this controversial “water ex- 
posure of micelles” is founded mainly on low-angle 
neutron-scattering experiments which allow the study 

of unperturbed micelles. 4o This modern concept dis- 

cusses the main characteristics of the molecular con- 
formation in micelles in terms of the predictions of 
the “interphase model”.4’ Interphase theory predic- 
tions are in agreement with experimental data and are 
particularly consistent with some principal features of 
micellar structure:40 

surfactant salts. The actual species formed depends 

mainly on the nature of the dye: Bromophenol Blue 

and Bromocresol Green solutions at low 

concentrations of l-carbethoxypentadecyltrimethyl- 
ammonium bromide, in acid and alkaline solution, 
show turbidity;54 Bromopyrogallol Red in solution at 
cetylpyridinium bromide concentrations below the 
c.m.c. and at pH 2-3 precipitates as a dyeesurfactant 
salt.56 Formation of an insoluble salt between ionic 
dyes and oppositely-charged detergents is most com- 
mon, but is not a completely general phenomenon. 
In fact, some dyes, such as Phenol Red’4 or 
8-hydroxyquinoline-5-sulphonic acid produce neither 
turbidity nor precipitation2’ along with the spectral 
change induced by addition of the cationic 

surfactant. 

(1) the micellar core is virtually devoid of water, 
according to Langmuir’s original principle of 
differential solubility; 

(2) micellar chains are randomly distributed and 
steric forces determine the final structure; 

(3) contact of the hydrophobic sections of the 
micelle with water results from a disordered structure 
in which the terminal groups or chain ends are near 
the micellar surface and thus exposed to bulk water.4” 

The nature of the dyes and their own tendency to 

aggregate5’ 59 have to be considered to explain such 
phenomena. Dyes are also amphiphiles, in the sense 
that bulky non-ionic moieties are attached to the 
ionic or analytical groups, but as they lack long-chain 
alkyl groups they have weak surface activity and do 
not form micelles in water. Depending on the balance 
between the hydrophobic and hydrophilic tendencies 
of any particular dye, increases in dye concentration 
can lead to stepwise aggregation, i.e., the formation 
of dimers, trimers, polymers and finally colloids:‘” 

dye (monomer)+dimer+...,+n-mer 

Although the “water penetration” concept of the 
hydrophobic sections of micelles is now less accept- 
able than the “water exposure” concept, this contro- 
versial topic is still under debate.42.43 

Swfactant -induced spectral changes 

In aqueous solution, micelle formation is usually 
detected by some change in the physical properties of 
the solution, such as surface tension, conductivity, 
viscosity, and emf,4” 46 or some optical or spec- 
troscopic property of the solution (e.g., light- 
scattering behaviour or spectral changes accom- 
panying solubilization of dyes in surfactant 
micelles).47~50 Since this latter spectral method is 
based on dye-surfactant interactions, it deserves fur- 
ther elaboration. 

HartleyZh first noticed that the colour of sul- 
phonaphthalein indicators changed on the addition 
of detergents, and this effect occurred only when the 
charge on the detergent aggregate was opposite in 
sign to that on the dissociated indicator molecule. 
This behaviour proved to be quite general, as azo,5’ 
triphenylmethane” ‘4 and merocyanine dye9’ all ex- 
hibited the same effect. 

If a surfactant is added to such a dye solution at 

submicellar concentrations, both the surfactant 
monomer and the dye aggregates can interact to form 
a special kind of micelle (mixed micelIe)” at concen- 
trations far below the normal c.m.c. characteristic of 
the surfactant. This dye-surfactant interaction ac- 
counts for the often observed fact that the so-called 
“spectral change dye method”47 does not provide a 
true c.m.c. value. In fact, in such cases, the change in 
absorbance or fluorescence intensity of a dye solution 
in the presence of increasing surfactant concen- 
trations may not reflect the formation of micelles of 
the surfactant (homomicelles) but that of mixed 
micelles or dye-surfactant salts. A comparison of 
some c.m.c. values of cetylpyridinium bromide, as 
determined in our laboratory by different methods 
under different conditions, is presented in Table 2 and 
clearly illustrates this point. As can be seen, not only 
the nature and concentration of the dye. but also the 
reaction medium can markedly influence the surfac- 
tant c.m.c. values. 

Once the surfactant concentration has reached a 

value close to or above the c.m.c. neither turbidity 
nor precipitation is observed. Solubilization of the 
dyeesurfactant “salt-like” ion-pairs in the micellar 

phase and/or the final incorportion of the dye into the 
micelles (homomicclles) is taking place. 

At concentrations below the c.m.c., addition of a Many of the features observed in the spectral 
surfactant to a dye solution may bring about the behaviour of dye-surfactant systems carrying op- 
formation of colloidal dye-surfactant submicellar posite charge can often be extended to general sensi- 
aggregates (mixed micelles) or insoluble dye-- tized reactions in micellar media. 
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Table 2. Comparison of critical micelle concentrations of cetylpyridinium bromide, obtained by different 
methods 

Method Additive c.m.c.. 10e4M DH Reference 

Conductivity 

Surface tension 

Spectral dye-change 

none 6.39 5 25 

none 6.86 5 50 
KC], O.OlM 3.16 5 56 
HCI, IM 4.96 56 
Buffer HAc/NaAc 0.2M 2.58 4.5 50 
8-Hydroxyquinoline-5-sulphonic acid 3.76 25 
Dimethylformamide 2.39 0 (HC!, IM) 57 

Eosin 0.04 6 58 
Pyrogallol Red 2.80 2.8 59 
Bromopyrogallol Red 0.99 0 (HCI, IM) 56 
Bromopyrogallol Red ppte. 2 50 
Thorin ppte. 9 56 
Eriochrome Black T depends on 9 60 

dye concn. 

Mukerjee and Mysels4* using spectrophotometric 
and electrical conductivity measurements of the 
pynacyanol-sodium dodecylsulphate system identi- 
fied the presence of two types of dye-surfactant 
aggregates: (i) below the c.m.c. a dye-surfactant salt 
which formed a coarse (visible suspension) stable 
slurry in the presence of more than a stoichiometric 
amount of surfactant, and (ii) dye-rich micelles, at 
below and around the c.m.c., which solubilized the 
water-insoluble dye-detergent salt. Malik et uI.~‘-~~ 
reported that spectra1 changes for several dyes are 
due to electrostatic forces involving interactions be- 
tween the anionic (or cationic) surfactant and the 
basic (or acidic) dye. They claimed, however, that 
chemical interaction giving a stoichiometric 
dye-surfactant complex was very improbable. Guha 
et aI.” attributed the changes in the absorption 
spectra and the decrease in fluorescence intensity of 
thionine to the formation of a dye-surfactant com- 
plex at sodium dodecylsulphate concentrations below 
the c.m.c.; at concentrations above the c.m.c. the 
appearance of the dye absorption spectrum, with a 
small red-shift and increased extinction coefficient, 
was interpreted as due to the incorporation of the dye 
into the micelles. 

Nature of the dye-surfactant interaction 

The existence of true ion-association complexes 
formed at below the c.m.c. between ionic surfactants 
and dyes with opposite charge is supported by most 
of the published data. 54,7’ 74 These complexes are 
electrically neutral, and often poorly soluble in water 
but readily extractable by low-polarity solvents. They 
have stoichiometric surfactant/dye ratios. At surfac- 
tant concentrations at the c.m.c. value and above, the 
solubilizing effect of the micelles begins to be im- 
portant and the ion-association complexes are incor- 
porated into the micelles. 

Electrostatic interaction of anionic dyes with the 
surface of cationic surfactant micelles takes place 
through the negatively charged groups of the dye 

(--SO;, -COO-). However, this kind of electro- 

static interaction could not explain by itself the 
spectra1 changes observed during the interaction. In 
fact, bulky non-micelle forming species such as the 
diphenylguanidinium or tetraethylammonium ion, 
have no effect per se. Moreover, simple ion-pairing 
between a negative group such as -SO, or -COO 
of the dye and a quaternary ammonium ion does not 
perturb the chromophore.75 In the presence of cat- 
ionic surfactants, aromatic compounds with 
sulphonic76 or carboxylic acid groups” do not act 
simply as counter-ions, but are incorporated into the 
water-rich Stern layer of the micelle in a sandwich 
arrangement. This permits not only the hydration of 
the hydrophilic --SO; (or --COO-) group, but also 
the solvation of the aromatic ring of the dye by the 
-&(CH,), group and the participation of van der 
Waals interactions between adjacent surfactant 
chains and the dye organic moiety (hydrophobic 
forces). In this situation, the micro-environment of 
the chromophore has clearly changed, from that 
existing in the bulk aqueous phase, and this change 
is the cause of the spectra1 shifts observed. Since dyes 
based on aromatic rings are widely used in spec- 
trophotometry and fluorimetry, this picture can be 
considered genera1 (and is probably operative in most 
analytical dye-surfactant systems at concentrations 
above the c.m.c.). In this context, it is worth men- 
tioning the importance of the presence of an --SO, 
group in the dye. The electronic parameters for 
aromatic substituents78 indicate that an -SO; group 
gives less resonance interaction with the aromatic 
system than does a -COO- group. In the latter case, 
the negative charge is delocalized and distributed 
over the terminal -COO- group and the aromatic 
ring; thus the cationic end of the surfactant will tend 
to interact electrostatically less with the -COO- 
group than with an -SO; group, on which the 
charge is localized. The -COO- group will therefore 
be buried deeper in the micelle Stern layer than will 
the --SO, group, leading to diminished electrostatic 
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interaction between the -400~ groups and the 
charged head-groups of the surfactant. 

It has been reported79 that the ionic association of 
charged micelles with an aromatic dye through the 
--SO< group promotes electron-withdrawal from the 
aromatic rings along the conjugated n-system, so 
leading to the ionization of easily dissociated groups 
in the dye (--OH groups). The resulting ionized 
group may further associate with another surfactant 
molecule. The spectra1 shifts then observed may be 
due to the deprotonation of an -OH group on the 
dye, with the incorporation of the chromophore into 
a single conjugation plane.79 In this case, maximum 
delocalization of the n-electronic system of the dye 
can occur. 

Russian authors claim5’~80~8’ that the sulphonic acid 
group in the triphenylmethane dye series is isolated 
and that its electrons are not able to interact with the 
aromatic n-electron system. However, it has been 
demonstrateds2 that the electrons on the sulphonic 
acid group may participate in the rr-system through 
the empty d-orbitals of the sulphur atom. Association 
of the ----SO, group with the surfactant reduces the 
fraction of total charge on it, so promoting electron- 
withdrawal from the entire n-electron system of the 
dye and causing energetic dissymmetry, with con- 
sequent dissociation of ionizable hydroxyl groups. In 
this way, micelles affect not only the electronic struc- 
ture of the dyes but also their basicity and hence the 
pK, of indicators. I6 Micelles can either stabilize or 
destabilize charged dye species, depending on the sign 
of their surface charge, as shown in Table 3. 

The proton-release occurring during the reaction 
between an anionic dye and a cationic surfactant 
produces a change in the spectrum which is similar to 
that observed on increasing the pH of the dye solution. 
Such pK, shifts for solubilized indicators have been 
attributed to the influence of the surface potential of 
mice11es.85 *’ The pK, changes also appear to be 
related to the reduction of the difference in free 
energy between the acidic form of the dye and its 
anion in the micelle.77~88 9o Extensive incorporation of 
an anionic dye into a cationic micelle implies that the 

free energy of the anionic form decreases more than 
that of the unionized form, as the anion is more 
polarizable and firmly attached to the positive end- 
groups of neighbouring surfactant molecules.” 

There is multiple binding in these associated mi- 
cellar species: evidence has been produced indicating 
that hydrophobic interaction, not charge compen- 
sation, plays the main role in binding between dyes 
and surfactants. The exact nature of this interaction, 
however, has not yet been satisfactorily explained. 
Chiang and Luktong2 report that their results on 
the interaction between 2-p-toluidinylnaphthalene-6- 
sulphonate and sodium dodecylsulphate (NaDDS) 
micelles suggest that the binding force is hydro- 
phobic. Analogously, Birdi et al.” claim that the 
interaction of NaDDS micelles with l-anilinonaph- 
thalene&sulphonate is hydrophobic in nature. The 
interaction between some mono-azo dyes with a 
series of non-ionic surfactants has been shown9’ to be 
hydrophobic in nature and occurs between dyes and 
the ethylene oxide chains of the non-ionic surfactant. 
Minch” showed, from spectral changes of mero- 
cyanine dyes in cationic and anionic micelles, that in 
all cases the spectra were red-shifted when the dye 
was incorporated into micelles and that the mag- 
nitude of the shift increased with more hydrophobic 
dyes. Biedermann and Datyner94 also suggested that 
the interactions of some azo dyestuffs with NaDDS 
micelles increased with increasing hpophihcity of the 
dyes. 

According to current thought,40 the inclusion of a 
dye molecule within a micelle is not strictly akin to 
placing it in a hydrophobic region in the micellar 
core, but is more like placing it in a hydrophobic 
environment where it is exposed to water. A consid- 
eration of hydrocarbon chains in micelles as disor- 
dered structures could explain why the nature of the 
dye may determine its binding site within the micelle 
assembly. 94 In other instances, the factors responsible 
for the spectral changes have been ascribed to the 
deaggregation of the dye molecules by association 
with micelles,95 to the joint effect of deaggregation 
and the change in the molecular environment,‘h~v7 or to 

Table 3. pK,, shifts of various species, as a function of surfactant charee-tvoe 

Cationic Anionic Non-ionic 
Species Alone surfactant surfactant surfactant Reference 

Phenol Red, pK‘,, 7.68 7.66* 54 

Bromophenol Blue, pK,,: 3.89 3.02* 54 
Bromocresol Green, pK,, 4.58 4.08* 54 

8-Quinolinol, pK$,, 5.02 4.261 5.726 5.021 83, 84 
PK.,: 9.67 9.35t 10.294 9.76: 83, 84 

Quinine, PK.,, 4.13 4.20t 5.355 83 
PK.,? 8.52 7.57t 9.796 

Umbelliferone, pK,, 7.75 6.7511 8.25# 85 
Methyl Red, pK‘,, 4.95 3.6711 6.638 5.20$ 85 
4-Nitrophenol, pK‘,, 7.15 7.11: 84 

*Carbethoxypentadecyltrimethylammonium bromide. 
tDodecyltrimethylammonium chloride. 
$Triton X-100 
@odium dodecylsulphate. 
1/Dodecyltrimethylammonium bromide. 
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the localization of the chromophore within the hydro - 

phobic micellar interior.” 

INFLUENCE OF ADDITIVES 

Strong electrolytes 

Micelles are sensitive to small changes in the ionic 
strength of the aqueous solution. The change in the 
c.m.c. of cetylpyridinium bromide in aqueous solu- 
tion with electrolyte concentration62 reveals two 
trends, one occurring at low and the other at high 
concentrations of the added salt (see Table 4). Addi- 
tion of salts to ionic micelle solutions reduces the 
mutual electrostatic repulsions of charged head- 
groups:“’ 

/-J-J+@: 2: X- 

Gv- - 
d- &_&-Lfy_ ry- 
--n&&x-x- 

k x-y- 
X- 

Thus, addition of a salt anion, X-, to cationic micelle 
solutions results in an increase of counter-ion dis- 
sociation (~1). The degree of displacement of the Y- 

counter-ion will depend on the nature of the X- 
anion, and usually follows the order in the lyotropic 

serieslOO 
On the other hand, electrolyte addition leads to an 

increased aggregation number and micellar 

diameter99.‘0’ because if the electrical surface potential 
is reduced, more polar heads, and hence more mono- 
mers, can constitute a given micelle (increase in N and 

size). 
Regarding the usual decrease observed in the c.m.c. 

values after salt addition (Table 4) some authors 
speculate that it is related to the ability of the salt to 
“melt” Frank--Evans “icebergs”; micelle formation is 
an entropy-directed process and is influenced by 
changes in the water structure surrounding surfactant 
ions.‘02,‘03 If structure-breaking ions are present in 
solution, the water icebergs2x will “thaw” to a more 
random state. Destruction of icebergs around the 
monomeric surfactant ions would result in easier 

Table 4. Effect of added electrolytes on 
the c.m.c. of cetvlpvridinium bromide62 

Added electrolyte c.m.c., 10-4M* 

Aqueous solution 6.86 
KCI. O.OlM 3.76 
KCI, O.IM 4.20 
KCI. IA4 7.14 
HCI. 0.2M 3.50 
HCI, IM 4.96 
NaCI, 0. I M 3.40 
NaCI. IA4 4.96 
N&I, 1.5M 4.56 

*Surface tension measurements al 20 C. 

micelle formation at a lower surfactant level.‘04 How- 
ever, Schick”’ claims from the iceberg picture that a 
structure-breaking ion should reduce micelle for- 
mation. Whatever the theoretical approach to this 
effect, it has to be borne in mind that c.m.c. decreases 
with electrolyte addition and that the c.m.c. is a 
measure of the ease of micelle formation: the lower 
the value of the c.m.c. the higher the tendency to 
micelle formation. 

If the strong electrolyte concentration becomes 
sufficiently high, not only the size of the micelle 
changes but also its shape, e.g., spherical sodium 
dodecylsulphate micelles become rod-like at high salt 
(NaCl) concentrations’05 and cetylpyridinium bro- 
mide micelles grow steadily to form elongated semi- 

flexible rods, with increasing sodium bromide con- 
centration.“’ In the case of non-ionic surfactants, the 
c.m.c. is only slightly dependent on salt concen- 

tration.“’ 
As the magnitude of the ionic strength has a 

negligible effect on the spectral behaviour of dyes 
alone,55~74’08 the main role in the spectral changes 
observed when the salt concentration is increased in 
a dye-surfactant solution should be played by the 
surfactant-electrolyte interactions. The absorption 
spectrum of Bromopyrogallol Red at pH 4 and ionic 
strength 0.2M (fixed by the acetate buffer used) shows 
a maximum at 580 nm when cetylpyridinium bromide 
micelles are present. 62 The addition of sodium chlo- 
ride releases the dye from the micelles and the 
absorption spectrum changes to resemble that of 
Bromopyrogallol Red in the absence of cetyl- 

pyridinium micelles. The band at 580 nm decreases 
in intensity with sodium chloride concentrations 
ranging from 0.2 to 0.6M. At the higher salt concen- 
trations the absorbance decrease is much less pro- 
nounced and a break-point is observed (at 
[NaCI] N 0.48M), which may correspond to the 
change in shape and size of the micelles. 

The fact that the absorption spectrum of the free 
Bromopyrogallol Red reappears on addition of so- 
dium chloride suggests that electrostatic forces play a 
fundamental role in dyeemicelle binding, maintaining 
the dye in or near to the micelle. 

The saturation of the micelle surface (Stern layer) 
by strong electrolytes should dissociate the 
dye-micelle associate, restoring the properties of the 
aqueous dye. This would also account for the ob- 
served increases in pK, of the dye-surfactant associ- 
ation complex when the electrolyte concentration is 
increased.54,y’ It has to be stressed, however, that 
other authors have indicated that addition of strong 
electrolytes may cause, conversely, an acceleration of 
the rate of dye penetration into micelles”” or even a 
more effective inclusion of the dye into the micelIe.” 
This is another example of how the studies and basic 
knowledge on micellar interactions available so far 
may be contradictory and insufficient to permit a 
clear choice between different possible interpretations 
of micellar reactions. 
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Hydrophobic additives 

Ionic micelles contain binding sites for both hydro- 

phobic and hydrophilic solutes. For instance, addi- 
tion of alcohols to aqueous solutions of surfactant 
aggregates is known to influence the properties of 
micelles. Alcohols penetrate the interior of the micelle 
without appreciably changing its volume, forming 
mixed micelIes.“’ The alcohol hydroxyl group is 
hydrogen-bonded to the surfactant head-groups, in- 
creasing the distance and hence decreasing the re- 
pulsion between them. “I The effect of added alcohols 
on the c.m.c. of surfactant solutions is dependent on 
the nature of the alcohol, e.g., I-propanol (or 
2-propanol) decreases the c.m.c. of n-dodecyl- 
trimethylammonium bromide and sodium dodecyl- 
sulphate more effectively than does ethanol”2 owing 
to some stabilization of the mixed micelles through 
direct hydrophobic interactions. I-Propanol is more 
soluble than ethanol in the micellar phase, thereby 
promoting micelle formation. 

In general, organic molecules (or ions) tend to 
reduce the c.m.c. of surfactants, the reduction in- 
creasing with the size of the alkyl group. The c.m.c. 
for n-dodecyltrimethylammonium bromide micelles 
is decreased by a factor of 40 as n changes from 0 to 
5 in the series CH3+CH2);;-COO-.“3 The alkyl 
chain length of the additive also has an appreciable 
effect on the total number of monomers which form 
a micelle; it has been shown that if a longer hydro- 
carbon chain is used, in order to enhance the hydro- 
phobic interaction with micelles, the aggregation 
number”’ of the micelles is reduced. 

The effect of some hydrophobic solutes has been 
considered in a number of studies”2 ‘I4 but very little 
attention has been directed”5.“6 towards the mea- 
surement of the effect of added hydrophobic mole- 
cules on the properties of solutes already incorpo- 
rated in micelles. 

THE NATURE OF THE SURFACTANT 

The spectra1 changes observed for different anionic 
dyes in the presence of surfactant micelles show that 
cationic surfactants affect the spectral characteristics 
of such dyes more strongly and over wider acidity 
ranges than other types of surfactant do. This means 
that charge-type effects are operative. 

Changes in the nature of the cationic head-group 
of the surfactant, however, apparently play only a 
minor role, and it is the length of the hydrocarbon tail 
which is the predominant factor in determining the 
appearance of new peaks and/or band-shifts in the 
spectra.75 Solubilization of a dye in micellar solutions 
can be attributed to hydrophobic interactions and it 
seems clear that the same kind of interactions are 
responsible for the dye spectral changes observed in 
micelles. In the light of solubilizdtion experiments 
Lianos et al.“’ concluded that there is a limiting chain 
length (more than IO carbon atoms) for the solu- 

bilization of arenes and that such solubilization does 
not seem to be sensitive to probe size, as pyrene and 
naphthalene showed similar behaviour.“’ In a similar 

way, the spectra1 changes are first observed when the 
hydrocarbon chain length of the surfactant rises to I I 
or I2 carbon atoms, which coincides with the appear- 
ance of surface-active properties in the molecule.75 In 
other words, the length of the hydrocarbon chain in 
the surfactant is primarily responsible for the hydro- 
phobic properties and could represent its degree of 
hydrophobicity. If the chains of the surfactants are 
very short, the corresponding micelles are extremely 
labile, with very short lifetimes. This would explain 
why such “small” micelles are unable to solubilize the 
arenes.“8 

Owing to electrostatic repulsion, the interaction 
between anionic dye ions and the head-groups of 
anionic surfactants should produce neither new spec- 
tral bands nor changes in absorbance or fluorescence 
intensity. However, as mentioned earlier, lipophilicity 
may often be the driving force for interaction, rather 
than the electrostatic interaction55,90,9294 and some 
spectral changes can be explained in this way. A 
similar explanation can also be given for non-ionic 
surfactant effects on the spectral behaviour of dyes: 
Coomassie Brilliant Blue G-250 does not show any 
spectra1 shift with anionic detergents such as sodium 
dodecylsulphate or sodium deoxycholate. but does 
with non-ionic surfactants, probably owing to trans- 
fer of the dye from a hydrophilic to a hydrophobic 
micellar environment.“’ 

If a charge-type effect can combine with the classi- 

cal hydrophobic interactions then both kinds of 
interactions, electrostatic and hydrophobic, seem to 
act concurrently, bringing about the largest spectral 
changes, as shown for anionic dyeecationic surfac- 
tant complexes by Savvin et a/.75 or for metal 
chelatecationic surfactant species by Sanz-Medel et 
a[.25.27 

In any case, it seems clear that the surfactant 

character has the decisive role in determining the 
observed spectral changes, since bulky ions, which 
are non-micelle-forming (e.g., tetraethylammonium) 
do not give rise to effects similar to those observed in 
the presence of micelle-forming agents.5h.75 

SOME RELATED SYSTEMS 

The implications of a model for the interactions in 
micelles are significant not only for micelles in water 
but also for related assemblies, since the principles of 
organization are thought to be quite general.“” For 
this reason the following related assemblies are re- 
viewed. 

Reverse micelles 

The surfactant interactions in non-aqueous media 
have been investigated less”” than those in aqueous 
surfactant systems. The surfactant aggregates in or- 
ganic solvents are described as having a “reverse 
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micellar structure”, in which the hydrocarbon tails 
are in contact with the solvent and the polar head- 
groups form the micellar core. 

The aggregation number in such reverse micelles is 
relatively small, e.g., less than 10 for alkylammonium 
carboxylates, compared with up to 100 for aqueous 
micelles,” but it is supposed that these systems would 
exhibit an experimentally determinable c.m.c. Al- 
though many of the common methods for c.m.c. 
determination in aqueous solution are not applicable 
to reverse micellar systems, because of the low degree 
of aggregation and because ionic surfactants do not 
ionize in organic media, the “spectral change 
method” has been proposed for determination 
of the c.m.c. of Aerosol-OT [sodium di-(2- 
ethylhexyl)sulphosuccinate]‘*’ with the dye 7,7,8,8- 
tetracyanoquinodimethane. Breaks in the plots of 
absorbance against surfactant concentration were 
interpreted as corresponding to the surfactant c.m.c. 
However, the concept of c.m.c. as explained for 
normal micelles is no longer applicable in these 
systems and is still subject to controversy. Reverse 
micelles alter the micro-environment of solubilized 
reactants and thus affect their stereochemistry, dis- 
sociation constants, redox potentials and reac- 
tivities.‘22 

In analytical chemistry scant use has been made of 
reverse micelles. Many organic reactions have been 
studied in reverse micelle systems but few studies 
have been made on inorganic reactions.‘23-‘25 In view 
of this situation, the study of analytical systems in 
reverse micelles is an unexploited research field. 

Synthetic bilayer membranes (vesicles and lamellae) 

Vesicles are the simplest membrane-mimetic col- 
loidal systems and their use as membrane models 
has been recently reviewed.‘26,‘27 Although they are 
usually made of biomaterials such as lecithin, 
vesicles have recently been made from synthetic 
surfactants.‘28 The main difference between vesicles 
and micelles is geometric: single-chain surfactants, 
e.g., cetyltrimethylammonium bromide, form mi- 
celles, while double-chain surfactants, such as diocta- 
decyltrimethylammonium bromide, form vesicles. A 

typical diagram of a vesicle and a bilayer membrane 
is shown in Fig. 3. The hydrophobic sections are in 
contact and separated from the inner and outer water 
phases by the polar head-groups. 

Single-compartment vesicles (and bilayer mem- 
branes) are able to encapsulate and retain a number 
of substrates: 8-azaguanine is successfully incorpo- 
rated (34% entrapment) in positively charged di- 
octadecyldimethylammonium chloride vesicles, while 
in cationic single-compartment liposomes (phos- 
pholipid membranes) the uptake of this molecule is 
only 1.8% .‘29 

Some cyanine and merocyanine dyes show unusual 
spectral behaviour when bound to synthetic mem- 
branes;13’ the spectral variation is highly specific to 
the chemical structure of the membrane-forming 
amphiphile. The fluorescence of a probe molecule is 
drastically increased when the probe is added to a 
suspension of bilayer aggregates. This enhancement is 
caused by the entrance of probe molecules into the 
bilayer. The lower polarity of the environment and 
the restriction of the twisting of the excited probe 
molecule result in a pronounced increase in the 
quantum yield.‘3’.‘32 These phenomena provide a way 
to achieve control of the spectra of dye molecules in 
the bilayer membranes, useful not only in model 
studies of biological chromophores (membrane- 
bound chlorophyll) ‘33~‘34 but also from an analytical 
point of view. 

As with micelles, it is difficult to define the nature 
of the spectral changes after the addition of a probe 
to a bilayer membrane solution and even to deter- 
mine clearly whether it is hydrophobic or hydrophilic 
in character. 

Polyelectrolytes 

The phenomenon called “metachromasia” results 
from the interaction between a cationic dye and a 
polyelectrolyte in aqueous solution. Metachromatic 
changes of colour have been studied for a number of 
dyes such as Crystal Violet,‘3s,‘36 Triplafavine13’ and 
Methylene Blue’38,‘39 with simple polyelectrolytes (so- 
dium polyphosphate, polymethacrylic acid). 

(4 
ID”lCaflO” Single-cqmpartment 

vesicle 
” 
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Fig. 3. Schematic representation of: (a) single-compartment vesicle, (b) conversion of detergents into 
spherical micelles. rod-like micelles and bilayers. 
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The exact nature of these changes is again not 
known, but it has been shown’40 that hydrophobic 
attractive forces between a dye and a poly-ion may in 
some instances predominate over electrostatic forces. 
The binding of Eosin-Y to poly+lysine has been 
found to be purely electrostatic in nature, in contrast 
to its binding to poly(p-xylylviologen), which has 
both an electrostatic and a hydrophobic com- 
ponent.14’ Changes in apparent acidity constants of 
indicators in polyelectrolyte solutions have been at- 
tributed mainly to the large charge density of poly- 
ions and also to non-electrostatic interactions.‘42 

The optical behaviour of a metachromatic dye 
bound to polyelectrolytes depends on the chemical 
structure of the dye, on the nature of the poly- 
electrolyte and on the binding equilibrium.‘36.‘43 It can 
be related, in some aspects, to the behaviour of 
micellar systems. 
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Summary-Methods are presented for determination of molybdenum in plant tissue by flame and 
graphite-furnace atomic-absorption spectrometry and direct-current argon-plasma emission spectrometry. 
The samples are digested in HNO,-H,SO,-HClO, mixture, and MO is separated and concentrated by 
chelation and extraction. Three organic solvents (methyl isobutyl ketone, di-isobutyl ketone and isoamyl 
alcohol) and two lizands f8-hvdroxvauinoline and toluene-3,4-dithiol) were studied. The procedure were 
tested on pine needle and birch leif ‘samples. 

The determination of molybdenum in botanical ma- 
terial and natural water has received considerable 
attention.‘..’ There are several papers on the use of 
spectrometric methods. The most commonly used 
calorimetric method for molybdenum at trace level is 
based on formation of the coloured thiocyanato 
complex, MoO(SCN):-, and its extraction into an 
organic phase.“‘* The detection limit (about 0.5 mg/l. 
in aqueous solutions) attained by flame atomic- 
absorption spectrometry is not low enough for deter- 
mination of molybdenum in plant materials (less than 
l-10 pg/g), and several elements interfere.5 By means 
of liquid-liquid extraction molybdenum can be si- 
multaneously concentrated and separated from most 
interfering cations. Atomic-absorption spectrometric 
methods based on the separation and precon- 
centration of molybdenum by extraction of its 
thiocyanate, 8-hydroxyquinolinate, diethyldithio- 
carbamate, pyrrolidinedithiocarbamate and cr-benz- 
oinoximate complexes into methyl isobutyl ketone 
(MIBK) have been reported.13~r6 Usually, methods 
involving stripping of the molybdenum into an 
aqueous phase were preferred. Many authors have 
reported on various aspects of the use of graphite- 
furnace atomic-absorption spectrometry for molyb- 
denum determination. The method is often used in 
conjunction with a separation, although molyb- 
denum can be determined directly in very complex 
matrices without separation or even background 
correction.“-*’ The use of argon-plasma emission 
spectrometry for determination of molybdenum in 
mixed fertilizer has also been reported.** 

The aim of the present study was to make a 
comprehensive investigation of different liquid-liquid 

*Author for correspondence. 

extraction procedures, followed by flame atomic- 
absorption, graphite-furnace atomic-absorption and 
direct-current plasma atomic-emission spectrometric 
determination of molybdenum. The methods were 
applied to determination of molybdenum in birch 
leaves and conifer needles after solvent extraction. 

EXPERIMENTAL 

Reagents 

All reagents and solvents were analytical-reagent grade, 
and distilled demineralized water was used. 

A standard molybdenum solution (1000 mg/l.) was pre- 
pared by dissolving 1.500 g of MOO, in the minimum of 
O.lM sodium hydroxide, adding some water, making 
slightly acidic (pH 34) with O.lM hydrochloric acid and 
diluting to I.0 litre with water. Working solutions were 
prepared from this stock solution by appropriate dilution. 

8-Hydroxyquinoline solutions, I%, in MIBK, di-isobutyl 
ketone (DIBK) and isoamyl alcohol were used. 

Toluene-3,4-dithiol solution was prepared by adding 2 ml 
of ethanol to 0.3 g of zincdithiol complex followed by 4 ml 
of water and 2 g of sodium hydroxide. The solution was 
mixed well and diluted to 100 ml with water. 

Instrumentation 

A Pye Unicam SP-9 800 atomic-absorption spectrometer 
equipped with an SP 9 computer, an SP 9 graphite furnace 
(normal graphite tubes were used), a nitrous 
oxide-acetylene 6-cm single-slot burner head (N,O flow-rate 
6 1 ./min, C,H, flow-rate 4 1 ./mink a molybdenum hollow- 
cathode lamp, and a deuterium lamp for background cor- 
rection, were used. The line 313.3 nm was used, with 
0.5nm spectral band-pass. The absorbances due to reagent 
blanks (carried through all steps) were subtracted from 
absorbances of standards and samples to yield net 
absorbances. 

For determining MO as its toluene-3,4-dithiol chelate in 
MIBK, the following instrumental settings for the graphite- 
furnace atomic-absorption measurements are recommen- 
ded: wavelength 313.3 nm, band-pass 0.5 nm, sample vol- 
ume 15 pl, drying temperature/time l40”/30 set, ashing 
temperature/time 700”/30 set, atomization temperature/ 
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time 2500”/3.0 set, and cleaning temperature/time 
2700”/2.5 sec. 

A Spectra Span IIIB single-channel direct-current argon- 
plasma emission spectrometer equipped with an HP 85 
computer was used for the plasma measurements. The 
instrumental settings were the following: wavelength 
281.615 nm, entrance slit 100 x 300 pm, exit slit 
100 x 300 pm, and plasma position “O”, which is the 
middle one of the three available measurement points in the 
excitation region of the d.c. plasma. 

Estracfion procedures 

Three organic solvents, MIBK, DIBK and isoamyl alco- 
hol, and two ligands, 8-hydroxyquinoline (oxine) and 
toluene-3,4-dithiol, were examined. For each extraction 
system, the optimum pH for extraction, linear range of 
calibration, sensitivity, characteristic concentration, pre- 
cision, optimum hgand/metal ratio, aqueous phase/organic 
phase ratio, and optimum shaking time were examined. For 
these experiments known amounts of MO stock solution 
were taken, adjusted to the desired pH values with sodium 
hydroxide and hydrochloric acid, and diluted to 25 ml with 
water. Then 5 ml of 1% oxine solution dissolved in MIBK 
or DIBK, or 5 ml of aqueous dithiol solution, were added, 
and the mixtures were shaken with 0-20ml of one of the 
organic solvents for 15 min. The layers were separated and 
the organic phase was introduced into the flame atomic- 
absorption spectrometer for measurement of the MO signal. 

Sample preparation by wet digestion 

A 24 g sample of needles or leaves (dried at 70” for 24 hr 

0.6 

0.6 

T 

0.4 

0.2 

0.0 

and then ground) was weighed into a 300-ml Kjeldahl flask 
and lo-40 ml of a mixture of concentrated nitric, sulphuric 
and perchloric acids (3: I : I v/v) were added. The mixture 
was left overnight and then heated at 105” for 2 hr. 160” for 
3 hr and 205” for about 1 hr (after which the mixture was 
clear). After cooling, the contents of the flasks were trans- 
ferred quantitatively into IOO-ml standard flasks and diluted 
to volume with water; then 25-m] portions were transferred 
to IOO-ml separatory funnels. For the flame and graphite- 
furnace AAS measurements MO was extracted as its dithiol 
complex into MIBK, and for the DCP-AES measurements 
it was extracted as its dithiol complex into isoamyl alcohol 
as described above. The tubing for sample-introduction in 
the DCP-AES apparatus was not resistant to MIBK or 
DIBK, which was why only the isoamyl alcohol system was 
used. 

Sample preparation by dry ashing 
A dried (24 hr at 70”) and ground sample (24 g) was 

weighed into a ceramic crucible and heated at 500” for 24 hr. 
The ash was then dissolved in 3 ml of concentrated hydro- 
chloric acid, by heating on a hot-plate until the solution was 
clear. The sample was then transferred into a 25-ml standard 
flask and diluted to volume with water. A corresponding 
amount of hydrochloric acid was added to each standard 
solution. Then 2 ml of dithiol solution were added to the 25 
ml of sample solution and the molybdenum complex was 
extracted with 5 ml of organic solvent (giving approximately 
fivefold concentration). 

PH 

~ 0.6 

0.4 

0.0 
-0.2 0.0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 

PH 

Fig. 1. Extraction of molybdenum as a function of pH. (a) the Mo-oxine equilibrium system; (b) the 
Mochthiol system: 0 MIBK; 0 DIBK; a isoamyl alcohol. 
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RESULTS AND DISCUSSION 

Flame atomic-absorption spectrometry 

Figure 1 shows the effect of pH on the various 

extraction systems studied. For both ligands (oxine 
and dithiol) the most useful solvent is MIBK, and the 
least useful is isoamyl alcohol. The oxine-MIBK 
extraction can be done at either pH 1.5 or 4-10. For 
the dithiol-MIBK system the extraction should be 
done in the pH range 0 f 0.1, or 0.64.8. 

On the basis of the calibration curves presented in 
Fig. 2 the relative sensitivities and linear dynamic 
ranges can be evaluated. The sensitivity is greatest 
with MIBK as solvent and least with isoamyl alcohol. 
The upper limits of the linear dynamic ranges are 30, 
30 and 25 mg/l. for the oxine system with MIBK, 
DIBK, and isoamyl alcohol as solvents, respectively, 

I 
(0) 

1.4 

1.2 

and 30, 25 and 25 mg/l. for the corresponding dithiol 
systems. The oxine-isoamyl alcohol system is not 
recommended, because of the maximum in the cali- 
bration graph. 

Table 1 gives the characteristic concentrations (MO 
concentration for I % absorption), detection limits 
(background + three times its standard deviation), 
and relative standard deviations (five replicates for 
15-mg/l. MO). The lowest values are again obtained 
with the MIBK systems. The precision (RSD) for the 
DIBK systems is significantly poorer than that for the 
MIBK and isoamyl alcohol systems. 

Figure 3 records the absorbances for various 
ligand/metal molar ratios. According to these plots, 
the minimum C,:C,, ratios required to give an 
almost constant degree of extraction of molybdenum 
into the different organic solvents are 7, 25 and 8 for 

I I I I 
30 40 50 60 

CM, (mg/ I.) 

10 

1.6 
P’ 

/ 
1.4 P 

/ 
/ 

1.2 

0.6 

10 20 30 50 60 70 

Fig. 2. Calibration curves. (a) the Mooxine equilibrium system; (b) the MoAithiol system: 0 MIBK; 
0 DIBK; A isoamyl alcohol. 
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Table 1. Characteristic concentrations, instrumental detection limits 
(DL) and relative standard deviations (RSD) for five replicates in the 
ideal concentration region for various MO extraction systems in 

determination of MO by flame AAS 

Ligand 

Oxine 

Dithiol 

Characteristic 
concentration, DL, 

Solvent WI/. m&?/l. RSD, % 

MIBK 0.14 0.053 0.7 
DIBK 0.27 0.073 7.0 
Isoamyl alcohol 0.35 0.14 1.8 

MIBK 0.13 0.045 0.8 
DIBK 0.21 0.074 3.9 
lsoamyl alcohol 0.31 0.15 0.7 

MIBK, DIBK and isoamyl alcohol, respectively, for 
the oxine system, and 8, 10 and 7 for MIBK, DIBK 
and isoamyl alcohol for the dithiol system. 

In the next step the effect of the volume ratio of the 
aqueous and organic phases was studied (Fig. 4). For 
these experiments the volume of the organic phase 
(I’,,) was kept constant and the volume of the 
aqueous phase (Va:,,) was varied. The amount of 
molybdenum present was the same in each case, and 
after extraction the molybdenum concentration in the 
organic phase should have been 10 mg/l. In the 

(4 

0.6 

(b) 
07 

0.6 

2 4 6 6 10 12 14 16 16 20 

Fig. 3. The dependence of the degree of the extraction on Fig. 4. The effect of the volume ratio of the aqueous and 
the ligand/molybdenum molar ratio for each extraction organic phases on the extraction. Open symbols, Mo-oxine 
system. (a) Mo-oxine system; (b) Modithiol system: 0 system; filled symbols, Modithiol system; o/O MIBK; 

MIBK; 0 DIBK; n isoamyl alcohol. q /m DIBK; n/A isoamyl alcohol. 

absorbance vs. V.,,/ Vorg plots, maxima were obtained 
for the three dithiol systems, whereas for the oxine 
systems the absorbance either increased or remained 
constant with increasing I’..,,/ Vorg ratio. Because the 
aqueous phase and organic solvents were not mutu- 
ally saturated before use, the phenomena presented in 
Fig. 4 can be interpreted in terms of the change of 
volume and dielectric constant in the organic phase. 
The solubilities of water in MIBK, DIBK and iso- 
amyl alcohol are 2.4, 0.75 and 9.7 g/100 g, re- 
spectively, and the solubilities (g/l00 g) of these sol- 
vents in water are 2.04 (MIBK), 0.04 (DIBK) and 
2.85 (isoamyl alcohol). The dielectric constants de- 
crease in the following order: MIBK > isoamyl 
alcohol >> DIBK. When the water content in the 
organic phase increases, the reciprocal value of the 
permittivity also increases and raises the solubility of 
polar compounds. According to the differences of the 
electronegativities between molybdenum and oxygen, 
nitrogen or sulphur (0 3.5, N 3.0, S 2.5), the 
metal-ligand bonds in the Mo-oxine complex 
(MO-O and MO-N bonds) can be assumed to be 
more polar than those in the Modithiol complex 
(MO-S bond). Thus, the solubility of Mooxinate 
should be higher than that of the Modithiol complex 
in solvents with high dielectric constant. In the case 
of DIBK there would be practically no volume 
change as the aq/org ratio increases from 1 to 20, but 



Molybdenum in plant tissue 269 

0 
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2 4 6 8 10 12 14 
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Fig. 5. The effect of shaking time on the extraction. Sym- 
bols are the same as in Fig. 4. 

for both MIBK and isoamyl alcohol there would be 
an appreciable decrease in volume of the organic 
phase (about 50% for the isoamyl alcohol and 40% 
for the MIBK). In the case of the Mooxine system 
the increase of the absorbance with increasing 
V,,/ Vorg ratio with MIBK and isoamyl alcohol can be 
attributed mainly to the volume change in the organic 
phase. For the M~ithiol system, however, the 
dielectric constant change with high V,,/ VOrg ratios 
must be more important than the volume change in 
the organic phase. 

The effect of the shaking time on the absorbance 
measurements is shown in Fig. 5. The volumes of the 
aqueous and organic phases were both 5 ml in each 
experiment, the molybdenum concentration of the 
aqueous phase before the extraction was 20 mg/l., 
and shaking times between 15 see and 15 min were 
applied. The extraction is at its maximum and the 
absorbances are constant with increasing shaking 
time for all the dithiol systems after about 2 min. For 
the oxine-MIBK system the degree of extraction is 
the same between 1 S set and 15 min, whereas for the 
other two oxine systems the absorbance decreases 

400 800 1200 1600 2000 2400 2600 

T(K) 

Fig. 6. The ashing/atomization plot for the Modithiol- 
MIBK system: 0 the ashing temperature is varied and the 
atomization temperature kept constant (2600”); r] the 
atomization temperature is varied and the ashing tem- 

perature kept constant (700”). 

Table 2. Determination of molybdenum @g/g) in pine 
needles and birch leaves by different sample preparation 
(A = wet digestion, I3 = dry ashing) and detection methods 

Flame AAS Graphite DCP-AES 
..-.-.._~ furnace A/,S _ . 

Sample A B B A B 

Pine needles < 0.2 < 0.2 0.16 0.22 0.18 
Birch leaves < 0.2 < 0.2 0.22 - 0.23 

with increasing shaking time, especially for the 
oxine-DIBK system. 

Graphite-furnace atomization 

According to the results of the extraction experi- 
ments described above, the most suitable extraction 
system for the determination of molybdenum is the 
dithiol-MIBK system, which was therefore selected 
for further study by graphite-furnace atomic- 
absorption. Figure 6 shows the ashing/atomization 
plots for the molybdenumdithiol-MIBK system, 
and the optimum ashing and atomization tem- 
peratures are seen to be 700” and 2600”, respectively. 
The calibration graph is linear up to about 0.25 mg/l. 
The precision obtained by peak-area measurement 
was found to be better than that by peak-height 
measurement, the RSD varying between 1.1 and 
3.7%, and 3.7 and 7.3%, respectively. 

DCP emission spectrometry 

Because the usual aspiration tubing cannot with- 
stand MIBK and DIBK solutions, the organic phase 
selected for the plasma experiments was isoamyl 
alcohol. The emission lines 202.030, 281.615 and 
379.825 nm can be used for the determination of 
molybdenum in aqueous solutions. Owing to the large 
background noise caused by isoamyl alcohol, the 
lines at about 202 and 380 nm are not suitable for the 
determination of molybdenum in isoamyl alcohol. 
Thus, the line at 281 nm used in the plasma mea- 
surements. The calibration graphs were linear up to 
20 and 15 mg/l. and the detection limits were 0.15 and 
0.5 mg/l. for the oxine and dithiol systems, re- 
spectively. The slope of the dithiol calibration graph 
was about 1.3 times that of the oxine graph. 

Testing the methods 

The results obtained by the various methods are 
collected in Table 2. Owing to the low molybdenum 
content in plant samples, it is not possible to deter- 
mine it by flame atomic-absorption spectrometry. 
However, the results obtained by the graphite furnace 
and DCP-AES methods are in fair agreement with 
each other, but the concentrations in the samples 
tested were near the detection limit of the plasma 
method. 
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Summary-The construction and evaluation of a sample-cell positioner for test-tube type cells in simple 
single-beam spectrophotometers are described. Use of the sample-cell positioner reduces the uncertainty 
due to cell-positioning, by about au order of magnitude. 

Noise, read-out resolution, and sample-cell posi- 
tioning can affect the measurement precision of solu- 
tion spectrophotometric measurements, as shown in 
recent studies.‘-4 These studies provide a more funda- 
mental understanding of the measurement process 
and a framework for optimization of ex~rimental 
conditions, pinpointing the dominant sources of im- 
precision in absorbance measurements, and indi- 
cating the ways in which instrumental improvements 
can be made. The importance of reproducibility in 
sample-cell positioning is not always fully appre- 
ciated, and the effect of sample-cell position on 
precision is not even mentioned in many recent 
textbooks. The usual sp~ifi~tion of spec- 
trophotometer baseline noise is based on repeated 
measurement with the cell left in position and 
therefore does not account for random errors due 
to changes in sample-cell positioning in analytical 
practice. 

This imprecision can be characterized by a sample- 
cell positioning flicker-factor &,‘” which is the con- 
tribution of sample-cell positioning to the overall 
relative standard deviation (RSD) of the reference 
(100% transmission signal). It is calculated as the 
square root of the difference between the square of 
the RSD of the reference signal when the sample-cell 
is moved between each meeasurement and the square 
of the RSD of the reference signal obtained by 
repetitive measurements with the cell left in position. 
A value of 0.1% for & is equivalent to a standard 
deviation (oA) of 4.3 x IO4 for absorbances near zero 
(e.g., at the detection limit). 

Cell-transmission Bicker noise is caused by spatial 
inhomogeneities in the transmission characteristics of 
the sample cell. Every time the sample cell is re- 
positioned in the cell holder, the beam of light may 
pass through a slightly different part of the cell. 
Spatial differences in the refractive index, absorp- 
tivity, thickness, and surface flatness of the cell wails, 
or microscopic bubbles, can cause scattering, absorp- 

tion or reflective losses and hence the cell trans- 
mission can vary according to the position where the 
light-beam strikes the cell walls. These spatial in- 
homogeneities in the optical properties of the cell wall 
can also cause the image of the light-beam on the 
photocathode of the detector to be changed or dis- 
placed by slight differences in sample-cell position. 
This can cause variation in the measured signal 
because the radiance-response or quantum efficiency 
of the cathode varies spatially across its surface. The 
condition of the cell wall surfaces is also critical, 
because scratches, dust particles, or lint from cleaning 
can result in the transmission varying with cell 
position. 

Clearly & depends upon the type, age, and quality 
of the sample cell, the type of sample holder, and 
the spectrophotometer, the position and width of 
the incident beam, the type and characteristics of the 
reference solution (e.g., its refractive index) and the 
technique of the operator. Imprecision due to cell 
positioning is automatically practically eliminated by 
use of dual-wavelength spectrophotometers.5 

Two basic types of sample cell are used for most 
spectrophotomet~c measurements; they are rectan- 
gular and circular in cross-section. Generally 6, is 
lower for rectangular cells because a higher quality of 
glass or quartz is used, the cell walls are flat instead 
of curved, and positioning is less subject to variation 
because rotation is strongly restricted by the cell- 
carrier, in contrast to the case for cells with circular 
cross-section. With square cells, & has been found to 
be 0.04% with a Cary 118C6 and 0.7% with a 
McPherson EU-701A spectrophotometer,2 With 
circular-type sample cells, r2 was found to be 0.3% 
with a Turner 330 and 0.7% with a Spectronic 20 
instrument4 

This paper is concerned with the construction and 
evaluation of a simple sample-cell positioner for 
test-tube shaped sample ceils used in simple single- 
beam spectrophotometers. It was previously shown 
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Fig. 1. Photograph of sample-cell positioner. A, Section A. 
B, Section B. C, Allen screws. D, Rubber pads. E, Align- 

ment pins. 

that the measurement precision of this type of spec- 
trophotometer could be greatly improved merely by 
adding a high-resolution digital read-out so that 
measurements were limited by noise and not by 
read-out resolution.4 With high-resolution read-out, 
cell-transmission flicker noise limits the precision 
at low absorbances. The sample-cell positioner 
significantly reduces the magnitude of cell- 
transmission flicker noise, simplifies cell positioning, 
and reduces the operator skill required. 

EXPERIMENTAL 

A Turner 330 spectrophotometer (G. K. Turner Associ- 
ates, Palo Alto, CA) was used for all measurements. A 
Heath Model EU-805 Universal Digital Instrument (Heath 
Co., Benton Harbor, MI) in the digital voltmeter (DVM) 
mode was connected to the 1-V output terminals df the 
spectrophotometer to form the high-resolution re$d-out 
system. The DVM was used on the 1-V range with p I-set 
integration time (10 PV resolution). All measuremenfs were 
made at 420 nm with the room lights out to minimize stray 
light problems. 

The sample-cell positioner is shown in Figs. 1 and 2. It 
consists of two sections (A and B in Fig. I), made out of 
3/16-m. thick natural Delrin. The sample cell is inserted in 
the hole (0.52-in. diameter) formed by sections A and B, and 
then B is secured to A with two 2-56 Allen screws (Fig. 2). 
Four 3/32-in. diameter rubber pads (made from buna-N 
O-ring rope) (Fig. 1) are inserted into holes around the 
inside circumference of the positioner (two in each section) 
to extend about 0.02 in. beyond the Delrin surface. These 
pads prevent breakage of the cell when the securing screwis 
are tightened. Two l/8-in. brass pins (Fig. 1) are inserted 
through holes drilled in section A. Two holes are drilled in 
the plastic sample-cell holder of the spectrometer ‘to accept 
these pins (Fig. 2) and to provide reproducible positioning. 
The sample-cell positioner is secured so that its top surface 
is about 3 mm below the top of the cell, to ensure that.the 
vertical position of the cell is determined by the cell posi- 
tioner and not by the metal strip at the bottom of the cell 
holder. 

RESULTS AND DISCUSSION 

The precision of measurements made with use of 
the sample-cell positioner was compared with the 
precision obtained without it. The sample cell was 

filled with distilled water for all measurements and 
carefully wiped with lens tissue. The reference voltage 
varies by typically f5% on rotation or vertical 
movement of the sample cell, which indicates the 
importance of cell positioning. First, 6 sets of 6 
measurements were made without use of the cell 
positioner, the sample cell being totally removed 
from the cell holder and then replaced between each 
measurement. About 5 set were spent in lining up the 
vertical white line on the cell with the raised plastic 
mark on the cell holder in the conventional manner. 
Next, 6 sets of 6 measurements were made with the 
same cell secured in the sample-cell positioner and the 
cell positioner assembly totally removed between 
measurements. When the assembly was inserted into 
the cell holder, two fingers were used on section B of 
the positioner to push the positioner firmly down and 
back. The average RSD values of the 6 sets of 
measurements with and without use of the sample- 
cell positioner were calculated. 

The average value of & or the RSD of the reference 
voltage was 0.5% without use of the cell positioner 
and 0.03% with it. The value of & depends upon the 
particular spectrophotometer, cell holder, and sample 
cell. The experiment-was repeated with a different but 
equivalent combination of spectrophotometer, sam- 
ple cell, cell holder, and cell positioner and c!$ was 
found to be 0.2% and 0.03% without and with the 

Fig. 2. Photograph of sample-cell positioner secured to 
sample cell and placed in sample-cell holder. 
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positioner, respectively. Thus the cell positioner im- 
proves the measurement precision by a factor of 7-17 

by ensuring that the cell is more reproducibly posi- 

tioned from run to run. The RSD of the reference 
signal when the the cell is not moved at all is 
co.01 %, so cell-transmission flicker noise limits the 
precision even when the positioner is used. 

The cell positioner provides other advantages. It is 
faster to use and requires less effort by the operator 
in cell-positioning and hence reduces operator error. 
If several sample cells are to be used in an analysis 
scheme, a sample-cell positioner for each would allow 
the cells to be calibrated against each other and for 
the cell corrections to remain essentially constant. 
For simple inexpensive spectrophotometers with ana- 
logue meter readout, the addition of the cell posi- 
tioner, plus a 3f digit voltmeter (available for less 
than $100) would allow measurements at low ab- 
sorbances to be made with an RSD of 0.1% provided 

other sources of random error were not the limiting 

factor. 
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Summary-An extraction-fluorimetric method for the determination of micro quantities of perchlorate 
ions, based on their extraction into chlorobenzene with 2,6-di-p-tolyl-4-phenylpyrylium chloride 
(DTPP+Cl-) has been developed. DTPP+-Cl-, a newly synthesized reagent, reacts with perchlorate ions 
to form 1: 1 ion-pairs, which can be extracted into chlorobenzene. The ion-pair (DTPP+-ClO;) has very 
strong yellowish-green fluorescence in chlorobenzene, with an emission maximum at 376 nm. The 
relationship between perchlorate ion concentration and relative fluorescence intensity is linear over the 
range 0.01-1.0 ppm. Several inorganic perchlorates have been determined satisfactorily by the method. 

Several methods based on ion-pair extraction with fluorogenic reagent, 2,6-di-p-tolyl-4-phenylpyrylium 
dyes have been reported for the spectrophotometric chloride (DTPP+-C-), which was developed from 
determination of perchlorate ions.‘-5 Recently, we a study of the synthesis of pyrylium salts from 
have developed the ethyne analogues of triphenyl- substituted 1,4-pentadiyn-3-01s with perchloric acid 
methane dyes and demonstrated that the intro- (Scheme l),* and on an extraction-fluorimetric deter- 
duction of an acetylene bond into a triphenylmethane mination of perchlorate ion with this reagent. 

Me Me Me 

Me 

HCI CIO, 

dye system causes a large red shift in the longest RESULTS AND DISCUSSION 

wavelength absorption maximum.6 One of these 
compounds, derived from Malachite Green, viz. Fluorescence spectra and solvents for extraction 

1,l -bis(p-dimethylaminophenyl)-3-phenyl-2-propyn- The extraction of the ion-pair (DTPP perchlorate) 
ylium chloride, has been successfully used for the into chloroform, chlorobenzene, dichloromethane, 
determination of micro amounts of perchlorate ion.’ dichloroethane, benzene and toluene was examined. 
In this paper, we wish to report on a very sensitive Dichloromethane and dichloroethane were found not 

to be suitable solvents because DTPP+-Cl- was also 

*Part VI: S. Akiyama, H. Akimoto, S. Nakatsuji and K. extracted. Figure 1 shows the fluorescence spectra of 

Nakashima, Bull. Chem. Sot. Jupan, 1985, 58, 2192. DTPP perchlorate in chlorobenzene, which is the 
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Fig. 1. Excitation and emission spectra of DTPP+ZlO; in 
chlorobenzene: a, excitation spectra; b, emission spectra; a, 

and b,: DTPP+ClO;; a2 and b,: reagent blank. 

preferred solvent because it gives a smaller reagent 
blank than chloroform does. The excitation maxima 
of the ion-pair are at 310, 376 and 455 nm, and the 
emission maximum is at 495 nm. The best wavelength 
to use for excitation is 376 nm. 

Effect of pH on extraction 

The relative fluorescence intensity (RFI) is con- 
stant for extraction of a fixed amount of perchlorate 
in the pH range 0.2-l .8, into chlorobenzene (Fig. 2) 
and pH 1.0 is chosen as optimum. 

Eflect of reagent concentration, reaction time, mixing 
time and stability of the ion-pair 

It was found that at least a tenfold molar excess of 

oh---‘-- ’ 1 4 

1 2 3 4 5 6 7 6 

PH 

Fig. 2. Effect of pH on the extraction of the ion-pair 
into chlorobenzene. -0-: 5 x 10e5M NaCIO,; -A-: 

reagent blank. 

Table I. Tolerance limits (< k 5% error) of diverse ions in 
the determination of 5 x 10m6M perchlorate 

Tolerance limit, 
M Ion added 

1 x 10-3 NO,, NO;, BO; 
5 x Io-4 Br-, CH$O;, C,O:-, PO:- 

2.5 x lO-4 BrO;, IO;, CrO:- 
5 x lo-5 Cl-, c10; 
1 x lo-5 SCN- 

<5 x lo-6 I-, IO;, MnO; 

the reagent is necessary for complete association with 
the perchlorate ion. The reaction is complete within 
3 min at room temperature. Thus, a reaction time of 
5 min was selected as the optimum. The minimum 
vortex-mixing time for complete extraction of the 
ion-pair with chlorobenzene was found to be 10 set 
at room temperature. The RF1 at 495 nm was 
constant for 24 hr when the solution was kept in the 
dark, but for only ca. 20 min if it was kept in room 
lighting. 

Composition of the ion-pair 

The composition of the ion-pair was studied by the 
continuous variations method and found to be 1: 1 
(DTPP+-ClO;). The excitation and emission spectra 
of the ion-pair were in accord with those of DTPP 
perchlorate prepared by the reaction of 1,5-bis- 
p-tolyl-3-phenyl-1,4-pentadiyn-3-01 with perchloric 
acid.8 

Calibration graph 

The calibration graph obtained by the procedure 
showed good linearity over the perchlorate concen- 
tration range 0.01-l ppm in the final solution. Re- 
producibility experiments level showed coefficients of 
variation of 2.3 and 1.6% for 10 results at the 0.05 
and 0.5 ppm perchlorate levels, respectively. 

Effect of diverse ions 

For the determination of 0.5 ppm (5 x 10m6M) 
perchlorate by the method, various anions can be 
tolerated at the levels given in Table I, the tolerance 
limit being taken as the amount required to cause an 
error of less than f5% in the relative fluorescence 
intensity. A small amount of permanganate gives a 
fairly large negative error, presumably because of its 
oxidizing action. Otherwise only iodide and thio- 
cyanate interfere. There is no interference from 

Table 2. Determination of perchlorates’ 

Coefficient of 
Sample Content,? % variation, % 

HC104 (60%) 90.4 3.1 
NaClO, 100.5 2.3 
LiClO, 99.6 2.2 
NH&IO, 102.2 3.1 

*By the standard addition method with KCIO, as standard. 
TExpressed as the ratio of perchlorate found to perchlorate 

expected to be present, mean of five results. 
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cations in molar ratios to perchlorate up to 500 or 
more. 

Analysis of inorganic perchlorates 

As an example of the applicability of the method 
proposed, representative inorganic perchlorates were 
analysed. Table 2 shows the results obtained from the 
standard addition graphs, which all had parallel 
slopes. These results are considered to be satisfactory. 

This method is quite simple, rapid and more 
sensitive than the conventional methods.‘-‘.’ 

A~~t~g~t o/pH. Sulphuric acid (0. I M) and 0. i M citric 
acid-0.2M disodium hydrogen phosphate were used for 
adjustment of pH in the ranges 0.2-1.8 and 2.2-8.0 
respectively. 

Analytical-reagent grade chemicals were used whenever 
possible, without further purification. 

Procedure 

EXPERIMENTAL 

Transfer I ml of the sample solution containing up to 5.0 
pg of perchlorate into a Z-ml glass-stoppered test-tube. 

excitation at 376 nm. 

Add 3 ml of dilute sulphuric acid (PH 1) and 1 ml of 
DTPP+-C- solution. Mix for 10 set with a vortex mixer 
and let stand for 5 min. Add 5 ml of chlorobenzene and mix 
for 10 set with the vortex mixer. Discard the aqueous layer 
and centrifuge the organic layer for 5 min ai 3000 rim. 
Measure the relative fluorescence intensitv at 495 nm with 

Apparatus 

Fluorescence spectra and intensities were measured with 
a Hitachi Model 650-10s snectrofluorimeter and 10 x 10 
mm quartz cells. A Toa HMjA pH-meter was used for pH 
measurement. 

Reagents 

2,6-Di-p-to&t-4-phenyipyrylium chloride. The reagent 
was prepared as follows. To a solution of 
1,5-bis-p-tolyl-3-phenyl-1,4-pentadiyn-3-ol* (0.845 g, 2.51 
mmoles) in 10 ml of dioxan, 0.5 ml of concentrated hydro- 
chloric acid was added with stirring. After 1 hr, the crystals 
deposited were collected, washed with diethyl ether, and 
recrystallized from acetone-diethyl ether (1: 1, v/v) to afford 
hygroscopic orange crystals of DTPP+-Cl- (0.636 g, 64%) 
m.p. ca. 190”; found C, 75.1%; H, 6.0%; C,,H,,OCl~~HHzO 
requires C, 74.95%; H, 5.71%. The molar abso~tivity was 
2.77 x 104 l.mole-‘.cm-’ at 365 nm (ethanol solution). 

DTPP+-CI- solution. A 3.0 x 10m4M solution of 
DTPP+<l- in 0.1 M sulphuric acid was prepared. 

Standard perch/orate‘ solution. A stock solution 
(1.0 x lo-*Mj was nrenared bv dissolving 0.1386 g of 
iotassium peichloraie [analytical reagent grade, drie> at 
105”) in 100 ml of demineralized and redistilled water. 
The working solution was prepared by diluting the stock 
solution as required. 
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DETERMINATION OF TUNGSTEN IN ROCKS AND 
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ATOMIC-ABSORPTION SPECTROMETRY 
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Summary-An atomic-absorption method for determination of tungsten in rocks and minerals is 
proposed. Tbe method involves sample decomposition by acid digestion or by pyrosulphate fusion, 
followed by chelate extraction of tungsten by ~-~nzoyIphenylhydroxylamine in toluene. Atomic- 
absorption measurements are made on the organic phase aspirated into a nitrous oxide-acetylene flame. 
Quantitative extraction with efficient separation from other elements is achieved in a single extraction from 
strong acid media. The method is rapid and reliable in terms of precision and accuracy and is applicable 
to rocks and minerals containing tungsten in the range from 100 ppm to 1.5%. 

Flame atomic-absorption methods for determin- 
ation of tungsten find only limited application in 
geochemical analysis because of the poor atomic- 
absorption sensitivity for tungsten’ and the sus- 
ceptibility to interference from other elements.2 Musil 
and Doleia13 have proposed an atomic-absorption 
method for determination of tungsten in ferrous 
alloys, employing double extraction from fairly con- 
centrated hydrochloric acid media with thiocyanate 
and methyl isobutyl ketone. 

The superiority of ~-benzoylphenylhydroxylamine 
(BPHA) as an extracting agent for metal ions is well 
established’ and there are reports of quantitative 
extraction of tungsten by this reagent under suitable 
conditions. The purpose of the present work was to 
develop an atomic-absorption method for deter- 
mination of low levels of tungsten in rocks and 
minerals by employing BPHA-toluene extraction and 
flame AAS measurements on the organic phase. 

EXPERIMENTAL 

Apparatus 

A Perk&-Elmer 303 instrument fitted with a 50-mm 
nitrous oxide-acetylene burner head was used for atomic- 
absorption measurements at 400.9 nm, with a Fisher tung- 
sten hollow-cathode lamp as source. The more sensitive 
lines (255.1 and 294.7 nm) were not used, because of an 
unfavourable signal-to-noise ratio. 

Reugents and standards 

Standard tungsten solution (1000 pg/mI) was prepared by 
dissolving the calculated amount of tungstic acid in dilute 
sodium hydroxide solution and diluting with water to the 
necessary volume. Further dilutions were made as necessary 
before use. 

*Present address: Geological Survey of India, Chemical 
Laboratory, Shillong 793003, India. 

N-Benzoylphenylhydroxylamine (BPHA) solution (0.2%) 
was prepared in toluene. 

All chemicals used were of analytical-reagent quality. 

Preliminary studies 

Prelimina~ studies indicated that tungsten is quantitat- 
ively extracted by BPHA in toluene from 8-10N sulphuric 
or hydrochloric acid medium. It was also found that the 
extraction of iron can be suppressed if sulphuric acid is used 
instead of hydrochloric acid. No other elements except Ti, 
Sn, MO, Nb and Ta are likely to be extracted under these 
conditions, but their presence up to certain limits does not 
cause any interference in the AAS determination of tung- 
sten. The extraction is also not affected by the presence of 
anions such as citrate, tartrate or borate. Results of deter- 
mination of tungsten in some synthetic mixtures are shown 
in Table 1. 

Recommended procedures 

Sample decomposition (acid digestion method). The pow- 
dered sample (0.5 g) is mixed with concentrated hydrofluoric 
acid (10 ml) and perchloric acid (5 ml) in a Teflon beaker 
and the mixture is slowly heated to dryness. The residue is 
warmed with hydrofluoric acid (2 ml) for a few minutes and 
then treated with a saturated solution of boric acid (5 ml) 

Table I. Determination of tungsten in synthetic mixtures 
containing metal ions extracted under the ex~rimental 

conditions; W taken 500 ~8 

Tungsten 
lnterferent absorbance* RSD, % 

Ti(IV), 50 mgt 0.215 7.5 
MofVI), 100 mg 0.218 6.8 
Sn(IV), 100 mg 0.217 6.2 
Nb(V), 50 mg 0.219 6.3 
Ta(V), 50 mg 0.218 6.7 
V(V), 50 mg 0.216 6.1 
None 0.216 5.5 

*Average of five determinations. 
tWith higher amounts there is precipitation of titanium and 

difficulty in phase separation. 
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and water (10 ml). The solution is stirred well and filtered 
into a SO-ml standard flask and diluted to volume. 

Sample decomposition (pyrosulphate fusion). The pow- 
dered sample (0.5 g) is mixed with approximately 4 g of 
potassium pyrosulphate in a hard-glass test-tube. The mix- 
ture is fused with a Bunsen burner flame and kept molten 
for about 10 min. The fused mass, after cooling, is heated 
with 0.1 M tartaric acid solution (10 ml) on a hot water-bath 
for about 30 min. The mass is stirred occasionally in order 
to disintegrate the lumps. The solution is filtered into a 
50-ml standard flask and diluted to volume. 

Extraction of tungsten. An aliquot of sample solution 
containing IO&500 pg of tungsten is transferred to a 
separatory funnel, 30 ml of sulphuric acid (1 + 1) are added 
and the mixture is diluted to about 60 ml with water. The 
mixture is then shaken vigorously with BPHA-toluene 
reagent (5 ml) and for 1 min. The layers are allowed to 
separate and the aqueous phase is rejected. The organic 
phase is collected in a dry test-tube containing about 1 g 
of anhydrous sodium sulphate and allowed to stand for 
10 min. The clear supernatant liquid is aspirated into the 
flame for AAS measurement. 

Calibration. For calibration, 0, 1, 2, 4, 6, 8 and 10 ml 
volumes of standard tungsten solution (100 pg/ml) are 
taken in a series of separatory funnels, and the tungsten 
is extracted and its atomic absorption measured as just 
described. 

RESULTS AND DISCUSSION 

The proposed method has been applied to analysis 
of a number of tungsten-bearing rocks and minerals 
and the results are shown in Table 2. They agree well 
with those obtained by the X-ray fluorescence 
method. Two CANMET reference materials (MP-la 
and MP-2) and one IGS sample (IGS-26) have also 
been analysed by this method and the results com- 
pared with the recommended values. The relative 
standard deviation (RSD) for MP-2 was found to be 
5.6%. 

The method is practically free from interfer- 
ences and is very easy to apply. Both decomposition 
methods are equally efficient for silicate rocks, schee- 
lite and wolframite samples, but for tungsten-bearing 

Table 2. Determination of tungsten in rocks and minerals 

W found, % 

Sample 

Granite 
Scheelite-bearing rock 
Scheelite-bearing rock 
Scheelite-bearing rock 
CANMET MP-2 
CANMET MP-la 
IGS-26 

*XRF values. 
TRecommended values from CANMET report. 
§Recommended value from IGS report. 

Present method Other values 

0.22 0.25* 
1.05 1.10* 
1.20 1.18* 
2.24 2.30* 
0.67 0.65.t 
0.04 0.04.t 

13.37 13.58s 

cassiterite samples the acid digestion method gives 
low values, probably because of incomplete decom- 
position of the cassiterite. There is no difficulty, 
however, in the pyrosulphate decomposition method. 
Both decomposition methods are applicable for 
samples containing tungsten from 100 ppm up to 
15%. 

The aspiration rate and burning characteristics of 
toluene in the nitrous oxide-acetylene flame are also 
quite favourable and as good as those for MIBK. 
AAS measurement of the toluene phase also has the 
benefit of sensitivity enhancement by a factor of 3.8 
(compared to that for aqueous solutions). 
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ANALYTICAL APPLICATION OF EMULSIONS 

DETERMINATION OF LEAD IN GASOLINE BY 
ATOMIC-ABSORPTION SPECTROPHOTOMETRY 

E. CARDARELLI, M. CIFANI, M. MECOZZI and G. SECHI 
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Summary-A simple rapid method of determining lead in gasoline by AAS with use of stable emulsions 
has been developed. The emulsions were stabilized with propan-2-01 or a mixture of ethanol and a 
surface-active agent. The results obtained showed good reproducibility and accuracy and the method is 
suitable for routine analysis. 

Determination of lead in gasoline by AAS with use 
of water-gasoline emulsions stabilized by surfactants 
is rapid and precise but suitable experimental condi- 
tions must be chosen. The amount of organic phase 
must be kept below 2% or the emulsion become too 
viscous to be easily aspirated.‘.2 In addition, a surfac- 
tant with a suitable HLB (hydrophilic-lipophilic bal- 
ance) for stabilizing the emulsion must be selected.‘,2 
The need for such a method arises because of the 
comparative slowness of the titrimetric deter- 
minations.3,4 Some AAS methods have already been 
developed, in which the gasoline sample is diluted 
with a suitable solvent. Robinson’ used iso-octane, 
and Sebor and Lang proposed xylene because of its 
ability to dissolve polycyclic hydrocarbons.6 A fur- 
ther problem is the variation in response of alkyl-lead 
compounds with a change in the size of the alkyl 
group, necessitating a separate calibration curve for 
each compound.’ To overcome this problem, iodine 
has been added to the samples.7,8 This also gives an 
increase in instrumental response because iodine 
combines with the lead to produce less 
flame-refractory compounds6.’ In the present work 
we determine lead in gasoline by using mixtures 
emulsified by addition of a surfactant, and/or a 
water-miscible organic solvent such as ethanol and 
propan-2-01. The resulting method is rapid, easy to 
use and gives increased sensitivity. 

EXPERIMENTAL 

Procedures 

For each solvent tested five emulsions were prepared with 
the following volume composition: I % gasoline, 2% surfac- 
tant (for emulsions containing ethanol), l&50% alcohol, 
remainder distilled water. Each sample was emulsified for 
4min by application of an ultrasonic probe and then 
aspirated directly into the flame of the spectrophotometer. 
The absorbance was measured at a wavelength of 2 17.0 nm. 
For analysis of gasoline the propan-2-01 method is recom- 
mended: I ml of gasoline and 50 ml of propan-2-01 are 
mixed and diluted accurately to IOOml with water; the 
mixture is emulsified and aspirated into the flame, and the 
lead signal at 217.0 nm is measured. Calibration is done by 

making standard solutions with a lead-free gasoline and lead 
nitrate or organolead standards (Conostan or cyclohexyl- 
lead butyrate dissolved in xylene), or by the standard- 
addition method. 

RESULTS AND DISCUSSION 

Both kinds of emulsion were stable for 40 min, as 
shown by constancy of the absorbance signal and 
confirmed by turbidimetric measurements. When eth- 
anol was incorporated it was also necessary to add a 
surfactant to stabilize the emulsion. Both surfactants 
tested gave practically identical results. The best 
results were obtained with 50% ethanol, the absorb- 
ance being 0.300 and relative standard deviation (rsd) 
2.7% for the comparative test. Much better results 
were obtained with propan-2-01, which gave a stable 
emulsion without addition of a surfactant. The 50% 
propan-2-01 system gave an absorbance of 0.360 (rsd 
2.5%) for the comparative test, and a linear cali- 
bration graph for emulsions prepared with I % v/v 
gasoline and known amounts of a standard lead 
nitrate solution. The parameters of the graph were 
practically the same as those for a graph prepared by 
use of similar emulsions made with 1% gasoline and 
various volumes of organolead standards (Conostan 
and cyclohexyl-lead butyrate, diluted with xylene) 
(see Table 1). 

The limit of detection for lead was 0.07 mg/l. in the 
emulsion. The absorbance at 217.0 nm was measured 
because at this wavelength it was possible to analyse 
emulsions containing only 1% of gasoline, which 
increased the stability of the emulsions. The use of 

Table I. Parameters of calibration curves for determination 
of lead 

Slope, Correlation 

Standard UW coefficient 

Lead nitrate 0.063 0.997 
Cyclohexyl-lead butyrate 0.065 0.996 
Conostan 0.061 0.997 

219 
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Table 2. Results for gas- 
oline samples 

Lead found, mg/l., 
Standard Emulsion 
method method 

485 478 
463 450 
496 501 
430 440 
468 475 
476 463 
490 499 

large amounts of organic solvents confers two main 
benefits. The polar character of the solvent increases 
the stability of the emulsions, slowing down sepa- 
ration into two phases,” and there is an increase in 
sensitivity, due to a more rapid nebulization and 
evaporation of the solution.” The latter benefit is 
demonstrated by the limit of detection (about 
0.07 mg/l.) which is better than that obtained (at the 
same wavelength) for aqueous solutions of lead.r3 For 
high concentrations of lead a smaller gasoline volume 
can be used, or the measurement can be made at the 
less sensitive 283.3 nm line. Table 2 shows there is 
good agreement between the results obtained by the 
emulsion method and a standard method. 

CONCLUSIONS 

A rapid accurate routine method for the deter- 
mination of lead in gasoline has been developed, 
based on use of water-gasoline emulsions supported 
by ethanol or propan-2-01. An emulsion with 50% 
propan-2-01 gives a sensitivity greater than that 
achieved by using ethanol and a surfactant. 
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ULTRAMICRO FLOW-CELL FOR SEMICONDUCTOR 
LASER FLUORIMETRY 
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Summary-A small flow-cell, consisting of a fused silica capillary (200 pm diameter), was constructed for 
use in fluorimetry. A near-infrared semiconductor laser was used as an excitation source, and an optical 
fibre (core diameter 50 pm) inserted into the capillary tube was used as a waveguide for light introduction 
or fluorescence collection. The volume of the flow-cell was 3-60 nl. A polymethine dye could be detected 
in the range 12-90 fg, and the absolute amount of the sample in the detection volume was 140-370 ag. 

In high-pressure liquid chromatography (HPLC), a 
small detector is essential to maintain good sepa- 
ration resolution. A laser is an excellent light-source 
for such a highly sensitive HPLC detector because of 
its good beam coherence and large photon flux. 
However, background emission is a serious problem 
for ultratrace analysis in laser fluorimetry. Various 
types of flow-cells have been designed to reject back- 
ground emission from the cell windows.’ 3 

Sepaniak and Yeung have proposed the use of an 
optical fibre for fluorescence collection.4 The high 
transmittance and well-defined acceptance angle for 
light collection associated with the optical fibre prom- 
ise efficient rejection of unwanted emission from the 
cell walls. In addition, Todoriki and Hirakawa have 
used the optical fibre as a waveguide for light intro- 
duction.’ These prototypes were applied for the deter- 
mination of biochemical samples. However, their 
flow-cells had volumes of 17-20 ~1 and are not 

suitable for the recently developed micro HPLC. At 
present, no study has been carried out concerning a 
nanoliter flow-cell using a capillary combined with an 
optical fibre for laser fluorescence detection. In this 
study, we constructed such an ultramicro flow-cell for 
fluorimetry, using a semiconductor laser as an ex- 
citation source and an optical fibre as a waveguide for 
light introduction or Huorescence 
sensitivity and detection power of 
discussed. 

collection. The 
the system are 

Apparatus 

EXPERIMENTAL 

The apparatus is shown in Fig. I. Solvent was pumped by 
a microfeeder (Azuma, MF-2) at a flow-rate of 2 pl/min. 
The sample was injected into the stream by a micro-loop 
injector (Jasco, ML422), the capacity of which had been 
modified to 60 nl. The excitation source of the semicon- 
ductor laser (Hitachi, HL7801E, i = 780 nm, 3 mW) was 
modulated to square waves (duty cycle 50%) at 100 Hz by 
a pulse generator (Hewlett Packard, 80138). Fluorescence 
from the sample, after passing through an interference filter 
(Ditric, transmission maximum 850 nm), was detected by a 

*Author to whom correspondence should be addressed. 

photomultiplier (Hamamatsu, R636). The output signal was 
fed through a lock-in amplifier (NF Circuit Design Block, 
LI-570) to a chart-recorder (Rikadenki, R-50). 

A flow-cell was constructed from a fused silica capillary 
(Shimadzu, bore 200 pm), into which a quartz optical fibre 
(Fujikura, G50/125.3005, core diameter 50 pm, cladding 
diameter 125 pm) was inserted. Two optical arrangements 
were considered: (1) the semiconductor laser was focused 
onto the side surface of the optical fibre by a ball lens 
(Moritex, diameter 3 mm) and the sample was irradiated 
from the end of the fibre, fluorescence being detected 
through the capillary wall [Fig. l(l)]; (2) the semiconductor 
laser was focused into the fused silica capillary perpendic- 
ularly and fluorescence was measured through the optical 
fibre [Fig. l(2)]. 

Reagents 

A near-infrared fluorophor, 3,3’-diethyl-2,2’-(4,5,4’,5’- 
dibenzo)thiatricarbocyanine iodide (NK427), was pur- 
chased from Nippon Kanko-Shikiso Kenkyusho. The 
organic solvent, 2-butanol, was obtained from Kishida 
Chemical Co. and was used after ultrasonic agitation 
(Yamato, Bransonic 12) to remove dissolved air. All chem- 
icals were used without further purification 

RESULTS AND DISCUSSION 

Sensitivity 

The signal intensities and the detection limits for 
the two optical arrangements are listed in Table 1. 
For sample excitation through the optical fibre 
[method (l)], the peak height of the fluorescence 
signal was 14 PV when a 1 x IO-“M sample solution 

was injected, so the sensitivity was 1400 V. 1. mole- I. 
For fluorescence detection through the optical fibre 
[method (2)] the fluorescence signal was 3.3 PV when 
a 7 x IO-“M solution was injected and the sensitivity 
was 50 V.l .mole-‘. The difference in sensitivity (a 
factor of 28) for the two optical arrangements may be 
attributed to the difference in cell volume (a factor of 
20). 

Detectability 

It was shown previously that a polymethine dye 

can be detected down to 5 x lO_“M by semicon- 
ductor laser fluorimetry.’ The detection limits for 
NK427 were 12 and 90 fg for methods (1) and (2), 

281 
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I lock-h am~UMr CM reccrder 

(1) 

Fig. I. Schematic diagram of experimental apparatus; (1) sample excited through the optical fibre, (2) 
fluorescence detected through the optical fibre. 

respectively. In method (1) the background signal 
was due to scattering from the cell wall, and the noise 
level was 0.6 /*V. The background signal was negli- 
gibly small in method (2) since scattering from the 
cell wall was rejected by use of the optical fibre. The 
noise level decreased to 0.2 pV, which was solely due 
to the dark current drift of the photomultiplier. The 
detection limit in method (1) was 7.5 times better than 
that in method (2), which is consistent with the ratio 
of the sensitivities and noise levels (9.3). The optical 
fibre has a numerical aperture of 0.2 which corre- 
sponds to an f-number of 2.4 for a fluorescence 
collection lens in method (2). Thus the collection 
efficiency of the optical fibre is comparable to that 
obtained by using an ordinary condensing lens. It is 
emphasized that the absolute amount of the sample 

in the detection volume was 140 ag in method (2), 
since the detection region was severely restricted by 
the focused laser beam and the optical fibre. 

A further improvement of the detection limit may 
be possible. A semiconductor laser with an output 
power of 100 mW is already commercially available, 
and a laser with an output of 2.6 W has been 
reported.’ Although a laser with an increased output 
power will give a larger fluorescence signal, the 
background noise will also increase for method (1). In 
this case, stabilization of the laser output power is 
essential to permit cancellation of the background 
signal. It is claimed that feedback control of the 
output power with a specially designed integrated 
circuit (Sharp Co.) can reduce variation in the output 
power to less than 0.002%. On the other hand the 

Table I. Comparison of the optical-fibre fluorescence-detectors 

Item 

Excitation through Detection through 
the optical fibre the optical fibre 

[method (l)] [method (2)] 

Cell volume, nl 
Background signal, p V 
Noise level, pV 
Detection limit 

for NK427, fk 

60 3 
8.5 negligible 
0.6 0.2 

12 90 
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background signal is negligible in method (2), and 
therefore the sensitivity is readily improved by in- 
creasing the output power of the exciting source. 
Cooling of the photomultiplier reduces the noise 
from the dark current, and gives an improvement in 
detection sensitivity by more than an order of mag- 
nitude. 

The emission wavelengths of semiconductor lasers 
have been significantly shortened over the past few 
years. A continuous laser at 671 nm8 and a pulsed 
laser at 579 nm9 have been reported. The application 
of semiconductor laser fluorimetry is limited to poly- 
methine dyes at present, but will be widely used in 
many practical applications using various fluorescent 
reagents in the near future. 
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ANALYTICAL DATA 

COPPER(I1) COMPLEXES OF CYCLIC 

TETRA-AZATETRA-ACETIC ACIDS-UNUSUAL FEATURES 
AND POSSIBLE ANALYTICAL APPLICATIONS 

RITA DELGADO, J. J. R. FRA~JSTO DA SILVA and M. CANDIDA T. A. VAZ 

Centro de Quimica Estrutural-Complexo 1, Institute Superior Tkcnico, Lisbon, Portugal 

(Received 6 September 1985. Accepted 8 November 1985) 

Summary-An examination of the copper(I1) complexes of some cyclic tetra-azatetra-acetic acids has 
shown that the 1,4,7,1O-tetra-azacyclotridecane-N,N’,N”,N”’-tetra-acetic acid complex has an unusually 
high molar absorptivity and other favourable characteristics which make this ligand a convenient reagent 
for the fast and easy spectrophotometric determination of moderately small quantities of copper. 

In previous works’.* we reported the synthesis and the 
results of a study of the complexation properties in 
aqueous solution of a family of cyclic tetra-azatetra- 
acetic acids with 12-15-membered rings (I). Stability 
constants of the alkaline-earth and first-series 
transition-metal ion complexes were determined,’ 
and also the thermodynamic parameters of the 
corresponding formation reactions.2 

HOO=H.\ /- (CH, In , ,CH2 COOH 

f 

N N 

(CH,), (CH, &, 

Scheme 1. 

1 
General formula of the cyclic tetra-azatetra-acetic acids 

a.m=n=p=2: 
1,4,7,10-tetra-azacyclododecane-N,N’.N”,N”’-tetra-acetic 

acid; cDOTA 
b. m =3; n =p =2: 

1,4,7,10-tetra-azacyclotridecane-N,N’,N”,N”’-tetra-acetic 
acid: cTRITA 

c. M =p = 3; n = 2: 
1,4,&l l-tetra-azacyclotetradecane-N,N’,N”,N”’-tetra-acetic 

acid; cTETA 
d.m=n=p=3: 

1,4,8,12-tetra-azacyclopentadecane-N,N’,N”,N”’-tetra-acetic 
acid; cPENTA 

This note summarizes the results of a study of the 
electronic spectra in the visible region and of an EPR 
study of the copper(I1) complexes of these ligands. In 
one case there are some curious features that might 
lead to analytical applications. A more detailed anal- 

ysis of the electronic spectra of the nickel and cobalt 
complexes will be reported elsewhere.3 

In Fig. 1, the visible-region electronic spectra of the 
copper(I1) complexes of cDOTA, cTRITA, cTETA, 

cPENTA and EDDA are presented and Table 1 
summarizes the results in terms of absorption 
maxima and molar absorptivities, and also gives the 
corresponding EPR data. 

The most striking observation is the high energy 

of the absorption band of the Cu-cTRITA complex 
and the abnormally high molar absorptivity of this 
complex, due to a d-d transition. 

The EPR spectra of the aqueous solution of the 

complexes at 77 K are typical of elongated tetragonal 
copper species, with g,, > g, > 2.04 and (g,, - 2)/ 
(gL - 2) z 4 and hyperfine splitting in the g,, region. 
The g,, values vary between 2.2 and 2.3-Table I. 

The stability constants of the complexes of the four 
ligands with this metal ion are similar’ and analysis 
of the thermodynamic parameters suggests that only 
2 or 3 nitrogen atoms and 2 or 3 carboxylate groups 
are involved in the co-ordination.? 

However, the results obtained in the present work 
point to a predominant nitrogen-donor environment 
for copper in the cTRITA complexes and to a 
predominant oxygen-donor environment in the 
cDOTA complex; the cTETA complex and, particu- 
larly, the cPENTA complex have an intermediate 
character, i.e., a 20 + 2N environment. Cu-cDOTA 
has properties close to those of Cu-cEDTA, and 
Cu-PENTA is very similar to Cu-EDDA, Table 1. 
but the values of g,, and A ,, for CuxTRITA approach 
those of the copper-amine complexes.4,5 The struc- 
ture of CWCDOTA has been determined in the solid 
state;6 two nitrogen atoms and two carboxylate 
groups are co-ordinated in the equatorial plane and 
the two further nitrogen atoms are almost axial 
(the N-Cu-N angle is 152.6’); however, the EPR 
spectrum of a solution at pH 9 is more in agreement 
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Fig. 1. Visible spectra of the copper(H) complexes of cDOTA (-), cTRITA (-----), cTETA 
(---), cPENTA (-0. +--), EDDA (-0 0 O-). 

with a set of 1N + 30 donor atoms at closer distances 
to the copper(I1) ion4 The same can be said for the 
EDTA-copper complex, which in aqueous solution 
(pH > 3) gives a curious EPR spectrum that indicates 
an equilibrium between two forms7 The g and A 
values quoted were calculated by assuming that the 
compiex has tetragonal symmetry, and for one of the 
forms are close to those reported for single crystals of 
CuH2EDTA* which does indeed have 1N + 30 donor 
atoms at closer distances. 

The similarity of Cu-cTETA and specially 
Cu-cPENTA to the copper complex of ethyl- 

enediamine-~,~‘-diac~tic acid (EDDA) is not sur- 
prising, given the higher degree of flexibility and 
lesser stereochemical constraints in the two larger 
macrocyclic ligands. Accordingly, two nitrogen 
atoms and two carboxylate groups must be the 
closest donors in the co-ordination sphere of copper, 
as occurs in the EDDA complex. 

The structure of Cu-cTRITA cannot be predicted 
from these observations. It is clear that the intro- 
duction of just one methylene group in one of the 
ethane chains of cDOTA leads to significant changes 
in the conformation of the ligand and in the orien- 

Table I. Characteristics of the visible-region electronic spectra, and EPR parameters 
of some copper cyclic tetra-azatetra-acetate and other polyaminocarboxylate com- 

olexes in aaueous solution 

Electronic spectra? EPR spectra5 

Ligand +, cltl-’ t, mofe.lF’.cm-’ 

cDOTA 
cTRITA 
cTETA 
cPENTA 
EDDA* 
EDTAP 

(two forms) 

13620 100 
16390 370 
15480 70 
14300 70 
14900 118 
13600 99 

RI g!l A, IO4 cm--i- 

2.062 2.300 150.3 
2.047 2.202 190.6 
2.050 2.249 168.0 
2.050 2.249 178.0 
2.049 2.231 187.0 
2.071 2.343 155.9 
2.071 2.29s 166.0 

NI& (various) -2.05 -2.20 

*Values calculated for tetragonal symmetry. 
tExperimenta1 conditions: T = 25.O”C; l&and to metat ratio I: I: C, = 4 x lo-‘M; 

pH 19. 
$Experimental conditions: T = 77 K; microwave power 2 mW; modulation ampli- 

tude I mT; microwave frequency 9.280 GHz; scan-time 200 set; ligand to metal 
ratio 25:i; pH -9. 



ANALYTICAL DATA 287 

tation of its donor groups. Hence a complex of 
low symmetry is obtained; this accounts for its high 
molar absorptivity in the visible region (c$ the results 
obtained by other authors for some deliberately 
designed non-symmetrical copper complexes in which 
transitions other than d-d are not expected9). 

The absorption band is also shifted to higher 
energies and the value of g,,, close to that found for 
various amine complexes of this metal, suggests that 
at least three nitrogen atoms are closer in the co- 
ordination sphere of the complex, but this is all that 
can be inferred from the spectra. On the other hand, 
the thermodynamic data suggest that two carboxylate 
groups are also co-ordinated, probably at greater 
distances. 

The molar absorptivities of the complexes of 
cTRITA with Ni, Co and other metals commonly 
present in metal alloys are substantially lower than 
that of the Cu complex in the wavelength range of its 
maximum absorption. This fact, the high molar 
absorptivity of the complex, the stability of the colour 
and the wide range of pH at which complex- 
formation is complete, make cTRITA a convenient 
reagent for the fast and easy spectrophotometric 
determination of moderately small quantities of 
copper in metal alloys, down to a level lower 
than that possible with ethylenediamine-N,N’-di-u- 

propionic acid, which we have previously proposed 
for the purpose.iO 
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STUDIES ON EXTRACTION OF MANGANESE(H) WITH 
I-PHENYL-3-METHYL-QACYL-S-PYRAZOLONE 

Y. AKAMA, H. YOKOTA, K. SATO and T. NAKAI 

Department of Chemistry, Meisei University, Hodokubo, Hino, Tokyo 191, Japan 

(Received 7 June 1984. Revised 17 October 1985. Accepted 30 October 1985) 

Summary-The extraction of Mn(I1) with I-phenyl-3-methyl-4-acyl-Spyrazolone (HA) in MIBK has been 
studied. Mn(II) is extracted as MnA,. The extraction constant for each 4-acyl compound was calculated. 
The effect of temperature on the extraction of Mn(I1) has also been investigated. 

Since the introduction of the synthesis of I-phenyl-3- 
methyl-4-acyl-5-pyrazolone derivatives by Jensen,’ 
numerous studies on metal extraction with these 
reagents have been reported. Of the various reagents 
in this series, I-phenyl-3-methyl-4-benzoyl-S- 
pyrazolone (HPMBP) is the most popular. It is easily 
prepared by ~nzoyIation of l-phenyl-3-methyl-5- 
pyrazolone, and is characterized by good chemical 
stability and its ability to extract metal ions at 
relatively low pH. HPMBP has been extensively 
employed for the efficient extraction of actinides,2,’ 
lanthanides, and other ionsJ-* Recently, we 
have systematically synthesized I-phenyl-3-methyl- 
4-acyl-5-pyrazolone derivatives of the type 

(C,~H~N~O)(C~H*~+, CO)@ = 2-l 1) and studied the 
extraction of Cu(II) with these reagents.9 These Cacyl 
derivatives have pK, values lower than those of other 
fl-diketones, such as thenoyltrifluoroacetone and 
acetylacetone. Therefore, it was hoped that these 
derivatives might prove to be more attractive as 
ligands for the extraction of metals. 

As part of this study on the properties of the 4-acyl 
derivatives in the extraction of metal ions, attention 
has been paid to the extraction of Mn(II). The 
extraction constants have been calculated, and the 
relative effectiveness of the 4-acyl derivatives as 
extractants compared. The effect of temperature on 
the extraction of Mn(II) has also been investigated. 

EXPERIMENTAL 

Reagen fs 
The manganese stock solution was prepared by dissolving 

the pure metal in perchloric acid, and diluted to 1 ppm 
Mn(If) concentration for the extraction studies. The 4-acyl 
derivatives were synthesized as previously described’ and 
used in MIBK solution. They were purified by several 
recrystallizations from methanol, and the analytical data are 
given in Table I. The reagents are denoted by C,, in which 
N is the number of carbon atoms in the acyl chain. All other 
reagents were of analytical grade. 

Extraction und analytical procedure 

Equal volumes (8 ml) of the aqueous (I ppm Mn) and 
organic (O.OlM reagent in MIBK) phases were shaken 
together mechanically for 30 min in a SO-ml glass-stoppered 

centrifuge tube at 25”. After centrifugation the two phases 
were separated and the pH of the aqueous phase was 
measured. The concentration of Mn(I1) in the aqueous 
phase was determined by atomic-absorption spectro- 
photometry. The amount of Mn(I1) extracted into the 
organic phase was obtained by difference. Except for 
the interference studies all experiments were done with the 
aqueous phase adjusted to ionic strength O.lM with sodium 
perchlorate. The pH of the aqueous phase was adjusted with 
0. I M acetic acid-sodium acetate buffer solution. 

RESULTS AND DISCUSSION 

The liquid-liquid extraction was done in the 
conventional manner with the reagent dissolved in 

the organic phase and the metal ion in the aqueous 
phase. The extraction of Mn(II) with O.OlM 4-acyl 
derivative solutions in benzene is neghgibte over the 
pH range studied (3.5-5.5). However, when MIBK is 
used as the organic solvent the extraction is consid- 
erably enhanced, as shown in Fig. 1. We consider that 
the enhancement must be related to a synergistic 
effect by MIBK, as indicated by Fig. 2. Plots of log 
D us. pH for extraction of Mn(II) with HPMBP or 
the 4-acyl derivatives into MIBK all had a slope of 
2, indicating the release of two protons per metal ion 
extracted. Log-log plots of I) vs. ligand concen- 
tration also gave straight lines of slope 2, for 
HPMBP, C,, CB and C,,, indicating a 2: 1 
ligand-Mn(I1) ratio in the extracted species. Thus, 
the extraction can be represented by 

(Mn*+), + 2(HA),,+(MnA2),, + 2tH+ & 

KcX = [MnA,1,,IH+1~~/tMn2+1,~~~1~,, 

where HA represents the ligand and A its anion, K,, 
is the extraction constant for the manganese complex, 
and org and aq denote the organic and aqueous 
phases respectively. The values of log K,, have been 
calculated for all the systems and are summarized in 
Table 1. The results indicate that HPMBP gives a 
much higher log K,, value than those for the other 
4-acyl derivatives, which do not differ signi~cantly 
from C, to C,,. To see whether this difference in K,, 
is due to differences in the acid dissociation constants 
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3.5 4.0 4.5 5.0 5.5 6.0 

PH 

Fig. I. Effect of pH on the extraction of Mn(I1). --c)--, 
O.OlM HPMBP in MIBK; ---, O.OlM C,, in MIBK; 
-e---, O.OlM C, in MIBK; -a--, 0.03M HPMBP in 

benzene. 

(pK,) of the ligands, the pK, values were measured 
spectrophotometrically in 10% v/v dioxan-water 
medium at 25”. The ionic strength was maintained at 
O.lM with (Na,H)ClO,. The changes in the absorp- 

I I I I I I I 

-0.5 -0.3 -0.1 0.1 0.3 0.5 0.7 

log [MIBK] 

Fig. 2. Variation of log D with log [MIBK], for constant 
[HPMBP], with benzene as diluent. 

o.21 I I I I 

240 260 260 300 

Wavelength (nm) 

Fig. 3. Absorption spectra of HPMBP in 10% v/v 
dioxan-water at various pH values. HPMBP 5 x 10-sM; 
pH (1) 10.30; (2) 5.84; (3) 4.80; (4) 4.31; (5) 4.15; (6) 3.39; 

(7) 2.83; (8) 2.45; (9) 2.30. 

tion spectra of HPMBP and C6 with pH are shown 
in Figs. 3 and 4. The pK, values, which are sum- 
marized in Table 1, were calculated from 

P& = PH - log (A - A,i,)/(A,,, - A) 

where A,,, is the asymptotic absorbance at low pH, 
A max is the asymptotic absorbance at high pH and A 

is the absorbance at any intermediate pH. It is evident 
that increasing the number of CH,-groups in the acyl 
moiety does not influence the pK, value and there is 
not much difference in pK, between HPMBP and the 
other compounds. The extraction of Mn(II) into 
MIBK, as a function of temperature (540”), for the 
HPMBP, C,, C8 and C,, systems was also studied. 

Table I. Analytical data for the extractants and their Mn(I1) complexes 

Solubility 

P& at 25 k 2°C M Elemental analysis of reagentt 

M.P., in 10% v/v log Kc, 
Reagent* “C dioxan at 25°C in water in MIBK for Mn at 25°C C, % H, % N, % 

C, 61-62 4.1, 2.2 x 10-x 0.726 -6.2, 68.2(67.81) 6.2(6.13) ll.g(l2.17) 
C, 77-78 4.0, -6.1, 68.6 (68.83) 6.6 (6.60) 11.5 (11.47) 
C, 6&6 1 4.0, 7.7 x 1om5 0.342 -6.1, 69.6 (69.74) 7.2 (7.02) 11.0 (10.84) 
C, 59960 4.1, -6.0, 70.9 (70.56) 7.5 (7.40) 10.5 (10.29) 
C, 77778 4.1, -6.0, 71.2 (71.30) 7.7 (7.74) 9.9 (9.78) 
C, 77-78 4.1, 1.5 X 10-5 0.124 -6.1, 72.9 (7 I .97) 8.0 (8.05) 9.4 (9.33) 
C, 29-30 4.1, -6.0, 72.6 (72.58) 8.3 (8.34) 9.0 (8.91) 
C,, 4344 -6.0, 73.7 (73.14) 8.7 (8.59) 8.6 (8.53) 
C,, 4-7 -6.0, 73.6 (73.65) 8.6 (8.83) 8.1 (8.18) 
CU 6465 -6.0, 74.1 (74.12) 9.0 (9.05) 7.9 (7.86) 

HPMBP 117-l 18 3.8, 7.6 x 1O-5 0.163 -4.7, 73.3 (73.37) 4.9 (5.07) 10.0 (10.07) 

*C, = C,,H,,N,O,. C2 = C,,H,2N,0,; HPMBP = C,,H,,N@2. 
TTheoretical values are given in parentheses. 
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1 Amount of ion Manganese 
Ion added, tng found, pg Recovery, % 

-- 
220 240 260 260 300 

Wavelength (nm 1 
Fig. 4. Absorption spectra of C, in 10% v/v dioxan-water 
at various pH values. C, 5 x 10e5M; pH (1) 6.51; (2) 5.55; 
(3) 4.55; (4) 4.35; (5) 4.18; (6) 3.90; (7) 3.60; (8) 3.25; (9) 3.05; 

(10) 2.65; (11) 2.30. 

Table 2. Effect of diverse ions on extraction of 4 pg of 
Mn(II): all results are mean values of 3 determinations 

Na 
Mg 

&) 
Fe(III) 

Co(H) 
Ni 
cu 
Zn 

1.6 4.0 100 
0.16 4.0 100 
1.6 3.6 90 
1.6 3.9 98 
0.16 3.5 88 
0.16 4.0 100 
1.6 4.0 100 
0.16 4.0 100 
0.16 4.0 100 
0.16 4.0 100 
0.16 4.0 100 

Cd 0.16 4.0 100 
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Interferences 

A solution containing 25 pg of Mn(II) was placed 

in a lOO-ml beaker, and 5 ml of 5% ammonium 
citrate solution and 1 or 10 mg of foreign ion were 
added. The pH was adjusted to cu. 8 with ammonia 
solution, the mixture was diluted to 50 ml with water, 
and an 8-ml portion was shaken for about 30 min (at 
25”) with 8 ml of O.OlM HPMBP solution in MIBK, 
in a centrifuge tube. After separation of the phases 
the concentration of Mn in the MIBK was deter- 
mined directly by an atomic-absorption method. The 
pH of the equilibrated aqueous solution was cu. 6.7. 

The effect of foreign ions on the determination of 
Mn(II) is listed in Table 2. Most of the cations tested 
do not interfere at the 20-ppm level, but at higher 
concentrations some can cause incomplete extraction 
because of competitive complexation with HPMBP. 

Figure 5 represents the variation of log K,, as a 7. M. Y. Mirza and F. 1. Nwabue, Tulanfa, 1981, 28, 49. 
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Summary-A procedure is described whereby rapid and accurate isotopic measurements can be performed 
on boron in boric acid and boron carbide after fusion of these compounds with calcium carbonate. It 
allows the determination of the isotopic composition of boron in boric acid and boron carbide and the 
direct assay of boron or the ‘OB isotope in boron carbide by isotope-dilution mass spectrometry. 

Owing to its high neutron-absorption cross-section, 
the “‘B isotope abundance in boron compounds and 
the ‘OB or boron content of materials used in the 
nuclear industry (e.g., boric acid, boron carbide) are 
of great interest. Boron can be isotopically analysed 
by thermal-ionization mass spectrometry of the 
Na,BOz ionle4 or by gas mass spectrometry of the 
gaseous BCI$ and BF: ions.5,6 These methods tend to 
be slow because the sample preparation is time- 
consuming and very critical. Normally boron carbide 
is dissolved by fusion with alkali followed by a 
cation-exchange column purification,7-9 or the boron 
is separated as methyl borate after pyrohydrolysis of 
the compound under investigation.“,” The boron is 
then converted into borax for mass spectrometric 
isotope-ratio measurements.4 

This paper describes a fast procedure for preparing 
samples and use of BO, ions for isotopic 
measurements” without further separation. 

EXPERIMENTAL 

Thermal-ionization mass spectrometry 

A mass spectrometer with a 68” magnetic-field sector and 
30.5-cm radius of curvature was used for this work. The 
sample is thermally ionized from a single filament. Ion 
currents, typically 10-“-10~9 A, are collected in a deep 
Faraday bucket connected to a 109-IO” ohm input resistor 
and measured by a vibrating reed electrometer (Cary 401). 
After analogue-digital conversion, the ion-current in- 
tensities are read on a digital voltmeter. 

A rhenium filament (0.7 mm wide, 0.025 mm thick) is 
outgassed under vacuum by passing a current of 3.5 A 
through it for 100 min. Then 2 ~1 of the sample solution 
(boron 2 pg/pl) is deposited on the filament and dried with 
a current of 0.7-l .O A. The filament current is then increased 
until incipient red heat is observed (1.7-1.9 A). 

The sample is then mounted in the ion-source, and heated 
at 800” until the pressure reaches 1 x 10m4 Pa. This 
temperature is just below the 850’ required for BO; ion 
emission. 

With an accelerating potential of -3833 V, the sample 
is heated to lOOO”, and after an ion-beam focusing period 
of 30 min, 4 runs, each consisting of 10 isotope ratio 

*EC Fellow from Antwerp University. 

measurements, are recorded. Peak-height measurements are 
made at masses 42 ( ‘0B’60’60-) and 43 ( “B’60’60-). The 
baseline is monitored at masses 41:, 42f, 43:, and measured 
before and after the peak height determinations. A 
correction is made for ‘0B’60’70 interference at mass 43.4 
No other (isobaric) interferences are observed. 

Chemical preparation of the samples for boron isotope-ratio 
measurements 

Modylevskaya et al.” have proposed the use of calcium 
oxide or barium carbonate for sintering boron carbide. We 
have tested five different calcium/barium compound combi- 
nations for their melt-formation properties and subsequent 
mass-spectrometric behaviour. The reaction (with calcium 
oxide) is 

2CaO + B,C + 40, + 2Ca(BO,), + CO, 

It is observed that a Ca/B weight ratio of 10 (Ca/B mole 
ratio 2.7) does not disturb BO; ion emission. However, 
a Ba/B mole ratio of 2.7 would give too large a weight of 
barium salt to work with. The weight and mole ratios tested 
are given in Table 1. 

The following procedure is found to work satisfactorily: 
ca. 0.01 g of finely ground boron carbide is carefully mixed 
with the calcium or barium compound in a platinum 
crucible. The crucible is heated in a muffle furnace at 1000” 
for 150 min. After cooling, the melt is poured into a Teflon 
beaker and dissolved in 5M hydrochloric acid. This solution 
is evaporated to dryness and dissolved in water to obtain a 
2-pg/pl boron solution. Further experimental observations 
are summarized in Table 2. 

When loaded on the rhenium filament of the mass 
spectrometer, a drop of sample solution made from the 
barium hydroxide/boron carbide melt does not attach 
readily to the surface. Barium borates emit higher ion beams 
for the same sample size, but ion emission stability is better 
with calcium berates. Moreover, the dissolution of calcium 
melts is easier than is that of barium melts. Since calcium 
carbonate is the purest calcium salt commercially available, 
this was selected for our method. 

Table I. Ca/B and Ba/B ratios tested 

Stoichiometric Experimental 

Weight ratio Mole ratio Weight ratio Mole ratio 

Ca 1.85 1 10 5.4 

B 1 2 1 2 
Ba 6.35 1 15 2.4 

B 1 2 1 2 
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Table 2. Chemical properties and mass spectrometric behaviour of calcium or barium salt/boron carbide melts 

Compound CaCO, Ca(OH), CaO BaCO, BaCO, Ba(OH), .8H,O 

Origin 

Purity, % 
Nature 
Experimental Ca/B or 

Ba/B molar ratio 
Homogenization 
Fusion temperature, “C 
Fusion time, min 
Dissolution of the 

product in 5M HCI 
Melt on the filament 
Vacuum during preheating 
Ion current, A 
Ion-current stability 

Merck 2059 Merck 2047 Merck 2112 Merck I714 Merck 1714 Merck 1737 
suprapur pro analysi LAB/DAB 6 pro analysi pro analysi pro analysi 

>99 >96 x95 >99 >99 >98 
crystalline powder - powder powder - 

5.0212 5.2612 5.1712 2.2312 2.3212 2.3312 
normally no problem, but must be done carefully (boron carbide must be finely ground) 

1000 + 50 
120-180 

easy 
powdery 

gets worse 
lO-‘o-lO-s 

stable (c 0.1% imprecision on 
each run) 

difficult 
crystalline 

does not change 
10-s-10-* 

less stable (0.1-I % imprecision 
on each run) 

Boron isotope ratio measurements and ‘OB abundance Assay of boron in boron carbide by isotope dilution mass 
determination spectrometry (IDMS) 

To determine how accurately boron isotope ratios can be 
measured, a set of 12 melts, 6 made with calcium carbonate 
and “natural” boric acid (CBNM Isotopic Reference 
Material 011) and 6 made with calcium carbonate and 
boron carbide B&(t) (France-Beige de Fabrication de 
Combustibles, Dessel, Belgium) was prepared. Each prepa- 
ration consisted of 184.3 _C 3.2 mg of calcium carbonate and 
42.9 & 1.4 mg of boric acid or 10.3 i 0.5 mg of boron 
carbide. Each mixture was analysed three times. The mea- 
sured ion currents were in the 10~“-10-‘0 A range. The 
relative standard deviations (for the 3 measurements on an 
individual sample and for all 6 samples) were better than 
0.3%. No difference in precision between boric acid and 
boron carbide samples was observed (Table 3). 

In IDMS, the amount of an element Nx in a sample is 
calculated from the change induced in the isotope ratio Rx 
of two isotopes of that element, if a known amount NY of 
that element (spike) with another isotope ratio R, is added 
to the sample, the isotope ratio of the spiked sample being 
R,: 

In our case R = ‘OB/“B. A boric acid material isotopically 
enriched to 95% “B (NBS-SRM 952) was used as the spike. 
The amount of ‘OB (most important in the nuclear industry) 
was directly calculated by using a modified equation: 

The measurement of CBNM-IRM 011 allowed the 
correction for isotope fractionation to be made, so that 
“absolute” determinations became possible by use of the 
isotope fractionation correction factor K: The accuracy of the determination is defined by the accuracy 

of the measured isotope ratios.16 A fundamental advantage 
of IDMS is that the absolute isotope ratios can be measured 
with high precision and accuracy by calibration with refer- 
ence isotopic materials or synthetic mixtures of isotopes. 
Additional advantages are that it is not necessary to sepa- 
rate the spiked element quantitatively from the sample, and 
that the method is insensitive to chemical interference. 

-0.247 26i:O.OOO 32 

0.248 58 + 0.000 64 

= 0.994 69 + 0.002 86 (2s uncertainty). 

This K-factor could then be used to correct the observed 
‘OB/“B ratio in the three boron carbide and four boric acid 
batches from different origins which were analysed for 
isotopic composition. Two samples were taken from each 
batch, converted into calcium borate as described above and 
measured for boron isotope ratio. When the two isotope 
ratios of the two samples (from one batch) agreed within 
0.3% (the experimentally determined relative standard devi- 
ation for boron isotope ratio measurements, Table 3) the 
mean boron isotope ratio was taken and a 2s un~rtainty of 
0.3% accepted (Table 4). Orthodox uncertainty propagation 
then yielded 0.3% relative uncertainty for the “B atom 
abundance.14 The results differ by 1% for the ‘OB/“B ratio 
(Table 4) a phenomenon which is well known, for boron 
materials of different isotopic composition circulate on the 
market.” 

The method described does not require a chemical 
purification and yet does not influence the isotope ratio, as 
opposed to the method described by Lcrner,’ where 
purification is necessary. When the B&(F) sample was 
prepared by both methods and the isotope ratios are 
measured, the results agreed within experimental error: 

present method: 10B/lrB ratio = 0.249 54 i 0.000 96 
Lerner’s method:“B~“B ratio = 0.249 01 f 0.001 37 

The i”B/“B isotope ratios R, of the spiked samples ranged 
between that for natural boron (Rx - 20/80) and that of 
the spike (Ry - 95/S). By use of “natural” boric acid 
(CBNM-IRM 011) and “ ‘*B-enriched” boric acid (NBS- 
SRM 952) an isotope fractionation correction factor 
K = 0.9947 k 0.0028 was determined. The true isotope ratio 
could then be calculated from R = KR’ where R = the true 
isotope ratio, K = isotope fractionation correction factor 
and R’ = the measured isotope ratio (see Table 5). 

In an attempt to use amounts of spike and sample 
materials as small as possible, but still retain the possibility 
of direct weighing of the original solid materials (no solu- 
tions) to within 0.1% uncertainty, the amounts of material 
were reduced to 45 mg of calcium carbonate, 2.5 mg of 
boron carbide and 20 mg of ‘OB-enriched boric acid (spike). 
Amounts lower than 2.5 mg could not be weighed directly 
to within 0.1%. 

In the determinations described here, the boron carbide 
B,&(t) samples were weighed-spiked, converted into calcium 
borate and measured for their boron content. The ion- 
currents were in the 10-“-lO~‘” A range. One g of the 
boron carbide contains 778 f 11 mg of elemental boron or 
144.0 + 2.0 mg of i”B (details and results in Table 6). The 
B/C atom ratio is 3.9 i. 0.2. Since the chemical blank is 
less than 3 fig (Table 6) and the un~rtainty in the 
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Table 3. Standard deviations on “B/“B isotope ratio measurements of boric acid and 
boron carbide (all uncertainties are 2s)* 

Measurement i”B/“B isotope 
Sample No. ratio measurement 

1-l 0.251 41 
1-2 0 98 
l-3 1 16 
2-1 1 94 
2-2 1 60 
2-3 1 00 
3-l 1 01 
3-2 0 62 

B,C 3-3 1 09 
4-l 1 80 
4-2 0 93 
4-3 1 17 
5-1 1 03 
5-2 1 05 
5-3 0 97 
6-l 1 18 
6-2 0 98 
6-3 1 05 

l-l 0.248 36 
l-2 8 47 
l-3 9 01 
2-l 8 30 
2-2 8 58 
2-3 8 11 
3-l 8 54 

H,BD, 3-2 8 41 
3-3 8 87 
4-l 8 65 
4-2 8 32 
4-3 8 83 
5-l 9 35 
5-2 8 52 
5-3 9 01 
6-l 8 20 
6-2 8 38 
6-3 8 53 

0.251 18 + 0.000 44 RISD (0.18%) 

0.251 51 + 0.000 96 RISD (0.38%) 

0.250 91 +O.OOO 50 RISD (0.20%) 

0.251 30) 0.000 90 RISD (0.36%) 

0.251 02 & 0.000 08 RISD (0.03%) 

0.251 07 + 0.000 20 RISD (0.08%) 

0.251 17 + 0.000 65 RESD (0.26%) 

0.248 61 k 0.000 70 RISD (0.28%) 

0.248 33 & 0.000 48 RISD (0.19%) 

0.248 61 + 0.000 48 RISD (0.19%) 

0.248 60 f 0.000 52 RISD (0.21%) 

0.248 96 k 0.000 84 RISD (0.34%) 

0.248 37 k 0.000 34 RISD (0.14%) 

0.248 58 & 0.000 64 RESD (0.26%) 

*RISD = relative internal standard deviation (3 measurements for a given sample); 
RESD = relative external standard deviation (all 6 samples). 

Table 4. “B isotope abundances measured on some boric acid and boron carbide batches 

Measured K-corrected “B atom ‘OB mass 
isotope ratio 

Atomic weight 
isotope ratio abundance abundance of the boron 

(2s = 0.000 65) (2s = 0.000 96) 
Ion current, 

(Hs) (k2s) (k2s) A 

B&(t) 0.251 17 0.249 84 19.99 f 0.06 18.52 k 0.06 10.810 1 fO.OOO 6 8.0 x lo-” 
H,BD,(T) 0.251 67 0.250 33 20.02 f 0.06 18.55 f 0.06 10.809 8 k 0.000 6 9.9 x lo-” 

H,BD,(N) 0.248 64 0.247 32 19.83 + 0.06 18.36 + 0.06 10.811 7 fO.OOO 6 8.8 x lo-” 
H,BWD) 0.249 98 0.248 65 19.91 f 0.06 18.44 + 0.06 10.810 9 +O.OOO 6 4.3 x lo-” 

KBWM) 0.248 03 0.246 71 19.79 k 0.06 18.33 f 0.06 10.812 1 kO.000 6 3.7 x IO-” 
B&(N) 0.251 54 0.250 20 20.01 + 0.06 18.54 k 0.06 10.809 9 k 0.000 6 11.2 x lo-” 

B&(F) 0.250 87 0.249 54 19.97 & 0.06 18.50 + 0.06 10.810 3 k 0.000 6 8.6 x IO-” 

Table 5. Isotope fractionation correction factor K (uncertainties are 2s) 

Certified “B/“B Observed ‘OB/“B Isotope fractionation 
Isotope reference material isotope ratio isotope ratio correction factor K 

CBNM-IRM 011 natural boric acid 0.247 26 kO.000 32 0.248 58 f 0.000 64 0.994 7 + 0.002 8 
NBS-SRM 952 “‘B-enriched boric acid 18.80 f 0.02 18.902 + 0.050 0.994 6 + 0.002 8 

0.994 7 k 0.002 8 
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experimentally determined amount of boron is 13 pg, the 
contribution from this source to the total uncertainty is 
practically negligible. 

An estimate of boron losses during the analysis was made 
as follows: one sample was spiked normally, another was 
spiked after the fusion and a third after evaporation of the 
acid solution. Starting with about 2.2 mg of boron (as boron 
carbide), about 0.2 mg of boron is lost during the fusion and 
< 0.1 mg during evaporation of the acid solution to dryness. 
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R&urn&-Ce travail est une application des resultats obtenus en spectroscopic Raman classique par notre 
Cquipe a propos de la fluocortolone et deux de ses esters: le trimethylacetate et le caproate. Afin de 
s’affranchir des differents problemes inherents aux excipients (fluorescence) une extraction par solvant 
suivie d’une separation par HPLC a et& necessaire. Le but de ce travail etait d’identifier par spectrometrie 
Raman les deux corticosteroides sur la base de leur structure moleculaire a partir des &tats provenant 
de 1’HPLC. Apres differents essais realisbs avec les produits en solution (methanol/eau) nous avons BtC 
contraints de revenir a une forme cristalline et de ce fait d’utiliser une microsonde Raman multicanale, 
ce qui nous a permis d’identifier de fa9on certaine la structure A’.4 3-one sur des quantites de l’ordre du 
picogramme. 

Dans un precedent travail’ concernant l’etude 
par spectrometrie Raman d’esters derives de la 
fluocortolone nous avions montrt qu’il Ctait possible 
d’une part de caracteriser ces corticostero’ides par leur 
structure A’,4 3-one et d’autre part de differencier la 
fluocortolone de ses deux esters et chacun des esters 
entre eux. 

Maintenant nous avons applique les resultats 

obtenus a l’identification du trimethylacetate 

(TMAF) et du caproate (CAF) de fluocortolone 
contenus en association dans une preparation phar- 
maceutique a partir d’eluats de chromatographie 
liquide-liquide (HPLC). 

Bien qu’il ne s’agisse pas dans notre etude d’un 
couplage chromatographie-spectrometrie Raman il 
est necessaire de rappeler quelques essais realises dans 
ce domaine. 

Les travaux de Chapput et al.*,’ font Ctat de 
l’utilisation d’un spectrometre Raman comme di- 
tecteur selectif de la chromatographie en phase liq- 
uide afin d’identifier des especes chimiques a faibles 
concentrations dans differents solvants. Le couplage 
des deux techniques est fait par l’intermediaire d’une 
microcellule B circulation placte en fin de colonne. Le 
detecteur du spectrometre Raman monocanal est un 
photomultiplicateur R.C.A.C. 31034 A.3 Le laser 
fournit une puissance de 500 mW au niveau de 
l’echantillon. 

Pour accroitre l’intensite de la faible lumiere 
diffusee par les solutes deux methodes sont utilisees 
conjointement en multipliant le nombre de passage 
du faisceau laser dans l’echantillon et en collectant 

davantage de lumiere par l’intermediaire d’un objectif 
de transfert a grande ouverture et fort grossissement. 

11 est de plus precise que parmi les trois techniques 
de detection utilisies’ c’est celle du balayage spectral 
en tcoulement continu qui a donne le meilleur 
resultat. 

Pour analyser les effluents provenant de I’HPLC, 
Saito et aL4 proposent un nouveau systeme de 
detection base sur la spectrometrie Raman de 
resonance. Leur etude decrit le couplage d’une 
microcellule en quartz, a tcoulement continu avec le 
spectrometre. Le pouvoir de detection est consid- 
erablement augment6 dans ce cas si la frequence 
du rayonnement laser coincide avec une bande 
d’absorption Clectronique du compose analysi. Le 
laser utilise fournit 200 mW au niveau de 
l’echantillon. La mesure de l’intensitt de la diffusion 
en Raman de resonance permet d’obtenir des chro- 
matogrammes similaires a ceux donnes par detection 
nltraviolette. 

Signalons enfin les travaux de King et ~1.~ en 
chromatographie en phase gazeuse oti les fractions 
&tees sont congelees (12 K) sous forme de tdches de 
1 mm de diametre. Ces tdches sont ensuite analysees 
sequentiellement par spectrometrie Raman. 

L’etude present&e dans cette publication a tte 
realisee a partir d’bluats (HPLC) qui sont analyses 
separement. Les premiers essais effectues en solution 
par spectrometrie Raman n’ont pas ete concluants 
ce qui nous a conduit a Climiner le solvant. Les 

Cchantillons polycristallins obtenus ont ensuite tte 
analyses par microspectrometrie Raman a detection 
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multicanale. Cette technique permet d’une part une 
irradiation ponctuelle (le volume irradie est de I’ordre 
de quelques pm’) de l’echantillon par le laser et 
d’autre part certaines innovations ont permis 
d’ameliorer considerablement la detection de 
l’information spectrale. Parmi elles, il faut titer les 
dttecteurs quantiques a rendement ClevC (detecteurs 
multicanaux a barettes de photodiodes) qui associes 
a l’informatique ont conduit a une nouvelle gener- 
ation de microanalyseurs Raman multicanaux.6 Ces 
nouveaux appareils permettent d’obtenir un spectre 
en un temps tres court avec moins de perte 
d’information, un meilleur rapport signal sur bruit 
tout en conservant la possibilite de suivre l’evolution 
des phenomenes variant rapidement au tours du 
temps. Enfin grace a la sensibilite de la detection les 
substances sont analysees en utilisant une irradiation 
laser tres faible (80 mW dans cette etude) ce qui Cvite 
la destruction de l’echantillon. 

Nous decrirons dans un premier temps la methode 
utilisee pour extraire et s&parer les deux esters 
(TMAF et CAF), puis les problemes poses par 
l’identification en solution (methanolieau) de ces 
composts par spectrometrie Raman classique (mono- 
canale) et enfin les resultats obtenus en micro- 
spectrometrie Raman multicanale. 

Ce travail a aussi pour but de montrer que si 
I’HPLC reste un excellent moyen pour &parer, 
identifier et doser les composes ttudies, elle ne donne 
en fait que peu de renseignements exploitables in- 
stantanement sur la structure des molecules ainsi 
separees. C’est pourquoi nous avons voulu associer 
cette technique a la spectrometrie Raman afin de 
caracteriser avec certitude, sur des bases structurales, 
les substances isolees (tluats a faible concentration) 
de leur forme galenique. 

PARTIE EXPERIMENTALE 

Appareillage 

L’tquipement HPLC utilist est constitue d’un chro- 
matographe 5020 Varian, d’un injecteur a boucle de 20 ~1 
et dune colonne de 250 x 4 mm conditionnee avec une silice 
greffee C 18, Lichrosorb RP 18 (Merck) de granulomttrie 
10 pm. Le detecteur Varian UV 5 est equipi: d’un filtre de 
240 nm. 11 est couple a un enregistreur integrateur Hewlett- 
Packard 3390 A. La phase mobile utilisee est un melange de 
methanol d&a&e par passage aux ultrasons et d’eau pour 
preparations injectable;. 

La microsonde Raman utilisee est de type Microdil 28 
(Societe “Dilor”). Les elements qui -ia constituent, 
presentent les caracteristiques suivantes: 

--la source est un laser a argon ionist 514,5 nm (Spectra 
Physics); 

-1e microscope conventionnel est muni des objectifs 10 x , 
50x, 100x; 

-1e premonochromateur consiste en un monochromateur 
double soustractif de bande passante 800 cm-‘; 

-1e spectrographe stigmatique est specialement adapt& 

*Excipients: tetracemate disodique, sttarate de polyoxy- 
ethylene glycol 40, Vaseline blanche, huile de Vaseline 
Bpaisse, alcool sttarilique, polymere carboxyvinylique, 
hydroxyde de sodium, parfum, eau demineralisee. 

pour le dttecteur lintaire a photodiode; il comporte deux 
reseaux (montts dos a dos) de dispersion respective 42 
cm-‘/mn soit 1 cm-’ par diode et 160 cm-‘/mm soit 45 
cm-’ par diode; 

-1e dttecteur comporte une barette de diodes intensifites 
refroidies a -25°C. 

L’ensen&le est couple a un integrateur Hewlett-Packard 
1000 L, permettant des temps d’integration de 10 msec a 
99 sets. 

MPthode et conditions expkrimentales 

Extracfion. Les deux esters de la fluocortolone ont ite 
extraits a chaud par le methanol afin deliminer la plupart 
des 9 excipients* presents dans la preparation pharma- 
ceutique (crtme). La procedure suivante a et& retenue: 

*xtraction pendant 30 mn de 4 g de creme sur plaque 
chauffante magnetique a I’aide de 70 ml de methanol a la 
limite de l’tbullition (55-60”); 

-refroidissement dans la glace; 
-filtration dans une fiole jaugte de 100 ml a l’aide d’un 

filtre plisse; 
-rincage de l’erlenmeyer et du filtre avec methanol refroidi; 
-ajustage au trait de jauge. 

Sparation des deux esters par HPLC. L’bchantillon re- 
cueilli, pret pour l’injection possede done une concentration 
connue voisine de 10 mg de chaque ester dans 100 ml de 
methanol. 

Une solution &talon aux memes concentrations est egale- 
ment preparee par dissolution directe des deux derives dans 
le methanol. 

Apt-es plusieurs essais, les paramttres permettant une 
separation optimale itaient fixes: 

-solvant: mCthanol/eau, 3: 1 v/v; 
debit: 1,5 ml/mn; 
-temperature: 29”. 

La reproductibilite des chromatogrammes a et& veritiee 
apris 6 injections d’une solution &talon et 25 injections de 
la solution methanolique resultant de l’extraction. Grace a 
l’integrateur couple au detecteur, il a tte aist de calculer la 
concentration moyenne des eluats correspondant au tri- 
methylacetate de fluocortolone (2,56 f 0,13 g/kg de crime) 
et au caproate de fluocortolone (2,43 + 0,ll g/kg de creme). 

Ce calcul des concentrations n’avait pour but que de 
verifier l’absence de pertes au tours de l’extraction. Les 
valeurs obtenues concordent avec celles indiquees par le 
fabricant (2,50 g/kg de crtme). 

RPcup&ation des fractions. A la sortie du detecteur, 25 
fractions de chaque ester ont et& collect&es. Elles pro- 
viennent chacune de l’elution de 20 ~1 d’echantillon a une 
concentration voisine de 100 pg/ml. Les deux solutions 
ainsi recueillies, diluees par la phase mobile (methanol/eau, 
3: 1 v/v) ont et& concentrees au bain-marie a 40” et sous vide 
jusqu’a obtention dune solution titrant environ 25 pg/l. 
Ces echantillons ont ensuite tte places dans des tubes 
capillaires et conserves a des fins d’analyses ulttrieures en 
spectrometrie Raman classique et microscopique. 

Analyse spectrom&-ique. Dans un premier temps une 
etude en spectrometrie Raman classique a et& faite sur les 
composts en solution dans le melange mtthanol/eau prov- 
enant des eluats. Cependant differents probltmes sont 
apparus lors des premiers essais. Si les spectres des solvants 
prtsentaient des zones sans bandes intenses dans l’intervalle 
de frequences caracttristiques des stiro’ides etudies 
1500-1800 cm-‘,’ la trop faible concentration des solutes 
n’a pas permis de mener a bien cette etude. En effet, mime 
les essais effcctuts sur des solutions &talons saturies n’ont 
pas donnt les resultats escomptes, a une exception pres, la 
fluocortolone base qui est le plus soluble des trois steroides. 
Pour ce compost une raie caracteristique a pu etre en- 
registrie entre 1500 et 1800 cm-’ apres 10 accumulations 
de spectre grace au systeme APPLE II couple au ‘spec- 
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tromttre Raman. Un dernier essai en spectrometrie Raman 
classique a ete tent& en utilisant des tchantillons de 
sttroi’des prepares par evaporation du contenu d’un tube 
capillaire (cJ recuperation des fractions) sur la paroi d’un 
support constitue d’une fine baguette de verre de 3 mm de 
diametre vers laquelle le rayonnement laser a et& dirigt. 

Bien que le spectrometre utilise permette d’obtenir des 
spectres bien resolus caracterisant les substances etudites a 
l’etat polycristallin comme cela a deja Cte cite dans un 
travail prehminaire,’ il s’est aver& qu’il n’ttait pas approprie 
a l’ttude d’echantillon a faible concentration. 11 fallait done 
s’adresser a une technique plus fine pour enregistrer des 
spectres a partir d’bchantillons de quelques pm2 par 
l’intermediaire d’un microscope. C’est pourquoi une micro- 
sonde Raman multicanale a eti utilisee. Elle permet 
d’acceder a un volume d’echantillon de I’ordre du pm’, c’est 
a dire d’analyser quelques pg de substance de maniere non 
destructive.’ Dans ce but les echantillons provenant des 
&tats d’HPLC ont et& oreoarts nar evauoration du contenu 
d’un capillaire au centie dune iame de’ verre sur la surface 
la plus reduite possible. Les lames sont placees sur la platine Fig. 2. Caproate (CAF) &talon. Centre de la bande passante, 

du microscope du spectrometre. Elles sont ensuite irradiees, 1661 cm-‘; accumulations, 26 x 3 set; fente de 300 pm; 

grace a une optique speciale, par un faisceau laser de faible puissance du laser 80 mW. 

puissance (86 mW).-Des ttmoins de substances ttalons 
obtenus dans les mCmes conditions et a des concentrations 
voisines ont igalement ett prepares. fonction cttonique]: 

-1e TMAF t‘talon a montre sur I’enregistrement une 

RESULTATS ET DISCUSSION raie intense a 1662 cm-r (Fig. 1) emergeant d’un 
massif dont le profil ne permet pas d’observer de 

Les essais ont d’abord Porte sur les preparations facon certaine les raies sit&es de part et d’autre de 
concernant les substances &talons et ensuite sur la raie principale alors que ce compose donnait un 
les echantillons provenant des Cluats chro- spectre bien resolu lors de I’etude preliminaire en 
matographiques. Les quantites analysees sont de spectrometrie Raman monocanale classique;’ 
l’ordre du picogramme. -1e CAF &talon a montre les trois raies attendues 

PrPparations &dons 
(Fig. 2), c’est-a-dire une raie intense avec deux raies 
de plus faible intensite situ&es vers les frequences 

Dans un premier temps nous voulions verifier s’il plus basses (repertoriees respectivement a 1660, 
Ctait possible de caracttriser la classe des steroi’des 1623 et 1604 cm-‘: structure A’,4 3-one).’ 
&dies, c’est-a-dire la structure A’,43-one (158tS-1690 
cm’)’ et ensuite explorer l’intervalle 1690-1750 cm-’ Remarques 

pour mettre en evidence les fonctions esterifiees et Les raies ttant plus intenses que lors de l’etude 
cetoniques des chaines laterales respectivement en C,, effectuee avec le TMAF (probleme de preparation de 
[v(C=O) de la fonction ester] et C2, [v(C=O) de la la lame, choix du microcristal sur lequel la mise au 

point est faite) nous avons decide d’explorer a partir 
de la raie a 1660 cm-’ la zone voisine (vers les 

: frequences plus elevees). Alors que le centre de la 
bande passante definie par le monochromateur avait 
et& fixe a 1661 cm-’ dans le cas de l’enregistrement 
du spectre de la figure 2 celui-ci a et& fixe a 1741 cm ’ 
pour l’enregistrement du spectre de la figure 3. Ce 
spectre permet de supposer I’existence des deux raies 
caracteristiques repertoriees a 1745 et 1723 cm ’ sans 
permettre toutefois de les distinguer du fond continu. 

Dans un deuxieme temps nous avons envisage 

selon les mimes modalites, l’etude d’autres zones 
spectrales representatives des chaines laterales 
esterifiees’ fixees sur le carbone 2 1. En effet les raies 
sit&es a 350, 595, 796 cm-’ et 1352 cm’ permettant 
de distinguer respectivement le TMAF du CAF’ 
n’ont pu Ctre mises en evidence malgre 23 accumu- 
lations de 4 set chacune. Ce probleme semble lie a la 

Fig. 1. Trimethylacetate (TMAF) Ctalon. Centre de la bande faible quantitt de substance analysee ainsi qu’a 

passante, 1661 cm-‘; accumulation, 31 x 2 set; fente de 300 l’intensitir des raies qui est plus faible que celle des 
pm; puissance du laser 80 mW. raies caracttrisant la structure A’.4 3-one. De plus la 
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Fig. 3. Caproate Ctalon; centre de la bande passante 1741 
cm-‘; autres conditions voir Fig. 2. 

reponse intrinseque du detecteur fait que les raies 
sont superpokes au fond continu. 

Priparation provenant des Chats 

Puisque seule la structure A’,4 3-one peut etre mise 
en evidence nous avons test& la preparation sur lame 
de verre concernant le CAF. Nous avons obtenu le 
spectre de la figure 4 avec les 3 raies caracteristiques 
sit&es a 1660, 1623 et 1604 cm-‘. 

Fig. 4. Caproate Cchantillon evapore a set sur lame de verre; 
accumulations 27 x 3 set; autres conditions voir Fig. 2. 

Conclusion 

Malgre les faibles quantites de produits presents 
dans les Cluats de chromatographie, nous avons pu 
montrer dans ce travail qu’il etait possible dallier 
separation par HPLC et identification par spec- 
trometrie Raman. 

Le probleme qui se posait dans la juxtaposition de 
ces deux techniques residait dans leur sensibilite 
respective; la premiere s’adressant a la separation et 
au dosage de quelques ng, la seconde a l’identification 
sur plusieurs mg de substance en spectrometrie 
Raman classique. L’utilisation d’une technique 
recente, representee par la microsonde Raman capa- 
ble de tracer un spectre representatif dune structure 
moleculaire a l’aide de quelques pg de substance, a 
rendu notre etude possible, sur des echantillons poly- 
cristallins microscopiques. 

En effet, grace a ce type d’appareillage, nous 
sommes arrives a Ctablir l’appartenance d’un des 
esters de la fluocortolone a la classe des A’.4 3-one 
steroi’des. 11 a m&me CtC possible d’envisager les raies 
caracteristiques des fonctions ester et &tone. Bien 
que la totalite de la structure moltculaire n’ait pu 
etre identifiee, de grands espoirs restent permis 
avec l’arrivte des spectrometres multicanaux de la 
nouvelle generation. 

L’apport de ces modifications dans la technique 
utilisee pourrait laisser presager des resultats encore 
plus satisfaisants: I’HPLC servant a s&parer et 
recueillir des fractions pures, de substances total- 
ement identifiables a l’aide des nouvelles microsondes 

Raman, pour des quantites de l’ordre du 

picogramme. 
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Summary-This work is an application of the results obtained by classical Raman spectroscopy for 
fluocortolone and its trimethylacetate and caproate esters. These drugs are used together in a pharma- 
ceutical preparation. To avoid fluorescence problems with excipients a solvent extraction was first applied, 
followed by an HPLC separation. The aim was to identify two corticosteroids through their molecular 
structure by applying Raman spectroscopy to HPLC eluates. Tests with the drugs in aqueous methanol 
solution proved unsatisfactory so recourse was made to use of the crystalline state and a Raman 
multichannel microprobe. This allowed the identification, with accuracy, of A’,4-3-one structure with 
sample quantities as small as 1O-‘2 g. 
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Rkum&Afin d’accroitre le potentiel analytique du couplage chromatographie en phase 
gazeuse/spectromitrie infrarouge par transform&e de Fourier nous avons adapt6 notre systtme B 
l’utilisation de colonnes capillaires et automatist les prockdures d’acquisition et de traitement des donnies. 
Apris ces modifications, les performances sont testtes au tours de l’analyse de mtlanges complexes tels 
que les huiles essentielles de menthe et de lavande. Une perte en sensibilitb et en r&solution est constatke 
par rapport aux dktecteurs classiques de chromatographie en phase gazeuse mais les spectres acquis en 
temps rkel sont d’un grand intkrdt pour la connaissance des structures molkulaires. 

Face aux problkmes de plus en plus complexes posts 
par I’analyse des milieux biologiques, les techniques 
de skparation telles que les chromatographies en 
phase liquide ou en phase gazeuse ont connu, ces 
derniires anntes, des progrk technologiques rapides 
dans plusieurs domaines. 

Cette tvolution concerne essentiellement la qualitt 
de la colonne, organe responsable de la kparation 
des constituants du mklange, ainsi que la capacitk du 
systkme a dktecter et identifier les composks sCparCs. 

En ce qui concerne plus spkcialement la chro- 
matographie en phase gazeuse (CPG), il faut d’abord 
signaler la mise au point suivie du dkveloppement 
commercial de colonnes capillaires dont le premier 
avantage est d’accroitre la r&solution du chro- 
matogramme. Parallklement, I’informatisation de 
techniques physiques a permis d’obtenir d’un com- 
post, un enregistrement spectromktrique carac- 
tkristique dans un temps de plus en plus court et sur 
des quantitts de mat&e de plus en plus faibles. Ceci 
conduisit A envisager des couplages capables de 
donner des informations prkcises en vue d’identifier 
avec certitude les fractions &par&es par CPG. La 
spectromktrie de masse fut la premitke technique 
utilisie’ mais I’application de la transformke de Fou- 
rier a confkrk $ la spectromttrie infrarouge (IRTF) les 
critkres de rapiditk et de sensibilitk nkessaires g la 
rkalisation d’un couplage (CPG/IRTF).2s3 

Dans un premier temps ce type de couplage n’a 
fonctionni: qu’avec des colonnes remplies et ce n’est 

*Auteur pour correspondance. 

que plus rkcemment que des systtmes CPG/IRTF ont 
&tk transform& en vue de recevoir des colonnes 
capillaires. 

L’objet de cet article est d’exposer les problimes 
d’ordre pneumatique, optique, informatique qui se 
sont posCs quand nous avons rkalisi cette trans- 
formation sur notre systtme NICOLET 7199 B, ainsi 
que les solutions que nous y avons apporttes. Enfin, 
nous prksenterons des rCsultats d’analyse attestant 
du bon fonctionnement de l’installation apr& 
modification. 

THEORIE 

IntcWt des colonnes capillaires 

Les premiers rksultats expkrimentaux obtenus avec 
des colonnes capillaires annonckes d2s 19574 datent 
de 1959. Depuis cette date, le nombre de publications 
et d’ouvrages gCnCraux faisant ttat de travaux anal- 
ytiques utilisant ces colonnes est devenu consid- 
&able. Nous ne citerons que le livre de Tranchant’ 
dont la bibliographie est trks compkte. Les avantages 
qui justifient une telle expansion sont essentiellement 
de trois ordres. 

(1) ExprimCe par: 

.= 

p=$ 
oti r (cm) est le rayon de la colonne, la permkabilitk 
(P, cm2) est plusieurs centaines de fois supkrieure B 
celle des colonnes remplies. Cela permet d’augmenter 
la longueur des colonnes sans crCer de perte de charge 
trop importante. La vitesse du gaz vecteur demeure 
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presque constante et optimale tout au long de la 
colonne. 

(2) Le rapport (8) volume de phase mobile/volume 
de phase stationn~re est don& par 

fi=& 
r 

ce qui donne pour une colonne capillaire classique de 
rayon r = 0,16 mm, d’epaisseur de film Et = 0,2 pm, 
une vaieur de B &gale a 400, soit 20 fois suptrieure B 
la valeur moyenne des cofonnes remplies. Dans 
ce cas, I’avantage est une reduction des temps de 
retention conduisant a une plus grande rapidite de 
I’analyse. 

(3) On demontre que pour des composes tres 
retenus dont le facteur de capaciti est supirieur a 10, 
la HEPT est voisine du diametre interne de la colonne 
soit pour une colonne de rayon 0,16 mm, un nombre 
de plateaux thtoriques d’environ 3000 plateaux au 
metre. Cela se traduit par une augmentation de la 
resolution et de l’efficacite de la colonne qui sera 
mieux adaptte a I’analyse de melanges complexes. 

Int&rt?t du coupluge CPG/IRTF 

Depuis sa mise au point, le principe de cette 
mithodologie a Cd developpi dans de nombreux 
ouvrages, revues ou publications.69 Puisque nous en 
detaillerons ulterieurement les differentes &apes du 
point de vue de la mise en oeuvre du logiciel, nous 
rappelons brievement ici que la mesure permanente 
de l’absorbance dans le domaine de l’infrarouge 
d’une cuve a gaz et de son contenu permet de suivre 
en temps reel l’elution chromatographique. Les com- 
poses &pares par la colonne, amen&s a l’interieur de 

la cuve par une “interface” absorbent stlectivement 
le rayonnement infrarouge Cmis par la source de 
l’interferometre. Apres l’operation math~matique de 
transform~e de Fourier, l’absorbance calculee Ctablit 
en temps reel la presence dans La cuve dun compose 
Clue (Fig. 1). Le spectre infrarouge acquis au moment 
oti le compose est present avec une concentration 
maximum dans la cuve donne au spectroscopiste des 
informations quant a la structure du compose in- 
connu. 

Pour le non-spkialiste, ~informatisation des don- 
n&es permet une comparaison rapide du spectre (ex- 
emple: adresse 60) avec une bibliotheque” Ctablissant 
ainsi avec le meilleur accord (Fig. 2) la presence de 
fester methylique de l’acide myristique. Com- 
pltmentaire a la mesure habituelle des temps de 
retention, cette recherche reproduite a propos de 
chaque pit chromatographique, permet d’interpreter 
sans ambiguite le chromatogramme. De plus, 
l’examen des spectres consecutifs acquis pendant la 
sortie d’un pit chromatographique permet de 
s’assurer si l’elution correspond a un seul compose ou 
si des molecules de structures voisines se trouvent ma1 
siparees, ce qui se traduirait par une evolution, 
pendant le pit, du spectre de vibration tres specifique 
de la configuration de la molecule. 

Neanmoins, la mise en oeuvre de ce couplage, bien 
que justifiee par les 2 avantages preddemment itablis 
peut etre differee par l’apparente complexite de son 
utilisation. Un effort doit done etre accompli en vue 
d’tlargir le domaine d’applications tout en simplifiant 
le protocole d’utilisation. Le travail que nous avons 
rialise va dans ce sens; l’equipement en colonnes 
capillaires doit permettre d’envisager de nouvelles 
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EPA VAPOR PHASE 

OFN E 60 

RTN * 960 
Myristic mid, Methyl ester 

13 WI 
2.50 min into run 

0.122 

0.096 

0.018 

Fig. 2. Identification du fichier “60’“. 

analyses tandis que la mise en oeuvre de nauveaux eil Varian 3700 equip& init~afeme~t d”un double cir- 
logiciels a pour but de rendre Ie systkme de plus cuit pne~at~que destink & recevoir les colonnes 
en plus “transparent” pour I’utilisateur dant tes remphes, te gaz vecteur est regule en d&bit pour 
preoccupations demeurent essentiellement d’ardre obtenir la meilleure qualite de separation chro- 
analytique. matagraphique avec ce type de colonnes. 

REALBATION TECHNIQUE 

~~U~~~~~5~ t&i circaif ~~~~#~~~~ 

L’utilisatian de cofonnes capiilaires impose de nou- 
vetles contraintes pour le circuit gazeux que constitu- 
ent le chromatographe, le spectrometre et leur liaison 
appelee interface. 

Sur les colonnes capillaires, on ne peut intervenir 
sur ce parametre puisque leur diametre interieur 
faible ftxe Ie debit ri ses vaialeurs de I’ordre de quelques 
ml/mn. Dans ce cas, c’est sur fa pression de gaz ii 
l’entree de la colonne que l’expkimentateur intervient 
pour affiner les conditions de l’analyse. La premiere 
modification a done consiste en l’installatian d’un 
regutateur de pression SW I’un des circuits du chro- 
matagraphe, I’autre circuit gazeux &ant conserve en 
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we de continuer a recevoir les colonnes classiques. on peut facilement calculer le temps de presence dans 
Le regulateur de pression choisi permet de fixer la la cuve compte tenu du debit de gaz vecteur permis 
pression entre 0 et 4 bars. par la colonne. 

La seconde modification concerne I’injecteur. Cela 
consiste en l’adjonction d’une evacuation control&e 
des gaz produits par evaporation dans l’injecteur. 
Settle une fraction du melange injecte sera envoy&e 
sur la colonne, le reste Ctant elimine vers 
I’atmosphere. 

Dans le cas d’un debit de 2 ml/mn, il faut 10 set 
pour parcourir la cellule. On ne peut done pas exclure 
la presence simultante de deux constituants dont les 
temps de retention different de moins de 10 sec. 

Du point de vue pratique, la “fuite” se compose 
d’une vanne-aiguille permettant de regler avec pre- 
cision le debit de fuite et d’une Clectro-vanne capable 
d’ouvrir ou de fermer cette fuite. 

Pour remedier a ce fait, il faut utiliser un debit 
additionnel de gaz vecteur en sortie de colonne, 
c’est-a-dire a I’entree de l’interface chromatographe- 
spectrometre. 

Ce dispositif est rendu necessaire par la limitation 
de la quantite de matiere que peut recevoir la colonne 
et notamment pour diminuer le signal dd a l’elution 
du solvant. Cela est possible, d’autre part, par la 
regulation en pression du gaz qui rend ce paramttre 
independant du debit de fuite. 

Afin d’ameliorer la sensibilite du systeme, un tube 
de Pyrex appele “insert” est introduit dans l’injecteur. 
De longueur 9,8 cm, de diametre interieur 2 mm, 
exttrieur 4 mm, cet “insert” Cvite les interactions 
(adsorption, oxydation . . .), entre le metal de 
I’injecteur et les vapeurs produites a des temperatures 
souvent &levees. 

Modification du spectromttre. Cela concerne la 
cuve a gaz dont le volume mort ne doit pas diminuer 
la resolution chromatographique apportee par la 
colonne capillaire. Meme si les colonnes de trts faible 
diametre interieur (0,l mm) ne paraissent pas, pour 
l’instant, adaptees pour le couplage CPG/IRTF” les 
colonnes utilisables ne depassent pas des diametres de 
0,5 mm. 

Modification de I’interface. L’interface est un tube 
thermostat6 dans lequel les constituants gazeux sepa- 
r&s par la colonne sont conduits vers la cellule 
infrarouge en vue d’ttre detect&s et identifies. Afin 
d’eviter toute recombinaison dans l’interface elle- 
m&me ou dans la cuve et de favoriser la sensibilite en 
iliminant les reactions parasites entre les composes et 
le metal chauffe, nous avons choisi un double con- 
duit. A I’interieur, un tube de silice fondue de di- 
ametre interieur 0,32 mm est relic a la sortie de 
colonne et conduit les constituants s&pares jusqu’$ 
l’entree de la cuve. Autour de ce premier tube, un 
autre en acier inox de 1,6 mm de diametre exterieur 
et de 1 mm de diametre interieur conduit le debit 
additionnel de gaz. L’arrivee de ce “Make-Up” se fait 
par l’intermediaire d’un T dans le four du chro- 
matographe. Le melange “Eluant + Make Up” est 
realise a l’extremite de l’interface, c’est-B-dire g 
I’entree de la cuve. 

Adaptation du logiciel 

Un compromis est done $ ttablir dans le choix 
d’une cuve dont le diametre interieur doit &tre 
suffisamment petit pour ne pas remelanger les com- 
poses &pares par la colonne, mais qui doit aussi 
permettre le passage d’une Cnergie lumineuse 
suffisante afin de mesurer un spectre dont le rapport 
signal/bruit soit satisfaisant. 

Le couplage CPG/IRTF Ctant essentiellement un 
outil pour I’analyste, il ne faut pas que cet utilisateur 
dont l’intCr&t et les competences peuvent etre surtout 
orient& vers la chromatographie soit handicap& par 
l’aspect spectroscopique de la methode ou par son 
approche informatique. 

Notre effort s’est done Porte vers une auto- 
matisation des Ctapes qui vont de I’acquisition des 
donnees jusqu’a I’interpretation. 

Un tube de diametre interieur de 1 mm a Cte 
installt. Ses autres caracteristiques telles que la long- 
ueur (42 cm), le revetement interieur inerte en or, etc., 
sont conformes g la description donnee par Coffey et 

al.* pour les systemes a colonnes remplies. 
La section du tube, voisine de 0,78 mm2, necessite 

une focalisation precise du faisceau infrarouge sur la 
fenetre d’entree du tube. La lumibre progresse dans le 
tube par reflexions multiples augmentant ainsi le 
trajet optique a l’interieur du gaz absorbant. Pour des 
temperatures de la cuve ne depassant pas 250”, le 
coefficient de reflexion de l’or est eleve et 
l’interferogramme transmis est de bonne qualite. Au 
dela de cette temperature, les performances optiques 
du revetement diminuent et degradent le rapport 
signal/bruit. 11 sera important de thermostater la cuve 
B la temperature minimum compatible avec l’elution 
chromatographique. 

Du point de vue du volume mort, environ 330 ~1, 

Acquisition des don&es. En ce qui concerne 
I’acquisition, le logiciel disponible sur le systeme 
Nicolet permet le controle permanent du contenu de 
la cuve B gaz en saisissant des interfirogrammes 
pouvant conduire a des spectres dont la resolution est 
de 8 cm-‘. Pour chaque spectre, plusieurs inter- 
ferogrammes sont accumules afin d’ameliorer le rap- 
port signal/bruit. Pendant la manipulation, une 
transform&e de Fourier basse resolution (32 cm-‘) est 
calculee, et le spectre est rapport& au spectre de 
reference acquis avant I’analyse. Le rapport est con- 
verti en absorbance et integre dans les fenetres spec- 
trales choisies prealablement par l’utilisateur. La 
mesure de cette absorbance integree est tracee en 
fonction du temps. Le choix des fenetres spectrales 
represente a ce stade l’intervention la plus 
significative de l’operateur, mais cela ne constitue 
nullement un obstacle. En effet, pour la plupart des 
melanges de molecules organiques, il existe au moins 
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un domaine de nombres d’onde non specifique 
(region de vibration des liaisons C-H: 2950-2980 
cm-‘) od il est en general possible de mettre en 
evidence l’elution de nombreux composes. Les &apes 
suivantes apporteront les renseignements spec- 
troscopiques necessaires au choix de fenetres spec- 
trales permettant le trace d’un chromatogramme 
plus specifique des fonctions chimiques des composes 
s&pares appele ChemigramTM. 

Exploitation des don&es. Dans I’etape precedente 
ce sont les interferogrammes qui ont et6 memorises 
par le systeme. Toutes les informations experi- 
mentales demeurent done disponibles notamment la 
resolution de 8 cm-’ des spectres malgre le calcul en 
temps reel qui, par souci de rapidite, avait it& limit6 
a la resolution 32 cm-‘. 

Ces interferogrammes sont utilises dans un premier 
temps pour reconstruire le chromatogramme. Deux 
modes sont proposes a l’utilisateur. 

L’algorithme de Gram Schmidt (GSR). Ce proto- 
cole mathtmatique estime les perturbations observees 
sur les interferogrammes au moment de I’elution des 
composes par rapport a des interferogrammes de 
reference acquis avant I’injection.‘2 Puisque les inter- 

(A) 
GSR 

i- 
0 

ferogrammes contiennent simultanement toutes les 
informations spectroscopiques, on obtient un trace 
chromatographique non specifique des fonctions 
chimiques (Fig. 3a). 

Le calcul de I’absorbance int.4grCe (RCN). Utilisant 
les spectres de basse resolution calcules a partir des 
interferogrammes, on trace dans chaque fenetre spec- 
trale souhaitee par l’utilisateur, un chromatogramme 
qui est a rapprocher du ChemigramTM mais dont la 
presentation a Cte amtlioree. 

Ce resultat est specifique du compose. Sur la figure 
3b, la m&me analyse conduit a deux reconstructions: 

+zntre 2880 et 2930 cm-‘, on met en evidence un 
grand pit de solvant (hexane) et deux petits pits 
correspondant aux esters methyliques d’acides 
myristique et pentadecanoique; 
*ntre 1750 et 1770 cm-‘, seuls les esters sont 
observes avec des pits plus intenses ce qui permet 
d’envisager dans cette fenetre une meilleure sensi- 
bilite pour l’analyse. 

Durant cette &tape, l’utilisateur peut a nouveau 
faire le choix de procedures tout a fait g&r&ales telles 
que GSR ou RCN dans le domaine de vibration des 

(B) 
RCN RCN 
entre 28.90 enlre 1750 
et 2930 cm-t et 1770 cm-t 

2 4 0 2 4 

Min 

Fig. 3. Chromatogrammes reconstruits. 
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CH aliphatiques pour obtenir rapidement du melange 
inconnu analyse, un bon nombre d’informations. 
Une exploitation plus performante dans des fenetres 
spectrales cara~t~~stiques pourra toujours Ctre me&e 
apres examen des spectres. Sur la base du trace 
chromatographique, un logiciel de point6 de pits 
dtablit l’adresse du fichier enregistre au maximum de 
concentration d’eluant dans la cuve du spectrometre 
(Fig. 3b). 

Interpretation des r~~ltats. Le programme 
d’interpretation utilise comme don&es les inter- 
ferogrammes et les adresses des fichiers dtterminees 
precedemment. Pour chacun de ces fichiers, corre- 
spondant du point de vue analytique ii l’blution d’un 

EPA VAPOR PHASE 

OFN = 77 
RTN = 2204 
Pentodecanoic acid, Methy 

14VOl 
3.35 mln into run 

compose, le spectre est calcuk a la resolution de 8 
cm-‘; le rapport de transmission est obtenu par 
comparaison au spectre de reference acquis avant 
l’injection puis transforme en absorbance. Ce resultat 
experimental est trace (Figs. 2 et 4). L’utilisateur peut 
alors eventuellement reconsiderer les choix anterieurs 
afin d’utiliser des parametres spectroscopiques mieux 
adapt&s aux composes analyses. Dans le m&me temps, 
une procedure de recherche en bibliotheque est mise 
en oeuvre afin d’etablir quel est le nom du produit 
dont le spectre est le plus ressemblant au spectre 
enregistre. Differents modes de recherchel’ sont util- 
is& par le systeme afin de proposer a l’utilisateur un 
certain nombre de choix. Le spectre de la biblio- 

1 h , I I 1 

3000 2500 2000 1500 1000 500 

Wavenumbers 

Fig. 4. Identi~~tion de I’ester mtthyhque de I’acide ~ntad~cano~que. 
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thtque correspondant au meilleur choix est trace au L’intervention de l’utilisateur est minimisee grace a 

dessus de I’enregistrement afin d’en apprecier la con- un systtme qui utilise les resultats des &tapes antt- 

cordance. Divers renseignements telles que l’adresse rieures pour poursuivre l’analyse et l’identification. 

d’origine du fichier experimental (ici 60 et 77), Le choix primordial de l’operateur reste cependant 
l’adresse du fichier selectionnt dans la bibliotheque, celui des fenetres spectrales oi l’elution est control&e 
le nom du compose, le temps de retention, etc., sont mais il existe des parametres moyens qui pourront 
list&s. etre affines sur la base des premiers resultats. 

Le programme travaille selon une procedure iter- 
ative considerant sequentiellement chaque pit du 
chromatogramme. 

Analyse quantitative. Le programme de pointe de 
pits Ctablit Cgalement les adresses de debut et de fin 
du pit que nous avons utilisees en concevant un 
programme oi les absorbances sont intirgrees dans 
une region spectrale caracteristique du compose a 
doser. Cette mesure est cumulee pour chaque spectre 
pendant toute la duree d’elution du compose. Nous 
avons verifie a propos de plusieurs Ctalonnages la 
linearite du resultat et applique cette methode au 
dosage du tetrahydrocannabinol dans des echan- 
tillons de haschisch.13 

Aprb l’adaptation des colonnes capillaires et la 
realisation a partir des programmes existants dun 
logiciel reduisant l’initiative de l’experimentateur, 
nous avons teste cette nouvelle configuration du 
sysdme par l’analyse de melanges complexes. Par 
leur nombre elevi de composants et aussi par les 
grandes differences entre les concentrations relatives 

de ceux-ci, les huiles essentielles constituent souvent 
un exemple de choix pour estimer la resolution et la 
sensibilite d’un systeme ana1ytique.14 

PARTIE EXPERIMENTALE 

Huile essentielle de menthe 
En resume de cette presentation du logiciel, nous 

insisterons sur l’automatisation de chaque routine. 
Sur le systkme prC&demment dkrit, nous avons install& 

une colonne capillaire en silk fondue CP Wax 57 CB15 de 

I , I I I I I I 

0 7 14 21 29 35 42 49 

Min 

Fig. 5. Chromatogramme reconstruit d’une huile essentielle de menthe. 
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longueur 25 m et de 0,32 mm de diamttre interieur. Les 
conditions experimentales sont les suivantes: 

sommet de chaque pit est calcule a la resolution de 8 cm-’ 
et compare a la bibliothtque “EPA Vapor Phase”. 

-injecteur: 200” fuite 75/l 
-four: 30” puis 2”/mn jusqu’a 140” 
-interface: 150” 
-cellule: 150” 

Huile essentielle de lavande 

Avec la m&me colonne CP Wax 57 CB15 les conditions 
exptrimentales de chromatographie sont cette fois: 

-pression helium: 0,4 bar 
-debit de “Make-Up”: 3 ml/mn 
-volume inject&: 0,l ~1 

Quatre interferogrammes sont accumules dans chaque 
tichier, la transform&e de Fourier des 1024 premiers points 
acquis conduit a un spectre de resolution 32 cm-‘, 
l’absorbance integree dans les fenetres 295&2980 cm-’ et 
171G1730 cm-’ btablit le chromatogramme en temps reel. 
La reconstruction presentee sur la figure 5 est de type RCN 
dans la region 293&2980 cm-‘. Le spectre correspondant au 

EPA VAPOR PHASE 

OFN = 97 

RTN = 2244 A 
Bicyclo/J.l.l/hcpt-2-enc, 2,6,6- 

L46 A EUTJ A A E 

6.24 min into run II’ 

-injecteur: 160” fuite 50/l 
-four: 60” puis 2”/mn jusqu’a 160” 
-interface: 170 
-cuve: 160” 
-pression azote: 0,3 bar 
-volume inject& 0,l ~1 
debit “Make-Up”: 3 ml/mn 

Les paramttres du spectrometre sont identiques a ceux 
decrits pour l’exptrience prtcedente sauf les fenetres spec- 
trales qui sont: 2900-3000, 173&1770 et 123G1270 cm-‘. 

Wovenumbers 

Fig. 6. Identification de I’a-pinene. 
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RESULTATS ET DISCUSSION 

Huile essentielle de menthe 

Le systime dtnombre, sur le chromatogramme de 
la figure 5, 13 pits ce qui Ctablit une limitation par 
rapport aux 28 pits qui apparaissent en general sur 
le chromatogramme detecte par ionisation de 
flamme. Ceci est dfi a la fois a une limite en sensibilite 
et en resolution. 

Ainsi, le myrdne dont le pit FID ne represente que 
0,3% de la surface totale n’est pas detecti, mais en 
meme temps des composes tels que le fl-caryophylltne 
ou le pulegone dont les surfaces de pit valent re- 
spectivement 3% et 3,8% ne sont pas stparts du 
menthol, compose le plus abondant (31,3%). 

0.36 

EPA VAPOR PHASE 

OFN = 550 
RTN -1031 
Cyclohexanol, 2.5 - dimett 
LGTJ AQ BE 

36.40 min into run 

1yl-. 

La limite de concentration pour dttecter et 
identifier un compose est obtenue sur cet exemple 
pour l’a-pintne (1,5%) (Fig. 6). En quantite absolue, 
cela represente 20 ng de ce compost present dans la 
cuve a gaz. Outre l’a-pintne, nous avons identifii le 
/I-pidne, le limontne, l’eucalyptol, etc. 11 est aussi 
interessant de noter qu’une limitation dans les possi- 
bilitts du systtme reside dans l’etat actuel de la 
bibliotheque de spectres. Certains composes, m&me 
abondants, n’ont pu Ctre identifies parce qu’on ne 
disposait pas du spectre de reference. Neanmoins, 
dans certains cas, les renseignements fournis peuvent 
apporter des informations inttressantes a propos de 
la structure du compose tlut. Ainsi le menthol, dont 
le temps de retention est environ de 39 mn, est 

-0.03 I I , I I 
4000 3500 3000 2500 2000 1500 1000 500 

Wovenumbers 

Fig. 7. Interprttation du pit du menthol. 
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b lb 115 2'0 2; 3lo 315 40 45 i0 

Min 

Fig. 8. Chromatogramme reconstruit d’une huile essentielle de lavande. 

interprCtC comme Ctant le 2,5 dimethyl cyclohexanol 
ce qui n’est pas tres Bloigne de sa veritable structure 
(isopropyl-2, methyl-5 cyclohexanol) dont le spectre 
n’existe pas en bibliotheque (Fig. 7). 

Huile essentielle de lavande 

Vingt-trois pits ont pu &tre detect&s de facon 
reproductible ce qui permet de les distinguer du bruit 
de fond du trace chromatographique (Fig. 8). 
L’eucalyptol, le linalool, l’acetate de geranyl, le 
born&o1 ont et& identifies grace a la bibliotheque dont 
nous disposions. Sur la figure 9, il convient de 
remarquer que l’amplitude verticale du spectre per- 
mettant d’ttablir la presence de born&o1 est de l’ordre 
de 0,03 unite d’absorbance. Cela se justifie par la 
faible quantite de produit dans la cuve et se traduit 
par un rapport signal/bruit faible. Neonmoins, la 
comparaison aux 3300 spectres de la bibliotheque 
conduit de maniere reproductible a l’identification. 

A nouveau dans cet exemple, certains composes 
bien que concentres n’ont pu Etre identifies a cause de 
l’absence de reference. Ainsi la recherche menee sur 
le pit le plus intense a I’adresse 384 Ctablit parmi les 
diagnostics la presence dune fonction ester et en 

mCme temps l’existence d’un squelette dimethyl-3,7 
octadiene. Or, il s’agit de l’acetate de linalyl (ou 

bergamol) c’est-a-dire le (dimethyl-3,7 octadiene- 
1,6)yl-3 acetate. Bien qu’approximatif, ce resultat 
peut apporter au chimiste des informations inter- 
essantes qui permettront d’elucider une structure si 
elles sont associees a des renseignements com- 
pltmentaires obtenus a partir d’autres techniques 
dont il ne faut pas sous-estimer l’interit. 

CONCLUSION 

Nous avons realise la transformation de notre 
couplage CPG/IRTF Nicolet 7199 B afin qu’il puisse 
&tre utilise ,avec des colonnes capillaires. Les 
modifications d&rites concernent a la fois le chro- 
matographe, le spectrometre et l’interface qui les 
relie. Un effort a CtC fait afin d’automatiser le logiciel 
d’acquisition et de traitement de donnees afin que le 
systeme soit vtritablement un outil d’analyse ou 
l’initiative de l’utilisateur est au maximum limitee des 
points de vue spectrometrie et informatique. 

L’analyse de melanges complexes tels que les huiles 
essentielles de menthe et de lavande demontre les 
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EPA VAPOR PHASE 

OFN = 466 

RTN = 1114 

Borncol 

L55 ATJ A A 6 CO 

40.33 min into run 

0.0320 A_ 

1 
0.0246- 

0.0172- 

- 0.0050 I I I ! , I 
4000 3500 3000 2500 2000 1500 1000 500 

Wovenumbers 

Fig. 9. Identification du born6ol. 

possibilites de l’installation. Des limitations en sensi- 
bilite et en resolution sont observees B propos de ces 
melanges. L’identification dans des conditions ex- 
tremes est obtenue pour 20 ng d’un compost. D’autre 
part, chaque compost pour lequel le spectre de 
reference est disponible en bibliotheque est identifie. 
Dans d’autres cas, un resultat imparfait est obtenu 
mais utilise conjointement g d’autres techniques, il 
peut permettre d’elucider les structures inconnues. 

En definitive, nous constatons que la perte de 
performances purement chromatographiques est 
largement compensee par I’interCt du point de vue 
structural de l’enregistrement des spectres infrarouges 
en temps reel. 
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Summary-To increase the analytical potential of the combination of gas chromatography and Fourier- 
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Summary-Twenty more aromatic amines are determined by the diazotization and coupling spec- 
trophotometric technique, with 8-amino-1-hydroxynaphthalene-3,6-disulphonic acid (H-acid) and 
N-(1-naphthyl)ethylenediamine (N-na) as coupling agents. The following are determined by both 
methods: 2,4-diaminotoluene, 2-aminobenzotrifluoride, 4benzoxyaniline, 2,4-dimethyl-6-nitroaniline, 
4,5-dimethyl-2_nitroaniline, 2-amino-9-fluorenone, naphthionic acid (sodium salt), 3-aminonaphthalene- 
2,7-disulphonic acid (monosodium salt), 2-aminonaphthalene-1-sulphonic acid, 4-aminonaphthalene-l- 
sulphonic acid and 2,4-dibromoaniline. The following are determined only by the N-na method: 
S-aminosalicylic acid, 2-amino-4-nitrophenol, 4-amino-2,6-dichlorophenol hydrochloride, 2,5-dimethoxy- 
aniline, 4-aminothiophenol, 4,4’-diaminodiphenylmethane, I-naphthylamine, 4,4’-diaminobiphenyl-2,2’- 
disulphonic acid and 4,4’-diaminostilbine-2,2’-disulphonic acid. The optimum acidities for the different 
aromatic amines for the N-na method vary considerably. A number of aromatic amines cannot be 
determined by either method. 

We have determined many aromatic amines of 
importance in industry (especially the dye industry), 
toxicology and pharmacology by use of the diazo- 
tization and coupling spectrophotometric technique, 
using &amino-1-hydroxynaphthalene-3,6-disulphonic 
acid (H-acid) and N-( I-naphthyl)ethylenediamine 
(N-na) (also known as NED) as the coupling 
agentsm3 In the present paper, we describe 
continuation of this work. 

EXPERIMENTAL 

Apparatus 

A Bausch and Lomb model 70 spectrophotometer and a 
Cary model 219 recording spectrophotometer were used. 

Reagents 

H-acid reagent (0.75% in water). Prepare from purified 
technical grade H-acid monosodium sa1t.j Store in a brown 
bottle in a refrigerator. 

N-na reagent (0.75% in water). Store in a brown bottle 
in a refrigerator. 

Standard aromatic amine solution A (2.50 mg/ml). Weigh 
out 0.2500 g of the aromatic amine. For 2,4-diaminotoluene, 
2-aminobenzotrifluoridet, 2,4-dimethyl-6-nitroaniline, 4,5- 
dimethyl-2-nitroaniline, 2-amino-9-fluorenone, 2,4-dibromo- 
aniline, 2-amino-4-nitrophenol, 4-amino-2,6-dichlorophenol 
hydrochloride, 2,5dimethoxyaniline, 4-aminothiophenol, 
4,4’-diaminodiphenylmethaneand I-naphthylamine, dissolve 
the amine in methanol and dilute to volume in a IOO-ml 
standard flask with methanol. For 4-benzoxyaniline and 
5-aminosalicylic acid, dissolve the amine in a mixture of 

*Author to whom correspondence should be addressed. 
t2-Trifluoromethylaniline. 

2 ml of sulphuric acid (1 + 1) and methanol and dilute to 
100 ml with methanol. Dissolve nanhthionic acid (sodium 
salt) and 3-aminonaphthalene-2,7-dfisulphonic acid (mono- 
sodium salt) in water and dilute to 100 ml with water. 
Dissolve 2-aminonaphthalene-I-sulphonic acid and 4-amino- 
naphthalene-1-sulphonic acid in 10 ml of 0.5% sodium 
hydroxide solution and dilute to 100 ml with water. 

Standard aromatic amine solution B (25 pggiml). 
Prepare fresh daily by diluting a 5-ml aliquot of standard 
aromatic amine solution A to volume in a SOO-ml standard 
flask with water, but for 2,4-dimethyl-6nitroaniline, 
4,5-dimethyl-6-nitroaniline and 4-benzoxyaniline, add 10 ml 
of sulphuric acid (1 + 1) before the dilution. 

Standard aromatic amine solution C (2.00 mg/ml). 
For 4,4’-diaminobiphenvl-2,2’-disulnhonic acid and 
4,4’-diaminostilbine-2,2’-disulphonic acid, dissolve 0.1000 g 
of the amine in concentrated sulphuric acid and dilute 
to volume in a 50-ml standard flask with concentrated 
sulphuric acid. 

Standard aromatic amine solution D (20 pg/ml). Transfer 
a 5-ml aliquot of standard aromatic amine solution C to a 
500-ml standard flask, add 10 ml of sulphuric acid (1 + 1) 
and dilute to volume with water. 

Procedures 

The following can be determined by both methods: 
2,4-diaminotoluene, 2-aminobenzotrifluoride, 4-benzoxy- 
aniline, 2,4-dimethyl-6-nitroaniline, 4,5-dimethyl-2-nitro- 
aniline, 2-amino-9-fluorenone, naphthionic acid (sodium 
salt), 3-aminonaphthalene-2,7_disulphonic acid (mono- 
sodium salt), 2-aminonaphthalene-I-sulphonic acid, 
4-amino-1-naphthalene sulphonic acid and 2,4-dibromo- 
aniline. The following can be determined only by the N-na 
method: 5-aminosalicylic acid, 2-amino-4-nitrophenol, 
4-amino-2,6-dichlorophenol hydrochloride, 2,5-dimethoxy- 
aniline, 4-aminothiophenol, 4,4’-diaminodiphenylmethane, 
I-naphthylamine, 4,4’-diaminobiphenyl-2,2’-disulphonic 
acid and 4,4’-diaminostilbine-2,2’-disulphonic acid. 
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H-acid mefhod. Prepare a calibration curve by transfer- 
ring suitable portions of standard aromatic solution B to 
IOO-ml standard flasks. The volumes should be chosen in 
accordance with the sensitivities indicated in Table 1, to 
cover the absorbance range up to 0.6. Dilute to about 75 ml 
with water, add 2.0 ml of 0.3M hydrochloric acid and 2.0 
ml of 1% sodium nitrite solution, swirl and allow to stand 
for 5 min. Add 2.0 ml of 3% sulphamic acid solution, swirl, 
wash down the neck of the flask and allow to stand for 5 
min. Add 10 ml of 6% sodium bicarbonate solution, swirl, 
add 2.0 ml of H-acid reagent, swirl again, dilute to the mark 
and allow to stand for 1545 min. Measure the absorbances 
against water at the wavelength indicated in Table I. Deduct 
the blank and plot the absorbances against mg of aromatic 
amine per 100 ml. For the analysis of samples, transfer an 
appropriate aliquot to a lOO-ml standard flask and proceed 
as for the calibration curve. 

N-na method. Prepare a calibration curve by transferring 
portions of standard aromatic amine solution B or D to 
50-ml standard flasks, the volumes being chosen (Table 1) 
to cover the absorbance range up to 0.6. Add the amount 
of IM hydrochloric acid or sulphuric acid (I + 1) indicated 
in Table 1 and dilute to 3tS-35 ml with water. Add 1.0 ml 
of 1% sodium nitrite solution, swirl and allow to stand for 
5 min. Add 1.0 ml of 3% sulphamic acid solution, swirl, 
wash down the neck of the flask and allow to stand for 5 
min. Add the amount of N-na reagent indicated in Table 1, 
dilute to the mark and mix. Measure the absorbances 
against water at the wavelength and time indicated in Table 
1. Deduct the blank and plot absorbances against mg of 
aromatic amine per 50 ml. For the analysis of samples, 
transfer an appropriate ahquot to a standard flask and 
proceed as for the calibration curve. 

RESULTS AND DISCUSSION 

The aromatic amines investigated in this paper had 
surprisingly varied solubility characteristics. The 
stock solutions were prepared with the following five 
solvents: methanol, methanol containing sulphuric 
acid, water, dilute sodium hydroxide solution and 
concentrated sulphuric acid. In preparing the dilute 
standard solutions, some sulphuric acid had to be 
added in some instances to keep the aromatic amine 
in solution. 

The spectral characteristics of the dyes are shown 
in Table 1. Beer’s law is obeyed for all the systems 
tested. 

The conditions used for the H-acid method are 
those previously recommended.3 The optimum condi- 
tions for the N-na method, with respect to acidity, 
amount of reagent and time for colour development 
are shown in Table 1. The results obtained in the 
study of the effect of acidity, by addition of various 
amounts of 1M hydrochloric acid or sulphuric acid 
(1 + l), are shown in Table 2. It is seen that the 
acidity is more critical for some aromatic amines than 
for others. 

The H-acid method is not recommended for 
Saminosalicylic acid, 2-amino-4nitrophenol and 
2-amino-2,6-dichlorophenol hydrochloride because 
the molar absorptivities are too low. It is not 

Table 2. Effect of acid concentration on N-na colours 

Absorbances for different amounts of acid (per 50 ml) 

1M HCI, ml H,SO, (I + l), ml 

Aromatic amine 2.0 3.0 5.0 10.0 1.0 2.0 3.0 5.0 7.5 10.0 15.0 20.0 25.0 

2,4-Diaminotoluene 
2-Aminobenzotrifluoride 
4-Benzoxyaniline 
2,4-Dimethyl-6- 

nitroaniline 
4,5-Dimethyl-2-nitroaniline 
2-Amino-9-fluorenone 
Naphthionic acid 

(sodium salt) 
3_Aminonaphthalene- 

2,7-disulphonic acid 
(monosodium salt) 

2-Aminonaphthalene- 
I-sulphonic acid 

4-Aminonaphthalene-l- 
sulphonic acid 

2,4_Dibromoaniline 
5-Aminosalicylic acid 
2-Amino-4-nitrophenol 
4-Amino-2,6-dichlorophenol 

hydrochloride 
2,5-Dimethoxyaniline 
4-Aminothiophenol 
4,4’-Diaminodiphenylmethane 
I-Naphthylamine 
4,4’-Diaminobiphenyl- 

2,2’-disulphonic acid 
4,4’-Diaminostilbine- 

0.34 0.35 0.34 0.32 
0.27 0.35 

0.17 0.20 0.21 0.19 0.13 
* * * * 0.24 0.24 

* * * * 0.27 0.29 
0.21 0.20 0.09 
0.00 0.00 0.13 0.31 

0.08 0.08 

0.32 0.25 
0.35 0.35 0.30 0.15 

0.10 0.10 
0.25 0.24 0.19 

0.27 0.26 0.14 
0.07 0.02 
0.33 0.30 0.27 0.23 

0.09 0.12 0.13 0.13 

0.19 0.19 0.19 0.19 

0.20 0.20 0.21 0.23 0.22 

0.23 0.24 0.24 0.21 0.16 0.02 
0.24 0.24 0.25 0.25 0.21 0.18 
0.17 0.19 0.19 0.23 0.23 0.19 

0.11 0.11 0.16 0.17 0.16 0.16 0.03 

0.16 0.17 0.17 0.12 0.03 
0.15 0.17 0.18 0.21 0.18 
0.23 0.22 0.12 0.13 0.08 
0.46 0.45 0.42 0.23 
0.10 0.12 0.13 0.13 0.11 0.08 

0.09 0.11 0.12 0.13 0.12 0.08 
2,2’-disulphonic acid 

*Turbidity (no colour). 
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recommended for 2,5-dimethoxyaniline, 4-amino- 
thiophenol, 4,4’-diaminodiphenylmethane, l-naph- 
thylamine, 4,4’-diaminobiphenyl-2,2’-disulphonic 
acid and 4,4’-diaminostilbine-2,2’-disulphonic acid 
because of the high sensitivity of the dyes to light. All 
these aromatic amines can be determined by the N-na 
method. 

The accuracy (average relative error about 5%) 
and precision of the recommended methods is about 
the same as that obtained previously in the deter- 
mination of aromatic amines by the H-acid and N-na 
methods.‘--’ 

Some aromatic amines cannot be determined 
by either method. They include 2,4-diaminophenol, 
2,4-diaminobenzoic acid, 3,3,‘-diaminobenzidine, 
o-anisidine dihydrochloride and aminonaphthols 
(5amino-I-naphthol, I-amino-2-naphthol hydro- 
chloride, 4-amino- 1 naphthol hydrochloride, 

I-amino-2-naphthol-4-sulphonic acid and H-acid), 
all of which produce little or no colour. Diamino- 
toluenes with two adjacent NH2 groups (for example, 
1,2-diaminotoluene and 3,4-diaminotoluene) do not 
produce a colour because of internal diazotization 
and coupling of these NH2 groups to form a hetero- 
cyclic compound (as noted previously for o-phenyl- 
enediamine2). 1-Aminoanthraquinone produces a 
purplish-red dye in the N-na method, but the dye 
starts to precipitate almost immediately even at very 
high acidity. 
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EXTRACTION OF MO, W AND Tc WITH POLYURETHANE 
FOAM AND WITH CYCLIC POLYETHER FROM 

SCN-/HCl MEDIUM 

R. CALETKA, R. HAUSBECK and V. KRIVAN 
Sektion Analytik und H~chstreinigung, Universit~t Ulm, Oberer Eselsberg N 26, 

D-7900 Ulm/Donau, F.R.G. 

(Received 25 Jul_v 1985. Revised 8 November 1985. Accepted 15 November 1985) 

Summary-The extraction of moly~~num, tungsten and technetium by polyether-based polyurethane 
foam and by a cyclic polyether from aqueous thiocyanate solutions is described. The influence of the 
reductants stannous chloride and ascorbic acid has also been studied. The possibilities of the polyurethane 
foam for preconcentration and determination of molybdenum are discussed. 

The use of thiocyanate has become of increasing 
interest for separation and dete~ination of molyb- 
denum and tungsten. Braun’ showed in 1863 that the 
coloured thiocyanate complexes of reduced molybdic 
acid are extracted by diethyl ether. A number of 
techniques for spectrophotometric determination of 
molybdenum have been proposed on this basis.2-5 
The reported methods differ mainly with regard to 
the reducing agents and the solvents used. In most 
cases, the orange-red thiocyanate complex of quin- 
quevalent molybdenum, obtained after reduction of 
Mo(V1) with stannous chloride or ascorbic acid in the 
presence of thiocyanate, is extracted with oxygen- 
containing solvents such as alcohols, ethers or 
ketones. For the complexes formed, an Mo:SCN- 
ratio of 1: 3 and 1: 5 has been estimated.6 The organic 
phase can be used directly for sensitive determination 
of molybdenum. 

The quantitative extraction of the yellow-green 
tungsten(V)-thiocyanate complex as well as the com- 
plexes of unreduced Mo(V1) and WfVI) has also been 
described.’ lo These elements are also very strongly 
retained on anion-exchangers from thiocyanate 
medium.“m’3 

In 1970 Bowen observed that most of the inorganic 
and organic substances that are extractable with 
diethyl ether are also well retained on polyurethane 
foam.14 In later studies, it was found that the com- 
plexes of soft anions are retained on polyether-type 
polyurethane foam. 5~‘6 Recently, the mechanism and 
application of the retention of thiocyanate complexes 
of many elements, such as Co, Fe, platinum metals, 
Zn, was intensively studied by Chow and co- 
workers.“” 

In the present work, the extraction of molybdenum 
and tungsten as thiocyanate complexes from aqueous 
solutions with polyurethane foam was studied by 
means of the radiotracer technique. For comparison, 
the extraction with a cyclic polyether was included in 

the study. The behaviour of technetium was also 
investigated by counting the 99mTc activity originating 
from 99Mo. 

EXPERIMENTAL 

Chemicals 

Polyurethane foam, a polyether of open cell type, was 
obtained from Greiner GmbH, Kremsm~nster, Austria. 
The foam was cut with a cork-borer into pieces 9 mm in 
diameter and 20 mm in length. These were pretreated with 
acetone and 2M hydrochloric acid for several hours, exten- 
sively rinsed with demineralized water, and then washed 
with acetone and dried. For some experiments, the fine 
particle form was prepared by crushing the moist foam in 
a mixer after freezing it with liquid nitrogen. For the 
extraction of the coloured quinquevalent moly~enum- 
thiocyanate complex, a sheet of pure white polyurethane 
foam of unknown origin, 3 mm thick, was cut into discs, 
13 mm in diameter. 

A O.OlM solution of dicyclohexano-18-crown-6 (p.a. 
purity obtained from Ventron GmbH, Karlsruhe, F.R.G.) 
in I,2-dichloroethane was used in the extractionexperiments. 

All other chemicals were of analytical grade. The stock 
solution of stannous chloride (I % in 1 M hydrochloric acid} 
was prepared directly before use, and filtered through a 
Millipore filter. 

The radiotracers 99Mo and ‘ssW were prepared by irra- 
diation of ammonium heptamolybdate and tungsten tri- 
oxide in a nuclear reactor. The molybdate was dissolved in 
bromine water for the oxidation of reduced molybdenum, 
then the bromine was removed by a stream of air. The 
tungsten trioxide was dissolved in dilute ammonia solution. 

Estimation qf the distribution ratios 

The distribution data were obtained under static condi- 
tions (batch method) by the radiotracer technique. For each 
element studied, the solution contained about l-5 pg of 
inactive carrier per ml. 

For the extraction experiments, the phase-volume ratio 
V,,,: Vas was I: 1 and ihe mixing time was 10 min. The 
distribution ratio D, is defined as the ratio of the total 
concentrations of the element in the organic and the 
aqueous phase. 

In the experiments with polyurethane foam, the 
volume-weight ratio of the solute to the foam was 52 ml/g 
and the extraction time was 54 hr. The foam was period- 
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ically squeezed during this time (at about half-hour inter- 
vals) by means of a plastic plunger in order to bring fresh 
solution into contact with the foam. The distribution ratio, 
D,, is defined as the ratio of the total analytical amount of 
the given element per gram of dry foam to the total amount 
of the element per ml of the external solution. 

In the extraction of molybdenum, a mixture of “MO 
(f,,? = 66 hr) and 99mTc (t,,* = 6.02 hr) in equilibrium was 
used for labelling. After the distribution, the activity of 
%“Tc (140 keV) was counted immediately after the separ- 
ation of the phases and again after three days. This method 
allows the distribution of both elements to be studied 
simultaneously. From the first and second countings, results 
for technetium and for molybdenum, respectively, can be 
obtained. The technetium radioactivity was corrected by 
means of the equation: 

where A, and A,, B, and B,, t, and t, are the activities, 
backgrounds and counting times (in min) of the first and 
second measurement, respectively; AT is the time difference 
between the first and second measurements (in hr) and the 
constants are K, = 0.002586, K2 = 0.01047.20 

Apparatus 
The radiochemical purity of the tracers was checked with 

a high-resolution gamma-spectrometer. The radioactivity of 
the organic and aqueous phase was measured with a single- 
channel gamma-ray spectrometer consisting of a 3 x 3-in. 
well-type NaI/Tl crystal and an automatic sample-changer. 

RESULTS AND DISCUSSION 

The kinetics of the extraction 

The time necessary to achieve extraction equi- 
librium was tested with 1M hydrochloric acid and 
0.2M ammonium thiocyanate. 

The extraction with the crown ether solution 
proved to be very fast; equilibrium was reached in 
about 3 min. 

The results obtained with the foam are shown in 
Fig. 1. It can be seen that the main part of the activity 
is retained in the first few minutes after the phases 
come into contact. After this fast phase, a slow 
extraction follows and the equilibrium state is 
reached in about 2-3 hr. An extraction time of 4-5 
hr is sufficient for quantitative yield. A longer extrac- 
tion time should be avoided because of the instability 
of acidified thiocyanate solutions. On standing over- 
night, a yellow precipitate of elementary sulphur 
appeared, accompanied by the development of gas- 
eous H,S, when the acidity was 22M. 

Influence of the phase ratio 

The distribution ratios of molybdenum and tung- 
sten as a function of volume-weight ratio for extrac- 
tion with foam from solutions of 1M hydrochloric 
acid and 0.2M ammonium thiocyanate are given in 
Fig. 1. It can be seen that the D, values remain 
constant over a wide range of V/m [log D, 
(MO) N 4.9-5.0; log D, (W) N 4.11. In these experi- 
ments, a fine-particle form of the foam was used. If 
larger pieces of the foam were used under the same 
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Fig. 1. The kinetics of the extraction with polyurethane 
foam, and the influence of the phase ratio. Drdistribution 
ratio; f*xtraction time; V/m-phase ratio. Composition 

of the aqueous phase: IA4 HCl and 0.2M NH,SCN. 

conditions (see Fig. 2), distribution ratios lower by a 
factor of 2-3 were obtained. In both cases, equi- 
librium was reached. This example shows that the 
foam particle size may be an important factor for the 
extraction efficiency, presumably because of change 
in the specific surface area and surface properties 
resulting from mechanical crushing of the foam. 

2 
t 

0.2MNH,SCN 

,c 
01 1.0 10 

Fig. 2. Extraction of MO, W and Tc with polyurethane 
foam. Dr-distribution ratio; C,c,-molar concentration of 

hydrochloric acid. 
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3. Extraction of MO with O.OlM dicyclohexano-18- 
crown-6 in dichloroethane. D,distribution ratio; C,,,- 

molar concentration of hydrochloric acid. 

In the case of tungsten, Pfeifer” supposed there 
is formation of the species WO,(SCN)S-“) and 
WO(SCN)~4-n). It can be assumed that the increase of 
the distribution ratio with hydrochloric acid concen- 
tration (Figs. 2 and 4) is connected with the con- 

version of the oxo-cation WO:+ into W04+. For 
molybdenum, the complexes derived from the cation 
Mo04+ seem to be the most probable. The decrease 
of the extractability in concentrated solutions of 

hydrochloric acid can be caused by the displacement 
of the SCN- ligands in the co-ordination sphere by 

Cl- ions. In the molybdenum-crown ether system, at 
Cn,, 2 8M the extraction of pure chloride complexes 
is also possible. This follows from an experiment in 
which molybdenum was extracted with crown ether 
from hydrochloric acid solution without thiocyanate 

(Fig. 5). The extraction of molybdenum with poly- 
urethane foam and of tungsten with both the cyclic 
ether and the foam from O.l-10M hydrochloric acid 
is also shown in Fig. 5. It is to be remembered here 
that chemical destruction of polyurethane foam takes 
place at acidities > SM. 

EfSect of the hydrochloric acid concentration Effect of thiocyanate concentration 

Figure 2 shows the influence of hydrochloric acid 
concentration on the extraction of MO, Tc and W 
with the foam. The concentration of ammonium 
thiocyanate was kept constant at 0.2M in these 
experiments. Molybdenum is well retained on the 
foam even from solutions of relatively low acidity; the 
distribution ratio increases slowly with Cnc,, reaching 
a flat maximum at 34M acid concentration. A 
similar behaviour was observed for technetium up to 
4M hydrochloric acid, but its extractability is lower 
by a factor of about 100. The extractability of 
tungsten is low in more dilute hydrochloric acid. 
With increasing acid concentration, the distribution 
ratio D, (W) increases and passes through a maxi- 
mum at 5M hydrochloric acid. Further increase of 
the acid concentration causes a rapid decrease of the 
D, value. At C nc, L5M destruction of the poly- 
urethane foam was observed. 

The distribution ratios for extraction with the foam 

as a function of the ammonium thiocyanate concen- 
tration are shown in Fig. 6. The acid concentration 
was kept constant at 1M. The extractability of 
molybdenum and tungsten increases with increasing 
concentration of thiocyanate. The retention of tech- 

The extraction of molybdenum with cyclic crown 
ether as a function of hydrochloric acid concentration 
is given in Fig. 3 for three different ammonium 
thiocyanate concentrations. With 0.2M thiocyanate, 
the maximum extraction is achieved with I-2M acid; 
at higher acidity, the D, value decreases sharply and 
reaches a minimum at about 7SM acid concen- 
tration. As the concentration of thiocyanates is in- 
creased, the minimum shifts to lower acidity and 
becomes flatter and broader. 

Figure 4 shows the plot of log D, us. log Cnc, for 
tungsten and technetium at a constant concentration 
of thiocyanate (0.2M). The extraction of tungsten 
increases with acidity up to 4M hydrochloric acid but 

Fig. 4. Extraction of W and Tc with O.OlM dicyclohexano- 
18-crown-6 in dichloroethane. For notation see Fig. 3. 

with higher Cnc,, it decreases sharply. A similar 

behaviour can be observed also for technetium, but 
the increase of D, (Tc) is negligible and the maximum 
is very flat. 
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Fig. 5. Extraction of MO and W from hydrochloric acid 
solutions. PLJ-polyurethane; DC-crown ether. 

netium remains almost constant over the whole 
range. 

Figures 7 and 8 show the same dependence for the 
extraction with crown ether. In the case of molyb- 

IM HCI 

c 
SCN- 

Fig. 6. Extraction of MO, W and Tc with polyurethane foam Fig. 8. Extraction of W with 0.01144 dicyclohexano-1% 
from L44 HCI in the presence of thiocyanates. .C,, -molar crown-6 in dichloroethane from IM and 4M NC1 in the 

concentration of the thiocyanate. presence of thiocyanates. 

0 Y Cl Na SCN 

Ml HCI . KSCN 

0 NH,SCN 

-1 t I 

SCN- 

Fig. 7. Extraction of MO and Tc with O.OlMdicyclohexano- 
18-crown-6 in dichloroethane from 1.M HCI in the presence 

of thiocyanates. 

denum and tungsten, the influence of different thio- 
cyanates was also studied. 

The extractability of molybdenum increases steeply 
with the thiocyanate concentration, reaching a max- 
imum at a concentration of 0.2M and then it de- 
creases to a similar extent. There are only relatively 
small differences between the three thiocyanates 
tested; the potassium salt provides the best extract- 
ability. 

For tungsten, D, increases with C,c,- in the con- 
centration region investigated with a small maximum 

a NaStN 
-I 

. KSCN 

-21 > I 

001 0.1 1 .o 

C SCW 



Extraction of MO, W and Tc 319 

at C,,,- = 0.7M. The different thiocyanates again 

give similar effects. 
It was shown above that the maximum extract- 

ability of tungsten is reached at somewhat higher 
hydrochloric acid concentration than is that of 
molybdenum, i.e., at 4M acidity (see Fig. 4). The 
influence of the concentration of ammonium thio- 
cyanate on the extractability of tungsten at this 
acidity was also tested. As can be seen in Fig. 8, the 
results are of similar character to those for molyb- 
denum at 1M hydrochloric acid concentration, but 
with a shift of the maximum to slightly lower thio- 

cyanate concentration. 
This behaviour supports the hypothesis mentioned 

above that the WO:+ species is converted into W04+ 
at higher acidity. On the basis of these results, we 
conclude that the elements are extracted predomi- 
nantly as their anionic complexes MoO(SNC);, 
WO,(SCN),, and WO(SCN);. These are the 
counter-ions to the hydronium ion bound in the 
cavities of the cyclic crown ether or in the cavities 
formed by the poly(ethylene oxide) chain of the foam 
polymer.“~‘* The hydronium ion can also be replaced 
by alkali-metal or ammonium ions. Al-Bazi and 
Chow’* proposed that H,O+ ions are held in the 
cavities of polyurethane by both ion-dipole inter- 
action and hydrogen-bonding, whereas KC ions are 
held only by ion-dipole interaction. 

In Figs. 2, 4, 6, and 7 it can be seen that the 
extraction of technetium is practically independent of 
the hydrochloric acid and thiocyanate concentrations 
in the range of O.l-6M for Cut, and O.Ol-1M for 
Cc,,-. This is not surprising, as extraction of the 
TcOc species can be expected under the given condi- 
tions2’ Their stabilization is not influenced by the 
concentration of hydrochloric acid or thiocyanate, 
except for higher concentrations of acid, from which 
competitive extraction of hydrogen chloride can be 
expected. The reduction of Tc(VI1) to lower ox- 
idation states in concentrated hydrochloric acid in the 
presence of SCN- ions must also be taken into 
account. 

The effect of reduction 

Special attention was paid to the extraction of 

molybdenum and tungsten thiocyanates under reduc- 
tive conditions. The influence of stannous chloride 
and ascorbic acid on the extraction with both the 
foam and the crown ether was examined. The resu!ts 
summarized in Fig. 9 show that increasing the stan- 
nous chloride concentration causes in all cases a 
decrease in the distribution ratio. It is evident that the 
extraction with crown ether is more strongly affected 
by the presence of stannous chloride than is the 
extraction with polyurethane foam. The levels of the 
respective log D values in the absence of stannous 
chloride are indicated with arrows. Ascorbic acid has 
no influence on the extractability of these elements 
even if present in concentration up to 8% w/v (the 
results are not shown). 

c S”C, (70) 
2 

Fig. 9. Extraction of W and MO with O.OlM dicyclohexano- 
18-crown-6 and polyurethane foam from IM hydrochloric 
acida.2M NH,SCN medium in presence of stannous 

chloride. 

A possible explanation for the effect of stannous 
chloride might be formation of colloidal metastannic 

acid in the oxidation and adsorption of the elements 
of interest. It can be assumed that the reduced 
quinquevalent forms of molybdenum and tungsten 
are as well extracted as the sexivalent species. The 
reddish complex of molybdenum(V) was quickly 
and quantitatively extracted with either crown ether 
solution or the foam. 

It was observed that molybdenum(V1) can also be 
reduced by thiocyanate ions. At higher concen- 
trations of hydrochloric acid and ammonium thio- 
cyanate, the polyurethane foam was reddish owing to 
the extracted MO(V)-SCN- complexes. 

Preconcentration of molybdenum 

It has recently been shown22-25 that extraction with 
open cell polyurethane foam of polyether type can 
successfully be used in conjunction with XRF spec- 
trometry for the determination of trace elements. The 
results for the extraction of molybdenum with poly- 
urethane foam given above show that the efficiency of 
the extraction is sufficiently high for the precon- 
centration of traces of molybdenum from large vol- 
umes of liquid samples such as sea-water etc. 

The preconcentration of molybdenum was studied 
with water samples made 1M in hydrochloric acid 
and 0.2M in potassium thiocyanate. The influence of 
ascorbic acid was also tested. The results are given in 
Table 1. It can be seen that an effective precon- 
centration can be achieved even at V/m ratios of 
about 3000 ml/g. The salinity of the water has only 
a slight positive influence if any at all. 



320 R. CALETKA et al. 

Table 1. Preconcentration of molybdenum on polyurethane foam 

Volume of Weight of V/m Molybdenum 
aqueous phase, foam, ratio, retained, 

ml mtz mlln ion D, % Notes 

50 
50* 
50* 
90* 
40* 
40* 

1st 2000 5.01 98.01 
50t 1000 5.24 99.4 
25t 2000 5.17 98.6 
50t 1800 5.14 & 0.08 98.7 n=3 
145 2860 4.99 k 0.03 97.2 n =3‘ 
14§ 2860 5.03 + 0.04 97.2 n=5 

0.25 g of ascorbic acid 

Aqueous phase: 1M HCl and 0.02M KSCN. 
*Sea-water. 
tPowder form of the foam. 
gDiscs of the white foam, 13 mm diameter, 3 mm thickness. 

When the pure white foam is used, the extraction 
of a coloured complex of quinquevalent molybdenum 
in the presence of ascorbic acid can be visually 
observed. Fe’+-ions (up to a concentration of 50 
fig/ml) do not interfere in this colour reaction. This 
preconcentration can be used for the semiquantitative 
calorimetric determination of molybdenum down 
to about 0.2 pg. Both the MO(V)- and 
Mo(VI)-thiocyanate complexes can easily be eluted 
from polyurethane with acetone (yield >98%). 

CONCLUSIONS 

Thiocyanate complexes of molybdenum and 
tungsten are well extracted with solutions of di- 
cyclohexano-18-crown-6 in dichloroethane and with 
polyether-type polyurethane foam. The complexes of 
either Mo(V1) or MO(V) are extracted. Optimum 
extraction for Mo(V1) is achieved from 1M hydro- 
chloric acid and 0.2M thiocyanate, and for W(VI) 
from 4M acid and 0.2M thiocyanate. Potassium 
thiocyanate provides the highest extractability, but 
which thiocyanate is used is of no great significance. 
The extraction can be explained by the cation- 
chelation mechanism, based on the complexation of 
the hydronium ion and/or alkali-metal cation in the 
cavities, formed by the crown ether and by the acyclic 
poly(ethylene oxide) chain of the polyurethane foam. 
The thiocyanato complex ions form the counter- 
anions to the included cations. 

The system of thiocyanate complex and poly- 
urethane foam offers some attractive possibilities for 
the preconcentration and determination of traces of 
molybdenum and tungsten in various matrices. 
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TRACE DETERMINATION OF YTTRIUM AND SOME 
HEAVY RARE-EARTHS BY ADSORPTIVE 

STRIPPING VOLTAMMETRY 
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Summary-The interfacial and redox behaviour of rare-earth chelates with Solochrome Violet RS are 
exploited for developing a sensitive adsorptive stripping procedure. Yttrium and heavy rare earths such 
as dysprosium, holmium and ytterbrium can thus be measured at n&ml levels and below, by controlled 
adsorptive accumulation of the metal chelate at the hanging mercury drop electrode, followed by 
vottammetric measurement of the surface species. With a 3-min pr~oncentration time, the detection limit 
ranges from 5 x lo-lo to 1.4 x 10e9M. The relative standard deviation at the 7 ng/ml level ranges from 
4 to 7%. A separation method is required to differentiate between the individual rare-earth metals. 

Several analytical techniques have been applied for 
the trace measurement of rare-earth elements. These 
include neutron activation, isotope dilution mass- 
spectroscopy, X-ray fluorescence spectrometry, 
atomic-absorption spectrometry and inductivity- 
coupled plasma spectrometry.’ Most of these tech- 
niques require costly and specialized instrumentation 
which may not be available in many laboratories. 
Stripping voltammetry, the most sensitive electro- 
analytical technique,2 may provide an effective and 
economical alternative. Though lanthanide cations 
can be reduced to the metals, which are to a certain 
extent soluble in mercury, conventional anodic strip- 
ping measurements are not feasible because of the 
poorly defined redox reactions, that occur at ex- 
tremely negative potentials.3 Only a stripping deter- 
mination of cerium by use of solid electrodes and an 
indirect determination of several rare-earth elements 
by displacement reactions with a zinc complex, have 
been rep0rted.l Recently we described a sensitive 
adsorptive stripping method for trace dete~ination 
of light rare-earth metals, based on the controlled 
interfacial accumulation of their complexes with o- 
cresolphthalexone on the hanging mercury drop elec- 
trode, followed by reduction of the adsorbed com- 
plexes! As a result of such adsorptive accumulation, 
nanomolar levels of lanthanum, cerium, and 
praseodymium ions can easily be determined. How- 
ever, because the potential difference between the 
peaks of the complex and of the free ligand decreases 
with increasing atomic number of the rare-earth 
element, heavy rare-earth metals cannot be deter- 
mined. 

The present paper describes a very sensitive ad- 
sorptive stripping procedure for determining yttrium 
and heavy rare-earth metals by adsorptive accumu- 

*Author for correspondence. 

lation and reduction of their Solochrome Violet RS 
(SVRS) chelates at the hanging mercury drop elec- 
trode. The polarographic behaviour of rare-earth 
metal chelates with SVRS has been described by 
Florence and Aylward.5 These chelates produce dis- 
crete reduction steps which are well separated from 
that of the free dye. As illustrated in the present 
study, the interfacial accumulatjon at the hanging 
mercury drop electrode permits substantial lowering 
of the detection limits below those of polarographic 
measurements at the dropping mercury electrode. 
Conditions for enhancing the surface concentration 
of the chelates have been carefully optimized. Appli- 
cations of adsorptive stripping voltammetry for other 
trace determinations have been reviewed recently.6 

EXPERIMENTAL 

Apparatus 

The equipment used to obtain the voltamperograms, a 
PAR 264A voltammetric analyser with a PAR 303 static 
mercury drop electrode, has already been described in 
detaiL4,’ 

Reagents 

All solutions were prepared from doubly distilled water. 
Stock solutions, 1000 ppm, of yttrium and the rare-earth 
ions were prepared by dissolving appropriate amounts of 
the corresponding oxides in acid. The ytterbium stock 
solution (1000 ppm) was obtained from Aldrich. SVRS was 
purchased from Aldrich and a 1 x 10W4M stock solution 
was prepared daily. The supporting electrolyte was 0.02M 
PIPES (piperazine-1,4-bis(2-ethanesulphonic acid, disodium 
salt monohydrate, Aldrich), adjusted to pH 1 I with sodium 
hydroxide. 

Procedure 

Ten ml of 2 x IOm6M SVRS solution in supporting elec- 
trolyte were pipetted into the cell, and deaerated by passage 
of nitrogen for 8 min. The preconcentration potential (usu- 
ally -0.75 V) was applied to a fresh mercury drop while the 
solution was stirred (400 rpm). Following the precon- 
centration step, the stirring was stopped, and after 15 set the 
voltamperogram was recorded by applying a linear scan 
te~inating at - 1.40 V. After the background stripping 
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voltamperogram had been obtained, aliquots of the rare- 
earth standards were introduced. Nitrogen was passed over 
the solution surface throughout. All data were obtained at 
ambient temperature. 

behaviour was observed with other rare-earth metals, 
as described below. 

RESULTS AND DISCUSSION 

Figure 1 shows linear scan voltamperograms for 
2.9 x IO-‘M (5 ng/ml) ytterbium, in the presence of 
2 x lO-‘jM SVRS after different preconcentration 
periods. The YbSVRS complex yields a well-defined 
reduction peak at - 1 .O V. The peak height increases 
rapidly with increasing preconcentration time, indi- 

cating enhancement of the chelate concentration on 
the mercury surface. For example, 1- and 3-min 
preconcentration periods yielded 21- and 56-fold 
enhancement of the peak current, respectively, rela- 
tive to that attained without preconcentration (com- 
pare curves a, c and e). As a result, ytterbium can 
easily be determined at levels below 1 ng/ml; in 

contrast, the detection limit of conventional voltam- 
metric measurements is N 5 ng/ml (curve a). Similar 

According to Florence and Aylward,’ the rare- 
earth metals combine with SVRS in 1:2 ratio, and 
there is a four-electron reaction in the discrete reduc- 
tion step of the chelate. The redox and interfacial 
behaviour of chelates of SVRS with rare-earth metals 
can be evaluated by using cyclic voltammetry. 
Figure 2 shows cyclic voltamperograms for 40 ng/ml 
ytterbium in 2 x 10e6M SVRS solution in 0.02M 
PIPES buffer (pH 11). Stirring the solution for 3 min 
at -0.50 V before starting the first scan (voltampero- 
gram Al), resulted in two distinct cathodic peaks due 
to the reduction of the adsorbed dye (at -0.79 V) 
and of the adsorbed chelate (at - 1.0 V). No peaks 
were observed in the anodic branch. Subsequent 
repetitive scans yielded significantly smaller (but 
stable) cathodic peaks corresponding to the reduction 
of dissolved species. Such behaviour indicates that 
the dye and chelate are being rapidly desorbed from 
the surface. When the same experiment was repeated 
after stirring for 3 min at -0.80 V (voltamperogram 
Bl), only a single cathodic peak, due to the reduction 
of the adsorbed chelate, was observed (at - 1 .O V). 
The adsorption of the SVRS-chelates of yttrium and 
the heavy rare-earth metals was maximal with stirring 
for 3 min. The quantity of charge consumed (during 
the cyclic voltammetry experiment) by the surface 
process, can be used to calculate the surface coverage, 
F. This, and additional cyclic voltammetry data, are 
summarized in Table 1. These results indicate that the 
SVRS chelates of yttrium and the heavy rare-earth 
metals exhibit similar redox and interfacial behav- 
iour, except for ytterbium, which yields larger and 
sharper cyclic voltammetric peaks. No simple expla- 
nation is available for the different behaviour of 
ytterbium, as all the chelates are expected to exhibit 
similar orientation at the surface. 

2 
z 
‘. 

I 25nA 

I I I 

-0.8 -1.0 -1.2 

E(V) 

Fig. 1. Linear scan voltamperograms for 5-ng/ml ytterbium 
in 0.02M PIPES (pH 11) solution, containing 2 x 10m6M 
SVRS after different preconcentration times: (a) 0; (b) 30; (c) 
60; (d) 120; (e) 180 sec. Preconcentration at -0.75 V with 

400 rpm stirring. Scan-rate, 50 mV/sec. 

The adsorptive stripping response of rare-earth 
metals is strongly dependent on the solution and 
preconcentration conditions. For example, increasing 
the solution pH from 6 to 10.5 results in a gradual 
increase of the peak; a sharp decrease in the response 
is observed at pH > 11 (Fig. 3A). The dependence of 
the stripping peak current on the preconcentration 
potential was examined over the range from -0.2 to 
-0.8 V (Fig. 3B). Potentials ranging from -0.2 to 
-0.7 V yielded similar peak heights; at potentials 
more negative than -0.7 V, the peak current in- 
creased rapidly. A preconcentration potential of 
-0.75 V and a pH of 11 offered the best signal-to- 

Table I. Cyclic voltammetry data for the interfacial 
accumulation of SVRS chelates of vttrium and heavv rare 

earths (conditions as in-Figure 2B) . 

Element EP,_ V b mV Q> PC l-, mole/cm2 

DY -0.98 94 0.21 3.7 x lo-” 
Ho - 1.00 94 0.23 4.1 x IO-” 
Y -0.98 94 0.29 5.1 x IO-” 
Yb -1.00 77 0.60 1.0 x lo-‘0 
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Fig. 2. Repetitive cyclic voltamperograms for 40-ng/ml 
ytterbium in a 0.02M PIPES @H 11) solution, containing 
2 x 10e6M SVRS, after 3-min stirring at -0.50 V (A) and 

-0.80 V (B). Scan-rate, 50 mV/sec. 

background characteristics and were used in all sub- 
sequent work. Adsorption also takes place under 
open-circuit conditions, but the response is lower 
than that achieved at -0.80 V. 

The extent of preconcentration depends on the 
length of time over which the adsorption is allowed 
to proceed. Figure 4 shows the dependence of the 
adsorptive stripping peak current on the precon- 
centration time for yttrium and three rare-earth 
metals present at the S-ng/ml level. The peak current 
increases non-linearly with preconcentration time, as 
expected for an adsorption-controlled process. Over 
the O-240 set time range examined, only the yttrium 
peak current levels off (at times longer than 180 set). 
With a 240-set preconcentration, the peak current is 
about 65 times that obtained without precon- 
centration for yttrium and the three rare-earth ele- 
ments evaluated in this study. Obviously, a compro- 
mise between increase in sensitivity and in speed 

would be required when optimizing the precon- 
centration time. 

Quantitative evaluation is based on the dependence 
of the peak current on the rare-earth metal concen- 
tration. Figure 5 illustrates the response for succes- 
sive 5-ng/ml increases in holmium concentration, 
with analysis after preconcentration for 60 sec. Well- 
defined peaks are observed at the ng/ml level. The 
corresponding direct response (dotted lines) allows 
convenient determination only at concentrations 

E,,, CV(B)l 

-0.2 -0.4 -0.6 -0.6 

I I I I 

60 - 

;i 
5 40- 
‘. 

zo- 

6 8 10 12 

pIi(A) 

Fig. 3. Effect of solution pH (A) and preconcentration 
potential (B) on the stripping peak current. Precon- 
centration for 60 set in the presence of IO-ng/ml ytterbium. 

Other conditions as for Fig 1. 

> 15 ng/ml. The three peaks shown came from 
measurements for a series of eight successive 
concentration increments, the results of which 
are shown as an inset in Fig. 5. The response is linear 
up to 30 ng/ml, then falls off as full surface coverage 
is approached (slope of linear portion, 
4.25 nA. ml. ng-‘; correlation coefficient, 0.999). Sim- 

ilar calibration experiments with the other elements 
tested yielded a linear response over the ranges O-40 
ng/ml for Dy and Yb and O-30 ng/ml for Y, with 

slopes (nA.ml.ng-‘) of 3.32 (Dy), 5.09 (Y) and 5.93 
(Yb) and correlation coefficients 0.999 (Dy), 0.998 
(Yb) and 0.996 (Y). 

The linear range is particularly important when the 
standard-addition method is used. It is stressed here 
that the linear range is a function of the precon- 

._ 

40 

0 60 120 160 240 

t (set) 

Fig. 4. Dependence of the stripping peak current on the 
preconcentration time for dysprosium (a), holmium (b), 
yttrium (c) and ytterbium (d). Other conditions as for 

Fig. 1. 
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Fig. 5. Stripping voltamperograms obtained for solutions of increasing holmium concentration, 
5-15 ng/ml (a-c). Preconcentration for 60 sec. Other conditions as for Fig. 1. Dotted lines represent the 
response without preconcentration. Also shown is the resulting calibration plot, over the 540 ng/ml range, 

with 60-set preconcentration. 

centration conditions and so can be extended by 
using shorter preconcentration times or unstirred 
solutions. 

The effective preconcentration associated with the 
adsorption process lowers the detection limits by 2-3 
orders of magnitude compared to those for the 
corresponding direct measurements. Detection limits 
were estimated based on the signal-to-noise charac- 
teristics (S/N = 3) of the S-ng/ml solutions (180-set 
preconcentration, other conditions as for Fig. 1). For 
dysprosium, holmium, yttrium and ytterbium the 
limits (ng/ml) found were 0.18 (1.1 x 10e9M), 0.17 
(1.0 x 10_9M), 0.13 (1.4 x 10m9M), and 0.09 
(5 x lo-I’M), respectively. The lower detection limit 
for ytterbium is in agreement with the larger degree 
of adsorption of its chelate (as indicated by the cyclic 
voltammetric data). Such detection limits are com- 
parable to those obtained by other techniques cur- 
rently used for trace rare-earth metal determination 

(e.g., neutron activation, atomic absorption), as well 
as to those obtained by conventional stripping 
measurements of metals plated electrolytically. 

The absorptive preconcentration of the SVRS 
chelates of yttrium and rare-earth metals results in 
reproducible stripping peak currents. For eight suc- 
cessive measurements of 7-ng/ml metal concen- 
trations the relative standard deviations were 5% 
(Dy, Ho) 7% (Y) and 4% (Yb) (60-set precon- 
centration, other conditions as for Fig. 1). 

The method described provides a simple approach 
to trace analysis for yttrium and heavy rare-earth 
metals. These elements can be determined at the 
ng/ml level with short preconcentration times, but 
differentiation between the individual species would 
require a prior separation step, although use of a 
suitable supporting electrolyte’ should permit analy- 
sis of mixtures of some of the lanthanides. Such steps 
would be essential in the presence of lighter rare 
earth-metals. 

Acknowledgement-This work was supported in part by the 
National Institute of Health, Grant No. GM 30913-02. 

I. 
2. 

3. 

4. 

5. 

6. 
I. 

REFERENCES 

I. Roelandts, Anal. Chem., 1981, 53, 676. 
J. Wang, Stripping Analysis: Principles, Instrumentation 
and Applicafions, VCH Publishers, Deerfield Beach, FL 
1985. 
F. Vydra, K. Stulik and E. JulBkovB, Electrochemical 
Stripping Analysis, p. 247. Ellis Horwood, Chichester, 
1976. 
J. Wang, P. A. M. Farias and J. S. Mahmoud, Anal. 
Chim. Acta, 1985, 171, 215. 
T. M. Florence and G. H. Aylward, Ausf. J. Chem., 
1962, 15, 65. 
J. Wang, Am. Lab., 1985, 17, No. 5, 41. 
J. Wang, D. B. Luo, P. A. M. Farias and J. S. 
Mahmoud, Anal. Chem., 1985, 57, 158. 



Talanta, Vol. 33, No. 4, pp. 325-328, 1986 
Printed in Great Britain. All rights reserved 

0039-9140/86 $3.00 + 0.00 
Copyright 0 1986 Pergamon Press Ltd 

SAMPLE-PRETREATMENT PROCEDURE FOR ROUTINE 

LIQUID CHROMATOGRAPHIC ASSAY OF 

SERUM CORTISOL 

ALDO LAGAN.&* MAURO ROTATOR] and GIULIANA VINCI 

Dipartimento di Chimica, Universita degli Studi di Roma, Roma, Italy 

M. PERLA COLOMBINI 

Istituto di Chimica Analitica ed Elettrochimica, Universita degli Studi di Pisa, Pisa, Italy 

ROBERTA CURINI 

Dipartimento di Scienze Chimiche, Universita degli Studi di Camerino, Camerino, Italy 

(Received 27 May 1985. Revised 4 November 1985. Accepted 13 November 1985) 

Summary-A specific method for measuring concentrations of cortisol in serum, by preliminary isolation 
on a “minicolumn” followed by elution and determination by liquid chromatography, is described. This 
assay requires only 500 ~1 of serum. The limit of determination of cortisol was found to be 5 fig/l. The 
analytical recovery of cortisol added to serum ranged from 98 to 102%. The coefficients of variation 
ranged from 2.4 to 3.4% (within-day) and from 3.6 to 8.8% (day-to-day), depending on the cortisol 
concentration. The method compares well with a commonly used radioimmunological method. 

Cortisol (hydrocortisone, 11,17,21 -trihydroxy-4- 
pregnene-3,20-dione) is the main primary 
glucocorticoid secreted by the human adrenal gland 
and is a good indicator for cortical adrenal activity. 
Moreover, determination of its concentration is very 
important in diagnosis and treatment of many dis- 
eases, such as Cushing’s syndrome, adrenal 
insufficiency and Addison’s disease. 

Though many analytical methods are currently 
available for the determination of serum cortisol, the 
techniques used for its measurement are not entirely 
specific. The fluorometric assays are influenced by 
corticosterone, deoxycorticosterone and various 
pharmaceuticals.’ Assays based on competitive 
protein-binding techniques lack specificity. since 
prednisolone and several other endogenous steroids 
are also bound.2,’ 

Recently, many of these methods have been re- 
placed by the simple and more sensitive radio- 
immunoassay (RIA) techniques. However, the 
specificity of RIA is limited because anticortisol 
antibodies may cross-react to varying degrees with 
other steroids such as cortisone, I I-deoxycortisol, 
17-hydroxyprogesterone, corticosterone and deoxy- 
corticosterone.z~4,5 Under normal conditions this is 
not a serious problem, because cortisol is the only 
steroid hormone present at significant concentration 
in serum. However, in a number of metabolic and 
endocrine disorders, the concentrations of the ste- 
roids that cross-react with cortisol-antibodies are 
significant. Therefore, a more specific and sensitive 
assay for cortisol determination is highly desirable. 

*To whom correspondence should be addressed. 

High-pressure liquid chromatography (HPLC)-as 
shown by several authors”‘3-is the best technique 
for obtaining the specificity and simplicity necessary 
for serum cortisol determination, provided that ex- 
traction from the sample is not too slow (there is an 
increased demand from routine laboratories for im- 
proving the speed and reliability of the classical 
manual extraction). 

For the clean-up of biological fluids, a considerable 
advance was made with the introduction of the 
“minicolumn” technique, which is based on the ex- 
traction of solutes by a solid matrix and their sub- 
sequent elution. In this way, it is possible to obtain 
enrichment of the analyte and elimination of the 
major contaminants from the biological fluid, en- 
hancing the sensitivity of determination. 

This paper describes a simple and specific liquid- 
chromatography procedure for isolation and deter- 
mination of serum or plasma cortisol, which employs 
a particular type of “minicolumn”. The method is 
sensitive enough to determine cortisol at the 5 ng/ml 
level in only 500 ~1 of serum, and can easily be 
adapted for paediatric samples (200 ~1 of serum). 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer series 3B liquid chromatograph equipped 
with a Model LC-75 variable-wavelength detector was used. 
Samples were injected through a Rheodyne Model 7125 
injector into a 25 cm x 4.6 mm “ERBASIL” C,, (10 urn) .“. 
column (Farmitalia Carlo Erba) equipped with a Waters 
Associates C,, “Guard-Pak” Cartridge as guard-tube at the 
top. The absorbance of the effluent was monitored at 
254 nm (sensitivity 0.005 absorbance for full-scale 
deflection). 
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Mobile phase and eluents 

The water used was purified by passage through Millipore 
“Norganic” Cartridges. Chromatography-grade methanol 
and chloroform were obtained from Farmitalia Carlo Erba. 

Reagents and srandards 

All chemicals used were of reagent grade. All steroids 
tested were purchased from Sigma Chemical Co. Stock 
cortisol standard solution (I mg/ml) was made in methanol 
and diluted with methanol/water (50:50 v/v) to give 0.1, 
0.01, 0.005 and 0.001 mg/ml working standards. The stock 
and working cortisol solutions were stable for at least three 
months if stored at -20”. 

Carbopack B was kindly supplied by Supelco Inc. 

Procedure 

A “minicolumn” of Carbopack B (SO-100 mesh) was 
prepared by adding 0.5 g of the adsorbent to water, 
decanting any floating particles, and introducing the sus- 
pension into a 15 x 0.6 cm glass tube with a small pledget 
of glass wool in the bottom. 

A 500~~1 sample of serum was added to 4.5 ml of 
methanol/water mixture (34:66 v/v) in a vial, and the 
mixture was passed through the Carbopack B column, the 
vial being rinsed with two S-ml portions of water and the 
rinsings passed through the column. The column was 
washed w’ith 3 ml of methanol, then the cortisol was eluted 
with 5 ml of methanol/chloroform (50:50 v/v). The eluate 
was collected in a conical glass viai. The procedure took 
about 6 min. The eluate was placed in a water-bath at 40” 
and evaporated with a stream of nitrogen. The dried extract 
was dissolved in 50 ~1 of methanol/water (SO:50 v/v) and 
l&20 ~1 of the solution were injected into the Erbasil 
column and eluted with methanol/water (50:50 v/v). 

Paediatric serum samples (200 ~1) were processed as 
above but with injection of 40 ~1 into the column. 

The cortisol concentrations were calculated by comparing 
the peak heights with those for the working standards. 

The cortisol concentration were also determined with a 
Beckman RIA kit. 

RESULTSAND DISCUSSION 

Optimization of the method 

To optimize the chromatographic conditions, 
several mobile phases were tested. Of these, 
acetonitrile/phosphate buffer,’ contrary to literature 
reports, produced overlapping peaks for cortisone 
and cortisol. Although in the adult the amount of 
cortisone in the serum is much less than that of 
cortisol, the reverse is the case for the human pla- 
centa, foetal plasma and amniotic fluid. 

Some other eluents, e.g., tetrahydrofuran/ 
methanol/water,14 gave a retention time of about 20 
min for cortisol, which was too long. To obtain a 
shorter retention time for cortisol and good resolu- 
tion from the interferent peaks, methanol/water 
(5O:SO v/v) was chosen as the mobile phase; it gave 
a retention time of about 9.4 min for cortisol. Figure 
1 shows the chromatographic behaviour of three 
different concentrations of cortisol in serum. 

Analytical variables 

Varying the flow-rate of the wash-liquid and the 
mobile phase through the minicolumn from 0.5 to 
4 ml/min caused no significant variation in the recov- 
ery of cortisol. Under the experimental conditions 

used, the flow-rate was about 3 ml/min. The effect of 
repeated use of the minicolumn was examined. After 
each extraction, the column was cleaned by washing 
it sequentially with 5 ml of chloroform, 5 ml of 
methanol and 5 ml of water. After five successive 
cycles, the cortisol concentration found was correct 
within the precision of the method, but the flow-rate 
through the column had decreased to 1 ml/min. 

The effect of varying the composition of the mix- 
ture used to dilute the biological specimens was 
assessed. As shown in Fig. 2, we found that cortisol 
was quantitatively removed by the Carbopack B from 
serum solution in aqueous methanol containing 
3&35% v/v of the organic solvent. 

The lower recovery of cortisol at lower methanol 
content can be presumed to be due to protein bind- 
ing. An alternative method of displacing substances 
bound to protein is to add urea,15 but we found that 
this procedure gave not more than 75% recovery of 
cortisol. 

Performance characteristics 

Recovery. Analytical recoveries (Table 1) were 
examined by adding known amounts of cortisol to a 
pooled serum, and subtracting the amount of endo- 
genous cortisol in the serum from the total found. 
The average recovery in the concentration range 
considered was 99.9%. 

Precision. The reproducibility of the assay was 
assessed by use of a pooled serum containing added 
cortisol, as shown in Table 2. The coefficient of 
variation for these samples ranged from 2.4 to 3.4% 
for within-day precision, and from 3.6 to 8.8% for 
day-to-day precision. These data together with those 
for the recoveries indicate that the proposed method 
is suitable for operation without an internal standard, 
which avoids the risk of the sample extraction causing 
bias in the cortisol/internal standard ratio. 

Linearity. Cortisol was added to a pooled serum to 

give concentrations ranging from 10 to 750 pg/l., and 
these were assayed. The calibration graph was linear 
over this range. 

Sensitivity. The lower limit of determination for a 
500 ~1 sample of serum was found to be 5 pg/l. 

Interferences. The effects of possible interferents, 
vi?. about 30 steroids secreted by the adrenal glands 
and gonads or used in the treatment of various 
medical disorders, and the metabolites of these endo- 
genous or exogenous compounds,‘,” were consid- 
ered. Only those which showed retention times on the 
“Erbasil” column near that of cortisol were exam- 
ined. Aldosterone, 19_hydroxyandrostenedione, 
prednisone, cortisone, fludrocortisone, and pred- 
nisolone were therefore added to serum samples, 
which were then processed by the proposed 
procedure. In Table 3 the relative retention times are 
reported. 

Of the steroids chromatographed, only pred- 
nisolone is not resolved from cortisol, and hence must 
be absent from the sample injected. In this case, as 



Assay of serum cortisol 327 

a 

I I I J I I I I I 

0 5 10 0 5 10 0 5 10 

Ttme (mm) 

Fig. I. Chromatograms of serum containing (left) 75, (centre) 123, and (right) 318 ng of cortisol per litre. 

Caldarella et al. have suggested, the cortisol is sepa- 
rated from any prednisolone present by use of a 
different solvent system (silica column, mobile phase 

“0 
IO 20 30 40 

XCH,OH 

2. Effect of methanol content on recovery of cortisol 
(100 pg/l.) added to serum samples. 

methylene chloride/tetrahydrofuran or methanol/ 
glacial acetic acid).7.‘6’17 

Comparison with radioimmunoassay. Analysis of 25 
serum samples for cortisol in the range 10-640 @g/l. 
by RIA and the HPLC procedure gave the regression 
equation (HPLC value) = 0.8 1 x (RIA value) + 4.6, 
with a correlation coefficient of 0.97, almost identical 
to that reported by other authors.‘0,‘2 

Table 1. Analytical recovery of cortisol added to serum* 

Added, Found, SD., Range, 
U.ell. LIP Il. tin/l. CV. % Recovery, % Mll. 

25 24.4 1.0 4.1 97.5 23.2-25.5 
50 50.6 1.3 2.6 101.3 49.1-51.3 

100 99.1 1.9 1.9 99.1 96.6-104.7 
250 255 5.1 2.0 102.0 250-260 
500 499 11.2 2.2 99.8 484512 

*Six determinations; the serum pool had a cortisol concen- 
tration of 105 pg/l. 
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Table 2. Precision of assays (ten at 
each concentration) for cortisol in 

serum 

Mean, pg/l. SD., pgugll. CV, % 

Within day 
61.5 2.1 3.4 

200 6.9 3.4 
400 10.5 2.1 
513 13.4 2.4 

Day to day 
65.5 5.8 8.8 

199 1.2 3.6 
370 15.1 4.1 
581 23.4 4.0 

Table 3. Retention times (5O:SO v/v methanol-water eluentf 
for certain steroids 

Steroid Retention time, min 

Aldosterone 6.9 
19-Hydroxyandrostenedione 1.3 
Prednisone 7.4 
Cortisone 8.0 
Fludrocortisone 8.8 
Cortisol 9.4 
Prednisolone 9.5 

Conchion 

This study confirms that the isolation of serum 
cortisol by a particular type of “minicolumn” is 
useful in the accurate HPLC measurement of cortisol 
in the diagnosis and management of various clinical 
disorders of the adrenal and pituitary glands. Our 
procedure offers the advantages of specificity and 
simplicity; furthermore, more than one steroid can be 
measured in each assay, which increases the ver- 

satility, efficiency and clinical applications of the 
method. 

Ae~no~~edgeme~r-his work was supported by the Italian 
Board of Education and by the National Research Council 
of Italy. 
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SPECTROPHOTOMETRIC DETERMINATION OF 

MERCURY IN ORGANOMERCURIALS BY MEANS OF 

BENZYL 2-PYRIDYL KETONE 2-QUINOLYLHYDRAZONE 
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Summary-Mercury(I1) reacts with benzyl 2-pyridylketone 2-quinolylhydrazone (BPKQH) in the pH 
range 9.c10.4, to form a stable I:2 (metal:ligand) complex which has a sharp absorption maximum at 
475 nm and molar absorptivity 5.01 x IO4 l.mole-‘.cm-‘. It is proposed for use in spectrophotometric 
determination of mercury at pg/ml levels and analysis for organomercurials. The sensitivity of the method 
can be increased significantly by employing derivative spectrophotometry, making mercury determination 
at ng/ml levels feasible. 

Hydrazones have been widely used as reagents for the 

spectrophotometric determination of various transi- 

tion metal ions,‘-3 mainly Fe, Co, Ni and Pd, but few 
give colour reactions with mercury ions, an exception 
being benzyl 2-pyridyl ketone 2-quinolylhydrazone 
(BPKQH), the use of which is described here. 

Mercury compounds are used in agriculture to 
control fungus diseases of feeds, bulbs, plants, fruits 
and vegetation,4 and the resulting ecological dangers 
have been of considerable concern, particularly since 
organomercury compounds, especially methyl- 
mercury,5,b are more toxic to man than inorganic 
mercury salts. Consequently many highly sensitive 
analytical methods for mercury have been developed. 
Spectrophotometry can be made sufficiently sensitive 
for environmental trace analysis by use of the deriv- 
ative technique, which is based on the observation’ 
that for Gaussian and Lorentzian bands the ampli- 
tude, D,, of the n th derivative of the absorbance with 
respect to wavelength (D, = d”A/dl”) is inversely 
related to the original bandwidth, W: 

D, cc l/W 

Advantage can be taken of this fact to enhance 
sensitivity in the determination of compounds char- 
acterized by a narrow absorption spectrum, such as 
that of the BPKQH-Hg complex. 

EXPERIMENTAL 

Reagents 

Benzyl 2-pyridyl ketone 2-quinolylhydrazone (BPKQH) 
was synthesized as described previously,8 and a 1 x IO-‘M 
solution in absolute ethanol was prepared weekly. 

Mercury standard solutions were prepared by suitable 
dilutions of lOOO-ppm commercial stock solution (Merck). 

*Hygiene and Work Safety Centre, Granada, Spain. 

All the standards were prepared with 3% v/v sulphuric acid 
medium to act as a preservative. 

Phenylmercury acetate, methylmercury chloride, ethyl- 
mercury chloride and mercuric chloride (Merck) were used 
as received. 

A pH 8.0 buffer solution was prepared from 0. IA4 sodium 
tetraborate and 0.1 M hydrochloric acid. 

All the reagents and solvents were of analytical-reagent 
grade. Distilled demineralized water was used throughout. 

Apparatus 

A Beckman Acta- instrument was used for recording 
spectra and for measurements at fixed wavelength. Deriva- 
tive spectra were recorded with a Perkin-Elmer Lambda 5 
spectrophotometer. Both instruments had matched 1 .OO-cm 
quartz cells. 

Procedures 
Spectrophotometric determination of mercury. Into a 

25-ml standard flask transfer 2 ml of lO-‘M BPKQH 
solution and 13 ml of absolute ethanol to ensure a final 
ethanol content of 60% v/v. Add 5 ml of pH 8.0 buffer 
solution and a suitable volume of sample solution contain- 
ing 2.5-75 pg of mercury. Dilute to volume with distilled 
water and measure the absorbance of the solution at 475 nm 
against a reagent blank. 

Second derivative spectrophotometry. Operate as described 
above, but use a volume of sample solution containing only 
0.75-2.50 pg of mercury. Record the second derivative 
spectrum at IO-nm wavelength intervals on a chart recorder 
against a reagent blank, with a response time of 2 set and 
a scan-speed of 120 nm/min. Measure the second derivative 
peak-height amplitude from a trough to a straight line 
drawn between its neighbouring peaks. Use a suitable 
calibration blank or empirical equation to convert ampli- 
tude (in cm) into concentration. 

Procedurefor organomercurials. Weigh a suitable amount 
of sample, containing between SO pg and 7.5 mg of mercury, 
and transfer it to a SO-ml beaker, Heat the sample with 3 ml 
of concentrated sulphuric acid at 65 k 5” in a water-bath. 
After 2 hr, add 1 ml of 30% hydrogen peroxide and continue 
the digestion for 4.5 min. If necessary, repeat the addition of 
hydrogen peroxide. Cool, dilute to SO ml and neutralize. 
Finally, dilute to 100 ml with demineralized water. Apply 
the photometric procedure to a suitable volume (l-4 ml) of 
this solution. If the second-derivative method is used, take 
a sample weight containing 2c-250 pg of mercury. 
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Fig. 1. Absorption spectra of BPKQH-Hg complex at different pH values. [BPKQH] = 1 x 10m4M; 
[Hg] = 2 x 10-SM; pH: 1, 3.5; 2, 4.3; 3, 5.5; 4, 6.6; 5, 7.3; 6, 8.2; 7, 9.2; 8, 10.8; 9, 11.3; 10, 12. 

RESULTS AND DISCUSSION 

BPKQH-Hg complex 

The absorption spectra of the orange complex 
formed between mercury(I1) and BPKQH in aqueous 
ethanolic medium at various pH values are shown in 
Fig. 1. The spectra have a relatively narrow absorp- 
tion peak with maximum at 475 nm and a shoulder 
near 455 nm. From the shape of the absorbance us. 
pH graph (Fig. 2) it can be seen that the absorbance 
is constant and maximal at an apparent pH of 
9.0-10.4. The pH can be adequately adjusted to an 
apparent pH of 10.0 by addition of 5 ml of pH 8.0 
borate buffer solution. 

For complete complexation a tenfold excess of 
BPKQH is sufficient. The complex is quickly formed 
and the colour remains stable for at least 2 hr. Slight 
variations in absorbance are caused by changing the 
concentration of ethanol in the medium, but ethanol 
contents below 50% are impractical because of the 
poor solubility of the complex. Optimum results are 
obtained in 60% v/v ethanol-water mixture. The 
order of addition of the reagents has no effect on the 
absorbance. The metal to ligand ratio in the complex 
was studied under the selected working conditions by 

the continuous variations method, and found to be 
1:2. 

Derivative spectrophotometry 

The shape of the spectrum, character&d by a 

narrow band at 475 nm, favours improvement of the 
sensitivity by the derivative approach.9 

The main instrumental parameters affecting the 
shape of the derivative spectra are the wavelength- 
scanning speed (u,,,), wavelength range over which 
the derivative is averaged (AL), response time (t,) and 
the derivative order. These parameters can be ad- 
justed to optimize the method. 

First, the derivative order should be considered. 
For qualitative work or better discrimination from 
interference peaks, higher derivative orders are advis- 
able because differentiation discriminates against 
broad bands to an extent that increases with deriva- 
tive order; the signal-to-noise ratio (SNR) decreases, 
however. Resolution is thus improved by the sharp- 
ening of the signals through use of successively higher 
derivative orders. In general, the peak width at half 
maximum height for the second derivative is about a 
third of that of the primary function, but the noise is 
10 times as great.” 
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Fig. 2. Effect of pH on the formation of the BPKQH- 
Hg chelate. [BPKQH] = 1 x lo-“M; [Hg] = 2 x 10m5M; 

/I = 475 nm. 

For quantitative work, if the main goal is to 
achieve the greatest possible SNR, the derivative 
order should be the lowest needed to achieve the 
analytical objective. When the band features are 
clearly separated, the second derivative provides a 
good compromise between resolution and SNR. 

The extent to which the SNR decreases with deriv- 
ative order strongly depends on the smoothing ratio, 
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which is connected with both v,,,, and t,. Smoothing 
reduces both the noise and the signal.” However, the 
scan-rate must be compatible with the response time 
and experimentally it is not possible to increase the 
scan-speed above a certain critical value, the optimal 
conditions being determined by the structure of the 
spectra. For a spectrum with transmission bands 
having a peak width at half maximum height 2 61,, 
where 61, is the peak width at half maximum height 
of the narrowest spectral feature, the scan-speed and 
response time must satisfy the condition 
v,,,(,,,) =6&/t,, where t, is 4.6 times the time con- 
stant of the instrumental system.‘2 It must be pointed 
out that with long response times (low electrical 
band-widths) noise error can be reduced but drift 
errors then predominate. 

Because the derivative signal is, in practice, ob- 
tained with respect to time rather than wavelength, 
the scan-rate significantly affects both the amplitude 
of the derivative spectrum and also the effect of 
background noise. Thus, increasing the scanning 
speed will present a more rapidly, changing absorp- 
tion signal to the derivative circuit, with a significant 
improvement in the SNR. 

The size of the wavelength increment over which 
the derivative is taken, Ai, is another important 
instrumental parameter, Small wavelength in- 
crements give better resolution, but decreased SNR. 
In practice, the best wavelength increment for a 
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Fig. 3. Influence of instrumental parameters on the derivative spectra. [BPKQH] = 1.5 x 10-“M; 
[Hg] = 100 ng/ml. 
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Fig. 4. Second-derivative calibration graphs. 

specific sample and instrument parameters is gener- 
ally found by trial and error. 

Various second-order derivative spectra recorded 
with different Al, t, and v,,, values are shown in Fig. 
3, and A1 = 10 nm, t, = 2 set and v,,,, = 120 nm/min 
are seen to be the optimal parameters for the deter- 
mination of mercury. 

Characteristics of the analytical methods 

In the normal photometric method, Beer’s law was 
obeyed in the mercury concentration range 
O-3.0 pg/ml, and the graph passed through the ori- 
gin. The molar absorptivity at I,,, = 475 nm was 
5.01 x lo4 l.mole-‘.cm-I. A Ringbom plot showed 
that the optimum mercury range for accurate deter- 
mination was 0.6-3.0 pg/ml. 

The calibration graph for the second derivative 
method was linear for O-100 ng/ml mercury concen- 

tration. Two methods of measurement were used. In 
one the vertical distance from the base-line to a 
trough was taken; in the other, the vertical distance 
from a trough to a straight line drawn between its 
neighbouring peaks. ” Figure 4 shows both cali- 
bration graphs, together with the second derivative 
spectra from which they were obtained. The base-line 
amplitude plot has a positive intercept on the ordi- 
nate, whereas the other passes through the origin, 
and is thus recommended. 

The sensitivities of the methods can be reported as 
calibration sensitivity, I4 Sc = m, i.e., the slope of the 
calibration curve, or as analytical sensitivityI 
S, = m/s,, where s, is the standard deviation of the 
analytical signals at a particular concentration. As 
deduced from the equation of definition, S, is related 
inversely to the ability to distinguish a concentration 
difference, therefore the inverse relationship l/S, is 

Table 1. Characteristics of the analytical methods 

l/S,, RSD, 
Method 

C,(k = 3) CQ(k = 10) Linear dynamic 
sb % SC wlml nglml nglml range, ng/ml n % 

Photometric 2 x 10-s 2.8 x IO-’ 0.24* 12 25 83 83-3000 I1 0.6 
Second 

derivative 6.2 x 10-2cm 8.2 x 10-2cm 0.088t 0.93 2 7 7-100 11 1.1 

*ml/pg. 
tcm.ml.ng-‘. 
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Table 2. Tolerance for foreign ions Determination of mercury in organomercurials 

Ion added Tolerance 
ratio, 

Photometric method Second derivative Ion/Hg, w/w 

cl-, so:- 2500 
VS+ 45 
Mo6+ 40 
Ca2+ Ba2+ 
Ag+,‘Mg’+, A13+, Cr’+ 

15 
Pb2+ 5 

Fe’+ Cd2+ Fe3+ Ni2+ 
’ Cuz+’ 

1 
0.8 

Mn2+, Zn2+ 0.4 
Pb’+ 0.1 
Pd*+ Cd2+ Zn*+ Co*+ 
NiZ+: Cu2+’ ’ 

<O.l 

also given. The limits of detection, C,, are reported 
as defined by IUPAC.‘6 The limit of quantification, 

CQ, ” is reported, to establish the lower limit of the 
linear dynamic range. Table 1 presents the results 
obtained, together with other details about the pre- 
cision of the methods. 

Interference study 

The effect of potentially interfering ions on the 
determination of mercury at the I-pg/ml level was 
examined over a wide range of concentrations, by the 
ordinary photometric method. Those species which 
interfered seriously in the ordinary photometric 
method were also examined by the second derivative 
approach for solutions containing 50 ng/ml mercury. 

The tolerance criterion was a deviation of the 
absorbance values or derivative amplitude by more 
than + 3% from the value expected for mercury 
alone. The most important interferences are given in 
Table 2. Use of the second-derivative methods im- 
proves the tolerance for certain ions. 

The recommended procedure for the determination 
of mercury was applied to several organomercurial 
compounds to evaluate its effectiveness. The results 
obtained are shown in Table 3. 

Although contamination is the most severe prob- 
lem affecting mercury determination by any tech- 
nique, and possibilities for contamination must be 
scrupulously identified so that blanks and precision 
statistics are maintained within a tolerable level, 
losses during manipulation and treatment of the 
samples may attain significant proportions without 
appropriate care, especially when mercurial halides 
are analysed. 

Analysis of environmental samples 

Grain seeds are still treated with organomercurial 
fungicides such as Ceresan” (methoxyethylmercury 
chloride), and the risks to workers from exposure to 
these compounds can be high, especially near the 
mill-hopper. 

Samples were collected in a grain silo near the 
mill-hopper used to distribute the organomercurial 
CeresanR to the grain on a conveyor belt. The 
NIOSH method” for sampling mercurial particulate 
matter was used. 

A 37-mm three-body filter cassette with a cellulose 
membrane (0.45~pm pore size, MSA) mounted in a 
back-up pad, was used as the retention element. 
Calibrated battery-powered personal sampling 
pumps (model G, MSA) were used at flow-rates 
between 1 and 2 l./min. Duplicate samples were taken 
at each of five sites near the mill-hoppers, referred to 
as A-E in Table 4. 

Each sample was treated in the filter as described 
in the procedure for organomercurials, but with 1 ml 

Table 3. Determination of mercurv in oreanomercurials 

Samples 
Hg taken, Hg found,? Recovery, 

pgcglml flgcniml % 

Phenylmercury acetate 10.0, + 0.08 10.0, + 0.07 99.1 
Methylmercury chloride 13.5, f 0.05 13.2, f 0.06 97.9 
Ethylmercury chloride 14.5, f 0.07 14.5, * 0.05 99.9 
Mercury chloride 12.8, k 0.08 12.3, & 0.08 96.3 

*Determined by AAS cold-vapour technique, 
tMean of six determinations. 

Table 4. Determination of mercury in environmental air samples 

Flow-rate, Volume of samples, Hg found, Hg in air sample, 
Sample I./min 1. nglml ielm 

Blank? - - 28.0 + 2.0 
A 1.82 436.8 7.5 & 0.7 2.15 
B 1.74 417.6 21.3 f 1.9 6.4 
C 1 .I6 422.4 50.5 5 2.5 29.9 
D 1.81 434.4 49.0 f 2.4 28.2 
E 1.80 432.0 48.3 & 1.6 28.0 

*In the 25 ml of final solution measured. Blank subtracted from total found for 
samples. 

TMineralized filter subjected to the procedure. 
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of concentrated sulphuric acid instead 3 ml, and final 4. N. A. Smart, Residue Rev., 1968, 23, I. 

dilution to 25 ml. Aliquots of 5 or 2.5 ml were then 5. L. J. Goldwater, Sci. Am., 1971, 224, 15. 

put through the derivative photometric procedure. 
6. J. G. Saha and K. S. McKinlay, in Analytical Aspects 

The values obtained were corrected for the blank, 
of Mercury and Other Heavy Metals in the Environmenr, 

which was obtained by treating a filter in the same 
R. W. Frei and 0. Hutzinger (eds.), Gordon and 
Breach, London, 1975. 

way and then subjected to the procedure. 7. A. F. Fell, Trends Anal. Chem., 1983, 2, 63. 

The conversion of Hg concentration in the solution 8. M. Santiago, A. Navas, J. J. Lasema and F. Garcia 

measured (in mg/ml) into Hg in the air sample (in 
Sanchez, Mikrochim. Actn, 1983 II, 197. 

gg/m3), was made by dividing the total amount of Hg 
9. C. Cruccs and F. Garcia Sgnchez, Anal. Chem., 1984, 

56, 2035. 
found in the mineralized filter, by the volume of air 
sampled. 

The results obtained for mercury in environmental 
samples obtained at different distances from the 
mill-hoppers show (Table 4) that workers in sites C, 
D and E were exposed to mercury doses above the 
upper TLV in air (0.01 mg/m3). 
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Summary-The aggregation of meso-tetra(p-sulphonatophenyl)porphine, an analytical reagent for the 
determination of metals at low concentration, has been studied over a wide concentration range by both 
spectrophotometric and ‘H NMR methods. Up to a concentration of about 3 x 10m4M, the experimental 
data were satisfactorily accounted for by a monomer-dimer equilibrium. At higher concentrations, the 
best fit of the chemical shift data required postulation of a tetramer. Analysis of the experimental data 
for the Zn(II) complex indicated the occurrence of dimerization at higher concentrations. 

Synthetic cationic and anionic porphines have been 
frequently used recently as analytical reagents for the 
spectrophotometric determination of metal ions at 
trace concentrations.“3 The intense absorption of 
the Soret band in metalloporphyrins allows mea- 
surement of the metal ions at ng/ml concentrations. 
Although measurement is usually made directly in the 
aqueous phase, an ion-association solvent-extraction 
step is sometimes included in the procedure to enrich 
the analyte.‘r’2x’3 

A general property of porphines and their metal 
complexes is their tendency to aggregate in aqueous 
solution. Because of the biological importance of 
natural porphyrins, the aggregation of model syn- 
thetic porphyrins has been extensively studied,‘“16 

but an understanding of aggregation behaviour is 
also of importance for knowledgeable application of 
synthetic porphines to chemical analysis. For exam- 
ple, aggregation of the ligand affects the concen- 
tration of its monomeric form and could prevent 
quantitative complexation. Similarly, aggregation of 
metalloporphyrins could cause deviation from 
linearity in spectrophotometric determinations and 
also affect values of distribution ratios in separation 
processes. 

Of the several porphines that have been exploited 
as analytical reagents, meso -tetra(p -sulphonato- 

phenyl)porphine (TPPS,) has been particularly 
usefu1.‘~5~7~8~9~” In the present study, aggregation of 
this water-soluble anionic porphine has been in- 
vestigated by spectrophotometric and ‘H NMR 
methods over a wide concentration range 
(- lo-‘-IO-‘M) in the presence of various electro- 
lytes. Solutions of the Cu(I1) and Zn(I1) complexes 
have also been examined over the range 
-10~7-10~3M. The experimental data are readily 

*Present address: Ontario Hydro Research, Toronto, 
Canada. 

interpreted in terms of monomer-dimer equilibria. At 
very high concentrations of the free ligand, the data 
are consistent with the formation of a tetramer. The 
results are of interest because they indicate upper 
concentration levels beyond which simple analytical 
relationships may no longer obtain. 

EXPERIMENTAL 

Reagenls 

The anhydrous salts Na,TPPS, and (NHJ,TPPS, were 
prepared as described previously.’ The salts are strongly 
hygroscopic and must be weighed with care. The Cu(I1) and 
Zn(II) complexes of TPPS, were prepared as described by 
Herrmann et al.” Distilled demineralized water (DDW) and 
analytical-grade reagents were used throughout. Reagents 
used as electrolytes were recrystallized from DDW and dried 
prior to use. 

Spectrophotometric studies 

Spectra in the ultraviolet-visible region were recorded on 
a Cary 14 double-beam instrument. Measurements at a fixed 
wavelength were made with a single-beam Hitachi Perkin- 
Elmer 139 spectrophotometer, with the cell compartment 
kept at 25.0 & 0.2”. Quartz cells with path-lengths ranging 
from 100 to 0.1 mm were used. The degree of aggregation 
was determined from the extent of deviation from the 
Beer-Lambert law. Electrolyte solutions used [ionic strength 
(_u) = O.lOO] were: O.lOOM potassium nitrate, adjusted to pH 
6.4; 0.017M potassium dihydrogen phosphate, 0.01 1M di- 
sodium hydrdgen phosphate and%.05?lOA4_potassium nitrate, 
adiusted to pH 7.0; O.lOOM sodium acetate. adjusted to pH 
9.(i. Test solutions of Na,TPPS, were prepared by dis- 
pensing appropriate volumes of a lo-‘M stock solution (in 
an appropriate electrolyte solution) with a calibrated Gil- 
mont microburette into lo- and SO-ml standard flasks and 
diluting with the appropriate electrolyte solution. Ten test 
solutions were prepared within each decade of concen- 
tration, ranging from - lo-’ to 10m4M Na,TPPS,. These 
solutions were stored in the dark and used within 24 hr after 
preparation. The absorbance of the Soret band (412 nm) 
was measured. For each electrolyte medium, 2-5 runs were 
made, fresh stock solutions of Na,TPPS, being prepared 
each time. Absorbance measurements of the Cu(I1) (412 nm) 
and Zn(I1) (422, 556 and 596 nm) complexes were made in 
the phosphate medium only. As the metalloporphyrin solu- 
tions appeared to be more photosensitive than solutions of 
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Fig. 1. Absorption spectrum of monomeric Na,TPPS, 
(1.8 x 10m6M), in phosphate buffer (pH 7.0). 

free TPPS,, the stock-solution containers were wrapped in 
aluminium foil and stored in the dark. The concentration 
ranges of the test solutions were u 1O-7-1O-4 and 
10-5-10-‘M for the Cu(II) and Zn(I1) complexes, re- 
spectively. The solutions were used within 2 hr. 

‘H NMR studies 

Spectra were recorded either on a Varian HA-100 or a 
Bruker WH-90 Fourier-transform spectrometer. Para- 
magnetic impurities were removed from the thin-walled 
NMR tubes by soaking in an alkaline EDTA solution and 
rinsing with DDW. Because shifts were found for internal 
references in D,O solutions of (NH,),TPPS,, an external 
reference was used, consisting of a saturated solution of 
sodium 2,2,-dimethyl-2-silapentane-5-sulphonate (DSS) in 
D,O. Assignment of the NMR signals to the phenyl-ring 
protons orrho and tnera to the porphine ring was established 
by use of (NHJ,TPPS, in which the ortho-positions were 
60% deuterated. The deuterated compound was synthesized 
as before,’ but from benzaldehyde obtained by oxidation of 
60%-orrho-deuterated toluene. Experiments which quali- 
tatively showed the dependence of the NMR spectra on 
(NH&TPP$ concentration were made over the range 
5 x 10-3~.1M. For quantitative experiments, individual 
test solutions of Na,TPPS, ranging in concentration from 
1.0 x 10m5 to O.lM, in a phosphate buffer, were used. The 
phosphate solution was prepared by adjusting the pD of a 
0.0295M disodium hydrogen phosphate solution to pH 7 
with DCl. The extent of aggregation was indicated by 
changes in the difference between the chemical shifts of the 
signals of the orfho and meta phenyl-ring protons. 

RESULTS AND DISCUSSION 

Spectrophotometric study of TPPS, aggregation 

In very dilute solutions, in the pH range 6.49.0 

TPPS, exists in the free-base form and does not form 
dimers or higher aggregates. The electronic absorp- 
tion spectrum of monomeric TPPS, (1.8 x 10m6M) is 
shown in Fig. 1. When the concentration is increased 
loo-fold to 1.8 x 10m4M, spectral changes occur 
which qualitatively suggest intermolecular inter- 
actions. The intensity of the Soret band (412 nm) is 
lowered and the band is broadened, and the band at 
635 nm is red-shifted by 14 nm. All other bands are 
shifted to a lesser extent. These observations are in 
agreement with findings on the spectral character- 
istics of co-facial porphyrins,” which are dimers held 
in rigid configuration by bridging alkyl groups. 

Additional evidence for aggregation was provided 
by deviations from the Beer-Lambert law in the 
nitrate, phosphate and acetate media (pH 6.49.0). 
Deviations became apparent at -2 x 10m5M concen- 
tration and were very significant at w 3 x 10m4M. For 
other anionic porphines, such behaviour has been 
attributed to aggregation. I4 In view of the low con- 
centrations used, it was assumed that the only species 
in appreciable concentration were the monomer and 
dimer. On this basis, equation (1) was readily derived, 
following Pasternack.14 

A = t&r/2 + (26, - E,,(J~K,C,S-I - 1)/8Kn (1) 

where A = measured absorbance at 412 nm, 
Cr = analytical concentration of Na,TPPS, 6, and L* 
are the molar absorptivities of monomer and dimer, 
respectively and K, is the equilibrium constant for 
formation of the dimer. A non-linear least-squares 
curve-fitting program (NLWOOD)r9 was used to fit 
experimental values of A and C, to equation (1) to 
obtain values oft,, c2 and K,. An improved value of 
t, and more precise values of cz and KD were obtained 
by separate determination of t, through a linear 
least-squares analysis of data obtained at low concen- 
tration (<2.1 x 10m6M), and substitution of this 
value directly into equation (1). Values obtained by 
this procedure are given in Table 1. 

Inspection of the data in Table 1, including the 
precision, shows that the values of t,, t2 and K,, are 
not significantly dependent on the nature of the 
electrolyte at constant ionic strength; however, as 
demonstrated by the ‘H NMR studies discussed 
below, the extent of aggregation is dependent on ionic 
strength. The t,, t2 and KD values are independent of 
pH in the range 6.4-9.0; significant protonation of 

Table 1. Spectrophotomeric study of dimerization of TPPS, in various electrolyte 
media at 412 nm and 25” 

Nitrate Phosphate Acetate 

PH 6.4 7.0 9.0 
t,,* I.mole-‘.cm-’ (491 + 1) x 103 (510&3)x 103 (473 + 3) x 103 
cr,t I.mole-‘.cm-’ (422 f 14) x lo-’ (394 + 7) X 10’ (399 f 27) x lo3 
Knt (22.3 f 3.5) x 10’ (15.4 * 1.3) x lo3 (16.4 f 3.0) x IO3 

*c, values obtained by linear regression for at least 36 data points at 62.1 x 10e6M 
concentration; precision values are for 95% confidence level. 

ter and K, values obtained by non-linear regression for at least 38 data points 
between 2.1 x 10m6 and 3.4 x 10m4M concentration. 
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Fig. 2. ‘H NMR spectrum of (NH,),TPPS, (O.O77M, bot- 
tom) and of its partially deuterated analogue (0.076A4, top) 
in D,O at 35”. Amplification for top figure was twice that 

for bottom figure. 

the central free-base nitrogen atom occurs only in 
more acidic solution.20*2’ As noted by Fleischer et 
~1.:’ protonation of TPPS, to the dibasic acid form 
leads to behaviour considerably more complicated 
than that in neutral and alkaline solution. Our studies 
confirm this observation and indicate that pro- 
tonation gives rise to micelle formation rather than 
simple aggregation; these results will be reported 
separately. 

It is of interest to note that previous reports on 
aggregation of TPPS, in neutral solution are not in 
agreement. In one report, 2o TPPS, was found to obey 
the Beer-Lambert law from 10m9 to 10e4M and 
dimerization was not noted. In the other, TPPS, was 
found to dimerize, with K, = 9.6 x 104.22 The obser- 
vation of dimerization is in accord with the present 
study but the value of KD is about 5 times greater 
than the average of the values in Table 1. This may 
be due to the use of HEPES [4-(2-hydroxyethyl)- 
piperazine- 1 -ethanesulphonic acid] as buffer. Specific 
interactions are known to occur between TPPS, and 
large molecules. For example, in our NMR measure- 
ments, it was necessary to use DSS as an external 
reference because when it was used internally, co- 
aggregation with TPPS, occurred, which caused 
upfield shifts of the signals. Similar effects have been 
noted previously.23 

‘H Nh4R study of TPPS, aggregation 

At TPPS, concentrations greater than -5 x 
10m4M, the Soret band is too intense for accurate 
measurement of absorbance, even with 0. l-mm cells. 
The use of either the less intense bands at longer 
wavelengths or of ‘H NMR is more convenient. The 
results of aggregation studies up to -0.lM TPPS4 

concentration are reported here. A number of reports 
have appeared in which aggregation of porphyrins 
has been investigated by NMR.2”26 

The ‘H NMR spectrum of TPPS, in D,O is ex- 
tremely dependent on experimental conditions such 
as concentration, temperature and electrolyte concen- 
tration. In Fig. 2 (bottom), the spectrum of 
(NH,),TPPS, at high concentration (0.077M) in the 
absence of inert electrolyte is shown. The spectrum 
consists of two doublets arising from the phenyl-ring 
protons, separated by a broad band due to the 
/?-pyrrole protons. Comparison of this spectrum with 
that (top) of (NH4),TPPS4 which had been partially 
deuterated (60%) in the phenyl position ortho to the 
porphine ring allowed unambiguous assignment of 
the phenyl signals as shown. 

The concentration dependence is illustrated in 
Fig. 3. All the signals are shifted upfield with in- 
creasing concentration, but to different extents, re- 
sulting in increasing separation between the H, and 
H, doublets. This observation can be satisfactorily 
accounted for by aggregation in solution, in which 
the molecules are stacked vertically with their planes 
approximately parallel. In this orientation, inter- 
molecular interactions due to the ring current result 
in a greater upfield shift for H, than for H, protons. 
This kind of orientation in other porphyrins has been 
discussed.24,26,27 

The effect of inert electrolytes such as ammonium 
nitrate or sodium chloride can also be explained by 
aggregation. At constant concentration of TPPS,, 
increasing amounts of these salts caused upfield shifts 

Hnl Ho 

A--L 
L u HB 

I I I I I 
6.5 6.0 7.5 7.0 6.5 

CHEMICAL SHIFT (ppm from DSS) 

Fig. 3. ‘H NMR spectra of (NH,),TPPS, in D,O with 
increasing concentration (35”); top, 0.035M; centre, 
0.052M; bottom, 0.102M. Amplification was adjusted ap- 

propriately with concentration. 
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Fig+ 4. The effect af temperature on the ‘H NMR spectrum 
of (NH,),TPPS, ~~.~14~) in D,O. 

in the same manner as increasing concentrations of 
the porphine itself. These electrolyes promote aggre- 
gation by the salting-out effect. 

In the absence of electrolyte and at a fixed concen- 
tration of TPFS,, shifts to lower field occurred with 
increasing temperature, resulting in decreasing sepa- 
ration of the H, and H, doublets (Fig. 4). This 
observation is explained by a reduction of aggre- 
gation at the higher temperatures. In fact, although 
not shown in Fig. 4, dilute solutions of TPPS, at 100” 
showed coafescence of the II0 and H, signals (at 
5.0 x lO-3M) and even crossover of the signals (at 
< 1.0 x 10-3M). This reversal was also observed in a 
concentrated solution (0.044M) of the deuterated 
TPP& in DMSO-d,, in which the extent of aggre- 
gation is minimal. Figure 4 also demonstrates the 
effect of tautomeric exchange of the central protons 
between the pyrrofe nitrogen atoms. At low tem- 
peratures (between - 80 and + 2O”, depending on the 
porphyrin and the solvent), this exchange can be 
frozen out and two signals observed for the p-pyrrole 
protons. 28*29 In DzO solutions, the central hydrogen 
atoms are replaced by deuterium, thereby decreasing 
the rate of tautomerism, so freezing out of the 
exchange occurs at a relatively high temperature 
(< 209, as observed in the present work. The broad 
signal observed for moderately concentrated TPP$ 
solutions at ambient temperature (Figs. 2 and 3) 
indicates moderately slow tautomerism= The signal is 
too broad to observe at low concentrations. 

In the present study, significant interactions were 
found to occur between TPP& and various com- 
pounds selected as internal references. The inter- 
action was especially strong with DSS and it was 
necessary to use it as an external reference. A further 

difficulty was the need to estimate the contribution of 
the diamagnetic anisotropy of the prophine ring 
system to chemical shift changes. Because of this 
problem, the absolute shifts of the phenyf-ring pro- 
tons were not used to monitor aggregation; rather, 
the dz#mnce in chemical shift between the H, and II, 
protons was used to provide a direct measure of the 
extent of aggregation. 

Following the procedure of Abraham et a1.,24 equa- 
tion (2) was derived: 

AS = (A~~~monomer] + 2A&,[dimer] 

+ 4A&[tetramer])/Cr (2) 

where AS = observed difference in chemical shifts 

(&H,- &NJ; A& = (SH, - 5 II,) for the monomer; 
A6,=(6H,-- SHJ for the dimer; A& = (SH, - 
d H,) for the tetramer; C, = molar analytical concen- 
tration of TPPS,. This equation was varied by the 
deletion or addition of terms, depending on whether 
only the monomer and dimer, or the trimer and 
tetramer as well, were being considered. This equa- 
tion resembles those generally used in aggregation 
studies except that the chemical shift of a given 
proton has been replaced by the difference in chem- 
ical shifts. The concentrations of the various species 
were obtained by solution of the appropriate equi- 
librium and mass-balance equations. Thus, for the 
monomer, dimer, tetramer model the mass-balance 
equation is: 

C, = 4[tetramer] f 2fdimerj $ [monomer] 

= 4K,KnZ[monomer]” + 2Kn[monomer]2 

+ [monomer] (3) 

where & and Ko are the relevant ~q~l~b~urn con- 
stants. The Newton-Raphson iterative method3@ was 
used to solve equation (3). An initial approximation, 
[monomer],,, was obtained by assuming the presence 
of only monomer and dimer species at the lower 
concentrations and solving the equation 

[monomerl, = ( - 2 + 2,/m J SKn. (4) 

The value Kn = 15.4 x IO3 (phosphate buffer) ob- 
tained from the spectrophotometric studies was used, 
together with the program NLWOOD. An estimate 
of K, was then calculated and values for the concen- 
trations of monomer, dimer and tetramer could be 

Table 2. ‘H NMR study* of aggre- 
gation of TPPS, in phosphate 

buffer at pH 7.0 and 25” 

w& Pm -0.14 & 0.037 
A&o, PP~ 0.56 & 0.02 
as, PW 1.91 + 0.62 

rc, 716 

*I7 data points, precision at 95% 
confidence level. 

TThe negative value indicates that 
the H, signal has crossed to 
downfield of the H, signal. 
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Table 3. Spectrophotometric study of dimerization of Cu(lI)- and Zn(II)-TPPS, complexes at pH 7.0 and 25”, p = O.lOOM 

No. of data Cont. range, t,>* &t 
Complex points M I.mole-’ .cm-’ I.mole-‘.cm-’ KoS 

Cu(I1) 69 1.0 X 10-b-5.5 x 1o-4 (41 * 5) x lo3 (219 + 5) x lo3 (41 & 4) x 1or 
Zn(I1) 41 2.0 x 10-46.2 x 10-3 (20.6 + 0.1) x 10’ (27 + 2) x lo3 221 f 81 

*e, values obtained by linear regression for at least 16 data points over the range 7 x IO-*6 x 10m7M and 
1 x 10m5-2 x lo-“M for Cu(I1) and Zn(I1) complexes, respectively. Precision at 95% confidence levels. 

tcz and K, values obtained by non-linear regression; precision at 95% confidence levels. 

readily obtained from equilibrium relationships. The 
iterations were continued until the changes in succes- 
sive approximations were negligible. The final values 
for A&,,, A&,, 86, and K, were obtained by non- 
linear least-squares fitting of equation (2) to the 
observed NMR data. Similar procedures were used 
for the other models. The model which best ac- 
counted for the experimental data involves the two 
main equilibria 

explained by inclusion of a tetrameric species in the 
calculations. Evidence has also been obtained for the 
dimerization of the Zn(I1) complex at higher concen- 
trations. 
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2 monomer sdimer 1. 

2 dimer I’tetramer 

Although a mathematically good fit does not neces- 
sarily reflect physical reality, it does indicate which 
model among several is the most reasonable. The 
data obtained by using this model are given in Table 
2. KT is not a true equilibrium constant because the 
ionic strength could not be maintained constant at 
the high concentration levels of TPPS,. 

2. 

3. 
4. 
5. 
6. 

Aggregation of Cu(IZ) and Zn (II) complexes 

Because the Cu(I1) and Zn(II) complexes are stable 
from pH 3 to pH IO,’ it was assumed that aggregation 
would not be appreciably sensitive to pH changes in 
this range. Therefore, studies were made at pH 7 only 
and the results are summarized in Table 3. Equation 
(1) can be extended to include other species such as 
trimers and tetramers, but a monomerdimer model 
allowed the best fit of the data for both the Cu(II) and 
Zn(I1) complexes. Although dimerization of the 
Cu(I1) complex has been previously reported 
(KD = 6.7 x 104), the Zn(II) complex is stated not to 
dimerize.” In the present study, dimerization was 
indeed found not to occur up to -2 x 10m4M; 
however, at concentrations above -3 x 10e4M 
dimerization was evident. These higher concen- 
trations necessitated the use of the less intense band 
at 556 nm, which in turn resulted in decreased 
precision because of the small difference between t, 

and t2, 

7. 

8. 
9. 

10. 
11. 
12. 

CONCLUSION 

The absorbance of TPPS,, a useful analytical re- 
agent for trace-metal determinations, has been 
shown to deviate from the Beer-Lambert law in the 
concentration range -2 x lo-‘-3 x 10-4M. A 
monomerdimer equilibrium provided a good fit to 
the experimental data. At high concentrations, up to 
O.lM, the ‘H NMR chemical shift data were besi 

13. 
14. 
15. 

16. 

17. 

18. 
19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 
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Summary-A direct simultaneous spectrophotometric method for the determination of o-Cresol Red 
(CR), Semi-Xylenol Orange (SXO) and Xylenol Orange (X0) in mixtures in the presence of other 
components usually found in commercial SXO and X0 reagents is presented. The method of selecting 
the most advantageous conditions for the spectrophotometric determination of the three dyes in different 
mixtures is given 

The mixtures obtained in the synthesesI of Xylenol 
Orange (X0) and Semi-Xylenol Orange (SXO) 
usually contain o-Cresol Red’ (CR) and colourless 
substances such as iminodiacetic acid4.5 (IDAA). The 
last-named does not interfere in the spectrophoto- 
metric determination of the other three dyes. A 
method for determination of X0, SXO and CR is 
needed for control of the synthesis of X0 and SXO, 
and the separation of X0, SXO and CR, and for 
monitoring the aging of X0 and SXO reagents. 

The analysis of two-component mixtures of X0 
and SXO by spectrophotometry, reported by Mur- 
akami et a/.,4 gives good results. The method is based 
on the equations 

A,,, = 26.2 x IO’C,, + 25.2 x 103Csxo (I) 

A5,0 = 4.72 x 103Cxo + 32.1 x 103Csxo (2) 

where A,,, is the absorbance of a l-cm layer of a 
solution containing X0 and SXO (in buffer solution 
at pH 3.1 I) and A,,, is that of a l-cm layer of a 
solution containing X0 and SXO in 1.44M sulphuric 
acid at the same concentrations as in the buffer. 
However, this method does not take into consider- 
ation the presence of CR in mixtures of X0 and SXO. 
Such mixtures containing CR are often met in anal- 
ytical practice. Simple chromatographic investi- 
gations4.5 show that commercial X0 reagents may 
contain up to a few per cent of CR. 

The molar absorptivity (a) of CR at 435 nm in 
buffer solution at pH 3.11 is 20.8 x 10’ 1 .molee’. 
cm-’ and that at 510 nm in l.44M sulphuric acid 
is 59.0 x 10’. Small amounts of CR in the pres- 
ence of large amounts of X0 caused only small 
changes in A435 because acR/axO = 0.79, but for A,,, 

*To whom correspondence should be addressed. 

~~CR/~XO = 12.5) the change can be considerable and 

the change in the ratio A43,/A,,, is also appreciable. 
Combining equations (1) and (2) gives 

A 435 25.2 + xx0 

y,, = 32.1 - 27.38x,, A 
(3) 

where xx0 is the molar fraction of X0 in admixture 
with SXO. 

Similar equations can be written to take account 
of the presence of CR: 

A,,, = 26.2 x 103Cxo + 25.2 x 103Csxo 

+ 20.8 x 103CcR (4) 

A,,, = 4.72 x IO’C,, + 32.1 x 103Csxo 
+ 59.0 x 10’CCR (5) 

and the relationship between the two absorbances is 
then 

A 435 25.2 + xxo -4.4x,, 
-= 
A 5,0 32.1 - 27.38.~~ + 26.9x,, 

(6) 

where xcR is the molar fraction of CR. Equation (6) 
allows prediction of the differences in the xx0 and 
xsxo values found if the presence of CR is neglected 
(Fig. 1). It can be seen that for a mixture defined 
by xxo = 0.80, xsxo = 0.16 and _~cs = 0.04, A,,,/A,,, 
= 2.28 (Fig. 1, curve 3). Neglecting the presence of 
CR would result in this value of A,,,/A,,, (Fig. 1, 
curve 1) giving xx0 = 0.756 and xsxo = 0.244 in ac- 

cordance with earlier reports. Therefore even small 
quantities of CR cannot be ignored in the spectro- 
photometric determination of X0 and SXO by use of 
simultaneous equations. 

Literature data4 ‘O and the initial results of spectro- 
photometric experiments with CR, SXO and X0 in 
dilute sulphuric acid suggest that the corresponding 
determination of CR, SXO and X0 is possible. 
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,I,,,, 
Mole fraction of X0 

Fig. 1. Absorbance ratio &/ASIO us. mole fraction of 
Xylenol Orange for mixtures of X0, SXO and CR. Mole 
fraction of oCreso1 Red (x,-a): 0.0 (curve I), 0.02 (2), 
0.04 (3), 0.06 (4). A,, = absorbance at 435 nm and pH 3.0, 

A,,, = absorbance at 510 nm and 1.44M H,SO,. 

Apparatus 
EXPERlMENTAL 

All absorption measurements were made with Zeiss-Jena 
spectrophotometers with l-cm cells, the initial measure- 
ments with the Specord UV-Vis, and those given in this 
paper with a Specord 40. The latter model automatically 
gives the values to four decimal places from 99 absorption 
measurements, with the standard deviations for 9 chosen 
points on the absorption curve. 

Reagents 
SXO and X0 were obtained from M. Eooiybski of the 

Organic Chemistry Department, Technical University, 
Poznaxi, and were separated and purified as described 
previously! The purified samples were free from CR, and 
any other impurities present did not absorb in the visible 
region of the spectrum (their content did not exceed 1%). 

The commercial sample of CR was recrystallized from 
ethanol. All other reagents were of analytical grade. A 
mixture of O.lM formic acid and O.lM sodium hydroxide 
was used as the buffer solution. 

All mean values and standard deviations were calculated 
from 5 independent experiments. 

RESULTS AND DISCUSSION 

Molar absorptivities of CR, SXO and X0 in sulphuric 
acid 

The absorption spectra of X0 (Fig. 2) and SXO 
(Fig. 3) in dilute sulphuric acid are similar to those 
reported by Murakami et aL4 but differ from those 
given more recently by Pantaler and Pulajewa.’ 

The absorption spectra of CR in sulphuric acid 
solution are shown in Fig. 4. The concentrations of 
sulphuric acid were so chosen that it was possible to 
compare the absorption spectra of the different dyes 
at the same acid concentration as well as the effect of 

400 440 460 520 560 

Wavelength tnm) 

Fig. 2. Absorption spectra of 16 x lO-6M Xylenol Orange 
in buffer solution at pH 3.0 (curve 1) and for different 
sulphuric acid concentrations: 0.20M (2), OSOM (3), 2.00M 

(4), 3.50M (5), 4.OM (6) 5.OM (7), 6.OM (8). 

I. 

0.6 - 

Y 
{ o.6- 

2 

0.4- 

400 440 460 520 560 

Wavelerqth (nm I 

Fig. 3. Absorption spectra of 16 x 10m6M Semi-Xylenol 
Orange in buffer solution at pH 3.0 (curve I) and for 
different sulphuric acid concentrations: 0.015M (2), 0.20M 

(3) 0.50M (4), l.OM (5), 2.OM (6), 3.5M (7), 6.OM (8). 
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400 440 480 520 

Wavelength (nm) 

Fig. 4. Absorption spectra of 16 x 10-61w o-Cresol Red in 
buffer solution at pH 3.0 (curve 1) and in solutions of 
different sulphuric acid concentration: 0.005M (2) O.OlOM 
(3), 0.015M (4), 0.20M (5) 0.50M (6), 2.OM (7) 6.OM (8). 

varied acidity on the absorption spectra. The spectra 
obtained at pH 3 in buffer solution are also shown. 

At low acidity all three dyes have an absorption 
maximum near 435 nm, with similar molar absorp- 
tivities, whereas at higher acidity (6M sulphuric acid) 
the absorption maxima are at 517 nm and the molar 
absorptivities are between 2 and 3 times as great as 
those at 435 nm and pH 3. 

The ranges of sulphuric acid concentration in 
which the greatest changes in absorption spectrum 
take place are 0.00550.50M for CR, 0.24.OM for 
SXO and 3-6M for X0. These ranges may be 
identified by plotting molar absorptivity against sul- 
phuric acid concentration for the maxima at 435 nm 
(Fig. 5) and 517 nm (Fig. 6) but the ranges overlap 
and their limits are not sharply defined. 

I 
I 2 5 6 

C HIs:qtM) 4 

Fig. 5. Molar absorptivities of o-Cresol Red (curve l), 
Semi-Xylenol Orange (2) and Xylenol Orange (3) US. 

sulphuric acid concentration at 435 nm. 

I 2 4 5 6 

c 

Fig. 6. Molar absorptivities of o-Cresol Red (curve l), 
Semi-Xylenol Orange (2) and Xylenol Orange (3) us. 

sulphuric acid concentration at 517 nm. 

Two-component systems 

System CR-SXO. As shown in Figs. 5 and 6 the 
greatest changes in molar absorptivities for CR and 
SXO take place in 0.2-0.5M sulphuric acid media. To 
select the optimum concentration of sulphuric acid 
for the simultaneous determination of CR and SXO 
the molar absorptivities at the absorption maxima 
(435 and 517 nm) were determined precisely and their 
difference plotted against sulphuric acid concen- 
tration (Fig. 7). It can be seen that the optimum acid 
concentration is cu. 0.4M. 

‘loL----+ 
I 

02 04 06 0.8 

Concentration of sulphuric acid (Ml 

Fig. 7. Difference between molar absorptivities of o-Cresol 
Red and Semi-Xylenol Orange vs. sulphuric acid concen- 

tration at 435 nm (0) and at 517 nm (0). 
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determination* of SXO and X0 
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Table I, Results for the simultaneous spectrophotometric 
determination* of CR and SXO 

- 
Taken?, PM FoundI, $4 

CR sxo CR sxo 

2.0 18.0 2.0, + 0.1, 17.8, + 0.2, 
5.0 15.0 4.9,+0.1, 15.2, * 0.1, 

10.0 10.0 9.7, * 0.1, 10.2, + 0.1, 
15.0 5.0 15.1,+0.1, 4.7, * 0.2” 
18.0 2.0 18.2, i. 0.1, 2.2, + 0.1, 

*In 0.4M sulphuric acid. 
tWith accuracy f 0.05@4. 

Takent, PM 

sxo x0 

2.0 18.0 
5.0 15.0 

10.0 10.0 
15.0 5.0 
18.0 2.0 

*In 3.OM sulphuric acid. 
tWith accuracy f 0.05pM. 
IMean and standard deviation for 5 measurements. 

Foundj, @4 

sxo x0 

2.2, & 0.0, 18.0, + 0.2, 
5.1,+0.1, 14.8, k 0.2, 

lO.l> +0.1, 10.2, f 0.1, 
15.2, + 0.1, 4.7,*0.1, 
17.9, & 0.1, 2.2, * 0. I, 

$Mean and standard deviation for 5 measurements 

The molar absorptivities of CR and SXO in 0.4M for the simultaneous determination of SXO and 

sulphuric acid solution are ~2: = 5.5 x 103, e;fi = X0. In this case the molar absorptivities are 

57.0 x 103, ERG’= 22.0 x 10’ and ES:,’ = 18.5 x IO3 ~2;~ = 10.2 x lo’, e;c” = 52.9 x lo’, ct3; = 24.3 x lo3 

1. mole-‘. cm-‘. Beer’s law is obeyed and the absorb- and E;: = 14.1 x 10’ 1 .mole-‘.cm-‘. Beer’s law is 

antes of CR and SXO are additive over the concen- obeyed and the absorbances are additive in the same 

tration range 0.5-25 x 10-6M, so for a path-length of range of dye concentration 0.5-25.0 x 10e6M as that 

1 cm for the system CR-SXO, so 

A,,, = 5.5 x 103C,, + 22.0 x 103Csxo (7) 

AS1, = 57.0 x 103Cc, + 18.5 x 103Cs,, (8) 

Rearranging gives 

cc, = (19.09A,,, - 16.06A,35) x lO_bM (9) 

C sxo = (49.474,,, - 4.774,,,) x 10-6M (10) 

Table 1 shows the results obtained experimentally for 
given CR and SXO concentrations. 

System SXO-X0. It is similarly shown (Fig. 8) 
that 3M sulphuric acid is the optimum concentration 

C,,, = (21 .28A5,, - 12.35Ad3,) x IO-‘M (11) 

and 

Cx, = (46.324,,, - 8.93A5,,) x 10m6M (12) 

Values found for C,,, and Cx, are given in Table 2. 
System CR-X0. Figure 9 shows that 1M sul- 

phuric acid medium is optimal for this system, and 
the molar absorptivities in it are E:$ = 2.70 x 103, 
6:; = 59.8 x 103, E~XJ(: = 26.5 x lo3 and ET,: = 4.0 x 
lo3 l.mole-‘.cm-‘, so 

Cc, = (16.844,,, - 2.54Ad3,) x lo-‘M (13) 

I 
I 2 3 4 

Ccmcmtratii of sulphuric acid (M) (Xmcenbatii of sulphuric ccid WI 

Fig. 8. Difference between molar absorptivities of Semi- 
Xylenol Orange and Xylenol Orange us. sulphuric acid 

concentration for 435 nm (0) and at 517 nm (0). 

Fig. 9. Difference between molar absorptivities of o-Cresol 
Red and Xylenol Orange us. sulphuric acid concentration 

for 435 nm (0) and 517 nm (0). 



Table 3. Results for the simultaneous spectrophotometric 
determination of CR and X0* 

Taken?. pM Found& ,LIM 

CR xo- CR x0 - 

2.0 18.0 2.0, & 0. I, 18.0, f 0.2, 
5.0 15.0 s.o,* 0.1, 14.8,fO.l, 

10.0 10.0 9.9, * 0.1, 9.7,+0.1, 
15.0 5.0 14.9,_f0.16 5.1, f 0.0, 
18.0 2.0 17.8,+0.1, 2.1dkO.1, 

*In LOM sulphuric acid. 
$With accuracy & O.OSpM. 
$Mean and standard deviation for 5 measurements. 

and 

C xo = (37.95&, - 1.7/I,,,) x IO-GM. (14) 

Results obtained by using equations (13) and (14) are 
collected in Table 3. 

Three-component system (CR, SXO, X0) 

Selection of the conditions for the simultaneous 
determination of CR, SXO and X0 is more compli- 
cated than for the two-component systems. 

Fig. 10. Absorption spectra for solutions of Semi-Xylenol 
Orange and of o-Cresol Red taken in OSM H,SO, 
(I = 1 cm). 16 x 10m6M CR (curve l), 4 x 10-.6M 
SXO + 12 x 10-6M CR (2), 8 x 10-6M SXO + 8 x 10-6M 
CR (3), 12 x 10”-6MSXO+4 x 10-6MCR (4), 16 x 10-6M 

sxo (5). 

The simultaneous determination of the three dyes 
in a single solution involves measurements at three 
wavelengths, where there are significant differences in 
molar absorptivities. Figures 2-4 show that there are 
only two narrow ranges of wavelength where such 
conditions are met. Selection of the third wavelength 
is difficult but the problem may be overcome in three 
ways: (A) determination of the total concentration of 
the three dyes under conditions in which their molar 
absorptivities are the same and then calculation of the 
concentrations of two of the three dyes from the 
absorbances at two other wavelengths: (B) selection 
of conditions under which the molar absorptivities of 
one dye are the same at three different wavelengths; 
(C) use of two or three solutions with different acid 
concentrations in which CR, SXO and X0 have 
different molar absorptivities. 

Cc, = .5.74x(3 - (210A4iS -63&,) x 1O-6 (18) 

C,, may then be calculated from equation (16). 
The variation in the absorptivities of the three 

species at 5 17 nm in 5.8M sulphuric acid, particularly 
when relatively large amounts of X0 are present, 
results in an uncertainty in the total concentration 
ZC. Therefore results obtained by method A were not 
as accurate and precise as those obtained by methods 
B and C, the standard deviations being twice as great. 

Method B. The concentration of sulphuric acid is 
chosen so that the molar absorptivities of one of the 
three dyes has the same value at three wavelengths: 

This condition permits the use of two equations with 
two unknown concentrations (C, and C,). 

Method A. The molar absorptivities of CR, SXO 
and X0 at 517 nm in 5.8M sulphuric acid are afl in 
the range 65.0-70.0 x IO3 I .mole-‘.cm-’ (Fig. 6) and 
the approximate total dye concentration may be 
calculated from 

zc = 14.8 x 10-~A,,,1S.8MH2soJ). (151 

The conditions for the simultaneous determination of 
CR and SXO in a two-component system can also 
be used for determination of CR and SXO in the 
presence of X0, because of the low molar absorp- 
tivity of X0 at 517 nm in 0.4M sulphuric acid; 
x0 E,,,,,,, H2so+f = 3.1 x lo3 1 .mole-‘.cm-‘. Since 

c,, = XC - C,,, + Cc, (‘16) 

substituting into the equations for the absorbances 
at 435 and 517 nm, and rearrangement, gives the 
molarities of SXO and CR as 

400 440 480 520 560 

Wavel~n~h (nm) 

C zyo = (682/L,, + 2664,,,) x 10--6- 18.8ZC (17) 

Fig. Il. Absorption spectra for solutions of Semi-Xylenol 
Orange and Xylenol Orange taken in 0.5M H,SO, 
(I = 1 cm). 16 x 10m6M SXO (curve I), 4 x 10m6M 
X0 + 12 x lO-6M SXO (2), 8 x lO+M X0 + 8 x 10-6iw 
SXO (3L 12 x IO-“M x0 +4 x Io-bM SXO (4), 

_..- .“” _.. . , 16 x IO-GM x0 (5) 

Simultaneous spectrophotometric determination 345 
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Fig. 12. Absorption spectra for solutions of Xylenol Orange 
and o-Cresol Red in 0.5M H,SO, (l = 1 cm). 16 x 10e6M 
CR (curve I), 12 x lO-“M CR +4 x 10-6M X0 (2), 
8 x 10-6M CR+ 8 x 10-6M X0 (3), 4 x 10-6M 

CR + 12 x 10-6M X0 (4), 16 x 10-6M X0 (5). 

It can be seen from Figs. 24 that the concen- 
trations of sulphuric acid at which equation (19) is 
satisfied are 0.015M for CR, 0.50M for SXO and 
3.50M for X0. Of these three possibilities the best 
results were obtained by the simultaneous deter- 

02’ 
I. I I I I Ia 
400 440 480 520 

Wavelength 1 nm 1 
Fig. 13. Absorption spectra for solutions of Semi-Xylenol 
Orange in O.SM H,SO,. 10 x 10m6M (curve 1), 20 x 10-6M 

(2), 30 x 10-6M (3), 40 x lo-6M (4). 

mination of CR and X0 in the presence of SXO in 
0.5M sulphuric acid. The absorption spectra of the 
three two-component mixtures at this concentration 
of sulphuric acid are shown in Figs. lo-12 and those 
of different concentrations of SXO in Fig. 13. The 

molar absorptivity of SXO in 0.5M sulphuric acid 
at the chosen wavelengths (435, 478 and 517 nm) 
is 21.5 x lo3 1 .mole-‘.cm-‘. The corresponding 
molar absorptivities for the other two dyes are: 
e;fi = 5.05 x lo’, ~2; = 16.0 x 103, E$‘$ = 56.5 x lo’, 
&f32 = 27.4 x 103, ~2; = 15.4 x lo3 and E$? = 3.35 x 

lo3 1. melee’ .cm-‘. Substitution of these values into 
equations (20) and (21) and rearrangement, gives: 

Cc, = L34.0 (A,,, - A,,,) + 33.9 (A,,, - A.&] 

x 10-6M (22) 

Cx, = [114.4 (Ahj, - Am) + 30.9 (A,,, - &,)I 
x lo-6M (23) 

or 

Cc, = (34.0 A,,, + 33.9 A,,, - 67.9 A,,,) 

x 10-6J4 (24) 

Cx, = (114.4 A,,, + 30.9 A,,, - 145.3 A,,,) 

x lo-6M. (25) 

Substitution of the Cc, and Cx, values thus obtained, 
into 

A,,, = 5.05 x 103Cc, + 21.5 x 103Csxo 

+ 27.4 x 103Cxo 

gives 

(26) 

C sxo = (20l.lA,,, - 107.2A,,, -47.3A,,,) 

x 10-6J4 (27) 

The results thus obtained for mixtures of CR, SXO 
and X0 are collected in Table 4. 

Method C. Several systems of two and three solu- 
tions with different concentrations of sulphuric acid 
were tested. 

System Concentration of sulphuric acid, M 

1 0.015 1.50 - 
2 0.50 2.00 - 
3 0.50 3.50 - 
4 0.015 0.40 3.50 
5 0.020 0.50 2.00 
6 0.050 0.50 3.50 

The best results for simultaneous determination of 
CR, SXO and X0 were obtained by using the second 
system. The measured absorbances are designated as 
A,, , where i is the wavelength and j the sulphuric acid 
concentration. 

With the previously given values of the molar 
absorptivities for CR, SXO and X0 in 0.5M sul- 
phuric acid and ~~,r&, = 62.5 x 103, E$$~~ = 44.0 
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Table 4. Results for the simultaneous spectrophotometric determination of CR, 
SXO and X0 in 0.5M H,SO, (method B)* 

Taken?, ptM Foundi, @4 

CR sxo x0 CR sxo x0 

1.0 3.0 16.0 0.9, f 0.1, 2.7, f 0.2, 
2.0 6.0 12.0 1.9* * 0.2, 6.1, f0.2, 
2.0 8.0 10.0 2.0, * 0.2, 8. I, f 0.2, 
3.0 15.0 2.0 2.8, * 0.1, 15.4, &- 0.3, 
5.0 5.0 5.0 4.8, + 0.2, 5.1, + 0.2, 
5.0 10.0 5.0 5.0, + 0.1, 9.8, + 0.3, 
8.0 10.0 2.0 7.8, f. 0.2, 10.1,&0.2, 
8.0 2.0 10.0 8.1,f0.2, 1.8, f 0.2, 

10.0 5.0 5.0 9.8, & 0.2, 5.2, + 0.2, 
16.0 3.0 1.0 16.1,f0.3, 2.8, + 0.2, 

*Absorbances measured at 435, 478 and 517 nm. 
tWith accuracy k 0.05$4. 
JMean and standard deviation for 5 measurements. 

16.2, + 0.2, 
11.7, * 0.3, 
10.0, f 0.1, 
I .8,* 0.2, 
4.8, + 0.2, 
5.1, f 0.2, 
1.8,+0.1, 

10.1, + 0.2, 
4.8, k 0.2, 
1.1, + 0.2, 

Table 5. Results for the simultaneous spectrophotometric determination of CR, 
SXO and X0 (method C)* 

Taken?, @4 Foundf, pcM 

CR sxo x0 CR sxo x0 

1.0 3.0 16.0 1.0, fO.l, 
2.0 6.0 12.0 2.1,fO.l, 
2.0 8.0 10.0 2.0, f 0.2, 
3.0 15.0 2.0 3.1,+0.1, 
5.0 5.0 5.0 4.9, * 0.2, 
5.0 10.0 5.0 4.84 k 0.2, 
8.0 10.0 2.0 8.16 & 0.2, 
8.0 2.0 10.0 7.9, + 0.2, 

10.0 5.0 5.0 10.0s * 0.2, 
16.0 3.0 1.0 16.11f0.2, 

2.8, + 0.2, 
5.8, f 0.2, 
7.9, + 0.1, 

14.8, & 0.2, 
5.0, * 0.2, 

10.1, * 0.2, 
10.0, + 0.2, 
2.1, * 0.2, 
4.8, k 0.2, 
2.8, f 0.2, 

16.1,f0.2, 
12.2, f0.1, 
10.1, * 0.2, 
2.1, + 0.1, 
5.0, f 0.1, 
4.8, & 0.2, 
2.1, kO.2, 

10.0, + 0.2, 
5.0, f 0.2, 
1.1, kO.1, 

‘Absorbaxes measured at 435 and 517 nm in OSM sulphuric acid and at 517 nm 
in 2.OM sulphuric acid. 

tWith accuracy f 0.05pcM. 
fMean and standard deviations for 5 measurements. 

Table 6. Results for the simultaneous spectrophotometric determination of CR, SXO 
and X0 in commercial X0* 

Year of Taken?, 
Sample production wll. 

1 1971 30.65 
2 1973 30.25 
3 1974 29.85 
4 1978 30.70 
5 1982 30.70 
6 1984 30.35 

FoundI, $4 
(Method C) (Marakami method4) 

CR sxo x0 sxo x0 

3.2 6.9 2.5 10.7 1.9 
2.3 8.9 9.8 14.3 7.4 
1.3 11.5 14.9 15.9 12.4 
1.1 8.3 16.5 11.6 15.1 
0.9 10.0 15.5 13.4 14.0 
1.3 4.6 21.2 9.0 18.2 

*Products obtained from POCh, Poland. 
tMean average concentration 40pM (recalculated as 100% X0). 
JMean values for 3 determinations. 
§Method B gave similar results. 

x 10’ and E&,,, = 8.30 x 10’ l.mole-‘.cm-‘, the A,,,o,, = 62.5 x lo’& + 44.0 x 103Csxo 
following equations can be derived: 

(30) 
A 435,0,5) = 5.15 x lo~ccR + 21.5 x lo’csxo 

+ 8.30 x 103Cxo 

+ 27.4 x 103Cxo (28) 
Solution of these three equations leads to 

A 5,7co.5j = 56.5 x 103CcR + 21.5 x 103Cs,, Cc, = [1.2OA,,,o,,, + 39.704,,,(,,,3 

+ 3.35 x lO’C,, (29) - 20.00A,,,& x 10m6M (31) 

TN. 3314-E 
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c sxo = [59.15A,,,W, - 10.05A,,W, Xylenol Orange is fast, sensitive and sufficiently 

- 64.50A,,,(,,,,] x 10-6M (32) 
selective for many possible applications. The accu- 
racy attained for two-component mixtures is similar 

Cxo = [44.15A.W.,, - 43.35A,,,,0.5, and that for three-component mixtures superior to 

- 42.75A,,,o,,, x 10-6M (33) 
that obtained in other spectrophotometric measure- 
ments. 

The results thus obtained for 10 mixtures of CR, 
SXO and X0 are collected in Table 5. 

Though the relative errors in the analysis of ternary 
mixtures (Tables 4 and 5) can be rather large for the t. 
minor components, they are much smaller than those 2. 

obtained by other methods. 3. 
The last system of equations, (31)-(33), gave the 

best results for the analysis of synthetic mixtures of 4. 

the three dyes and so was used for the simultaneous 
determination of CR, SXO and X0 in some commer- ” 
cial samples of X0. The results of these investigations 6 
are collected in Table 6. 

8. 
CONCLUSIONS 

9. 
The proposed method for simultaneous deter- 

mination of o-Cresol Red, Semi-Xylenol Orange and 10. 
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Summary-This paper describes a batch procedure for determining gold in natural waters. It is completely 
adaptable to field operations. The water samples are filtered and acidified before they are equilibrated with 
an anion-exchange resin by shaking. The gold is then eluted with acetone-nitric acid solution, and the 
eluate evaporated to dryness. The residue is taken up in hydrobromic acid-bromine solution and the gold 
is extracted with methyl isobutyl ketone. The extract is electrothermally atomized in an atomic-absorption 
spectrophotometer. The limit of determination is 1 rig/l.. 

Gold is found in natural waters as complex ions or 
as particulates of colloidal size.’ The average concen- 
tration of gold is 2 rig/l.. in river water’ and 4 rig/l.. in 
sea-water.3 Gosling4 reported the gold content of 
natural waters in Colorado to range from < 1 to I50 
rig/l.. The gold concentration of surface waters taken 
from five gold fields in Australia was found5 to range 
from < I to 130 rig/l.. Gold in such ultratrace 
amounts in natural waters is difficult to determine. 
To use the gold content of water for hydrogeochemi- 
cal prospecting, it is necessary to be able to determine 
gold down to the background level of 2 rig/l.. 

Previous methods for determining gold in water 
used rather slow methods to concentrate the gold 
from the sample, either by evaporation6 or by use of 
an anion-exchange column.’ 

This paper reports the development of a faster 
method for determining gold in water. Briefly, the 
gold is concentrated by shaking a filtered and 
acidified I-litre sample with an anion-exchange resin 
for 30 min, eluting the gold from the resin, extracting 
the gold bromide and chloride complexes into methyl 
isobutyl ketone (MIBK), then determining the 
amount of gold by electrothermal atomization in an 
atomic-absorption spectrophotometer. The limit of 
detection is I rig/l.. 

EXPERIMENTAL 

Instrumentalion 

A Perkin-Elmer Model 703* atomic-absorption spec- 
trophotometer, equipped with a deuterium background- 
corrector and an HGA-2000 graphite furnace was used to 
determine gold. Pyrolytically coated graphite tubes were 
used. Instrument parameters for gold determination are 
given in Table 1. 

*The use of trade names in this report is for descriptive 
purposes only and does not constitute endorsement by 
the U.S. Geological Survey. 

Reagents and standa& 

AG l-X8 anion-exchange resin, lo&200 mesh, chloride 
form (Bio-Rad Laboratories, Catalogue no. 140-1441). 

Gold standard solutions. A certified gold solution of 1000 
pg/ml was used to prepare gold standards of IO, 1.0, and 
0.10 pg/ml by serial dilution. These standards were made up 
in IM hydrochloric acid containing 0.05% v/v bromine, and 
stored in amber glass bottles. 

Acetone-nitric acid solution. Acetone-concentrated nitric 
acid-water (100: 5: 5 v/v). 

Bromine (5% v/v) in concentrated hydrochloric acid. 
Bromine (0.5% v/v) concentrated hydrobromic acid. 
Hydrobromic acid, 0. IM. Add 24 ml of concentrated 

hydrobromic acid to 2 litres of demineralized water equili- 
brate this solution by shaking for 3 min with 100 ml MIBK, 
and discard the organic layer. 

Procedure 

Collect a I-litre water sample in a polyethylene bottle. 
Filter it through a Millipore HAWP (diameter 47 mm; pore 
size, 0.45 pm) filter; tests show no loss of gold with this size 
of filter. Add 10 ml of the 5% bromine-hydrochloric acid 
solution to the filtered sample. The filtering and acidification 
can be done in the field or on arrival in the laboratory. The 
addition of the acid-bromine solution prevents adsorption 
of gold on the container walls.’ It will also convert the gold 
into AuCl; and AuBr,-.’ 

Add 3 g of AG-l-X8 anion-exchange resin to the filtered 
and acidified sample, and shake the mixture for 30 min on 
a mechanical shaker. Pour the sample into a 19 x 300 mm 
chromatographic column fitted with a glass disc. Elute the 
gold from the resin with 100 ml of acetone-nitric acid 
solution at a flow-rate of 100 ml/hr into a 250-ml beaker. 
Use only glass or Teflon apparatus in the elution, to avoid 
contamination. Evaporate the acetone solution on a hot 

Table 1. Instrument parameters 

Wavelength 242.8 nm 
Spectral band-width 0.7 nm 
Calibration mode Absorbance, peak height 
Integration time 6 set 
Background correction Deuterium arc lamp 
Drying 120”, 30 set 
Charring 800”, 15 set 
Atomization 2700”, 6 set 
Purge gas Argon, interrupted 
Sample volume 20 /I1 

349 
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Table 2. Gold concentrations in the 
MIBK phase, and the correspond- 

ing absorbance values 

Au, nglml Absorbance 

0 0.000 
I.0 0.007 
5.0 0.035 

10.0 0.070 
25.0 0.175 
50.0 0.350 

water-bath (-80”) to dryness. Add 8 ml of the 0.5% 
bromine-hydrobromic acid solution to the residue and let 
stand for 30 min. Warm the solution slightly for 15 min. 
Cool the solution, transfer it to a 16 x 150-mm screw-cap 
culture tube, rinsing with 8 ml of water. Add 2 ml of MIBK, 
then cap the tube and shake it for 3 min. Use Teflon liners 
in the caps. Centrifuge the solution and transfer 1 ml of the 
MIBK extract into another screw-cap culture tube (16 x 100 
mm) containing 8 ml of O.lM hydrobromic acid. Cap the 
tube, shake it for 30 set, and centrifuge. Place a 20-~1 
aliquot of the MIBK extract into the graphite furnace. 
Atomize the gold electrothermally in an atomic-absorption 
spectrophotometer for determination. 

To prepare the calibration graph, add 0, 0.2, 1.0 and 
2.0 ml of the O.lOO-fig/ml gold standard and 0.5 and 1 .O ml 

of the 1 .OO-pg/ml gold standard to six 25 x 150-mm screw- 
cap culture tubes containing 20 ml of 0.1 M hydrobromic 
acid and 20 ml of MIBK. Cap the tubes and shake them for 
30 sec. Atomize 20-~1 aliquots of these standards. 

RESULTS AND DISCUSSION 

To find whether the 30-min batch extraction tech- 
nique would transfer all the gold from solution onto 
the resin, several gold standard solutions (2, 10, 20, 
50 and 100 rig/l)) were extracted a second time for 30 
min with fresh resin. After exchange the solutions 
were analysed for gold, but none was found. 

Three SO-ml aliquots of the acetone-nitric acid 
solution, at an elution rate of 100 ml/hr, were used 
to test the efficiency of elution. The first aliquot eluted 
all the gold added to the resin. No gold was detected 
in the second and third aliquots. For safety, however, 
100 ml of eluent are used in the procedure. 

Six test solutions were prepared (each in duplicate) 
by adding 0, 2, 10,20, 50 and 100 ng of gold to I-like 
portions of laboratory tap water. The solutions were 
acidified with 10 ml of 5% bromine-hydrochloric 
acid solution, and analysed for gold. The absorb- 

Table 3. Gold recovery as a function of storage time 

Recovery 
(average of duplicate determinants) 

Sample Gold added, 
set (storage time) ngll. ngll. % 

Set 1 (1 day) 
Sample 1 
Sample 2 
Sample 3 
Sample 4 
Sample 5 
Sample 6 

Set 2 (1 week) 
Sample 1A 
Sample 2A 
Sample 3A 
Sample 4A 
Sample SA 
Sample 6A 

Set 3 (2 weeks) 
Sample 1B 

2.0 2.1 95 
2.0 1.7 95 

10.0 10.0 99 
10.0 9.1 99 
20.0 20.0 110 
20.0 24.0 110 

2.0 2.4 105 
2.0 1.7 105 

10.0 8.6 88 
10.0 9.0 88 
20.0 16.0 89 
20.0 19.5 89 

2.0 1.7 95 
Sample 2B 2.0 2.1 95 
Samole 3B 10.0 10.0 99 
Sample 4B 
Sample 5B 
Sample 6B 

Set 4 (1 month) 
Sample 1C 
Sample 2C 

10.0 9.8 99 
20.0 20.0 100 
20.0 23.0 100 

2.0 1.5 95 
2.0 2.3 95 

Sample 3C 
Sample 4C 
Sample 5C 
Sample 6C 

Set 5 (2 months) 
Sample ID 
Sample 2D 
Sample 3D 
Sample 4D 
Samole SD 

10.0 
10.0 
20.0 
20.0 

2.0 
2.0 

10.0 
10.0 
20.0 

12.0 
10.0 
18.0 
20.0 

2.8 130 
2.4 130 

11.5 113 
11.0 113 
17.0 92 

110 
110 
95 
95 

Sample 6D 20.0 19.5 92 
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antes obtained compared favourably with those 

obtained for the gold standard solutions used in 
calibrating the instrument (Table 2). To test the 
procedure over a period of time, five sets of six 
simulated water samples were run through the pro- 
cedure. The six samples in each set were prepared by 
adding (in duplicate) 2, 10 and 20 ng of gold to 1-litre 
volumes of laboratory tap water. Ten ml of 5% 
bromine-hydrochloric acid solution were added to 
each sample. After periods of time ranging from 1 
day to 2 months, the five sets were analysed for gold. 
Table 3 shows the storage time, the concentrations 
of gold added and found, and per cent recovery. 
Considering the low levels of gold determined, the 
recovery is extremely good. 

This procedure is interference-free. The anion- 
exchange resin eliminates all cations which may cause 
interferences.’ Gold can be determined in MIBK 

medium by atomic-absorption spectrophotometry 

without interference.6 
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Summary-A selective and sensitive method is based on the interaction of phenothiazines with nitroso-R 
salt to form 1: 1 complexes which are extracted into chloroform and measured spectrophotometrically. 

Many methods have been proposed for the 
estimation of phenothiazines.‘,2 The low ionization 
potentials and excellent electron-donor abilities of 
phenothiazines make them good co-ordinating 
agents.‘” Phenothiazines also form charge-transfer 
(CT) complexes with organic acceptors.7 The donor 
activity of phenothiazines is so high that even in the 
ground-state there is practically total transfer of an 
electron to the acceptor to form CT complexes. 

Nitroso-R salt (NRS) (disodium I-nitroso-2- 
naphthol-3,6-disulphonate) has been found to form 
CT complexes with phenothiazines, and this paper 
describes the reactions of promazine hydrochloride 

(PMH), chloropromazine hydrochloride (CPH), 
triflupromazine hydrochloride (TPH), promethazine 
hydrochloride (PH), diethazine hydrochloride (DH), 
fluphenazine hydrochloride (FPH) and perazine 
(PZ) with NRS and their determination in pure and 
pharmaceutical forms. 

EXPERIMENTAL 

A 0.2% NRS solution was prepared in doubly distilled 
water. Stock solutions of phenothiazines were prepared by 
dissolving appropriate amounts in doubly distilled water, 
standardized,’ and stored in amber bottles. Absorbance 
measurements were made on a Beckman DB spec- 
trophotometer. Infrared spectra were recorded with a 
Perkin Elmer 399 spectrophotometer. All other reagents 
used were of analytical-reagent grade. 

Standard procedures 

Pure phenothiuzines. Transfer an aliquot of the sample 
solution containing 145, 0.5-60, 2-57, 1.5-65, 0.8-39, 
0.2-38 or 0.8-68 ppm of PMH, CPH, TPH, PH, DH, FPH 
or PZ respectively, to a lOO-ml separating funnel containing 
15 ml of water. Add 3 ml of 0.2% NRS solution and mix 
well. Extract the complex with two 5-ml portions of chloro- 
form, shaking for 2 min each time, and dilute the extract to 
volume in a 25-ml standard flask with chloroform. Measure 
the absorbance at 382, 380, 365, 390, 380, 395 or 385 nm 

*Author for correspondence. 

respectively, for the compounds listed above, against a 
reagent blank. 

Pharmaceutical preparations. Dissolve a known amount 
of the sameple in doubly distilled water, filter through a 
Whatman No. 542 filter paper and wash. Dilute the com- 
bined filtrate and washings to an appropriate volume and 
determine the drug content by the standard procedure. 

For coloured syrups take a known volume of sample, 
make it alkaline to litmus with 4M ammonia solution, 
extract with two 20-ml portions of chloroform and evapo- 
rate the extract to dryness. Dissolve the residue with a few 
drops of O.lM hydrochloric acid and dilute accurately to 
100 ml with water. Analyse an aliquot. 

RESULTS AND DISCUSSION 

All the phenothiazines tested form bright yellow 
solid charge-transfer complexes with NRS in aqueous 
solutions. In acidic media, the phenothiazines un- 
dergo oxidation when mixed with NRS, whereas in 
basic media the phenothiazines precipitate. From 
aqueous solutions these complexes are easily and 
quantitatively extracted into chloroform, but NRS is 
not extracted. Chloroform extracts of the complexes 
of NRS with PMH, CPH, TPH, PH, DH, FPH 
and PZ show maximum absorption at 382, 380, 365, 
390, 380, 395 and 385 nm respectively and obey 
Beer’s law over the concentration ranges 145, 
0.5-60, 2-57, 1.5-65, 0.8-39, 0.2-38 and 0.8-68 ppm 
(in the final solution) respectively. The molar absorp- 
tivities are 5.09, 4.98, 3.99, 4.21, 4.01, 5.22 and 
3.99 x lo3 l.mole-‘.cm-’ respectively for the pheno- 
thiazines in the order given above. Six determinations 
at the 20-ppm phenothiazine level gave an relative 
standard deviation of 0.9, 0.7, 1.8, 1.3, 0.6, 1.4 and 
0.6% for the seven compounds (order as before). 
Extraction constants for the systems studied were 
obtained by the modified method of isomolar shift.’ 
Mean values of log KE for the PMH, CPH, TPH, PH, 
DH, FPH and PZ systems were found to be 7.71, 
8.21, 7.89, 6.23, 6.78, 7.91 and 8.01 kO.05 re- 
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Table I. Determination of phenothiazines in pure and nharmaceutical uroducts 

Nominal 
Drug amount, 

present mg 

Amount found, mg 

Proposed method* 
Official method (rsd, %) 

Pure powders 

Tablets 
Sparine 
Largactil 
Neurazine 
Siquil 
Phenergan 

Injections 
Siquil 
Phenergen 
Largactil 

Syrups 
Largactil 
Promentine 

PMH 
CPH 
TPH 
PH 

DH 
FPH 
PZ 

PMH 
CPH 
CPH 
TPH 
PH 

TPH 10 - 9.9, (1.8) 
PH 25 BP 1973 24.8, 24.8, (1.3) 
CPH 25 BP 1973 24.9, 24.9, (0.7) 

CPH 5 4.87 (0.7) 
PH 5 USP xx 4.8, 4.92 (1.3) 

20 
20 
20 
20 

20 
20 
20 

BP 1980 19.9 
BP 1980 19.9, 

BP 1973 19.6, 
USP xx 19.9, 

BP 1973 20.1, 
USP xx 20.0, 

BP 1980 19.9, 

50 BP 1980 49.8 
25 BP 1973 24.8 
25 
10 
25 

USP xx 25.1 

BP 1973 24.5 

19.9, (0.9) 
19.9, (0.7) 
20.0,(1.8) 
19.2, (1.3) 

19.9, (0.6) 
19.9, (1.4) 
20.0, (0.6) 

50.0 (0.9) 
24.9, (0.7) 
24.9, (0.7) 

9.8, (1.8) 
24.7, (1.3) 

Elixir 
Phenergan PH 1 

*Average of six determinations. 

BP 1973 0.97 0.98 (1.3) 

spectively, and the species extracted were stable for 2, 
2.5, 2.5, 3, 3, 3 and 2.5 hr. Variation of the shaking 
time showed that a single extraction for 1 min with 
10 ml of chloroform will give complete extraction, 
but double extraction with 5-ml portions of chloro- 
form is preferred. Prolonged shaking with chloro- 
form has no adverse effect on the extraction. 

Many substances associated with pharmaceutical 
preparations, such as starch, alcohol, magnesium 
stearate, gum acacia, gelatin, honey, carboxylic acids 
and esters, yeast extracts and sugars, do not interfere. 
However, dextrose (1.5 g/ml), talc (0.27 g/ml) and 
sodium alginate (990 pg/ml) interfere in the deter- 
mination of 30 ppm of the phenothiazines in pharma- 
ceutical formulations. The results of the assay of 
tablets, injections and syrups (Table 1) compare 
favourably with the official methods’O,‘l of BP 1973, 
and USP XX 1980. Usually the dyestuffs in coloured 
tablets do not interfere, but those used in syrups may 
be co-extracted with the complex and cause difficulty. 
A preliminary extraction of the phenothiazine from 
alkaline solution will generally solve the problem, or 
a sample could be run without addition of NRS, to 
serve as a comparison blank. 

Nature of the solid complexes 

The complexes were prepared by mixing equal 
volumes of equimolar (0.05M) aqueous solutions of 
the phenothiazine and NRS, extracting into chloro- 
form, evaporating the solvent, then recrystallizing the 
product from methanol. 

TLC tests revealed that there is only a single 
component present in these complexes. The spots on 
the TLC plates were representative of neither pheno- 
thiazines nor NRS. Chemical analyses and molecular 
weight determination on the complexes corresponded 
to 1: 1 molar ratio of phenothiazine to NRS. ESR and 
magnetic moment measurements showed that the 
complexes were neutral. 

The electronic spectra of the reactants do not 
resemble the spectrum of their complex in methanol 
solution. NRS shows bands at 218, 263 and 369 nm 
and the phenothiazines exhibit a sharp band at 
around 254 and a broad band at around 306 nm. The 
sharp bands of the phenothiazines are attributed to 
K--R *, and the broad bands to n-n* transitions. The 
bands of NRS at 218 and 263 and the band of 
phenothiazines at around 306 nm are completely 
masked in the spectrum of the complexes. All the 
complexes show a new band in the region 380-390 
nm. This band is considered to be of charge-transfer 
nature and assigned to n-x* type, where the charge 
is transferred from the highest filled molecular orbital 
of the donor phenothiazine to the lowest unfilled 
molecular orbital of the acceptor NRS. 

The infrared spectrum of NRS gives bands at 1610 
and 3350 cm-’ corresponding to the -N=O and 
-OH groups. The characteristic band of the 
-R3NH+ group in phenothiazines appears at around 
2300-2420 cm-‘. These bands are completely absent 
from the spectra of the complexes. The -OH band 
of NRS is considerably shifted and broadened in the 
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N-CCH,CH,CH,N --------HO 

\ 
C”3 

SO,Na 

Fig. 1. Possible structure of PMH-NRS complex. 

spectrum of the complex, indicating the presence of 
intermolecular hydrogen bonding in the complexes. 
Hence the phenothiazines play a dual role in their 
interactions with NRS, acting both as electron donor 
in the charge-transfer interaction and as a hydrogen- 
bonding site through the tertiary amino nitrogen 
atom in the side-chain. A possible structure for the 
complex of one of the typical phenothiazines (PMH) 
with NRS is given in Fig. 1. 
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Summary-A fluorimetric determination of uranium(V1) is described. It is based on the emission from 
europium(II1) at 594 nm, following its indirect excitation by uranium. 

When the uranyl ion in aqueous solution is electron- 
ically excited by irradiation in the near ultraviolet, the 
energy absorbed can be dissipated in several ways by 
direct or indirect radiative emission or non-radiative 
thermal degradation. When europium(II1) is also 
present the energy can be non-radiatively transferred 
to it from the uranium(VI), and then emitted as light. 
It has been shown’ that for a fixed concentration of 
uranyl ion the degree of quenching of the uranium 
fluorescence produced by irradiation is a linear func- 
tion of the europium(II1) concentration. For the same 
solution, the fluorescence intensity at the emission 
wavelength for europium(II1) is also a linear function 
of europium concentration. Tanner and Vargenas’ 
have shown that energy transfer between the uranyl 
ion and europium(II1) is a sensitive function of pH. 
In O.lMacid no transfer was observed but at pH 3.87 
the transfer was about 100 times that at pH 2.84 for 
excitation at 347 nm and emission measurement at 
590 nm. Thus the nature of the uranium(V1) species 
is important; it is thought that the energy transfer is 
not from UOi+ but rather from some hydrolysed 
species such as (U02),(OH):+. It was suggested* that 
UO;+-Eu3+ complexes are involved and that the 
process is intramolecular in nature. We have re- 
examined the system and studied the europium(II1) 
emission as a function of pH, europium(II1) concen- 
tration and various excitation and emission wave- 
lengths. We have established conditions under which 
the intensity of europium emission is linearly related 
to uranium(V1) concentration, and examined the 
effects of various ions. 

EXPERIMENTAL 

All chemicals were of reagent grade. A 1.00 x 10m3M 
aqueous solution of uranium(V1) was prepared from the 
acetate and 0.2M europium perchlorate solution was made 
from europium(II1) oxide and perchloric acid. Fluorimetric 
measurements were made with a Perkin-Elmer MPF3 
spectrophotofluorimeter and pH-measurements with a 
Radiometer PHM62 pH-meter. 

Procedure 

A volume of solution containing between 0.1 and 2.0 mg 
of uranium was transferred to a lo-ml beaker, 2.5 ml of 
0.2M europium(II1) solution were added and the pH was 
adjusted to 5.5 + 0.1 by addition of dilute sodium hydroxide 
solution or perchloric acid. The solution was transferred to 
a lo-ml standard flask and made up to volume with water. 
The relative fluorescence intensity (RFI) was measured after 
5 min, with excitation and emission wavelengths of 290 and 
594 nm respectively, unless otherwise specified. 

RESULTS AND DISCUSSION 

Excitation and emission spectra in the wavelength 
ranges 200-500 and 450-650 nm respectively, were 
obtained from (a) 0.04M europium(II1) perchlorate, 
(b) 4 x 10e4M uranyl acetate, and (c) a mixture 
0.08M in europium(II1) and 4 x 10m4M in uran- 
ium(V1). Figure 1 shows that the main europium 
emission occurs at 594 nm, and the excitation spec- 
trum for (c) recorded with this as the emission 
wavelength is very similar to that for (b) except for 
the sharp peak at 392 nm which is due to direct 
excitation of europium(II1). The emission spectrum 
resulting from excitation of(c) at 392 nm is similar to 
that obtained for europium(II1) alone, except for the 
broad peak (centred at 520 nm) due to direct emission 
from uranium(V1). The emission spectrum obtained 
on excitation at 290 nm consists of a much more 
intense direct emission from uranium(V1) with some 
overlap with that at 594 nm from europium(III), 
which derives its excitation energy indirectly from the 
uranium(V1). Figure 2 shows the effect of pH on a 
typical uranium(VI)~uropium(III) system. 

The effect of other metal ions and common anions 
on the emission from the uranyl ion in aqueous 
solution has been studied by several workers.3,4 Re- 
cently, Korte and Chessmore’ used the SCINTREX 
UA-3 (Scintrex Ltd., Ontario, Canada) Uranium 
Analyser, an instrument which has a pulsed nitrogen 
laser as light-source, to investigate the quenching of 
uranium(V1) fluorescence by various ions. Figure 3 
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Fig. 1. Excitation and emission spectra obtained from a 4 x 10S4M uranyl acetate and 0.004 euro- 
pium(II1) perchlorate solution: I, excitation spectrum with emission wavelength set at 594 nm; II, emission 

spectrum with excitation at 392 mn; III, emission spectrum with excitation at 290 nm. 

compares the interference of some commonly en- 
countered cations in the present method (B) with 
those from studies (A) with the UA-3 analyser. 
However, the uranium concentrations used to obtain 
the results in Fig. 3B were greater than those used by 
Korte and Chessmore (the UA-3 analyser has a much 
more intense fight-source), so the validity of any 
conclusions drawn about relative interferences would 
depend on whether the complex formation and intra- 
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Fig. 2. The effect of pH on the Ruorescence intensity at 594 
nm from a 4 x 10v4M uranyl acetate and 0.04M euro- 
pium(II1) perchlorate solution excited at 290 nm. Curves 
i-5 were obtained at pH 4.48, 5.09, 5.54, 5.74 and 5.88, in 

that order. 

molecular energy transfer mechanisms function iden- 
tically at the two uranium concentrations. 

The fluorescence intensity (with excitation at 290 
nm) is maximal and constant when the solution is 
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Fig. 3. Effect of other metal ions on uranium(VK) 
nnorescence emission: A, results5 obtained by using the 
I.IA-3 uranium analyser (precise I.l concentration not 
quoted); B, results obtained by the procedure given in this 
paper for 112~pgjrnl uranium. Mg was added as the acetate, 
Mn as the chloride, Fe(TI1) as the chloride and Fe(iT) as 

ferrous ammonium sulphate. 

20. 



measured at any time between 5 and 300 mm after 
mixing and is not affected by up to 10 min of 
continuous irradiation. The fluor~~~c~ intensity at 
594 nm is a linear function of uranium concentration 
in the range IO-230 ag/ml in the sob&ion measured. 
The relative standard deviation for 100 &mi uran- 
ium was 3% for 10 measurements. Use of a more 

intense source, such as a nitrogen faser, would probe- 
bly allow use of a much lower uranium concen- 
nation, but its effect on interfering ions would need 
~nv~t~~atjon. However, it may be argued that energy 
transfer from uranium to an interfering ion would be 
roughly proportional to the concentration of the 
latter. Consequently, if the europium(XI1) concen- 

tration is made much higher than that of the inter- 
fering ion, energy transfer to the former should 
predominate, 
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Summary-The total lead present as tetraethyl-lead (TEL) and tetramethyl-lead (TML) in motor spirit 
is determined by atomic-absorption spectrometry after decomposition by extraction with a mixture of 
mercaptoacetic acid and nitrous acid in the presence of hydrochloric acid. 

The usual standard methods for the determination of 
lead in gasoline and aviation spirit are based on 

EDTA titration,’ X-ray spectrometry,2 spec- 
trophotometry with dithizone,3 and (after extraction 
with iodine monochloride~ atomic-absorption.4 The 
major difficulty in the last method arises because 

tetraethyl-lead (TEL) and tetramethyl-lead (TML) 
give calibration graphs of different slope, which 
makes analysis of a mixture of alkyls difficult; the two 
alkyls have first to be separated by fractional dis- 
tillation with a toluene~xylene mixture as chaser,f 
before aspiration into the flame. Moreover, suitable 
organometallic standards of known lead content are 
necessary for standarization. 

We have used mercaptoacetate to extract lead from 
lead napthenate additives in lubricating oils6 but the 
method gives very poor recovery of lead from lead 
alkyls. Table 1 shows that iodine monochloride and 
the method described here give comparable degrees 
of extraction of lead.. 

Mercaptoacetic acid has been used for the col- 
orimetric determination of nitrites.‘.* It has been 
reported, however, that the reaction of thiols and 
nitrite’ gives RSNO, which is readily decomposed by 
metal ions such as Cu(II), Ag(1) and Hg(I1). It has 
been observed that a mixture of mercaptoacetic acid 
and nitrous acid in presence of hydrochloric acid can 
readily react with the lead alkyls and convert the 
alkyl-lead into water-soluble ionic species, and thus 
the lead can easily be. brought into the aqueous phase. 
The lead content can then be determined con- 
veniently by atomic-absorption with an air/acetylene 
fuel-lean flame. 

EXPERIMENTAL 

Apparatus 

A Pye Unicam model SP 2900 double-beam atomic- 
absorption spectrophotometer was used, with a Philips lead 
hollow-cathode lamp. The instrumental conditions were: 
wavelength 217 nm, monochromator band-pass 0.4 nm, air 
flow 5 l./min, acetylene flow 1 l./min, integration period 
4 sec. 

Reagents 

Mercaptoacetic acid solution, 80%. 
Sodium nitrite solution, 5%. 

Preparation of test solution 

From a burette, transfer a suitable volume of the sample 
of motor spirit, depending on the lead content (see Table 2) 
into a IOO-ml standard flask. Make up to the mark with 
iso-octane. Shake well to homogenize the sample. 

Procedure 

Pipette 20 ml of the prepared sample into a loo-ml 
glass-stoppered separating funnel. Add 10-12 ml of sodium 
nitrite solution and 0.5 ml of meroaptoaeetio acid solution. 
The aqueous layer turns bright red. Add 5 ml of concen- 
trated hydrochloric acid slowly with occasional shaking, 
releasing the pressure in the separating funnel through the 
stopcock. Shake the funnel vigorously for 2-3 min, cooling 
it under running tap water. The petrol layer turns olive 
green. Drain the aqueous layer into a 250-ml beaker. Add 
10 ml of distilled water to the funnel, shake again and 
transfer to aqueous layer into the beaker. Repeat the 
washing, collecting the aqueous phase in the same beaker 
and heat the aqueous solution to boiling. The red colour is 
discharged, which shows that the mercaptoacetic 
acid-nitrous acid complex has been decomposed. Cool the 
solution, transfer it into a IOO-ml standard flask and make 
up to volume with distilled water. Determine the lead 
content by atomic-absorption spectrometry, using the ap- 
propriate conditions for the instrument used. 

Prepare a standard I-mg/ml lead solution from analytical 
reagent grade lead nitrate and dilute it tenfold to obtain a 
0.1 mg/ml working standard solution. Use this to prepare a 
calibration graph covering the 25-50 ppm lead range. 

RESULTS AND DISCUSSION 

The decomposition of the Pb-SR complex takes 
place in the presence of nitrous acid and hydrochloric 
acid and the lead is converted into an ionic species 
after the formation of the alkyl sulphides (R,S), 
indicated by their peculiarly disagreeable odour. On 
prolonged boiling, as the solution becomes syrupy, a 
vigorous reaction takes place owing to the sudden 
drastic oxidation of the alkyl sulphides to oxides of 
sulphur and nitrogen. The excess of RSNO is readily 
decomposed by heating the solution just to boiling. 

Alternatively the RSNO can be destroyed accord- 
ing to Saville,’ by use of HgfII), Ag(I), or Cu(II) as 
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Table 1. Extraction of lead 

Extractant 

Iodine monochloride 
Mercaptoacetic acid 

and hydrochloric acid 
Sodium nitrite and hydrochloric 

acid 
Sodium nitrite, mercaptoacetic 

acid and hydrochloric acid 

Lead found, mg 

3.10 

0.25 

2.90 

3.12 
3.10 

Table 2. Volume of sample for test solution 

Pb content, ppm 
Volume of 

motor spirit, ml 

200-300 50 
300-500 30 
500-1000 15 

100&l 500 10 

Table 3 

Pb, PP~ 
Sample* Standard method This method 

1 325 
328 
326 

2 320 
324 
322 

3 300 
305 
302 

4 256 
256 
258 

5 262 
260 
262 

6 270 
272 
274 

*Samples 4-6 are motor spirit blended with “mobile 
compound”. 

catalyst for decomposition of the RSNO; although 
Saville makes no mention of lead, presumably the 
mechanism is the same. To use the Saville method, 
add 5% copper sulphate solution dropwise to the 
cold mixture until the red colour of the reaction 
mixture is just discharged. Avoid excess of copper 
since a yellow precipitate of copper mercaptide might 
be formed, which would require an additional 
filtration step. Typical results are shown in Table 3 
and compared with those obtained by the standard 
iodine monochloride extraction method followed by 
atomic-absorption spectrometry. 

The mobile compounds are essentially higher boil- 
ing lubricating oils. The lubricants are mixed with 

motor spirit in the ratio of 402 per litre of motor 
spirit for motor cycles and scooters while the engines 
are new. For old engines the ratio is changed to 
1-2 oz/litre according to choice. 

Determination of lead in these blended motor 
spirits is comparatively difficult by the standard 
method of iodination. The large amount of iodine 
liberated makes the junction of the aqueous and oily 
layers indistinct. The present method is free from this 

problem. 
The volumes of mercaptoacetic acid and sodium 

nitrite solutions given in the method should be ad- 

hered to as far as practicable, because excess of the 
reagent is troublesome to destroy, the decomposition 
of the nitroso compound taking place violently with 
the liberation of sulphur trioxide and nitrogen oxide 
gases. 

Although the 283.3 nm line is often preferred for 
routine determinations because of the better signal- 
to-noise ratio and lower background interference, we 
have chosen the 217 nm line which is 2.5 times as 
sensitive and seems free from interference effects. 

Synthetic sample solutions with known lead con- 
tent were prepared by mixing pure TML and TEL 
with motor spirit (free from lead) in different propor- 
tions. The recovery of lead was found to be 
99.8-100.2%. The lower limit of detection of lead was 
found to be 2.5 ppm but this can be improved by 
using an electrodeless discharge lamp as light source. 
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Summary-A sensitive spectrophotometric method for the determination of titanium by formation of its 
complex with tannin and thioglycollic acid at pH 4 has been developed. The intense yellow colour is 
measured at 400 nm and the system obeys Beer’s law over the range 0.2-5 ppm titanium in the solution 
measured. The method is applicable to titanium-treated steels, stainless steels, permanent magnet alloys 
and duralumin alloys. The interference of Co, Ni, Cr, Mn, V, MO and W can be eliminated by prior 
separation of titanium by controlled addition of cupferron in the presence of thioglycollic acid (TGA). 
Copper can be quantitatively separated by precipitation with TGA and determined complexometrically 
with EDTA, with PAN as indicator. Niobium interferes even in traces. 

Titanium is added to various ferrous and non-ferrous 
metals because it confers high tensile strength and 
anticorrosion properties on them. The common re- 
agents for its calorimetric determination are 
hydrogen peroxide, Tiron,’ chromotropic acid,2 and 
diantipyrylmethane,3 the last of which gives high 
sensitivity. The sensitivity of the hydrogen peroxide 
method is very low (molar absorptivity L = 740 
1 .mole-’ . cm-‘) in comparison to the Tiron (E = 
1.5 x 104) and chromotropic acid (t = 1.70 x 104) 
methods. The chromotropic acid method is most 
sensitive at pH > 4 but many metals, particularly Fe, 
Mn, V, Cr, Zr, MO, U and Ni, also give coloured 
solutions or otherwise interfere. The interference of 
Ni, MO, Nb, Ta and Fe can be minimized by addition 
of ascorbic acid at pH 2-3, but V and W still inter- 
fere. Several other reagents, e.g., sulphosalicylic acid, 
gallic acid,’ catecho16 and salicylic acid,’ have been 
suggested. In almost all the methods, the interfering 
elements are removed by prior electrolysis with a 
mercury cathode. Atomic-absorption spectrometry 
has limited application because titanium is not easily 
atomized in the flame. A method using differential 
pulse polarography’ has been suggested but prior 
mercury-cathode electrolysis is again needed and the 
method is time-consuming. 

We have used a mixture of tannin and thioglycollic 
acid (TGA) for the spectrophotometric determin- 
ation of niobium in niobium-stabilized stainless 
steels9 and also of vanadium in gas-turbine fuel oils.” 
We have now observed that the same reagent can be 
used for the spectrophotometric determination of ti- 
tanium. Prior separation of titanium with cupferron 
in the presence of TGA eliminates the interferences 
due to Ni, Cr, MO, Co, V, Mn and W. If copper is 
present, it can be quantitatively precipitated as its 

thioglycollate and estimated complexometrically with 
EDTA with PAN as indicator.” This is an added 
advantage of the method. Only Nb interferes. 

Reagents 
EXPERIMENTAL 

Standard titanium solution (1 mg/ml). Fuse 0.1668 g of 
pure TiO, (dried) with 2 g of potassium pyrosulphate in a 
silica crucible. Cool, then take up the cake with 50 ml of 
30% v/v sulphuric acid by warming. Cool, transfer the solu- 
tion into a IOO-ml standard flask and make up to the mark 
with distilled water. Dilute this solution 20-fold and 40-fold 
to obtain 0.05 and 0.025 mg/ml standard solutions. 

Tannin-TGA mixture. Mix equal volume of 5% tannic 
acid solution and 10% v/v thioglycollic acid solution, filter, 
and store the solution in an amber glass bottle. Prepare fresh 
every week. 

Acetate bufler, pH 4. Dissolve 25 g of sodium acetate 
trihydrate and 575 ml of glacial acetic acid in 1 litre of 
distilled water. 

Cupferron wash solution. Dissolve 1 g of cupferron in I 
litre of distilled water and add 10 ml of TGA. Prepare daily 
and filter before use. 

Preparation of calibration graph 

Pipette l-10 ml portions (at l-ml intervals) of standard 
titanium solution (0.025 mg/ml) into 50-ml standard flasks. 
To each add 5 ml of tannin-TGA mixture and 20-25 ml of 
acetate buffer and mix well. Dilute to volume with distilled 
water. After 15 min measure the absorbances against a re- 
agent blank at 400 nm, using l-cm glass cells, and draw the 
calibration curve. 

Analysis of samples 

Dissolve a suitable weight of sample (according to Table 
1) in 60-70 ml of dilute sulphuric acid (1 + 3) with warming. 
Oxidize with a few drops of concentrated nitric acid and 
evaporate to fumes. Cool and take up the residue with 50 ml 
of hydrochloric acid (1 + 2) by warming. Filter off and wash 
the silica and ignite it in a platinum crucible. Remove the 
silica as usual with hydrofluoric acid, fuse the residue with a 
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Table I. Weights of samoles for analvsis 

Sample Titanium, % 
Weight of Standard flask 
sampie, g capacity, ml 

Haematite, iron and 
mild steel 

Duralumin alloys, 
stainless steels 

Permanent magnet 
alloy 

0.02-0.07 5 100 

0.1LOlS 2.5 250 
0.2-0.3 5 500 
0.6-0.8 1 500 

little potassium pyrosulphate, and after cooling take up the 
cake with IO-15 ml of warm hvdrochloric acid (I+ 2) and 
add it to the main solution. When the sample contains 
copper, as in case of stainless steels, permanent magnet 
alloys and duralumin alloys, adjust the hydrochloric acid 
concentration to about 5% v/v< cool to room temperature 
and add thioglycolljc acid dropwise with constant stirring. 
In the presence of copper a dirty bluish white precipitate 
appears, which gradually turns yellow, indicating that the 
precipitation of copper is complete. Add 0.5 ml of TGA in 
excess and a little paper pulp, filter off and wash. If desired, 
use the precipitate for the determination of copper.” 

After removal of copper adjust the volume of the solution 
to 100 ml and add 10 ml of concentrated hydrochloric acid 
and 20 ml of TGA, coo1 the solution to below 15” and add 
freshly prepared 3% cupferron solution dropwise with con- 
stant stirring until the precipitation of titanium is complete 
and a brown precipitate of iron begins to appear. Add I ml 
of cupferron solution in excess and some filter paper pulp. 
Stir for 2 min, and filter off on a Whatman No. 41 paper and 
wash the precipitate several times with cupferron wash solu- 
tion. Carefully ignite the precipitate in a silica crucible and 
fuse the residue with potassium pyrosulphate, cool and take 
up the cake with 20 ml of sulphuric acid (1 + 4) with warm- 
ing. Transfer the solution quantitatively into a standard 
flask (capacity according to Table I) and make up to the 
mark with distilled water. 

Pipette a suitable aliquot into a 50-ml standard flask and 
add 5 ml of tannin--TGA mixture. Add ammonia solution 
(I + I) dropwise until the PH is around 3-3.5 (use a DH- 
meteror a narrow-range indicator paper). Add 2~0-25 ml of 
acetate buffer, mix, dilute to volume with distilled water and 
after 15 min measure the absorbance of the solution against 
a reagent blank prepared with same volume of tannin-TGA 
mixture. 

RESULTS AND DISCUSSION 

The absorption spectrum of the titanium complex 
exhibits an absorbance maxima at 400 nm, so this 
wavelength was chosen for all measurements. The re- 
agent itself has slight absorbance at this wavelength, 
so measurement against a reagent blank is necessary. 

The absorbance is pH-dependent and is maximal at 
pH 4.0-4.5 but at pH 4.5 the characteristic pink 
colour of iron with TGA begins to appear. At higber 
pH tannin reacts with both titanium and iron(II1) to 
form a voluminous precipitate. Although TGA alone 
does not react with tjtanium, the tannin-TGA mix- 
ture produces a stable yellow colloidal solution with 
titanium. The coagulation of the colloidal suspension 
of titanium with tannin-TGA starts at pH 4.5 and 
becomes rapid above this pH. At pH 4 the colour of 
the Ti-complex with tannin-TGA mixture suffers no 
interference due to iron, so all measurements are 

made at pH 4. Tannin solution gradually darkens in 
colour in presence of light and this is retarded by 
addition of TGA; tannin-TGA mixture keeps well. In 
stainless steel samples the percentage of copper is 
much lower than in duralumin alloys. When the de- 
te~ination of copper is not necessary, the amount of 
sample for analysis may be reduced to 2 g instead of 
5 g. The colour of the titanium complex takes about 
15 min to reach maximum intensity and is then stable 
for at least 2 hr. Hence measurements should be made 
not less than 15 min after the colour starts to form. 

Effect of diverse ions 

Niobium produces a similar colour under the same 
conditions and interferes even at 0.5 ppm level. Tan- 
talum up to 10 ppm can be tolerated. MO, Co, Ni, Cr, 
Mn, V, W and Cu interfere but this interference can 
be eliminated by a prior separation of the titanium 
with cupferron after complexation of the other ele- 
ments with thioglycollic acid. Iron does not interfere 
at pH 4. About S-fold excess of iron is helpful for the 
separation of low concentrations of titanium with 
cupferron, since the iron cupferronate acts as a col- 
lector. 

Complexing anions such as fluoride, oxalate, 
citrate, tartrate and EDTA depress the colour in- 
tensity and should be absent. Excess of chloride, 
sulphate or nitrate has no effect, but nitrite interferes 
even in traces. Hydrogen peroxide completely de- 
stroys the colour. 

Analysis of standard samples 

Some typical results for the determination of titan- 
ium in standard BCS samples are shown in Table 2. 

Table 2. Determination of titanium in standard samples 

Ti, % 

Sample 

Haematite 
BCS No. 23613 

Haematite 
BCS No. 236/2 

Permanent magnet alloy 
BCS No. 233 

IS/9 Stainless steel 
BCS No. 235/2 

Duralumin alloy 
BCS No. 216/l 

Certified 
value 

0.052 

0.070 

0.79 

0.32 

0.10 

Found 

0.050 
0.052 
0.070 
0,070 
0.80 
0.78 
0.30 
0.32 
0.12 
0.11 
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Determination of titanium in simulated samples con- 
taining 0.5-5.0 mg of Ti gave recoveries of 99.4 
100.2%. The molar absorptivity of the titanium 
species is about 10 times that of the hydrogen per- 
oxide system, and is 0.75 x lo4 1 .mole-‘.cm-I. In the 
absence of copper, the sample solution (after the re- 
moval of silica) can be directly treated for the precipi- 
tation of titanium with cupferron after complexation 
of interfering elements with TGA. 
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Two well-established spectrophotometric methods 
have been extensively used for the spectrophoto- 
metric determination of penicillins and cephalo- 
sporins-i3 The first is based on the reaction reported 
by Bambergeri4 in 1899, in which hydroxylamine is 
reacted with a carboxylic acid derivative to form a 
hydroxamic acid which is then treated with iron(III) 
to give a coloured complex. Nickel(H) salts have been 
recommended as a catalyst for formation of the 
hydroxamic acidlS” and have been utilized in cepha- 
losporin analyses.4 The other method is based on use 
of the imidazole-mercury(I1) reagent,‘-‘r~i3 which was 
previously used in the determination of penicillins by 
Bundgaard.’ We have now examined use of the two 
spectrophotometric methods for the determination of 
ceftriaxone. 

ANALYTICAL INVESTIGATIONS ON CEPHALOSPORINS-I 

SPECTROPHOTOMETRIC DETERMINATION OF CEFTRIAXONE 

F. iNci $ENG~~N and K~~KSAL ULA$ 

Department of Analytical Chemistry, Faculty of Pharmacy, University of Istanbul, Istanbul, Turkey 

(Received 7 September 1984. Revised 26 September 1985. Accepted 31 October 1985) 

Summary-The hydroxylamine-nickel and imidazole-mercury(U) methods for the determination of 
penicillins and cephalosporins have been adapted to the determination of ceftriaxone both in bulk form 
and in pharmaceutical formulations. 

Procedure for hydroxylamine 

Standard 1 mg/ml stock . ̂  
prepared m I % sodmm btcarbonate solution. Then 0.5, 1 .O, 
1.5, 2.0, 2.5 and 3.0 ml of this solution were pipetted into 
test-tubes and made up to 3 ml with 1% sodium bicarbonate 
solution. Hydroxylamine-nickel reagent (2 ml) was added to 
each test solution and allowed to react at room temperature 
for 40 min. At the end of this time 5 ml of iron(II1) reagent 
were added to each tube, and the mixtures were left for 15 
min more, then centrifuged. A blank solution containing no 
ceftriaxone was prepared in the same way. The absorbances 
were measured at 460 nm against the blank solution and a 
calibration graph was drawn (Fig. 1). 

method 

solution of ceftriaxone was 

Procedure for imidazole method 

Ceftriaxone (12.0 mg) was dissolved in imidazole stock 
solution (diluted with 10% of its volume of water) and 
diluted to volume in a 20-ml standard flask with the same 

CH 
I 3 

COONa 

Ceftriaxone disodium 

EXPERIMENTAL 

Reagents 

Hydroxylamine-nickel reagent. Prepared by dissolving 
6.95 g of hydroxylamine hydrochloride and 2.90 g of nickel 
nitrate hexahydrate in about 30 ml of distilled water, 
adjusting to pH 6.2 + 0.05 with IOM sodium hydroxide and 
diluting to 50 ml with distilled water. 

Iron(ZZZ) reagent. Prepared by dissolving 30 g of 
ammonium iron(II1) sulphate dodecahydrate in 2.7 ml of 
concentrated sulphuric acid and diluting to 100 ml with 
distilled water. 

Zmidazole-mercury(ZZ) reagent. Imidazole stock solution 
was prepared by dissolving 3.0 g of imidazole in about 70 
ml of distilled water, adjusting to pH 6.8 & 0.05 and diluting 
to 100 ml with distilled water. The composite reagent was 
prepared by adding 10 ml of aqueous 0.27% mercuric 
chloride solution to 100 ml of imidazole stock solution 
dropwise with continuous mixing. This solution is stable for 
only one hour. 

solvent. Then 0.2, 0.4, 0.6, 0.8 and 1.0 ml of this solution 
were pipetted into test-tubes (equipped with stoppers) and 
made up to 1.0 ml with the diluted imidazole stock solution. 
Next 5 ml of imidazole-mercury(I1) reagent were added to 
each tube. The tubes were stoppered, allowed to stand in a 
water-bath at 83” for 20 min, then removed and cooled in 
an ice-bath for a short time to bring the solutions to room 
temperature, then centrifuged. A blank solution was pre- 
pared by adding 5 ml of imidazole-mercury(I1) reagent to 
1 ml of diluted imidazole stock solution but was not heated. 
The absorbances were measured at 370 nm against the blank 
and a calibration graph was drawn (Fig. I). 

Application of the methods to Rocephin ’ vials 

The contents of the vial (ceftriaxone disodium, equivalent 
to 1.0 g of its acid form) were dissolved in the appropriate 
solvent to give a concentration of 1 mg/ml for the hydroxyl- 
amine method and 0.6 mg/ml for the imidazole method. 
Then 1.5 ml and 0.5 ml of these sample solutions were 
pipetted into separate test-tubes for use of the hydroxyl- 
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(01 160 260 360 

Concentration (~g/ml) 

Fig. 1. Calibration curves for ceftriaxone determinations. 
I, Imidazole method; II, hydroxylamine method. 

amine and imidazole methods respectively, and the general 
procedure used for the preparation of calibration graphs 
was followed. 

RESULTS AND DISCUSSION 

The hydroxylamine-nickel method of Mays et aL4 
was examined and the conditions slightly modified to 
give optimum conditions for ceftriaxone deter- 
mination. It was found that a reaction period of 
30-60 min for the hydroxylamine reaction gave con- 
stant and maximal final absorbance, and that 13-25 
min was optimal for the iron(II1) reaction period. 

The optimal conditions for the imidazole method 
were also established. It was found that the tem- 
perature and duration of heating were both im- 
portant. Heating at 100” was found to give rapid 
development of an intense colour, but the timing was 
critical for extended heating. At lower heating tem- 
perature the reaction took longer, but the colour 
produced was more stable, though less intense. Heat- 
ing at 83” for 18-24 min gave essentially constant 
absorbance and a 20-min heating period was selected 
for use. To bring the solutions to room temperature 
and to avoid subsequent fading if the solution was 
left at high temperature, the reaction was quenched 
by brief cooling in ice-water. It was found that there 
was no absorption maximum in the 370 nm region if 
the mercury(I1) was omitted. It has been reported 

Fig. 2. Mechanism of reaction of ceftriaxone with 
imidazole-mercury(I1) reagent. 

that mercury and copper salts decrease the absorb- 
ance in the cephapirin determination,‘2 but we find 
that mercury(I1) enhances the absorbance in the 
ceftriaxone analysis. Increasing the mercury(I1) 
concentration increases the absorbance, but the 
imidazole-mercury(I1) reagent becomes more un- 
stable and a precipitate of mercury salts appears. The 
0.27% mercuric chloride concentration used for 
cefadroxil” proved convenient. The optimum 
imidazole concentration is 0.40.5M, whereas it is 
reported as 1.2M for penicillins’ and cefadroxil13 and 
0.013M for cephapirin.12 

The reaction mechanism of ceftriaxone with 
imidazole-mercury(I1) reagent is possibly similar to 
those for penicillins.’ It depends on the catalytic effect 
of the imidazole base on the b-lactam bond and on 
the formation of an oxazolinone ring in the side- 
chain. Binding of mercury(I1) to the thiol group 
which is freed by the cleavage of the dihydrothiazine 
ring stabilizes the product (Fig. 2). The methoxy- 
imino group, included in the R, substituent, which 
becomes conjugated to the oxazolinone ring at the 
end of the reaction, is possibly responsible for the 
absorption at 370 nm. No absorption maximum 
at 370 nm was obtained in the determination of 

Table 1. Results for analysis of Rocephin’” vials (ceftriaxone disodium salt equivalent 
to 1.0 g of its acid form) 

Imidazole method Hydroxylamine method 

Number of detns. (n) 5 5 
Mean value (Z), mg 1029 1019 
Standard deviation (s), mg I 10 
Confidence limits of the mean*, mp 1029 + 9 1019 * 12 
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cephalosporins which do not contain a methoxyimino 
group in their structure, the absorption maxima being 
at 315-345 nm. 

Finally, it was observed that in both the 
hydroxylamine-nickel and imidazole-mercury(I1) 
methods there was no interference by the usual 
excipients in the ceftriaxone formulations and both 
methods were applied to assay of Rocephin”. The 
results are shown in Table 1. 
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Summary-The application of 5,5’-dithiobis(2-nitrobenzoic acid) (Ellman’s reagent) for the determination 
of microgram quantities of various selected cephalosporins in aqueous solution is described. Cepha- 
losporin derivatives (cephalothin sodium, cephacetrile sodium, cefamandole lithium and nafate, ce- 
foperazone sodium and ceftizoxime sodium) have to be treated with 0.5N sodium hydroxide before 
determination with Ellman’s reagent, which reacts with free thiol groups. An aliquot of the solution is 
reacted with Ellman’s reagent in pH 7.2 phosphate buffer and the absorbance of the resulting yellow 
solution is measured at 410 nm. The method, which is simple and precise, has been applied to 
determination of those ceuhalosnorins in formulations, the results being compared with those obtained 
by the Ni-hydroxylaminemethod. 

Cephalothin can be determined by iodometry,‘,* non- 
aqueous titrimetry,L5 polarography,6,7 spectrophoto- 
metry,s-i6 HPLC”-** or fluorimetry.23 Some of these 
methods or others have been used for cephacetrile 
sodium,4~14~18*23-26 cefamandole lithium and na- 
fate 17,27-29 cefoperazone sodium3s32 and ceftizoxime 
sod&m.28*33,34 The aim of the present study was to 
develop a method generally applicable to cepha- 
losporins and to compare it with the 
Ni(IIkhydroxylamine method reported by Mays et 
aL9 Ellman’s reagent was selected for investigation. 

EXPERIMENTAL 

Reagents 

Cephalothin sodium, cephacctrile sodium, cefamandole 
lithium and nafate, cefoperazone sodium and ceftizoxime 
sodium standards were kindly provided by Hoechst, Ciba 
Geigy, Eli Lilly, Pfizer and Boehringer Mannheim re- 
spectively. 5,5’-Dithiobis(2-nitrobenzoic acid) (DTNB) was 
purchased from Janssen Pharmaceutics and hydroxylamine 
hydrochloride from Merck. All reagents and solvents were 
of analytical grade. A 0.15M phosphate buffer (pH 7.2) and 
0.5M sodium hydroxide were used. Ellman’s reagent was 
prepared by dissolving 20.0 mg of DTNB in 100 ml of the 
0.15M phosphate buffer. Demineralized doubly distilled 
water was used throughout. 

Procedure 

Aqueous solutions of the cephalosporins were prepared, 
containing 1.1-2.3 mg/ml cephalosporin. Then 0.2, 0.4, 0.6, 
0.8 and 1 ml volumes were pipetted into test-tubes, and 
made up to 1 ml with distilled water, and 0.5 ml of 0.5M 
sodium hydroxide was added to each. The tubes were then 
stoppered and kept in a boiling water-bath for 65 min for 
cephacetrile sodium and 90 min for the other cepha- 
losporins. The tubes were then cooled in an ice-bath for 
about I min, and allowed to come to room temperature. A 
50-~1 portion was pipetted into a cuvette containing 3 ml of 

the Ellman’s reagent and the absorbance was measured at 
410 nm against a similarly treated blank solution. 

Analysis of dosage forms 

The contents of the commercial vials were diluted appro- 
priately to give nominally I-mg/ml solutions, and 1 ml of 
each solution was analysed by the procedure above. 

RESULTS AND DISCUSSION 

Ellman’s reagent was used for determination of 
cephradine, cephalothin, cephalexin and cepha- 
loglycine by Kirschbaum” but the optimum 
conditions reported are not generally applicable to 
cephalosporins. Kirschbaum proposed pH 9.2 as 
suitable for the assay but the stability of 
5,5’-dithiobis(2nitrobenzoic acid) at this pH was not 
taken into consideration. Baars et al. later in- 
vestigated the stability of Ellman’s reagent and re- 
ported that the reagent blank is influenced by pH and 
temperature.35 It was also observed that at pH 8.0 
the absorbance increased significantly with time, 
whereas only a slight increase was observed at pH 6.5. 
Vermeij, in the determination of penicillins in urine 
with the same reagent, has chosen 7.2 as the optimum 
pH.36 We first studied the degradation of cepha- 
losporins in basic medium. Several degradation stud- 
ies on cephalosporins had already been done37m39 but 
many questions remained unanswered. Fogg et al., 

however, have shown that sulphide is a general 
degradation product of cephalosporins4- The de- 
termination with Ellman’s reagent is based on cleav- 
age of the S-S bond of the reagent by another thiol 
compound, producing the yellow anion of 
5-thio-2-nitrobenzoic acid (Fig. 1). 

We found that the absorbance of the product 
increased with the pH at which the degradation was 
done. Various buffers covering the pH range 9.0-l 1.3 
were investigated and finally 0.167M sodium hydrox- 
ide was chosen as the best degradation agent. The 
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Fig. 1. Mechanism of reaction between cephalosporins and Ellman’s reagent. 
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Fig. 2. Rate of formation of 410-nm chromophore as a function of heating time. Initial concentrations 
(mg/ml): Sl, 1.80; S2, 2.02; S3, 1.50; S4, 1.89; S5, 3.45; S6, 1.25 (see Table 1 for identification). 

PH 

Fig. 3. Extent of formation of 410-nm chromophore as a function of pH. Initial concentrations (mg/ml): 
Sl, 1.80; S2, 1.93; S3, 1.66; S4, 1.92; SS, 2.99; S6, 1.17 (see Table 1 for identification). 
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Table 1. Linear dynamic range and precision 

Comnound Code Linear dvnamic range. uniml RSD range, % 

Cephalothin sodium Sl 3.618 1.54.6 
Cephacetrile sodium s2 3.2-16 1.9-0.7 
Cefamandole lithium s3 5.0-25 1.74.6 
Cefamandole nafate s4 5.&25 1.74.5 
Cefoperazone sodium S5 6.(t30 1.60.6 
Ceftizoxime sodium S6 2.412 1.60.7 

Table 2. Determination of cephalosporins in pharmaceutical formulations 

Recovery relative to nominal content*, % 

Present method Mays’ method 
Nominal 

Preparation Active ingredient content, mg Mean RSD Mean RSD 

Cepovenin@ 1 .Ot Cephalothin sodium 1000 100.3 0.5 101.4 0.6 
Cepovenin& 4.0t Cephalothin sodium 4000 99.5 0.9 100.1 1.9 
Ketlinm 1 .O gi$ Cephalothin sodium 1000 100.0 0.5 99.4 1.1 
Celospor~ 1 .O g$ Cephacetrile sodium 1000 99.5 0.3 99.4 0.5 
Celospor” 2.0 g$ Cephacetrile sodium 2000 99.6 0.2 99.5 0.5 
Celospor@ 4.0 g$ Cephacetrile sodium 4000 100.2 0.5 101.2 1.3 
Kefadol” # Cefamandole nafate 500 99.6 0.3 99.0 0.6 
Cefobis@:TI Cefoperazone sodium 1000 100.2 0.7 100.6 0.9 
CefobisET[ Cefoperazone sodium 2000 100.7 0.6 100.4 1.3 

*Calculated from six measurements of each of nine samples. 
THoechst AG. 
§Mustafa Nevzat Ilac Sanayii A.S. (Turkey), 
SCiba-Geigy. 
#Eli Lilly. 
TPfizer. 

effect of heating time was investigated by heating a For the determination of cephalosporins in injec- 

mixture of 1 ml of sample solution and 0.5 ml of OSM table dosage forms the results in Table 2 were ob- 
sodium hydroxide in a boiling water-bath for 120 tained. The method developed yielded good recov- 

min, withdrawing 50 ~1 portions at intervals, and eries, with RSD in the range between +0.2 and 

analysing them as described in the procedure. The f0.9% whereas the RSD values for the Mays 
results are shown in Fig. 2. Heating for 65 min for method varied between f0.5 and + 1.9%. Our 

cephacetrile sodium and 90 min for the other cepha- method can confidently be used for the six cepha- 

losporins was selected as optimal. losporins examined. 

The effect of pH and the colour development 
reaction was studied by mixing 50 ~1 of degraded 
cephalosporin solution with 3 ml of Ellman’s reagent 
in 0.15M phosphate buffer of various pH values in 
the range 6.4-8.0 and measuring the absorbance. 
Figure 3 shows that pH 7.2 is optimal. 
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Summary-A bismuth ion-selective electrode has been used to determine the nature and stability of the 
complexes formed by bismuth with citric acid and malic acid, by measurement of the response of the 
electrode to different total bismuth concentrations at various combinations of pH and total ligand 
concentration. The values found were /& = 3 x IO” for Bi(Cit):- and b1 = 8 x IO9 for Bi(Mal)j-. 

Citric and malic acids form stable complexes with 
multivalent cations. These complexes play an im- 
portant role in biological processes. These two acids 
are also used for masking such cations.‘-3 The bis- 
muth complexes have been investigated polarograph- 
ically,4.5 and the citrate complex potentiometrically.4.6 
Our bismuth ion-selective electrode’ (with reproduci- 
bility of fO.l mV) provides an additional means of 
potentiometric investigations of these complexes. 

EXPERIMENTAL 

All reagents used were of analytical grade. The potential 
of the bismuth electrode’ was measured with a pH-meter 
and digital voltmeter system which gave e.m.f. measure- 
ments accurate to _+O.l mV. A silver/silver chloride elec- 
trode was used as reference, with a salt-bridge.* 

The complexes are formed according to the equation: 

Bi3+ + n Lp--BiL3 -P” _ ?I. (1) 
Investigation of the equilibrium resolves itself into: (1) 
determination of the composition of the complex, (2) deter- 
mination of the acid form involved, (3) determination of the 
stability constant. 

Composition of the complex 

The stability constant is given by 

and by equating the expressions for two solutions of the 
same pH but different ligand and bismuth concentration, 
and taking logarithms, we obtain 

and hence 

where Q,,+ is the activity and Xx+ the activity coefficient 
of the bismuth ion. Plotting log u~~,+,,,/u~,~+~~, against 

log [Lfl-I,&-I,,, gives a straight line with slope n. To do 
this requires electrode calibration graphs for Bi(II1) solu- 
tions (all at the same pH) containing various concentrations 
of ligand. If the concentration of the ligand is high enough 
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compared with [Bi(III)], then the total ligand concentration 
can be used as the value for the unbound ligand concen- 
tration. 

The bismuth activity ratio can be calculated from the 
differences in the electrode potentials (AS) for solutions 
having the same pH and total concentration of Bi(II1) but 
different ligand concentrations: 

log Qa,J+,l) = AE 
s 

(5) 
%,?+,zl 

where S is the slope of the calibration graph of the electrode. 

Determination of complexing acid form 

The concentration of a particular form of the complexing 
acid depends on the total concentration of the acid and on 
the pH. The dependence described by equation (4) refers 
only to the acid form which plays the main role in complex- 
ing the bismuth, provided there is a large excess of ligand. 

To identify the acid form involved, the electrode potential 
is measured for Bi(II1) solutions containing the same total 
concentration of ligand (C,) but at various pH values. From 
C, and the pH the distribution of the various ligand species 
can be calculated and the dependence of log uB,,+,,,/ur,,,_ *, on 
log ([LP-]&[Lp-](,,) determined for each. The hgand form 
which gives a value of n closest to that obtained in deter- 
mining the composition of the complex is the one which is 
principally involved in the complex formation. 

Determination of srability constants 

In two solutions with different total concentrations of 
Bi(III), the electrode will show the same potential if the 
activities of the Bi3+ cations are the same, and hence 

.AL~i’+l~l, =fiPi3+lc2,. (6) 
With a sufficient excess of ligand present, it may be assumed 
that: 

C,,(,,,, = [B?+] + [BiOH’+] + [BiLi-““1. (7) 

After inserting the expressions resulting from the respective 
equilibria and transforming, we obtain: 

[Big+] = “‘(“‘) 

, + [OH-I 
(8) 

~ + P,[Ll” 
K BlO” 

where KslOH is the dissociation constant for BiOH+. 
If we use equation (8) to express equality (6) we obtain 

the following expression for the stability constant of the 
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Fig. 2. The dependence of log u~~~+J+,,~~,~, ,on log [LP-I,,,/ 
[Lp-J2, for bismuth complexes with (1) mahc acid and (2) 

citric acid. 

behaves analogously). The decrease in electrode 
potential with increase in pH indicates decrease in 
Bi3+ activity, which must be caused by increase in 
concentration of the complexing species. Hence the 

Fig. I. The dependence of the electrode potential on pear,,,,) 
in solutions containing citric acid at various concentrations. 

acid forms taking part in the complexation are those 

Curve A B C D E F G 
which increase in concentration with pH. Therefore 

Cc,,, M 0.02 0.06 0.10 0.20 0.20 0.20 0.20 H,Cit, H&it-, H,Mal and HMal- can be excluded 

PH 4.0 4.0 4.0 4.0 4.4 4.6 5.0 because their concentration decreases with increase 
in pH. For the other acid forms the dependence of 

complex in question: 

RESULTS 

Composition of the complexes 

To determine the composition of the Bi-Cit and 
Bi-Ma1 complexes, the dependence of the electrode 
potential on pCBi(,,,) was found for solutions having 
identical pH but varied citric or malic acid concen- 
tration. 

From the shift of the response curves at fixed pH 
(as shown in Fig. 1 for the citric acid system) the 

dependence of log UBil+,,,/UBIZ+o, on log [Lp-]&-],,, 
was calculated. Corresponding response curves are 
obtained for the malic acid system. Figure 2 shows 
that the slopes of the graphs were 2.04 for the citrate 
system and 2.95 for the malate system, suggesting 
that the Bi(Cit)zm2” and Bi(Mal):-)P complexes are 

formed. 

Determination of the acid form in the complex 

The electrode potential was measured in bismuth 

solutions having the same total concentration of 
citrate or malate but various pH values (as shown in 
Fig. 1 for the citric acid system; the malic acid system 

log aFJ,3+o,/uBi3+,2, on log [LP-],2j/[LP-]uJ was calculated 
as before but for the concentrations of the particular 
acid forms at the pH values used. The slopes were the 
same as those obtained in determining the com- 
position only for the forms Cit3- (n = 1.87) and 
Ma12- (n = 2.89). We conclude that the complexes 
formed are [Bi(Cit3-),]3m and [Bi(Ma12-)3]3-. 

Stability constants 

Stability constant values were calculated from 
equation (9) and the electrode potential measure- 
ments. The activity coefficients were calculated 

Table 1. Stability constants found 

6.3 x 10” 
3.2 x 10” 
3.1 x IO” 
1.4 x IO” 
1.2 x 1OlJ 

Mean = 3 x IO” 

1.2 x 10’0 
1.2 x 10’0 
0.7 x 10’0 
0.6 x 10”’ 
0.5 x 10’0 

Mean=8 x 10” 
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according to the formula: REFERENCES 

logf = -z2 
[ 

0.G -0.21 

1 + l.Sfi . 1 
where I is the ionic strength. The values obtained are 
presented in Table 1. 

Previous workers have presented different views on 
the composition of these complexes. For the malic 
acid complex it has been reported’ that at pH = 4.5 
[Bi(HMal)$- is formed. For the citric acid complex 
Bi(Cit):- has been reported,4 whereas Pingarron 
Carrazon et ~1.~ found a 1:l complex. 

I. K. L. Cheng, Talanta, 1961, 8, 301. 
2. K. Maiumdar and M. M. Chakrabarthv. Z. Anal. 

Chem.,-1957, 154, 262. 
3. F. Umland, A. Jansen, D. Thierig and G. Wiinsch, 

Theorie und Prakrische Anwendung von Komplex- 
bildnern, Akademisehe Verlag, Frankfurt/Main 1971. 

4. K. B. Yatsimirskii and Yu. A. Zhukov, Zh. Neorgan. 
Khim., 1962, 7, 1583. 

5. E. G. Chikryzova and I. M. Vataman, ibid., 1970, 12, 
424. 

6. J. M. Pingarron Carrazon, R. Gallego Andreu and P. 
Sanchez Batanero, Analusis, 1984, 12, 358. 

I. W. Szczepaniak and M. Ren, Talanra, 1983, 12, 945. 
8. K. Ren and W. Szczepaniak, Chem. Anal. (Warsaw), 

1976, 21, 1365. 



T&ma, Vol. 33, No. 5. pp. 375-378. 1986 
Printed in Great Brttain 

0~39-9140~~~ $3.00 + 0.00 
Perg;imon Press Ltd 

SPECTROPHOTOMETRlC DETERMINATION OF 
CADMIUM WITH 2-(5CHLORO-2-PY RIDYLAZO)- 

5-DIMETHYLAMTNOPHENOL 

M. VILLARREAL, L. PORTA, E. MARCHEVSKY and R. OLSINA 
Departamento de Quimica Analitica, “Dr. Caries B. Marone”, Universidad National de San Luis, 

Chacabuco y Pedernera, 5700 San Luis, Argentina 

(Received 22 Maq’ 1985. Revised 13 December 1985. Accepted I1 January 1986) 

Summary-The reaction between cadmium and 2-(5-chloro-2-pyridylazo)-5-dimethylaminophenol (Xl 
DMPAP) in aqueous alcohol media at pH 8.8-10.7 results in an intense violet colour which is stable for 
at least 8 hr. The composition is 2: 1 reagent:metal and the formation constant (5.29 5 0.01) x 10iR. Beer’s 
iaw is obeyed up to 1.34 ppm of cadmium at 550 nm. The optimal concentration range (Ringbom) is 
between 0.16 and 0.72 ppm. The apparent molar absorptivity at 550 nm is (I 20 t 0.01) x IO5 I t mole--‘. 
cm-‘, making the sensitivity one of the highest known. The interference due to copper(II~), iron(W), 
cobalt(H), nickel(H), gold(III), zinc(H) and manganesefI1) can be suppressed. 

From the earlier studies of S-CIDMPAP as a spec- 
trophotometric reagent and metallochromic indi- 
cator,t-6 it appeared that it would be suitable for 
determination of cadmium, for which most of the 
spectrophotometric methods lack selectivity. 

A Varian 634 double-beam spectrophotometer was used 
for recording spectra and a Beckman DU spectro- 
photometer for individual absorbance measurements, with 
1.0~cm path-length glass or quartz cells. 

Reagents 
S-CIDMPA P solution. The reagent was prepared by 

coupling m-dimethylaminophenol with 2-chloropyridyl- 
diazotate, according to Shibata et u!.,~ and used as a 
solution in 96% ethanol. 

neously after mixing of the reagents and remains 
stable for at least 8 hr. 

Absorption spectra and effect ofpN 

The spectrum of the complex shows a red shift of 
110 nm for the absorption maximum relative to that 
of the ligand (550 and 440 nm respectively), with an 
isosbestic point at 480 nm (Fig. 1). 

Cadmium soiution. I x IO-‘&f. The 99.99% vure metal 
(0.1124 g) was dissoived in approximately 30 mi of hydro- 
chloric acid (I + I). by gentle heating. After cooling, the 
solution was quantitatively transferred to a IOOO-ml stan- 
dard flask and diluted to the mark with doubly distilled 
water. More dilute solutions were made as required. 

Sodium terraborate solution, 0. IM. Prepared with water 
free from carbon dioxide, and adjusted to pH 9.2 if neces- 
sary. 

General procedure 

A known volume of sample containing not more than 
25 pg of cadmium is put into a 25-ml standard flask, then 
2 ml of borate buE’*~ (pH 9.2). 1 ml of 0.02% 5-CIDMPAP 
solution and I I ml of 96% ethanol are added. The volume 
is made up to the mark with distilled water and the solution 
mixed. The absorbance at S50 nm is measured L‘S, a reagent 
blank solution. A calibration graph is obtained as usual. 

370 400 450 500 550 600 

RESULTS AND DISCUSSION 

In aqueous solution, cadmium and S-CiDMPAP 
form a sparingly soluble reddish complex. In aqueous 
ethanol, the complex is formed almost instanta- 

Fig. 1. Absorbance curves of SCIDMPAP and its cadmium 
complex in water-ethanol (50% v/v) solution at pH 9.2. 
Reagent 1.2 x IO-~,~;cadmium (I) nil; 11)4.2 x 10 “M; (3) 
4.6 x lo-*M: (4) 5 x IO-‘M; (5) 6 x IO’ ‘M; (6) 

8.4 x IO -‘M. 

375 
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PH 

Fig. 2. Effect of PH on the absorbance of the 
S-ClDMPAP-cadmium &elate. Reagent 8 x 10v5M; cad- 
mium 8 x lQ-*M in water-ethanol ffiO”/o V/V). Measured us, 

reagent blank; IQ-mm cells; R = 550 m. 

The absorption spectrum of the complex in 50% 
aqueous ethanol was examined at different pH values. 
Formation of the complex was found to start at pH 
5, become maximal at pH between 8.8 and 10.7, and 
then decrease at higher pH (Fig, 2). 

At least 4: I molar ratio of ligand t.o cadmium is 
needed to give practically complete complexation, 

Beer’s law is obeyed at 550 nm over the cadmium 
concentration range up to 134 Pg/ml in the final 
solution measured, the optimum range (R~ngb~rn~ 
being 0. I G-O.72 ppm. 

The continuous-variations7 and molar-ratio8 meth- 
ods both showed that a 2: I ligand-metal complex is 

Fig. 4. Betteridge-John plots. CR/C,,: fl) 8.3: (2) 10: (3) 
13.3; c,, = 7.2 x 10-“M. 

formed. ~ie~trophoret~~ migration tests showed that 
the eomplea is not eliectrically charged. 

Figure 3 shows that Cd ‘* is the major cadmium 
species at the pH (9.2) used for the de~errn~~a~~on, 
and at that acidity 5-CIDMPAP is present as HR,* so 
the chelation reaction should be 

2HR + Cd ‘* m CdR, + 2H + 

To establish the hgand:metal ratio and the number 
of hydrogen ions involved in the chelation reaction, 
the Better~dge and John method’ was used. Figure 4, 
used in conjunction with the equation 

G -_= 
A 

-f-+ 
fH+f’ 

%lL: f&L2 c; %=iL? 

shows that the ligand:metal ratio and the number of 
protons involved were 2:f and 2, respectively. 

Because 5-CIDMPAP and its cadmium complex 
are only sparingly soluble in water, an organic solvent 
must be added. Methanol, ethanol, acetone and 
dioxan were tried in different proportions. The molar 
absorptivities obtained with aqueous methanol or 
ethanol media do not differ much, and the difference 
is still less with acetone and dioxan. In all cases, the 
maximum sensitivity is reached when the organic 
solvent content is 45-70% v/v. For simpticity and 
economy 50% v/v aqueous ethanol is recommended. 

Change in ionic strength ‘between 0.01 and 0.4 
(adjusted with sodium perchlorate) does not affect the 
absorbance. 

The methad”’ used to determine the stability 
constant also allows calculation of the molar 
absorptivity. The values obtained were E = (I 21 & 
0.01) x 10’ ~.moIeeL.cm-’ and &= (5.29 kO.01) 
X IQ’*. 
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Table I. Tolerances for some anions in deter- 
m~nation of 3.4 x IO-“kf Cd 

Molar tolerance ratio 
Ion (ligand)~(Cd) 

Ascorbate acid 10 
EDTA <l 
CH, COO 1000 
Br- 2000 
CN -- 5 
CID, 2000 
Ci- 2000 
F-.. 1000 
PO: <I 
NO; 2000 
czo;- 500 
SCN 1000 
S? o:- 5 
Tartrate 1000 
I- ir0 

interferences 

These were studied individually, the criterion for 
interference being a change of & 2% in the absorb- 
ance for 20/~g of cadmium, in presence of a 20-fold 
molar ratio of S-CIDMPAP. 

Table I shows the tolerance levels for several 
anions and masking agents, and Table 2 shows those 
for cations. EDTA and phosphate interfere at a 
molar ratio lower than 1: 1 with respect to cadmium. 

Under the conditions used, gold(III), cobalt(H), 
nickel(H), copper( manganese(I1) and zinc(I1) not 
only consume reagent, thus making the cadmium 
complexation incomplete or even preventing it alto- 

gether, but also cause spectral interference. 

To increase the tolerances to values compatible 
with the composition of commonly met samples, 

Table 2. Tolerances for some common cations in deter- 
mination of 7.1 x 10m6M Cd 

IOIl Molar tolerance ratio Error, % 

AI(W) 100 + 1.8’ 

Mg(II) 200 0 
K(I) 10000 0 
Na(I) 10000 0 
Au(II1) 200 + 1st 
Mo(V1) 100 + 1.2 
WIV) 100 0 
Li(1) 200 + 1.6 
Ca(I1) 3000 0 
Sr(II) 2000 0 
Ba(I1) 2000 0 
Pb(I1) IO f 0.9 
Sn(I1) 2 f2 
Sb(IJI) I + 1.8 
&Ol interferes 
Co(I1) 1000 + 0.8* 
Ni(I1) 1000 + 1.6’ 
Cu(I1) 1000 + 1.2* 
Fe(II1) 1000 + 1.2* 
Mn(I1) 1000 + 1.6* 
Zn(I1) 50 + 1.8* 

*Prior double extraction from 0.4M HBr with 
tribenzylamine in dichloroethane.” 

tPrior double extraction from 3M HCI with ethyl acetate.12 

p: 1 
00 

m m 

2 i? 

p! 91 
I-- 1cI.w 
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Table 4. Some reagents applied to the spectrophotometric determination of cadmium, and the sensitivities attained 

Reagent 
6 

I.moie-‘.cm-” Solvent Ref. 

Xylenol Orange 
l-(2-PyridyIazo)-2-naphthol 
Bromobenzothiazolylazocresol 
Bromobenzothiazoie 
5-[Chloro-(2-pyridyl)azo]-2-naphthol 
4-(2-Pyridylazo) resorcinol 
Dithizone 

2-[5-Bromo-(2-pyridyl)azo]-5-dimethyiaminophenol 

2-[5-Chioro-(2-pyridyI)azo]-S-dimethylaminophenol 

515 2.75 x IO4 
5.55 4.90 x 104 
610 4.90 x 104 
600 5.76 x IO4 
560 7.00 x 104 
495 8.40 x 104 
520 8.80 x IO4 

5.55 1.41 x I@ 

5.50 1.20 x 105 

chloroform 
chloroform 

xylene 
chloroform 

water 
carbon 

tetrachloride 
3-Me-l-butanol 

ethanol-water 

13 
I4 
I5 
16 
17 
IS 

I9 
20 

this 
work 

several masking agents-cyanide, diethanolamine 
(DEA), fluoride, oxalate, ascorbic acid, tartaric acid, 
triethanolamine (TEA)--were tested at their max- 
imum tolerable concentration but were all ineffective. 
The molar tolerance ratios relative to cadmium are 
4000 for DEA and TEA, and 200 for ammonia. 

The only recourse seems to be the use of prior 
separations to remove the interferents. 

The interference of gold (III) is partly spectral, but 
is different in character from that of the other species. 
Gold(W) is partially reduced by the reagent, a 
significant proportion of which is thus destroyed, 
leaving too little to complex all the cadmium. In- 
creasing the 5-CIDMPAP concentration is not the 
answer, since a number of other difficulties, such as 
a significant change in the blank, then arise. Fortu- 
nately, gold(III), even in relatively high concen- 
trations, can be quantitatively extracted by means of 
the Yoe and Overholser technique’~ without change 
in the cadmium concentration. Cobalt(II), nickel, 
copper (II), iron(III), manganese(I1) and zinc can be 
separated by liquid-liquid extraction according to 
the method of Vasyutinskii et al.,” with some 
modifications. The procedure is as follows. 

A 20-ml portion of sample solution, containing up 
to 100 fig of cadmium, 52 mg of cobalt(II), 52 mg of 
nickel, 56 mg of copper( 49 mg of iron(III), 49 mg 
of manganese(I1) and 29 mg of zinc is mixed with 20 
ml of cu. 0.8M hydrobromic acid in a 125-ml sepa- 
ratory funnel and shaken for 10 min with 40 ml of 2% 
tribenzylamine solution in 1,2-dichloroethane. After 
settling, the phases are separated and 20 ml of the 
organic phase are shaken with 10 ml of 0.4M hydro- 
bromic acid for 5 min. The organic phase is separated 
and shaken for 30 min with 20 ml of cu. O.OlN 
sodium tetraborate* The aqueous phase from this 
final separation is collected and analysed. 

APPLICATIONS 

The procedure was applied to determination of 
cadmium in 10 synthetic samples, prepared from 
analytical grade reagents, and including cations that 

could cause interference at the levels used. Table 3 
shows the composition of samples and the results 
obtained. 

The method compares favourably in sensitivity 
with most of the commonly used methods for cad- 
mium except that using the bromo analogue of 
S-ClDMPAP, with extraction into 3-methylbutan- 
f-01 (Table 4). 
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Summary-An investigation of the optimal conditions for the determination of selected purine and 
pyrimidine compounds has been made by studying the separation efficiency of reversed-phase cofumns 
and ion-exchange columns and comparing the sensitivity of photometric and el~tro~hemical detectors. 
The combination of ion-exchange HPLC with electrochemical detection proved very good for the 
separation of electroactive compounds, under the experimental conditions studied. Both types of column 
allow detection at the picomole level. In general the electrochemical detector appears to be the more 
sensitive of the two types. 

It is well known that various pathological conditions 
induce in biological fluids (blood, serum, urine) and 
in cellular extracts, changes of the levels of nucleo- 
tides. nucieosides, and the corresponding purine 
bases,“’ so much so that in recent years such sub- 
stances have been studied as “biochemical indi- 
cators” of various diseases,) especially those of neo- 
plastic origin. 

Many workers have recently tackled the problem 
of monitoring such substances by means of different 
techniques, such as HPLC,‘.’ ’ gas chromato- 
graphy”.rO (which requires, however, formation of 
derivatives of the compounds), and coupled 
CC-.MS ‘I.‘2 

This study presents an investigation of the HPLC 
behaviour of 21 purine and pyrimidine compounds 
(which contain phenol and/or aromatic amino 

groups, which are potentially liable to electro- 
chemical oxidation),13~is in both reversed-phase 
chromatography (RPLC) and ion-exchange chro- 
matography (IEC). The feasibility of utilizing the 
electrochemical detector (ECD) (which has been 
found useful in determination of uric acid”) with 
both types of column has been verified for the whole 
series of compounds investigated. 

EXPERIMENTAL 

Appur~tu.~ and reagents 

A Hewlett-Packard Model IOiOA liquid isochromato- 
graph with a Rheodyne 7120 sample injector (20-p 1 sample 
loop), was used. 

The detectors were (a) a Hewlett-Packard Model 1032 
ultraviolet detector operating at 254 nm, and (b) a Metrohm 
Model 656 electrochemical detector equipped with a three- 

*Work supported by the National Research Council 
(Rome, Italy), grant no. X3.00231.03. 

tAuthor to whom correspondence should be addressed. 

electrode detection cell (Model EA 1096/2) with an internal 
volume of - 1.3 ~1. The working and auxiliary electrodes 
were made of glassy carbon; the reference electrode was an 
Ag/AgCl system. The surface of the working electrode was 
renewed every day by mechanical polishing with alumina 
powder (0.3pm). A Metrohm V,A 641 potentiostat was 
employed and the detector output was displayed on a 
Houston Omniscribe recorder and on a C-R,A Shimadzu 
data processor. 

The reversed-phase and anion-exchange columns were : 
(a) Hibar Merck (Lichrosorb RP,,) lOfiLm, 250 x 4 mm, 
and (h) Partisil-Whatman (SAX IO), 10 pm, 250 x 4.6 mm, 
respectively. 

The following eluents were used: (A) KH,PO, (O.OIM) 
and methanol (9515 viv). buffered at nH 4.00 with 2.2M 
formic acid; and’ (B) ‘KH,PO, (O.O&) and methanol 
(SO/20 v/v), buffered at pH 5.8 with OSM potassium hydrox- 
ide, for use with reversed-phase chromatography, and (C) 
KH,PO, (0.01 M) and acetonitrile (9OjlO v/v), adjusted to 
pH 3.3 with OSM sulphuric acid, for use with ion-exchange 
columns. 

The pH values desired were obtained by addition of acid 
or base to the buffer solution, followed by adjustment of the 
phase-volume ratio by addition of the necessary volume of 
the organic component. The pH values were measured to 
kO.01 with an Orion Research Model 201 pH-meter. 

The solvents (HPLC grade) and other chemicals (RPE 
grade) used in preparation of the eluents, were obtained 
from Carlo Erba. The standard purine and pyrimidine 
compounds were supplied by Sigma Chemical Co., and were 
of the highest purity available: their standard solutions 
(I x IOmSM and 1 x lo-“M) were prepared daily, with the 
chromatographic &tent as solvent. As a biological model 
sample a human serum sample pooled from 20 donors was 
supplied by the “Istituto di Clinica Medica III” of the 
University of Bologna. 

The test sample was preparedly by adding 2ml of 10% 
trichloroacetic acid solution dropwise to I ml of pooled 
serum with vortex mixing at moderate speed. The vortex 
mixing was continued for 5 min, then the sample was 
allowed to stand for 2 hr at 4”. The solution was then 
centrifuged for 15 min at 700 rpm to separate the cell 
proteins. The clear supernatant fluid was filtered through a 
plastic Milhpore filter (Swinnex 25) and IO pl of filtrate were 
injected for HPLC analysis. 
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Table 1. Capacity factors f/r’)? for purines and nucleosides (20 ~1 of 1 x 10--4M 
solution) on a reversed-phase column (Hibar RP18), with eluents (A) and (B) of 
different polarity, and on an anion-exchange column (Partisii-Whatman SAX 10) 

with eluent (C), at flow-rate 2 ml/mm 

k’ 
-~~-.-I 

Substance Eluent (A) Eluent (B) EIuent (C) 

I Uracil 0.40 O.f4 
2 Uridine 0.89 0.58 
3 *Uric acid 1.05 1.50 
4 Hypoxanthine 1.33 0.99 
5 *Xanthine 1.44 0.56 
6 *Guanine 1.83 3.44 
7 Cytosine 1.89 11.3 
8 Thymine 1.94 0.06 
9 Cytidine 2.11 15.7 

10 Inosine 2.33 I .a 
1 I Ai~opurinoi 2.78 0.14 
12 *Guanosine 2.94 2.78 
13 Thymidine 4.1? 0.14 
14 *Xanthosine 4.28 I.ll 
15 Purine 6.33 0.92 
I6 Ad~nosine - 1.55 2.31 
17 *Adenine 15.1 1.75 5.36 
18 Theobromine 16.7 2.45 0.14 
i9 *Theophyl~ine 31.2 3.95 O.06 
20 Caffeine - 10.5 0,03 
21 *6-N-Dimethyfaminopurine - 16,g 2.06 

tk’ = (TR - ~R,)/~k”, where r, = retention time of the component investigated 
and Ta,, = retention time of a component not retained. 

*The asterisk denotes the compounds which can be detected both photometrically 
and electrochomiealiy. _ 

Ali experiments were done at room temperature. Each 
experimental. datum used was the mean of at least five 
consistent measurements. 

A series of 21 compounds of the type described was 
studied by means of both detectors and both types of 
column, with eluents (A) and (E) for the reversed- 
phase chromatography and eluent (C) for the ion- 
exchange chromatography. The choice of eluents 
resulted from an experimental investigation involving 
a series of eluents differing in the content and type of 
organic solvent, and met the criterion af maximum 
separation among the large number of compounds 
s~mu~tan~usIy present. The optima1 isocratic separ- 
ation ~ondit~uns were investigate, since the gradient 
technique is not applicable when the electrochemical 
detector is used, because of noise in the signal (see, 
e.g., Lores er al.“). 

The capacity factors (J% ‘) of the substances, individ- 
ually determined, are listed in Table 1 along with the 
experimental conditions. Asterisks mark the com- 
pounds which give a response with both detectors. 

Reversed-phase chromatography 

The data reported in Table I are in line with those 
expected on the basis of the soIvophobic theory, the 
more hydrophobic components showing longer reten- 
tion times. Several pairs of compounds are not 
separable, because their k’ values are excessively 
close. In the ex~rimenta1 conditions expiored, the 

e~e~trochemi~a~ detector shows positive responses for 
oxidation for only eight of the compounds examined. 

The purine bases and the nucleosides substituted 
with easily oxidizable groups (such as -NH,; --OH; 
-NR, f at position 6 of the ring, and with the =NH 
group in position 7 unaltered, were found to be 
electroactive. 

Figure I presents the separation obtained by 
reversed-phase HPLC [eluent (A ), short retention 
times], with electrochemical detection, for a mixture 
of 4 electroa~tive compounds. 

Figures 2 and 3 illustrate the response (current 1;s. 
applied potential) of the first five electroactive com- 
pounds separated by use of eiuent (A), and of the 
remaining three compounds, characterized by higher 
retention times, separabte through the use of eluent 

(B). 
A glance at Fig. 2 shows immediately that uric acid 

can be determined at a much lower potential than 
that of the other purines studied. Indeed it is the only 
compound, under our experimental conditions, 
which gives a response at the electrochemical detector 
at potentials lower than -t-O.75 V and down to 
+0.55 V (US. Ag/AgCl). This fact singles out its 
determination as immune from separation problems. 
When the potential range is extended from +0.X to 
+0.95 V, xanthine and guanine become detectable in 
addition to uric acid. 

ft is clear that the eiectro~hemi~a~ detector results 
are extremely useful in the case of overlapping 
etution of pairs of species, one of which is electro- 
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Fig 1. Separation of bases and nucleosides on Hibar RP18 
column: 20 ~1 of solution (I x 10~SM in each solute, corre- 
sponding to 0.2 nmole of each solute): eluent (A ); flow-rate 
2 ml/min; electrochemical detector (oxidation potential 
+ 1.10 V t’s. Ag/AgCl); 3 = uric acid; 5 = xanthine: 

6 = guanine: 12 = guanosine. 

active. Such is the case for the pairs uridine-uric 
acid*; hypoxanthineexanthine*; cytosine-guanine*; 

thymine-guanine*; allopurinol-guanosine*; thymi- 

dine-xanthosine*; adenosine-adenine* (see Table 1); 
the electroactive component is indicated above by an 
asterisk and is readily detected electrochemically, 
even at very low concentration, when present in an 
unresolved composite peak. 
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Fig. 3. Relationship between electrochemical detector re- 
sponse and applied potential for 2 nmoles of substance 
investigated; Hibar RP18 column; eluent (B); flow-rate 
2 mlimin; + thiophylline: A 6-N-dimethylaminopurine; 0 

adenine. 

ion -exchange chromatography 

The ion-exchange column utilized, in combination 
with eluent (C), gives the best results, since it allows, 
in reasonable times, elution of all 21 substances with 
a single solvent (see Table I), though theobromine, 
allopurinol, thymidine and uracil, which have equal 
k’ values, cannot be separated when simultaneously 
present; not can the purine-hypoxanthine pair be 

separated. 
However, for the thymine-theophylline*, uridine- 

xanthine* and inosineeuric acid* pairs, the electro- 
active compound (*) can easily be detected in the 
unresolved composite peak, by means of the electro- 
chemical detector. 

V (vs Ag /AgCI) 

Fig. 2. Dependence of electrochemical detector response on applied potential. for 2 nmoles of substance; 
Hibar RPl8 column; eluent (A); flow-rate 2 ml/mitt; @ uric acid; 0 guanine; n xanthine; 0 guanosine: 

0 xanthosine. 
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Fig. 4. Ion-exchange HPLC separation of the eight electro- 
active substances examined, on the SAX 10 column: 20~1 
of solution (1 x 10e5M in each solute, corresponding to 
0.2nmole of each solute); eluent (C); flow-rate 1 ml/min 
electrochemical detector (oxidation potential + 1.20 V us. 

AgiAgCk 19 = theophylline; 5 = xanthine; 14 = 
xanthosine: 3 = uric acid; 21 = 6-N-dimethylaminopurine; 

12 = guanosine; 6 = guanine; I7 = adenine. 

Eluent (C) allows the complete separation of all the 
eight oxidizable substances studied, when they are 
simultaneously present (Fig. 4). 

Figure 5 reports the electrochemical detector re- 
sponses (current as a function of applied potential) 
for the eight electroactive substances. 

The behaviour closely parallels that observed with 
the Hibar column, although the characteristic plateau 
shape is missing, except in the case of uric acid; the 
difference is reflected in the higher potential values 
(+ 1.20 V) necessary for good responses to be ob- 
tained. 

Lower limits of detection 

The detection limits have been determined with 
both types of column for the eight substances 
amenable to both types of detector, in order to assess 
the relative sensitivities. The results are reported in 
Table 2. 

The values were obtained from injection of 20-~11 
samples of solutions of decreasing concentration, 
made from a single standard solution, the criterion 
for acceptability being a signal/noise ratio of at least 
4/l. 

The results show that the electrochemical detector 
is from 2 to 10 times more sensitive than the photo- 
metric detector. 

Selective determination of uric acid in pooled human 
serum 

The uric acid was determined in 10 p I of the pooled 
sample of human serum (deproteinated as described 
above) with the SAX 10 column [eluent (C), electro- 
chemical detection at +0.70 V US. Ag/AgCl]. The 
peak obtained had the same retention time as a 

l”;[_ /(--Kg 
0 50 060 070 080 090 100 110 120 

V ( vs. Ag /AgCI ) 

Fig. 5. Dependence of electrochemical detector response on applied potential for 2 nmoles of substance 
investieated: SAX 10 column: eluent (C): flow-rate I mUmin; electrochemical detector; @ uric acid; 0 
guanink a xanthine; A 6-N-dimethylaminopurine; 0 guanosine; 0 xdnthosine; 0 adenine; 

+ theophylline. 
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Table 2. Detection limits on Hibar RP18 and SAX 10 columns, for the 
eight substances responding to both detection techniaues 

Substance 

Lower limits of determjnation, 
pmole 

~..________ ._______. __~. .~~ 

Reversed-phase* Ion exchange? 
(Hibar RP18) (Sax 10) 

ECD$ uv!: ECD§ UV: 

Uric acid 2 IO 10 
Xanthine 2 10 10 
Guanine 2 IO 1 
Guanosine 10 20 2 
Xanthosine 10 20 2 
Adenine 2 IO 2 
Theophylline IO 20 N.R.# 
6-in-Dimethylaminopurine 20 100 IO 

*Flow-rate 2 ml/mm; eluents (A) and (B). 
JyFiow-rate I ml/min; eluent (C). 
§Oxidation potential = + 1.20 V t!s. Ag/AgCI. 
fi = 254 nm. 
#The value is not reported, owing to the excessively low k’ 

20 
20 
10 
IO 
10 
IO 

10 

value. 

standard solution of uric acid under the same experi- 
mental conditions. 

A further check was made by adding known micro- 
quantities of uric acid to samples of the same pooled 
serum, and observing the regular increase of the peak. 
The addition to a similar sample, in the same experi- 
mental conditions, of known quantities of xanthine, 
guanine and adenine, did not produce any new peak, 
showing the good selectivity of the method. 

The determination of uric acid was done by the 
method of standard additions.2’ The results obtained 
from various portions of the pooled serum (each 
result being the average of ten determinations) were 
found to agree within k 2% with the results obtained 
by the photometric enzymatic uricase method*’ for 
the same samples, and similarly averaged. 

CONCLC’SIONS 

The combination of the ion-exchange column and 
eluent (C) shows good separation efficiency for the 
group of substances examined, since it allows, with a 
single solvent, the isocratic elution of all the com- 
pounds, with reasonable retention times, and affords 
complete separation of the eight electroactive sub- 
stances. 

The electrochemical detector, whenever applicable, 
gives a higher sensitivity than the photometric de- 
tector. It also affords the possibility of a selective 
response for an electroactive substance giving a peak 
overlapping those of non-active species. 

The separation of electroactive compounds and 
their determination is satisfactory down to the pico- 
mole range. 

For determination of uric acid in human serum, the 
method gives results comparable with those obtained 
by means of traditional methods. In general, 
reversed-phase HPLC is most often utilized for separ- 
ation of purine and pyrimidine compounds because, 
in combination with photomet~c detection, it ailows 

use of a gradient elution system. However, for deter- 
mination of electroactive purine bases and nucleo- 
sides, it appears from the data reported (Figs. 1 and 
4; Table l), that an ion-exchange column and electro- 
chemical detection will give better performance. 
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Rbumi-Les propriCt&s klectrochimiques de NzO, en solution dans ie sulfolane anhydre et dksoxygkk 
ont 6th &dikes g I’aide de la voltammitrie IinCaire et cyclique sur t‘lectrode de platine poli. L’espke 
N,O, s’oxyde selon la r&action N20,~2N0 2 $2NO$ + 2e-, et se riduit en deux &apes: 
NOz+NzO,+e- G+ NZO, + NO; (i&e &ape); 3Nz04 + 2e- * 2N20? + 2NO;. N,O, + L’ G+ NO _t 
NO;,2NZ0,+e-e 3N0 + NO; (Z&me &ape). En prkence de traces d’eau, i’aliure des courbes 1 = /‘(El 
se complique par l’intervention de dew vagues cathodiques et une vague anodique supplkmentaircs. Cc 
ph&nomGne s’explique par la formation des espkes tlectroactives N?O,, HNO, et HNOz produites lors 
de la dismutation de NzO, scion NZ04 + H,O + HNOZ + HNO,. suivie de la rkaction HNO, -t. 
N,O, G= N,O, + HNO,. Les potentiels normaux intervenant au tours de ces processus &ctrochimiques _ - 
sont disc&s et tvaluts. 

Si en phase gaz,’ N,O, se dissocie selon 

N2Q + 2N0, (I) 

en solution dans un solvant organique, d’autres kqui- 
libres hktkrolytiques interviennent: 

N,O, ;rt NO+ + NO; (II) 

NzO, ~?r NO; -t NO; (III) 

L’Cquitibre (1) a tttt Ptudii par Redmond et Wayland 
dans divers solvants organiques par la technique 
R.M.N; ces auteurs ont remarquk que cette dis- 
sociation est faible (dans I’acCtonitrile K&,4 = 
0,30. 10s4 ri 25’). L’Cquilibre (II) a 6tC ktudil par 
Cauquis et Serve dans le nitromethane,j,4 et par 
Bontempellis dans l’a&tonitrile (ktude de la rkduction 
des solutions de N204 sur ilectrode de platine). La 
complexit des ph~nom~nes dus 8 I’eau rksiduelle, n’a 
pas permis & ces auteurs d’atteindre les constantes 
d’kquilibres correspondantes. 

Connaissant les valeurs des constantes d’~quiiibre 

(I), (II) et (HI) dans le sulfoiane, que nous avons 
d&erminCes 6 l’aide de techniques ~lectrochimiques et 
spectroscopique (R.P.E.),(‘.? now avons repris I’ttude 
klectrochimique de N,O, (sur I’ilectrode de platine 
poli) dans ce solvant, oli I’impureti “eau” est facile- 
ment CliminCe. Un mkanisme g&&al des propriktis 
oxydo-rkductrices de N,O, en milieu aprotonique 
sera proposk. Nous kvaluerons ensuite l’~n~uence de 

l’eau sur le comportement Clectrochimique des solu- 
tions de N,O,. Les potentiels normaux des couples 
~lectrochimiques intervenant lors de la rkduction de 
N,O, seul ou en prksence de traces d’eau, seront 
calculk 

*Auteur pour correspondance. 

La purification du sulfolane a ktk d&rite prCctdemmentX 
ainsi que la priparation de N,O,.” Le perchlorate de 
t~traethylammonium (Carlo Erba) est skchk ii 60 sow 
pression rirduite durant un mois. 

Les courbes intensitk-potentiel en kgime stationnaire ant 
et& tracks $ 30 rt 1 i I’aide d’un ensemble voltam- 
pkom&rique Tacussel. La vitesse de I‘klectrode ind~cntrice 
de platine (diametre 0.8 mm) est de IO tours, see. La vitcssc 
de balayage des potentiels est de 5 mV!sec. La voitammktric 
cyclique a ktk rkaiiske i I’aide de la mSme &ctrodc. 

L’klectrode de rkfkrence est constir& par un lil d‘argcn~ 
plongeant dans une solution de AgCIO, (0. I M 1 rclik 3 1~1 
cellule de mesurc par un pont rempii d’unc solution de 
(C,H,),NCIO, (0,IM). Le potentiel de demi-vague du sys- 
&me ferrodne-ferricinium est pris comme origine de 
l’kchelle de potentiel. 

Toutes ies manipulations sont effect&es en boite i yank 
Le dosage de l’eau est effectuk par la m&ho& Karl k-‘~schcr 
(rkactif gi%krk par coulom&rie’“) aprPs awir tracL; 1c do- 
maine d’klectroactivitt du solvant. 

RESULTATS ET DISCI’SSION 

L’ktude Clectrochimique de N,O, sur Clcctrodo dc 
platine poli a Ctk effect& dans Ic sulfolane. cn prk- 
ence de perchlorate de t~tra~thylammonillm 0. I tf ti 
30 . Pour des teneurs en eau t&s faibles (dc I'ordrc dc 
1 ppm), la courbe i =.f(E) (Fig. 1) prkscntc unc vuguc 

anodique (A) ma1 rksolue, et deux vagues cathodiqucs 
trks rapprochkes: I’une de faible amplitude (B) et 
l’autre ma1 dkfinie (C). 

~xydutio~ des ~01~~~~~s de N&l,. La vague an- 
odique (A) apparait g des potentiels anodiques tr&s 
tievkes E,!2 N + 1,55 V par rapport au potentiel dc 
demi-vague du systkme ferrocine,/ferricinium, et pour 
une concentration [NzO,] = 5,4. IO-IM i 30 Une 
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&tude dCtaillCe de cette vague a montrt qu’il s’agit de 
l’oxydation de NOz provenant de la dissociation 

homolytique de NzO, (Kkzo, = [N02]‘/[Nz04] = 
I ,43. lo- ’ i 30.‘) selon le mircanisme rkactionnel:‘.” 

N>O, - L 2N0, + ZNO+ + 2e - 
A? 

Ce processus &lectrochimique est contrfilt: par la 
constante cinbtique de monomtrisation k,. 
L’expression mathkmatique du courant cinktique 
nous a permis d’atteindre les constantes cinCtiques k, 
et k, de la r&action (I).’ Le mecanisme de I’oxydation 
de NZO, dans le sulfolane a ensuite id gCn&alist & 
d’autres solvants aprotoniques: nitromkthane, act- 
tonitrile, carbonate de propyltne. Les valeurs des 
potentiels E,,] relevkes sur la vague anodique de N,O, 
en solution dans ces solvants, sont reportCes dans le 
Tableau 1. 

Rkduction des solutions de N,O,. La vague cath- 
odique (B) (Fig. 1) de faible amplitude et situ&e i 
.E,;* N +0,58 V par rapport au potentiet EiiZ du sys- 
teme ferrocPne/ferricinium, ne dipend pas lin&=aire- 
ment de la concentration. Son courant limite n’est 

pas contrbl& par la diffusion. Une &tude en fonction 

de la tempkrature a montrk que cette vague prCsente 
un caractere cinttique: son coefficient de tempirature 
est supirieur ri 3%. La hauteur de cette vague est 
l&g&ement infkrieure i celle de l’oxydation de N,Oj 
[vague (A), Fig. I]. De plus, une voltammtttrie 
cyclique sur cette vague montre que I’oxydation des 
produits form& lors de ce processus de rCduction 
correspond a celle de N,O, en prCsence de nitrate. 
Pour interpriter la vague (B), now proposons le 
schkma suivant: 

NZO, -?- ;r 2NO2 (I) 

2N0, + 2e - f 2NO; 

2NO;- + N,O, G 2N0 + 2N0, (IV) 

L’oxyde nitrique rkagit avec NzO, en exc& pour 
donner le trioxyde de diazote. Commc NZO, est en 
exces, on peut admettre que la r&action est pra- 
tiquement totale. Rappelons que la constante de 
dissociation molCculaire de N,O, dans le sulfolane est 

kgale i K&X = [NO]*[N~O~]/[N~O~]~ = 4.4. IO-’ 5 

Tableau 1. Potentiel E, z de la vague 
d’oxydation de NzO, dans quelques 
solvants aprotoniques--[NZO,] 2 IO-‘M 

(298 K) 

Solvant 

Sulfolane 

E Y 121 
+ 1.63 
+ 1.56* 

Carbonate de 
propylkne + I.60 

Nitromtthane + 2,07 
Acktonitrile + 1,82(Ag+:AgO,Ol MI” 

+1,7X (Ag+/AgO,IM) 
+ l-74 (Fc+/Fc) 

*Potentiel de demi-vague relevt k 303 K. 

30”,6 et la constante cinktique k,de formation de NJ& 
est relativement importante:li ” 

2N0 + NzO z, 2 2N,O, (V) 

soit globalement: 

NO,+N,O,+e- GG NzOl + NO, (VI) 

Cette r&action est en accord avec l’invariance 
potentiel de demi-vague avec la concentration. 

du 
Le 

systgme (VI) est limitk en partie par la r&action (I) de 
monom~risation de NzO, [comme dans le cas de 
I’oxydation de N:O,:’ vague (A), Fig. I], et &en- 
tuellement par la rCaction d’oxydo-riduction (IV). 
Nous avons voulu comparer le potentiel thkorique de 
demi-vague avec sa valeur expkrimentale obtenue 
prkcidemment. Le potentiel normal du couple (VI) 
s’exprime par la relation: 

E”(V1) = i[E”(NO + NO;,‘2NO;) + E”(NO+/NO)f 

OG Go, et Kko4 reprksentent les constantes 
d’kquilibres ioniques de Nz03 et N204 scion 

N,O, e NO+ + NO; et Nz04 ~lr NO+ + NO,. Dans 
le sulfolane, ces constantes sont &gales B KhIo, = 
,@- 11.2 et Qod = IO-‘.? B 30”.“,’ E”(N0 + NO,/ 

2NO;) et EO(NO+/NO) sont les potentiels normaux 
des systtmes NO+NO; +~+2N0; et 
NO++e-+ NO, respectivement tgaux i +0,07 V 
et +0,72 V B 30”.” I5 Le calcul du potentiel normal 

du couple (VI) donne E”(V1) = +0,56 + 0,04 V. 
Dans l’hypothkse oi Ies coefficients de diffusion des 
espgces mises en jeu dans le systeme (VI) sont voisins, 
on peut assimiler le potentiel de demi-vague au 
potentiel normal. Nous constatons alors que la valeur 

expirimentale, E,,: = +0,58 V, est en bon accord 
avec le potentiel normal calculC, E”(V1) = +0,56 
2 0,04 v. 

La vague cathodique (C) ma1 dCfinie et situ&e ii un 
potentiel E, ? moyen 5 +0,08 V pour une concen- 
tration fNizO,] = 5,4.1 O- ‘M, laisse p&sager que plus- 
ieurs processus &lectrochimiques interviennent simul- 
tanCment. De plus, une tlectrolyse $ potentiel impost 
(E, = -0,47 V) montre la prisence intermkdiaire de 
NzO, (la solution se colore en bleu), puis la formation 
de NO gazeux, et simultanCment la disparition de 
NzO,. Le nitrate a aussi & caract&ist par la courbe 
~lectrochimiq~e rkali&e avec cette solution apr& 
&lectrolyse et Climination de NO. Globalement, 
l’ensemble des deux vagues (B) et (C) correspond i 1 
faraday par mole de N,O,. On peut admettre que la 
rkduction de N,OJ dans cette t:tape fait intervenir la 
dissociation ioique de N,O, en NO + et NO,, suivie 
de la rkduction de NO’. L’oxyde nitrique NO formt? 
peut ensuite rkagir avec N,O, pour conduire i N,O, 
au moins partiellement. La rbduction de N20J [vague 
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(C)] peut done s’ecrire: 

2Nz0, ;rt 2NO+ + 2N0, 

2NO’ + t ;- 2N0 

2N0 -t N,O, ftr 2Nz0, 

soit giobalement: 

3N,O, + 2r e 2N,O, + ZNO, (VII) 

NJ& Ctant aussi ilectroactif, sa riduction intervient 
6 des potentiels un peu plus negatifs. NzOi pouvant 
etre consider+ dans notre solvant comme un com- 
piexe de NO et N,O,, sa reduction peut alors s’ecrire: 

2N@, GP N,O, + 2N0 

N,O, t P .- G= NO + NO, (VIII) 

soit globalement: 

2N,O, + e - F+ 3N0 i NO, (IX) 

Notons qu’en raison de la faible dissociation 
ionique de NzO, en NO: et NO; (K = [NO: IfNO; 11 
[N,O,] = 10w2’” $ 30” dans Ie sulfolane’), la r&tction 
(III) n’intervient pas lors du processus de reduction 
de NzO,. Cette reduction en plusieurs &tapes trks 
proches et ma1 differentiabies expliquerait l’allure de 
la courbe observee. Afin de confirmer nos hypotheses, 
nous avons calcule, a I’aide des constantes 
d’equilibre, les potentiels normaux des couples Clec- 
trochimiques mis en jeu. 

CUM thlwiyue des potentiels narmaux des couples 
(HI), (Wf) PI (IX) 

c’oupk ~le~rr~e~z~rniq~e (VII): 3NZ0, + e I + 
2Nz01 -t- 2NO;. On peut facilement exprimer le po- 
tentiel normal E (VII) en fonction de la dissociation 

ionique de NzOj, Kh204, la constante de dissociation 
moleculaire de N:O,. K;l+,, et du potentiel normal du 
couple NO +/NO, E (NO’ INO), selon: 

E (VII) = E (Not/NO) 

Le potentiel normal du couple (VII) cst done &al ri 
+ 0,42 t_ 0,03 V. 

C~zyle ~i~~tr~~ehj~lj424~~ ( WZ): N,O, -t- e - -;r: NO 
+ NO; Le potentiel normal de la reduction de N,O, 
s’krit: 

E>(VIII) = E (NO”jNO) - 7 pK&, 

= +0,2g + 0.02 v. 

C0l4pk ~i~~tr~~~~rn~ql~~ (IX): 
3N0 + NO;. Le potentiel normal 
peut s’exprimer suivant I’equation: 

E ‘(IX) = E. (NO’!NO) 

2N,O,+r s 
du systeme (IX) 

= +0,01 i_ 0.00 v. 

L‘allure de la vague (C) de reduction de NzO, 
montre qu’a c6tC des couples (VII) et (IX), il faut 
aussi tenir compte du couple (VIII). En effet, si 
seuls (VII) et (IX) interviennent. la vague (C) devrait 
Stre diviscc en deux vagues distinctcs: 
E.(VII) - E (IX) = 410 mV. Au contraire, si le cou- 

ple (VIII) est envisage. les differences entre les poten- 
tiels normaux sont voisines de 250 mV. et les reac- 
tions ne sont plus s&parables et donnent done lieu i 

Fi&. I. Courhes i~ten~it~.“p~tentiel relatives aux prop&t& ~xyd~~-r~ductrices de N,O, dans le sulfol:~nc 
i 30 (electrolyte indifferent: [(CLH,),NCJO,J =O,IM); [N,O,J = 5.4.10 '.kf (----): apres addition d’eau, 

[H>Oj= 1.5.10 'hi(------). 



une vague gtobale ma1 d&ink. Cette intervention du 
couple (VIII) provjendrait de ce que ta r&action (V) 
entre NzO, et NQ n’est pas totale.” Un en- 
registrement de voltammCtrie cyclique rkaliske avec 
une solution de N@,, est en accord avec I’existencc 
de plusieurs systkmes ~Iectrochimiqucs au cows de la 
rkduction de N,Oo. 

Jnflumce de i’eau duns le pracessus d’cwdation de 

N,O, 

Dam le cas 16 ies solutions de N,U, ~ontj~~nent 
des traces d’eau, on observe SUP fcs courbes i =J‘(E) 
une vague anodiqu~ suppl~mentaire (D) sit&e ii des 
potentiefs moins positifs que l’oxydation de NZ04, 
E 112 N +0,81 V (Fig. 1). D’autre part, on constate que 
cette vague n’est pas contrBlle par la diffusion, sa 
hauteur augmente cependant avec la concentration 
d’eau dans le milieu, mais non linkairement, et di- 
minue avec le temps. Un enregistrement de volta- 
mmitrie cyclique effectuk sur cette vague, est identi- 
que k celui obtenu pour une solution de N,O,. Cette 
formation de N203 est confknite par I’apparition 
d’une coloration bieue lors de l’addition d’eau en 
quantiti: voisine de celle de la solution de N2Q. 
L’apparition de I’espltce N+D, dans le milieu peut 
s’interprker &on le schCma:‘*is 

N,O, + HZ0 + HNOz $ HNO, (X) 

HNO, + NzO, = N,O, + HNO, (XI) 

Un barbotage d’azote dkolore cette solution, ce qui 
co&me la faible stabilitk de N,O? et l’~limination de 
NO de ia solution. Cette Climination de NO est 
responsable de la diminution de la vague d’oxydation 
au tours du temps (Fig. 2). Remarquons que cette 
vague n’apparait pas mEme apr&s une faible addition 
d’eau ;i la solution si on a pr~alablement ajoutC de 
i’oxygtke. le N?03 form& &ant alors aussit6t oxydk en 
NzO,. La formation de N,O, est tributaire des con- 
stantes d’kquilibres des rkactions (X) et (XI). NOLIS 
n’avons pas pu dtterminer cellc correspondante ri 
I’hydrolyse de N,O, en raison du d~placement de 
I’kquilibre au tours du temps, favorid par 
I’blimination de NO. Nkanmoins, cctte constante est 
modirkment dkplacke, puisque par addition d’eau, on 
observe une Egke diminution de la vague de &due- 
tion de NZOe et apparition simultarke de la vague de 
rkduction de HNO,, vague (F) (Fig. ff. La con&ante 
d’kquilibre de la r&action (XI) a Ptk kvalde:” 

K (XI) = 0,25. 

En prkence d’eau, on constate I’apparition de deux 
vagues cathodiques suppkmentaires (F) et (G) (Fig. 
I) situ&es i des potentiels plus nkgatifs: nous les avons 
attribukes ri la rkduction des dcux acides HMO, et 
HNOzi5 ~respectivement i E, 2 1 -0,77 V et 
E, Z = - l1 15 V pour un mklange N20J + HZ0 de 
concentrations [N,O,] = 5.4, iWZM et [H&J] = 

- 1,o -0,5 

I I 

Fig. 2. Faisceau de courhes i =f(E) relatives $ la rtduction 
de P.&O, en prksenc~ d’eau dans le snlfofane i 30’ (electro- 
lyte inditErent: ~(~~~~)~~~i~~l= 0. IM): [H,OJ = 
I,5.W3M; (I) [N,O,f = 2.7.1O~‘M. (2) 5,3.10-“M, (3) 

7,9. IOm3M. 

lJ.10 .‘M), ces derniers &ant form&s en solution par 
hydrolysc de N20, suivant la &action (X). Une 
klectrolyse effect&e sur la vague (C) montre qu’en 
prksence d’eau, cette rkduction met en jeu plus d’une 
mole d’ilectrons par mole de N,O, (environ I ,l-I,5 
e- par mokkule de N@, seton la teneur en eau dans 
le milieu), aiors que sans eau, nous avons vu que Ie 
bilan coulom&rique itait voisin de t. D’autre part, fa 
vague (F) attribuke ri la rkduction de HNO, diminue 
avec une augmentation de la concentration de N,08. 
au profit de la vague (G) de rkductian de HNO: (Fig. 
3). ‘Tow ces rksultats laissent prksdger ~.intervenIion 
dans la deuxiime vague d’un autre couple Clectro- 
chimique (d&j& signal6 par Serve’) en plus des sys- 
times (VII), (VIII) et (ix): 

NIOA -i- H(NU,); -t P - e HNO, + 2N03 (XII) 

(le nitrate prod&t Iors des r&actions (VI) et (VII) vient 
complexcr I’acide nitrique). Afin de confirmer nottc 
hypothke, nous avons calculi le potenticl normal 
E (XII) de cc couple $ partir de I’kquation: 

E (XII) = ;[E (NO’jNO) 

+ E (NO + NO1 /2NOZ )] 

2,303RT . 
+ ---- fPfG40, 

F - PKL, 

- Pf&o, - ~PJG,,l 
H* KHIYO? et Kz&,, repr~sentent Its constantcs d”acidit6 

de HNO? et HNO,. respectivement &gal i -20,6 et 
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Fig. 3. Courbes intensitt-potentiel de I’oxydation de melanges N204 + H,O dans le sulfolane & 30 
(electrolyte indifferent: [(C2H,),NC10,] = 0,lM); lH20] = 1,5.10-‘M; [N,O,] (1) = 2.7. IO-‘M; (2) 

5.3. IO-“44; (3) 7,9.10~‘M; (4) aprts 1 hr. 

I6 a 30-.‘7,‘5 KkNo, represente la constante 
d’homoconjugaison de I’acidc nitrique selon 

WNO,), z$ HNO, + NO, ; K&,, = [HNO,][NO; ]/ 
[H(NO,),] = lo-” a 30”.9 Le potentiel normal 
E‘ (XII) est egal $ + 0,27 + 0.08 V. Cette valeur est 
done voisine de celle trouvee pour le couple (VIII): 
+0,28 + 0,02 V. L’exces de complexe H(NO,)> 
n’ayant pas magi dans la vague (C) est responsable de 
la troisiemc vague (F): 

H(NO,), + P $ ;H, + 2NOi 

La quatrieme vague (G) est attribuee a la reduction 

protonique de l’acidc nirreux provenant a la fois de 
I’hydrolyse de NzOj et de la reaction electrochimique 
(XII): 

HNO, + <I + ;H, -t. NO, 

(en faisant l’hypoth~se que I’acidc nitreux n’est pas 
complexe par les bases nitrate ou nitrite). Pour des 
concentrations plus elevees en NZO, (courbes 2 et 3. 
Fig. 3). la vague de reduction (F) du complexe 
H(NO& dispdrait, I’acidc nitriyuc ctant totalcment 
consommi- par la reaction (XII). Celle correspondant 
a la reduction de HNO, n’uugmente plus. Ctattt 
limit&e par la concentration d’cau et par la reaction 
Clectrochimique (XII). 

Ainsi I’addition d’eau a la solution de N,O, ne 

modifie pas I’allure de la courbe de reduction de NIO, 
[vague (C)l. puisque le nouveau couple (XII) inter- 
vient 2i un potentiel normal voisin de ceux des couples 
(VII). (VIII) et (IX) rclatifs a la reduction de NzO, 
seul. Seule la hauteur de la vague est affectee. Nous 
avons entrepris la mime etude dans lcs solvants 
aprotoniques: acetonitrile. nitromethanc et carbonate 
de propylene.” Les rcsultats obtcnus dans le sulfolanc 
restent valables dans ces solvants. 

CONCLUSIONS 

A l’aide des techniques voltamperometriques, nous 
avons propose un mecanisme rendant compte des 
proprietes oxydo-reductrices du tttraoxyde de di- 
azotc, en milieu aprotonique, mecanisme complexe 
que nous avons pu elucider grace a la connaissance 
des constantes de dissociations hedrolytiques et ho- 
molytique de NzO,. et 1 I’obtention de solvants de 
teneurs en eau faibles (de I’ordre du ppm). En absence 

d’eau, les proprietes oxydo-reductrices peuvent se 
schematiser: 

--en oxydation 

NzO, =$ 2NOZ + 2NO; + 2e - 

---en reduction 

NO? + NzO, + r z$ NzO, + NO; (VI) lere vague 

3N,O, + 2e + 2N,O, + 2N0, (VII) 

N,O, + e $ NO + NO, (VIII) 

2Nq0 +e- _ 3 $3NO + NO, (IX) :i 

2eme vague 

En presence de traces d‘eau, ce mecanisme se compli- 
que en raison des proprietes Clectroactives des especes 
HNO,, HNO, et N,O, form&es par les reactions: 

N,O, + H,O = HNO, + HNO, 

HNO, + N,O, $ N,O, + HNO> 

Dans la deuxieme vague de reduction de N,04 inter- 
vicnt, en plus des couples (VII), (VIII) et (IX) cites 
precedemment, une reaction electrochimique supple- 
mentairc: 

iN20, + H(NO,& + P - = HNOz + 2N0, (XII) 

Les potentiels normaux theoriques des systemes 
mis en jeu au tours de la reduction de NzO,, ont ete 
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calculCs par rapport au potentiel de demi-vague du 
systkme ferrodne/ferricinium: 

E’,(W) = +0,56 & 0,04 V; 
E(VII) = +0,42 k 0,03 V; 

E”(VII1) = f0,28 + 0,02 v; 
E“ (IX) = +0,01 & 0,oo v; 

E’ (XII) = + 0,27 f 0,OS V. 

La principale application de ces risultats a BtC? 
d’expliquer I’effet catalytique apportb par un transfert 
Clectronique dans la nitration du naphthallne par une 
solution de N,O, ou d’un melange NsO,-HzO.‘” 
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Summary-Knowing the values of the equilibrium constants corresponding to the reactions N*O., $ 2N02 
and N204 e NO+ -t NO; in sulpholane, we have undertaken the electrochemical study of NzO, by means 
of linear and cyclic voltammetry at the platinum electrode. The N,O, species undergoes one oxidation 
step N,O, + 2N0, + 2NO: + 2e and two reduction steps NO, + NzO, + e - + N,O, + NO, (1 st wave), 
followed by 3Nr0, + 2e- s 2N,O, + 2NO,, N,O, + e- e NO + NO,, 2N,O, + P .- Z$ 3N0 + NO; 
(2nd wave). The redox properties of N,O, are complicated by trace quantities of water because of the 
formation of the electroactive species NZOsr HNOr and HNO, according to N204 + Hz0 $ HNOz + 
HNO, and N,O, + HNOz + NzOl + HNO,. The standard potentials of the couples concerned have been 
evaluated and are discussed. 
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Sn~rna~-Adsorption of microgram amounts of 20 metal species on activated carbon powder from 
aqueous solutions of pH l-13 was investigated. The species examined were Cs(I). Y(lH), Ce(JII), Ti(IV), 
Zr(IV), WIIJ), CrlVl), Mn(II), Fe(JII), Co(II), Ni(Jf), Ru(IJI), Cu(IJ), Ag(I), ZnfJI), Cd(IJ), AJ(IIJ), 
Pb(JI), Sb(II1) and Bi(JJ1). 

Adsorption of metal chelates on activated carbon has 
been used for separation and concentration of metal 
ions.” Such separations involve formation (or precip- 
itation) of the chelates and their subsequent ad- 
sorption (or filtration) with activated carbon. After 
studies on the adsorption (coilection) of mercury,2” 
and silver, gold and platinum4 on activated carbon 
from mineraf acid solutions, it was thought worth 
while to study the adsorption behaviour of a wide 
variety of metal species on activated carbon from 
aqueous solutions over a wide pH range and in the 
absence of chelating agents. Such data should help in 
planning preconcentration of metals from environ- 
mental samples. The adsorption behaviour of many 
metals in the absence of chelating agents has been 
described by Sigworth and Smith’ and Jackwerth et 
at.,’ but the scope of the information was limited. 
Adsorption of individual metal species, uiz. mag- 
nesium(II),6 chromium(III, VI),‘** arsenic(III, V),9 
molybdenum(VI),‘0 tungsten(V1)” and indium(III), 
tin(W), antimony(V) and tellu~um(IV)‘* has atso 
been reported. 

In the present work, the adsorption of 20 metal 
species by activated carbon from aqueous solutions 
of pH l-13 was studied. Experiments without 
activated carbon were also done for comparison. 
The metals were determined radiochemically, 
spectrophotometrically and by atomic-absorption 
spectrometry (AAS). 

EXPERIMENTAL 

~uteri~ls 

Activated carbon powder (Merck, No. 2186) was used 
after drying at 105” for 2 hr. It was purified by stirring in 
1-W hydrochloric acid for 3 hr, washing with water. and 
drying at 105’; it was used only for the adsorption of iron 
(determination by spectrophotometry and AAS), alu- 
minium, copper and bismuth, This treatment reduced its 

*Partly presented at the 33rd Annual Meeting of the Japan 
Society for Analytical Chemistry. Nagoya, October, 
1984. 

tAuthor for reprint requests. 

iron, aluminium and copper contents from 0.29, 0.22 and 
0.018 to 0.15, 0.09 and 0.008 mg/g, respectively. 

The membrane filters (0.45~pm pore size and 25-mm 
diameter) were cellulose nitrate (Millipore) for tracer experi- 
ments and cellulose acetate (Sartorius and Toyo Roshi) for 
ashing work. 

Reagee ts 
The buffer solutions were O.lM sodium acetate-acetic 

acid (pH 4-6) and 0. I M borax-hydrochloric acid or sodium 
hydroxide (pH 7--l I). 

Stock solutions (1000 mg/l.) of the test species were made 
by dilution with water after preparation of a more concen- 
trated solution: CrfIII), Co(B) and Zn(JIf solutions by 
dissolving the metals in hydrochloric acid (1 f I); Cd(JJ) 
and &(IJJ) solutions bv dissolvina the metais in nitric acid 
(I + I); Mn(I1) solution by dissol&rg the metal in sulphuric 
acid (1 + 5); Ni(I1) solution by dissolving the metal in aqua 
regia; AQIJJ) solution by dissolving the metal in a mixture 
of hydrochloric acid (1 f 2) and nitric acid (1 f 1); Ti(JV) 
solution by dissoivi~g the metal in a mixture of sulphuric 
acid (I + 1) and hydrochloric acid (1 f l), and oxidizing 
with nitric acid. Cs(1) and CrfVI) solutions were prepared 
by dissolving caesium chloride and potassium dichromate in 
water. Y(II1) solution was prepared by dissolving the oxide 
in hydrochloric acid (1 + 1). CefIII) solution was prepared 
by dissolving ceric oxide in a mixture of perchloric acid 
(I f 1) and 30% hydrogen peroxide, adding more hydrogen 
peroxide, and boiling to reduce Ce(IY). Zr(JV) solution was 
prepared by dissolving ZrOCl,~8H,O in 2M hydrochloric 
acid and standardized by EDTA titration with Xylenol 
Orange as indicator. Fe(IJI), Cu(JJ) and Sb(JJ1) solutions 
were prepared by dissolving ferric alum, cupric sulphate and 
potassium antimony1 tartrate in O.tM hydrochloric acid. 
Agfl) solution was prepared by dissolving silver nitrate in 
tl.IM ammonia solution. Pb(Jt) solution was prepared by 
dissolving lead nitrate in O.lA4 nitric acid. RufIlJ) solution 
in dilute hydrochloric acid was purchased from Nippon 
Engelhard. 

The following tracers (Japan J&dioisotope Association) 
were used: “Cr (Na&rO, in O.iM HCI), “Mn (MnC12 in 
0.1 M HCl), *rCo (CoCIz in 0.1 M HCI), S9Fe (FeCI, in 0.1 M 
HCI), “Zn (ZrQ in 0. IM HCl), “Y (YCI, in 0.1 h4 HCI), 
‘O”Ru (RuCl, in 0.1 M HCI). l’“mAg fAg(NH&NO, in 0.1 M 
NHZ], ‘?Sb (SbCI, in 0.5M HCI-I mg/g tartaric acid), lT4Cs 
(CsCI in O.lM HCI) and 14“Ce (CeCl, in O.lM HCI). “Cr(III) 
was prepared by reducing the above-mentioned “G(W) 
with hydroxylammonium chloride. 

AppWUiUS 
A Millipore vacuum filtration unit with a glass funnel and 

fritted-glass base. pH-meters (Corning 130 and Horiba F-7). 
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a well-type NaI(T1) scintillation counter, a spec- 
trophotometer (Shimadzu UV-120-02, l-cm cells), and an 
atomic-absorption s~ctrophotometer equipped with a 
I@-cm slit burner (Nippon Jarred-Ash AA-782) were used. 

Procedure 
The following solutions were prepared: 0.1M HCI (pH 

l.I), O.Ol~,~l~ HCl-O.lM NaCIO, (pH 2-3), O.OlM 
CH,COONa-CH,COOH-O. I M NaCIO, (pH 4-61, 0.01 M 
Na,B,O,<HCI or NaOH)-O.IM NaCIO, (pH 7-1 I) and 
0.1 M NaOH (pH 12.6). When silver, lead and bismuth were 
examined, nitric acid was used instead of hydrochloric acid. 
Ten-ml portions of each buffer were transferred into 20-ml 
Erlenmeyer flasks (borosilicate glass) fitted with ground- 
glass stoppers. Then IO-pg quantities of the metal species 
tested (having adequate activity for tracer experiments) were 
added to the flasks, followed imm~iately by IO mg of 
activated carbon, and the mixtures were shaken mechani- 
cally at room temperature for about 20 hr. Experiments 
without activated carbon were performed at the same time. 
In each case the carbon was filtered off on a membrane filter 
by suction and the vessel and carbon were washed with two 
OS-ml portions of the buffer solution used. The pH of the 
filtrate plus washings was measured with a pH-meter, then 
the mixture was made about 1M in hydrochloric acid (or 
nitric acid for silver, lead and bismuth). Any metal species 
adsorbed on the surface of the vessel was dissolved off with 
1M hydrochloric or nitric acid, as appropriate. 

For tracer experiments (Cs, Y, Ce, Cr, Mn, Fe, Co, Ru, 
Ag, Zn and Sb), the carbon plus filter (or the fitter alone, 
for the comparison tests), the filtrate plus washings, and the 
acid washings of the vessel were transferred to screw-cap 
glass vials (25 mm diameter, 70 mm tall), and the volumes 
were adjusted (if necessary) to 1 I ml with 1 M hydrochloric 
or nitric acid, and the activities were measured. 

For determinations by spectrophotometry (Ti, Zr, Fe, Al 
and Bi) and AAS (Fe, Ni, Cu, Cd and Pb), the carbon plus 
filter (or the filter alone) was ashed in a porcelain crucible 
at 550” for I hr [in the presence of IO-20 mg of 
Mg(NO~)~.6H~O for Cd and Pb]. A platinum crucible was 
used for aluminium to avoid contamination from a por- 
celain crucible. The ash was dissolved in hydrochloric acid 
(I + 1) for the determination of Fe, Ni, Cu and Al, and in 
nitric acid (1 + I) for the determination of Cd, Pb and Bi. 
For the determination of Ti and Zr, the ash was fused with 
potassium hydrogen sulphate and the cooled melt was 
dissolved in hydrochloric acid (I + I). These solutions, the 
filtrate plus washings and the acid washings of the vessel 
were then analysed. Titanium(IV) was determined spec- 
trophotometrically with thiocyanate,lX zirconium(IV) with 
Arsenazo III,‘4 iron(II1) with l,lO-phenanthroline,” alu- 
minium(lI1) with 8-hydroxyquinolinen’ and bismuth(III) 
with dithizone.” 

RESULTS AND DISCUSSION 

The specific surface area and elemental com- 
position of the activated carbon used were reported 
in a previous paper.3 

Iron(W) was chosen as a model for establishing the 
conditions for adsorption of the metal species; the 
experiment was done with 59Fe as a radioactive 
tracer. 

The effect of the iron(M) concentration on its 
adsorption on activated carbon from aqueous solu- 
tions of pH 1-13 was studied {Fig. 1). Good recov- 
eries were obtained from 0.1, I, and 10 mg/l. iron(II1) 
solutions at pH 5-6. Adsorption from aqueous solu- 

pH of flitrate 
Fig. 1. Effect of iron(III) concentration on adsorption: 1 g 
of activated carbon per litre of solution; [Fejlll)] (mg/l.): 0, 

0.1, 0, 1; A. 10. 

tions as a function of pH was consequently initially 
studied with I mg/l. concentration of the metal species 
and the effect of concentration of the metals was then 
examined at the optimum pH. The effect of contact 
time on the adsorption of iron(II1) (1 mg/l.) at pH 5.0 
was studied (Fig. 2). Shaking for any time between 
about 3 and 20 hr gave practically the same recovery 
(95-96% with activated carbon and 6749% with 
only the filter). Shaking for about 20 hr was chosen. 

Varying the ionic strength between 0.01 and 1.0 
(with sodium perchlorate) did not affect the degree of 
adsorption from a 0.1 mg/l. iron(II1) solution at pH 
5.0. The ionic strength was therefore adjusted to 0.1 
with sodium perchlorate for all the systematic tests. 

Contact time (hr) 

Fig. 2. Effect of contact time on adsorption of iron(III): 
1 mgjl. at pH 5.0; (a) with 1 g of activated carbon per litre; 
(b) without activated carbon; 0. activated carbon plus fiiter 

or filter alone; 0, filtrate; A, surface of glass vessel. 
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Table 1. Desorption of iron(II1) from acti- 
vated carbon 

Overall 
Solution for Fe(W), recovery*, 
desorption mgl(. % 

0.1t 95 
1M HCI 1.05 95 

IO? 97 

6M HCi 0.W 19 
lot 74 

I M HNO, 
O.lf 93 

lot 94 

0.1t 97 
6M HNO, 1.0§ 96 

lot 97 

*Overall recovery (average of two experi- 
ments) means the recovery from ad- 
sorption at pH 5.0 (20-hr shaking) and 
desorption (20-hr shaking). 

tImpurified activated carbon, determined 
radiochemically. 

~Puri~ed activated carbon, determined 
spectrophotom~trically. 

As shown in Table 1, iron adsorbed on activated 
carbon at pH 5.0 could be desorbed efficiently by 
shaking for about 20 hr with 10 ml of 1M hydro- 
chloric acid, IM nitric acid or 6M nitric acid. How- 
ever, 6M hydrochloric acid was not effective; iron(II1) 
is adsorbed on activated carbon from >6M hydro- 
chloric acid solutions.‘*~i9 

Figure 3 shows the results obtained for adsorption 
of 19 metal species (1 mg/l. initial concentration) on 
activated carbon (1 g/l.) from aqueous solutions as a 
function of pH. The results are displayed with the 
elements shown in their positions in the periodic 
table. 

Each graph shows the distribution between the 
activated carbon plus filter (or filter alone, without 
carbon), filtrate plus washings and surface of the 
glass vessel (= acid washings). The total found was 
always about lOO%, but when the aqueous solutions 
prepared without carbon were filtered after shaking, 
a few of the elements were sometimes retained on the 
glass funnel and fritted-glass base of the vacuum 
filtration unit; in such cases, the former was not used 
and the latter was washed with acid solution, which 
was added to the filtrate. 

Eighteen of the species tested were adsorbed 
efficiently on activated carbon; caesium(1) (not shown 
in Fig. 3) and antimony(II1) were not adsorbed. The 
following pairs showed similar adsorption curves: 
Y(II1) and Ce(III), Ti(IV) and Zr(IV) and Co(I1) and 
Ni(I1). The adsorption curves may be grouped into 
four types: a flat peak for Mn(II), Co(H), Ni(I1) and 
Cu(I1); one maximum for Cr(VI), Zn(II), Cd(II), 
Al(II1) and Pb(I1); one maximum and one minimum 
for Y(III), CefIII), TifIV), Zr(IV), Ru(II1) and 

Table 2. Effect of concentration of metals on 
adsorption by activated carbon 

Adsorption,* % 

Metal pH 0.1 mgJl. 1 mgji. IOmg/l. 

Zr(IV) 4.9 98 91 96 
Cr(V1) 5.0 95t 83 41 
Fe(II1) 5.0 96 96 94 
Bi(II1) 5.0 915 87 91 
AI(II1) 6.2 8% 86 93 
Cr(II1) 6.4 9% 94 96 
Ce(II1) 7.2 97 96 92 
Ti(IV) 7.2 94 98 99 
Y(II1) 8.3 101 97 90 
Zn(I1) 9.3 90 88 75 
Pb(I1) 9.3 97 93 94 
Ni(I1) 9.9 98 97 91 
Cu(I1) IO.8 97 9.5 97 
CdfII) 10.8 81 86 54 
Mn(I1) Il.8 96 98 98 
Co(I1) 11.8 98 98 98 
A%(I) 12.6 95 98 97 

*I g of activated carbon per litre; average of two 
experiments. 

t0.2 mg/I. 
50.5 mg/l. 

Bi(II1); two maxima and one minimum for Cr(III), 
Fe(II1) and Ag(I). 

Two effects of activated carbon can be noted from 
comparison of the curves obtained with and without 
carbon present (Fig. 3). First, it reduces the degree of 
adsorption on the surface of the glass vessel. Sec- 
ondly, it collects metal hydroxide particles that are 
small enough to pass through the 0.45pm membrane 
filters. 

Activated carbon showed the most remarkable 
effect on the adsorption of silver(I), which was not 
retained on the filter alone (Fig. 3). Silver(I) has been 
reported’ to be reduced to the metal on a carbon 
surface. 

ChromiumfVI) was considerably adsorbed at pH 
about 5. This result is consistent with previous 
work.7,8 The adsorption of ruthenium(II1) from 0.1 M 
hydrochloric acid (pH 1.1, Fig. 3) may be due to the 
formation of chloro-complex(es) of ruthenium(II1). 

The effect of metal concentration on the degree of 
adsorption on activated carbon at the optimum pH 
values is shown in Table 2. Recoveries of chro- 
mium(VI), zinc(I1) and cadmium(I1) decreased with 
increase in metal concentration. The adsorption of 
the other metals was practically constant over the 
O.i-10 mgjl. concentration range. 

Figure 3 suggests that activated carbon can be used 
for non-selective separation or preconcentration of 
many metals. In addition, separation of iron from 
manganese can be achieved at pH 5 (Table 3). Fifty 
ml of aqueous solution of pH 5 (acetate buffer) 
containing both iron(II1) and manganese(I1) were 
shaken for about 20 hr with SO mg of purified carbon 
and the carbon was filtered off on a membrane filter 
with suction. 

The carbon and filter were ashed at 550” for 1 hr, 
the ash was heated with sulphuric acid (I + 5) plus a 
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Table 3. Separation of iron(II1) from manganese(I1) by 
adsorption on activated carbon at pH 5.0 

Recovery,* % 

Activated Surface of 
carbon Filtrate vessel 

Fe(II1) + Mn(II), 
MP Il. Fe Mn Fe Mn Fe Mn 

1.0+ I.0 98 2 0 99 I 0 
I.Of 10 99 2 0 97 2 0 
10 + 1.0 97 2 0 98 4 0 

*Average of two experiments. 

few drops of 30% hydrogen peroxide to dissolve 
manganese, then hydrochloric acid (1 + 1) was added 
to dissolve iron. The iron and manganese from the 
ash, the filtrate plus washings, and the surface of the 
vessel (S acid washings) were then determined by 
AAS. 

Acknowledgement-The authors thank the Radioisotope 
Centre of this university for permitting the tracer work. 
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EVALUATION AND IMPRQVEMENT OF THE 
RESOLUTION OF VOLTAMMETRIC 

MEASUREMENTS 

JOSEPH WANG,* DEN BAI Luo and BASSAM FREIHA 

Department of Chemistry, New Mexico State University. Las Cruces, NM 8X003, U.S.A. 

Summary--Two approaches for estimating and improving resoiution in ~bromatography analyses 
can be applied successfully to voltammetric measurements. It is shown that the resolution of 
vohammetric procedures yielding symmetric (or nearly symmetric) current peaks can be described by 
R = 2AE,!l.h99 (b, ,_ + h, 2,2 ) where AE, is the difference between the peak potentials of the two analytes, 
and b,,?, , and b, ‘,? are the peak half-widths. The window diagram approach is used to improve the 
resolution between neighbouring voltammetric peaks by optimization of the supporting electrolyte 
composition. The applicability of these approaches to differential-pulse anodic-stripping measurements at 
the mercury tilm electrode is demonstrated. 

Differential-pulse or square-wave polarography and 
anodic-stripping voltammetry have become com- 
monly used techniques for determining trace levels of 
electroactive species, and their sensitivity has been 

discussed several times.’ 4 On the other hand, many 
aspects of the resolution of voltammetric peaks have 
not been evaluated. in spite of selectivity problems 
associated with analysis of mixtures. The electro- 
active components of a mixture usually behave inde- 
pendently, so the voltamperogram is simply the sum- 
mation of the individual peaks or waves. The three 
techniques mentioned give signals in the form of 
peaks, and differentiation of the sigmoidal response 
obtained with techniques such as hydrodynamic 
modulation voitammetry’~h or normal pulse 

polarography’ will also result in peaks. Clearly, for 
mixtures the resolution of adjacent voltammetric 

peaks depends on how far apart and how wide they 
are. We must decide what criterion for resolution is 
suitable. 

In chromatography, the resolution, R, of two 
adjacent peaks is defined as the ratio of the peak 
separation to the mean “base-line width” of the peak 
(measured as in Fig. 1): 

Alternatively, if the widths are measured halfway 
between the base-line and and the tops of the peaks, 
the equation becomes 

R=- 
Z(tz - f() 

I.699 ( w,,z. 1 + w, ,q.:.) 
(2) 

These equations are based on the assumption that 
both peaks are Gaussian. 

The aim of the present work was to establish a 
similar method for estimating the resolution of two 
adjacent voltammetric peaks. We have found that for 

voltammetric techniques yielding symmetric, or 
nearly symmetric. current peaks, a reliable measure 
of the extent of overlap can be obtained, and that the 
window diagram approach”’ is very useful for im- 
proving the resolution and optimizing the conditions 
of voltammctric measurements. 

EXPERIMENTAL 

The electrochemical cell and the reagents were those 
described previously’0 unless stated otherwise. Mea- 
surements were made with an EG&G PAR model 174 
polarographi~ analyser. The differential-pulse anodic strip- 
ping measurements were made at the in situ plated mercury 
electrode. as described previously.” 

RESCLTS AND DISCtiSSION 

Quantitutiw nwsure of f/w resolution 

Various voltammetric procedures, such as linear- 
scan voltammetry or stripping measurements at the 

hanging mercury drop electrode, produce asymmetric 

*Author for correspondence. Fig. I. Definition of parameters used to define resolution. 
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Fig. 2. Differential pulse anodic stripping voltamperograms 
for various binary mixtures: (A) cadmium (3 x 10-‘Mf- 
thallium (3 x IO-‘M), (3) indium (4 x IO-‘iW)cadmium 
(4 x 10e7M), (C)copper (1 x 10..‘M)-bismuth (I x I)-“M) 
and (D) indjum (2 x 10. *~~thailium (1 x 10-“M). 
Mercury-coated glassy-carbon disk electrode rotated at 
1600 rpm for 2 min deposition at - 1 .I V. Stripping 
conditions, scan-rate, 2 mV&c: amplitude, 25 mV. Sup- 
porting electrolytes, I M HCI (A, B); L M WC1 + I M ethyl- 

enediamine (C. D). 

signal peaks even for reversible systems. Mowever, for 
stripping measurements at the mercury film electrode, 
differential-pulse, square-wave or a.c. polaro~raphy, 
and various procedures based on differentiation of 
sigmoidal signals, symmetric (or nearly symmetric) 
response peaks are obtained. Like those in practical 
chromatographic measurements these peaks are gen- 
erally not truly Gaussian in shape. It is almost afways 
a mistake to assume chromatographic peaks are 
Gaussian in shape,‘2- is and exponentially modified 
Gaussian~ 16 bi-Gaussian,‘3.‘7 Gram-Charlier,‘* 
Poisson’3 and a combinationi of Gaussian, ex- 
ponential and hyperbolic tangent shapes have been 
employed. The exact mathematical current-potential 
functions for most voltammetric techniques are not 
available. Boudreau and Perone*’ found that the 
function which best fitted square-wave voltammetric 
peaks is a combination of Gaussian and Cauchy 
functions (with the Gaussian component having the 
greater effect on the peak shape). Stripping mea- 
surements at the mercury film electrode can be de- 
scribed by an approximate Gaussian function.” 
Hence an analogue of equation (2) can obviously be 
made the basis for estimating the resolution of sym- 
metric, or nearly symmetric, voltammetric peaks with 
a relatively flat base-iine: 

2AE, 

where AE, is the difference between the peak poten- 
tials and bit2 is the peak width at half height. As bij2 
is commonly used in voltammetric measurements, 
equation (3) is preferred to the anaioguc of equation 
( 1). and its utility is illustrated in Fig. 2, which shows 

that though for the cadmium-thallium (A) and 
indium-cadmium (B) mixtures AEp is essentially the 
same (0.07 V), the extent of overlap of the peaks is 
very different. The value of R is 0.68 and 0.97 for the 
cadmium-thallium and indium~admium mixtures. 
respectively. A similar observation applies to the 
copper-bismuth (C) and indium-thallium (ID) sys- 
tems, which have AE, values of 0.17 and 0.14 V and 
R values of 2.6 and 1.3 respectivefy. The value of R 
clearly provides a reliable estimate of the resolution. 

The 6,:, value is inversely proportional to the 
number of electrons {Q) participating in the electrode 
reaction and increases with decreasing rate of elec- 
tron transfer (once the reaction becomes totally irre- 
versible, the width remains unchanged). For example, 
the pseudo derjvative polarographi~ techniq~les 
(pulse, a.c. and square-wave polarography) show a 
limiting b,,Z value of 90.6/n mV.2’ For the volt- 
amperograms shown in Fig. 2 the stripping reactions 
involve transfer of one (TI), two (Cd, Cu) or three 
(In, Bi) electrons, and it is clearly the one-electron 
thallium reaction that creates the most severe overlap 
problems. Table 1 summarizes the R values obtained 
for differential-pulse stripping measurements of 
several binary systems; only the cadmium-indium 
couple exhibits significant overlap (cf: B in Fig. 2). 

As bl,‘* is inversely proportional to the number of 
electrons transferred, for two reversible systems 
which both have the same n value, R is proportional 
to nA&,, which is the estimate frequently used for 
evaluating the resolution of voltammetric mea- 
surementszo However, this estimate is not useful 
when the two redox reactions involve different num- 
bers of electrons or different rates of electron transfer. 
However, in such cases R does provide a reliable 
measure of the resolution, as it takes into account the 
different factors (n, reversibility) affecting the peak 
width. 

For truly Gaussian peaks, nearly complete resolu- 
tion (0.3% overlap) is obtained at R = 1.5. For 

Table I. R v&es and peak-potential 
separations for different pairs of metals 
measured by differential pulse anodic 

strippjng voltammetry* 

Binary 
system 

Cd-Pb 
Cd-in 
Cd-Cu 
Cd-Pi 
Cu-Pb 
CU-in 
Cu-Bi 
Pb-ln 
P&E 
Bi-ln 

A&, P’ R 

0.21 2.9 
0.07 0.9‘7 
0.39 5.2 
0.57 9.1 
0.18 2.3 
0.31 4.2 
0.20 2.9 
o.t3 I.5 
0.37 5.9 
0.50 s.t 

*5 x IO-‘M bismuth, copper and indium; 
3 x IO-‘M lead and cadmium; sup 
porting electrolyte, IM HCI. Other 
conditions as for Fig. 2. 
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Fig. 3. Differential pulse anodic stripping voltamperogram 
for 4 x IO-‘M indium and lead in IM HCI. Conditions as 

for Fig. 2. 

differential-pulse stripping measurements (at the mer- 
cury film electrode) this would occur at about 
R = 1.6, as calculated from the data in Fig. 3. At 
R < 0.75 (i.e., 2 50% overlap) the resolution is un- 
satisfactory for most purposes (e.g., A in Fig. 2). 
These criteria pertain to approximately equimolar 
mixtures. Higher resolution may be needed when the 
concentrations for the two components differ consid- 
erably. 

Various experimental conditions, e.g., scan-rate, 
pulse-amplitude or supporting electrolyte, may affect 
the voltammetric peak potential and peak-width, so 
to control and improve the resolution the analyst 
must know how R varies with these conditions. Table 
2 shows the effects of the pulse-amplitude and poten- 
tial scan-rate on the resolution of the peaks of indium 
and lead, two metals giving rise to overlapping 
stripping peaks in many media. The best resolution 
was obtained with 2 mV/sec scan-rate and 50 mV 
amplitude. These data indicate that the scan-rate has 
the dominant effect on the resolution; a tenfold 
increase in scan-rate decreased R by a factor of 
approximately 3-4, whereas a similar increase in 
pulse amplitude changed R by only 5-20%. Obvi- 
ously, changes in the sensitivity or speed associated 
with these changes in the experimental conditions 

Table 2. R values for the lead-indium pair 
as a function of the differential pulse am- 

plitude (AE) and scan-rate (v)* 

AE, mV 

v, mV’jsec 10 25 50 100 

2 2.0 2.05 2.09 1.95 
5 1.56 1.59 1.55 1.46 

IO 1.05 1.01 0.99 0.96 
20 0.72 0.60 0.65 0.55 

‘5 x tOS7M indium and lead; supporting 
ehxtrolyte, acetate buffer (pH 4.5). De- 
position at - I.1 V for 1 min. 

Pb 
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Fig. 4. (A) Dependence of the stripping peak potential on 
ethylencdiamine concentration for indium (I 1. thallium (2), 
lead (3), copper (4) and bismuth (5). (B) Window diagram 
for these metals over the O--2M ligand concentration range, 

in the presence of 1M HCI. 

should be taken into account when optimizing the 
overall performance. Overall, equation (3) provides a 
reliable measure of the resolution, which can be 
utilized effectively when various solution or instru- 
mental conditions are changed to improve the sepa- 
ration of nei~hbouring peaks. 

lmproaed resolution by the window diagram approach 

The window diagram approach uses the resolution 
of all possible pairs of peaks in the sample to obtain 
the best separation of the worst separated pair of 
peaks. Most applications of this approach have been 
in chromatography~,~ but it can be exploited in any 
situation in which optimization of one (or more) of 
the experimental conditions with respect to one of the 
dependent variables is required. For example, the 
method was used successfully with lanthanide-shift 
nuclear magnetic resonance spectra.” Similarly, po- 
larographic measurements can be improved by opti- 
mizing the solution PH.*~ In this section, we examine 
the utility of the window diagram approach for 
optimizing the supporting electrolyte composition to 
improve the resolution in anodic stripping volta- 
mmetry. This possibility results from the fact that 
most supporting electrolytes have some tendency to 
complex metal ions, thus affecting the position of the 
stripping peaks on the potential axis. 

Figure 4 shows (A) the effect of ethylenediamine 
concentratjon on stripping peak potential for five 
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I I I I 
-3.0 -0.7 -0.4 - 0.t 

E IV1 

Fig. 5. ~i~er~nt~a~ pulse anodic stripping voltam~~rograms 
for 6 x IO-‘M thallium, 9 x IO-‘M indium, 3 x lO-‘M 
lead, 5 x 10-‘M copper and bismuth with (a) 0, (b) 0.65 and 
(c) 0.90M ethylenediamine and IM HCI. Deposition for 
I-min at - 1.1 V. Scan-rate, I mV/sec, Rotation speed and 

amplitude as for Fig. 2. 

metals. and (3) the window diagram generated from 
the data in (A). ft is clear that the changes in peak 
potential differ from metal to metai, as they are 
dependent on the formation constants of the com- 
plexes.) ft should be noted that the plot for the 
thallium peak potential crosses those for indium, lead 
and copper over the range of ligand concentration 
covered. To construct the window diagram, the 
difference in peak potential of the pair most difficult 
to resolve is plotted as a function of the ligand 
concentration. Two “windows” of separation are 
clearly evident, and define the conditions under which 
complete separation of the mixture is possible. In 
practice, the window at a ligand concentration of 
0.65M offers the best separation of the peaks of ail 
the metals (under these conditions, AE, for the least 
separated pair is 92 mV>. This is illustrated in Fig. 5, 
which shows the stripping voltamperograms for these 
metals at three ligand concentrations. With the opti- 
mal ligand concentration, O&M, the peaks are well 
resolved from each other (b); only the 
indium-thallium pair exhibits some overlap 
(R = I .I). All five metals present can conveniently be 
determined. In contrast, severe overlap of the 
thallium-indium and thallium-lead peaks (R < 0.4) 

is observed with zero and 0.9M ethylenediamine 
concentrations, respectively; dete~ination of these 
metals is not feasible under these conditions. As a 
result of the optimization obtained by the window 
diagram approach, the five metals can be measured 
on the same voltamperogram. within a relatively 
narrow potential range (from -0.2 to -0.8 V). 
Additional metals (e.g., zinc, nickel, gallium, anti- 
mony) may also be measured within the entire poten- 
tial range of the mercury working electrode. (The 
ability to perform such multi-element measurements 
would also depend on the absence of inte~eta~i~ 
interferences.) The same strategy for improving the 
resolution in anodic stripping measurements can be 
achieved by changing other solution or instrumental 
factors. For example, a change in the mercury film 
thickness or potential scan-rate alters the peak posi- 
tion to different extents, depending on the number of 
electrons involved.25 Other approaches for improving 
the resolution of stripping measurements have been 
reviewed.’ 

~~~~ow~e~~~~enf-~is work was supported in part by the 
National Institutes of Health, grant No. GM30913-02. 
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Summary-The method of generating covalent hydrides by reduction with sodium tetrahydroborate was 
applied to aqueous solutions containing traces of RIPbC and R,Pb2+compounds (R = methyl, ethyl). For 
each compound the effects of sample acidity, sodium tetrahydroborate and hydrogen peroxide concen- 
trations, reaction-vessel and transfer-line materials, were measured and the experimental conditions 
defined for obtaining maximum sensitivity. Experimental evidence indicating the formation of OrganohXd 
hydrides during the reduction step at room temperature was adduced. The reaction efficiency was found 
to be 90% for trimethyl-, triethyl- and djethyl-lead and 59% for dime{hyl-lead. In the case of inor~n~c 
lead the efficiency was only 27%. Without an intermediate preconcentration step, the detection limits 
obtained for trimethyl-. triethyi-, dimethyl- and diethyl-lead (3 times the standard deviation) were 3 ‘5 np 
of lead per We. A procedure for discriminating between R,Pb+, R?Ph”’ and Pb” compounds is 
proposed. 

Organolead hydrides are known to be unstable even 
at low temperatures. ‘J Only triethyi- and trimethyl- 
lead hydrides (not dialkyl-lead dihydrides or plum- 
bane) have so far been isolated.3s4 Nevertheless, the 
stability of plumbane is sufficient to permit deter- 
mination of Pb’” by atomic-absorptions (AAS) or 
non-dispersive atomic-fluorescence spectrometry6 
(NDAFS), by the hydride-generation technique, even 
at very low concentrations. Recently, Yamauchi et 
al.’ extended the tetrahydroborate reduction method 
to Et,Pb+ and Et2Pb’+ determination. The formation 
of Et,PbH and Et,PbH, was assumed, but not estab- 
lished. 

The aim of the present work was to verify whether 
methyl-lead compounds react with tetrahydroborate 
in the same way as the ethyl homologues, and to gain 
information about the composition of all the volatile 
hydrides produced. An additional aim was to estab- 
lish an analytical procedure for the rapid deter- 
mination of these compounds. 

EXPERIMENTAL 

The non-dispersive atomic-fiuorescence spectrometer, the 
hydride reaction vessel and the atomizer were home-made 
and have been described elsewhere.6,H The experimental 
parameters are listed in Table I. The gas transfer line was 
a borosilicate glass tube 30 cm long and 4 mm in bore, 
joined to the reaction vessel and burner by means of two 
Teflon joints. A silaned glass-wool filter was inserted into 
the transfer line to prevent light scattered by droplets from 
reaching the detector and causing a noisy signal. The 
reaction vessel and gas transfer line were wrapped in 
aluminium foil to avoid photodecomposition of the reduc- 
tion products. 

401 

A Gilford Microsample Spectrometer 300 and a PAR 
model 174 polarographic analyser (EG & G) were used for 
spectrophotometric and electrochemical measurements. re- 
spectively. 

Reagents 
Hydr~hloric acid (30% w/w) and hydrogen peroxide 

(30% w/w) were Merck Suprapur grade. Sodium tetra- 
hydroborate (BDH reagent for AAS, pellets) was dissolved 
in 0.1 M sodium hydroxide and the solution filtered through 
a 0.45~pm membrane filter. Lead nitrate (Carlo Erha, 
analytical reagent grade), trimethyl-lead acetate and 
triethyl-lead chloride (Ventron reagent) were used to pre- 
pare the relevant stock solutions (Pb IO00 lig:ml). Triethyl- 
lead compounds were dissolved in acetic acidiacetate bufTcr 
to enhance their solubility. Diaikyl-lead stock solutions were 
prepared just before use by reaction of the corresponding 
trialkyl-lead compound with Iodine monochloride” by the 
following procedure: I ml of triaikyl-lead stock solution was 
placed in a IO-ml flask. 0. I ml of IM ICI solution was 
added, and the two were mixed gently: after 5 min I.5 ml 
of 0.5.W sodium sulphite were added to destroy the excess 
of ICI and the volume was made up to 10 ml with 
demineralized water. These solutions were immediately Ji- 
luted to give I-pgirnl lead concent~~i(ln. to improve their 
stability. “A yield of R,PB” better than 95% and ii stahilit) 
of several hours were found by spectrophotometric mea- 
sur~ment.” The 2 x IWZM 4-(2-pyridylazo)resorcinol so- 
dium salt (PAR), tO--?rW ethyienediaminetetra-acelic acid 
(EDTA), ammonia buffer (pH 9) and acetate bufYcr cpH 51 
solutions were made with Carlo Erha analytical-reagent 
grade compounds. Demineralized doubly distilled water was 
used in all operations. 

Five-ml samples of the appropriate acidity were trans- 
ferred into the reaction vessel. Two n~icr~pipe(tes, one 
containing 0.5 ml of hydrogen peroxide solution and the 
other I ml of sodium tetrahydroborate solution were placed 
in the injection ports. Argon was then allowed to Row 
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Table I. Experimental parameters 

Radio-frequency power for EDL 10 W (expressed as mean power) 
Power modula&ion for EDL Square-wave, O-100% amplitude 

Modulation frequency 
Photomultiplier voltage 
RC time-constant 
Focusing height 
Burner 
Gas flow-rates 
Sample size 

modulation, 0.5 duty cycle 
7500 Hz 
750 v 
!OYseC 
8 mm above the burner top 
Glass tube, 8.5 mm i.d. 
Hydrogen 0.3 I./mm; argon 1.0 I./min 
Sml 

through the reaction vessel. Once the base-line was stable, 
the peroxide, and 40 set later the tetrahydroborate solution, 
were injected, but the mixture was not stirred. The gases 
evolved were conveyed to the argon/hydrogen min~flame 
atomizer. When hydrogen peroxide was not required the 
rebvant micropipette was removed and the injection port 
sealed. After reaction, the waste solution was discarded, and 
the vessel was washed with water, then O.lM hydrochloric 
acid, and again with water. A fresh sample eonId then be 
ptaced in the vessel. 

RESULTS AND DISCUSSlON 

Remtion vessel and transfer -line e&c& 

The transfer of the volatile lead campounds, gener- 
ated during the reduction step, from the reaction 
vessel to the atomizer, met with some dj~c~lti~s. it 
was found that most of the materials generally used 
for flexible transfer lines, such as Teflon, PVC and 
sillcone rubber, interact to different extents with the 
organolead hydride Rowing through them. 

Depending on the Lead compound reduced and the 
transfer-line material, a broadening and tailing of the 
signal, together with a decrease in peak height, was 
observed. This effect decreases for the lead 
compounds in the order Et,Pb’ > Et*Pb”+ > 
Me,Pb+ > MezPb2+. No effect was found for Pb2+. 

In the case of Et,Pb+, silicone rubber caused a 90% 
decrease in peak height, PVC 49%, and Teflon 14%, 
with respect to the signal obtained by use of boro- 
silicate glass, the material adopted in the present 
procedure. From the signal-height depressions re- 
ported in Table 2 for all the compounds it appears 
that the ethyl-lead compounds had an interaction 
with the transfer-line materials about 2.6 times that 
of the methyl homologues. 

The reproducibility of the results was improved by 
rinsing the transfer line and the reaction vessel, after 
the daily sets of measurements, with 2M hydrochloric 
acid for a few hours, then washing with water and 
drying at 120”. For the reaction products of Me,Pb’ * 
with tetrahydroborate, highly irreproducibfe results 
(variation + 100%) were obtained when the reaction 
vessel and transfer line were not protected from light 
by being wrapped in aluminjum foil. None of the 
other alkyl-lead compounds showed significant 
photosensitivity. 

Terro~ydrobo~ate e&ct 

The effect of tetrahydroborate concentration was 
studied by using 1 ml of solution and varying its 
~ncentration from 4 to 12% w/v. The optimal 
concentration was found to be ltS12% for ail alkyl- 
lead compounds tested. Lowering the concentration 
to 4% depressed the signal by about 30% for all the 
alkyl-tead compounds. 

~~dro~e~ peroxxide effect 

The effect of hydrogen peroxide concentration was 
measured in the range 3-IOM, the volume added to 
the reaction vessel being kept constant. No effect was 
observed for Me,Pb+ and EtXPbf. In the case of 
Et,Pb*+ and Me2Pb2+1 (Fig. l), there was a large 
enhancement of the signals. The relative maximal 
peak increase was 32-fold for Et,Pb” with 6M H,O, 
and 24fold for Me,Pb’+ with 10M H,O,. 

The effect of acidity on peak height for &Pb+, 
Me,Pb+, Et,Pb2’ and Me,Pb2’, measured in the 
absence of hydrogen peroxide, is shown in Fig. 2. In 

Table 2. Effect of silicone tubing on signal depression for lead compounds 

Lead Signal depression?, % 
Type of lead concentration, l_ll... 

compound reduced ngimr Height Area Notes 

Et,Pb+ 
Et2Pb2+ 
Me,Pb” 
MqPb2+ 
Pb’* 

::.5 

10 
20 
10 

86 78 Broadening and tailing 
67 22 Broadening and taiiing 
34 21 Slight broadening and slight tailing 
24 18 No broadening and no tailing 
0 c No broadening and no tailing 

*Reduction performed under conditions reported in Table 3 for each lead compound. 
TDepression of signals was measured by comparison with those obtained by using glass tube transfer lines. The 

silicone and glass tubes were 30cm long and 4mm in bore, 
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Fig. 1. Effect of hydrogen peroxide concentration on signal 
of Et2PbZ+ (a) and Me,Pb’+ (0). (Increase relative to that 
obtained in absence of hydrogen peroxide). Analyte 
concentration 10 ng (Pb)/ml. Volume of hydrogen peroxide 

OS ml, other conditions see Table 3. 

I I 

0.10 0.20 

HCI f/W 

Fig. 2. Effect of sample acidity on signal of Et,Pb+ (a). 
Me,Pb+ (IX), Et>Pb*+ (0) and Me,Pb’+ (0). in absence of 
hydrogen peroxide. Analyte concentration 10 ng(Pb)/ml for 

the range O.lG-O.14M hydrochloric acid the per- 
centage signal amplitude variation is almost the same 
irrespective of which alkyl group is present. The effect 
of acidity on peak height for Me,Pbz+ and Et2Pb2+, 
measured in the presence of hydrogen peroxide, is 
shown in Fig. 3. 

Yamauchi et al.’ in their studies on the deter- 
mination of Et:Pb’+ by hydride generation, used 
0.~~~ perchloric acid and 0.7SM hydrogen per- 
oxide medium. At a concentration of acid similar to 
that used in the present procedure, they observed a 
great improvement in sensitivity, which was assod- 
ated with degradation of Et,Pb’+ We consider that 
this degradation cannot be attributed to a direct 
effect of hydrogen peroxide on R,Pb’+. since we 
found (by spectrophotometric measurements with the 
Pilloni and Plazzogna method”) no significant vari- 
ation in R,Pb”+ concentration at the pgg/ml lead level, 
in a O.tOM hydrochloric acid and OSM hydrogen 
peroxide medium, with the same reaction-time as that 
used in the present hydride generation procedure. 
Furthermore, if hydrogen peroxide degrades R2Pb” 
to Pb?+, after the addition of tetrahydroborate it 
would be expected that R:Pb’+ would give tbe same 
molar response as Pbl+, but as shown in Table 3, at 
constant lead content, the peak heights for Me2PbZ” 
and Et>Pb*+ were respectively 3.5 and 5.3 times that 
for Pb* +. 

In addition, with the siIicone rubber instead of a 
glass transfer line, a significant effect was observed 
both in the peak shape and height for R,Pb’+, 
confirming that the main product of reaction between 
R2PbZ’ and borohydride is a volatile organolead 
hydride and not PbH,, the signal for which is 
unaffected by the use of silicone rubber tubing. From 
these results, it may be assumed that the role of 
hydrogen peroxide is to stabilize the lead in oxidation 

a 
.: 
= 100 

2 
e .; 
5 

i 
.s? 
b, 

= 50 

8 
a 

Fig. 3. Effect of sample acidity on signal of Et,Pb?+ (0) 
and Me2Pb2+ (0) in presence of hydrogen peroxide. 
Analyte concentration IO ng(Pb)/ml. other conditions, see -.. _ 

trialkyl- and 100 ng(Pb)~ml for dialkyl-lead compounds. table Z 
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Table 3. Analyticat figures of merit for lead compounds 

Lead 
compound 

Me,Pb+ 

Et,Pb+ 

Me2Pb2+ 

EtrPb*+ 

Pb2+ 

Sensitivity* Apparent Lead 
-_ .i~ blank Pb detection 

With Without concentration, limit, RSDt, 
HzO, HO, ngl[. wll. % 

390 390 78 3§ 3.79 

390 390 7§ 3§ 3.35 

257 it w 5f 6.2:: 

390 12 8$ 3t 4.8$ 

74 1 350:. 605 6.Q 

Individual optimal conditions 

HCI 0.12M. EDTA 10-4M, 
1 ml NaBH, 10%, 0.5 ml H,OZ 6M 

HCI O.l2M, EDTA IO-“M, 
I ml NaBH, 10%; 0.5 ml HzOz 6M 

HCI O.O9M, EDTA 10m4M, 
1 ml NaBH, IO%, 0.5 ml HzOz IOM 

HCI 0.12M, EDTA tOm4M, 
1 ml NaBH, to%, 0.5 ml H202 6M 

HCI O.i2M, I ml NaBH, IO%, 
0.5 ml H,O, 3.5M 

*(Arbitrary units). ml. ng-‘. 
tRSD Percentage relative standard deviation at I ng(Pb)/ml level, 10 replicate measurements. 
iWith or withoit hydrogen peroxide. 
IWith hydrogen peroxide. 

state IV and promote the formation of volatile hy- 
drides. In the case of inorganic lead, the peroxide 
promotes the formation of Pb(IV), dramatically in- 
creasing plumbane formation. The efficiency of gen- 
eration of plumbane and trialkyl-lead hydrides was 
calculated by measuring the amount of lead(H) and 
t~alkyl-lead in the residual solutions, after tet- 
rahydroborate reaction, by differential pulse polar- 
ography. Standard solutions of 100-150 rig/m!! lead 
concentration were used and each sample was re- 
duced under the optimized experimental conditions. 
For this purpose, after each injection 0.2 ml of IOM 
hydrochloric acid was added to the residual solution 
to destroy the excess of tetrahydroborate. Differential 
pulse polaro~raphy was used because of its ability to 
discriminate between PbZC, Et,Pb’ and MelPb*.” 

Loss of anaiyte during the acid addition (assumed 
to be negligibie owing to the final low acidity of the 
solution) was checked by NDAFS. No production of 
volatile lead compounds was found to occur. After 
acidification, the sample was transferred into the 
polarographic cell, the solution was buffered at pH 5 
with acetate buffer, and measurements of residual 
Pb2+ and R,Pb” were made. From these results the 
efficiency of analyte volatilization was found to be 
27% for Pb2+ and 90% for Et,Pb+ and Me,Pb+. This 
3.3-fold ratio of efficiencies is comparable to that of 
3.5 obtained in the NDAFS measurements of the 
ratio of peak areas due to R,Pb+ and Pb’+. It is 
therefore assumed that practically all the hydrides 
formed in solution reach the atomizer and are decom- 
posed to elemental lead. measurement of residual 
R*Pb*’ was not possible by polarography owing to 
presence of the iodide produced during compound 
preparation. The efficiency of volatilization was de- 
termined from the NDAFS signal areas. 

The most important analytical figures of merit are 
presented in Table 3. The optima! experimental con- 
ditions found in the present work for each compound 

and those found earlier6 for Pb’+ are also reported. 
In the determination of al! the analytes (except Pb*+) 
the blank was measured in the presence of EDTA, 
since it was observed that though EDTA suppresses 
the signal of !ead.6 up to lo4 molar ratio it does not 
affect the signals for the alkyl-lead compounds tested. 
The detection limit (3 times the standard deviation of 
the blank) was found to be practically the same for 
dialky! and trialkyl-lead compounds and equal to 3---5 
ng of lead per litre. These detection limits, in the case 
of Et,Pb+ and Et,Pb’+, are lower by a factor of 2.5-3 
than those obtained by Yamauchi et d7 after a 
preconcentration step. The linear dynamic range was 
3.5 orders of magnitude for Me,Pb’+ and 3.9 for the 
other alky! lead compounds. 

By using information collected under different 
chemical conditions, a method for discriminating 
between R,Pb+, R Pb*‘+ and Pb*’ was achieved. 
Table 4 gives the exierimenta! conditions and related 
sensitivities used in the determination of the different 
classes of alky! lead compounds. New conditions 
were needed because, under the conditions listed in 
Table 3, dialkyl-lead compounds did not exhibit the 
same sensitivity, invalidating the correct calculation 
of the trialkyl-lead concentration. 

Under the conditions listed in Table 4 the following 
four equations relating measured signals to concen- 
tration were found valid: 

s, = 2!o(c,,,+ CT,,) f 202(CDMl.-t Cn,,) 
conditions I 

S~=~!O(CTML+CTEL)C~(CDML+CDEL) 
conditions II 

S:=39O(C,,,-t- C,,,)-t loZC~ML+343C,~,+74C~, 
conditions III 

s, = 39o(C,,, + C,,,) t- 102GMI. + 343Cml. 
conditions IV 

where S,, S,, S, and S, are the experimental signals 
obtained under the relevant conditions and Cr,,, 
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Table 4. Sensjtjvjties under optimized conditions for the separation of R,Pb+, RJ%*+ and Pb”’ 

Sensitivitv* 

Me,Pb+ Et,Pb+ Me,Pb2+ Ei,Pb*” Pb*+ Chemical conditions 

218 202 201 205 - I U.06N HCI, 8M H2Dz, 10-4.w EDTA 
218 202 8 8 - II 0,06M HCl, 1O-4&f EDTA 
390 390 102 343 74 III 0.12M HCl, 3.SM H& 
390 390 102 343 - IV 0.12111 HCI, 3.5M H,O,, IO-‘M EDTA 

*Slope of calibration curves in (arbitrary units).ml-ng^‘. 

c GM_~ TEL3 CT,,, and C,, are the concentrations of 
~Ji~et~~l-Iead, t~j~t~yl-l~a~~ dimethyl-adds diethyf- 
lead and inorganic lead, respectively, expressed as ng 
of lead per mf. 

The content of lead was obtained from the S, and 
S, signals (at the highest sensitivity for lead) recorded 
in the presence and absence of EDTA (conditions III 
and XV). The concentrations of dialkyl-lead com- 
pounds were calculated from the S, and S, signals 
obtained in the presence and absence of hydrogen 
peroxide (conditions I and II) and the con~efftrat~ons 
of trialky~-head compounds were calculated from the 
S, and S, signals after subtracting the contribution 
due to the dialkyl-lead compounds. The relevant 
equations were 

CI% = (S, - &)/74 

C a$%2 + = (S, - S, )/ 194 

(%$‘b + = (S* - 8C,,,,2+hm 

The main limitations of the procedure are the 
impossibility of individual determ~natiou of any of 
the components except lead, the need for calculations 
by difference, and a decrease in sensjt~v~ty For all the 
alkyd-lead compounds by a factor of 2 when com- 
pared with the results obtained under the conditions 
given in Table 3. 

The fact that the sensitivity for RsPb + compounds 
averaged 210 and that for RIPb’” compounds 202, 
implies m~x~murn theoretical errors of 4% and I%, 
respectively, which is quite acceptable in this kind of 
analysis. 

The accuracy of analysis of mixtures depends, for 
each group of analytes, on their relative contribution 
to the total signal and on the standard deviation of 
the signals involved in the differences. 

Owing to the rapidity with which the analyses can 
be done, reliable average .S, values can be obtained by 
replication and the overall accuracy greatly increased, 

By changing the chemical conditions for the reac- 
tion with sodium tetrahydrobor~te and the type of 

material used for the transport of the volatile prod- 
ucts to the ~tomic~~uor~scen~e spectrometric de- 
tector, sound evidence was gained that Me,Pb.+, 
Et,Pb+, E&P@+ and MezPbz+ form the correspond- 
ing alkyl-lead hytirides at room temperature. The 
life-time of these alkyd-lead hydrides in the gas phase 
is su~~iently high to permit their transport to the cell, 
where they are detected as lead by NDAFS. Only 
Me*PbH, has been shown to be light-sensitive. 

The detection limits under ~ndividuai optimal con- 
ditions (referred to the lead content) are 3-5 ng of 
lead per fitre for trialkyl- and dia~ky~-lead 
compounds. 

Ry use of different chemical conditions the total 
concentration of trialkyl- and dialky~-Iead com- 
pounds and the concentration of inorganic lead can 
be separately measured. 

Whenever more detailed information is required on 
individual species at the rig/l.. lead level, the more 
time-consumjn~ gas ~h~omatographic~atomic spec- 
trometry mcthods”,r4 must be used. 
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Summary-N,N’-Bis(2-hydroxy-5-nitrobenzyl)cryptand-22 (22-Koshland) forms yellow complexes with 
bivalent metal ions, and these are extractable into l,2-dichloroethane. The overall extraction constants 
have been estimated for lead (10-54), copper (10-s.6), mercury (lo-‘*) and cadmium (10-s’). The result 
obtained has been applied to extraction and photometric determination of lead. The molar absorptivity 
at the absorption maximum (406 nm) is 4.47 x IO4 l.moIe-’ .cm-‘. The interferences from copper and 
mercury can be eliminated by the addition of sodium thiosulphate and the interference from cadmium 
can be eliminated by calculation from the absorbances at 406 and 391 nm (the cadmium complex with 
22-Koshland has its absorption maximum at 391 nm). The method has been successfully applied to the 
determination of lead in zinc powder. 

An investigation on complex formation between mac- 
rocyclic compounds and metal ions has revealed that 
the IS-membered crown ether and related com- 
pounds form extremely stable cationic complexes 
with lead.‘” The cationic complexes formed are 
readily extractable into suitable organic solvents, 
along with hydrophobic anions. Strongly coloured or 
fluorescent anions such as picrate and eosinate have 
frequently been employed as counter-ions for the 
photometric or fluorimetric determination of trace 
amounts of lead.7-9 

On the basis of the idea that binding of an acidic 
dye and a crown ether compound would give a 
new series of extraction and photometric or 
fluorimetric reagents, we have synthesized such 
reagents and applied them especially to the deter- 
mination of alkali-metal and alkaline-earth metal 
ions.‘fl“6 Among the reagents synthesized, N,N’-bis(2- 
hydroxy-S-nitrobenzyl)cryptand-22 (22-Koshland) 

was found to be a sensitive and selective reagent for 
calcium among the alkaline-earth metal ions and was 
successfully applied to its determination in blood 
serum.13 It was also found that this reagent forms a 
much more stable complex with lead than with 
calcium,“’ which is compatible with the fact that the 
lead complex of cryptand- is more stable than the 
corresponding calcium complex.4‘b This ~mmediateIy 

suggests that 22-Koshland would be a selective ex- 
traction and photometric reagent for lead. 

In this paper, the extraction behaviour of various 
bivalent heavy metal ions with 22-Koshland was 
studied with the aim of establishing a selective extrac- 
tion and photometric method for lead. 

EXPERIMENTAL 

Reagents 
22Koshland was synthesized from cryptand- (Merck, 

Kryptofix 22) and Koshland-I reagent (2-bromo- 
methyl-4-nitrophenol, Dojindo Chem. Lab.).“’ The reagent 
was dissolved in 1,2-dichloroethane to give a IO-‘.&4 solu- 
tion, which was stored in a Pyrex flask to minimize con- 
tamination by alkali-metal and alkaline-earth metal ions 
from the container wall. Although the solution becomes 
contaminated on prolonged (more than a month) storage, 
it can be regenerated by washing it with a tenth of its volume 
of 0.02M boric acid, followed by washing twice with 
distilled water (volume of each wash is the same as that of 
the boric acid wash). 

1,2-Dichioroethane (Wako Pure Chemicals, analytical- 
reagent grade) and sodium thiosulphate (Merck, “‘Supra- 
pur” grade) were used without further purification. Ah 
other chemicals used were of analytical-reagent grade. 

Procedure 
An aliquot of sample or standard solution of metal ion 

was transferred into a 20-ml standard flask, and 2 ml of 
0.1 M tartaric acid and 1 ml of O.OSM sodium th~osulphate 
were added. The pH was then adjusted to 6.3 by adding 1 
ml of 0.5M hexamine solution previously adjusted to pH 6.3 
with acetic acid. Finally the solution was mixed and diluted 
to 20 ml with water. 

A IO-ml portion of this solution was shaken with 10 ml 
of l,2-dichloroethane solution of 22-Koshland (IO-4M) for 
30 min. and then centrifuged for I5 min at 3000 rpm. Next 
7 ml of the organic phase were accurately measured and 
transferred to another centrifuge tube. To this was added an 
equal volume of pH 6.3 buffer solution and the tube was 
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shaken to remove the bulk of the cadmium complex from 
the organic phase. After centrifuging, the phases were 
separated and the absorbances of the organic phase at 391 
and 406 nm were measured, for a IO-mm path-length 
(quartz cell). The absorbance of the lead complex was 
calculated from both absorbances, by equation (2) below. 

When the concentration of cadmium is less than 
4 x 10e6N, the washing of the organic phase with pH 6.3 
buffer solution can be omitted and the concentration of lead 
determined from the absorbance at 406 nm. 

RESULTS AND DISCUSSION 

Extraction equilibrium 

As 2%Koshland is a dibasic acid, it is a selective 
extractant for bivalent cations. Hence, the extraction 
behaviour of bivaient heavy metal ions, including 
manganese, iron, cobalt, nickel, copper, zinc, cad- 
mium, mercury and lead, was investigated. Among 
these metal ions, lead, copper, mercury and cadmium 
were considerably different in extractability from the 
others, being quantitatively extracted even at pH 7.0, 
whereas the other metal ions were not extracted. 

The extraction constants (&.) for bivalent metal 
ions CM*+) with 2ZKoshland (H,L) were estimated 
from the pH-dependence of the distribution ratio (D) 
of the metal ions. The extraction equilibrium may be 
represented by the equation: 

M2+ + (E&L), G (ML), + 2H’ 

where the subscript “0” indicates the organic phase. 
The extraction constant can be defined as 

k: = ItMLU IH’I” 

” [M”+l W2LM 

and thus, 

log & = log D - 2pH - log[(H,L)J (1) 

Since the complexed metal ion is quantitatively ex- 
tracted, the distribution ratio of metal ion can easily 
be determined s~ctrophotometri~ally. In addition, 
as the free 22-Koshland remains in the organic phase, 
[(H,L),,] can be calculated by difference. Con- 
sequently, the overall extraction constant can be 
determined from the pH-dependence of log D, 
according to equation (I). 

Figure 1 shows the plots of log D against pH. AS 
expected, a linear relationship with a slope of 2 was 
obtained in every case, indicating the validity of the 
proposed extraction equilibrium. The extraction con- 
stants obtained for the four metal ions are sum- 
marized in Table I together with those for alkahne- 
earth metal ionsi Although the extraction constants 
for the other heavy metal ions tested were not 
determined, they seem to be less than the extraction 
constant for calcium. It is clearly seen that 
22-Koshland is a selective extractant for lead, copper, 
cadmium and mercury. &, increases in the order 
Cd’+ Q Hg2+ < Cu2+ < Pb2+, which is approximately 
compatible with that of the stability constants for the 
complexes of these metals with cryptand- in aque- 
ous medium,4 6 but it is noteworthy that mercury, 

I I I I I 
3 4 5 6 7 8 

PH 
Fig. I. Effect of pH on the distribution ratios for bivalent 
metals extracted with 22-Koshland reagent. [(22- 
Koshland),] = 1.0 x 10e4M (in 1,2-dichloroethane): 1, 
1.58 x 1O“M Pb(II) (0); 2, 1.73 x 10-‘A4 Cu(lI) (A); 3, 

1.96 x IO-‘&f Hg(ll) (e); 4, 1.60 x IO-SM Cd(H) (n). 

which forms a very stable complex with cryptand- 
(log p = 17.85),5 is less extractable than lead and 
copper. The high stability of the lead complex is 
accountable for from the match in size between the 
ionic radius of lead and the cavity size of the 
cryptand- ring of 22Koshland. Moreover, the lead 
ion encircled by the cryptand- ring of 22-Koshland 
is probably axially sandwiched between the two 
nitrophenolate groups of the reagent, either by co- 
ordination interaction or ion-ion interaction.’ 

To clarify the selectivity of 22-Koshiand for lead, 
the ratio of K,, of lead to that of the other metal ions 
is also shown in Table 1, as a separation factor. 

When the pH of the aqueous phase is adjusted with 
a small amount of tetramethy~ammonium hydroxide 
and/or hydrochloric acid, plots of absorbance of the 
organic phase against pH show a maximum at 
around pH 5.5 (curve 1 in Fig. 2f, the molar absorp- 
tivity being about 3.8 x IO4 l.mole-‘.cm-‘. As the 
pH is raised above 7, the absorbance gradually 

Table 1. Extraction constants (K,,) for bi- 
valent metal ions with 22-Koshland reagent 

(25‘C) 

Separation factor 
Metal ion -log K,, for Pb(II)t 

Pb(II) 5.4 - 
Cu(Il) 5.6 1.6 
Hg(II) 5.8 2.5 
Cd(H) 8.4 IO’ 
Ca(I1) 12.5* 1.3 x IO7 
Sr(II) 13.5* 1.3 X IOR 
Ba(II) 15.1’ 5x IOU 

*Values from reference 4. 
~~~~(Pb)/~~~(M). 
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Fig. 2. Effect of complexing agents on the extraction of lead 
(I.58 x 1O--‘M) with 22-Koshland reagent: 1, in the absence 
of complexing agent (II); 2, 0.025M hexamine+O.OlM 
acetic acid (0); 3, 0.0025M sodium thiosulphate (A); 4. 

O.OlM triethanolamine (a), 

decreases. A similar trend was observed for the 
extraction of copper. The decrease at higher pH is 
probably caused by hydrolysis of the metal ions. It is 
possible that even at the maximum at around pH 5.5 
the extraction of lead is not quantitative. Combined 
use of triethanolamine or hexamine with acetic acid 
as the buffer was found to be effective not only in 
preventing the decrease in extractability at higher pH, 
but also in making the extraction of lead quantitative, 
as shown in Fig. 2. When hexamine buffer is used, 
lead is extracted quantitativeIy from the aqueous 
phase at pH >, 6.3 (Fig. 2). The lower the pH of the 
aqueous phase, the less is the interference from other 
metal ions, so the aqueous phase is buffered to pH 6.3 
with hexamine and acetic acid. In this case, the 
concentrations of hexamine and acetic acid must be 
higher than O.OtM to prevent the hydrolysis of lead. 
Although the effect of ionic strength on the extraction 

has not been investigated, it has no noticeable effect 
up to 0.06. 

The presence of heavy metal ions, except for 
copper, cadmium, mercury(l1) and bismuth, did not 
interfere in concentrations up to about O.OOlM. 
However, it is necessary to add tartaric acid to 
prevent hydrolysis. In particular, the precipitation of 
hydrous iron(lI1) oxide leads to low analytical results, 
probably owing to the adsorption of lead.’ The 
addition of tartaric acid is also effective in preventing 
the hydrolysis of lead at high pH. 

As the separation factors for copper and mercury 
are small (fable I), it is necessary to eliminate the 
interference from both ions in determination of lead. 
Thiosulphate was found to mask both ions. The 
masking agent itself, at concentrations up to 
0.0025.M. did not disturb the extraction of lead. 

06- 

02- 

0’ I I I 
350 400 450 

Xlnm) 

Fig. 3. Absorption spectra of lead and cadmium complexes 
with 22-Koshland reagent. Concentration of complex = 

1.70 x 10_5M. 

Although the separation factor from cadmium is 
relatively large (Table I), this metal can seriously 
interfere in the determination of lead because it is 
partly also extracted at pH 6.3. The masking of 
cadmium by sodium thiosulphate is very poor, but 
there are two methods to eliminate the interference 
due to cadmium; one is to wash the organic phase 
with pH 6.3 buffer solution, and the other is to 
calculate the net absorbance of the lead complex from 
measurements at two wavelengths. As shown in Fig. 
3, the absorption maximum of the lead complex is at 
406 nm, and that of cadmium is at 391 nm. Hence, 
if the ratios of the molar absorptivities (c) at the two 
wavelengths are known for both complexes, the 
absorbance of the lead complex at 406 nm can be 
calculated by means of the equation” 

Abs,, (406 nm) = 

k,, x Abs(406 nm) - Abs(391 nm) 

kcd - k,, 
(2) 

Table 2. Effect of foreign ions in the determination of 
1.52 x lO_jM lead 

Foreign ion Concentration, M Recovery of lead, % 

Fe(W) 2.1 x 10-J 99.4 
Mn(I1) 1.1 X 10-1 98.7 
Co(H) 9.2 x IO-’ 98.7 
NifII) 1.1 x 10-J 104.0 
Cu(I1) 2.4 x 1O-J 100.0 
Zn(I1) 1.4 X 10-j 99.4 
Cd(I1) 1.2 X 10-4 163.7 

1.2 X lo-4 95.6* 

Hg(II) 5.5 X 1o-4 97.1 
Bi(III) 3.9 X lo-4 105.1 
Ca(I1) 1.5 X to-7 102.4 

Mg(II) 1.5 X 10-J 97.1 
SOi- 0.01 98.8 

*Absorbance corrected according to equation (2) 
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Table 3. Determination of lead in zinc powder 

No. Pb(fI) added, M Pb(I1) found, M Pb in Zn powder, % C.V., % 

I 0 5.9 x IO-6 0.139 3.7 
2 7.9 X lo-* I.39 x 10-s 0.141 1.1 

where k represents the ratio +,/+, for the metal 
complex indicated by suffix, and “Abs(406 nm)” and 
“Abs(391 nm)” represent the absorbances measured 
at 406 and 391 nm, respectively. The values of k 
obtained by us were 0.863 for the lead complex and 
1.014 for the cadmium complex, but should always be 
determined with the spectrophotometer used for the 
analysis. In the present method, the combined use of 
washing the organic phase with buffer and absorb- 
ance correction according to equation (2), is recom- 
mended. 

The effect of foreign ions was examined, and the 
tolerance limits are summarized in Table 2. It is seen 
that for the determination of 1.52 x 10-‘1zri lead, little 
interference was observed from these ions present in 
concentrations up to IO-100 times that of lead. 
Although cadmium interferes seriously, the presence 
of up to 1.2 x 10m4M cadmium is permissible if 
absorbance correction is used. 

The calibration graph for lead was linear, and the 
molar absorptivity calculated from the siope was 
4.47 x lo4 1 .mole”’ .cm-‘, which is approximately 
equal to that for the calcium complex,‘4 though only 
about half that for the cryptand (2.2.2)-eosin sys- 
tem.* 

regermination of lead in zinc boiler 

To examine the applicability of the proposed 
method, lead in zinc powder was determined. A 
sample solution was prepared by dissolving 0.3521 g 
of zinc powder in a small volume of hydrochloric acid 
and diluting the solution accurately to 100 ml with 
water. Five-ml portions of the sample solution were 
analysed with and without spiking with 7.9 x IO-‘M 
lead. The results of five determinations are shown in 
Table 3, together with the coefficient of variation 
(C.V.). The values are in good agreement and similar 
to the result obtained by atomic-absorption speo 
trometry (6.0 x 10-6Lti Pb). The cadmium concen- 
tration in the sample solution was found to be 
4.0 x lO-(‘.W, by atomic-abso~tion spectrometry, 
and was below the interference level. 

It has been proved that lead is quantitatively 

extracted at pH > 6 and photometrically determined 
with 22-Koshiand. The relatively serious inter- 
ferences from copper, mercury and cadmium can be 
prevented by using a masking agent and a compen- 
sating absorbance measurement. 

Compared with the similar method using eosin and 
crytand (2.2.2)* or l&~own-6,~ the present method is 
superior in the pH range for extraction but inferior 
in sensitivity to the fluorimetric determination with 
eosin. To improve the sensitivity and selectivity, 
various chromogenic and fluorogenic crown ether 
reagents have been synthesized16 and investigation on 
their extraction behaviour with metal ions is in 
progress. 
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Summ~y-Sensitive s~ctrophotometric and s~ctrofluorimct~c procedures for the dete~i~ation of 
palladium have been developed, based on solvent-extraction of the ion-pair formed between Rhodamine 
B and the anionic complex of Pd(II) with thiocyanate. With an organic to aqueous phase-volume ratio 
of I : 5, the molar absorptivity is 9.0 x IO4 I .moie-‘.cm-’ and the absorbance of the reagent blank is 0.026. 
S~ctrophotometricaiiy, palladium can be determined in the range 0. i-8.8 pg. ~pectrofluo~metricaiiy, it 
can be determined over the range 0.04-1.S pg. The spectrophotometric procedure has been applied to the 
determination of palladium in dental alloys, organopaiiadium compounds and hydrogenation catalysts. 

Most of the s~ctrophotometri~ methods for pal- 
ladium determination are based on the formation of 
chelates with organic reagents.‘” Conversely, few 
methods based on the formation of ion-pairs with 
basic dyes have been developed, e.g., the ion- 
association compounds of palladium with azide and 
Methylene Blue,’ iodide and pyronine G,‘” and with 
thiocyanate and Crystal Violet.” Some ion- 
association compounds precipitate at the phase 
boundary or on the walls of the separatory funnel 
when the aqueous solution is shaken with an organic 
solvent (flotation methods), and Rhodamine 6G and 
Methylene Blue have been used for palladium deter- 
mination in this way.j2.” 

The purpose of the present work was to find a 
suitable colour system for the determination of pal- 
ladium after solvent extraction. We chose Rho- 
damine B as counter-ion for the anionic 
thiocyanate-palladium complex. The proposed 
method is sensitive, has a low reagent blank, and is 
easy to use. 

EXPERIMENTAL 

Apparatus 

A Pye Unicam SPS-200 spectrophotometer was used for 
the absorbance measurements. Fiuorescence intensity mea- 
surements were made with a Perkin-Elmer 3000 
spectrofiuorimeter; 5-nm band-widths were used in both the 
excitation and emission systems. 

Reagents 

Ail inorganic chemicals used were of analytical reagent 
grade and doubly distilled water was used throughout. 
Rhodamine B solution (IO-‘M) was prepared from the 
commercial product (Merck) without further purification. 
Standard palladium solution (5 x iO-ZM) was prepared 
from paiiadium(l1) chloride and standardized gravimetri- 

*Author to whom correspondence should be addressed. 

caily.‘J Working solutions (1 #g/ml) were prepared from the 
standard solution on the day of use. 

Procedures 

Spectrophofume~rjc method. To a volume of sample soiu- 
tion, in a separatory funnel, containing between 0. I and 8.8 
pg of paiiadium(II), add 5 ml of 4SM suiphuric acid, 1 ml 
of 0.025M potassium thiocyanate solution, 2.5 ml of Rho- 
damine B solution and dilute to 25 ml with water. Extract 
the mixture with 5 ml of butyl acetate (exactly measured) by 
shaking the funnel vigorously for I min, allow the phases to 
separate and discard the aqueous phase. Wash the organic 
layer with two IO-mi portions of 0.9M suiphuric acid, 
transfer it into a centrifuge tube and centrifuge it. Measure 
the absorbance of the organic layer at 55.5 nm against a 
reagent blank similarly prepared. Prepare a calibration 
graph, using different volumes of standard palladium(I1) 
solution. 

SpectroJlcorimerric method. In a separatory funnel place 
the sample solution (0.04-1.5 pg of palladium), add 5 ml of 
4.5M suiphuric acid, I ml of O.OiSM potassium thiocyanate 
solution and 1.5 ml of Rhodamine B solution, dilute to 25 
ml with water and extract the mixture with 8 ml of butyi 
acetate (accurately measured). Discard the aqueous phase 
and wash the organic layer as in the spectrophotometric 
method. Centrifuge the organic layer, take exactly 5 ml of 
it and add exactly 2 ml of ethanol. Measure the Auorescence 
at 573 nm with excitation at 550 nm. Prepare a calibration 
graph by the procedure described. Run a reagent blank in 
the same way and subtract its fluorescence from that of the 
sample. 

Procedure ,for dental alloys 

Dissolve IO mg of sample in IO ml of aqua regia and 
evaporate to near dryness. Add about IO ml of water and 
heat again. Cooi, transfer to a separatory funnel and dilute 
to about 50 ml. Add IO ml of 1% sodium dimethyi- 
giyoximate solution and mix. After 15 min, extract with two 
5-ml portions of chloroform (shaking time 30 set). Evapo- 
rate the combined extracts to dryness on a water-bath 
Mineralize the residue by evaporation with a mixture of 3 
ml of concentrated hydrochloric acid and 2 ml of concen- 
trated nitric acid. Dissolve the residue in IM hydr~hioeic 
acid and make up to volume with water in a SOO-ml standard 
flask. Take an aiiquot and determine palladium according 
to the methods given above. 

411 



412 I. LOPEZ GARCIA et al. 

1 .o - 

0.8 - 

$j 0.6- 

x 

P 

9 

0.4 - 

0 

480 530 580 630 

Wavelength (nm) 

Fig. I. Absorption spectra. (A) reagent blank (reference, 
extracting solvent); (B) and (C) with 5.87 and 2.68 pg of 
palladium, respectively (reference extracting solvent); aque- 

ous phase, 25 ml, organic phase, 5 ml. 

Dissolve the sample as above, filter if necessary and dilute 
to known volume. Take an aliquot containing 0.04-8.8 ~.cg 
of palladium and apply one of the recommended pro- 
cedures. 

RESULTS AND DISCUSSION 

In a preliminary study we found that palIadjum 
forms an ion-association complex with Rhodamine B 
in the presence of an excess of thiocyanate. This 
compound is extractable into organic solvents. The 
use of very polar solvents leads to high values for the 
reagent blank whereas if the polarity is too low the 
colourless form of the dye predominates in the or- 
ganic layer. The best results are obtained with butyl 
acetate as solvent. The complex extracted is very 
stabte and washing with two lo-ml portions of 0.9.M 
sulphuric acid gives a reagent blank absorbance of 
about 0.026 at 555 nm. 

Figure 1 shows the absorption spectra of the 
complex in butyl acetate and of the reagent blank 
obtained as described in the procedure. The absorp- 
tion spectrum of the extracted ion-association com- 
pound is almost identical in shape to the spectrum of 
an aqueous solution of Rhodamine B, with a slight 
red-shift of the absorption maximum. The excitation 
and emission spectra are shown in Fig. 2. As can be 
seen, maximum fluorescence intensity is obtained at 
573 nm, with excitation at 5.50 nm. Addition of 
ethanol to the organic phase greatly increases the 

fluorescence intensity of the palladium complex. 
Figure 3 shows the effect of dilution with ethanol. 
Although the dilution process decreases the final 
concentration of palladium, the fluorescence intensity 
is maximal in a 65:35 v/v mixture of butyl acetate 
and ethanol. Therefore, a dilution of 5 ml of extract 
with 2 ml of ethanol was used (equivalent to _ 70 : 30 
v/v ratio). 

Sulphuric acid concentrurion. With fixed concen- 
trations of the other reagents, the absorbance and 
fluorescence for palladium samples measured against 
the reagent blank were maximal and constant for the 
acidity range 0.1-1&V. The value of the reagent 
blank decreases gradually with increase in sulphuric 
acid concentration, but almost constant in the acid 
range stated. A sul~huric acid concentration of about 
0.9M was therefore selected as optimal. 

Rhodamine B co~t~e~ttruti~~~. As can be seen in 
Fig. 4 the absorbance for palladium (measured 
against the reagent blank) is maximal and constant 
with a dyestuff concentration 26 x 10-5M. A 10m4M 
Rhodamine B concentration was chosen for the 
spectrophotometric method. When the spectro- 
fluorimetric procedure is used, a 4 x 10VSM Rho- 
damine B concentration is recommended because the 
lower the amount of Rhodam~ne B used, the lower 
the reagent blank. 

Thiocyanate concentration. Figure 5 shows the 
effect of thiocyanate concentration on the 
fluorescence. Similar results were found for the spec- 
trophotometric technique. Consequently, 6 x 1O‘-J 
and lO-~‘M concentrations were chosen for the 
fluorimetric and spectrophotometric procedures, re- 
spectively. 

Wavelength (nm) 

Fig, 2. Excitation and emission f’) spectra of reagent blank 
(A) and the ion-association compound (B) in 5:2 v/v butyl 
acetatc-ethanoi mixture; aqueous phase, 1.17 pg of pal- 

ladium. 
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Fig. 3. Effect of dilution with ethanol on fluorescence. (A) reagent blank: (B) and (C) with palladium: 
(B) reference solvent mixture. (C) reference reagent blank. 

Characteristics of‘ the compound ertracted 

The extraction efficiency under the selected condi- 
tions was calculated from the results for two succes- 
sive extractions of the same sample. A value of about 
99% was obtained. 

The palladium: Rhodamine B and palladium: 
thiocyanate molar ratios were calculated by the 
continuous-variations method, 1: 2 and I :4 ratios 
respectively being found. Therefore, the extracted 
compound is [Rhodamine B], [Pd(SCN):-1. 

The rate of extraction is high. Shaking times 
ranging from 40 set to 3 min did not produce any 
change in absorbance. so a I-min shaking time was 
selected. Both the absorbance and fluorescence values 
of the butyl acetate extract remain constant for at 
li?dSt 8 hr. 

Calibration graph 

Under the recommended conditions, the spec- 
trophotometric calibration graph is linear over the 

0.8 
r 

__2*-*-•. 
““‘-7 -*-•- 

0.6 /s 

A 
_ _ _ _ - -*- - 

0 4 8 12 

Rhodamine B concentratjon 

(1 d5Ml 

Fig. 4. Effect ofconcentration of Rhodamine B. (A) reagent 
blank (reference extracting solvent); (B) and (C) with 4.5 fig 
of pailadium, (B) reference extracting solvent and (C) 

. . . 

range 0.1-8.8 pg of palladium. The molar absorp- 
tivity at 555 nm calculated from the slope of the 
graph is 9.0 x IO4 l.mole-‘.cm-‘. The precision is 
shown in Table 1. The standard deviation for the 
absorbance of the reagent blank was 0.0011. 

The spectrofiuorimetric calibration graph was iin- 
ear over the range 0.04-1.5 pg of palladium. The 
relative standard deviation of the fluorescence in- 

tensity for 10 determinations of 0.5 pg of palladium 
was 1.3%. 

The effect of foreign ions on the spectro- 
photometric determination of 3 ,ug of palladium is 
presented in Table 2. An error of &2% in the 
absorbance value was considered tolerable. The most 
serious interferents were Pt(IV), AgfI), Au(W), 
Rh(III) and Hg(I1). The interference of silver can be 
avoided by adding bromide and filtering. If Pt(IV), 
Au(III), Rh(II1) or Hg(II) is present a preliminary 

800 

i- 

log [SCN-] 

Fig. 5. Effect of the concentration of thiocyanate. (A) 
reagent blank (reference solvent mixture): (B) and (C) with 
0.7 pug of palladiums (B) reference solvent mixture and (C) 

reterenCe reagent blank. reference reagent blank 
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Table 1. Precision of the s~ctr~photometrj~ determination of pal- 
ladium with thiocvanate and Rhodamine B (10 replicates) 

Palladium Palladium Std. devn., Confidence limits 
added, 11~ found, fig !JR (probability level 0.95), fig 

I.25 1.25 0.012 1.25 & 0.09 
3.75 3.74 0.029 3.74 * 0.02 
6.25 6.26 0.034 6.26 + 0.02 

Table 2. Effect of foreign ions on the spectrophotometric determi~tion 
of 3 tia of nalladium 

Ion 
Limiting molar ratio 

[Ionl/tPd(II)~ 

F-, Cl, phosphate, Co(H) 
Zn(II), Ru(II1) 
Br-, nitrate, Cu(II), Ni(II), Al(IfI), 

Mn(II), Fe(III)$ 
Cr(VI), Bi(III), FetIII) 
Perchlorate, V(V), Ag(I)t 
Mo(VI), W(VI) 
lr(III) 
I-, Os(VII1) 
Pt(IV), Ag(I), Au(III), Hg(II)+ Rh(II1) 

*Maximum molar ratio tested. 
$In the presence of O.OIM fluoride. 
?With pretreatment. 

1 oooo* 
5000 

2000 
500 
100 
50 
20 

tl 

Table 3. Palladium dete~ination in samples 

Sample Pd content, % Pd found, %* 

Dental alloy I 30t 29.8 
Dental alloy 2 22§ 22.1 
Catalyst (Al&$) 5t 5.0 
Catalyst (BaSQ) 5t 5.1 
Organopalladium compound I 1.5.7§ 15.6 
Or~anopalladium compound 2 1g.e 18.8 

*Average of three determinations. 
iNominal content. 
§Palladium found s~ctrophotometri~ally by solvent extraction with 

dimethyl~lyoxime and chloroform. 

separation of palladium from the matrix is necessary. 
Extraction of palladium dimethyl~iyoximate with 
chloroform can be used for this purpose. 

Applications 

The method was applied to the determination of 
~dlladium in dental alloys, catalysts and or- 
ganopalladium compounds. Sampies were analysed 
according to the recommended spectrophotometric 
procedure. Table 3 gives the results compared with 
those obtained by another recommended 
solvent~xtraction method.” 

Conclusion 

The methods proposed are simple, rapid and sensi- 
tive. Both compare very favourably with most pub- 
lished methods for the determination of palladium by 
use of ion-association compounds, and they can 
certainly be classed amongst the most sensitive. 

A~k~ouliedgement-~~~ authors thank Dr. G. Lopez (Inor- 
ganic Chemistry Department. University of Murcia) for the 
kind gift of organopalladium samples. 
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Summary-A selective method of determination of amines and quaternary ammonium salts by solvent 
extraction and thermochromism of ion-association complexes has been established. The method is based 
on the formation of ion-association species with tetrabromophenolphthalein ethyl ester and the thermo- 
chromism effect in the organic phase at low temperature. The absorbance of the red amine charge-transfer 
complexes decreases quantitatively (AA) with increase in temperature (AT), and AA/AT is characteristic 
of a particular species. This characteristic has been applied for the sensitive and selective determination 
of amines. The absorbance of the blue quaternary ammonium ion-association complexes does not vary 
with temperature, however, and the quaternary ammonium compounds can be determined without 
interference by amines because of the disappearance of the red species at 60’. Methylephedrine, 
diphenhydramine, ephedrine (amines), benzethonium and/or berberine (quaternary ammonium com- 
pounds) in two- and three-component mixtures can be determined by using the ~bermochromism effect. 
The method is highly selective, sensitive and reproducible. 

Some acid dyes, such as Bromophenol Blue,’ Bro- 
mocresol Green,? Bromothymol Blue’ (diprotic acid 
dyes), picric acid? 2,6-dibromophenolindophenol* 
and tetrabromophenolphthalein ethyl ester” (mono- 
protic acid dyes) have been used for extractive spec- 
trophotometric determination of amines, alkaloids 
and quaternary ammonium compounds (R,N+). Al- 
though the narrow optimum pH range for use with 
Bromophenol Blue, Bromocresol Green and Bro- 
mothymol Blue is of advantage in selective extraction 
of onium compounds, the extractability of ion- 
association complexes with these dyes is poor. Of the 
dyes tested above. tetrabromophenolphthalein ethyl 
ester (TBPE) has the highest sensitivity and best 
extractability for secondary and tertiary aromatic 
amines and quaternary ammonium salts, but the 
absorption spectra and optimum pH ranges for ex- 
traction of various compounds overlap. As a result, 
TBPE is not suitable for selective determination of 
quaternary ammonium compounds and amines in 
multicomponent mixtures. 

However, we have found that the red amine-TBPE 
complexes show regular and reversible thermo- 
chromism in the organic phase, whereas almost no 
absorbance change is observed with the blue 
R,N +-TBPE complexes.’ The absorbance of the red 
species decreases with increase in temperature. More- 
over, we have found that the temperature dependence 
of the absorbance is specific for each red complex.7,8 
This thermochromic effect can be applied to remove 
the interference of amines in the determination of 
quaternary ammonium compounds. 

This paper describes the simultaneous and highly 
sensitive determination of ephedrine, diph- 
enhydramine, methylephedrine, chlorpheniramine, 
benzethonium and/or berberine in multicomponent 
mixtures by use of solvent extraction and thermo- 
chromism. 

Official methods for these onium compounds are 
titrimetry’ and spectrophotometry.” 

EXPERIMENTAL 

.~pp~~aiU.~ 
A Hitachi model 556 double-beam spectrophotometer 

equipped with a controlled-temperature cell-holder, and a 
Hitachi model 057 X-Y recorder were used for absorbance 
mc~surements and recording spectra. Stoppered quartz c&s 
of IO-mm path-length were used for the measurements. The 
temperature in the cell was raised from 25 to 50 or 60 by 
a Komatsu-Yamato CTE-240 circulator. 

A standard m~thylephedri~e solution (t x 10 ‘M) WS 
prepared by dissolving 0.1257 g of “10% methylephedrinc 
hydrochloride powder” in 100 ml of distilled water and the 
concentration was determined by the official titrimetric 
method.’ 

A standard diphenhydramine solution (I x IO ‘,M) was 
prepared by dissolvingb.2981 g of diphenhydramine hydro- 
chloride in 100 ml of distilled water. 

A standard ephedrine solution (1 x IO-‘M) was prepared 
by dissolving 0.20 I7 g of ephedrine hydrochloride in 100 mi 
of distilled water. 

A standard chlor~heniramine solution (I x IO-‘M) was 
prepared by dissolving 0.3909 g of chlorpheniramine male- 
ate in 100 ml of distilled water. 

A standard benzethonium solution (5 x 10. jiM) was pre- 
pared by dissolving 0.2240 g of ben~ethonium chloride in 
100 ml of distilled water. 

415 
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A standard berberinc solution (I x 10-‘&f) was prepared 
hy dissolving 0.4078 g of berberine hydrochloride in hot 
distilled water. cooling and diluting to 1 litre. The concen- 
tration was determined by the official method.‘* 

Working solutions were prepared by accurate dilution. 
Bu0’~ solution, pH 9.0, was made from equal volumes of 
0.31li( potassium dihydrogcn phosphate and 0. I M sodium 
borate and the pH was adjusted with 1 M sodium hydroxide 
or 0.5.U sulphuric acid. 

Tetrabromophenolphthalein ethyl ester solution 
(4 x IO ‘M) was prepared by dissolving 0.7001 g of the 
potassium salt in 250 ml of ethanol. by heating on an 
electrical heater, then cooling. 

Pipette 1 nil of sample solution containing two amines 
(total concentration about IO-50 jtg/ml), 2 ml of TBPE 
solution (4 x 10 -Zhf) and IO ml of bufkr solution (pH 9.0) 
into a IOO-ml separating funnel and dilute the mixture with 
distilled water to 50 ml. Shake the solution mechanicahy 
with 10 ml of l.Z-dichioroethane for 5 min. Transfer the 
organic layer into a test-tube fitted with a stopper and 
centrifuge it to remove water droplets. Measure the absorb- 
antes at the appropriate wavelengths after adjusting the 
temperature in the cell. 

RESULTS AND DISCUSSION 

The absorption spectra of the TBPE ion- 
association species formed with diphenhydramine, 
methylephedrine, ephedrine and berberine are shown 
in Fig. 1. The absorption maxima of the three red 
species are at 573, 550 and 555 nm, respectively; and 
at 575 nm for chlorphen~ramine. The absorption 
maxima of ail the blue species are at 610 nm. It is 
assumed that secondary and tertiary amines form 
charge-transfer complexes by hydrogen bonding with 
the TBPE molecule, and quaternary ammonium salts 
form ion-pairs which have the colour of the TBPE 
dye anion when extracted into 1,2-dichloroethane. 

Addition of 2 ml of 4 x IO-‘M TBPE (about 
40-fold molar ratio to the amines) was found to be 
sufficient for extraction to be complete. However, the 
volume of ethanohc TBPE solution added was kept 

550 600 650 

Wavelength (nm 1 

Fig. 1. Absorption spectra of ion-association complexes 
formed with TBPE: (I) 2 x 10-*1w diphenhydramine: 
(2) 2 x 10m6LJ methylephedrine: (3) 3 x 10e6M ephedrine: 
(4) I x 10m6M berberine (R,N): (5) reagent blank: TEPE 
1.6 x iOe4M; solvent 1,2-dichloroethane: reference water. 

at less than 2 ml because the presence of too much 
ethanol caused an increase in absorbance. The shak- 
ing time was fixed at 5 min and the absorbance of the 
extract was stable for at least 2 hr at room tem- 
perature. The molar ratio of TBPE to either amine or 
quaternary ammonium ion was found to be i : 1 by 
the continuous-variations method under the recom- 
mended conditions. The extraction efficiency was 
more than 95%, and a single extraction is recommen- 
ded. 

Spectral characteristics 

Table 1 shows the molar absorptivities of the red 
complexes at 2.5, 50 or 6@, the wavelengths of 
maximum absorption, and the optimum pH ranges 
for extraction. The molar absorptivities all decrease 
with increase in temperature, but the decrease for the 
red species is much greater than that for the blue 
complexes, and can be assumed to be caused by 
dissociation of the complex into protonated TBPE 
and the free amine, as shown in our previous paper.’ 
The slight decrease in the molar absorptivity of the 

Table 1. Optimum pH ranges and molar absorptivities of ion-association compounds 
with TBPE 

Molar absorptivity,* 
l.mofe-‘.cm-’ 

A r”Y1I, - 
._~___.“.___ ..-,. 

Amine nm 25 50” pH range 

Berberine 610 9.80 i 0.037 x to4 9.24 0.035 x fO4P & 5.5-l I .o 
Benzethonium 610 9.00 & 0.036 x 10” 8.23 0.032 x I04t + ?.&--I 1.0 
Chlorpheniramine 575 3.81 -r_ 0.020 x 10“ 2.61 & 0.015 x 104 1.5-9.5 
~iphe~hy~~drnine 573 3.74 f 0.015 X 104 2.09 * 0.009 x 10” 7.e9.0 
Ephedrine 555 IS6 2 0.012 x IO4 7.70 & 0.05 x 101 9.0” Il.0 
Methylephedrine 550 3.40 + 0.014 X 104 2.13,0.017x IO“ 9.0-9.8 

*Average and standard deviation of IO determinations. 
tMeasured at 60’. 



Thermochromism of ion-association complexes 

Table 2. Molar absorptivitjes and their differences (&) of ion-association 
compounds with TBPE 

Molar absorptivity,* 
l@l.~ole-‘.CRZ- 

A, ..__~ AC,* 
Amine nm 25” 50 1041.mole-‘.cm-I 

Diphenhydramine 550 3.37 f 0.016 1.96 + 0.012 1.41 + 0.01 I 
5.55 3.49 +0.014 2.02 + 0.013 1.47 + 0.012 
573 3.74 f 0.01s 2.09 + 0.009 1.65 t 0.010 

Methyiephedrine 5.50 3.40 * 0.014 2.13 + 0.017 1.27iO.011 
573 3.02 i 0.022 1.90 + 0.01s 1.12~0.010 

Ephedrinet 555 1.56 + 0.012 0.77 + 0.005 0.79 + 0.008 
573 1.38 i 0.009 0.685 + 0.005 0.695 0.007 + 

Chlorpheniramine 550 3.24 + 0.023 2.36 & 0.020 0.88 f 0.010 
575 3.81 k 0.020 2.61 k 0.015 1.20 0.016 k 

*Average and standard deviation of 10 measurements. 
tThese values refer to extraction at pH 9.0 (where extraction is incomplete) and 

are apparent molar absorptivities (calculated as if extraction were complete). 

blue species can be assumed to be caused by expan- 
sion of the 1,2-dichloroethane. The temperature for 
benzethonium and berberine determination is ad- 
justed to 60” because the colour of the red species 
apparently disappears at 60.. The temperature for the 
absorbance measurements was controlled to within 
i: I’. 

Table 2 shows the molar absorptivities of the 

TBPE-amine compfexes at different ~velengths and 
temperatures. For any pair of amines which differ 
sufficiently in these spectral characteristics the follow- 
ing equations can be used to determine both amine 
concentrations in the organic phase.* 

c, = 
A& x At,,,, - AA, x At,, B 

AC,,, x AC,,,, - A6r.A x AC,;.; 
(1) 

where AC is the difference between the molar absorp- 
tivities of a given species at 25 and 50”. subscripts I 
and IT indicate amines I and II. subscripts A and B 
are the wdveiengths of maximum absorption of the 
complexes, and AA, and AA, arc defined as 

A‘4, = Azs .Anm - Aso .Anm (3) 

Consequently, each amine concentration, C, and C,I, 
can be experimentally determined by measurements 
of the absorbance differences (An, and AAs) as 
shown in Fig. 2. In this work, as the extraction was 
done with 50 ml of aqueous phase and 10 ml of 
1,2-d~chforoethane. the initial concentrations in the 
aqueous solution will be a fifth of those found in the 
organic phase. The slightly incomplete extraction is 
automatically compensated for by using a single 
extraction in determining the spectral characteristics. 

*These equations are the correct forms of equations (9) and 
(10) in an earlier paper (T. Sakai. Analyst, 1982, 107, 
640). in which a printing error escaped detection and 
correction. 
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For determination of ephedrine, diphenhydramine, 
methylephedrine and chlorpheniramine in commcr- 
cial drugs, a sample solution containing no more than 
a total amine concentration of 60 jig/ml was treated 

by the standard procedure. The temperature of the 
extract in the cell was adjusted to 50 after the 
absorbance measurement at 2S”, and Ad at two 
wavelengths was measured. For ephedrine and diph- 
enhydramine mixtures, the wavelengths used were 
555 and 573 nm, and for methyiephed~ne and chlor- 
pheniramine mixtures, 550 and 573 nm. The results 
obtained are shown in Tables 3 and 4. Values found 
for ephedrine, diphenhydramine, chlorpheniramine 
and methyfephedrine in the commercial sample solu- 
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Wavelength ( nm 1 
Pig. 2. Absorption spectra of methylephedrit~e and diph- 
enhydramine mixture with TBPE in I,2-dichloroethane at 
25 and 50°C: methylephedrine. I x IO-“M: diph- 
enhydramine, 2 x IOmhM; TBPE. 1.6 x lo- ‘/M: buffer pli 
9.0: AA,, and AA,,, are the differences in absorption at each 

wavelength. 
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Table 3. Determination of methylephedrine and chlorpheniramine in commercial drugs* 

Methylephedrine Chlorpheniramine 

Nominal amount, mg Found,? Range of Found,? Range of 
Sample Methylephedrine Chlorpheniramine mg recovery, % mg recovery, % 

I 12.5 3.0 12.32 97.4-99.7 2.93 96.7-98.7 
2 10.0 4.0 9.80 97.1-98.9 3.92 95.8-loo.3 
3 5.0 3.0 5.20 102.8-105.2 2.98 96.3-102.3 
4 I.3 1.3 1.31 100.0-101.5 1.30 99.2-100.8 

*Other contents: sample 1, pyridoxine hydrochloride 5 mg; sample 2, riboflavin 1.2 mg, pyridoxine 
hydrochloride 1.6 mg, methion~ne 40 mg, calcium pantothenate 20 mg, calcium hydrogen 
phosphate 80 mg, dehydrocholic acid 8 mg, hesperidin 40 mg; sample 3, aminopyrine 2 mg, 
suipyrine 20 mg; sample 4, aminopyrine 10 mg, phenacetin 33.3 mg, caffein 6.7 mg. 

TMean values of three determinations (range of recovery calculated with reference to nominal content 
in sample). 

tions were in good agreement with nominal values 
obtained from the suppliers. Common inorganic 
salts, such as sodium chloride, magnesium chloride, 
sodium carbonate, and organic salts, such as sodium 
citrate and acetate, did not interfere at levels of 1 
mg/ml. However, when the total amount of the two 
amines was more than 70 pg/mI, the recovery became 
worse. Substances likely to be present as preservatives 
or buffering agents exhibited no interference. This 
method is reasonably precise for the simultaneous 
and sensitive determinations of amines in complex 
samples. 

Analysis of three-component mixtures 

A 1 ml portion of a sample solution containing two 
amines (total amount, about 15 pg) and about 20 pg 
of a quaternary ammonium salt was pipetted into a 
IOO-ml separating funnel and the other reagents were 
added and the mixture was treated as described 
above. Synthetic sample solutions containing methyl- 
ephedrine, diphenhydramine, benzethonium and/or 
berberine were prepared in order to assess the per- 
formance of the method. The absorbances at 25’ were 
measured at two wavelengths, 550 and 573 nm, and 
after the temperature in the cell had been adjusted to 
60”, the absorption differences at 550 and 573 nm 

(A&o and AA,,,) were measured. The At. values 
previously measured at 550 and 573 nm for methyl- 
ephedrine were 1.78 x lo4 and 1.57 x 104, and for 
diphenhydramine 1.97 x lo4 and 2.31 x 104. The con- 
centrations of methylephedrine and diph- 

enhydramine were estimated by substituting AASSOnm 

and AA57jnrn in equations (I) and (2). On the other 
hand, the absorbance of the blue species at 610 nm 
was measured and the concentration of the qua- 
ternary ammonium compound determined from the 
molar absorptivity at 60”. The results obtained are 
shown in Table 5. When the total amount of two 
amines was less than about 10 t(g, the recoveries were 
good. However, more than about 15 pg of amine 
gave some interference in the determination of a 
quaternary ammonium salt because dissociation of 
the red species was depressed and the disappearance 
of the red coiour was not complete. Consequently, a 
three-component mixture consisting of small 
amounts of two amines and quaternary ammonium 
compound can be analysed by applying the thermo- 
chromism method, but within a small error. In- 
spection of equations (l)--(4) and the standard devi- 
ations for Ae (Table 2), combined with calculation of 
the propagated error, shows that an overall uncer- 
tainty of about 4% is to be expected. 

Thermochromism can be applied for the deter- 
mination of amines and quaternary ammonium com- 
pounds in multicomponent mixtures. Each amine in 
two-component mixtures or each amine and a qua- 
ternary ammonium compound in a three-component 
mixture can be determined with an error not exceed- 
ing -4%, without separation, but the procedure is 
somewhat tedious, 

Table 4. Determination of ephedrine and diphenhydramine in commercial pharmaceuticals* 

Sample 

1 
2 
3 

Ephedrine Diphenhydmmine 
Nominal amount, mg ----. -~ 

-___I Found,? Range of Found,? Range of 
Ephedrine Diphenhydmmine mg recovery, % mg recovery, % 

200 100 204.8 101.9-103.0 100.3 97.4-103.2 
150 100 147.2 96.2-100.1 98.9 97.5-100.3 
10 IO 10.4 103.~105.0 10.0 99.@-101.0 

*Other contents: sample I, atropine suiphate 1 mg; sample 2, aminopyrine 100 mg, magnesium 
sulphate 500 mg; sample 3, papaverine hydro~hIoride IO mg, noscapine hydrochloride 5 mg, 
diprophylhne 100 mg. 

tMean values of three determinations (range of recovery calculated with reference to nominal content 
in sample). 
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Summary-Tie use of electrolytic deposition as a separation and precon~ntrat~on step in trace metal 
analysis is reviewed. Both the principles and applications of the technique are dealt with in some detail. 
Electrolytic preconcentration can be combined with a variety of instrumental techniques. Special attention 
is given to stripping voltammetry, potentiometric stripping analysis, different combinations with atomic- 
absorption spectrometry, and the use of flow-through porous electrodes. It is pointed out that the 
electrolytic preconcentration technique deserves more extensive use as well as fundamental investigation. 

Preconcentration techniques are important in trace 
and ultratrace analysis, especially for metal species. 
Many analytical applications are connected with the 
determination of trace components in pure reagents, 
high-technology materials, natural waters, soils, air 
and ores.“-’ They have become more important with 
the increased attention paid to environmental pollu- 
tion, the search for new mineral resources, pg., from 
sea-water, and the arrival of industries requiring 
ultrapure reagents and materials, such as the elec- 
tronics and nuclear power industries. 

It frequently happens that the trace components of 
environmental and industrial matrices cannot be 
directly determined by existing instrumental tech- 
niques. This can happen if the trace concentration is 
below the limit of detection (LOD) for the analytical 
method applied or the main components of the 
sample matrix interfere in the determination. In 
either case, the application of a separation and 
preconcentration procedure before the instrumental 
determination may remove the di~culty. 

Various separation procedures. such as evapo- 
ration, precipitation, extraction, ion-exchange, chro- 
matography and electrolysis, can be considered for 
the preconcentration of the trace component. For 
certain types of analytical problem, electrolysis is the 

*Present address: c/o Professor D. J. Curran, Department 
of Chemistry. University of Massachusetts, Amherst, 
MA Of003, U.S.A. 

procedure of choice, especially when the interfering 
matrix components are electrochemically inactive but 
the trace component can be etectro-deposited. Thus, 
separation is achieved, and simultaneously the trace 
component is concentrated on a conveniently small 
electrode area from a highly dilute state in the test 
solution. The trace component is usually deposited in 
the elemental state on the cathode, but in certain 
applications it is anodically oxidized and deposited 
on the anode, e.g., PbO, or Mn0,.3 5 Metals may also 
be deposited in the form of intermetallic compounds, 
e.g., as amalgams at mercury electrodes, or by for- 
mation through in situ co-deposition of a second 
element at an inert electrode, e.g., the co-deposition 
of arsenic with copper or gold.6 

After deposition on the electrode, the micro- 
components are determined by a suitable instrumen- 
tal method. These methods can be divided into two 
main groups: (I) methods such as X-ray photo- 
electron spectroscopy, X-ray fluorescence spec- 
trometry, stripping voltammetry and potentiometr~c 
stripping analysis, which can determine the amount 
of deposit in situ on the electrode surface, and (2) 
optical methods, such as atomic-absorption spec- 
trometry, emission spectrometry, inductively-coupled 
plasma emission-spectrometry and atomic- 
fluorescence spectrometry, which all require atom- 
ization of the deposit for the determination. Neutron- 
activation analysis can also be used, applied either 
directly to the deposit on the electrode surface, or to 
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a solution obtained by dissolving the deposit in a will terminate before the solution is fully depleted of 
trace-free acid. the metal ions in question. If 99.99% completion is 

The direct measurement of heavy metals at rig/l.. required for a 2-electron reaction, the potential 
concentrations, in natural waters or digests of en- should be chosen at least 0.12 V more negative than 
vironmental samples, is a task beyond the scope of E”. However, for practical applications equation (4) 
most instrumental methods, unless preconcentration is of limited value, because slow reaction kinetics at 
is used. At ultratrace levels of the microcomponent, non-ideal electrode surfaces are not taken into con- 
sample contamination becomes a major problem, sideration. Also, uMe may never reach unity, when the 
precluding the use of such separation procedures as initial concentration of metal ions is very low. 
co-precipitation or ion-exchange. Electrolytic precon- Sioda8.9 has pointed out that in certain cases the 
centration has the advantage that frequently little or rate of dissolution of metal deposited on the electrode 
no reagent addition is required, thus minimizing may become significant if there is an insu~cient 
contamination. applied overpotential, or chemical oxidation of 

The technique also has wide scope, being applica- 
ble to more than twenty metals. 

THEORY 

For proper application of electrolytic preconcen- 
tration coupled with an instrumental determination, 
it is important to understand the theory of electroly- 
sis, as applied to solutions of low concentrations of 
electroactive species. 

the deposit can occur. lo The chemical oxidation is 
independent of the overpotential, but depends on the 
chemical composition and pH of the solution. Such 
“anomalous metal dissolution”” has been observed 
for a number of metals. For this reason Sioda has 
modified equation (1) to include a dissolution term: 

dc 
- = -k,c f k,S,W 
dr 

For high and moderate concentrations of electro- where S is the surface area of the deposit, and k2 is 
active species the deposition kinetics will be first- the specific rate of dissolution. The surface area of 
order with respect to the concentration of metal ions the deposit depend on the geometrical area of the 
in so1ution:7 electrode, its surface roughness, and the morphology 

dc of the deposit. It also depends on the deposition time, 

dt- 
- -k,c (1) the initial concentration of metal ions in solution, and 

the rate of mass transport to the electrode. Equation 
which on integration yields (5) can be integrated after adoption of proper 

c =c,exp[-k,t] (2) 
assumptions.8,9 

A consequence of equation (5) is that for long 
where c and co are the concentrations at time t and deposition times an equilibrium should eventually 
zero respectively, and k, is the rate-coefficient of be reached, which would leave an equilibrium 
deposition; k, is a function of the experimental concentration of the metal ions in solution.” 
parameters which govern the mass transfer to the 

k, = kDA/bV (3) 
PRACTICE 

Electrolvtic oreconcentration has been counled , 1 

where D is the diffusion coefficient of the electroactive with a range of instrumental methods of deter- 
species, S is the thickness of the diffusion layer, which mination, usually being used either to concentrate 
depends on the rate of stirring of the solution, A is metals to bring them within the calibration range of 
the electrode area and V the solution volume. The the method, or to isolate them from an otherwise 
simple form of equations (1) and (2) is due to the interfering matrix. In AAS, for example, high salt and 
implicit condition that the applied electrode potential low metal concentrations preclude the determination 
is highly negative (in the case of reduction of metal of many heavy metals at trace levels. Here, electro- 
ions), so that the electrochemical reaction proceeds lytic preconcentration has been widely explored, with 
almost to completion. electrodes ranging from the mercury drop” and 

As the concentration decreases, the equilibrium iridium and tungsten wires and 10ops,‘~ to graphite 
potential of the metal ion in solution becomes more tubesI with either controlled-potential deposition” 
negative, according to the Nernst equation: or, in the simplest case, a constant applied voltage.14 

0.059 Adsorptive preconcentration, and autodeposition (in- 
Ees = E” + - 

uMen + log ~ (4) ternal electrolysis, cementation, deposition without 
n aMe applied voltage), on wire electrodes, also show con- 

where E” is the standard electrode potential, n is the siderable promise for selected matrices. Cementation 
number of electrons involved in the half-cell, uMen+ is has also been done with metal reductor columns.” An 
the activity of Me n+ in solution, and aMe is the activity interesting but little used variant is internal electroly- 
of the reduced metal at the electrode surface. sis by means of hydrogen absorbed on an electrode.” 

From equation (4) it can be seen that when an Electrolysis efficiency is an important factor, and 
insufficient reduction potential is used, the electrolysis electro-deposition from a recirculated solution onto 
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mercury-coated p~r~~~~i~-grap~~te tubes is particu- 
larly sensitive. This technique has been applied to 
metals such as chromium, cobalt, lead and nickel.r5.‘8 

An extension of this procedure, using mercury- 
precoated tubes in a submersible probe as shown in 
Fig. 1, allows the in situ deposition of labile metals 
from sea-water, with determination of the deposited 
metals by AAS performed later in the laboratory.” 

A problem common to all electrolytic precon- 
centrations is the requirement that the metal in 
solution shoufd be in a form which is electro- 
chemically labile or active. Metals bound in non- 
labile complexed forms, or adsorbed on colloidal 
species, may not be deposited unless released by some 
dissociative treatment, e.g., ultraviolet irradiation or 
acid digestion. Many new methods overlook this 
aspect, and are tested only on labile metal salt 
solutions. The ability of electrochemical techniques 
to discriminate between certain species, can, however, 
be an advantage if information on speciation (chem- 
ical form) is sought.*’ 

j 
Pt anode- 

Pt wire contact _Teflon 
holder 

cathode 

Fig, I. Electrode probe for in situ graphite-tube electro- 
deposition for AAS determination of Cd and Pb present at 
ng levels in sea-water. (Reprinted from G. E. Batley, Annl. 
C%ir~. Acta, 1981, l24, 121, by permission af the copyright 

holders, Eisevier Scientific Publishers, Amsterdam.) 

APPLICATfONS 

The reversible electro-deposition of metal ions 
forms the basis of anodic stripping voltammetry 
(ASV), in which metals are preconcentrated by depo- 
sition on a mercury film or mercury drop electrode, 
or a bare glassy-carbon or gold electrode. and then 
oxidatively stripped by an anodic voltage scan. The 
eIements amenable to ASV determination are listed in 
Table Ii. The absolute hmits of detection (LCH3s) 
depend largely on electrode and instrument opti- 
mization; concentrations as low as IO-30 rig/I.. are 
detectable for copper, lead, ~admjurn and zinc in 
sea-water with common commercial instrumen- 
tation? LODs are somewhat higher for elements such 
as arsenic, selenium and tellurium, the co-deposition 
of which with either gold or copper is less reversible. 

Anodic stripping voltammetry (ASV) is probably 
the best known jnstrumenta1 method which incor- 
porates an electrolytic Rreconcentration step.*’ 23 It 
is applied in several different instrumental 
modifications, one of the most sensitive of which is 
differential pulse anodic stripping. A typical 
djfferentia~ pulse stripping curve is shown in Fig. 2. 
The peak heights are proportiona to the initial 
concentration af metal ions in solution, 

The choice of working electrode and the mode of 
voftammetric scanning have been the subject of many 
studies. Mercury films deposited on glassy carbon 

0.6 I- 

Fig. 2. Differe~t~~i-Puis~ anodic stripping voltarn~r~~r~m 
of a digested urine sample, The peaks correspond to 3.3 nN 
Cd, 26nM Pb and 1641-44 Cu. (Reprinted from W. Lund 
and R. Eriksen, Anal. C&m. Am, i979. 107, 37, by 
permission of the copyright holders, Elsevier Scientifnc 

Publishers, Amsterdam.) 
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Table 1. Trace metals amenable to electrolytic preconcentration from 
natural waters by the ASV method 

Metal 

Mn 
Co, Cr, Ni 
Zn 
Cd, Cu, Pb, Tl 
Bi, in,g Sb,$ Sn 
Ag, An, Hg 
As, Se, Te 

Solution conditions 

PH 7 
pH 4-6 
pH 3-6 
dilute acid or pH 3-6 
2M HCI 
dilute acid or pH 3-6 
dilute acid 

Deposition potentials, 
Y vs. SCE 

- I .7*t 
- I .Pf 
-1.3* 
-0.9* 
-OF 
-0.4f. 
-0.32: 

*Hanging mercury drop or mercury film electrode. 
TPoor sensitivity. 
§Hanging mercury drop electrode. 
ZGlassy-carbon or gold electrode. 

offer the best sensitivity, but the banging mercury 
drop electrode is probably more versatile and re- 
liable. For the stripping step, differential pulse scan- 
ning seems to be the technique of choice, although 
alternating-current and even direct”curre~t stripping 
may be used to advantage in certain cases.24 

ASV has been widely used for the dete~ioati~~ of 
Cu, Pb, Cd and Zn in environmental samples, owing 
to the extremely low LODs it offers. The absence of 
interference effects from a high concentration of 
alkali-metal salts-which in fact play the necessary 
role of a supporting electrolyte-makes the method 
particularly well suited for the determination of trace 
metals in sea-water. ASV is also used to distinguish 
between labile and bound metal ions in natural 
waters; the most comprehensive speciation scheme so 
far developed is based on this method.*’ For biolog- 
ical samples ASV normaHy necessitates a complete 
digestion of all organic material, or interfering peaks 
may be observed on the voltamperogram.26 However, 
in some cases, e.g., in the analysis of urine, a 
direct analysis without pretreatment of the sample is 
possible.27 

The main disadvantage of ASV is that for most 
practical applications it is limited to metals which 
form soluble amalgams; besides the four mentioned 
above, these include Sb, Bi, In. Tl and Ga. However, 

-1.0 

the determination of the latter etements is less 
straightforward, owing to irreversibility, inter- 
metallic-compound formation and peak overlapping. 
Also, in environmental samples, the concentration of 
the last four elements may be too low for a direct 
determination by ASV. 

For ions that form insoluble compounds on the 
surface of a mercury electrode, cathodic stripping 
voltammetry (CSV) may be used. Although its prac- 
tical application is restricted, compared to ASV, it 
has been used for the determination of halide ions as 
well as selenium.~* Adsorptive electrolytic accumu- 
lation can serve as a precon~entration method for 
many species that cannot be electrolyti~alIy plated.?’ 

Potentiometric stripping analysis (PSA) 

PSA was introduced by Jagner and Granlli in 
1976.“o It is similar to ASV in that the metals to be 
determined are preconcentrated as amalgams at a 
mercury electrode but stripping is done by chemical 
oxidation, e.g., with mercuric ions or oxygen present 
in the solution, without application of an external 
potential. During the oxidation process, the variation 
of potential of the working electrode is recorded as a 
function of time, and a stripping curve like the one 
shown in Fig. 3 is obtained. Because the rate of 
oxidation is constant, and controlled by the transport 

Fig. 3. Potentiometric stropping curve for cadmium, lead, copper and bismuth, with use of mercuric ions 
for oxidation. (Reprinted from D. Jagner, Anai. C%em.. 1878, SO, 1924, by permission. Copyright 1978, 

American Chemical Society.) 
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Fig. 4. Theoretical model predicted----region between the curves-and experimental conversion efficiencies 
of several flow-through porous electrode systems (symbols as in text), (Reprinted from B. G. Aieya, f. 

Appl. Elecrrochem., 1980, 10, 627, by permission of the copyright holders.) 

of the oxidant to the electrode surface, the time 
needed for the stripping of each metal is proportional 
to the concentration of the corresponding metal in 
solution. PSA is applicable to most metals that can 
be determined by ASV.b 

In PSA a mercury film electrode is normally em- 
ployed. A mercury film deposited in situ on glassy 
carbon is particularly advantageous, because of its 
high sensitivity, and also because the mercury(H) ions 
added are used both for film formation and the 
subsequent potentiometric stripping. Furthermore 
this electrode can easily be rotated at high speed, 
which improves the reproducibility, particularly for 
short stripping times. 

In the first version of PSA very long deposition 
times had to be used, to obtain stripping times of the 
order of seconds. However, when the concentration 
of metals is low or the concentration of oxidant is 
high the stripping may take place so fast (in the 
course of milliseconds) that an ordinary strip-chart 
recorder cannot be used. This problem has been 
overcome by incorporating a microcomputer in the 
PSA system; the signal can then be displayed at a 
suitable rate when desired.?’ In addition, background 

subtraction and other manipulations of the signal are 
easily performed with computerized PSA. 

Hence for sub-ppm concentrations of metals PSA 
requires somewhat more sophisticated instrumen- 
tation than does ASV. Also, the necessity to use a 
mercury film electrode may sometimes be a disadvan- 
tage, as with urine samples, which attack the mercury 
tilm.32 On the other hand, the removal of oxygen is 
not needed, and PSA is also relatively insensitive to 
other electroactive species present in the samples, 
because-unlike ASV-no current is drawn through 
the working electrode during the stripping process. 
This represents an obvious advantage, because it 
allows a simplified sample pretreatment to be used. 
Thus, cadmium and lead have been determined in 
whole blood after simple dilution of the sample with 
OSM hydrochloric acid containing 50 mg of mer- 
cury@) nitrate per litre. However, interferences from 
electroactive species present in high concentrations 
may be encountered.34 

Like ASV, PSA has mainly been applied to the 
determjnation of metals which form soluble amal- 
gams. However, like CSV, the PSA method can be 
used to determine species such as halides and sele- 



nium which form insoluble compounds at the mer- 
cury surface. The stripping is then done with a 
suitable reducing agent, such as amalgamated sodium 
or zinc.” 

Electra -deposition and atomic-absorption spec - 

trometry 

Electra-deposition of trace metals, followed by 
AAS determination, offers several advantages, as 
already discussed. Consequently, various metals 
of environmental significance which cannot be 
measured directly by ~~~~tro~errna~ AAS-owing to 
interference and their low levels in the environment- 
have thus been measured after electrolytic precon- 
centrationn LODs down to 10 rig/l.. have been 
obtained, but the main advantage over use of AAS 
alone is the minimization of matrix interferences; for 
example, Pb, Co and Ni have been determined in 
sea-water with no interference from the high sodium 
chloride content.‘* A further potential advantage of 
this approach is the ability to determine Pb, Co and 
Ni speciation by selective deposition. Also, speciation 
of chromium-or and Cr(IIl )--in natural waters 
has been studied by carefully controlling the depo- 
sition potential and PH. t5 ft seems possible that by 
study of electro-deposition from natural waters of 
suitably adjusted pH, information can be obtained on 
the state of complexation of the metal ions present. 

The electro-deposition~AAS approach has been 
successfully applied to the determination of metals 
such as Cr, Co and Ni, for which ASV measurements 
are not sensitive enough, owing to irreversible 
eIe~tro-deposition. Other elements, such as Se or Hg, 
d~te~ina~on of which by ASV or direct AAS suffers 
from various d~~~u~tjes, have been measured success- 
fully by the e~~tro-deposition~AAS approach with 
LODs of 0.1 and 0.08 pg/I., respectivety.36’7 In a 
paper by Newton and Davis, LODs for AA.5 deter- 
mination of 19 elements have been reported.j8 

In this technique electrolytic pr~~oncentrat~on is 
achieved by plating the metals on metal wires of high 
melting point, e.g., tungsten or iridium,39 or on 
various graphite surfaces4’ The electrode is then 
transferred to the AAS instrument, where the metal 
is determined by either flame or el~trothe~a~ atom- 
ization. The use of a thin metal-wire filament has the 
advantage that e~~trothermal atomization can be 
achieved by simply passing a low current through the 
wire, or alternatively the filament can be heated in a 
flame. A combination of both approaches can also be 
used.36 If the more costly graphite-furnace equipment 
is available, the graphite tube used as the cathode for 
electro-deposition can serve as the furnace in 
the subsequent electrochemical atomization.‘5.‘8.4’ 
Effective and reproducible ~~~ctro”deposition is 
achieved by using a flow system with the graphite 
tube as working electrode (Fig. 1). Such an arrange- 
ment also permits in .&u electro-deposition, which 

.I. 
mm~mizes errors, e.g,, those arising from con- 
tamination and adsorption. The flow systems are 

designed so as to allow convenient removal and 
transfer of the graphite tube. Only low plating 
efhciency, l-5%, is usually obtained, as expected for 
open tubular electrodes. Higher efficiency, i.e., lower 
LODs, may be achieved by recycling the solution or 
utilizing a thin-layer flow ce11.‘9”7 

Flow-through porous electrolytic preconcePttration 

The use of flow-through porous electrodes (FPEs) 
for the recovery of metal ions From aqueaus solutions 
has been advocated by several authors, including 
Bennion and Newman,42 and Sioda and Piotrowska.43 
However, the present ana~yt~~~ use of these high 
surface-area electrodes has been mainly limited to 
controlied-potential coulometry.@ The purpose of 
this section is to indicate the advantages of using 
flow-through porous electrodes for preconcentrating 
metal ions from solutions. Some useful theoretical 
and semi-empirical equations which govern the oper- 
ation of this are presented, to allow the reader to 
evaluate this method for future use. 

Some of the advantages of the e~~trojytic 
Bow-through porous pre~on~ntrators include the 
ability to precon~ntrate a single ion selectively from 
a mixture of ionic species, reuse of the electrode, and 
use of relatively inexpensive equipment. 

The materials that have been used for making 
FPEs range from a series of fine metal screens (e.g., 
nickel, ~~at~~urn or gold), graphite cloth, reticulated 
vitreous carbon and confined granular carbon. Each 
of these materials has been studied to determine the 
mass transport characteristics, and several cor- 
relations have been presented which provide a good 
overall understandjng of the mass transport of the 
species being preconcentrated at the electrode sur- 
face. Sioda has given a correlation which can be used 
to relate the efhciency of pre~on~entration to the 
parameters of the electrode and solutiond5 This cor- 
relation has the form: 

log{log[l/(l -,f)]f =A + B logu (7) 

where f is a conversion efficiency, i.e., precon- 
centration efficiency from a continuous stream of 
trace solution, A is a function of the electrode 
parameters, such as specific surface, length, porosity 
and cross-sectional area; u is the average linear 
solution fiow vefocity, and B is an empirical par- 
ameter of hydrodynamic nature. 

Ateya has developed a somewhat different the- 
oretical correlation which is useful for many types of 
FPEs? Figure 4 presents the fit of Ateya’s cor- 
relation to the data obtained by several authors, 
using many kinds of FPEs, and shows that the 
parameters which control the conversion efficiency 
are those in the function 

a(t) = ~~2~~~~~ 09 

where u is the volumetric Row-rate of the solution, R 
is the average pore diameter. D is the diffusion 
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coefficient of the electroactive species, L is the length 

of the electrode, and 0 is the electrode porosity. 
In both cases above, the correlations are good only 

for FPEs which are completely filled with solution, 
and assume that the total surface area of the FPE is 
accessible to the ionic species being preconcentrated 
from a continuous solution stream. 

The following two examples of use of FPEs to 
remove metal ions from solutions show the attractive 
features of the flow electrolytic method, which is very 
effective in the preconcentration of metal ions. Chu 
et u1.47 used a bed of graphite particles to deposit 

copper nearly completely from acidic 0.1 mM copper 
sulphate. Subsequent electrochemical dissolution of 
the metal gave enrichment by a factor of 1000. 
Blaedel and Wang48 used discs of reticulated vitreous 
carbon in a flow-through electrolytic cell to detect the 
presence of O.lptM potassium ferrocyanide in a 
phosphate buffer solution. Recently, Wang and 
Dewald4”,50 have described the deposition of several 
metals, such as Cd, Cu, Pb and Zn, at a flow-through 
reticulated vitreous-carbon electrode, and their sub- 
sequent stripping. These studies suggested that with 
FPEs it would be possible to determine these metals 
at about nM concentrations. 

Another approach to electrolytic preconcentration 
is to use several FPEs in series to concentrate 
different ionic species from the same solution by 
controlling the potential of each FPE. After deposi- 
tion, the metals are anodically dissolved into solution 
at different times, thus allowing each ion to be 
detected separately. With the vast array of buffers 
used in polarography, no new buffering systems are 
required. In addition. the potentials at which the 
FPEs are to be maintained are already known in 
most cases, and consequently only a small amount 
of experimentation is required to determine the 
feasibility of using the FPEs for specific precon- 
centration problems. 

Other instrumental methods used to determine 

the electro-deposited metals include photometric 
analysis,s’ emission spectrophotometry,s*.5’ and X- 
ray fluorescence,S’.S5 although they appear of limited 
value for ultratrace concentrations in waters, It is 
more promising to couple electrolytic precon- 
centration with inductively-coupled plasma emission- 
spectrometry,56,57 spark-source mass spectrometry 
(SSMS),‘h.58 and atomic-fluorescence spectrometry.59 
all of which have lower LODs. 

Jorstad and Salbu have applied neutron-activation 
analysis to the determination of I4 elements electro- 
deposited from “synthetic” sea-water onto mercury 
and graphite.” LODs of the order of l-100 rig/l.. were 
obtained. In this multielement procedure, it was 
necessary to calibrate for every element, because the 
rates of deposition differed according to the pH, 
applied voltage and type of electrode used. 

Electra-deposition has also been used as an auxil- 

iary preconcentration technique applied, after an 
initial ion-exchange preconcentration of copper, to 
obtain the analyte in a form suitable for electron 
microprobe analysis.” 

CONCLUSIONS 

Electrolytic preconcentration has been widely used 
in conjunction with a variety of highly sensitive 
determination techniques, for trace and ultratrace 
analysis. - ” 65 Its advantages and limitations are not as 
widely known as they should be, a situation which 
this review is intended to improve. The technique 
deserves more extensive use and fundamental 
investigation. 

AcX-no~ied~cmPnrs-S.C,L. thanks Kim Kinoshita of 
Lawrence Berkeley Laboratories for discussions and help 
connected with writing for this review. R.E.S. thanks many 
authors who have kindly sent copies of their research papers 
as a contribution to this review, 
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Summary-An aquametric microtechnique is proposed for measuring the me-adsorbed (residual) moisture 
(AW) and equilibrium moisture content (H) in macroporous weakly basic anion-exchangers and their gel 
analogues. during the derivation of water-vapour sorption isotherms by use of a modified McBain balance 
in a va~uun, system. The absolute values of AU’ and N are determined by direct Karl Fischer titration 
of weighed samples of the anion-exchanger after equilibrium hydration has been achieved at various 
relative water-vapour pressures (Pip,). The relationship between At+’ and the sample pretreatment 
conditions. characteristics of the polymer matrix (basicity and porosity), and the nature of the ionogenic 
groups in the ion-exchanger has been established, It has been shown that the hydration parameters, in 
terms of the BET theory and specific anion-exchanger surface area depend largely on At+‘. For instance. 
in the case of the strongly basic anion-exchangers AB-171 and AB-17-8, which contain quaternary 
ammonium groups. the degree of hydration in the BET region may be well in excess of the apparent 
effective capacity (h) of the BET monolayer. It has been shown that the specifc surface area for water 
(&,o), calculated from aquametric isotherms by using the BET equation, corresponds to the hydrophilic 
anion-exchanger surface area, as compared to the Sri??? value calculated from gravimetric isotherms. 

A wealth of experimental data on water-vapour 
sorption (hydration isotherms) by ion-exchange 
resins has been accumulated by using sorption, 
spectral, and other techniques.’ Wydration isotherms 
are usually interpreted on the assumption that the 
initial resin samples are predried in vacuum at a 
temperature that keeps their structure intact when the 
water is removed. It is common knowledge that 
thermolabile anion-exchangers dried under such con- 
ditions still retain 2.4% w/w of firmly bound residual 
water.’ Conditions for obtaining absolutely dry 
anion-exchangers without structural change, deamin- 
ation or degradation remain to be established and 
that is why some aspects of the determination of 
pre-adsorbed (residual) moisture (AW) require sys- 
tematic investigation. There is aIso a lack of data on 
the relationship between Au’ and sampie pre- 
treatment conditions. characteristics of the polymer 
matrix, and the nature of the ionogenic groups in the 
ion-exchange resins. 

The present paper proposes an aquametric micro- 
technique for determining AM/ and the equilibrium 
moisture content H directly. during derivation of 
water-vapour sorption isotherms in a vacuum system 
with a modified McBain balance.‘~’ The absolute AW 
and H Values are determined by direct Karl Fischer 
titration of anion-exchanger samples’ brought to 

*Author for correspondence. 

hydration eQui]ibrium at various relative water- 
vapour pressures (P/f,). Results are also given which 
illustrate the effect of drying conditions for a number 
of ion-exchange resins of different porosity and basic- 
ity on the AW value and the parameters of the 
Brunauer, Emmet and Teller (BET)’ equation, which 
is used for interpreting the hydration isotherms. 

EXPERINENTAL 

Synthetic macroporous anion-exchangers based on a 
copolymer of styrene with divinylbenzene and di-isopro- 
penylbenzene, synthesized in the presence of an inert soi- 
vent.& and some of their chemical gel-like analogues were 
used. Anion-exchangers in the hydroxide and free base 
forms. ~ondit!oned by a known techniques’ were in- 
vestigated. The samples. their physicochemical properties 
and compositions arc listed in Table I. 

Three methods’ were used to determine the water content, 
The first involved suspension of the resin sample (5. IO mg) 
for 20 min in methanol (2 ml) directly in the titration cell, 
the extracted water being titrated with Karl Fischer re- 
agent.* The second method involved drying 0.2 g of sample 
at SO” and a pressure of 0.1 Pa, to constant weight. The third 
method involved heating I g of resin, with 25 ml of dry 
(<O.Ol% water) methanol. in a Rask fitted with a reflux 
condenser. at 50 for an hour and titrating the water with 
Karl Fischer reagent: extending the extraction time had no 
tangible effect on the results. A parallel blank experiment 
was also conducted. The results are summarized in Table 2. 
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Table I. Physicochemical properties of the anion-exchangers examined 

Specific 
surface 

Mean Total area with 
pore pore Bulk respect to 

Aminating radius, volume, density, nitrogen. SEC? 
Resin agent* nnz c??l~/g g/&92 3 d/g meyig c, % H. % N, % 

AB-171-4~1~~ TMA 26.3 0.14 0.654 7.5 2.6 - 
AB-17-8 TMA 0 0 0.750 0.1 3.6 - 
AH-221-12~100 ED 15.3 0.41 0.456 57.0 5.9 78.0 8.3 7.3 
AH-22l-12180 ED 23.0 0.46 0.464 90.0 5.1 58.2 9.9 7.3 
AH-22lD-15~10~ ED 0 0 0.610 2.9 6.0 73.5 8.2 9.5 
AH-22 I D- I5180 ED 0 0 0.691 3.4 6.2 72.8 8.2 9.1 
AH-22 I D- I5160 ED 0 0 0.711 0. I 5.5 72.7 8.4 9.4 
AH-22-8 ED 0 0 0.496 0.1 5.2 - - - 
AH-531-12180 PEI 5.0 0.21 0.649 57.0 4.5 77.8 8.4 8.3 
AH-521-I2/80 ‘I-ET 7.0 0.22 0.665 63.0 5.5 75.2 8.2 8.5 
AH-51 l-12/80 DET 9.1 0.36 0.654 78.0 5.8 75.0 8.1 9.2 

*TMA = trimethylene, ED = ethylenediamine, PEI = polyethyleneimine, TET = triethylenetetramine, DET = diethylene- 
triamine. 

+SEC -= statistical exchange capacity. 

Table 2. Water content of the anion-exchangers, found by the various methods. % 

Resin 

AH-221s12/100 7.68 
AH-22l-12i80 6.03 
AH-22lD-15~100 3.75 
AH-22 I D-l Sj80 2.77 
AH-22 1 D- 15160 1.50 
AH-531-12180 2.68 
AH-42lL12/80 2.41 
AH-51 l-12/&0 2.36 

Fischer method, 
.Y 

Sr. 
(n = 5-7) 

0.06 
0.04 
0.03 
0.05 
0.23 
0.14 
0.07 
0.03 

Methanol 
extraction 
at 50’, ;i- 

1.66 

- 
- 
- 

2.68 

- 

Vacuum 
drying 

(n L) at 50”, X 

0.1 6.63 
- 5.56 
- 3.74 
- 2.58 
- I .45 
0.1 2.48 
- 2.36 
- 1.53 

(n s’i-4) 
0.6 
0.9 
0.7 
0.4 
0.8 
0.9 
0.5 
0.5 

~eriz~~ti~~ (?~~~~d~u~~~n ~.~~1~1~~~.~ by use ufu McBain baiante 

Water-vapour sorption isotherms were obtained at 25’ on 
a vacuum adsorption apparatus’ with a quartz spring 
balance (Fig. I.). The anion-exchanger samples (-0.2g) 
were placed in the preweighed cups of the quartz balance, 
and the system was heated to 50 and evacuated to a 
residual pressure of 1.33 Pa. Water vapour was then fed into 
the system at various pressures and kept there until hy- 
dration equilibrium was reached, in 17-20 hr. At a relative 
water vapour pressure P/P, = 0.9, the maximal amount of 
bound water (H,) was determined. Then. the water-vapour 
pressure was reduced stepwise in the system, and desorption 
isotherms were derived. The water-vapour pressure was 
measured with a U-shaped mercury gauge, the difference in 
levels being measured with a katharometer to within 
+O.S%. The vacuum adsorption apparatus was kept at 
25 i 0. I in an air-thermostat. 

It is possible in this way to obtain adsorption and 

(2-6 mg) of anion-exchangers, as well as control ampoules, 
were connected to the columns of the McBain balance 
system by capillaries (Fig. 1). After hydration equilibrium at 
a specific P/P* value had been reached, two test ampoules 
and two control ampoules were detached, wiped clean and 
opened, and their contents were titrated with Karl Fischer 
reagent.4,ti It was necessary to titrate the control ampoules 
to determine the water adsorbed on their surface and 
present in the gas phase in them, The H values were 
calculated for each water-vapour pressure tested. from the 
difference between the results for titration of the sample and 
control ampoules and the formula: 

H _ 0.555 a (WE) 

S(IOo-- w) 

desorption isotherms for several anion-exchangers simul- 
taneously within 8-10 days, with a reproducibility within 
15%. 

Ayuumrtric microdetermination qf AW and H 

where H is the absolute moisture content in the anion- 
exchanger (mmole/g); a is the net volume of Karl Fischer 
reagent used to titrate the sample (ml); (WE) is the water 
equivalent of the Karl Fischer reagent (mg/ml); S is the 
exchanger sample weight (mg); W is the initial moisture 
content of the air-dry sample (X w/w): 0.555 is the con- 
version factor from % w/w into mmoleig for water. 

Earlier.‘” we described the procedure for obtaining iso- The value of a is the difference between the titration 
therms for water vapour sorption by anion-exchangers by a volume for the sample and for a control ampoule: W is 
microtechnique that permits determination, by direct ti- determined by direct titration with the Karl Fischer reagent. 
tration with Karl Fischer reagent. of equilibrium hydration, A.W is defined as the equilibrium amount H of exchanger- 
taking due account of the value of AW, which is usually not bound water at a residual water-vapour pressure of 1.33 Pa, 
determined when isotherms are derived by other methods. and a preselected temperature, when the initial samples have 
To determine AW and absolute moisture content H aqua- been dried under static conditions. The relationship between 
metrically at different equilibrium values of P/P,. ampoules H and P/P, was used to derive the aquametric isotherms”’ 
(50 mm long, diameter 3 mm) containing microsamples (Fig. 2). 
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Fig. 1. McBain balance modified for aquametric and gravimetric microdeterminatlon of the anion- 
exchanger water content at diKerent water-vapnur pressures. i-sorption column; Z-quartz spring; 
L-cup containing the adsorbent; 4-mercury gauge; 5-water-vapour supply system; G-sample and 
control micraampoules; 7-thermocouple; G-air thermostat; B-trap; IO-raughing-down pump; 

I 1-I S-cocks. 

RESULTS AND SXSCtiSSION 

Moisture content of anion -e.uchangew 

~eterm~~atio~ of water by Karl Fischer titration 
of samples in any state af aggregation may be 

represented primarily as a two-stage process. 

1. Dilution of the water-containing sample with a 
suitable solvent (or solvent mixture), or quantitative 
extraction of water from the sample with a suitable 
solvent or solvent mixture: 

Sarn~~e.~H~U + nsSolvent * 

Sample.nSolvent + nH,O.(m - n)Solvent 

2. Titration of the water.” 

Ctonsequentty. only water in molecular form’3.iJ and 
exchangeable with the solvent is determined when the 
moisture content in salid-phase samples is measured 

by Karl Fischer titration. The water is usually extrac- 
ted with the solvents used to make the standard Karl 
Fischer reagent or its modifications,8.‘?.‘5 namely 
methanol, ethanoI, dimetbylformam~de~ pyridine, 
methylcel~osa~ve~ etc. The exchange-rate depends on 
how strongly the water is bound to the sample 
surface, as well as on the physicochemical properties 
of the sample. of which the mast important are the 
specific surface area, total volume, and mean pore 
radius, as well as the nature of the active groups 
(Table I). 

As expected, the results of determination of the 
moisture content by various methods (Table 2) are 
in good agreement for ah AH-221D resin samples 
that do not have true porosity. The results obtained 
for water in the macro~orous exchangers AH-221. 
AH-5 I f . AH-521, AH-531 by drying were all lower, 
which can obviously be explained as due to the 
difficulty of removing the water present in the resin 
micropores. 

I i 

0.4 0.8 0 0.4 0.8 

P/p, 

Fig. 2. Aqu~metri~ (0) and ~~avimetr~c (0) ~ydratjon isotherms offa) AH-51 I, (b) AH-22t, cc) AH-22, 
(d) AB-t7-8 and (e) AB-171. 
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The reliability of the Karl Fischer method for 
dctcrmining the moisture content of anion- 
cxchangcrs was verified by the method of standard 
additions. Microsamples of dried AH-221-l2/80 resin 
in Teflon cups 12 mm long, 5 mm in diameter, with 
ground-in stoppers, were weighed on a microbalance 
before and after addition of various amounts of 
water. The initial moisture content of the resin and 
the total moisture contents of the treated samples 
were determined by Karl Fischer titration (Table 3). 
For AH-221 - 12/80, containing about I I % of water, 
the absolute standard deviation was 0.01% (7 repli- 
cates). 

Among the factors most significantly affecting the 
titration results is the duration of contact of the 
sample with the Karl Fischer reagent (or the extrac- 
tion solvent). The time necessary for a quantitative 
analysis of the exchangers tested (depending on the 
nature of the sample) is IO-20min. 

The results obtained (Tables 2 and 3) show that the 
water content of the resins based on the copolymers 
of styrene with divinylbenzene and di-isopropenyl- 
benzene may be determined quickly and efficiently by 
direct Karl Fischer titration. For titrating samples of 
unknown structures, however, it is necessary to deter- 
mine experimentally the minimum contact time 
needed for the determination to be quantitative. 

The hydration isotherms of the macroporous 
weakly basic AH-51 1, AH-221, AB-171 and their gel 
analogues were derived by aquametric and gravi- 
metric methods (Fig, 2). According to Brunauer’s 
classifica~ion5 they are isotherms of the second type, 
are easily linearly approximated in the region of 
P/P, = C-0.4, and may, therefore, be quantitatively 

described in terms of the BET equation for poly- 
molecular adsorption: 

PIP, I (C - 1)P 

p-=- +Ircp, * H(l -P/P,) hC 

where H is the amount of sorbed water (mmoie/g)~ k 
is the monomolecular layer capacity (mmole/g); P/P, 
is the relative water-vapour pressure; C is a constant 
associated with the sorption energy during establish- 
ment of the first monolayer. 

As can be seen from Fig. 2, the aquametric iso- 
therms (HA) are higher than the gravimetric (Ho) 
ones, and AH = fI,& - H,, at P/P, ranging from 0.2 
to 0.9, virtually coincides with A@‘, Le., with the 
pre-adsorption level of hydration (Table 4). The 
previously described isotherms for water-vapour 
sorption by the AB-17”.” and AH-221 ” anion- 
exchangers predried at 100 and 80 , respectively, 
with a residual pressure of 0.013 Pa, lie between the 
aquametric and gravimetric isotherms for these 
resins. The gravimetric isotherms of ~ter-vapour 
sorption by ion-exchange resins are therefore relative. 
their shape and position in the initial region depend- 
ing strongly on the amount of pre-adsorbed moisture 
(AW) which, in turn, depends on the sample pre- 
treatment conditions (temperature, residual water- 
vapour pressure) and some physicochemical proper- 
ties of the resins (basicity, porosity). For AW values 
for the anion-exchanger samples dried at various 
residual pressures (0.133-13.3 Pa) and temperatures 
(25-SO-), see Table 4. As expected, the AM: values 
depended to a large extent on the residual water- 
vapour pressure and the drying temperature. 

It is therefore evident that the experiment involves 
only partial dehydration of the exchanger, and the 
non-removable bound water is probably associated 

Table 3. Determination of the moisture content of the AH-221-12180 resin 
with Karl Fischer reagent 

Mean amount 
Amount of water added, of water found*, No. of 

% % determinations 

2.17 2.15 2 
4.50 4.57 4 
7.36 7.41 4 

Il.04 I I.10 7 

*Corrected for initial moisture content. 

Table 4. Relationship of me-adsorbed maisure AW with temperature T and residual pressure P 

IV, ~~~~~~~~ /g 
P. PO T, ‘C AH-51 l-12180 AH-221-12180 AH-22-8 AB-l71-4:iOO AB-17-8 

13.30 25 
50 

1.33 25 
30 
40 
so 

0.133 25 
50 

I .98 1.48 0.30 2.35 1.36 
1.95 1.30 - - 
1.75 1.26 0.25 2.27 1.27 
I .46 1.24 - - 
I .44 1.23 - -. 
I .38 I.23 - - 
1.34 1.22 0.23 1.92 1.22 
1.32 I .22 0.23 1.88 1.20 
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with polar surface groups. namely the amino groups 
of the respective aminating agents (Table I). Further 
dehydration by increasing the drying tem~ratur~ is 
limited owing to the low thermal stability of the 
exchangers and the resulting deamination of the 
surface amino groups.’ Thus, the aquametrically de- 
termined absolute moisture content (H) consists of 
two components: pre-absorbed moisure (AK’) and 
equilibrium sorption (CI) at a given gravimetrically 
determined P/P, value. The aquametric isotherms 
may be regarded as hy~otbeti~al sorption isotherms 
for completely dehydrated samples (A W = 0). 

The amount A W of pre-absorbed moisture, as seen 
from Table 5, also depends on the matrix structure 
and the nature of the active groups. As expected, the 
A W values for macroporous samples (AH-221, AB- 
171) and other chemical gel analogues (AH-22, AB- 
17) vary, whereas the A W value for the gel exchangers 
is considerably lower than that for the ma~roporous 
analogues. The basicity of the anion-exchanger also 
has a considerable influence on Al+‘, especially in gel 
samples, A W increasing with b&city. Such a change 
can be explained as due to an increase in the polarity 
of the hydration sites in t~nsition from weakly to 
strongly basic anion-exchangers. In the weakly basic 
AH-51 1, AH-221, AH-22 exchangers, the primary 
and secondary amino groups of the residues of the 
respective aminating agents, diethylenetriamine and 
ethylenediamine. act as potential hydration sites, 
whereas the strongly basic A&171 and AB-17 ex- 
changers contain quaternary ammonium groups and 
hydroxide counter-ions capable of being solvated. 

Table 5 presents the statistical exchange capacity 
(SEC), A W, the BET hydration parameters, and the 
specific surface calculated from the nitrogen and 
water sorption data. It is evident that the hydration 
parameters (h, f, fi\ and S) determined from the 
aquametric isotherms are considerably higher than 
those from the gravimetric isotherms. Such diffcr- 
ences, naturally. are first of ail explained by the 
contribution of AW to the measured values and, 
secondly, are limited by the accuracy ~reprod~~ibility 
and correctness) of measurement of the N values by 
the aquametric (mean S, = 0.08) and gravimetric 
(mean S, = 0.64) methods (see Table 2). It should also 
be noted that the /I and AW values depend on the 

basicity and porosity of the exchanger. For instance. 
the value of h is considerably greater for the weakly 
basic gel exchanger AH-22 than for the nlasroporo~~s 
chemical analogue AH-22 1. whereas this difference 
virtually disappears in the case of the strongly basic 
AB-17 and AB-171 (Table 5). 

If the SEC corresponds to the overall number of 
polar groups available for hydration in the ex- 
changer, then the effective capacity of the BET 
monolayer (h) in turn determines the number of 
accessible primary hydration sites on the molecule 
surface. Comparative analysis of the SEC and II 
values for each exchanger in Table 5 shows that only 
30-60% of the total number of polar sites in the 
weakly basic AH-511, AH-521 and AH-22 is avail- 
able for hydration in the BET-monolayer formation 
area. The presence of strongly basic polar sites (qua- 
ternary ammonium ions) in AB- 17 1 and AB- I7 pro- 
vides for a hydration level well above the effective 
monolayer capacity in the BET region, and the Jr 
value is erroneous in this case. Evidently. this has to 
do with the presence, within the structure of the 
strongly basic exchangers, of ion-pairs capable 01 
hydration in the monolayer formation region. This 
being the case, the /I value is 1.5-2 times greater than 
the SEC, regardless of porosity. The aquamctric h 
value for the weakly basic AH-22 resin gel sample 
(3.43 mmolejg) is considerably higher than that for 
the ma~roporous AH-22 (I .61 mm~)le~g) and AH-5 i 1 
(2.24 mmole/g). The relative swelling capacity ol 
these resins changes in the same order. being. at the 
monolayer formation point, 13.5, 5.6 and I t .04/o for 
AH-22, AH-221 and AH-5 I 1 IV respectively. 

The polymer matrix structure and exchanger basic- 
ity have the same effect on the relative values ol 
maximum hydration W (at P/P, = 0.9) and specific 
surface SH?* for water as they do on the relationship 
involving the h values. The Sitlo values determined 
from the gravimetric and aquametric isotherms arc 
considerably higher for all the exchangers examined 
than the respective SN: values determined by the 
method of thermal desorption of nitrogen. In the 
latter method the sample is first thoroughly purged of 
possible impurities by boiling in acetone, followed 
by vacuum drying. and in the course of the low- 
temperature nitrogen sorption the sample structure is 
assumed to be invariable.’ On the other hand, in the 
water-vapour method the sample swells and its sur- 
face expands, and the calculations with respect to 

Table 5. Water wpour sorption capacity and BET equation parameters of anion-exchangers 

SEC. w. if, ~f~?i)l(J~~ H, . nmwk ,;g C S S”,,,. w i’ 
Resin 

U... 
t,wy :i: i~l1~1~~~~~~ G A G A G A ,w’:g G A 

AH-51 l-12:80 5.X 1.31 I.89 2.24 12.26 13.58 12.4 19.4 7X 121 143 
AH-21 i-12,80 5.1 I.21 I .0x 1.61 7.43 8.97 4.1 9.0 90 70 IO3 
AH-22-8 5.2 0.23 3.38 3.43 1 I .96 12.38 6.4 x.3 0.f 216 ‘19 
AB-171-4~100 2.6 1.88 4.73 5.45 20.82 22.80 10.5 26.8 7.5 302 34x 
AB-17-8 3.6 1.20 4.76 5.47 19.21 20.40 21.0 26.3 0.1 304 349 

G-determined ~r~~irnetric~~il~. 
A-determined uyuumetricnlly. 
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water refer to the swollen sample, particularly for 
gels, which have relatively high swelling capacity in 
the monolayer formation region.‘” 

Comparative analysis of the data in Table 5 shows 
that the .& values of weakly basic gel samples are 
considerably higher than the .S,, values, whereas the 
difference is insignificant for macroporous samples. 
The sorption properties of gel samples are never- 
theless similar to those of macroporous samples 
(Table 5), which can be explained as due to the 
different mechanisms of hydration. 

The macroporous anion-exchangers are phase- 
disperse systems with pores 5-25 nm in size, contain- 
ing water in two forms: water bound to the polar 
centres of the polymer network, and water sorbed 
interstitially in the pores. The reversible hydration of 
these exchangers points to the absence of capillary 
condensation, and the steep upward slope of the 
isotherm as P/P,-+? is explained by the formation of 
a “iamellar” structure typical of this kind of hy 
dration.20 In the case of the gel exchangers, which 
lack porosity when dried, hydration occurs mainly by 
saturation of the polymer matrix with water and is 
accompanied by considerable swelling of the resin. 
Moreover, the gel sample starts to swell with the 
sorption of the first water molecules on the mono- 
layer area, which creates a porous structure even in 
the initial stage of the sorption process, which is why 
the isotherms of water-vapour sorption by the macro- 
porousAH-511,AH-221,AB-I71 andgel-likeAH- 
and AB-17 are identical in shape (Fig. 2). 

The data in Table 5 also show that Suzo cal~wlated 
from the aquametric isotherms is much higher than 
that calculated from the gravimetric isotherms. Thus, 
the specific surface of the exchangers examined, 
calculated from the aquametric data by the BET 
equation, seems to correspond to the actual hydro- 
philic surface. 

In conclusion, it is of interest to examine the 
experimentai SHZo values from a physical point of 
view. According to existing concepts,2’ the applica- 
bility of the adsorption methods for determining the 
specific surfaces of porous bodies, particulariy ad- 
sorbents, depends on the character of their porosity. 
Since anion-exchangers are polymers with labile 
structure, it is recommended, for the purpose of 
obtaining the true parameters of their porous struc- 
ture, to select for each polymer a suitable sorbate, 
which would not lead to swelling (the effect of the 
sorbate on the polymer sorbent should not exceed 
that on an inorganic sorbent). 

On the other hand, the existence of a real inter- 
phase in po~yelectrolyte proteins swollen by water- 
vapour sorption has been corroborated by various 
physical methods, and no room is left for doubt.“.‘4 
It is our belief that in the course of water-vapour 
sorption by anion-exchangers in the monolayer filling 
region, the polymer skeleton remains unchanged, and 
a continuous hydration she’ll fails to form on the 
surface, because of localization of the polar sites on 

the large hydrophobic surface. In this case, the SHZo 
values calculated from the BET equation possess a 
physical meaning, and correspond to that part of the 
total geometric polymer surface that is covered with 
water molecules. That the Sri??? values are higher than 
the corresponding S,, values, as described above, is 
explained by the development of the initial surface 
due to swelling of the polymer matrix, as well as 
i&&ration of water molecules into the structural 
cavities of the resin, which are inaccessible to inert 
nitrogen molecules. Therefore, although they have the 
same physical rnean~n~ of specific surface, the &o 
and S,, values for a particular sample are never- 
theless associated with different states of a polymer 
with labile structure, and naturally are different. 
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Summary-A chemical model (i.e., the number of complexes, their stoichiometry and stability constants 
with molar abso~tivities) in solution equilibria may be estabiisbed by (i) the trial-and-error method in 

which stability constants are estimated for an assumed set of complexes in the mixture and a fitness test 
is used to resolve a choice of plausible models to find the true one: (ii) the simui~neous estimation of 
the stoicbiometry and stability constants for species divided into “certain” species for which the 
parameters /I,,,,, (p, 4, r) are known and held constant. and “uncertain” species with unknown parameters 
which are determined by regression analysis. The interdependence of stability constants and particular sets 
of stoichiometric indices requires that the computational strategy should be chosen carefully for each 
particular case. The benefits and limitations of both approaches are compared by means of examples of 
potentiometric titration data analysis by the POLET(84) program and of spectrophotometric data analysis 
by the SQUAD(84) program A strategy for efficient computation is suggested. 

Potentiometry and spectrophotometry are often used 
to study solution equilibria. The chemical model of 
an equilibrium system consists of (i) the number of 
species in equilibrium, (ii) their stoichiometry, and 
(iii) their stability constants or molar absorptivities, 
respectively. The program MESAK’ determines the 
average composition of species from potentiometric 
data. The program PRCEK2.3 evaluates the stoichio- 
metric indices p. q, r of an M,L,H, complex from the 
slopes of iinearly transformed relationships, by linear 
regression. Under simplifying conditions PRCEK 
may be used to analyse absorbance-pH or 
absorbance-concentration data for equilibrium 
systems of even polynuclear complexes4 but a 
preliminary data-treatment of the absorbance- 
concentration curves should be made,s as the mathe- 
matical mode1 used in PRCEK is limited to two 
complexes only. ‘J The program MRLET8 algo- 
r~thmicaIly det~~ines the stoich~ometric coe~cient q 
of a complex ML, by regression analysis of an 
absorbance us. mole-ratio curve, provided this is the 
predominant complex in the equilibrium mixture. 

Other programs use the operator-controlled “trial- 
and-error” (heuristic) method of stoich~ometry 
determinationY ” in which the stoichiometric 
coefficients are part of the hypothesis tested, and are 
either confirmed by regression analysis or are rejected 

*Part VIII: Tuhru, 1985, 32, 973. 
$Author for correspondence. 

and replaced by those for a new model. The process 
is continued until a satisfactory fit of the model and 
regression analysis is obtained. The initial choice of 
species stoichiometry is usually based on experience, 
but automatic selection from a list of possible species 
and subsequent hypothesis testing has been devel- 
oped, e.g., the STYRE species-selector introduced by 
Sillen in LETAGROP”~” and the species selector in 
PSEQUAD,” which tests several species hypotheses 
step by step so that the species from a list are included 
in or excluded from a model quite automatically. 

Even with computer assistance. it is rather difficult 
to test alf possible combinations of stoichiometric 
coefficients. For example, if p, 4 and r for a ternary 
complex M,L,H, are restricted to the ranges O-3, 
O-3, and O-5, respectively. then, excluding 
proton-metal species and cases where two or all three 
coeficients are zero, 68 different species can be 
obtained by conlb~nation of the components M, L 
and H, 2278 combinations of two different species, 
and so on. Use of chemical experience can radically 
lower the number of possible combinations to be 
tested but it is still difikult to test them all. Usually, 
only a few tens of combinations are tested.” though 
Varga et al.” investigated up to 128 different models 
in a solvent extraction experiment. The problems 
involved have been discussed in a review.‘* 

The present paper describes a direct algorithmic 
estimation of stoichiometric indices (the ES1 
approach) based on simultaneous regression deter- 
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mination of stoi~hiom~tric indices and stability con- 
stants. The novelty of the proposed approach is that 
the stoichiometric indices are estimated as real num- 
bers simultaneously with the stability constants. The 
method has been applied to potentiometric data 
analysis by the program PQLET(84)” and to spec- 
trophotometric data analysis by the program 
SQUAD(84),‘~ and some preliminary results have 
been reported.” 

THEORY 

An equilibrium system consisting of metal (Mf, 
ligand (L) and proton(s) (H) as basic components 
combined in a species of general formula M,L,H, 
may be described by the mass-balance equations 
(charges omitted for simplicity): 

and the overall stability constant 

&,r = I~,~,~,II~I~l”~~lrI~lr~ (4) 

Solution equilibria are usually studied by poten- 
tiometry, spectrophotometry, extraction, etc., the 
total analytical concentrations of the basic com- 
ponents c~, cL and cn being known and experi- 
mentally adjustable, and representing the indepen- 
dent variable in the regression analysis. The 
dependent variable yexp is represented in poten- 
tiometry by the free concentration of a basic com- 
ponent, indicated by an ion-selective electrode (e.g., 
pH by a glass electrode), and in spectrophotometry 
by the absorbance. The functional relationship be- 

tween yeXp, an experimentally adjustable vector of the 
~nde~ndent variable, xeXp = (c,, cL, cu, pH, etc.) and 
a vector of the unknown parameters fi = (&rr,jr c,,~,,~, 
(P, 4, r>, 1, i = 1,. . . , n,, is a mathematical model 
fo~ulated in the form y =f(x; B). Here flnqlVj and 
L pg,,j represent the stability constant and molar 
absorptivity of the j th species with integers p, q, r as 
stoichiometric coefficients. The equilibrium mixture 
contains n, species. 

The general problem is to find estimates for the 
unknown parameters which will minimize the 
residual-square sum function ti: 

u = $ Wi[Yexp,i -ftxi; PII' w minimum (5) 
*=I 

where rci is a statistical weight, usually taken as unity. 
The minimization may be done algorithmically 

or heuristically. The algorithmic process (e.g., 
SQUAD’“) usually finds a global minimum whereas 
the heuristic process depends more on human con- 

trol. POLET(84)” offers a choice of algorithmic or 
heuristic processing. The user must decide whether a 
local or global minimum is required. In com- 
putational strategy, restrictions and initial guesses for 
the parameters and minimization steps for particular 
parameters should be supplied, and special care paid 
to parameters that are interdependent in the model. 

Some di~cu~ty in a non-linear estimation of pp9, 
and p, q, r may arise when there is an adverse mutual 
influence of the estimates of one of the stoichiometric 
coefficients and of /I?,,,, i.e., if the one parameter is 
incorrectly estimated, the other is also incorrectly 
estimated (biased). but the combined effect of the 
incorrectly estimated parameters, when introduced 
into the model, may yield quite reasonable predic- 
tions. It is worthwhile calculating the correlation 
coefficients to obtain information about the inter- 
actions of parameters. 

The ES1 approach is based on treating the stoichio- 
metric indices as real numbers instead of integers and 
varying them simultaneously with the stability con- 
stants in the regression process. Though non-integer 
coefficients of chemical reaction have no physical 
meaning, treating the coefficients as real numbers 
leads to estimates which are ciose to integers for a 
true chemical model. 

The following approaches may be used to estimate 
the separable parameters: (i) the ES1 method, in 
which the model species are divided into the “certain” 
species. for which ,& and p, q, r are held constant, 
and the “uncertain” species, for which these par- 
ameters are directly estimated by regression: (ii) the 
trial-and-error method, in which p, q and r for all 
species are fixed integers based on a hypothetical 
chemical model, and only the stability constants fipVr 
are estimated by regression. 

Other possibilities are based on a combination of 
the two methods in various computational steps, each 
of which refines only some of the parameters; for 
example, known stability constants and stoichiomet- 
ric indices are kept unchanged during a partial re- 
gression refinement of other parameters, and in the 
last step all the parameters. stability constants and 
stoichiometric indices are refined to confirm the 
chemical model found. Simultaneous estimation of 
the stability constant and of all stoichiometric indices 
of a particular species seems to be a rare case because 
the interdependence of parameters, indices and sta- 
bility constant in equations (l)-(4) does not enable 
an estimation. 

Which computational strategy will prove optimal 
depends on the number of complexes, previous 
knowledge of some species in the chemical model, 
and the experimental design for changing the basic 
components in the equilibrium system, and therefore 
an ad hoc choice is necessary. The experimental 
strategies possible for estimation of one stoichiomet- 
ric coefficient by varying the total concentration of 
the corresponding basic component are surveyed in 
Table I. 
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Table I. A survey of experimental possibilities of simultaneous estimation of stability constants and stoichiometric indices 
of M,L,H, species from various spectrophotometric data according to change of the basic components in the experiment: 

fi:,,, denotes the conditional stability constant 

Estimated parameters 

Equilibrium Dependence Condition Suitable Not suitable 

(I) Protonation of monomer: L f rH = LH, 

(2) Protonation of oligomer: y L + Y H = L,H, 

f3) Complex-formifl~ equilibria: 
pM+yL+rH=M,L,H, 

(i) Mole-ratio plots 

(ii) A-pH plots for an excess of ct.: 

(iii) A-pH plots for an excess of cr.,: 

(iv) A-pH plots for varied cM and cr: 

,4 =.i(pH) cL = const. B DW I - 

A =f(pH) CL = const. P,,. y a,,. 9 
ci # const. a,,,, 4. r - 

A =,[(cN/cL) or 
A =.T(c&) pH const. 

et, # const. 
cr., # const. /&. P* 4 r 

A =/(PH) CL >> CM 
CL = const. 
f+,, = const. &WV pV r P/W 4 

A =f(pH) cc<<cr,j 
CL = const. 
cM = const. a;,,, 4* r B,,*P 

A =f(pH) ct_ # const. 
CM * const. &,* P3 4, r - 

EXPERIMENTAL 

Determination of number of species. A set of poten- 
tiometric titration curves is transformed into {Z, pHj nor- 
malized co-ordinates and the resulting 2 matrix is analysed 
by the factor-analysis algorithm SPECIES.“’ For various 
integers of matrix rank k, the standard deviation of Z, ~~(2) 
is calculated and the intersection of two linear parts of the 
.+(Z) =,f(k) graph indicates the matrix rank k* which is 
equal to the number of species in the equilibrium. 

The factor-analysis algorithm FA608” is analogously 
used to analyse the absorbance matrix and the rank is 
estimated as above. The intersection of two linear parts of 
the s,(A) =f(k) graph indicates the matrix rank X-* equal to 
the number of light-absorbing species, n,, in the equilibrium 
mixture. 

Siahil~t~ c~r?st~n~~ of “certain” .rpecie$. The graph of FZ, 
complexes is divided into n,,,, “certain” species, and nun_, 
“uncertain” species, The stoichiometry of the “certain” 
species is known either from previous experimentation or 
the literature. The stability constants &,,_,,j = I,. . . 1 ricer,, (or 
corresponding molar absorptivities in spcctrophotometric 
data analysis), are estimated from separate experimental 
data by the trial-and-error method. A goodness-of-fit test** 
establishes the reliability of the parametric estimates found. 

S~(}~e~lio~~e~rs and stability constant qj‘ “uncertain ‘* spe- 

cies. Realistic values for the stability constants and stoichio- 
metric coefficients are supplied as initial guesses of the 
unknown parameters [(p”’ p”” q’“’ 3 . ry,; .j = I. 1 ‘ s t2”“cerJ* 
and the regression algor%hm is applied. Chemical experi- 
ence, tables of stability constants and knowledge of co- 
ordination chemistry should assist in making the initial 
guesses and choosing the computational strategy for simul- 
taneous estimation of the stoicbiometry and stability con- 
stants. This estimation sometimes fails if there is a strong 
interdependence of the indices and the stability constants, 
resulting in divergence of the minimization algorithm. Care 
should be taken to choose a minimization routine that will 
also work for interdependent parameters. The fitness test” 
is again used as a criterion for the reliability of the re- 
gression estimation. 

Finul r(~~~rnzaii~rl of chemical model ,~und. The real- 
number values of the stoichiometric indices of “uncertain” 

species are rounded to integers and kept constant in a final 
refinement of the stability constants (or molar absorp- 
tivities) of all the “certain” and “uncertain” species by the 
trial-and-error method. Before the final refinement, the 
real-number estimates of the stoichiometric indices should 
be as close as possible to integers and have low standard 
deviations. III,,,,” should not change much in the final 
refinement from the value found with the real-number 
indices. 

The estimation of stoichjometric indices (the ES1 method) 
has been introduced into the programs POLET’.” and 
SQUADx4 to give two regression programs: POLET(84) for 
potentiometric data analysis” and SQUAD(84) for spec- 
trophotometric data analysis.” Our computations were 
done with the EC 1033 (SO0 K) computer in the Department 
of Computing Technique, .I. E. Purkyn& University, 61 I 37 
Brno and the Computing Centre, College of Chemical 
Technology, 532 10 Pardubice Czechoslovakia. 

DBCtiSSIC)N 

The ES1 method has been applied to poten- 
tiometric and spectrophotometric data analysis, and 
some examples, benefits and limitations of the 
method are discussed below. 

The first example is concerned with the overlapping 
protonation equilibrium of a weak acid;‘” the 
simulated data in normalized co-ordinates {Z, pHJ 
were calculated for the two stability constants, 
log jJi,, , = 3.50 and log fiQ12 = 8.00 and also loaded by 
random errors calculated on the basis of an arbitrary 
value of s,,,,(Z) = 0.005. Application of POLET(84) 
in two runs with different initial guesses for the 
stability constants and stoichiometric indices, and of 
the LETAG minimization algorithm*’ in POLET(84), 
led to the true values of the parameters, and the 
goodness-of-fit test showed an excellent fit and hence 
a reliable parametric estimation (Table 2). 
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Table 2. Simultaneous estimation of stability constants and stoichiometric indices from 
potentiometric data analysis by POLET(1984) 

Example 1. Determination of two overlapping protonation constants of a weak acid 
from simulated Z =f(pH) data.‘O Selected values s,,,,(Z) = 0.005, log ,9,,,, = 3.50 and 

log fi,,,2 = 8.00 

Run 

Initial guess 

log 69! rK) 

Estimated parameters 

log B”,, r 

Degree of fit test 

s(Z) R x lo2 

1 LH 2.5 1 3.473 & 0.024 0.993 * 0.005 0.0060 0.316 
LH, 7.0 2 7.985 + 0.020 1.997 * 0.003 

2 LH 3.5 0 3.502 k 0.020 1.000 + 0.005 0.0070 0.368 
I-H, 8.5 0 8.006 + 0.005 2.000 + 0.000 

Example 2. Determination of Bi(II1) hydrolysis constants and species stoichiometry from simulated 
Z=f(pH) data.‘O Selected values s,,,,(Z)=O.OlO, log/?,,,,_, = -1.58, log&,,0,_,2=0.33 

Initial guess Estimated parameters 

Run Species log /I$ p’0’ 40) log Bpo, P r 

1 Bi(OH) -2.0 1 -2 - 1.562 + 0.002 1 -0.988 + 0.001 
2 BWW,, 0.33 6 -10 0.319 + 0.018 6 -11.999*0.013 
3 BWH),, 0.33 6 -8 0.320 k 0.002 6 - 12.001 & 0.000 
4 Bi,(OH),, -1.5 6 -8 0.318 k 0.016 6 -11.999~0.013 
5 Bi,(OH),, -2.0 2 -3 0.392 k 0.017 6.116*0.012 - 12.225 k 0.026 
6 BWW,, -2.0 2 -4 0.356 + 0.044 6.035 + 0.089 - 12.062 * 0.089 

The second example shows that the composition of 
the complexes might also be determined by the ES1 
method even when a bad initial guess for the stoichio- 
metric indices is used. For a model consisting of two 
hydrolytic species, Bi(OH) and Bi,(OH),,, described 
by the stability constants” log/I,,,-, = - 1.58 
and log &_12 = 0.33 and an arbitrary value of 
s,,,,(Z) = 0.010, the normalized data {Z, pH} were 
simulated. Six runs of the ES1 approach in 
POLET(84) computations starting with different 
initial guesses of the stoichiometric indices were 
performed. In the first run, the parameters 
log/I&yi,_,2 = 0.33 and q'p) = 0, pi') = 6, q$') = 0, and 
r$‘) = - 12 were kept constant while log /Ipy,,, , p1 and 
r, were estimated for the first species. In the following 
five runs, the parameters log fl\yJ,_, = - 1.58 and 
p’p)= 1 qj")=O, 

constant and log /I 

rioI= -2 and q2 (O) = 0 were held 

,,,,,,2, pz and rz for the second species 
were estimated. Minimization terminated in all runs 
with the estimated real-number stoichiometric indices 
quite close to the true integer coefficients, so they 
could easily be rounded off to integers and the final 
refinement of the stability constants performed. 

The third example involves regression analysis of 
spectrophotometric data by SQUAD(84). Simulated 
spectra as described by Leggett and McBrydez4 were 
calculated for the species LH, LH,, M(OH), ML, 
ML, and MLH and loaded with a spread of random 
errors generated for an arbitrary value of the instru- 
mental error, sinst(A) = 0.0074. In the first step, a 
chemical model was set up with LH, LH, and M(OH) 
as the “certain” species, and ML, ML2 and MLH as 
the “uncertain” species. The trial-and-error method 
was then applied for determination of /Jlo, /Ino and 

B III and the corresponding Umi, value. The statistical 

characteristics of the fit achieved serve here as refer- 
ence values for comparison with those achieved in the 
subsequent ES1 minimization process. As a rather 
high value of s,,,,(A) was chosen in the data simu- 
lation, the stability constants found, 9.990, 17.813 
and 14.071, should be considered in good agreement 
with the values used for data simulation, Cz. 10.00, 

17.80, 14.10 (Table 3). 
Simultaneous estimation of p, q, r and the corre- 

sponding stability constants fails if there is a strong 
interdependence of the indices. The first three model 
hypotheses shown for this method in Table 3 differ in 
the choice of which of p, q, and r is to be varied, the 
other two being kept constant. This method led to 
true values for the stability constants and stoichi- 
ometry and also degree of fit values the same as those 
for the reference trial-and-error method. The real- 
number values of p, q and r are close to integers and 
may therefore easily be rounded off for refinement of 
the stability constants. 

The last four model hypotheses (Table 3) are all 

false and demonstrate the ability of the ES1 method 
to distinguish between a true and a false chemical 
model. For a false model the real-number values 
found for p, q, r are far from being integers and have 
no physical meaning, the degree of fit is bad, and the 
models hypothesized should be rejected. 

The protonation equilibrium of 2-(2-thiazolylazo)- 
4-methoxyphenol (TAMP)9 is the last example used 

here for demonstration of the benefits and limitations 
of simultaneous estimation of stoichiometry and sta- 
bility constants. Dissociation of r protons from the 
acid LH,. which has an overall protonation (stability) 
constant Do,, = [LH,]/([L][H]‘), may be indicated by 
plots of absorbance t’s, pH. For n, wavelengths and 
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Table 3. Determination of stability constants and stoichiometric indices of three uncertain complexes by simulated 
absorbance matrix analysis with use of the ES1 approach in SQUAD(~984): experimental conditions: absorbance matrix 
generated’* for the absorbance error s,,,(A) = ~.~7~ and selected model: log Boil = 9.70, tog &_, = 13.30, 
log&,, = -3.90, log&,,= 10.00, log& = 17.80, log &,r = 14.i0; in the regression analysis, the stability constants, 
stoichjomet~ and molar absorptivities of “certain” species [LH, LH, and M(OW)] were beeld constant while those of 

“uncertain” complexes were estimated 

Hypothetic Fitness test Hypothesis 
chemical Species Estimated parameters of model 

model assumed log&q, P 4 f s(A)x10’Rx10* maybe 

A. The trial-and-error method 

1st ML 9.990 * 0.028 1 1 0 7.31 0.995 Accepted 
ML2 17.813 k 0.029 I 2 0 
MLH 14.07I 2 0.018 1 1 I 

8. The method of simultaneous estimation of stoichiometry and stability constants 

2nd ML 9.727fO.I13 0.975 & 0.015 I 0 7.20 0.974 Accepted 
ML2 17.389 & 0.143 0.951 * 0.017 2 0 
MLH 14.267 + 0.086 1.065 + 0.027 f 1 

3rd ML 9.654 * 0. I t3 I 0.955 ;t 0,015 0 7.35 0.934 Accepted 
ML, 18.254kO.139 1 2.062 + 0.019 0 
MLH 14.265 & 0.073 1 I.014 + 0.006 1 

4th ML 9.945 + O.lO6 I 1 0.009 IO.015 7.35 0.994 Accepted 
ML, 17.710 + 0.194 I 2 0.017 + 0.30 
MLW 14.066 & 0.041 1 1 0.999 i_ o.ot3 

5th ML 15.973 + 0.245 2.254 -c_ 0.056 1 0 32.85 4.707 Rejected 
ML, 17.204 + 0,268 0.948 It: 0.046 2 0 

6th ML 5.010 + 0.137 1 0.448 rt 0.014 0 29.75 4.262 Rejected 
MI-2 17.759 & 0.607 1 2,065 + 0.079 0 

7th ML I2.537 +0.116 i i 0.627 + 0.03 f 40.72 5.835 Rejected 
ML, 19.434 + 0.519 i 2 0.308 I: om5 

8th MLH 12.837 II 0.116 I t 0.627 _+ 0.03 I 40.73 5.835 Rejected 
ML, 19.434 + 0.519 1 2 0.308 j, 0.095 

II, solutions differing in pH, the absorbance matrix, 
of size (n, x n,) represents the input data for 
SQUAD(84). Separation of the data into individual 
A -pH curves, and subsequent graphical analysis, 
may be performed and log&,, and I estimated 
from the intercept and slope of dependence 
of log (A - ~“,~e~)i(~“~~c~ - A ) = r pH + tog &,f (for 
absorbance measurements in 1 -cm cells). However, 
various linear transformation methods are rather 
sensitive to the choice of segtnent of the A-pH curve 
to be analysed and the parametric estimates are 
always loaded by systematic error. Therefore 
the rigorous non-linear regression approach of 
SQUAD(84)” is preferred for examining the possi- 
bilities and hmitations of the ES1 method. 

Both computational strategies of SQUAD(84), the 
classical trial-and-error method and the method of 
simultaneous stoichiometry estimation were applied 
and the results are compared in Table 4. The trial- 
and-error method searches for the best degree of fit 
for various initial guesses of both log fl$), and ?‘“I, 
with the option of keeping r constant and refining 
log &,, or keeping log p$$, at a realistic guessed value 
and estimating r. The degree of fit is again here a 
sensitive resolution tool. For a false initial guess of 
the stoichiometric indices or for quite unrealistic 
stability constants, the minimization process fails 
because of a divergence of the minimization algo- 

rithm or because of a poorly developed minimum, 
and also there is a poor fit. 

The shape of the residual-square sum function U 
for the spectrophotometric data of the TAMP A-pH 
curve at a single wavelength is interpreted by con- 
tours computed by the program MINUIT.” Ft is 
evident from Fig. I that the minimum is a rather skew 
and very narrow pit which looks hke a cleft. Such a 
minimum is difficult to reach by most minimizing 
routines when a bad initial guess of parameters is 
used. SillCn”7 proved that the convergence of a min- 
imization can be speeded up by varying the parame- 
ters along the main axis of the skew pit. Therefore 
POLET(84), which uses this twisting matrix tech- 
nique, converges better than SQUAD(84). even from 
bad initial guesses. 

Simultaneous estimation of stoichiometry and sta- 
bility constants is also handicapped if there is a strong 
interdependence of log& and r. The total cor- 
relation coefficient for the two parameters 
p (tog &, Y) = 0.998 indicates a strong corretation 
between them and their interdependence may be 
expressed by the equation (log J,,,,)lound = (r)glven x 

1% Bw The CJ response surface may be visualized by 
means of a three-dimensional graph of U as a func- 
tion of both parameters, (IO - V) =f(log &,; r), 
and the minimum Cr,,, is interpreted as the maximum 
value of (IO - Cr,,,). As SQUAD(84) is not able to 
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Tabie 4. Simultaneous estimation of protonation constant and one 
stoichiometric index r of LH, species by SQUAD(1984) analysis of 
absorbance matrix’0 of TAMP: experimental conditions: 5.0 x IO-‘M 

TAMP, I = 0.1 (KNO,), l-cm cell, 25°C 

Part 1. Absorbance matrix of dimensions n, = 7, ns = 15 

Absorbance at 
PH 440nm 470nm 5lOnm 540nm 560nm 580nm 6lOnm 

6.05 0.356 0.373 0.230 0.094 0.052 0.035 0.028 
6.42 0.354 0.370 0.240 0.106 0.067 0.050 0.035 
6.69 0.343 0.368 0.250 0.128 0.091 0.073 0.051 
6.91 0.335 0.357 0.257 0.155 0.124 0.102 0.071 
7.11 0.325 0.348 0.270 0.188 0.160 0.135 0.095 
7.35 0.302 0.333 0.291 0.241 0.223 0.194 0.132 
7.57 0.281 0.315 0.312 0.296 0.278 0,245 0.171 
7.87 0.245 0.286 0.350 0.391 0.395 0.355 0.237 
8.11 0.215 0.263 0.382 0.465 0.484 0.438 0.290 
8.29 0.184 0.248 0.410 0.529 0.557 0.502 0.328 
8.53 0.170 0.233 0.436 0.583 0.615 0.556 0.362 
8.85 0.154 0.221 0.456 0.630 0.669 0.605 0.393 
9.28 0.144 0.218 0.470 0.660 0.710 0.635 0.410 
9.90 0.136 0.212 0.480 0.680 0.730 0.660 0.415 

11.63 0.134 0.210 0.489 0.700 0.744 0.670 0.423 

Part 2. Results of the trial-and-error method and the simultaneous estimation of stability constants with sto~chiometric 
index r: XXX means that too big a number was estimated 

Initial guess Estimated parameters Degree of fit test 
Parameters -_.- -_-- Hypothesis 

varied log p69’, r(O) log Bo,r r u x lo* s(A) R x lo* testing 

A. The trial-and-error method 

B 011 only 7.846 1 7.846 f 0.005 - 0.2288 0.0050 
2 IS.790 2 0.044 - 9.1319 0.0318 
3 23.741 * 0.074 - 17.9159 0.0446 

r only 1.95 1 - 0.2943 + 0.0068 0.0426 0.0426 
3.90 1 - 0.5136 k 0.0035 6.3287 0.0045 
7.846 1 - 0.9999 + 0.0007 0.2287 0.0050 

B. The method of simultaneous estimation of stoichiometry and stability constants 

1.18 Accepted 
5.56 Rejected 

10.89 Rejected 
10.02 Rejected 
3.85 Rejected 
1.18 Accepted 

7,846 1 7.464 & 0.082 0.9520 i 0.0103 0.1834 0.0045 1.06 Accepted 
7.85 1 7.461 f 0.079 0.9516 + 0.~99 0.1834 0.0045 1.06 Accepted 
7.5 1 6.500 k XXX 0.6158 + 0.2817 I268170 0.1187 27.77 Rejected 
1.95 1 0.950 + 6.121 0.2184 + 0.1247 22.1310 0.0496 11.60 Rejected 

Fig. I. The contours of residual-squares sum function U on 
the plot of log /Jo,, vs. r demonstrate a skew and narrow pit 
and the determination of the co-ordinates of (I,,, is rather 
difficult for many minimization routines. Example of A-pH 
curve of TAMP from Table 4 at 560nm, computed by 

MINUIT program. 

map a fine structure and reach a skew cleft-like 
minimum, the fine structure of the maximum was not 

calculated and plotted (Fig. 2). The position of the 
crease for the maximum proves strong covariation of 
the two parameters, since its main axis is situated at 
an angle to both co-ordinate axes. 

The interdependence of log&, and r should be 
kept in mind when choosing a realistic value in the 
initial guess for both parameters. Either a reasonable 
initial guess of the stability constant should be used, 

in which case the pit-mapping algorithml” in 
POLET(84)17 can minimize both parameters simulta- 
neously with good convergence. or one parameter is 
kept constant at the value of the initial guess and only 
the other is refined. 

The ES1 method can be used to confirm an experi- 
mentally determined chemical model. When the stoi- 
chiometric indices are varied together with the corre- 
sponding stability constants, the estimates found for 
the stoichiometric indices should not differ 
significantly from the tested integer values. When the 
chemical model is false, the estimated stoichiometric 
indices are far from being integers and can sometimes 
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Fig. 2. 
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Three-dimensional graph of (10.0 - Ii) response-surface for data of Table 4 indicates that both 
parameters, log &,? and r. are interdependent in a model. 

reach quite unrealistic values. When the chemical 

model tested is incomplete with some species missing, 
the degree of fit test reiiably indicates a very bad iit 

is achieved. 

CONCLUSIONS 

It has been demonstrated that stoichiometric 
indices can be estimated as real numbers simulta- 
neously with stability constants. The proposed 
method (ESI) can be applied (i) for the direct deter- 
mination of the stoichiometry of “uncertain” species 
as one step in finding the correct chemical model, and 
(ii) for final confirmation of the species composition. 
The ES1 method is also useful in searching for a 
chemical model and as a diagnostic tool for judging 
whether a suggested chemical model is true or false. 
A reliable minimizing subroutine able to estimate 
covariant parameters is required. Application of the 
ES1 method is under further development. 
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SELENIUM BY GAS CHROMATOGRAPHY: 

1,4-DIBROMO-2,3-DIAMINONAPHTHALENE 
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Summary-i ,4-Dibromo-2,3-d~aminonaphthaiene is proposed as a reagent for conversion of selenium into 
a piazselenol. for determination by gas chromatography. The limit of detection is 0.03 ng of selenium. 

Because selenium plays an important role in human 

life, the determination of trace selenium is becoming 
of more and more interest. The use of 

2,3-diaminonaphthalene (DAN, I) as a reagent for 
determining trace selenium by gas chromatography 
was proposed by Young and Christian.’ There are 
also several other reagents for Se,* including the 
3,5-dibromo- and 4-nitro-derivatives of 1.2-diamino- 
benzene (II. III),f.4 both of which are more sensitive 
than I.’ In this paper we recommend 1,4-dibromo- 
2,3_diaminonaphthalene (Br2-DAN) as a new reagent 
instead of I since its sensitivity for Se approaches that 
of II and III. 

Reagents 

EXPERIMENTAL 

Synfhesis ?f Br2-D.4N. Weigh 1.0 g of DAN into a 50-ml 
three-necked flask. Add a mixture of 0.7 ml of bromine and 
6 ml of glacial acetic acid dropwise from a funnel, with 
vigorous stirring, and maintain the temperature at about 5”. 
After 10 mm, filter off the precipitate on a Buchner funnel 
and wash it with IO ml of glacial acetic acid and then 100 
ml of 2% sodium carbonate solution. Recrystallize the 
product from petroleum ether (b.p. 6&90“) four times, and 
then dry it in a vacuum desiccator. The tinal product is 
brown needle-like crystals. m.p. 142’. 

Br,-DAN solurion. Weigh out 5 mg of Br,-DAN, add 2.5 
ml of concentrated hydrochloric acid (spectroscopically 
pure grade), and let stand overnight. When dissolution is 
complete. dilute with 250 ml of distilled water to make 20 
pig/ml Br2-DAN solution in 0. IM hydrochloric acid. 

Preparation of 4,7-dibromo-5,6-hen-o-piazselenol (sele- 
nium complex). Transfer I ml of 20 pg/ml selenium solution 
(or I ml of 0.2 pg./ml solution) into a separatory funnel. 
Adjust the pH to - 3 with concentrated ammonia solution, 
and add 2 ml of BrZ-DAN solution. Heat the mixture at 60. 
in a water-bath for 30 min. Cool, then extract the piazelenol 
with 2 ml (or 0.2 ml) of toiuene. The toluene extract is stable 
for at least 4 hr if kept at room temperature in darkness and 
for one month if stored at 4” in darkness, but is unstable 
when exposed to bright light. Inject a 0.2-btl portion of the 
extract into the chromatographic column. 

A model SP-2308 gas chromatograph (Beijing, China) 
eouipned with an ECD (“-‘Ni) was used. The column was a . . . 
glass tube, 1 m long and 2 mm bore, packed with 3% SE-30 
on 60-80 mesh Chromosorb G. The carrier gas was 
99.999% pure nitrogen, flowing at 40 mb’min. The column 

temperature was 210 and the injection port and detector 
temperatures were both 280’. 

RESULTS AND DISCUSSION 

The chromatogram of the blank and the 
piazselenol solution are shown in Fig. 1. 

There are two peaks for the blank, and three for 
the piazselenol solution, and peak C is evidently due 
to the Se complex, the retention time for which is 
about 3 min. 

A reagent acidity of O.IM hydrochloric acid is 
optimal for formation of the Se complex. The reac- 
tion itself is relatively slow. There are two ways of 
performing the reaction: one is to let the solution 
stand for 2 hr at room temperature, and the other is 
to keep it at 60’ for 30 min. If the temperature rises 
above 60’, the height of the Se peak is decreased, and 
some minor peaks appear in the chromatogram~ we 
attribute this to decomposition of the Se complex. 

The detector response was linear over the range 
l-10 ng of selenium, and the limit of detection was 
0.03 ng of selenium. 

1 
3 2 

! 
3 

C 

0 

1 A 

2 1 min 

Blank Sample 

Fig. I. Amount of Se injected: 2 ng. 
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Since the interference of a large number of ions This method has been used for determining trace 
with the formation of the DAN complex had already selenium in Chinese medicinal herbs, down to the 10 

been investigated by Lott et uI.,~ and the character- rig/g level. 
istics of DAN are similar to those of Br,-DAN, we REFERENCES 
restricted our investigation of interferences to testing 
iron(III) as a model interferent in confirming the 

I. J. W. Young and G. D. Christian, Anal. Chim. Acra, 
1973, 65, 127. 

reference by Lott et al. to the efficiency of 0. IM 2. S. Dilli and I. Sutikno, J. Chromatog., 1984, 300, 265. 

EDTA as a masking agent. We found that the 3. D. C. Reamer and C. Vellion, Anal. Chem., 1981. 53, 

interference of a IOOO-fold amount of iron(III), rela- 2166. 

tive to Se, can be suppressed by adding I ml of 0. I M 
4. K. Toei and Y. Shimoishi, Tdanta, 1981, 38, 967. 

EDTA, but too much EDTA results in decrease in the 
5. Y. Shimoishi, J. Chromafog., 1977, 136, 85. 
6. P. F. Lott. P. Cukor, G. Moriber and J. Solga, 1963.35, 

peak height for selenium. 1159. 
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THE DETERMINATION OF SAMARIUM, EUROPTUM, 

GADOLINIUM AND DYSPROSIUM IN URANIUM 
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EMISSI~~N SPECTROMETRY 
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Summary-samarium, europium, gadoiinium and dysprosium were separated from uranium-containing 
materials by means of solvent extraction with Alamine 336, followed by cation-exchange. The elements 
were determined in the sub-ppm range by means of direct-current plasma atomic-emission spectrometry. 

To determine the lanthanide elements, the analyst 
must decide whether to isolate the individual ele- 
ments or to rely simply on an element-selective 
method of determination. Neutron activation,’ ’ 
isotopic-dilution mass spectrometry4~s and X-ray 
fluorescence are used, but suffer from one or more 
disadvantages such as interelement interferences, 
poor sensitivity or cumbersome methodology. 

It is possible to determine small amounts of the 
lanthanides with comparatively little sample prepara- 
tion by means of plasma atomic-emission spec- 
trometry. Crock and Lichte6 have shown that the 
interelement spectral interferences are not very large 
if the lanthanides are present in relative amounts that 
are typical of geological samples. Satisfactory anal- 
yses of rocks were obtained by use of a double 
ion-exchange procedure that isolated the group of 
lanthanides but did not separate its individual mem- 
bers. 

However, Yoshida and Haraguchi’ argued that in 
other types of samples the relative amounts of the 
lanthanides may be such as to make it advisable to 
separate the individual members of the group, and 
used high-pressure liquid chromatography (HPLC) 
for this purpose. Cassidy’ has studied various column 
materials for HPLC separation of the individual 
lanthanides and determined the elements in the col- 
umn effluent by means of a microphotometer cell. 
Procedures that avoid the necessity for complete 
separation will probably continue to be attractive for 
certain purposes. 

Crock and Lichte” separated the anionic species 
with a small anion-exchange column. If a large 
quantity of such species is present, the need to use a 
large column would require a subsequent concen- 
tration step, such as evaporation, in work with trace 
amounts. We decided to use a liquid anion-exchange 
extraction instead of anion-exchange on a column. 
As the extractant we used Alamine 336. The extrac- 
tion characteristics of high molecuIar-weight amines 

have been summarized by Furman.’ Alamine 336 is 
a mixed tertiary octyl-decyl amine used primarily in 
large-scale refining processes.‘” Its use in separation 
of tracer quantities in fission-product mixtures has 
been reported by Ahmad ef at.” With a view to the 
analysis of nuclear material, we separated a selection 
of lanthanide elements at sub-ppm levels from large 
quantities of uranium, by solvent extraction of the 
latter, and then from most other cations by use of a 
strong acid cation-exchanger. Most ions, except those 
of titanium, zirconium, hafnium, thorium and the 
lanthanides, are not retained by the resin in hydro- 
chloric or nitric acid. 

EXPERIMENTAL 

Standard solutions 

Atomic-absorption standard solutions (1000 pg/ml) of 
Sm, Eu, Gd and Dy were obtained from Aldrich Chemical 
Co., Milwaukee, U.S.A., and were diluted as required, with 
2M perchloric or nitric acid, to give the working solutions, 
which were prepared at frequent intervals and stored in 
plastic bottles. 

Direct -current plasma emission spectrometry (DCP-ES) 

A Beckman Spectroscan V combined with a high-energy 
dc plasma excitation source and a high-resolution echelte 
grating was used for the determinations. The following 
wavelengths were chosen: Sm, 442.26; ELI, 381.97; Gd. 
335.02; Dy, 353. I7 nm. The signal was integrated for 5 set 
and the integration repeated once. The spectrometer was 
calibrated with a series of standards, as the response was not 
quite linear at low concentrations. The plasma was operated 
with argon (99.5% pure) as support gas at a flow-rate of 7 
I./min. 

Solcent exrrucfion 

The extractant solution was made by mixing Alamine 336, 
o-xylene and petroleum ether (b.p. 8@-IO@‘) in 
65:50: 100 v,iv ratio. 

km -exchanger 

Bio-Rad AG50W-X8 cation-exchange resin, 200400 
mesh, slurried in 2M hydrochloric acid, was packed into 
tubes of either 0.7 or I.Ocm inside diameter to a depth of 
6.0 cm. Solutions were passed through the columns at about 
1 ml/min. 
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Table I. Recovery of lanthanides from pure solution by 
cation-exchange 

Wt. taken, Resin mesh Acid Recovery, 
No. Element pg size medium % 

10 

II 
12 
13 

14 

EU 3.0 200-400 
EU 3.0 2OG-400 
Eu 3.0 100-200 
Eli 3.0 100-200 
DY 2.0 200-400 
DY 2.0 2oG400 
DY 2.0 100-200 
DY 2.0 100-200 
EU 3.0 200400 
DY 5.0 200-400 
EU 3.0 20&400 
DY 5.0 20@400 
DY 5.0 100-200 
Di 5.0 
Sm 2.0 
Eu 3.0 
Gd 2.0 
DY 2.0 
Sm 2.0 

2 3.0 2.0 
DY 2.0 

100-200 
200400 
200-400 
2ot3-400 
2oG400 
200-400 
20&400 
200-400 
200400 

HNO, 
HNO, 
HNO, 
HNO, 
HNO, 
HNO, 
HNO, 
HNO, 
HCI 
HCI 
HCI 
HCI 
HCi 
HCl 
HCl 
HCI 
NC1 
HCI 
HCI 
HCI 
WC1 
HCI 

98 
95 
97 
95 
97 

104 
100 
91 
93 
99 
92 
97 
87 
78 
95 
98 
94 
97 

100 
97 

103 
7s 

Analysis of UO, and UO, samples 

Dissolve 10 g-of UO, sample in 20 ml of 6M hydrochloric 
acid and 5 ml of water; transfer the solution to a 250-ml 
separatory funnel. For UO, samples dissolve 10 g of the 
oxide in a mixture of 20 ml of 6M hydrochloric acid and 5 
ml of concentrated nitric acid; after the reaction has sub- 
sided, transfer the solution to a 250-ml separatory funnel. 

Extract uranium and other extractable anionic species by 
shakinn for i min with 100 ml of Alamine 336 solution and 
discardthe extract. Transfer the aqueous phase to a second 
separatory funnel. Add 10 ml of c&entrated hydrochloric 
acid and extract with a further 100 ml of Alamine 336 
solution. 

Separate the aqueous phase and bring its acid concen- 
tration to 5 2M by adding an equal volume of water. Pass 
this solution through a moistened 7.0-cm Whatman No 40 
filter paper into the ion-exchange column, conditioned with 
2M hydrochloric acid. After the sample solution has passed 
through, wash the column with 50ml of 2M hydrochlorjc 
acid. Test the last few ml of effluent for complete removal 
of uranium by adding I ml of 0.05% aqueous Arsenazo III 
solution; if a blue tint appears, continue the washing with 
acid until the effluent is free from uranium. Elute the 
lanthanid~s with 25ml of 7SM hydrochloric acid, reduce 
the volume of eluate by evaporation, and make it up to 
volume in a lo- or 25-ml standard flask with water. Analyse 
this solution for the lanthanides by DCP-ES. Regenerate 
the column for the next sample by passing 2M hydrochloric 
acid through it. 

RESULTS AND DISCUSSION 

Extraction of uranium 

The conditions of extraction are rather critical if 
uranium is to be removed efficiently in two or three 
extractions. The same conditions should also be 
effective for common elements such as iron, copper 
and zinc, as well as certain actinides. It is reported 
that a hydrochloric acid medium is suitable in such 
cases9 A residue of a few mg of uranium can be 

tolerated, as there is a final clean-up in the ion- 
exchange step. If a sample initially contains several 
grams of uranium it is necessary to adjust the acid 
concentration and extraction volumes carefully. 

A stock solution of uranium nitrates was purified 
by passing it through a column of Dowex 50-X8, and 
served as a supply of low-lanthanide uranium that 
could be salted with known quantities of lanthanides. 
A quantity of U,O, was prepared by heating uranyl 
nitrate at 800‘ for 1.5 hr and reduced to UOz by 
heating for 1 hr at 900” in a stream of hydrogen. The 
trioxide was prepared by precipitating the peroxide 
with hydrogen peroxide, collecting the precipitate, 
drying it at 80”, then heating for 5 hr at 350’” and I hr 
at 400” in a stream of oxygen. 

For the determination of lanthanides at the lowest 
levels that are encountered in refined uranium prod- 
ucts, it is necessary to use a 10-g sample. This 
quantity of uranium will load the extractant nearly to 
capacity, so careful attention has to be given to 
volumes and acid concentrations. The procedure 
described above was found suitable for uranium 
oxide samples. 

ion -exchange oj the Ian thanides 

The larger column (see above) had twice the vol- 
ume of the smaller one, but no great difference was 
found in the minimum volumes of liquid required for 
washing either column and eluting the Ianthanides. 
This suggested that the rate of ion-exchange was 
more important than the volume of liquid passed. 

Bivalent ions, including UO:+, but not Sr’+ and 
Ba*+, pass through the cation-exchange column when 
it is washed with 2M hydrochloric acid. Tervalent 
iron is largely removed in the solvent extraction. 
Aluminium and tervalent cobalt pass through the 
resin. Titanium, zirconium and thorium are extracted 
by Alamine 336 from hydrochloric acid, but any 
unextracted Zr and Th will be held rather strongly by 
the cation-exchanger and partly eluted with the lan- 
thanides. Build-up, especially of Th, on the resin may 
therefore occur, so fresh resin may be needed for each 
sample. In our work with purified uranium, the resin 
was not regularly replaced. If a large quantity of 
titanium, zirconium or thorium is present, it may be 
necessary to determine it and make a correction in the 
spectroscopic determination of the lanthanides. We 
return to this question later. 

When aliquots of standard lanthanide solutions 
were diluted to 70 ml with 2M hydrochloric acid. the 
solutions were passed through the ion-exchanger and 
the resin was washed with 50 ml of 2M hydrochloric 
acid, no lanthanides were detected in either the 
effluent or the washings. The lanthanides were then 
eluted with 2.5 ml of 7.5M hydrochloric acid, the 
volume of eluate was reduced by evaporation, and 
made up to 10 or 25 ml with water for determination 
of the lanthanides. The resin column was regenerated 
for the next sample by passing 2M hydrochloric acid 
through it. The results in Table f show the recoveries. 
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Table 2. Recovery of lant~anides from uranium 

Taken, Found, 
Sample Element ppm PPm Recovery, % 

I ELI 0.30 0.31(5) 105 
Gd 0.20 0.21 103 
DY 0.20 0.19 95 

2 EU 0.30 0.30(5) 102 
Gd 0.20 0.19 95 
DY 0.20 0.20 100 

3 Sm 0.20 0.19(S) 97 
Eu 0.30 0.29(5) 98 
Gd 0.20 0.21 105 
DY 0.20 0.21(5) 107 

4 Sm 0.040 0.035 88 
Eu 0.060 0.063 105 

5 Sm 0.040 0.038 95 
EU 0.060 0.066 110 
Gd 0.040 0.045 112 
DY 0.040 0.040 100 

6 Sm 0.040 0.038 95 
Eu 0.060 0.063 105 
Cd 0.040 0.037 93 
DY 0.040 0.017 43 

*Amount, in FL& of lanthanide per g of UO, (a IO-g portion 
of UO, was used for making the sample). 

In three cases, the recovery of dysprosium was less 

than 90%. We do not believe that this element was 
lost to the initial effluent from the ion-exchange 
column, as the heavier lanthanides are the most 
strongly held, and no dysprosium was found in the 
initial effluent or washings, nor was any found in the 
eluate obtained with a second portion of eluent. 
Crock and Lichte6 reported good recoveries of the 
heavier lanthanides, so we attribute the discrepant 
results to instrumental error. At the wavelengths 
employed, the response for dysprosium is the poorest 
of those for the elements used in this study. 

When samples were submitted to solvent extrac- 
tion, the aqueous layer was found to contain traces 
of the amine used. To avoid fouling of the ion- 
exchange resin, the sample solutions were passed 
through a moistened 7.0-cm Whatman No. 40 filter 
paper placed in a funnel in the top of the column. The 
rather viscous amine remained on the paper. Tests of 
recoveries after this filtration reveated no losses by 
adsorption on the paper. 

Test qf procedure 

The complete procedure was applied to unsalted 
uranium solutions to obtain the blank values. Sam- 
ples were salted with known amounts of lanthanides 

and analysed by the complete procedure. The results 
are given in Table 2. The solutions were all prepared 
from 10-g samples of UO, . 

A comment about the blank values is in order. If 
two successive 25-ml portions of the 7SM hydro- 
chloric acid used as eluent were passed through a 
resin column that had received an unsalted uranium 
sample, the two eluates gave approximately the same 
blank values. This is suggestive of the behaviour of 
thorium, which is eiuted slowly. 

If the blank is small, it can be determined by 
passing a second 25-ml portion of eluent through the 
column after elution of the lanthanides. A correction 
for thorium interference can be made by measuring 
the second eluate at the various wavelengths used for 
the lanthanides. This method of blank correction was 
used for samples 46 in Table 2. 

The mean error for samples I-3 was 3.8%. With 
the exclusion of the final dysprosium results, which 
we regard as an obvious outlier, the mean error for 
samples 4-6 was 6.8%. The aliquots taken for anal- 
ysis of these latter samples were only one-fifth as large 
as those for samples l-3. 

The levels at which these determinations were 
made were about an order of magnitude below the 
limits of detection by atomic-absorption spec- 
trometry. 
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Summary-The Kel-F-graphite electrode was used for the electrochemical detection of ergonovine 
maleate in a flowing stream. It was found useful in the analyte concentration range 0.5-20 pg/ml, with 
a detection limit of 50 ng/ml (I. 1 x IO-’ M). A procedure was developed for assay of ergonovine maleate 
in tablets, and the results obtained agreed with those given by the official U.S. Pharmacopeia method. 

Ergonovine maleate is a naturally occurring, water- 
soluble, amino ergot alkaloid, used as an orally active 
oxytocic drug. Ergonovine maleate may be deter- 
mined by several analytical techniques, including 
spectrophotometry,’ coIorimetry,* titrimetry,3 
fluorimetry, thin-layer chromatography,s paper 
chromatography,6 gas chromatography,’ high- 
pressure liquid chromatography* and radio- 
immun~ssay.9 

Recently much attention has been given to meth- 
ods for rapid, repetitive determination of components 
in samples injected into flowing streams,” and elec- 
trochemical detectors have been used for an ever- 
increasing range of samples processed in this man- 
ner.” Ii For many species, electrochemical detectors 
can surpass refractive index, ultraviolet absorption or 
fluorescence detectors in selectivity, detection limit, 
simplicity and cost. Carbon-based electrodes are 
often preferred for amperometric detection in the 
oxidative mode. The earlier Iiterature on carbon 
electrodes has been summarized.‘4*‘s The Kel- 
F-graphite (Kelgraf) composite electrode has been 
evaluated for general voltammetric applications, and 
found to be useful for a wide range of species in a 
variety of solvents.‘5~~‘7 

This report describes the use of the Kelgraf com- 
posite electrode as an amperometric detector in the 
flow-injection determination of ergonovine maleate. 
A procedure for assay of ergonovine in tablets has 
been developed and shown to give results in agree- 
ment with those given by the official U.S. Pharma- 
copeia method. The suggested procedure is character- 
ized by simplicity, high sensitivity and rapidity. 

Reagents 

EXPERIMENTAL 

Ergonovine maleate was kindly provided by Eli Lilly, 
Indiana, USA. Other chemicals were reagent grade, and 

*Permanent address: Department of Chemistry, College of 
Pharmacy, University of Mansoura, Mansoura, Egypt. 

used without further purification, Distilled water was passed 
through activated charcoal and two stages of mixed-bed 
ion-exchangers in a Barnstead Nanopure system before use. 
The mobile phase was a 1:4 Y/V mixture of methanol and an 
aqueous buffer (pH 7) consisting of O.OlOM phosphate 
buffer and 2% sodium acetate, prepared as described ear- 
lier.” 

Apparatus 

Cyclic voltamperograms were obtained with a con- 
ventional three-electrode system, consisting of the Kelgraf 
working electrode, a platinum auxiliary electrode, and a 
silver/silver chloride/3,5M potassium chloride reference 
electrode, used in conjunction with a Bioanalytical Systems 
model CV-IA potentiostat with output monitored by a 
digital oscilloscope (Nicolet Instrument Corporation model 
200), then transferred from the oscilloscope to an X-Y 
recorder (Houston Omnigraphic model 200). The 
flow-injection analyses were performed with a FlAStar 
model 5001 system (Tecator, Denmark). The mobile phase 
was pumped through the cell at ambient temperature, at a 
fixed flow-rate of 0.45 ml/min under a nitrogen gauge- 
pressure of 0.4 bar. Samples were injected manually by 
means of a microsyringe (l-ml tuberculin syringe, Becton 
Dickinson and Co.) into the sample injector (loop volume 
25 ~1). Potentials were controlled and the current monitored 
by means of an EG&G Princeton Applied Research model 
174A potentiostat. Cell currents were displayed on a strip 
chart recorder. 

Working electrode 

The electrode was fabricated as previously reportedis and 
consisted of 15% graphite by weight. After manual sanding 
with progressively finer-grit sandpaper, the electrode was 
polished to a smooth, shiny finish with l-pm alumina 
(Buehler Micropolish). 

Sample preparation 

A stock solution (1 .OO mg/ml) of ergonovine maleate was 
prepared in the mobiie phase solution, and diluted with 
mobile phase solution to provide working standards in the 
l-20 fig/ml range. 

Procedures 
Cai~bratjo~ graph. Working standards were injected, and 

the current was measured at an applied potential of +0.85 
V 0s. the Ag/AgCl reference electrode. 

Analysis oftablets. Tablets containing ergonovine maleate 
were ground, and a weighed portion of the powder was 
mixed with a known volume of mobile phase solution and 
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Fig. I. Qclic ~oltam~rogram of ergonovine mateate (I x W3M) in phosphate buffer fpR Ilf-methanol 
(4: t vh) at the Kel-F-graphite electrode. Scan-rate 500 mV\fjsec. 

exposed to ultrasonic radiation. The solution was filtered 
and a known volume was suitably diluted with mobile phase 
to bring the analyte concentration within the calibration 
range, and assayed in the same way as the standards. 

RESULTS AND DISCUSSION 

Ergonovine is an amino ergot alkatoid, and can be 
oxidized at positive ~otent~a~s~ as can many other 
amines.” Figure i shows the cyclic vo~tamp~rogram 
of ergonovine maleate in the mobile phase solution; 
it exhibits an oxidative wave (E, = $-OS6 V) and a 
reductive wave (ED = -0.76 V). The eiectrode pro- 
cess is completely irreversible on the time-scale of 
these measurements, because the two waves are sepa- 
rated by t.32 V, whereas a full~r~versible one- 
electron transfer reaction would result in a separation 
of only 57 mV. I9 The oxidative wave was chosen for 
the analysis. Figure 2 shows the voltamperogram 
obtained for ergonovine maleate in the FIA system 
with electrochemical oxidation at the Kelgraf elec- 
trode. A potential of +0X V was selected for the 
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Fig. 2. Hydrodynamic voltamperogram of 0.1 g/l. er- 
gonovine maleate at the Kel-F--graphite electrode, in phos- 
phate buffer (pH ‘Q-methanol (4:l v,%+ Flow-rate 0.45 

ml/min. 

amperometric determination, since it represented the 
lowest potential on the plateau at which maximum 
drug sensitivity could be obtained. 

At a potential of $0.85 V us. the Ag/AgC1/3,5M 
KC1 reference electrode, the &urrent~on~entration 
curve was hnear over the l-20 pg/ml concentration 
range investigated, the slope, intercept and cor- 
relation coefficient being ty~~~l~y 17.0 nA , ml. pg- L. 
1.07 nA and 0.9999 respectively. The reproducjbility 
of the electrode was tested by running four replicate 
injections of ergonovine maleate concentrations of I * 
2, 5 and 10 pgjml. Mean peak currents of 16.5, 33.X. 
84.0 and 170.0 nA respectively were obtained, with 
relative standard deviations of 0.4, 0.2, 0.1 and 0. I % 
respectively. The detection limit was 50 ng/ml 
(1.1 x to-‘Mf, estimated as the concentration giving 
a signal equal to twice the peak-to-peak noise level of 
the background signal. It appears to be better than 
that observed for most reported methods of deter- 
mination of ergonovine maleate. 

The procedure was used for the determination of 
ergonovi~e maleate in tablets: the results in Table 1 
indicate that the drug can be determined conveniently 
by this method with good accuracy and precision. 
Also, there is good agreement between the results 
given by the suggested method and those given by an 
official method.2 Statistical analysis of the results by 
the F- and t-tests? showed no significant difference 
between the performance of the two methods. 

The amperometric method described here has 
several advantages which should make it useful in 

Table 1. ~ete~ination of ergonovine maleate in syRt~~tic 
and commercial tablets 

Recovery,* % 
-- 

Nominal content Present method Official method” 

2.0 mg/tabfet 100.2 & (0.4) 99.8 & (0.3) 
2.5 mg/tablet 100.0 & (0.4) 99.7 + (0.3) 
3.0 mg/tablet IOO.1 + (0.5) 99.7 * (0.3) 
4.0 mgjtablet 100.1 f (0.4) 99.9 + (0.2) 

*Mean *standard deviation, based on 6 separate deter- 
minations and calculated on basis of nominal content. 
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meeting the need for a fast and reliable procedure for 
ergonovine m&ate assay. The high sensitivity, sim- 
plicity, good reproducibility and inexpensive equip- 
ment, help to make it idea1 for routine analysis of 
ergonovine maieate and its tablets. 

The major advantage oi” the Bow-injection analysis 
used is its speed. The ca~~~~ated residence time in the 
tubing and electrode is 5 sec. Allowing a time of 20 
see between injections, a rate of determination of up 
to I50 samples/hr appears feasible, the limiting factor 
being sample-preparation time. 
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Summary-A simple method has been designed for the oxidation of iodide to iodate in natural waters 
and subsequent determination of the iodate by differential pulse potarography. Iodide is oxidized to iodate 
with sodium hypoc~lorite and the excess of oxidizing agent is destroyed with sodium sulphite. The 
concentration of iodide is calculated as the difference between the concentrations of iodate in a sample 
before and after the oxidation. 

Several methods have been proposed for the ox- 
idation of iodide in sea-water to iodate for sub- 
sequent polarographic analysis. Herring and Liss’ 
used photo-oxidaiion by irradiation with uhraviolet 
light. Smith and Butler used chlorine water as the 
oxidizing age& and later’ suggested that a combina- 
tion of this and the irradiation method might give the 
best results. In practice, these methods have serious 
limitations. During ultraviolet irradiation of sea- 
water, hydrogen peroxide is formed, and interferes 
with the current peak of iodate since it also has a 
half-wave potential at around - 1.1 V.4 A current 
peak which may interfere by overlap with that of 
iodate has also been reported in the poiarogram of 
chlorinated sea-water.’ The ideal oxidizing agent 
should oxidize iodide to iodate quantitatively, and 
any other oxidation products and the excess of 
oxidant itself should either not interfere with the 
current peak of iodate or be easily destroyed. 

We have found that sodium hypochlorite is such an 
oxidant, its excess being easily destroyed with sul- 
phite. The concentration of total dissolved iodine 
species in the original solution may thus be deter- 
mined as iodate by differential pulse polarography as 
described by Herring and Liss.’ This method is 
simple, free of interference and reliable. Our results 
are reported in this paper. 

EXPERIMENTAL 

Standard solutions of potassium iodate and iodide were 
prepared. With the exception of the sodium hypochlorite, all 
the chemicals used were of ACS reagent-grade. A Princeton 
Applied Research Model 174 polarographic analyser 
equipped with a Houston Omnigraphic recorder, a dropping 
mercury electrode controlled by a drop-timer, a standard 
calomel electrode and a platinum wire counter-electrode. 
was used. 
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Procedures 
Pipette 25 ml of sea-water into a 50-ml beaker. Add 0.2 ml 

of 0.2% sodium hypochiorite solution and leave the mixture 
for 30 min at room temperature. Then add 0. f mi of 0.4hf 
sodium sulphite and 0.1 ml of 0.1 M EDTA and transfer the 
sample to a polarographic cell. Remove oxygen from the 
sample by bubbljng oxygen-free nitrogen through it. Scan 
the differential pulse polarogram from -0.5 to -2.OV. 
with a drop-time of I set, a scan-rate of 5 mVjsec and a 
modulation amplitude of 25-50 mV. 

Construct a ca~jbration graph for each sample by mea- 
surement of the peak current after consecutive additions of 
known volumes of a standard potassium iodate solution. 
For determination of the iodate originally present in the 
sample. analyse another aliquot of sample without addition 
of sodium hypochiortte and sodium sulphite. 

RESULTS AND DISCUSSION 

The possible interference of sulphite was examined 
by polarography of a standard iodate solution in 
OSM sodium chloride-4 mM sodium bicarbonate 
solution and in a sample of sea-water, with and 
without added sulphite. Sulphite does not have a 
current peak that may interfere with that of iodate. 
It also does not react with iodate in any manner that 
may alter the iodate peak height. 

The concentration of iodide in natural waters 
rarely exceeds 0.4 FM. *tb 9 Stoichiometricaliy, for 
25 ml of 1 yM iodide, oniy 0.075 pmole of sodium 
hypochlorite, or 2.8 ~1 ofO.Z% solution, is needed for 
the complete oxidation to iodate. Various volumes of 
0.2% sodium hypochlorite solution were added to 
25-ml aliquots of a 0.4 ELM solution of iodide in an 
estuarine water sample (2.64% salinity}. The excess 
of hypochlor~te was destroyed with sodium sulphite, 
and the iodate determined. Oxidation of iodide was 
quantitative when more than 0.03 ml of sodium 
hypochlorite solution was added (Table if. In our 
procedure, 0.2 ml of 0.2% sodium hypochlorite solu- 
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Table 1. The amount of ~~~c~l~ri~e needed for complete oxidation 
of added iodide to an estuarine water sample 

z I, jrrcl 
NaOCt solution ---- -.~_-” Recovery of 

added, mf fnitiat Added* Fuund added iodide, % 

0.01 0.3t 0.40 0.65 85 
0.02 a.31 0.40 0.67 88 
0.03 a.31 0.40 0.70 98 
O,Q5 0.3 1 0.40 0.70 9% 
0.10 0.31 0.40 0.71 fM3 
0.20 0.31 0.40 0.71 100 

*As ~~tassj~rn iodide. 

tion is used, which ensures that a large excess of 
h~och~o~tc is present and the reaction wiil reach 
compaction readily. 

The reaction time needed for corn~~et~ o~~da~~o~ 
was also examine, A 0.25 M iodide solution was 
made in 0.5M sodium chio~d~ m&f sodium bicar- 
bonate medium, and 0.2 ml of 0.2% sodium hypo- 
chlorite solution was added to each of a series of 
25-ml aliquots of the iodide solution. These solutions 
were allowed to stand for various periods of time, the 
oxidation then being stopped with sodium sulphite 
and the iodate conce~trai~o~ determined. A reaction 
time of 20 min or more gave >92% complete 
oxidation (Fig_ f). Similar results were obtains 
(Fig. t) for 0.5 .I& iodide solution in a medium 
(0.5M NaC1-0.8 m&f KBr-4 mM NaHCO,) similar 
to sea-water (which is about 0.5M in sodium chloride, 
0.8 mM in bromide and 2 mM in bicarbonate) and 
in the estuarine water (2.64% salinity). We chose 
oxidation for 30 min as optimal. 

Since the reaction between sulphite and hypo- 
chlorite to form su~~~ate and chloride has 1: 1 stoichi- 
ametry, 6 pmdes of s&bite or only &Of5 m1 of 
0_4N sutphite solution will be needed to destroy all 
the hy~~hlor~t~ added (0.2 ml of 0.2% s~lut~~~)~ 
To 25 ml of the estuatine water, 0.2 mf of 0.2% 
sodium hypochforite solution was added, followed by 
sequential add~t~nn of known amounts of 0.04M 
sodium sulphite, the polar~~ram of the mixture being 

recorded after each sulphite addition. The results are 
presented in Table 2. Without the addition of hypo- 
chlorite, the iodate jn the original sample yielded a 
current peak at - I.25 V appIied ~te~t~a~. Addition 
of hyp~h~o~jte caused a unifo~lly bigh current at 
applied ~tentiaIs from -0.7 to - 1.7 V and the 
cn~~nt peak for iodate was completely hidden. With 
Iess than 0.2 ml. of 0.04M sulphite added, the poiar- 
agram was erratic and spurious current peaks were 
found. With more than 0.3 ml af 0.04M sulphite, a 
well defined iodate current peak of constant height 
was observed, bat the peak appeared at slightty 
lower applied potentia! when less than 0.5 mf of 
su~~h~te was added. With more than 0.6 ml of 
sufphite added, the current peak appeared at the same 
applied potential as that for iodate in the untreated 
sample. We therefore chose US of 0.1 mI of 0.4N 
sodium sulphite solution (= 1 .O mi of O.Q4M solution) 
for destroying the excess of hypochlor~te” This en- 
sures a su~~ently iarge excess of sulphite and min- 
imizes the volume change in the sampte. 

The dete~~~atio~ of iodide in an artificial sea- 
water so~~t~o~~‘~ the 0,5M sod~~rn cbloride4 mM 
bica~~~ate solution, and the samples of estuarine 
water and sea-water was examined. Various known 
amounts of standard potassium iodide sofution were 
added to samples of each medium and the concen- 
trations of total iodine species were determined. The 
recovery of iodide and of total iodine was 98 _t 3% 
and is considered quantitative within experimental 

Table 2, The amount of &phi& needed CO destroy excess 
of hypochlorite 

P -1.15 0.0160 

8.1 -4 - - - 
0.2 - - 
0.3 -1.28 0,OI 85 
0.4 - 1.25 O.Oi83 
0.6 -1.15 0.0190 
0.8 -1.15 0.0183 

*The difference between the peak heights before and after 
the oxidation step is due fa thi: iodide in &e sampte. 

?A sample of eststuarfw water ~~f~~~~ added ~~~~~t~r~~e or 
sodium sulphi%e. 

gsee text. 
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Table 3. Recovery of iodide in various water media 

XI. PM 
Recovery of 

Sample Initial Added* Found added iodide, % 

ASWt 0 0.24 0.23, 0.24 98 3 k 

ASW 0 0.48 0.45, 0.44 93 I & 

DMW$ 0 0.50 0.48, 0.47 95 + 1 

DMW 0 0.39 0.39 100 

NaCIPNaHCO,j 0 0.40 0.39. 0.39, 0.40, 0.40 99 f 1 
Estuarine water # 0.31 0.40 0.69, 0.72. 0.72 1005 

(2.64% salinity) 

Sea-water # 0.33 0.25 0.57, 0.58, 0.56 96 4 _t 
(3.28% salinity) 

Average 98i3(la) 

*As potassium iodide. 
tArtificia1 sea-water. 
SDemineralized water, pure potassium iodide solution added. 
$0.5M NaCI-4 mM NaHCO,. 
# Estuarine water and sea-water were collected from the St. Lawrence Estuary. 

error (Table 3). The analytical precision was 
estimated” from six sets of duplicate measurements 
on natural waters and laboratory-prepared samples 
and found to be 0.01 PM (Table 4). Since the recovery 
of iodide added to the samples of estuarine water and 
sea-water is quantitative (Table 3) and these samples 
represent typical river water and sea-water, it sug- 
gests that in most natural waters other oxidizable 
constituents, such as organic species, are not present 
in large enough quantities to impede the effective 
oxidation of iodide to iodate. For waters with atypi- 
cally high concentrations of dissolved organic matter 
such as sewerage, empirical recovery tests should be 
made to ensure that sufficient chlorine is available to 
satisfy the chlorine demand of the organic materials 
as well as the oxidation of iodide to iodate. 

Concentrations of iodide and iodate in coastal 

sea-water collected from the St. Lawrence Estuary 
were determined. The results from the samples col- 
lected at 48’58’N and 67”54’W are shown in Fig. 2. 
The shapes of the profiles and the concentration 
ranges of iodide and iodate are consistent with the 
known geochemical behavior of iodine in the 
ocean.” 9 

Herring and Liss’ have shown that the polar- 

ographic current of iodate is sensitive to changes in 

Table 4. Duplicate measurements of total iodine (,?Z I) in 
natural waters and artificial media 

Sample 
I: I found, 

flM 

ASW” 0.23,0.24 
NaClkNaHCO,t 0.23,0.24 
Sea-water5 (salinity 3.22%) 0.36. 0.37 
Sea-water6 (salinity 3.46%) 0.44.0.45 
Sea-water& (salinity 3.41%) 0.40.0.42 
Estuarine-water3 (salinity 0.97%) 0.11.0.11 

*0.25 PM I- in artificial sea-water. 
to.25 PM I- in 0.5M NaCI-4 mM NaHCO,. 
@ea-waters collected from various depths in the Gulf of St. 

Lawrence. 
SEstuarine water collected from the St. Lawrence Estuary. 
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Fig. 2. Vertical profiles of total iodine, iodate and iodide in 
the St. Lawrence Estuary at 48”58’N and 67”54’W. 

ionic strength (salinity) and pH. Thus, this method 
cannot be applied directly to brackish and fresh 
waters such as estuarine, river and ground waters, 
where considerable variations in salinity and pH may 
occur. However, these problems can be circumvented 
by adding a combined ionic strength adjuster and 
buffer (ISA-buffer) to the samples. By adding 2 ml of 
the ISA-buffer, (3.75M sodium chloride-50 mM 
sodium bicarbonate) to 25-ml aliquots of 0.5 and 
0.39 @f iodide, we obtained a quantitative recovery 
of iodide (as iodate) from pure potassium iodide 
solution (Table 3). The peak height to iodate concen- 
tration ratio was 0.09 PA. I. pmole-’ at a modulation 
amplitude of 50 mV. This value is similar to that 
observed for sea-water medium. For natural river 
and estuarine waters, I ml of the ISA-buffer was 
added to samples having salinity between 0.8 and 
I .8%, and 2 ml were added to samples having salinity 
<0.8%, and the peak height to iodate concentration 
ratio was again about 0.09 PA. I. pmole-’ at the same 
modulation amplitude. 
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Summary--The determination of individual light rare-earth metals in monazite sand is described, based 
an TLC with a mixture of di-isopropyl ether, diethyl ether. di(2-ethylhexyl)phosphate and nitric acid 
(8:8:0.4:0.07 v/v) as eiuent. Linear densitometr~c calibration graphs are obtained for individual light 
rare-earths in the range 0.015-0.60 pg. The minimum detectable quantities of La. Ce. Pr. Nd and Sm are 
9, 10, 20, 13 and 12 ng, respectively. The relative standard deviations for the determination of La, Ce, 
Pr, Nd and Sm in monazitc sand were 1.8, 1.1, 5.9. 1.9 and 6.5%. respectively. Results were in good 
agreement with those obtained by spectraphotometry. 

The increased applications of the rare-earth elements 
in the metallurgical and optical glass industries and 

their utilization in ever increasing amount makes it 
worthwhile to develop a rapid, sensitive and accurate 
technique for their determination, but few such meth- 
ods have so far been proposed. 

The high efficiency of thin-layer chromatography 
(TLC) has resulted in its wide application in the 
analysis of organic and inorganic materials, but 
difficulties have been encountered in the separation of 
the rare-earth elements because of their similar chem- 
ical properties. 

Specker and co-workers’ 4 and Chen et ~1.’ have 
described the separation and determination of rare 
earths by TLC. In some cases, silaned silica gel has 
also been used as adsorbent,6 but the procedures 
proposed were time-consuming and no results for the 
analysis of monazite sand were given. 

In the present work, the TLC behaviour of 
the complexes of rare-earth metals with 
di(2-ethyihexyl)phosphate (HDEHP) is investigated. 
For the determination of La, Ce, Pr, Nd and Sm in 
monazite sand, prior extraction and back-extraction 
are necessary. 

With a mixture of HDEHP, di-isopropyl ether, 
diethyl ether and nitric acid (0.4:8:8:0.07 v/v) as 
efuent, a TLC-densitometric method for the deter- 
mination of La, Ce, Pr, Nd and Sm in monazite sand 
has been developed. 

EXPERIMENTAL 

Apparatus 
A double-beam densitometer equipped with a TLC scan- 

ner, an integrator and a microcomputer was used for all 
measurements. 

Reagents 

Di(2-erhylhexyl)phasphate (HDEHP). A chemically pure 
grade was used in the eluent. 

Chromogenic reagenl, analytica/ grade. Chiorophos- 
phonazo-m-NO? (CPAmN)’ (100 mg) was dissolved in 95% 
ethanol in a 5OO-ml standard flask, 1.3 ml of concentrated 
hydrochloric acid was added and the mixture was diluted to 
the mark with 95% ethanol. 

Rure-enrrA metal stock solutions (5 mg/mf). The appropri- 
ate amount of ignited rare-earth oxide (“Specpure’“, 
Johnson-Matthey)’ was dissolved in dilute hydrochloric 
acid, and the solution diluted to the required volume. 

Mixed rare -earrh metal sock solution (0. I5 mg /ml). Made 
by mixing I .5 mt each of the individual light rare-earth stock 
solutions and of a similar yttrium solution in a 50-ml 
standard flask and making up to the mark with 10% v/v 
hydrochloric acid. 

l-Phe~yl-3-me~h~l-4-ben~o~~-5-pyro~olo~e (PMBP). A 
0. I M solution in chloroform. 

Dissolve a sample containing up to 12 mg of rare-earth 
metals in 3 ml of concentrated sulphuric acid, by heating 
gently for about 30 min. Cool, add 10 drops of hydrogen 
peroxide to reduce cerium(IY) and evaporate nearly to 
dryness, until the residue appears white. Cool, add water, 
transfer to a 2.5-m] standard Bask and make up to the mark 
with water. Filter through a dry paper, discarding the first 
portion of the filtrate, and collect the rest in a 25ml 
polyethylene bottle. Take an aliquot (containing _ 5 mg of 
rare-earth metals) in a 60-ml separatory funnel. Add 2 ml 
of 10% sodium potassium tartrate (Rochelle salt) solution, 
one drop of Methyl Orange indicator and sufficient concen- 
trated ammonia solution (or 20% sodium hydroxide solu- 
tion) to change the colour of the solution to orange. Add 4 
ml of buffer solution, pH 5.5 (0.2M sodium acetate--acetic 
acid), adjust the volume to 15 ml, add an equal volume of 
O.IM chloroform solution of PMBP, shake for 2 min and 
allow the layers to separate. Repeat the extraction with fresh 
PMBP solution twice more and strip each organic extract 
with three I S-ml portions of formic acid (pH t .9). Combine 
the aqueous extracts in a 250-ml beaker, add several drops 
of concentrated hydrochloric acid. evaporate almost to 
dryness, cool and moisten the residue with concentrated 
hydrochloric acid. Add a little water, transfer to a IO-ml 
standard flask and make up to the mark with OS!! vfv 
hydrochloric acid. Filter through a dry paper, discarding the 
first few drops of the filtrate, and collect the remainder in 
a IO-ml polyethylene bottle. 

455 



456 SHORT COMMUNICATIONS 

Table 1. Rf values of rare-earth metals with different eluents 

R, x 100* 
HN03, HDEHP, iPr,O/Et,O, ---- -___-..---... .~ ,...... -- 

ml ml ml La Ce Pr Nd Sm Y 

0.05 12,l 32+5 55k2 66f2 X8+1 98F2 
0.07 0.40 8/S llji 35+4 51+1 63rtl 86fl 9852 
0.09 
0.11 

0.07 

0.07 

0.25 
0.30 
0.50 

0.40 

712 30+4 49If:l 6121 78f3 98 f 2 
0 21+2 47_+1 5Ok2 6855 98 + 2 
513 27&3 42+2 52+3 75+4 98 + 2 
7+1 29+3 45&I 55 * 1 78 + I 98 & 2 

13&2 39+2 .%+I 69& 1 90&3 98 2 2 
3+1 11+2 17&l 26 +2 60+ 1 98 & 2 
4+1 i6&2 30&L 46k 1 60): I 98 & 2 
9*1 2821 47f2 56 +2 60& 1 98k2 

13&l 35+2 54+3 67+ 3 98 52 98&2 
O/IS 2014 46+5 58+3 68f3 98&Z 9812 

*Mean and range of 3 runs. 

Coat TLC plates (20 x 20 cm) with a 0.25 mm thickness 
of silica gel H slurried in 4% ammonium nitrate solution 
containing 1% sodium carboxymethyi~eilu~ose (CMC). Dry 
the plates at 120” for 90 min and store in a desiccator. 

Apply 0.2-4.0 1.11 of mixed standard rare-earth metal 
solution at one end of the start line on the plate for reference 
purposes, and I &2.0 ~1 of the sample solution at the other, 
keeping the spot diameter at 64 mm by drying under an 
infrared lamp and controlling the spotting. Develop in a 
solvent-saturated atmosphere in a conventional tank by the 
ascending front technique until the solvent front has trav- 
elled at least 10 cm. Dry the plate at ‘70” for 15 min and 
spray it with 0.02% CPAmN solution while it is still hot. 
Dry for a further IO min at 70” to develop the spots (which 
begin to fade after 12 hr). 

Scan the plate with a densitometer in the double-beam 
(sample at 665 nm, background at 430 nm) and reflectance 
modes. Two ways of scanning are possible, linear or zigzag 
(9.9 x 1.0 mm and 1.25 x 1.25 mm, respectively). Scan each 
spot on the same plate in the direction of development at a 
rate of 20 cm/min (for both scanning modes). The linear 
scatter parameter (SX) chosen is 3.’ 

RESULTS AND DISCUSSION 

E@ct of foreign ions 

The effect, on the TLC separation of the rare earths, 
of common ions normally present in a solution of 
monazite sand was examined, and it was found that 
phosphate present in the sample interfered by precip- 
itating some of the rare-earth content. The extraction 
and stripping procedures were necessary for the 
removal of phosphate in the analysis of monazite 
sand. For other samples, such as cerium-based alloys 
or fission products, these steps may not be necessary. 

Choice of efue~~ 

The Rf values obtained for La, Ce, Pr, Nd, Sm and 
Y with different eluents are listed in Table 1. The 
HDEHP-di-isopropyl ether-&ethyl ether-nitric acid 
(0.4:8:8:0.07 v/v) eluent, was found best in terms of 
spot size, intensity and Rf values of light and heavy 
rare-earth metals. Alteration in the concentration of 
HDEHP or nitric acid affects the separation of light 
and heavy rare-earth metals, the RF values increasing 
with decreasing acidity and increasing volume of 
HDEHP. With the selected eluent, the heavy rare- 

earth metals (represented by yttrium) migrated with 
the solvent front. Either di-isopropyl ether or diethyl 
ether can be used as diluent for the HDEHP, but 
though use of diethyi ether alone shortens the time of 
development, the spot-size is unsatisfactory, and 
when di-isopropyf ether alone is used, the R, values 
of Sm and the Y sub-group are nearly equal to 1.0 
and although the spots are sharp, the development 
time is lengthened and the difference in R, values for 
adjacent elements is insufficient for scanning pur- 
poses (especially for Pr and Nd). For these reasons, 
a I:1 v/v ratio of the two ethers is used. Pr and Nd, 
which have proved very difficult to separate by TLC, 
are separated satisfactorily with this eluent. 

The TLC place 

Since CPAmN is also a chromogenic agent for 
calcium, calcium sulphate cannot be used as binder or 
substrate, so silica gel H is used with 1% CMC 
solution as binder. To improve the shape and size of 
the spots, 4% ammonium nitrate is also present in the 
1% CMC solution. 

If the spot is not dried before development, the 
water present has a considerable effect on the RI 
values. For successful separation, this water is re- 
moved by drying at 70” for 1.5 min. An alternative is 
to put the samples on an unactivated TLC plate and 
then dry it at 120” for 90 min before development; the 
composition of the sample does not undergo any 
chemical change and any errors are insignificant. 

Choice of scanning linear scatter parameter 

In the analysis of the TLC plate with a densi- 
tometer, there is no linear relationship between ab- 
sorbance and concentration, owing to scattering of 
the monochromatic light beam by the adsorbent on 
the plate. Errors can arise from heterogeneity of the 
coloured spot and use of too large a light-beam area, 
so a small beam was used (1.25 x 1.25 mm for zigzag 
scanning and 0.9 x 10 mm for linear scanning) to 
minimize determination errors. The non-linear re- 
lation between absorbance and concentration was 
processed by microcomputer according to the 
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Table 2. Results for determination of individual light rare-earth metal 
oxides (%) in monazite sand 

Present Spectrophotometric Spectrophotometric 
Sample Element method* method (I)? method (II)5 

La(II1) 14.4 ;f; 0.3 14.3 
Ce(IV) 21.5 k0.2 20.9 

I Pr(II1) 3.4 & 0.2 3.5 
Nd(III) 12.0 * 0.2 Il.8 
SmfIII) 2.1 _cO.l 2.2 

Total 53.4 52.7 53.0 

La(IH) 10. I * 0.2 IO.2 
Ce(IV) 18.5 + 0.2 18.3 

2 Pr(II1) 4.0 i. 0.2 4.0 
Nd(If1) IO.9 * 0.2 10.7 
Sm(III) 1.9io.i 2.0 

Total 45.4 45.2 45.2 

*Mean (k standard deviation) of 6 determinations. 
tTLC plate developed as described, spots scraped off. rare-earth complex 

eluted and determined by spectrophotometry. 
@ample solution determined by spectrophotometry* to give total rare- 

earth content. 

Kubelka-Munk theory of light scattering”. A linear Determination of ~ndil~idu~l li& rare -earth metals in 
scatter parameter (SX) of 3 was chosen for cali- monazite sand 

bration purposes. To demonstrate the effectiveness of the method, 

~a~ibrut~on curl’es, reprod~c~bi~it~ and ~~rnits of two l-p1 samples of solution prepared from monazite 

detection sand were spiked with 1 ~1 of mixed standard rare- 

The integrated intensity of the spots was found to 
earth metal solution and analysed. The recoveries for 

be a linear function of the rare-earth metal concen- 
duplicate samples were 93-108% and the results 

tration (over the range 0.015-0.60 pg). All the light 
shown in Table 2 are in reasonable agreement with 

rare-earth metals gave similar calibration graphs. The 
those obtained by gravimetry and spec- 

results for samples can easily be obtained by scanning 
trophotometry. 

the spots for mixed rare-earth metal standards, and 
for the samples, processed on the same plate, and 
analysing the integrator output by microcomputer. 
The reproducibility was established by measurement 
of 6 spots each containing 0.3 pg of each light 
rare-earth metal, processed on the same plate. The 
relative standard deviations were 1.8, 1.2, 5.1, 1.6 and 
4.8% for La, Ce, Pr, Nd and Sm, respectively. When 
the experiment was repeated on three different plates 
(total of 18 spots), the corresponding values were 2.3, 
1 S, 5.9, 2.5 and 5.7%. The minimum detectable 
quantity. defined as that quantity of individual light 
rare-earth metal giving a signal equal to twice the 
fluctuation of the blank value, and located on the 
linear portion of the calibration graphs was 9, 10, 20, 
13 and 12 ng for La, Ce, Pr, Nd and Sm, respectively. 
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Summary-Tin at the microgram level was extracted into chloroform with ~-nitrosophenylhydroxamic 
acid (ammonium salt) from 0.5-f .5M hydrochloric acid medium. Tin hydride was generated from 1 ml 
of the chloroform extract mixed with 3 ml of I% sulphuric acid solution in N,N-dimethylformamide. by 
injection of 3 ml of 2% sodium tetrahydroborate solution in N,N-dimethylformamide through the septum 
of the hydride generator. Tin was then determined by AAS at 224.6 nm with an acetylene-air flame, and 
nitrogen as carrier gas. The peak-height of the signal was linearly related to amount of tin up to 20 pg. 
The sensitivity of the determination was improved by the extraction. The method was applied to 
determination of tin in tinned foods and aluminium-base alloys with good accuracy and precision. 

The determination of As, Sb, Bi, Ge, Pb, Sn, Se and 
Te by atomic-absorption spectrophotometry (AAS) 
through volatile hydride generation with sodium 
tetrahydroborate is a well-known analytical method.’ 
Attempts have recently been made to determine 
In and TI in the same way.’ In our previous papers”~4 
the generation of antimony and lead hydrides with 
tetrahydroborate reduction in non-aqueous extracts, 
followed by AAS determination, was studied. This 
method improved the sensitivity and selectivity and 
suppressed several interferences. Moreover, many 
organic solvents have reduction potentials lower than 
that for water, so with these solvents it is possible to 
perform reductions that would be impracticable in 
water. 

This paper describes determination of tin by 
AAS through solvent extraction followed by hydride 
generation from the extract. 

The sensitivity of determination of tin by flame 
AAS is poor, the limit being about 0.5 pg/ml at 224.6 
nm. The sensitivity can be improved by using hydride 
generation, the limit being 15 ng/ml at 224.6 nm in 
a hydrogen-air flame with argon as carrier gas,’ and 
even 7 ngjml has been reported.6 With an electrically 
heated quartz tube and argon as carrier gas the limit 
of detection was 0.45 ng/ml at 286.3 nm with 6% 
relative standard deviation.7 Evans and Jackson” 
have determined tin in tinned foods by hydride 
generation and AAS at 224.6 nm with an electrically 
heated quartz tube and nitrogen as carrier gas, with 
7% relative standard deviation for tin at l&40 ng/ml 
concentrations. 

In our method, the tin is extracted into chloroform 
with N-nitrosophenylhydroxamic acid (ammonium 
salt) from 0.5-I .5M hydrochloric acid solutions. An 
aliquot of the extract is mixed with an N,N-dimethyl- 
formamide (DMF) solution of suiphuric acid in a 

hydride generator and tin hydride is generated by 
injection of sodium tetrahydroborate solution in 
DMF. Nitrogen is used as carrier gas to introduce the 
hydride into the acetylene-air flame. The AAS signal 
at 224.6 nm is measured. 

EXPERIMENTAL 

Apparatus 

A Pye Unicam SP-90 Series 2 atomic-absorption spectro- 
photometer with a three-slot burner was used, with a 
Westinghouse tin hollow-cathode lamp, and our own design 
of volatile-hydride generator.’ 

Reagents and solutions 

All solutions were prepared with analytical-reagent grade 
chemicals and doubly distilled water. 

Stock solution of tin, 1000 pg/ml. Prepared by dissolving 
1.000 g of tin in 200 ml of concentrated hydrochloric acid 
and diluting to volume with water in a lOOO-ml standard 
flask. Working solutions were prepared fresh daily by 
appropriate dilution of the stock solution with IM hydro- 
chloric acid, after addition of 25 ml of 2.5% ascorbic acid 
solution to improve stability. 

Ammonium N-nitrosophenylhydroxamate solution, 1.5%. 
Prepared fresh daily in doubly distilled water. 

Sodium diethvldirhiocurbamate (NaDDTC) soluiion, 
f.U%. Prepared fresh daily. 

Amn~onium o~rro~id~necarbodithioate iA PCD f .~iliution. 
I.@%. Preparei’fresh daily. 

Ammonium N-benzoyl-N-phenyldroxamate solution, 
1.0%. Prepared fresh daily. 

Sodium tetrahydroborate solution (2%) in DMF. This 
solution can he used for two weeks. 

Sulphuric acid soluiion f I % o/t!) in DMF. This solution 
can be used for at least two weeks. 

DMF was purified by distillation. the fraction distilling 
between 148 and 150” being used. 

Procedure 

Take a known volume of solution containing up to 
100 fig of tin, in a 100-ml separatory funnel, add 3 ml 
of N-nitrosophenylhydroxamate solution and enough con- 
centrated hydrochloric acid to bring the final solution to 
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0.5 l.SM hydrochloric acid concentration. Add IO ml of 

chloroform and shake the mixture mechanically for 5 min. 
Let the phases separate. Place 1 ml of the chloroform extract 
and 3 ml of 190 sulphuric acid solution in DMF in the 
hydride generator. Inject 3 ml of the fetrahydroborate 
solution in DMF through the septum of the generator. 
Measure the peak height of the atomic-absorption signal for 
tin at 224.6 nm. using an acetylene air ffame and nitrogen 
as carrier gas (at a flow-rate of 400 ml/min). Prepare a 
calibration-graph by applying the same proced&e to 
standard working solutions. Run blank dete~inatjons on 
the reagents used, by the same procedure. 

RESULTS AND DlSCUSSlON 

Tin was extracted into chloroform with 

NaDDTC, APDC, ammonium N-benzoyl-N- 
phenylhydroxa;nate, and ammonium N-nitroso- 

phenylhydroxamate. under the conditions (PH. 
reagent concentration and shaking time) reported in 
the literature. It was found that the yield of hydride, 
measured as the peak height of the atomic-absorption 
signal, did not depend on the extraction reagent used. 
provided the extraction was practically 100% com- 
plete. but ammonium N-nitrosophenylhydroxamate 
was preferred because it could be used over a greater 
range of acidity. The extraction yield obtained for 
25 jig of tin from 0.551.51M hydrochloric acid was 
97.0 f 0.5%, in agreement with the literature.‘” 

Concentratian qf’ sodium tetrahydraborate 

The solubility of sodium tetrahydroborate in DMF 
at room temperature is about 5-6X. depending on 
the water content of the DMF. For generation of tin 
hydride by the procedure given above, the optimum 
concentration of the tetrahydroborate solution in 
DMF was found to be 2%. This solution was slightly 
turbid and filtration through a 0.45~pm glass-flbre 
filter resulted in lower blank signals, indicating slight 
contamination of the sodium tetrahydroborate by 
tin, as reported by Smith.’ This solution remained 

stable for two weeks. 

Acids ,fbr tin hydride generath 

In aqueous solution tin hydride is generated from 
0. I -0.21U hydrochloric or sulphuric acid media. The 
yield of hydride decreases with increasing acid 
concentration. making the sensitivity for tin poorer. 
A solvent-miscible acid is also needed for hydride 
generation from non-aqueous solution.i,4 Acetic, 
hydrochloric and sulphuric acid solutions in DMF 

have been tried and a l-1.2% sulphuric acid solution 

is preferred because it gives faster generation and 
evolution of tin hydride, and it is easier to make 

the solution water-free. This solution remains stable 
for at least two weeks at room temperature. The 
generation of tin hydride is practically instantaneous 
and is completed in 30 sec. The signal peak is sharp 
and easy to measure. 

Optimization of‘ uromir absorption of’ tiff 

The best signals were obtained with acetylene 

flow-rate 1.0 I.‘min, air flow-rate 5.5 I.:min, nitrogen 
flow-rate 400 ml/min, observation height above the 
burner 5 mm, slit-width 0. I mm. lamp current 12 mA 
and wavelength 224.6 nm. 

The peak-height of the atomic-absorption signal 
for tin was linear from 0.1 to 20 /tg of tin in 1 ml of 
chloroform extract. with a correlation coefficient 
of 0.999. The characteristic concentration (for 1% 
absorption) and detection limit (twice the standard 
deviation of the blank) were 0.014 and 0.006 ilg,‘ml 
respectively. Ten repetitive determinations of 5 Lig of 
tin gave a relative standard deviation of 4.1%. 

Blank solutions gave a small but measurable 
tin signal, proportionai to the amount of sodium 
tetrahydroborate injected, indicating tin-contami- 
nation of the reagent, as already reported.’ Filtration 
of the tetrahydroborate solution or passage of 
nitrogen through it for 40 mini’ decreased the blank 
signal but did not eliminate it. The tin content of the 
sodium tetrahydroborate used was about 1-2 #g/g. 

The maximum concentrations tested or the toler- 
ance limits in the determination of 100 pg of tin 
(IO fig/ml in the chloroform extract) are shown in 
Table I. 

The method has been applied to determination of 
tin in canned foods such as vegetables and fruit- 
juices, and in aluminium-based alloys. 

The samples of foods were dissolved by the method 
proposed by the Analytical Methods Committee.” 
The recovery was tested by the standard-addition 
method and found to be 97.4% (r.s.d. 3.6%) for 10 
pg of added tin. The results are shown in Table 2. 

Table 1. interferences in the determination of 100 pg of tin 

Species 
Tolerance limit. 

r??P 

Li+, Na+. K+. Mg?*, Ca’+, Sr’+, Bale. NO;, SOi- 
Mn’+, Pb”. Al’+. GeJ”, phosphate, tartrate 
Zn’*, Cu” Fe?C Fe”, ‘Z&s+. Tjd+ 3 > 

60* 
30f 
201 

*Maximum amount tested. 
~Amount causing an error not exceeding 4% in the peak height for tin. 
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Table 2. Determination of tin in canned foods The results arc shown in Table 3. The recovery of 

Tin found, 10 pg of added tin was 97.6%, with 3.9% r,s.d. (5 
Sample M/R r.s.d.*, % determinations). 

Orange juice 
Pineapple juice 
Tomato juice 
Asparagus 

*Ten replicates. 

102 2.5 
82 4.6 

112 3.1 
135 3.6 

Table 3. Determination of tin in aluminium-base alloys 

Sn, % 

Sample* Certified Found r.s.d.t, % 

A 0.622 0.63 2.8 
B 0.510 0.52 2.6 

*A: 0.62% Mn; 0.38% Cu; 0.40% Ni; 0.30% Fe; 0.87% Mg; 
0.30% Zn; 0.15% Pb. B: 0.63% Mn; 0.52% Cu; 0.50% 

7 

3: 
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ANALYTICAL DATA 

DISSOCIATION OF 5-FLUORO- AND 
3$DINTTROSALICYLIC ACIDS IN 

WATER-METHANOL MIXTURES AT 25’ 

G. POULIAS, N. PAPADOPWLOS and D. JA~NAKOU~AKIS 
Laboratory of Physical Chemistry, Department of Chemistry, Aristotelian University of Thessaloniki, 

Greece 

(Rewired 25 April 1985. Reri.wd 1 December 1985. Acwpred 23 Decemhw 1985) 

Summary-The association constants and molar conductivities, extrapolated to zero concentration, have 
been determined for 3,5-dinitrosalicylic and 5-fluorosahcylic acids in water-methanol mixtures at 25^. 

Although reproducible “pH” readings may be ob- 
tained in many mixed solvents, the pH-meters used 
are usually calibrated in aqueous buffers. Un- 
fortunately the asymmetry potential may shift on 
transfer of the glass electrode from such a buffer to 
a mixed solvent, and “pH” values obtained under 
such conditions have no quantitative significance.’ 

Studies of the electrolytic conductance of acids in 

the entire range of methanol-water mixtures provide 
a convenient and accurate means for determining the 
acid ionization constants. The determination of the 

dissociation constant of an acid in a binary mixed 
solvent provides useful data for the theoretical under- 
standing of the ionization process in systems where 
two dipoles, methanol and water in our case, as weit 
as the anion, can compete for the proton. In addition 
it serves the practical purpose of providing buffers for 
the calibration of pH-meters in these systems. 

In this paper we examine the conductance behav- 
iour of .5-fluoro- and 3,5-dinitrosalicyclic acids in 
methanol-water mixtures at 2.5’. 

3,5-Dinitrosalicylic acid (Carlo Erbo R.S. for chro- 
matography)was recrystallized from 2-propanol and dried 
under vacuum over phosphorus pentoxide. 5-Fluorosalicyiic 
acid (Aldrich Co., 99% purity) was recrystallized twice from 
water and dried under vacuum over phosphorus pentoxide. 
The acids were titrated potentiometri~iiy by weight with 
standard sodium hydroxide solution and found to be 
>99.8% pure. The purification of the solvents and details 
of the experimental procedure have been reported else- 
where.’ 

RESULTS AND DISCUSSION 

The experimental data were treated by the method 
proposed by Pethybridge and Taba,” which uses the 
Lee and Wheaton conductance equation.‘,5 The 
equivalent conductances at infinite dilution, associ- 
ation constants and standard deviations calculated 
from the experimental data for 3,5-dinitro- and 
S-fluorosalicylic acids in methanol--water mixtures 
are listed in Table I. 

Salicylic acids form an intramolecular hydrogen 
bond which lowers the potential energy and enhances 
the acid strength. Because of the or&o-effect of the 
-OH group the dissociation constants of these acids 
are considerably higher than that of benzoic acid. In 
addition to the or&-effect, the inductive and reso- 
nance effects of the other substituents affect the 
ionization of the acid. Meta substituents cannot 
conjugate directly with the carboxylic group. Their 
resonance interaction with the aromatic ring pro- 
duces changes in the electron density at the ortho and 
parn positions and these affect the acid strength by 
induction. However, meta substituents in saficylic 

acid can influence the dissociation of the carboxylic 
group indirectly through the hydrogen bond. For 

S-~uorosalicylic acid the inductive and resonance 
effects oppose each other, whereas for 3,5-dinitro- 
salicylic acid the resonance has a further strength- 
ening effect. This compound behaves as a strong 
electrolyte in the mixed solvent up to 60% w/w in 
methanol; at higher methanol content association 
occurs, to an extent which increases d~rnatically. 
until in pure methanol this acid behaves as a weak 
electrolyte. It is noteworthy that 3,Sdinitrobenzoic 

Table 1, Conductance parameters 

[MeOH], % ~V/N A\0 GA. o/o K% 

3,5-dinitrosalicylic acid 
0 375.4 0.04 <4 

20 245.8 0.07 <4 
40 169.3 0.04 <4 
60 123.0 0.06 4. I 
80 97.3 0.04 25.4 
90 95.6 0.04 1.16 X 102 
95 101.3 0.06 4.23 x IO’ 
98 112.1 0.1 I 1.520 X 103 

100 186.Y 0.03 1.353 x lo* 

S-Ruorosalicylic acid 
0 

20 
40 
60 
80 

381.0 0.04 4.97 x IO’ 
250.6 0.08 8.30 x 10’ 
170.4 0.08 1.667 x IO’ 
126.8 0.09 4.78 x IO’ 
106.6 0.1 I 3.00 x 104 
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“r 

Fig. 1. Dependence of --log & on (l/I&-- I/&) for 
fr-fiuoro- (U) and 3,5-dinitrosalicylic (0) acids in 

water-methanoI mixtures. 

acid is a rather weak electrolyte in water, whereas 
3,5-dinitrosalicylic acid is completely dissociated in 
this solvent. 

The free energy of dissociation contains an etectro- 
static and a non-electrostatic term,6 the first being 
given by the Born equation. When there is no change 
in the soivation of an acid and its anion in a binary 
mixed &vent, a plot of plc US. (I/1>, - l/D,) should 
give a straight line (& D, are the dielectric constants 
of the solvent and of water, respectively). Figure 1 
shows that for Sfluorosalicylic acid the plot is a 
straight line, whereas for 3,5-dinitrosalicylic acid the 
plot is a curve, indicating a specific solute-solvent 
interaction, in accordance with its dissociation behav- 
iour in the methanol-water system. 

The dependence of l\o on the methanoi percentage 
is shown in Fig. 2: & decreases as the solvent is 
enriched in methanof and displays a minimum near 
95% w/w methanol, At this point the proton-jump 
mechanism of conduction is replaced by normal 

O.OO80 100 

% W/W MeOH 

Fig. 2. Dependence of the normalized Walden product on 
the methanol contents, for 3,S-dinitrosali~ylic acid. 

migration of hydronium ions solvated by methanol 
molecules. At still higher methanol concentration the 
conducti~~ity rises again because the jump mechanism 
is restored in part. 
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SOLVENT EXTRACTION OF ZINC WITH 
5,7-DICHLORO-2-METHYL-&HYDROXYQUINOLINE 

INTO CHLOROFORM 
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(Receizted 2.5 September 1985. Accepted 6 December 1985) 

Summary-The distribution equilibria of the zinc complex with 5,7-dichloro-2-methyl-&hydroxyquinoiine 
in the water+hloroform system have been studied at 25”. The influence of pH, reagent and metal 
concentrations, and the presence of sodium perchlorate in the aqueous phase has been determined. From 
quantitative evaluation of the extraction equilibrium data, it has been deduced that the complex extracted 
is the simple I:2 chelate, ZnR,, although at ligand concentrations higher than 0.3M, the self-adduct 
complex seems to begin to form. The extraction constant of the ZnR, species, refined by means of the 
program Letagrop-Distribution, has the value log K,, = -6. i 5 f 0.07. 

The extraction of zinc with 8-hydroxyquinoline (ox- 
ine) and its derivatives has been extensively studied. 
Most of the work deals with the equilibria involved 
in the extraction process’-17 and only a few workers 
have dealt with determination of the metal by 
colorimetryi8*i9 or l?uorimetry.“2’ A survey of the 
literature reveals important differences in the pro- 
posed composition of the species extracted. 

Several authors4.5,7m9 deduce that the complex 
extracted is the self-adduct ZnR,(RH), where R repre- 
sents the oxinate anion and RH the oxine molecule. 
On the other hand, the formula ZnR,(RIQ has also 
been proposed. 3,io Although sodium or potassium 
perchlorate was used in most cases to adjust the ionic 
strength, the influence on the distribution equilibria 
was not investigated. Oki and Terada,‘-’ Rakovskii et 
aLi and Sekido et al.” have pointed out that 
perchlorate, as well as other fairly hydrophobic an- 
ions, can participate in the extraction equilibrium and 
have reported that the complex extracted into 
chloroformn,” is the ion-pair Zn,R,(RH): +ClO; 
whereas that extracted into dichloroethane~~ is 
Zn(RH): + . R- ClO, . 

In previous papers22,“3 the extraction of 5,7- 
dichloro-2-methyl-8-hydroxyquinoline (Cl,MeOxH) 
into some organic solvents and of its complexes with 
Co(H) and Ni(I1) into chloroform was reported. The 
present paper is devoted to the distribution equilibria 
of the zinc complex of C1,MeOxH in the 
water-chloroform system. which have been studied in 
order to ascertain the influence of the two chlorine 
atoms and the methyl group on the composition of 
the extracted species. The fluorescence exhibited by 
the complex extracted into chloroform could serve 
for the determination of small quantities of zinc, 
although it is seriously interfered with by several 
metal ions. 

Reagents 
5,7-Dichloro-2.methyl-8- hydroxyquinoline (“Supro”, 

Troponwerke, K6ln) was purified as described earlier.22 
Chloroform, containing 0.5% of ethanol as stabilizer, was 

shaken with several portions of distilled water, dried with 
anhydrous sodium sulphate and distilled, the fraction boil- 
ing at 60-61’ being collected. 

Stock solution of zinc (I g/l.), prepared from analytical- 
reagent grade Zn(NO,),.4H,O (Merck), was standardized 
gravimetricalfy.24 

All other chemicals were of analytical grade and used 
without further purification. 

Appuratus 

A double-beam Perkin-Elmer 4000 atomic-absorption 
spectrophotometer with a zinc hollow-cathode lamp, a 
Beckman Acta MVH ultraviolet--.visibie spectrophotometer 
with IO-mm quartz cells, and an Aminco SPF 500 
spectrophotofluorimeter equipped with a 250-W xenon arc 
lamp and connected to a Hewlett-Packard 7225 graphics 
plotter were used. All the fluorescence measurements were 
obtained with IO x lo-mm quartz cells and with the instru- 
ment operating in the ratio mode. 

A Radiometer PHM 64 OH-meter, equipped with a 
glass-calomel electrode pair, standardized with‘buffer solu- 
tions at pH 4.008 and 6.865 (25”) prepared from Merck salts 
according to DIN 19266, was used. 

Procedure 

Ten ml of buffered zinc solution with an ionic strength of 
0.1 (adjusted with sodium sulphate) and saturated with 
chloroform, and 10 ml of Cl,MeOxH solution in chloroform 
saturated with water, were shaken at 25.0 2 0.2” in 30-ml 
glass-stoppered vials, long enough for equilibrium to be 
attained. After phase separation the metal was determined 
either in the aqueous phase by atomic-absorption spec- 
trophotometry or in the organic phase by a previously 
established” spectrophotometric method. The main charac- 
teristics of this method are given in Table 1. 

The pH of the aqueous phase was adjusted with sodium 
acetate or borate. Experiments done with different concen- 
trations of these substances showed that at concentrations 
below 0.05M they do not alter the distribution of zinc. The 
pH of the aqueous phase after extraction, measured at 
25.0 & 0.2”. was taken as the equilibrium pH value. 
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PH 

Fig. 1. The pH-dependence of the distribution ratio. 
(Cl,MeOxH),,, = 10-zlGi; (Zn*+)(+ = 5.4 x IO-5M. 

RESULTS AND DISCUSSION 

influence of the shaking time 

The effect of the shaking time on the degree of 

extraction was studied at two pH values, 7.0 and 8.6. 
and with two reagent concentrations, 2 x 10m3 and 
IO-*M. In all cases equilibrium was attained in less 
than 10 min. A shaking period of 15 min was there- 
fore chosen for safety. The precipitation of the com- 
plex reported to take place during the shaking with 
oxine in the absence of perchlorate,’ did not appear 
to occur with C1,MeOxH. 

Extraction as a function of pH 

With 10V2M Cl,MeOxH in chloroform, the extrac- 
tion begins at pH 4.5, becomes quantitative 
(>99.9%) between pH 6.0 and 9.5, and then de- 
creases. The pH-dependence of the distribution ratio 
is shown in Fig. 1; the plot is linear up to pH 5.7, with 
a slope of 2.00, and at higher pH values the slope 
decreases, indicating that species other than the cat- 
ion Zn2+ become predominant in the aqueous phase. 

Infiuence of zinc concentration 

To find whether polynuclear species are extracted, 
the influence of the metal concentration on the 
distribution ratio was studied at pH 5.0. Despite the 
fact that the initial pH was the same for all the 
samples, small differences in the equilibrium pH 
values were found. For this reason log D - 2 pH LX 
log (Zn2+)w,iniiiir, was plotted, and gave a straight line 
with zero slope. The fact that the distribution ratio is 
independent of the zinc concentration shows that 
only mononuclear species are extracted. 

Effect of perchlorate 

According to Oki and Teradai3 the presence of 
sodium chlorate in the aqueous phase at a concen- 

-“L 
-3 -2 -1 

tog ccig1 

Fig. 2. Effect of NaCIO, on the extraction. 
(Cl,MeOxH),,, = 10d21M; (W+)(,) = 1.9 x IW5M; pH = 

5.15jo.02. 

tration of IO-‘1Mor higher, is necessary for extraction 
of the Zn-oxine complex; on the contrary, zinc is 
quantitatively extracted by Cl,MeOxH, over a wide 
pH range, in presence of either sodium perchlorate or 
sodium sulphate. To ascertain whether the 
perchlorate anion participates in the distribution 
equilibrium, a serious of extractions was done with 
the perchlorate concentration varied between IO-) 
and IO-‘M, and the ionic strength adjusted to 0.15 
with sodium sulphate. In Fig. 2, log D - 2 pH U.S. the 
initial concentration of perchlorate in the aqueous 
phase is plotted; below O.O5M, the perchlorate does 
not affect the distribution equilibrium, but at higher 
concentrations the slope of the curve increases to 
0.45, suggesting that a mixture of species, some 
containing perchlorate and some not, is extracted. 

Effect of &and concentration 

The influence of Cl,MeOxH concentration was 
studied in the range 1O-2-5 x 10~‘M. Two series of 
extractions were performed, at pH 4.88 and 3.70, 
respectively. Because of the high value of the 
Cl,MeOxH distribution ratio at these pH values** the 
initial reagent concentration in the organic phase was 
taken as the equilibrium concentration; in the same 
way, because of the excess of C1,MeOxH present, the 
amount of reagent used in the complex formation 
was also neglected. The two straight lines in Fig. 3 
(a and b) have slopes of 1.95 and 2.1 I, respectively. 

I(a) ((b) 

L I ii I 1 
-2 -1 -1 0 

log [RH I0 
Fig. 3. Distribution of zinc as a function of C1,MeOxH 
concentration. (Zn*+),,, = 2.7 x 10e5M; (a) pH =4.88; (b) 

pH = 3.70 i 0.01. 
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Composition of the extracted species 

If only mononuclear species are extracted, under 
the conditions in which perchlorate does not take 
part in the distribution equilibrium, the extraction 
process may be represented by the equation 

M;,: + (n + m)RH,,,, -MR,(RH),<,, + nH;,, (1) 

where M”+ represents the metal ion. RH the extrac- 
tant reagent and the subscripts (w) and (0) denote the 
aqueous and organic phases respectively. The extrac- 
tion constant of the species MR~(RH)~ is given by 

k = (MR,WWwJ,,,(H+X’w, 
ex 

W+ ),w,(RWI:;+ n, (2) 

When MRJRH), is the only extractable species 
and the metal is present in the aqueous phase pre- 
dominantly as the cation M”’ , the metal distribution 
ratio (D) and the extraction constant are related by 

log D = log K,, + n pH + (n + ~1) log (RH),,, (3) 

The slope of the plots of log L) t’s. pH, at constant 

(RH),,,, and of log D cs. log (RH),,,, at constant pH, 
will give the values of the coefficients n and (n + m), 
respectively. 

From the slope analysis of the curves shown in 
Figs. 1 and 3, the values n = 2 and n + m = 2, and 
hence m = 0, are deduced. This leads to the conclu- 
sion that the composition of the extracted complex, 
when (ClO;) < O.O5M, (Zn2+)(,,,,,,, ranges from lO--5 
to lO-^“M and (Cl,MeOxH),,, varies between 0.01 and 
0.3M, is the simple I:2 chelate, ZnR,. When the 
ligand concentration is higher than 0.3M, the slope of 
the experimental plot tends towards a value of 3, sug- 
gesting the extraction of the self-adduct complex 
ZnR,(RH). On the other hand, the solubility of 
CI,MeOxH in chloroform does not allow obtention 
of log D values at higher reagent concentrations than 
those already studied. 

Although it has not been possible to confirm the 
formation of this adduct complex with a large num- 
ber of experimental points, its extraction would rep- 
resent a behaviour similar to that found in the 
extraction’3 of Co and Ni with C&MeOxH, and 
would contrast with the inability of 
2-methyl-8-hydroxyquinoline to form the self-adduct, 
which has been attributed to steric hindrance by the 
methyl group.’ 

The behaviour of Cl,MeOxH, as well as that of the 
S-iodo9 and 5,7-dibromo’ derivatives of oxine (both 
of which form a simpie chelate, ZnR, with zinc) 
indicates that, in order to explain the ability of oxine 
derivatives to form adduct complexes, other factors 
besides steric hindrance must be taken into account. 

Calculation of the extraction constant 

According to equation (3) a plot of log D OS. 2 
pH f 2 log (RH),,, will give a straight line of slope 1 
and intercept log K,,; hence, from such a graph the 
extraction constant can be obtained. In Fig. 4, the 

1 

: 

t I I 

6 7 

ZRH-2 ioqCRH7, 

Fig. 4. Graphical calculation of the extraction constant. 
The equation of the straight line is log D = -6.25 + 1.01 

12 PH + 2 log @W,,,l. 

log D values corresponding to the species ZnR, have 
been plotted and log K,, = -6.25 is obtained. This 
value, obtained graphically, has been refined by 
means of the program Letagrop-Distribution;27 the 
final result is log Ke, = - 6.15 2 0.07. 

Fluorescence of the extracted complex 

Because of the fluorescence exhibited by the com- 
plex extracted into chloroform, the possibility of 
developing a ~uorimetric method for zinc has been 
examined. The band maxima of the excitation and 
emission spectra are found at 399 and 544 nm, re- 
spectively. With a 10--3M solution of Cl,MeOxH in 
chloroform, the maximum fluorescence intensity is 
attained in the pH range 7.0-9.2; likewise the emis- 
sion intensity remains constant for concentration 
ratios (C12MeOxH),J(Zn2+)(,, > 6. The calibration 
curve is linear up to l.2pg/ml Zn(II) concentration 
but with Zn(I1) co.03 pgjml the fluorescence of the 
reagent blank and that of the sample are very similar. 
A 0.5 pg/ml Zn(II) solution gives a fluorescence 
reading of 61.8% of that corresponding to a 
0.08 pg/ml quinine sulphate solution in 0.05M sul- 
phuric acid. 

However, the presence of several other metals 
interferes seriously with the determination of zinc, so 
the method is of limited value. 

1. 

2. 
3. 
4. 
5. 

6. 

7. 

REFERENCES 

F. ljmland and W. Hoffman, Z. Anal. C&em., 1959,168, 
268. 
F. Umland, ibid., 1962, 190, 186. 
J. St@, Anal. Chim. Acla, 1963, 28, 132. 
G. K. Schweitzer and W. van Willis, ibid., 1964,30, 114. 
G. K. Schweitzer, R. B. Neel and F. R. Clifford, ibid., 
1965, 33, 514. 
0. Navriitil and J. Kotas, Collecfion Czech. C/tern. 
Commun., 1965, 30, 1824. 
Fa-Chun Chou, Q. Fernando and H. Freiser, Anal. 
Chem., 1965, 37, 361. 



466 ANALYTICAL DATA 

8. N. P. Rudenko and A. I. Sevastyanov, Zh. Neorgan. 
Khim., 1968, 13, 184. 

9. Fa-Chun Chou and H. Freiser, Anal. Chem., 1968, 40, 
34. 

10. S. Oki, Bunseki Kugaku, 1969. 18, 822. 
1 I T. Lengyel, Pruc. Symp. Coord. Chem. 3rd, 1970,1, 157. 
12. J. Kubala and D. Mazonska-Wydrzynska, Zesz. Nauk. 

PO&tech. Slask. Chem., 1972, 60, 65. 
13. S. Oki and I. Terada, Anal. Chim. Acta, 1972, 61, 49. 
14. E. E. Rakovskii, B. L. Serebryanyi and N. D. Klyueva. 

Zh. Analit. Khim., 1974, 19, 1086. 
15. Idem, ibid., 1974, 29, 1710. 
16. E. Sekido, Y. Yoshimura and L. Masuda, J. Inorg. 

Nucl. Chem., 1976, 38, 1183. 
17. E. Sekido and Y. Yoshimura, ibid., 1976, 38, 1187. 
18. W. L. Medlin, Anal. Chem., 1960. 32, 632. 

19. H. Koshimura, Bunseki Kagaku, 1976, 25, 269. 
20. K. Watanabe and K. Kawagaki, Bull. Chem. Sot. 

Japan, 1975, 48, 1945. 
21. D. Yamamoto, M. Tsukada and S. S. Lynn, Me(ji 

Daigaku Nogakubu Kenkyu Hokoku, 1978, 44, 25. 
22. A. Izquierdo and R. Campaiio, ~ikrocbim. Acta, 1983 

I, 371. 
23. A. Izquierdo, R. Campaiio and E. Bars, ibid., 1984 II, 

343. 
24. A. I. Vogel, Quantitative Inorganic Analysis, 3rd Ed., 

p. 532. Longmans, London, 1968. 
25. R. Campafio, Doctoral Thesis, University of Barcelona, 

1982. 
26. IUPAC. Compendium of Analytical Nomenclature. Per- 

gamon Press, Oxford, 1978. 
27. D. Hay Liem, Acta Chem. Sand., 1971, 25, 1521. 



Talanta, Vol. 33, No. 6, pp. 467470, 1986 0039-9140/86 $3.00 + 0.00 
Printed in Great Britain Pergamon Journals Ltd 

DETERMINATION OF CHLORPROMAZINE AND 
THIORIDAZINE BY DIFFERENTIAL PULSE 

VOLTAMMETRY IN ACETONITRILE MEDIUM 

N. ZIMOV~ and I. NBMEC 

Department of Analytical Chemistry, Faculty of Natural Sciences, Charles University, 12840 Prague, 
Czechoslovakia 

J. ZIMA 

Czechoslovak Academy of Sciences, Institute of Microbiology, 14220 Prague, Czechoslovakia 

(Received 24 February 1984. Revised 4 February 1986. Accepted 14 February 1986) 

Summary-This work describes optimal conditions for the determination of chlorpromazine and 
thioridazine by DPV, with a detection limit of 4.0 x IO-‘M (0.16 ,ug/ml). The well-defined peaks indicate 
that direct measurement in a medium of 0.03M perchloric acid in acetonitrile is possible and the use of 
DPV is advantageous when small amounts are to be determined. The sample procedure for pharmaceutical 
tablets is simple and fast. The method is useful for control of the quality and purity of phenothiazine drugs. 
The possibility of using numerical analysis to resolve composite signals of the compounds studied has also 
been demonstrated. 

Chlorpromazine and thioridazine are among the 
most important tranquilizers. Because of their fre- 
quent use, their metabolism, pharmacokinetics and 
relationship between concentration level in the 
plasma and the clinical response, have been studied 
in detail. Of paramount importance to such studies is 
the development of analytical methods suitable for 
determining the concentrations of the parent drugs. 

Titrimetric,‘s2 spectrophotometric,3”5 fluorescence,6 
radioimmunoassay,7,8 and chromatographicSr3 
methods are used in bioanalytical research and phar- 
maceutical practice for determination of chlor- 
promazine and thioridazine. Amperometric methods 
have also been used for their detection in HPLC,“-I3 
and pulse polarographic methods for direct deter- 
mination.‘4~‘5 

This work deals with the use of differential pulse 
voltammetry for determination of phenothiazine 
drugs. 

EXPERIMENTAL 

Apparatus 

Differential pulse voltammetry (DPV) was performed 
with a PA 3 polarographic analyser (Laboratomi piistroje, 
Prague) with clock-time of 0.2 set, pulse-width 100 msec, 
sampling window 20 msec, scan-rate-l-5 mV/sec and mod- 
ulation amplitude 12.5, 20 and 50 mV. 

The indicator electrode was a platinum disk [electrode 
area (A) 0.16 or 0.11 cm’], the reference electrode a silver 
sheet dipping into O.OlM silver nitrate/l.OM sodium 
perchlorate solution in acetonitrile, and the auxiliary elec- 
trode a platinum wire spiral. 

The electrolytic cell has already been described.i6 Its 
working compartment was filled with O.lM sodium 
perchlorate in acetonitrile, to which was added the sub- 
stance under investigation. Nitrogen was continuously 
passed over the surface of the solution during the electro- 
chemical measurement (done at 20”). 

Computation 

Hardware. An HP 9845B, option 250, desk-top computer 
with total read/write memory of 187 kbyte was used for the 
data treatment. The following additional read-only memo- 
ries (ROMs) were installed to improve the programming 
capabilities of the mainframe-an input/output ROM, an 
enhanced graphics ROM, an advanced programming ROM, 
and a structured programming ROM. A keyboard or an 
HP9874A digitizer was used for data input. For interaction 
with the CRT-zooming, input of the parameter values, 
searching for points etc.-a light pen was used. An 
HP7470A plotter was used as the graphics output device. 

Software. An easy-to-use interactive program was written 
in BASIC-about 2000 lines, making full use of enhanced 
HP BASIC. 

The optimization was done in two steps. First, the base 
electrolyte curve was digitized and approximated by poly- 
nomial regression (an HP utility library routine), and the 
DPV curve was digitized (approximately 100 points were 
taken within a potential range of 0.5 V). Second, the sum 
of Gaussian exponentiais was fitted to the DPV peaks, 
together with a polynomial function obtained by using the 
classical Gauss-Newton method. The initial values of the 
parameters must be estimated for a non-linear optimization 
problem. For the polynomial function, the parameters 
obtained in the first step were used, while for the Gaussian 
function, approximate peak-maximum co-ordinates and ap- 
proximate peak half-widths were digitized for each peak. 
The results of the iterative computation were displayed on 
the CRT and terminated by user intervention. 

Reagents 

Acetonitrile (AN), reagent grade, was purified by the 
method proposed by Walter and Ramaley;” its purity was 
checked by spectrophotometry. Its water content was below 
0.003% (found by gas chromatography). 

Thioridazine hydrochloride (Sandoz, Switzerland), chlor- 
promazine hydrochloride (diva, Prague), thioridazine 
hydrochloride 25mg pills (L&va, Prague), and Plego- 
mazine 25-mg pills (Egyt, Budapest) were obtained commer- 
cially. The other reagents were as described previously.‘* 
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Fig. 1. Diffusion current recordings of the anodic oxidation 
of chlorpromazine (7 x 10m5M) in O.lM NaClO, in an AN 
medium, CHC104 O.O3M, scan-rate 2 mV/sec, electrode area 
0.11 cm2; (a) d.c. voltamperogram, 1226 rpm; (b) DP 
voltamperogram, clock time 0.2 set, pulse amplitude 50 mV. 

Sample preparation 

Standard solutions of the substances studied were pre- 
pared by dissolving 25 mg (precisely weighed) in AN in a 
IO-ml standard flask. 

For tablet analysis, one tablet was weighed, crushed to 
powder and dissolved in 2 ml of AN, then the solution was 
quantitatively transferred to a centrifuge tube and centri- 
fuged at 4000 rpm; the solution was transferred quan- 
titatively to a lo-ml standard flask and diluted to the mark 
with AN. Alternatively the centrifugation was omitted and 
an aliquot of the supematant solution in the flask was used, 
after the insoluble material had settled out. 

RESULTS AND DISCUSSION 

Direct current and cyclic voltammetry were used to 
determine the optimal conditions for the deter- 
mination of chlorpromazine and thioridazine, taken 
as models of the phenothiazine drugs.ls On the basis 
of the results, the DPV determination was done by 
oxidation of the derivatives to the radical cation in 
AN medium with a perchloric acid concentration of 
0.03M. 

The higher sensitivity of the DPV method under 
the conditions described above is apparent from 
comparison of the d.c. and DP voltammetry (Fig. 1). 

The maximum peak current and peak symmetry 
were optimized by systematic variation of the modu- 
lation amplitude, AE, and scan rate, v. Optimum 
conditions for maximum sensitivity were: scan-rate 2 
mV/sec, modulation amplitude 50 mV, clock-time 40 
sec. The peak-width at half-height, W,,Z, approached 
the theoretical value for small E values.” 

Calibration graphs for the standard solutions 
(Table 1) were linear over the concentration range 
7 x lo-‘-l.4 x IO-‘M (i.e., 0.25-6.2 pgg/ml) with a 
detection limit of 4.0 x lo-‘M (0.16 pg/ml). 

The method described above can be applied for 
determination of relatively low concentrations of 
chlorpromazine and thioridazine in tablet forms 
(Table 2). The relative standard deviations of the 
peak currents were ~5% for both chlorpromazine 
and thioridazine. The average recovery from tablet 
samples was 94 k 3% for chlorpromazine and 
97 f 3% for thioridazine. As both sample prepara- 
tion procedures yielded similar results, the second is 
recommended because it is simpler. 

Table 1. Calibration graphs of chlorpromazine in an acetonitrile solution 
of O.lM NaClO, (cHcIo, = 0.03M; pulse amplitude 50 mV, scan-rate 2 

mV/sec, electrode area 0.16 cm*, temperature 20”) 

[Chlorpromazine], i,/[chlorpromaz.ine], 
bM1 ip, PA Ep, V W,,,, V A.l.mole-’ 

0.70 0.46 0.50 0.100 0.66 
1.40 0.90 0.51 0.100 0.64 
2.10 1.38 0.51 0.100 0.66 
2.80 1.96 0.51 0.100 0.66 
3.50 2.30 0.50 0.100 0.66 
4.90 3.10 0.51 0.100 0.63 
7.00 4.48 0.50 0.100 0.64 
9.10 5.60 0.50 0.095 0.62 

10.50 6.60 0.50 0.095 0.63 
14.00 8.80 0.50 0.095 0.63 

Table 2. Analysis of tablet forms of the drugs (conditions as for Table 1) 

Chlorpromazine Thioridazine 

Concentration, Found, Recovery, Found, Recovery, 
pgglml nglml % pgcglml % 

0.25 0.21 92.8 0.25 100.0 
0.75 0.70 93.3 0.74 98.9 
1.25 1.12 90.3 1.17 94.4 
1.75 1.71 98.3 1.62 93.1 
2.50 2.40 96.8 2.39 96.4 
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Fig. 2. DP voltamperogram for anodic oxidation of 1: 1 w/w 
mixture of thioridazine and chlorpromazine (each 1.3 
fig/ml), cqnditions as for Table 3; (-) experimental 

curves; c . .) theoretical curves. 

The DPV curves were analysed by numerical meth- 
ods. The classical Gauss-Newton method for non- 
linear function-fitting was used. A good agreement of 
the experimental data for an individual peak and the 
Gaussian function i = Ai, exp{ -[(E - EJ W,,,]‘} 
was obtained (the relative standard deviation of the 
current was less than 1%). As the background cur- 
rent (which has no relation to the redox reaction 
studied) had to be compensated for, a polynomial 
expansion of a certain degree was added to the sum 
of the exponentials and all the parameters were 
optimized together. The best results were obtained 
for a quadratic polynomial, whereas cubic and linear 
functions exhibited significant deviations from the 
experimental baseline. 

The fact that the Gaussian function reasonably 
approximates the experimental data suggests the pos- 
sibility of separating overlapping bands by numerical 
methods. The determining factor in assays of a 
mixture of substances with similar half-wave poten- 
tials is the peak half-width. As the minimum peak- 
width for one-electron oxidation is 90.4 mV,19 it is 
apparent that the peaks of the two substances (the 
difference between the half-wave potentials of chlor- 

promazine and thioridazine is 110 mV) cannot be 
completely separated by a derivative pulse technique. 
In the simple case of close to 1: 1 ratio of the 
concentrations it is possible to determine them 
approximately, directly from the DPV recording 
(Table 3, Fig. 2) and calibration graphs made with 
equimolar mixtures. It is more correct, however, to 
compare the areas (A, and AZ) under the curves, 
which in this case is only possible by using numerical 
treatment. 

Numerical resolution of the two peaks is possible 
over the concentration range from 2 x lO-6 to 
1 x 10m3M. The concentrations of the substances can 
be calculated from the peak areas thus obtained 
(Fig. 3), by using linear calibration graphs measured 
for each of the substances separately, as it has been 
found that the points on the calibration graphs 
change by less than 1% when both substances are 
present in the solution, provided that their concen- 
tration ratio lies in the range from 0.35 to 3.5. Some 
typical results are shown in Table 4. 

The DPV data were treated by an off-line tech- 
nique, i.e., the plotter analogue traces were manually 
digitized. This kind of evaluation increases the overall 

0.2 0.3 0.4 0.5 0.6 0.7 0.6 

E(V) 

Fig. 3. DPV recordings for a mixture of thioridazine 
(4.4 x 10v4M) and chlorpromazine (1.3 x 10w4M) in AN 
solution of O.lM NaClO,, (cHcIo, 0.03M; scan-rate 5 
mV/sec; pulse amplitude 20 mV, electrode area 0.11 cm*; 
temperature 20”); (. ....) theoretical curves; (-) experi- 

mental curves. 

Table 3. Calibration data for a 1:l w/w mixture of thioridazine (I) and chlorpromazine (2), 
(pulse amplitude 12.5 mV, scan-rate 1 mV/sec, other conditions as for Table 1) 

Slope, A.I.mole-’ 
Concentration,* i,(l), ip (2), E,(l), E,(2), 

pgglml IrA p-4 V V $(l)/qd2) (1) (2) 

0.75 0.27 0.30 0.44 0.54 0.90 0.15 0.14 
1.25 0.53 0.60 0.45 0.54 0.88 0.17 0.17 
1.99 0.96 1.02 0.44 0.53 0.94 0.20 0.18 
2.48 1.15 1.26 0.44 0.54 0.91 0.19 0.18 

Aver. value 0.44 0.54 0.91 0.18 0.17 
Std. devn. 0.03 0.05 

*Of each component. 
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Table 4. Determination of a mixture of thioridazine and chlorpromazine in various concentration 
ratios, in AN solution of 0.1M NaCIO,, cHC,ol = 0.03M 

[Thioridazine], Found, Recovery, [Chlorpromazine], Found, Recovery, 
Sample PM PM % PM PM % 

1 3.01 2.87 95.4 3.50 3.46 98.9 
2 380 356 93.1 1096 1067 91.4 
3 399 366 91.7 805 197 99.0 
4 413 412 99.8 595 556 93.4 
5 423 406 96.0 484 456 94.2 
6 174 167 96.0 134 121 94.8 
7 443 429 96.8 128 125 97.7 

error by introduction of an operator-dependent error; 7. D. H. Efron, S. R. Harris, A. A. Manian and L. E. 
however, various kinds of on-line data-acquisition Gaudette, Psychopharmacologia, 1971, 19, 207. 

systems are commercially available,20*2’ and their use 8. K. K. Midha, J. C. K. Loo, J. W. Hubbard, M. L. Rowe 

can be recommended. 
and I. J. McGilveray, Clin. Chem., 1979, 25, 166. 

When solid electrodes are used, the history of the 
9. A. C. Mehta, Analyst, 1981, 106, 1119. 

10. S. Stevenson and E. Reid. Anal. I&t.. 1981. 14. 1785. 
electrode plays an important role and careful cleaning 11. G. McKay, K. Hall, J. K: Cooper, E: M. fiaw& and 

is imperative. We therefore recommend back- K. K. Midha, J. Chromatog., 1982, 232, 275. 

polarization of the electrode to the initial potential 12. K. Murakami, K. Murakami, T. Ueno, J. Hijakata, 

value. 
K. Shirasawa and T. Muto, ibid., 1982, 227, 103. 

13. J. E. Wallace, E. L. Shimek, S. Stavchansky and S. C. 
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Summary-Homogeneous sets of data from strong acid-strong base potentiometric titrations in aqueous 
solution at various constant ionic strengths have been ana1yse.d by statistical criteria. The aim is to see 
whether the error distribution matches that for the equilibrium constants determined by competitive 
potentiometric methods using the glass electrode. The titration curve can be defined when the estimated 
equivalence volume VEM, with standard deviation (s.d.) u(VEM), the standard potential .!?a, with s.d. 
o(E,), and the operational ionic product of water K: (or E: in mV), with s.d. a(Kz) [or o(E:)] are 
known. A special computer program, BEATRIX, has been written which optimizes the values of VEM, 
E, and K,Z by linearization of the titration curve as a Gran plot. Analysis of variance applied to a set 
of 11 titrations in 1 .OM sodium chloride medium at 298 K has demonstrated that the values of VEM 
belong to a normal population of points corresponding to individual potential/volume data-pairs (I$; vi) 
of any titration, whereas the values of pK: (or of E$) belong to a normal population with members 
corresponding to individual titrations, which is also the case for the equilibrium constants. The 
intertitration variation is attributable to the electrochemical component of the system and appears as 
signal noise distributed over the titrations. The correction for junction-potentials, introduced in a further 
stage of the program by optimization in a Nernst equation, increases the noise, i.e., CT@K~). This 
correction should therefore be avoided whenever it causes an increase of a(pKw+). The influence of the 
ionic medium has been examined by processing data from acid-base titrations in 0.1 M potassium chloride 
and 0.5M potassium nitrate media. The titrations in potassium chloride medium showed the same 
behaviour as those in sodium chloride medium, but with an s.d. for pK$ that was smaller and close to 
the expected instrumental noise, whereas the titrations in nitrate medium had a high noise level and even 
the determination of VEM was less certain. Procedures are also proposed for obtaining reference sets of 
data and checking the conformity of the solutions and apparatus to the chosen reference. 

GLOSSARY OF THE MOST IMPORTANT SYMBOLS 

N = normality of the titrant solution 

(meqiml) 
E,, = standard chain potential (mV) 
V,, = initial volume of the solution (ml) 
E, = e.m.f. at the ith point of a potentiometric 

titration (mV) 
vi = added volume of titrant at the ith point 

(ml) 
wi = statistical weight of the ith point 
V, = V0 + vi = total volume in the ceil at the 

ith point (ml) 
V, = equivalence volume (ml) 

pH = - log[H+] 
pOH = - log[OH-] 

K, = [H+][OH-] = ionic product of .water 
Kz = operational ionic product of water 

/I = 2.302 RT/F = Nernst coefficient (59.157 
mV at 298 K) 

E,*=filog K,*= -_PpK,* 
EJl = junction potential in acidic range (mV) 
EJ2 = junction potential in alkaline range (mV) 

VEl = equivalence volume from acidic branch 
of Gran plot (ml) 

tTo whom correspondence should be addressed. 

VE2 = equivalence volume from alkaline 
branch of Gran plot (ml) 

VEM = (VEl + VE2)/2 = estimated equivalence 
volume (ml) 

(A/2) = 100 (A/Z)/VEM = per cent deviation of 
VEM 

Q(X) = standard deviation of any variable x 
kr = total number of titrations 
k = 1,2.. . , kT = index of a given titration 
ir = total number of points in all titrations 
Tr = mean number of points per titration 
ik = total number of points in the kth 

titration 

ikcac) = total number of points in acid region in 
the kth titration 

ikCalk) = total number of points in alkaline region 
in the k th titration 

@ = degrees of freedom 
Y,,, Y,,,& = ordinates of Gran plots in the acidic and 

alkaline ranges, respectively. 

INTRODUCXION 

In our studies on the assessment of models for the 
investigation of metal-proton-ligand equilibria in 
aqueous solution,‘.2 we have shown that the for- 
mation constant, /I,, = [M,,H,L,]/[Mlp[H]‘r[L]‘, of a 

471 
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given species M,H,L, is affected by an error which is 
randomly distributed between the titrations per- 
formed rather than between individual points of the 
titrations. In fact the intra-titration (or point-to- 
point) standard deviation ci, the inter-titration (or 
titration-to-titration) standard deviation cri, and the 
intra-laboratory standard deviation are related to the 

. 
standard deviation a,,,, or log &, by 

Analysis of variance (ANOVA) applied to the results 
of homogeneous sets of data has shown that 
u&, s &.’ 

Though the formation constants are usually refined 
by computer program, the standard electrode poten- 
tial, E,, and the operational ionic product of water, 
K,Z (or E$ in mv), used to calculate them are 
generally obtained from the Nernst equation by 
direct calculation without refinement. K$ is a condi- 
tional constant dependent on the apparatus and 
electrodes used. It does not correspond exactly to the 
ionic product of water, K,. 

To investigate whether E,, K,+, and the equivalence 
volume, VEM, from the strong acid-strong base 
potentiometric titrations used to standardize the elec- 
trochemical apparatus are also affected by an error 
distribution analogous to that for the formation 
constants, we have applied ANOVA to sets of stan- 
dardization data. However, since none of the several 
programs proposed for treating potentiometric 
titrations’-’ performs ANOVA on sets of titrations, 
we have developed a FORTRAN program, BEAT- 
RIX, which converts the points of several individual 
homogeneous titrations into both Gran’ and Nernst 
plots and performs ANOVA on these to analyse the 
distributions of errors. 

The purpose of the present treatment is not to 
show that this model is the best for the purpose, but 
rather to show how a proper analysis of the distribu- 
tion of errors between points or between titrations is 
made possible by assuming any well-defined model. 

LINEARIZATION OF A mRATlON PLOT 

The relation between e.m.f. and volume of titrant 
is given by the well-known sigmoidal curve (Fig. 1) 
which is the main reference model of the system. For 
solutions of strong monobasic acids and monoacidic 
bases, such a curve is exactly symmetrical around the 

Fig. 1. Titration curve, defined by points E,, V,, E$ with 
errors (e.s.d.) a(&), o(V,), a(,!?~) respectively. 

midpoint [V,; (E,, + E,,,)/2] unless there is a dilution 
effect. 

The vertical displacement of the whole curve de- 
pends on the value of $, and the position of the 
inflexion point and the amplitude of the curve are 
determined by the values of V, and E,1, respectively. 
Therefore fitting the model to the experimental points 
consists in the determination of the parameters I’,, E,, 
and E,* with standard deviations a(V,), a(E,,) and 
a(Ez) respectively. A titration curve can be linear- 
ized in two ways: (i) by using the Nernst equation 
J(E, pH) =0 or (ii) by using the Gran plot 
f(lO’E-k”fl, v) = 0. 

In a strong acid-strong base titration, the re- 
lationship between the pH of the solution and the 
e.m.f. E, is given by the Nernst equation: 

E=E,,+/Ilog[H+]=E,--pH (2) 

where /I = 2.302RTIF. This relation can be trans- 
formed by expressing [H+] as a function of the added 
volume of titrant, u: 

E = E,,+Blog{;(z) 

+J_} (3) 

where V, is the initial volume of acid titrated, & is 
the ionic product of water, N is the normality of the 
titrant (the base), and V, is the equivalence volume. 

In the acidic region (u c V,), this equation can be 
approximated to 

E =E,+j3log(I’,-a)N/V, (4) 

At neutralization (Y = I’,) 

E=E,,+filogE=E,,+fE,* (5) 

In the alkaline region (v > I’,), equation (2) gives: 

K,+ 
E=E,+jIIlog-= 

[OH-I 
E,+E,*-/IpOH (6) 

and, to a good approximation, 

E = E, + E,* - fl log@ - I’,)N/I’r (7) 

E,, and E,* are the e.m.f. values obtained at points 
[H+] = 1M and [OH-] = lM, respectively. Since the 
experimental points usually do not cover the whole 
sigmoidal curve, E, and E,+ generally lie outside the 
experimental range and must be determined by ex- 
trapolation. In the acidic range, dE/dv for equation 
(4) is continuous for any point not too close to the 
equivalence point, and its limit is zero for u + cc. In 
the alkaline range dE/dv for equation (7) leads to an 
analogous conclusion. Thus the curve tends asymp- 
totically to a horizontal straight line on either side 
of the potential “break” in the equivalence region, 
and cannot suddenly change even outside the range 
covered by the titration. 

From equation (4) E = E, only for 

NV’, - vo) 
lJ= 

N+l -= 
v+ 
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and therefore for 

v,=v,+v*= N(K + Vo) 
N+l = VT* (9) 

Under these conditions [see equations (2) and (4)], 
[H+] = lM, implying that: (i) V* is the volume of 
titrant which must be added to give a 1M solution of 
hydrogen ions, (ii) E, is the resulting e.m.f. V* is 
negative for V,, > NV,, which is the situation of 
interest, and can be considered either as a “virtual” 
volume of as attainable by removal of water by 
evaporation from the acid in the cell until the concen- 
tration of hydrogen ions in the cell is 1M. On the 
contrary, if V* is positive, it means that 
V,* = V, + V* > V. and in this case V,+ would be. 
reached during the titration. Thus E,, would not be an 
extrapolated value, but it would be associated with a 
specific titration point. 

The Gran method linearizes equation (3) by means 
of the expression 

Y,, = V,[H+] = V,lO’E-hO”” 

for the acidic range, and 

K,* 

(10) 

Y,= V,[OH-] = VTm= V~K,*lO’E”-O’fl (11) 

in the alkaline range. 
Both (10) and (11) are functions of the added 

volume of titrant, v. In this way, equation (4) be- 
comes (acidic range): 

VrlO~~=N(V,-V)1O~‘~ (12) 

and equation (6) becomes (alkaline range) 

VrlO-“6 = N (a - V,)lO-EoiS 
K,* 

(13) 

Plotting the left-hand side of equation (12) vs. v gives 
a straight line with slope = -N lO&‘fl. For any value 
of this slope, the dependent variable vanishes only for 
a single value of v, namely V,. Therefore it is possible 

to determine V, if N and E,, are unknown. On the 
other hand, if N is known, E0 may be calculated. 

In the alkaline region [equation (1311, the plot of 
V,lO-E’B vs. v is a straight line with slope = 
N 10-EdB/K,+, Since N and E. have been determined 
from calculations in the acidic region, it is thus 
possible to determine the operational value for the 
ionic product of water, K,*. 

In a perfect model the two branches of the curve 
and therefore the two lines of the Gran plot will 
converge to a single point on the abscissa. However 
their intersections with that axis, VEl and VE2, 
calculated from the experimental points do not neces- 
sarily coincide (Fig. 2). 

It is thus convenient to assume VEM = 
(VEl + VE2)/2 is a reasonable estimate of the equiv- 
alence point, V,. In particular,‘O its variance is equal 
to that of A/2 = (VEl - VE2)/2: 

Var(A/Z) = $[Var(VEl) 
+ Var(VE2)] = Var(VEM) (14) 

since Var(A + B) = Var(A) + Var(B). 
Hence” the coefficient of variation is obtained from 

Var[()%] = Var(& x 100) 

The second term of the sum inside the square brack- 
ets may be neglected, and 

Var 
A 

LO 1 % m 
104 Var(A/2) 

T (vEM)2 
(16) 

v,lk 

0 I 
1.5 

0 
2.0 2.5 

Fig. 2. Gran plot. The ordinates Y, and Tdk are detined by equations (10) and (11); the abscissa is the 
volume of titrant. The insert in the upper part is an enlargement of the section around VEM. Note that 
in this example (data from Table 1) a(VEM) > A/2, and that o(VEM) is approximately the same as the 

precision (N 0.005 ml) of the burette. 
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DESCRllWON OF THE PROGRAM 

BEATRIX fits the titration points first to the Gran 
equations with optional weighting. It calculates the 
weights, when requested, according to the criterion” 
of Avdeef et al.: 

1 
w, = 

Var(N) + MU 
[ 1 

2 (17) 

E,, VEM and E,* are determined, together with their 
variances, from the Gran fit. (A/2)% and its variance 
are also calculated and tested for significance. VEM, 
E, and E,* from the Gran plot are then used to fit the 
same titration to the Nernst equation. Junction po- 
tentials are introduced according to the modified 
Nernst equation: 

E = E, - flpH + (EJl)[H+] + (EJZ)[OH-] (18) 

in order to correct deviations from linearity, if any. 
Equation (18) is a simplified form of the Henderson 
equation and assumes constant ionic strength across 
the liquid junction, a situation which should be 
maintained by using the same ionic medium in the 
titrant and in the solution. The Nernst fitting may be 
performed by assuming the Nernst coefficient /I to be 
fixed or adjustable or both. 

If there are two or more titrations to be treated, the 
program also performs ANOVA among all of them. 
This may be performed on the weighted or un- 
weighted Gran fits. 

It is possible, with the appropriate option, to use 
the values of E,, and pK,* obtained from Nernst plots 
of individual titrations as input data in order to 
back-calculate the titrant concentration from the 
results of the Gran fit. If the concentration has been 
previously measured by independent methods, this 
approach provides feed-back control of other results 
from the Gran procedures. In this case, the ANOVA 
is extended to the corresponding results of all ti- 
trations. In fact, since it is assumed that E,, may vary 
from one titration to another, its variance among all 
titrations becomes meaningless: this makes the vari- 
ance of the titrant concentration useful, providing 
some information about the variance of the set of 
titrations. Needless to say, the titrant solution used 
for each titration must be the same. 

The current version of the program was developed 
for batch use, and is run on the CDC Cyber 7600 
computer of C.I.N.E.C.A., (Casalecchio, Bologna, 
Italy). It uses mathematical and statistical sub- 
routines from the CERN and IMSL libraries. 

Material.7 
EXPERIMENTAL 

Solutions in 0.1M potassium chloride medium. Freshly 
boiled doubly distilled water was used throughout. Hydro- 
chloric acid (ca. 0.15M) and potassium hydroxide (ca. 
0.35M) solutions were prepared by diluting the contents of 
BDH Analar CVS ampoules and standardized against 
tris(hydroxymethyl)aminomethane (Schuchart, dried at 
104”), and potassium hydrogen phthalate (C. Erha, dried at 

1207, respectively. Appropriate weights of potassium chlo- 
ride (C. Erba, CGS, dried at 130”) were added to the acid 
solutions (ca. 100 ml) to be titrated, to give an ionic strength 
of 0.1.W at the start of the titration. 

Solutions in l.OM sodium chloride medium. The materials 
and conditions were the same as for the potassium chloride 
medium except that sodium hydroxide and chloride were 
used. 

Solutions in O.SM potassium nitrate medium. Nitric acid 
(ca. O.lM) and potassium hydroxide (ca. 0.2M) solutions 
were prepared by diluting the contents of Merck Titrisol 
ampoules and standardized in the same way as the other 
acid and base solutions. Potassium nitrate from C. Erba was 
used. 

Measurements 
Potassium chloride medium. The potentiometric mea- 

surements were made with a Radiometer PHM 52 digital 
voltmeter equipped with a Radiometer G225B glass elec- 
trode and a K401 saturated KCl/calomel electrode with 
porous diaphragm. 

A Metrohm E415-5 motor burette was employed. The 
titration vessel was kept at 25 rt 0.1” and a stream of 
nitrogen pre-equilibrated with potassium chloride flowed 
over the t&t solution. Room temperature was maintained at 
25 + 0.5”. The potentiometer had an accredited Drecision of 
be&r than 0. f mV. 

Sodium chloride and potassium nitrate media. The poten- 
tiometric measurements were made with an automatic appa- 
ratus assembled in our laboratory and described elsewhere.12 
The titrations were the same as those used in the 
nickel-glycine project.” 

DISCUSSION 

The application of the program and the informa- 
tion provided can be best illustrated with reference to 
specific examples. 

Intra-titration error 

The fitting of a set of experimental data (ionic 
medium l.OM sodium chloride) to the linear Gran 
plot is reported in Table 1. The input data are V, (the 
initial volume of the solution), B (the Nernst 
coefficient), N (the normality of the titrant solution), 
vi (the volume of titrant added), Ei (the e.m.f. mea- 
sured after equilibration at the ith point). The pro- 
gram counts the total number of points, &, and the 

. . . 
number in the acldlc (z~(,)) and alkaline (iytikj) ranges. 

The output data are the slope and intercept of the 
straight lines in the Gran plot Y = A + BX, equa- 
tions (12) and (13): 

Acidic range Alkaline range 
B = -N lO&‘fi B = (N x 10+“fl)/KW 
A = NV,lOwfl A = -(NV,lO-“B)/K* w 
x = vi x = vi 

Y = V,lOfi’fl y = vr lO_E”fl 

Certain values in Table 1 are useful for judging the 
reliability of the experiment. The value of E,, can be 
compared with other values of the standard potential 
obtained with the same electrochemical cell. More- 
over, the estimated standard deviation (E,,), which 
should not be very different from the instrumental 
precision, is 0.13 mV, close to that assumed for the 
instrumental precision (0.1 mV). The pH range in this 
titration was 1.6-11.6. 
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Table I. Example of INPUT-OUTPUT for a single titration 

INPUT DATA? 
V = 99.62 ml, N = 0.965&W, Nemst coefficient = 59.157 mV, a(u) = 0.005 ml 
EJI, ELI2 adjustable. Points: ik = 33, ikfae) = 18, iNdkj = 15 

i v, ml E,mV i v, ml E,mV i v, ml E,mV i 

1 0.00 783.3 9 1.95 745.4 17 2.45 696.1 25 
2 0.05 782.8 10 2.05 740.6 18 2.50 673.9 26 
3 0.55 777.0 11 2.15 734.7 19 2.55 309.8 27 
4 0.95 771.2 12 2.20 731.1 20 2.60 259.7 28 
5 1.25 765.8 13 2.25 726.9 21 2.65 243.5 29 
6 1.50 760.2 14 2.30 722.0 22 2.70 233.9 30 
7 1.70 754.6 15 2.35 715.9 23 2.75 226.9 31 
8 1.85 749.5 16 2.40 707.9 24 2.80 221.5 32 

33 

OUTPUT DATA5 ( + u) 
(n) without junction potentials: Y = A + BX (Gran straight lines). 
acidic range 

A = (1741 & 3) x IO” 
B = -(685 f 8) x 10” 

VEI = 2.54 + 0.01 ml 
E=878.5+0.1 mV 

alkaline range 
A = - (1686 k 6) x lO-4 
B =(667+2) x lO-4 

VE2 = 2.53 f 0.09 ml 
E$ = - 809.9 f 0.9 mV 

pK: = 13.69 & 0.02 

meant: 
VEM = 2.53 &- 0.04 ml 

A/2 = 0.006 + 0.042 ml 
a(VEM%) = 1.65% 
a[(A/2)%] = 1.65%; t = 0.15; P = 11.8% 

(b) with junction potentials: 
acidic range 

E = (EJl)~+] + E, - BpH 
E,=879 mV, El1 =20 mV 

alkaline range 
E=(EJZ)[OH-]+E,+E,+ppOH 

pK: = 13.65; EJ2 = 580 mV; a(E:) = 4.0 mV 

v, ml E, mV 

2.85 217.1 
2.90 213.4 
2.95 210.2 
3.00 207.3 
3.05 204.8 
3.15 200.4 
3.25 196.9 
3.35 193.8 
3.50 189.9 

TN = base concentration. 
&Jnwe.ighted cycle. 
#r = [(A/2)%]/u[(A/2)%]. 

The value of pK$ (13.690), which depends on the 
ionic strength of the solution, falls within the range 
of values obtained in similar titrations by different 
laboratories.‘3 The standard deviation pKz is more 
meaningful when expressed as Q (E,+) = 0.91 mV, and 
is poorer than the instrumental precision. This value 
is significantly reduced by statistical weighting of the 
data points, but in any case confirms the generally 
accepted view that the glass electrode should be used 
with caution in the very alkaline region. 

The values of VEM together with those for A/2 and 
(A/2)%, deserve special comment. VEM and A/2 
have the same variance, so u[(A/2)%] is an estimate 
of the relative error in VEM, equation (16); in the 
titration reported in Table I, u[(A/2)%] = 1.65%. 
This rather high value is probably due to errors in 
measuring accurately the small increments of titrant 
added. A./2 can be considered as reflecting some type 
of systematic error. Therefore the ratio of A/2 to its 
own standard deviation, and hence to u(VEM), i.e., 

the value t = (A/2)/u(A/2), offers an estimate of the 
significance and relevance of the systematic error 
within one titration. In this example t = 0.15, corre- 
sponding to a probability P= 11.8%, which is not 
significant. Significant values oft would indicate that 
the experiment should be rejected. 

The calculation of junction potentials gives values 
of EJl = -20.4 mV and EJ2 = -580.2 mV, which 
are unacceptable. On the other hand the value of 
a(pK$) [or of u (,?Z,+) = 4.01 mv] indicates that the 
correction for junction potentials does not improve 
the model and should therefore be rejected. 

The introduction of weights according to equation 
(17) improves the results, as shown by the smaller 
standard deviations (Table 2). 

Inter-titration error 

The output of the analysis of variance applied to 
a set of eleven (KT = 11) titrations is reported in Table 
3. The example in the preceding tables is the 11th 
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Table 2. Results of weighted (w) and unweighted (uw) cycles 
for titration in l.OM NaCl 

VEM (a), ml A/2 (a), ml (A/2)% (a) 
W 2.54 (0.04) -0.001 (0.037) -0.04 (1.44) 
uw 2.53 (0.04) +0.006 (0.042) +0.25 (1.65) 

&l (c), mv pK: (a) E:: (u), mV 
W 878.6 (0.1) 13.71 (0.01) -810.9 (0.8) 
uw 878.5 (0.1) 13.69 (0.01) -810.9 (0.9) 

titration (k = 11) of the set. The comparison of the 
values from different experiments is an important 
way of analysing the reliability of both the equipment 
and the titration system. 

The mean value of (A/2)% is 0.10, which means 
that there is a 0.1% systematic error. This is a small 
and insignificant value, as shown by the value of 1.40 
for t; the tabular value of r,,,9j is 2.23 for 10 degrees 
of freedom. Particularly relevant information is given 
by comparison of the variance Var(Z) of the mean 
values, with the estimated inter-point average vari- 
ance Var,, [calculated as the mean for the total 
(iT = 374) data for the error squares]. For a normal 
population of points (Ho hypothesis) the relation 
Var(n) N Var,/i; should hold. If F = Var(Z)i,/Var, is 
> 1, then the H,, hypothesis must be rejected and the 
H, hypothesis accepted at a certain significance level. 
If the H,, hypothesis is accepted, then we can conclude 
that the points of each titration belong to the same 
normal population. The F-test applied to the equiv- 
alence volume VEM shows that the Ho hypothesis 
can be accepted, i.e., the hypothesis that 

Table 3. Analysis of variance for titrations in l.OM NaCl; k, = 11; ir = 374; ir = 34; rTcocj = 18; 
r .* 

k 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Mean values: 

R 
c(g) 
Qo 
F 

;+l 

m 
&=k(i-m) 
Fo.o,(4,, 42) 

(A/2)% sf: u 

0.1 kO.6 
0.0 f 0.4 
0.1 f 1.1 
0.0 f 0.7 
0.1 f 0.8 
0.1 + 0.7 
0.1 f 0.8 
0.1 kO.8 
0.1 f 1.0 
0.0 f 1.6 
0.2 * 1.7 

(A/2)% 
0.10 
0.07 
0.99 

34(;@c,) 

10 
4 

330 
2.32 

LT(a/k) = ” 

E,,+u, mV 

881.0 * 0.2 
881.0 f 0.1 
879.6 + 0.1 
880.1 *0.1 
879.3 + 0.2 
879.8 + 0.1 
879.8 f 0.2 
881.2 + 0.2 
878.7 + 0.2 
879.1 f 0.1 
878.5 f 0.1 

SG” 
019 
0.16 

532.2 

18(&w) 
10 
2 

176 
2.32 

pK:fu 

13.724 + 0.002 
13.736 f 0.003 
13.703 f 0.010 
13.716 k 0.006 
13.708 k 0.006 
13.713 f 0.006 
13.71 I f 0.006 
13.712 *0.006 
13.702 f 0.008 
13.715 * 0.015 
13.690 f 0.015 

PK: 
13.71 
0.01 
0.009 

25.7 
15($w) 

2 
143 

2.32 

EzfuimV 

-8ll.8kO.2 
-812.6 &- 0.2 
-810.6 + 0.6 
-811.4+0.4 
-810.9f0.4 
-811.2kO.3 
-811.1 +0.4 
-811.2+0.4 
-810.6 * 0.5 
-811.3f0.9 
-809.9 rf: 0.9 

Ez, mV 
-811.2 

0.7 
0.5 

25.7 
1 5(iT(dk,) 

10 
2 

143 
2.32 

(A/2)% = 0.10 is a significant systematic error is 
rejected. 

On the other hand the F-test applied to the mean 
values of E, and pK,+ (or E,*) indicates that the Ho 

hypothesis must be rejected and H, accepted, and 
therefore that for these quantities the inter-titration 
or (titration-to-titration) errors are much larger than 
the inter-point (or point-to-point) errors. Thus the 
precision of the standard electrode potential and of 
the operational ionic product of water can be calcu- 
lated only from the inter-titration variability. This 
result is in keeping with the conclusion drawn from 
an analysis of the results of the nickel-glycine 
project.i3 Both the standard deviation of E, 
[u(E,,) = 0.85 mV] and E,* [a(E$) = 0.66 mv] are 
larger than the instrumental error. 

The influence of weighting and junction potential 
corrections is examined in Table 4. 

The introduction of possible junction potentials 
increases G (E:) considerably; also the analysis of the 
inter-titration error confirms that the correction for 
junction potentials should be avoided, unless this 
correction results in a lower value of a(Ez). 

The introduction of weights according to equation 
(17) improves the values of the whole set, as shown 
by the general decrease in the standard deviations, 
and in particular u(VEM) and a(E,*). The latter 
value [a (E,*) = 0.3 mV] is not very different from the 
experimental error that can be evaluated (a = 0.2 
mV) in the alkaline region by taking into account that 
E$ (see Fig. 1) ,depends on two independent mea- 
surements of e.m.f. 

Notes: 
kT = total number of titrations; & = mean number of points in each titration; iTcmy, = mean number of 

acidic points; i,,,, = mean number of alkaline points; a0 = (uk) 2 ‘I2 = estimated interpoint average 
standard deviation; m = number of parameters refined by linear least-squares method; F = 
iu2(f)/ui; Fo,o, (4,, cj2) = tabulated F-value at P = 0.01 level. 
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Table 4. Titrations in l.OM NaCl; results of ANOVA for weighted (w) and unweighted (uw) 
cycles (wJ, uwJ, with correction for junction potentials) 

ECI PK:: E: 

WJ) 879.9(0.9) mV 13.720(0.008) -811.6(0.5) mV 

W %I& 0.04 mV 0.002 0.12 mV 
F 15.8 15.8 

Z(a) 879.8(0.9) mV 13.712(0.011) -811.2(0.7) mV 

uw G/J;; 0.04 mV 0.002 0.13 mV 
F 25.8 25.8 

.WJ) 879.9(0.9) mV 13.695(0.027) -810.2(1.6) mV 

WJ u,/J;; 0.03 mV 0.011 0.66 mV 
F 5.9 5.9 

f(u) 880.0(0.8) mV 13.680(0.053) -809.3(3.1) mV 

uwJ 00/J;; 0.03 mV 0.018 
F 7.9 

1.1 mV 
7.9 

(A/2)% EJl EJ2 

f(a) - 0.06(0.04) - - 

W Q/J;; 0.23 - 

F -0 - - 

I - - 

W) KO(O.07) - 

uw G/J; 0.24 - - 

F -0 - - 

t 1.4 - - 

f(u) -0.06(0.04) 0.2(6.4) mV.l.mole-’ -215(221) mV.l.mole-’ 

WJ bLJF& 0.24 - - 
-0 - 

t 
~:;0(0.07) 

K 1 il 
f(u) -5.4(7.3) mV.l.mole-’ -363(484) mV.l.mole-’ 

uwJ QFfi 0.24 - - 
-0 - - 

1 1.4 cl Cl 

It is generally accepted that the value of E, can 
change from one titration to another, because sys- 
tematic errors will be absorbed by E,. Therefore the 
program, in a further step, assumes that each E0 is 
correct for each titration and calculates, as noted 
above, the titrant concentration. If the same titrant is 
used throughout the whole set of titrations, then the 
error of the &rant normality should give an estimate 
of the inter-titration error in terms of titrant concen- 
tration (Table 5). 

The relative error of the titre, u = 0.4%, is smaller 
than the relative error in VEM and therefore accept- 
able. In every case the conclusion is that the inter- 
titration errors for values inherent or dependent upon 
the e.m.f. are those that determine the precision of the 
values. Thus pK: can be assigned a(pK,$) = 0.01 [or 
a(E,*) = 0.59 mv]. 

Eflect of the ionic medium 
To examine the effect of the ionic medium, other 

sets of data from acid-base titrations in 0.1 A4 potas- 
sium chloride and OSM potassium nitrate media were 
analysed. The result of the application of ANOVA to 
the first set of data is reported in Table 6. 

The values show the same trends as for titrations 
in 1M sodium chloride media. The distribution of 
a(VEM) represents a normal population composed 
of the individual points of any titration. The intro- 
duction of weighting improves the results. 

The distribution of u(pKz) or a(E,*) is mainly 
affected by inter-titration errors, as observed in the 
equilibrium constants of the nickel-glycine system” 
and in the acid-base titrations in 1 M sodium chloride 
medium. The value a&,*) = 0.29 mV is even better 
than that for the sodium chloride system. The intro- 

Table 5. Influence of inter-titration error on titrant concentration C (M) 

k C(a) k CGJ) k. C(u) 

1 0.964(0.009) 5 0.965(0.009) 0.967(0.006) 
2 0.969(0.003) 6 0.960(0.005) 1: 0.972(0.004) 
3 0.974(0.004) 5 0.971(0.008) 11 0.967(0.005) 
4 0.972(0.005) 8 0.966(0.009) 

Mean value 
i(a) = 0.968(0.004); a, = 0.006; i = 16.5; F = 6.77; 4, ( = k, - 1) = 10; 42 

[ = k,(i -WI)] = 160; F($,, &) = 2.32 
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Table 6. Titrations in l.OM KCI; results of ANOVA for weighted (w) and unweighted (uw) 
cycles (wJ. UWJ, with correction for iunction notentials) 

-wJ) 368.7(0.6) mV 
W %I& 0.074 mV 

F 
-f(a) 368.6(0.6) mV 

uw eo/J;; 0.089 mV 
F 

a@) 368.7(0.5) mV 
WJ e,lJ;; 0.046 mV 

F 
-f(o) 368.8(0.5) mV 

UWJ 0.047 mV 

. I 

13.787(0.005) 
0.003 
3.99 

13.785(0.006) 

0.0032 
3.59 

13.771(0.017) 
0.005 

13.40 
13.781(0.013) 
0.003 

14.30 

(A/2)% EJ1 EJ2 

W) -0.11(0.08) - - 

W %lolJ;; 0.194 - - 
F 0.17 
t 1.34 - 

*(a) -0.01(0.13) - - 

uw &b 0.242 - - 
F 0.28 - - 
t 0.11 

f(u) -O.ll(O.OS) -24(22) mV.l.mole-’ -302(302) mV.l.mole-’ 

WJ UsI& 0.194 - - 

F 0.17 - - 
t 1.34 1.11 1.00 

f(e) -0.01(0.13) - 17(23) mV.l.mole- - l16(209) mV.l.mole- 
UWJ UdF& 0.242 - - 

0.28 
t 0.11 <l <1 

(a) 
0 (VEM%) 

Scale H 0.1% 

(I) w 

--------- “w 

WJ 

UWJ 

(2) w 

(3) (_________________________ w 

_----- “W 

wJ 

815.6(0.3) mV 
0.148 mV 
3.99 

815.5(0.4) mV 
0.187 mV 
3.59 

814.7(1.0) mV 
0.275 mV 

13.40 
815.2(0.8) mV 

0.203 mV 
14.30 

UWJ 

UWJ 

u L+/mV 

Scale H ImV 

L 

_- 

L___ 

r 

t 

- 
t- 
II---- 

- u(X) 
---- u,/J 

Fig. 3. Inter-titration, u(Z), and intra-titration, u,, errors in different ionic media: (1) 1 M NaCl; (2) 0.1 M 
KCl; (3) 0.5M KNO,. Weighted (w) and unweighted (uw) refinements; WJ and uwJ, refinements with 
introduction of junction-potential correction. Note that for x = VEM, a(.?) z q,(x)/& (normal popu- 

lation of titrations). 
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Table 7. Titrations in 0.5M KNO,; results of ANOVA for weighted (w) and unweighted (uw) cycles 
(wJ, uwJ, with correction for junction potentials) 

4 PC E.: 

i(a) 891.1(2.7) mV 13.721(0.031) -811.7(1.8) mV 

W %I& 0.048 mV 0.027 
F 1.3 

f(o) 891.2(2.6) mV 13.727(0.025) - 

1.6 mV 
1.3 

.812.1(1.5) mV 

uw %lJ;; 0.041 mV 0.006 0.38 mV 
F 15.4 15.4 

a(a) 890.8(2.5) mV 13.642(0.110) -807.0(6.5) mV 
WJ fJll/J;; 0.001 mV 0.016 0.93 mV 

F 49.3 49.3 

i(o) 890.7(2.4) mV 13.649(0.065) - 807.4(3.9) mV 
uwJ ~,I& 0.011 mV 0.017 I .03mV 

F 14.0 14.0 

(A/2)% EJl EJ2 

i(u) -0.46(0.19) - 
W %iJ;; 0.681 - 

F 0.1 - 
I 2.4 

-+J) -0.58(0.43) - 
uw goI& 0.181 - 

F 5.9 - - 
t 1.3 - 

f(o) -0.46(0.19) 68(139) mV.l.mole-’ - 1355(821) mV.l.mole-’ 

WJ &Lr 0.681 
F 0.1 
I 2.4 C 1 1.65 

f(o) -0.58(0.43) 77(122) mV.l.mole-’ -2206(1715) mV.l.mole-’ 
uwJ Q/Jr; 0.181 - 

F 5.9 
I 1.3 <I 1.29 

duction of the corrections for junction potentials 
increases the value of u (E,*). This inter-titration error 
confirms the results of the analysis of the intra- 

titration error, and appears to be a sort of noise, 
probably due to junction potentials. We cannot say 
whether this sort of noise is dependent on the model 
adopted. Other possible models will be examined, 
particularly suited to organic or mixed solvents, such 
as that proposed by Rossotti and Rossotti.14 These 
results will also be analysed by the statistical pro- 
cedures adopted here. 

The analysis of the data for the titrations in OSM 
potassium nitrate medium (Table 7) indicates that the 
choice of electrolyte is critical. 

All the results, as shown either by o(VEM) or by 
a(pKw+) are much worse than in the other two 
systems. The inter-titration noise reaches values so 
high that even the determination of VEM becomes 
uncertain. Any effects due to impurities in the mate- 
rials have been excluded by repeated purity tests. 

The general trends of the three systems examined 
are compared in Fig. 3. The comparison shows that 
the most reliable results are obtained with O.lM 
potassium chloride as background electrolyte. 

CONCLUSIONS 

The application of classical statistical tests to the 
analysis of the results of potentiometric strong 

acid-strong base titration sets has shown that some 
procedures ought to be followed in order to obtain 
reliable results. 

(1) To obtain a reference set of data representative 
of the system, several titrations should be performed 
under the same experimental conditions with mea- 
surements at relatively few points. Single titrations, 
even with many points, are not recommended. The 
values of VEM and pK,* are first refined by pro- 
cessing separately each titration and averaging the 
results. Only if the ANOVA is satisfactory may all the 
single points of every titration be refined together. 

(2) The equivalence volumes, VEM, very often 
form a normal population, the members of which are 
the values corresponding to the individual points of 
any titration. The value of u(VEM) represents an 
assessment of the reliability of the concentrations 
found. Once the behaviour of a system has been 
assessed by establishing a reference value, 
0 (VEM)REF, only a single titration is needed to test 
the conformity of a new solution to the standard. 

(3) The error in the operational ionic product of 
water, B (pK,*) or u (Kg), may be employed to test the 
reliability of the electrochemical part of the system. 
Application of ANOVA to pK$ (or E;t) has shown 
that the main part of the error reveals itself from one 
titration to another. The individual points (E,, ui) do 
not represent in this respect a normal population; 
rather, the titrations form a normal population, the 
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standard deviation of which, CJ (pK,*) or e (E,*), mea- 
sures the precision of the determinations. The source 
of this error seems to be noise due to instability of the 
junction potentials. When the electrochemical 
apparatus has been assessed by establishing 
u (pK,)‘= = cr(pKz) or a@:), at least three 
acid-base titrations are needed to test the conformity 
of a given electrochemical chain to the standard. 

(4) Changing the electrolyte added to keep the 
ionic strength constant affects the precision of both 
VEM and pK,*. Particularly good results have been 
obtained in our laboratory with IA4 sodium chloride 
as ionic medium, and even better with O.lM potas- 
sium chloride, which both keep the noise at low level. 
With the latter ionic medium we have obtained 
results [c(E,*) N 0.26 mV] very close to the expected 
effect (a = 0.2 mV) of the instrumental error on E,*. 

The use of 034 potassium nitrate medium increases 
the error in both VEM and pKz. 
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Summary-Cation-exchange distribution coefficients for 21 elements between the cation-exchange resin 
AG50W-X4 and dilute nitric and hydrochloric acid containing up to 2.OM concentration of thiourea are 
presented. The ion-exchange behaviour of the elements and some possible separations are discussed. Four 
multi-element elution curves are presented, demonstrating the separation of the combinations Ga(Ag, 
Cu)-Zn(Cd, Pb, In, Sn[IV]), CoPb-SbTe, Zn-Cd-Bi-Hg, and Ag-Cd-In-Au. 

In previous papers’.* we reported the cation-exchange 
behaviour of several transition and post-transition 
elements in hydrochloric and hydrobromic acid 
media containing 0.1 or 0.2M concentration of thio- 
urea (Tu). This work has now been extended to a 
wider range of thiourea concentrations, and nitric 
acid as a weakly complexing acid. 

EXPERIMENTAL 

Reagents 

The sulphonated polystyrene cation-exchange resin 
AG50W-X4 in H+-form, (Bio-Rad Laboratories), was used. 
The particle sizes used for batch and column work were 
IO&200 and 20&400 mesh, respectively. 

The water used was distilled, then passed through an 
Elgastat demineralizer for further purification. 

Stock solutions of the various metals were prepared from 
analytical reagent grade salts, and standardized by suitable 
analytical methods. 

Hydrochloric and nitric acid were of analytical grade 
(Merck), and standardized against guaranteed O.lOOOM 
sodium hydroxide (“Titriplex”, Merck). 

The thiourea was “chemically pure” reagent grade and 
used without further purification; freshly prepared solutions 
were used throughout. A standard-addition test with ferric 
chloride indicated that the original thiourea contained 
0.08% thiocyanate. A similar test with lead nitrate indicated 
the absence (<O.OOl%) of sulphide. Fresh solutions were 
clear, but became turbid on standing, owing to the liber- 
ation of sulphur, presumably as a result of oxidation by 
atmospheric oxygen. Detectable amounts of hydrogen sul- 
phide formed in solutions of the thiourea in >O.SM hydro- 
chloric or nitric acid, as a result of acid-catalysed hydrolysis 
of the thiourea. 

Nitric acid concentrations greater than 2.OM could not 
be used because they resulted in the precipitation of 

*Part of this paper is an extract from a D.Sc. Thesis by 
C.H.S.W. Weinert, submitted to the University of 
Pretoria, Republic of South Africa. 

thiouronium nitrate, and an exothermic evolution of 
nitric oxide. 

The composition of the eluents containing acetone refers 
to the volume of acetone added, without allowance for any 
volume changes in mixing.* 

Borosihcate glass columns of 20 mm inner diameter 
containing a resin bed of 43 ml volume (10 g) were used for 
the elution experiments. All metal determinations were done 
with a Varian Techtron AA-5 atomic-absorption spec- 
trophotometer; matrix-matched standards were used. 

Distribution coeficients 

The resin used was dried at 80” in a ventilated oven, and 
stored in a desiccator over anhydrous silica gel. Residual 
water was determined by drying at 120”, and the weights of 
resin were corrected accordingly. 

A 2.500-g portion of the dry (80”) resin was shaken 
mechanically at 20” with 250 ml of a solution containing 
0.50 mmole of an element, for 24 hr. The phases were then 
separated, and the amount of the element in each was 
determined. The distribution coefficients were calculated’ 
and are presented in Tables 1 and 2. 

E&ion curves 

Elution curves for multi-element mixtures were prepared 
in order to explore more fully the possibilities for sepa- 
rations with the AGSOW-X4 resin and dilute acid solutions 
of thiourea. Flow-rates of 3.0 k 0.3 ml/min were used 
throughout. 

Separation of Ga, Ag and &from Zn, Cd, Pb, In and Sn(IV) 

Since Sn(IV) tended to hydrolyse irreversibly at low acid 
and Tu concentrations, 50 ml of OSOM nitric acid+50M 
Tu solution was allowed to drain through the column as the 
first step. A solution containing 0.05 mmole each of Gal+, 
Cu+, Ag+, Zn2+, Pb*+, In’+, Sn(IV) and Cd*+ in 50 ml of 
OSOM nitric acid-O.50M Tu was then passed through the 
column, followed by 50 ml of the acid/Tu mixture and 
elution with 1250 ml of 1.5M nitric acid-l.OM Tu. The 
eluate was collected in 25-ml fractions (25 from the begin- 
ning of the elution step), and analysed for each element. The 
elution curves are shown in Fig. 1. 
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Table 1. Distribution coefficients in solutions containing various amounts of thiourea and nitric 
acid 

Element 

WNO,I, M 

[Tu], M 0.1 0.2 0.5 1.0 2.0 

&+ 

I-k?+ 

Bi”+ 

Pb2+ 

Sn(lV) 

In’+ 

Cd’+ 

Zn2+ 

co2+ 

Tl+* 

0.1 
0.01 
0.1 
0.2 
0.5 
1.0 
nil 
0.01 
0.1 
0.2 
0.5 
1.0 
nil 
0.01 
0.1 
0.2 
0.5 
1.0 
nil 
0.1 
0.5 
1.0 
nil 
0.1 
0.5 
1.0 
nil 
0.1 
0.5 
1.0 
nil 
0.1 
0.5 
1.0 
nil 
0.1 
0.5 
1.0 
nil 
0.1 
0.5 
1.0 
nil 
0.1 
0.5 
1.0 

80 
>104 
3500 
1600 
750 
470 

1700 
>I04 
> IO4 
> IO4 

ca. 104 
5000 
>104 
>104 
>104 
> 104 
> lo4 
> lo4 
2300 
2500 
>104 
>104 

: 

: 
>I04 
2104 
>I04 
>I04 
1670 
4200 

ca. 104 
cu. IO4 

1600 
1700 
3300 

cu. IO4 
1700 
1600 
1400 
1200 
200 
195 

t 
t 

44 18.5 
> IO4 9000 
1800 730 
820 330 
370 160 
230 99 
510 91 

> lo4 1700 
>104 2600 

ca. lo4 2400 
5200 1400 
2100 820 
4200 210 
>104 800 
>I04 >I@ 
>104 >104 
>104 > 104 
>104 >lO’ 
690 86 
860 140 

>104 1530 
8500 1640 

: : 
t 700 

cn. IO4 2300 
2600 230 
5200 430 

ca. lo4 1190 
>104 1670 
390 75 

1900 310 
8500 1200 
8400 1000 

400 74 
410 78 
810 140 

3200 550 
440 74 
390 70 
340 61 
310 54 

93 31.9 
92 31.5 

: : 

9.3 4.1 
4300 2300 

350 180 
160 83 
74 39 
46 24.5 
20.6 7.3 

760 140 
820 170 
690 150 
430 110 
270 75 

34.5 4.5 
131 17.3 

>104 2000 
> lo4 3700 
> lo4 2900 

cu. lo4 1400 
20.0 5.0 
26.5 5.7 

260 44.6 

17.5 7.5 
37.4 11.8 

185 67.5 
490 110 

41.3 10.7 
75 15.4 

180 34.8 
240 45.0 

21.9 1.7 
83 23.1 

270 61 
230 53 

19.5 1.7 
21.1 8.5 
42.6 16.4 

160 46.0 
23.7 7.0 
21.3 6.5 
18.7 6.1 
17.5 5.9 
13.2 4.4 
12.1 3.2 

t t 
t t 

l 0.05 mmole. 
tprecipitate. 

Table 2. Distribution coefficients in solutions containing various amounts of thiourea and hydrochloric acid 

P-W, M 
Element F-4, M 0.1 0.2 0.5 1.0 2.0 3.0 

Pd2+ 

Au(lII)* 

nil 
0.01 
0.1 
0.2 
0.5 
1.0 
2.0 
0.01g 
0.1 
0.2 
0.5 
1.0 
2.0 

- 1.7 - - 

- 1200 - - 

IO4 8500 3200 1100 440 350 
- - 1010 - - 

- 780 - - 

- 520 - 

- - 310 - 

- 480 - - 

6800 3700 1100 450 180 90 
- 410 - - 

- - - 320 - - 

- 220 - - 

- - 120 - 
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Element 

Table 2 (Continued) 

[HCII, A+- 

Vu], M 0.1 0.2 0.5 1.0 2.0 3.0 

Sb3+ 

Bi”+ 

Cd’+ 

zll2+ 

Sn(IV) 

Pb2’ 

Ill’+ 

Ga’+ 

Ti+$ 

co*+ 

WI) 

WV) 

Mo(VI)* 

Ru(II1) 

os(Iv)* 

Ir(Iv)* 

Rh(II1) 

WIV), 
As(III), 
Re(VI1) 

nil 
0.1 
0.5 
1.0 
2.0 
nil 
0.1 
0.5 
1.0 
2.0 
nil 
0.1 
0.5 
1.0 
2.0 
nil 
0.1 
0.5 
1.0 
2.0 
nil 
0.1 
0.5 
1.0 
2.0 
nil 
0.1 
0.5 
1.0 
2.0 
nil 
1.0 
nil 
1.0 
nil 
0.1 
0.5 
1.0 
nil 
1.0 
nil 
1.0 
nil 
1.0 
nil 
0.1 
1.0 
0.1 
1.0 
0.1 
1.0 
0.1 
1.0 
nil 
0.1 
1.0 
nil 
1.0 

t 
610 

ca. 104 
8300 
6360 

t 
cu. IO4 

>I04 
> 104 

fez. 104 
240 
830 

4100 
3500 
2500 
660 
960 

1700 
3500 
5200 

i 
3300 
2900 

t 
2100 

ca. 104 
ca. lo4 
ca. 104 

700 
5600 

- 

180 
190 
250 

t 
1700 
1200 
1300 
850 
740 
320 

31.3 
- 

3600 
- 
- 
- 
- 

3.5 
- 

2.7 
67 
- 

cl.0 
<I.0 

t 
540 

8300 
9000 
6360 

t 
ca. IO4 

>104 
>104 

ca. 104 
55 

220 
1500 
1700 
1400 
220 
280 
530 

1200 
1700 

64 
t 

300 
1300 
1800 

t 
380 

2400 
3200 
2300 

84.3 
1100 
5900 
3800 

82 
86 

112 
t 

440 
280 
300 
220 
190 
84 
19.3 

120 
580 
- 

504 
13 

330 
3.2 

14 
1.3 

2500 
<i.O 
Cl.0 

t t 
130 32.4 

3900 624 
5400 1100 
4000 710 

0.6 <0.5 
300 18.0 

3300 280 
4800 470 
3600 400 

4.2 1.1 
28.0 6.9 

210 42.4 
260 60 
230 56 
42 10.8 
42 11.3 
90 23.4 

150 39.1 
220 57.1 

4.1 1.1 
1.4 <0.5 

46 12.1 
120 27.2 
260 55 
40 3.8 
27.2 4.6 

180 t 
270 47.4 
180 46.2 

5.9 1.8 
48.3 6.2 

330 44.6 
220 35.0 
26.4 9.1 
24.9 10.3 
29.5 10.2 
t t 

64 16.1 
49 13.0 
47 12.0 
41 11.5 
36.7 10.4 
23.0 9.7 

7.5 3.2 
31 6.7 

320 143 
150 180 
470 440 

15 14 
320 340 

2.7 3.6 
10 7.5 
0.9 0.6 

54 51 
670 450 
<i.O <I.0 
<I.0 < 1.011 

1.8 
5.4 

62.4 
110 
78 

<OS 
2.3 

21.7 
40.2 
53 

<OS 
3.5 

12.0 
14.6 
12.6 
2.4 
1.7 
7.4 

11.3 
15.6 

<0.5 
<OS 

5.0 
11.0 
18.0 
0.9 
1.5 

: 
9.7 
1.0 
2.0 
8.5 
6.2 
3.5 
4.2 
3.9 
t 
5.1 
4.2 
2.3 
1.7 
3.3 
3.1 

::: 
94 

200 
190 
- 

340 
5.2 
5.0 
0.5 

- 
360 
<I.0 
< 1.011 

1.9 
2.5 

16.6 
25.7 
27.2 

<0.5 
1.2 
4.7 

10.1 
15.2 

<OS 
2.2 
5.0 
7.8 
6.9 
1.1 
1.1 
3.9 
6.8 
9.1 

<OS 
<OS 

3.8 
7.1 

11.2 
<0.5 

1.4 

: 
4.4 
1.0 
1.4 

- 
- 

2.1 
2.3 
2.4 
t 
2.9 
2.6 
2.1 
1.6 
2.3 
2.1 
1.1 

- 
58 
- 
98 

320 
- 

4.0 
0.5 

- 
160 
<i.O 
< 1.011 

*Oxidation state prior to reduction by Tu. 
tprecipitate. 
$0.05 mmoie. 
Ej[Tu] corrected for amount consumed by reduction of element. 
I/Precipitation as suiphides for As(III) and Re(VII). 
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Fig. 1. Elution curve for a mixture of 0.05 mmole each of Ga3+, Cu+, Ag+, Zn’+, Cd2+, Pb’+, In3+ and 
Sn(IV) with I.SOM HNCI-I.OM Tu as eluent. Column: 10 g (43 ml) of AG50W-X4, 20&400 mesh, 

H+-form; internal diameter 2.0 cm; flow-rate 3.0 k 0.3 ml/min. 

Separation of Zn-Cd-Bi-Hg Separation of Co-Pb-Sb-Te 

Figure 2 shows an elution curve for mixture of 0.1 mmole The conditions were similar to those for Fig. 2. The 
each of Zn2+, Cd*+, Bi’+ and Hg2+. The column dimen- elution sequence and eluents are shown in Fig. 3. A dense 
sions, flow-rate, and conditions for sorption were the same plug formed in the upper part of the column on contact with 
as for Fig. 1, except that the initial equilibration of the the eluent used for Co2+, as a result of precipitation of most 
columns was left out. The eluents used are shown in the of the lead as the nitrate of a lead-Tu complex, presumably 
figure. PbTu,(NO,),. This plug tended to separate from the bulk of 
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Fig. 2. Elution curve for Co*+, Pb2+, Sb’+ and Te2+. Column and flow-rate as for Fig. I. 
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Fig. 3. Elution curve for Zn*+, Cd*+, Bi3+ and Hg2+. Column and flow-rate as for Fig. 1. 

the resin column because of the contraction caused by the DISCUSSION 

increased nitric acid concentration during the first elution 
step. The subsequent elution of lead was then associated 
with channelling and serious tailing. This could be avoided 

Thiourea is a neutral ligand as well as a reducing 

by carefully breaking up the plug into fine particles with a agent. It forms complexes with only a relatively small 

long stirring rod, immediately after it had formed. number of elements in aqueous solution. The fully 

Separation of Ag-Cd-In-Au 
co-ordinated complexes are cationic, and in several 

The conditions were again similar to those for Fig. 2, and 
cases the central atom is present in an oxidation state 

the eluent system and elution system and elution curve are lower than that normally encountered in solution. 

shown in Fig. 4. The formation of the complexes is generally associ- 

256 1 95 2.03 2.07 1.94 

1044 HBr 

).02&l Tu ’ 
60% amtone 

:d ‘+ 

5- 

* 

.o - 

15 - 

-c 

t 

k- 
10M HBr 0. 

-c 
in 

jhf HCI 

2% Ew2 -I 

au+ 

0.02M Tu ’ 

80% acmone 

250 

Eluent (ml 1 

Fig. 4. Elution curve for Ag+, Cd*+ In’+ and Au+. Column and flow-rate as for Fig. 1. 
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ated with an increase in the distribution coefficient. 
This increase may occur over different ranges of 
thiourea concentration, depending on the thermo- 
dynamic stability of the complexes. Those of Ag+, 
Au+, Pd2+ and Hg*+, and, from evidence presented 
elsewhere,‘,* Cu+, Pt2+ and Te2+, are formed essen- 
tially quantitatively at O.OlM Tu or lower concen- 
tration, provided Tu remains in excess. Zn2+, Pb2+, 
In3+ and Sn(IV) require l.OM Tu or more, and the 
complexes of Cd2+, Bi3+ and Sb3+ are formed over an 
intermediate range of Tu concentrations, O.OlLO.lM. 
For a few additional elements, viz. Mo(VI), Ru(III), 
Os(IV), Rh(II1) and Ir(III), the distribution 
coefficients in the presence of Tu are kinetically 
controlled,‘,2 and are not included in the present 
discussion. No other elements except technetium and 
polonium are known to form significantly stable 
complexes with Tu in aqueous solution. Thallium(I) 
precipitates in the presence of relatively small 
amounts of Tu, as the complex salt TlTu,X, where X 
is nitrate, chloride, etc. Elution experiments with 
sub-mg amounts of Tl+ showed an increase of not 
more than 10% in the distribution coefficient in up to 
l.OM Tu. This may indicate that Tl+ forms a weak 
complex with Tu. 

Selenates and selenites were reduced to red sele- 
nium under all conditions investigated. Arsenic(II1) 
and rhenium(VI1) show no enhanced sorption in the 
presence of Tu, but the acid-insoluble sulphides are 
partially precipitated within 24 hr in solutions con- 
taining more than 0.5M hydrochloric or nitric acid, 
apparently by hydrogen sulphide formed as a product 
of the acid-catalysed hydrolysis of Tu. 

Effect of thiourea concentration 

The distribution coefficients for most elements 
show a decrease with increasing Tu concentration. In 
the case of Co2+ and other ions which do not form 
stable complexes with Tu in aqueous solution, this 
decrease is quite small, and not associated with an 
initial increase such as is observed with ions forming 
more stable thiourea complexes. The slight decrease 
in the D-values of Co’+, etc, can probably be ex- 
plained by the fact that thiourea is a strong dipole, 
which competes for exchange sites in the resin. In 
other cases, the decrease occurs after the D-values 
have reached a maximum, and may then be quite 
significant. This is most noticeable for elements which 
show markedly enhanced sorption from O.OlM Tu 
media. For Hg*+, Pd*+ and Au+ the decrease be- 
comes apparent at [Tu] > O.lM, but the values re- 
main relatively high. Therefore, these elements can- 
not be effectively eluted with aqueous mixtures of Tu 
and hydrochloric or nitric acid within the concen- 
tration limits imposed by the solubility of Tu and its 
resistance to oxidation and hydrolysis. Previous 
evidence,‘** together with preliminary elution experi- 
ments using, e.g., 1.5M hydrochloric acid-l.OM Tu, 
suggested that the behaviour of Pt2+ and Te*+ was 
similar to that of Pd2+. For Ag+, the decrease in 

D-values with increasing Tu concentration begins at 
well below O.lM Tu concentration, and continues in 
such a way that elution is satisfactorily obtained with 
a sufficiently high Tu concentration (2 l.OM), in 
1.5M nitric acid (Figs. 1 and 4). The abnormal 
maximum in the sorption of Ag+ as a function of Tu 
concentration has already been reported by Maes 
and Cremer.4 They arrived at the tentative conclusion 
that Ag+ is sorbed as a bi- or poly-nuclear complex 
in the presence of an insufficient excess of Tu, and as 
a mononuclear and less strongly sorbed complex 
when the concentration of Tu is increased. Previous 
evidence,‘,2 together with the data in Fig. 1, indicate 
that the behaviour of Cu+ in the presence of Tu 
closely resembles that of Ag+. 

In general, the Tu concentrations used to effect a 
particular separation were made as low as possible. In 
certain instances, other considerations posed re- 
strictions on the lowest Tu concentration that could 
be used. For example, a minimum of about 0.1 M Tu 
was required during all steps preceding the elution of 
Te*+ (Fig. 2) in order to prevent its partial con- 
version into the metal on the column. Once certain 
elements which form acid-insoluble sulphides, e.g., 
Hg2+, have been sorbed as their Tu complexes, they 
cannot be eluted quantitatively with thiourea-free 
acids, because of the precipitation of small amounts 
of their sulphides on the column. 

Effect of d@erent acids and their concentration 

In general, the distribution coefficients and sepa- 
ration factors, DMJDMMe., for two cations Me and Me’ 
for which D,, > DMe., decrease with increasing acid 
concentration at constant Tu concentration. It is 
therefore important to optimize the acid concen- 
tration in order to obtain the best separation factor 
for a particular pair of elements, and elute Me’ with 
the minimum volume of eluent. 

The distribution coefficients tend to be lower in 

hydrochloric acid than in nitric acid. This difference 
varies from element to element, and can be correlated 
with the competitive effect of the chloride ion as a 
ligand relative to that of the nitrate ion. Since this 
effect tends to reinforce the effect of thiourea, the best 
separations for the metals which form relatively weak 
complexes with Tu are obtained in nitric acid rather 
than hydrochloric acid. Bi’+ and Sb3+ are best eluted 
with hydrochloric or hydrobromic acid, and Pd2+, 
Au+, etc. are best eluted with hydrobromic 
acid-acetone or bromine-hydrohalic acid mixtures.* 

Summary of possible separations 

Znz+ Pb2+, Cdz+, Zn3+, Sn(ZV), Ga3+. Figure 1 
shows the separation of Ga3+ from Zn*+, Pb’+, etc., 
with 1.5M nitric acid-l.OM Tu. From previous 
work,3 gallium is known to be more strongly sorbed 
on AGSOW resins than most other elements except 
thorium, zirconium, hafnium, chromium, scandium. 
yttrium, and the lanthanides, in up to 3.OM nitric 

acid. It should therefore be relatively easy to separate 
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Zn2+, Pb’+, etc. from most elements which, under 
comparable conditions, do not form complexes with 
Tu. Figure 1 thus illustrates a useful separation of 
Zn2+, Pb2+, etc. as a group from practically all 
elements normally regarded as major elements. Of the 
ions which form stable complexes with Tu, most will 
be retained together with Zn*+, Pb2+, etc., the only 
exceptions among the ions tested being Ag+ and 
Cu+, which are co-eluted with Ga3+ as indicated in 
Fig. 1. 

The distribution coefficients in nitric acid media 
(Table 1) indicate that it should be possible to 
separate Zn2+ from Pb2+, and Pb2+ from Cd2+ with 
separation factors of about 5, by using 0.5M Tu and 
0.2M Tu respectively. This was confirmed by elution 
experiments. Sn(IV) and In3+ tend to accompany 
Pb2+ at low, and Cd*+ at high Tu concentrations, and 
to separate these, alternative eluting agents have to be 
found for the separation of In3+ and Cd*+, e.g., O.lM 
hydrobromic acid in 60% acetone,’ with or without 
a small amount of Tu, depending on the elements 
remaining on the column. 

The amount of Pb2+ that can be tolerated in these 
separations is subject to rather severe limitations 
because its solubility decreases markedly with in- 
creasing concentration of both Tu and the acid. In 
hydrochloric acid media, the limited solubility of lead 
chloride causes further complications. 

Bi3+, Sb3+. These elements can be separated easily 
from the previous group with dilute nitric acid con- 
taining O.lM Tu (Figs. 2 and 3). The thiourea systems 
do not seem to offer a possibility for separating Sb3+ 
from Bi3+ with a separation factor larger than 2. 

Au+, Hg2+, Pt’+, Pd2+, Te2+. These elements can 
be separated from either of the above groups by use 
of a very low Tu concentration, e.g., O.OlM Tu (Figs 
2 and 3). For the effective elution of Bi3+ and Sb3+, 
and their separation from Au+ etc., it is preferable to 

is recommended on the basis of other observations 
reported earlier.2 

Ag+, Cu +. The separation of Ag+ and Cu+ from 
Au+, Hg2+, etc. by using hydrobromic 
acid-Tu-acetone mixtures has been described pre- 
viously.2 The present data show that aqueous acids 
containing a relatively high concentration of Tu, e.g., 
l.OM (Fig. 4), can be used for the same purpose. 
Their use is recommended for the elution of large 
amounts of Ag+ or Cu+ because large amounts of 
these elements tend to precipitate on the column on 
elution with, e.g., 0.1 M hydrobromic acid4.01 M Tu 
in 60% acetone.2 At a high Tu concentration 
(2 l.OM), Ag+ and Cut can be eluted before Zn2+, 
etc. (Figs. 1 and 4), but at low Tu concentrations 
(< O.lM), the reverse is true, and at O.OlM Tu it 
should be possible to elute even Bi3+ and Sb3+ well 
ahead of Ag+ and Cut. A separation of Ag+ and 
Cut from each other does not appear to be possible 
in the presence of Tu. 

As(ZZZ), Re(VZZ). These species tend to form the 
corresponding sulphides in Tu-containing acids. 
Since they are also present initially as anions, they 
can be eluted well ahead of most other elements by 
using very dilute Tu solutions in acids, i.e., under 
conditions in which the rate of hydrolysis of Tu is 
negligible. 
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Summary-A voltammetric method is presented for the determination of nitrite by use of a carbon-paste 
electrode chemically modified with an anion-exchanger. Because it is possible to accumulate nitrite on the 
electrode surface, trace nitrite concentrations down to 1 ng/ml can be determined. 

Prior to their determination electroactive ions can be 
preconcentrated on an electrode surface by means of 
ion-exchangers. When carbon-paste electrodes are 
used, the exchanger can be added to them as finely 
ground resins or as liquids. Copper,’ iodide,* gold,3 
iridium4 and hexacyanoferrate(II,III)5 have been de- 
termined in this way. Nitrite produces a voltammetric 
current at carbon-paste electrodes6 and therefore 
offers scope for determination by this method. This 
paper deals with the experimental conditions required 
and attempts to define the fundamental relations 
between parameters such as the preconcentration 
time, concentration and voltammetric current. 

EXPERIMENTAL 

Apparatus 

A polarographic analyser PAR 264A (Princeton Applied 
Research) was used throughout, with an automatically 
controlled electrode assembly’ built in our laboratory, and 
consisting of a “Plexiglas” compartment and a 20-m] 
titration vessel (EA 880-20 from Metrohm). The reference 
electrode was a saturated calomel electrode (SCE) con- 
nected to the test solution with a 1M potassium chloride salt 
bridge. A platinum wire was used as counter-electrode. The 
current was either registered on an x,y-recorder or trans- 
ferred to an HP 1000 minicomputer after analogue-to- 
digital conversion by an appropriate interface.s 

For the preconcentration 50-ml beakers were used, 
equipped with PTFE-coated stirring bars (30 mm long, 
7 mm diameter) driven by a variable-speed magnetic stirrer. 
A special holder for the electrode allowed its surface to come 
into contact with the test solution in the beakers. 

Reagents 

Demineralized water was doubly distilled in a quartz still 
and finally passed through a Barnstead “Nanopure” car- 
tridge for final purification. All chemicals were of analytical 
grade @.a., Merck) except potassium chloride and sodium 
hydroxide, which were of higher quality (Suprupur, Merck). 
Nitrite standards (concentration 1000 ppm) were prepared 
by dissolving 37.00 mg of potassium nitrite and 0.02 ml of 
30% sodium hydroxide solution (for stabilization) and 
making up to volume in a 20-ml standard flask with water 
which had been deaerated with nitrogen (99.999% pure). 
Nitrogen was also passed through the solution during the 
dissolution in order to avoid oxidation of nitrite to nitrate. 
When stored under nitrogen in the dark this stock solution 
was usable for at least one day. Solutions of lower concen- 

trations were prepared immediately before use. The water 
used for dilution, preconcentration and measurement was 
also deaerated. 

Working electrode 

The electrode was a commercially available Monien type 
carbon-paste electrode9 (EA 267 from Metrohm) with a 
glass tube as filling reservoir and a feed nut for expelling new 
paste. This type provided the highest degree of re- 
producibility of the effective surface area. 

The paste was prepared from 5 g of spectroscopic grade 
carbon powder (RWB, Ringsdorff-Werke, Bonn-Bad 
Godesberg, West Germany), I.8 ml of liquid pa&in 
(“Uvasol” from Merck) and 0.235 ml of the liauid anion- 
exchanger tricaprylmethylammonium chloride (Aliquat 336, 
Fluka) by mixing them thoroughly to form a homogeneous 
paste. Commercially available carbon paste (EA 267 C from 
Metrohm) to which 0.05 ml of ion-exchanger per gram had 
been added, could also be used. 

Renewing the electrode surface 

A length of about 3 mm of paste was extended and wiped 
off, then the surface was smoothed over with a PTFE 
spatula. The surface was prepared as reproducibly as possi- 
ble with respect to smoothness and area in order to obtain 
coherent results. The electrode was then conditioned in a 
well-stirred mixture of 20 ml of water and 0.04 ml of 
saturated potassium chloride solution for 30 set, to obtain 
reproducible quality of the surface. It was then rinsed briefly 
with water. 

Preconcentration 

The conditioned electrode was exposed for the required 
time to the deaerated, well-stirred (300 rpm) nitrite- 
containing test solution, removed, and rinsed with water for 
about half a second. A stream of nitrogen was bubbled 
through the solution during this step to avoid oxidation 
processes; this is adequate protection in this procedure and 
avoids the trouble of working with nitrogen-flushed boxes. 

Finally, the electrode was placed in the voltammetric cell 
and connected to the polarograph. 

Voltammetry 

The voltammetric measurements were made in aqueous 
medium with 20 ml of water containing 0.04 ml of saturated 
potassium chloride solution as supporting electrolyte. De- 
aeration with nitrogen for 2 min at the beginning of a series 
of measurements ensured sufficient removal of oxygen from 
the solution. The voltammetric sweep was started immedi- 
ately after installation of the electrode in the voltammetric 
cell. Cyclic voltammetric curves (CV) were recorded from 
+0.4 to + 1.05 V vs. SCE, at a scan-rate of 50 mV/sec, 
starting in the anodic direction. For quantitative analyses as 
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well as for investigations of quantitative relations the anodic 
differential-pulse mode (ADPV) was used owing to its high 
sensitivity. The initial potential was +0.4 V and the final 
+ 1 .O V vs. SCE, and the pulse height 50 mV. A scan-rate 
of IO mV/sec and a drop time of 0.5 set were selected. The 
current range was set according to the expected peak 
current. 

Evaluation of peak heights 

High peaks resulting from large concentrations were 
analysed with relative ease by the tangent fit method, which 
was applied to the recorder output, but this method resulted 
in a very high degree of error for small peaks because of 
their location on a rising slope of the background current. 
Therefore, the baseline was synthesized and subtracted 
digitally from the curve.s The method of subtracting a 
recorded blank yields similar results if its baseline is of the 
same shape as that for the test measurement. 

Quantitalive determinations 

The complete procedure-renewal and conditioning of 
the electrode, recording the background (blank), precon- 
centration, and measurement of the accumulated nitrite- 
was applied to the test solution, and repeated after addition 
of two separate specific amounts of nitrite (standard addi- 
tion method). The concentration was calculated from the 
increase in the peak height. The precision could be increased 
by repeating each cycle and taking the arithmetic means of 
the peaks. 

On average, the time required for a complete analysis with 
two additions of standard is about 30-40 min. 

RESULTS AND DISCUSSION 

Choice of the ion-exchanger 

It is well known that nitrite is very labile when 
exposed to acid, as it decomposes rapidly into nitro- 
gen oxides and nitric acid. This implies that a weakly 
basic ion-exchanger, which has its optimum working 
range at pH < 7, would not be applicable for 
modification of the electrode. In addition, secondary 
amine functional groups (as, for example, in the 
liquid ion-exchanger Amberlite LA2) would react 
chemically with nitrite to form N-nitroso com- 
pounds. Hence only a strongly basic ion-exchanger 
with permanent ammonium groups, even in alkaline 
medium, should be suitable for ion-pair association 
with nitrite. 

As shown elsewhere,) liquid ion-exchangers are 
preferable to resins for elecrode modification as the 
liquid phase exposes many more functional groups to 
the solution than do particles in a matrix, resulting in 
a substantial increase in sensitivity. Additionally, the 
method presented here requires a very high degree of 
homogeneity of the carbon paste, which can be 
obtained only by use of a liquid. For these reasons 
Aliquat 336 is a suitable ion-exchanger for the accu- 
mulation of nitrite at the electrode surface. 

Sorption of nitrite 

{R,N+Cl-}i, + {NOg},q* 

{%N+NO;Ii, + {Cl-Iwq (1) 

Equation (1) describes the ion-exchange process at 
the carbon past*solution interface. The subscript ip 

indicates the ion-pair on the surface of the electrode, 
and aq the solvated ion in solution. This reaction 
involves no electron transfer but is purely physico- 
chemical, so no potential needs to be applied during 
the preconcentration step. 

The electrochemical behaviour of the accumulated 
nitrite can be monitored by cyclic voltammetry 
(Fig. 1). The maximum in the first cycle at +0.81 V 
us. SCE results from the oxidation to nitrate. The 
curve obtained represents a typical irreversible pro- 
cess, as the resulting nitrate is also sorbed as an 
ion-pair but is not re-reduced to nitrite, since no 
reduction current can be observed within the 
recorded potential region. This is in agreement with 
the fact that reduction of nitrate takes place only at 
very negative potentials even with catalysts such as 
cadmium, uranium, etc.” Thus, in the ensuing cycles 
the maximum is hardly visible, as almost all the 
sorbed nitrite has already been oxidized. Further 
cycles show only the current obtained when mon- 
itoring the plain, unloaded electrode. 

Scans in the differential-pulse mode are shown in 
Fig. 2. The peak potential is about +0.78 V us. SCE 
and is only slightly dependent on the peak current. 

Regeneration and stability of the electrode 

After the voltammetric measurement the surface of 
the electrode must be returned to its initial state to 
provide identical conditions for quantitative evalu- 
ation. For this purpose the reproducibility of the 
surface was investigated (Fig. 3). As the amount of 
nitrite remaining in the carbon paste is very small (see 
also Fig. 1) it does not interfere seriously with ensuing 
measurements as a result of a “memory” effect. The 
initial state cannot be successfully re-established by 
treating the electrode with a saturated sodium chlo- 
ride solution, the anion of which should replace all 
other sorbed anions, especially nitrate [curve (b) of 
Fig. 31; the decrease in the peak current with repeated 
use is drastic. It is not possible to determine whether 
nitrate still blocks a large number of exchanging 
groups or the surface itself changes during the pro- 
cedure because exchanger dissolves from the surface 
into the solution. Other attempts to restore the 
functional groups, e.g., by acid or alkaline treatment, 
also fail. Only mechanical renewal of the surface gives 
satisfactory reproducibility [curve (a) of Fig. 31. If the 
procedure is applied carefully the deviations are 
usually below 3.5% for nitrite concentrations > 100 
ng/ml. Generating a new surface is the only one of the 
methods investigated that at all yields congruent 
results. 

An ensuing conditioning step with dilute potassium 
chloride solution improves the homogeneity of the 
electrode; the uniformity of the surface is apparently 
increased. 

Time dependence of the accumulation process 

According to equation (1) the ion-exchange reac- 
tion is a purely physicochemical one and therefore 
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-500 
0.4 0.5 0.6 0.7 0.6 0.9 1.0 1.1 

Potential (V YS. SCE) 

Fig. 1. Cyclovoltamperogram of nitrite accumulated at a modified carbon-paste electrode; accumulation 
time 1 min; NO; concentration, 5 pg/ml. 

governed by the law of mass action. This implies the 
existence of a dynamic equilibrium characterized by 
equality of the rates of sorption and desorption. As 
the reaction proceeds slowly, the dependence of the 
signal on the accumulation time can be observed. 
Figure 4 shows the relation between differential-pulse 
voltammetric peak current and the time used for 
preconcentrating the nitrite, for two different nitrite 

0.4 0.5 0.6 0.7 0.6 0.9 1.0 1.1 

Potential (V vs. SCE) 

Fig. 2. Differential pulse voltamperograms of nitrite sorbed 
with an accumulation period of 30 set; (a) background; (b) 

NO; 200 ng/ml; (c) NO, 400 ng/ml. 

concentrations. The linear section at the beginning of 
the curve soon becomes hyperbolic, approaching as 
limiting value. This is, of course, due to the fact that 
the maximum amount that can be preconcentrated is 
determined by the equilibrium constant for equation 
(1). Thus for each concentration there is a definite 
amount which can actually be accumulated and 

I I I I I 
0 1 2 3 4 5 

Repetitions 

Fig. 3. Reproducibility of performance of the electrode 
surface on repeated use in ADPV; NO; concentration 500 
&ml with accumulation for 30 set; (a) mechanical renewal 
of the surface; (b) regeneration by exposure to saturated 

sodium chloride solution for 1 min. 
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lo4 
0 1 2 3 4 5 

Time (min) 

Fig. 4. Dependence of the peak current in ADPV on the 
accumulation time; (a) NOi 100 ng/ml; (b) NO; 1 pg/ml. 

which depends primarily on the affinity for the ion- 
exchanger. Therefore, the curves shown here are not 
directly comparable with the time-dependences of 
stripping methods (anodic or cathodic stripping vol- 
tammetry, ASV, CSV) where the signals are often 
directly proportional to the pre-electrolysis time over 
a wide range. It is evident that the speed of stirring 
during the accumulation influences the shape of the 
curve. If the solution is not agitated, diffusion con- 
trols the rate of ion-exchange; the faster the stirring 
the sooner the maximum sorbable amount of nitrite 
will be reached. The position of the equilibrium itself, 
of course, is not affected by the stirring. 

When only small amounts of nitrite (far from the 
equilibrium level) have been accumulated, the sorp- 
tion should be linearly dependent on the nitrite 

00 0.2 0.4 0.6 0.6 1.0 

Concentration range 

Fig. 5. Relation between concentration and peak current in 
ADPV; accumulation times and concentration ranges: (a) 3 
min. NO; O-10 ng/ml, 10 x expansion of current &ale; (b) 
2 min, NO? O-100 &ml; (c) 30 set, NO, O-l pg/ml; (d) 

5 WC, NO; O-10 pg/ml. 

concentration, as explained in the following. If the 
solution is well stirred, the nitrite concentration in the 
solution is homogeneous. Further, if only small 
amounts of nitrite have been exchanged, the large 
number of chloride-loaded %NCl groups is quasi- 
constant (d[R,NCl]/dt is almost zero), which implies 
linear proportionality between the amount of nitrite 
transferred (d[R,NNO,]/dt) and the nitrite concen- 
tration in the solution if the kinetic dependence on 
the latter is pseudo first-order. Thus, to obtain a 
linear relationship between nitrite concentration and 
peak current, short deposition times must be selected 
to avoid saturation effects. 

Dependence of the signal on the nitrite concentration 

For determinations with internal standards (stan- 
dard addition method) it is essential that there is a 
linear relation between concentration and peak cur- 
rent. Otherwise, external standards (calibration 
curves) have to be used, and problems are then 
often caused by matrix effects, in which case, the 
calibration must be performed with matrix-matched 
standards. The relation between nitrite concentration 
and peak current in the ADPV, for selected accumu- 
lation times, is displayed in Fig. 5. Linear propor- 
tionality exists over the range from 1 ng/ml to 6 
/.~g/ml, with appropriate preconcentration. Therefore, 
the standard addition procedure is the most valid 
method for evaluating concentrations within this 
range. Otherwise the solution must be appropriately 
diluted before analysis. 

Accuracy and detection Iimit 

Table 1 lists the recovery of nitrite with different 
methods. For comparison, a determination of 500 
ng/ml nitrite by a standard photometric procedure 
[using sulphanilamide and N-( 1 -naphthyl)-ethylene- 
diamine].” Low concentrations have a higher relative 
deviation than high ones. With an increasing number 
of either replications or standard additions the accu- 
racy is increased. For the methods under consid- 
eration duplicate measurements with addition of two 
standards yield the best results. The estimated max- 
ima of relative errors of a single determination with 
calibration curves are about 3% for 500 ng/ml, 7% 
for 50 ng/ml and 15-20% for 5 ng/ml nitrite. 

The detection limit lies at about 1 ng/ml nitrite for 
all methods. This corresponds to 0.3 ng/ml 
(2.2 x IO-*&f) nitrite-nitrogen content. Lower con- 
centrations are hardly detectable since the ratio of 
peak height to background current falls below the 
resolution ability of the apparatus. As stated above, 
excessive deposition times do not improve the 
sensitivity, as the maximum amount which can be 
exchanged is limited by the equilibrium constant. 
Compared with other methods of determining nitrite, 
for example, spectrophotometry of the coupled 
diazo-compound, the method is very sensitive and 
shows a wide range of linearity between concen- 
tration and signal. Ion chromatography in its stan- 
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Table 1. Recovery of nitrite with different methods [a-calibration graphs; b-standard- 
addition method; c-spectrophotometry with sulphanilamide and N-(l-naphthyl)- 

ethvlenediaminel; each standard increment was half the amount of nitrite in the solution 

Concentration, 
No. of 

standard Found, 
Relative 
error, 

wlml Method Determinations increments nglml % 

500 a 1 0 492 -1.6 
50 a 1 0 48.3 -3.4 

5 a 1 0 5.4 +8.0 
500 
50 
5 

500 
50 
5 

500 
50 
5 

500 
50 
5 

500 

a 
a 

: 
b 
b 
b 
b 
b 
b 

; 
C 

3 
3 
3 

1 

1 

0 496 
0 48.9 
0 5.3 

478.6 
52.9 
6.0 

496.0 
51.0 
5.8 

498.0 
50.5 
5.6 

495.0 

- 0.8 (2.0)t 
-2.2 (2.8)t 
T6; (15.4)t 

+5.9 
+ 20.0 
-0.8 
+2.0 

+16.0 
-0.4 
+1.0 

+ 12.0 
-1.0 

tllte values in brackets denote the coefficient of variation. 

dard mode has a higher detection limit (30-50 ng/ml) 
but is faster than the present method and matches it 
in sensitivity if more sophisticated arrangements, 
such as use of ion-exchange precolumns’* or 
phosphorescence-quenching detection” are used. 
Other voltammetric procedures, such as polar- 
ographic reduction of nitrite in acidic medium,14 
polarography with sulphanilic or orthanilic acid” or 
2,6-xylenol,t6 as well as sensing with a platinum 
electrode modified by chemisorption of iodine’7.‘8 and 
sealed with polyvinylpyridine, are less sensitive. 

Interferences 

All anionic species in the solution interfere with the 
accumulation process of nitrite in that they compete 
for the active sites of the ion-exchanger, but if they 
are present at low concentrations and have low 
affinity for the exchanger they cause no notable 
changes in the nitrite signal responses. Table 2 dis- 

Table 2. Interferences in the determination of 100 ng/ml 
NOT (corresponding to 2.2 x 10e6M) accumulated for 1 

min at an interfering ion concentration of 10 fig/ml 

Change 
Interferent in peak 

Salt concentration, current, 
Interferent added 10-4M % 

Cl- KC1 2.8 -58 
Br- KBr 1.2 -92 
I- KI 0.8 * 

Sd,- KzSO, 1.0 -20 
NO; KNO, 1.6 -66 
ClO; NaClO., 1.0 -50 
H,PO,- KH,PO, 1.0 -50 
CN- KCN 3.8 * 

F$;gy- KJPe(CNl,I 0.4 -68 
, CH,COOK 1.7 -40 

The decrease in current was due to ion-exchange selectivity; 
ions marked with an asterisk gave voltammetric ox- 
idation reactions overlapping that of nitrite. 

plays the alterations in peak current when the test 
solution contains other ionic species at various con- 
centrations. The interference of almost all ions which 
were examined is remarkably high, but this is not as 
disappointing as it might look. In many cases the 
linear relation between peak current and concen- 
tration is maintained and interference is confined to 
a mere decrease in sensitivity, as a function of 
interferent concentration; in such cases the standard 
additions method can be used. Of course, this must 
be checked in each case, depending on the problem. 
Only when higher concentrations of bromide, iodide 
and cyanide are present does the determination of 
nitrite become impossible, mainly on account of a 
large overlapping peak from the interfering species. 
For media containing large amounts of these ions 
other methods for determining nitrite must be 
applied. 

The method could be extended to determination of 
nitrate, by means of its prior reduction to nitrite. 

1. 

2. 
3. 
4. 
5. 
6. 

;: 

9. 

10. 
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Summary-An ion-chromatographic method for the direct determination of ammonium, potassium, and 
sodium in geologic materials is described. Samples are decomposed with a mixture of hydrofluoric and 
hydrochloric acids in a sealed polycarbonate bottle heated in a microwave oven. The ion-chromatograph 
separates the cations and determines them by conductivity measurement The ammonium concentrations 
thus determined have been verified by use of an ammonia-specific electrode. A total of 32 analyses of 
ammonium salts by both techniques showed an average error of -4%, with a relative standard deviation 
(RSD) of 6%. The ammonium concentrations found in a buddingtonite sample had an RSD of 2.2% and 
their mean agreed with that obtained by the Kjeldahl method. By use of the prescribed dilution of the 
sample, detection limits of 0.1% can be achieved for all three cations. 

Cenozoic basalt and andesite samples that have been 
hydrothermally altered by ammonia-containing hot- 
spring waters generally have an ammonium ion con- 
tent of a few per cent. Ammonium minerals are now 
postulated as pathfinders for gold in hydrothermal 
deposits.’ The study reported here resulted from an 
increasing need for analytical data to test current 
theories regarding gold deposits. The ammonium ion, 
which has a radius of 1.43 A, substitutes for sodium 
(0.97 A) and potassium (1.33 A) ions in alkali feld- 
spars. 2-4 An ammonium aluminosilicate mineral, 
(NH,)AlSi,O,~OSH,O, known as buddingtonite, was 
first found near a hot-spring mercury-ore deposit at 
Sulfur Bank, Lake County, California.ss6 Originally, 
the ammonium in buddingtonite was determined by 
the Kjeldahl procedure for total nitrogen.6 Other 
methods used for determination of total nitrogen or 
ammonia in rocks and silicate minerals have included 
decomposition with hot pyrophosphoric acid,’ sul- 
phuric acid in sealed glass tubes,8 sodium hydroxide 
fusion in a closed system,9 combustion and gas chro- 
matography,‘O and thermal-neutron activation.“,12 
These methods are time-consuming and usually re- 
quire several hours just for sample decomposition. 
One of them,’ which differentiates the forms of 
nitrogen present, used decomposition in a closed 
polyethylene bottle, followed by neutralization, dis- 
tillation, reduction, and finally calorimetric deter- 
mination of ammonia by the Nessler method. How- 
ever, the total nitrogen content in unaltered rocks 
ranges from 10 to 30 pg/g and is apparently indepen- 
dent of rock type, and these trace analysis methods 
are less suitable for the ammonium levels found in 
buddingtonite etc. 

*Author for correspondence. 

tAny use of tradenames and trade marks in this report is for 
descriptive purposes only and does not constitute en- 
dorsement by the U.S. Geological Survey. 

To obtain a rapid, accurate, and direct mea- 
surement of ammonium in geological samples, we 
have developed a method which reduces sample 
decomposition time to a few minutes and eliminates 
all sample-pretreatment steps. The method also deter- 
mines potassium and sodium in the sample. Poly- 
carbonate bottles and a microwave oven are used for 
sample dissolution, and ion-chromatography (IC) for 
cation separation and detection. Microwave ovens 
are currently being used routinely in fast and efficient 
dissolution of various samples, including silicates.“-I6 
IC determination of ammonium has been well docu- 
mented,“--*’ but its application to the analysis of 
rocks and minerals has been limited to the deter- 
mination of anions2’-26 and of anions and cations in 
fluid inclusions.27 We have also investigated an 
ammonia-specific electrode as an alternative de- 
tection device for the determination of ammonium. 

Apparatus 

EXPERIMENTAL 

Samples were decomposed in 250-ml polycarbonate bot- 
tles fitted with polypropylene screw caps (Nalget No. 
3122-0250). The screw threads were double-wrapped with 
Teflon tape to ensure a tight seal. 

Heating was by means of a 650-W, 0.04-m’ capacity 
microwave oven equipped with a removable revolving car- 
ousel. To purge the oven with compressed air during and 
after the heating cycle, approximately 14 lengths of 3-mm 
outer diameter plastic tubing were inserted through the 
existing ventilation holes in the side of the microwave-oven 
cavity. These small tubes were brought out of the oven 
through the rear ventilation slots and inserted into two 
lengths of 9-mm bore tubing. All exposed metal parts inside 
the oven were covered with plastic tape to prevent corro- 
sion. The oven was placed in a fume hood to provide for 
adequate ventilation. 

A polyethylene food container (Tupperware No. 1257-6 
cake carrier), the top of which can be sealed to prevent the 
release of any fumes escaping from the polycarbonate 
bottles, was used to construct a bottle rack. The rack 
accommodated 12 bottles arranged in an annular pattern. 

TAL 33,6-x 



496 PAUL R. KLOCK and PAUL J. LAMOTHE 

Because the microwave energy inside the oven cavity was 
inhomogeneously distributed, no sample bottles were placed 
in the centre of the rack. This arrangement ensured that all 
samples were subjected to the same microwave flux. 

IC measurements were made with a Dionex model 16 IC 
with conductivity detection, equipped with two cation- 
separator columns (6 x 250 and 9 x 250 mm) and a 
9 x 250 mm suppressor column. All three columns were 
supplied by Dionex (part nos. 30014, 30192 and 30015, 
respectively); the resin of the separator column was com- 
parable to that in their CS-1 column. The eluent was 0.008M 
nitric acid at a flow-rate of 3.07 ml/mitt. Other conditions 
were: loo-p1 sample loop, applied pressure 1.4-2.8 MPa, a 
1-V full-scale recorder input, and a recorder chart speed of 
1 .O cm/min. A conductivity-detector scale of 10 PS was used 
along with the strip-chart recorder for peak height mea- 
surement. 

Potentiometric measurements were made with an Orion 
ammonia electrode, model 95-10, and a Corning pH-meter. 
The pH of all sample and standard solutions was adjusted 
to above 11 with sodium hydroxide. 

Reagents 

Stock solutions (1000 pg/ml) of ammonium, potassium 
and sodium ions were prepared from the chlorides and 
demineralized water. More dilute standard solutions were 
prepared just before use. Analytical grade reagents were 
used throughout. 

Procedure 

Place a 0.100-g sample, ground to pass 200 mesh, in a 
250-ml polycarbonate bottle. Add 1 ml of 3M hydrochloric 
acid and 4 ml of 40% hydrofluoric acid. Tightly cap the 
bottles and place them in the bottle rack. Place the covered 
rack (containing 12 samples) on the carousel in the micro- 
wave oven. Turn on the compressed air and heat the samples 
at a high oven setting (650 W) for 30 sec. Remove the bottles, 
retighten the caps, and return them to the oven. Heat once 
more at the 650-W setting for 2 min. Allow the compressed 
air to purge the oven cavity for another 2 min before 
removing the sample rack. Remove the bottles from the rack 
and allow to cool. 

For subsequent IC analysis, dilute the sample solutions 
with 245 ml of water. Mix thoroughly and inject the 
solutions directly into the IC. 

For potentiometric analysis, just before measuring add 15 
ml of IOM sodium hydroxide to each of the cooled sample 
bottles removed from the microwave oven, and then 230 ml 
of water. Mix thoroughly, cool, and measure directly with 
the ammonia-specific electrode. Care should be exercised 
because, if left to stand overnight, the alkaline solution will 
crack the bottom of the polycarbonate bottle. 

Caution. During the dissolution, some acid fumes may 
leak from around the bottle caps. This leakage will create 
a health hazard unless the microwave oven is properly 
vented to a fume hood. The melting point of polycarbonate 
is 135”. Care must be taken to ensure that the bottle contents 
remain below this temperature, especially if the heating time 
is increased or the volume of solution in the microwave 
cavity is reduced. Therefore, if fewer than 12 samples need 
to be decomposed, bottles containing water or reagent 
blanks must be included to maintain a constant volume of 
solution in the oven during each run. 

RESULTS AND DISCUSSION 

Sample decomposition 

Use of sealed polycarbonate bottles for decom- 
position eliminates losses of nitrogen, such as could 
occur through bumping during a Kjeldahl digestion, 
and prevents ammonia contamination from the labo- 
ratory air. It also improves the efficiency of decom- 

position and helps retain the volatile species. The 
sample is in an acidic medium throughout the decom- 
position procedure. Transfer of sample contents from 
the polycarbonate bottles to volumetric glassware 
should be avoided because of the hydrofluoric acid 
present; etching of the glassware prevents accurate 
determination of the alkali-metals. The samples are 
diluted to final volume (250 ml) directly in the 
polycarbonate bottle or after transfer to plastic con- 
tainers. 

Validation of the procedure 

We investigated the effectiveness of the decom- 
position procedure by determining the amount of 
ammonium recovered from known weights of reagent 
grade ammonium chloride. The results are listed in 
Table I. Although the values were somewhat scat- 
tered, the mean recovery was 9&l%, with a relative 
standard deviation (RSD) of 2.9%. 

Sample weights and operating conditions for the 
IC were optimized by assuming an abundance of 5% 
ammonium in the solid sample. After the decom- 
position step, dilution to 250 ml was required for the 
ammonium to give a lo-PS signal and to be within 
the working range of the calibaration graph (pre- 
pared from pure standard solution covering the range 

l-15 pg/g). 
To determine whether ammonium is quantitatively 

released from a geological material, we analysed a 
buddingtonite sample of known ammonium content. 
This sample, from San Mateo County, Calif., was 
previously analysed in the mid-1960s for ammonium 
(3.8% by the Kjeldahl method) and potassium and 
sodium (2.16% K+ and 0.08% Na+, by a wet- 
chemical technique). *’ Recently, the potassium and 
sodium were determined by a flame-photometric 
method29 to verify the wet-chemical and IC results. 
The IC results for sodium, ammonium and potassium 

Table 1. Ammonium chloride deter- 
mination by ion chromatography 

Ammonium, pg/g 
Recovery, 

Found Taken % 

4.80 5.15 93.2 
5.33 5.27 101.1 
5.67 5.46 103.8 
5.67 5.83 97.3 
5.60 5.95 94. I 
6.74 6.76 99.7 
7.71 7.68 100.4 
8.88 9.08 97.8 
9.19 9.64 95.3 
9.62 10.1 95.2 

10.7 10.7 100.0 
11.6 11.7 99.2 
14.0 13.8 101.4 
14.8 15.0 98.7 
14.8 15.2 97.4 
15.4 15.8 97.5 
15.5 16.3 95.1 

Average 98. I 
RSD 2.9 
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Fig. 1. Chromatograms for the buddingtonite sample, using 
Dionex separator columns: (a) 9 x 250 mm, (b) 6 x 250 and 
9 x 250 mm, and (c) CS-1 and precolumn. Flow-rate 3.1 
ml/min for a and b, and 1.2 ml/min for c. Concentrations 
(in ppm): (a, b) ~0.4 !a+, 15.2 NH:, 8.4 K+; (c) co.4 

Na+, 5.1 NH:, 2.8 K+ (at 1:2 dilution of sample). 

in the buddingtonite sample show typical IC cation 
signals (Fig. 1). However, in the buddingtonite sam- 
ple the ammonium concentration generally exceeded 
the potassium concentration. Therefore, two cation- 
separator columns were required to resolve the two 
peaks adequately (Fig. lb). To resolve these two 
peaks by use of the CS-1 column with precolumn, the 
sample was further diluted (by a factor of 3) and the 
flow-rate reduced to 1.2 ml/min (Fig. Ic). 

Ammonium was quantitatively detected, and the 
results (Table 2) showed an RSD of 2.2% for the 
buddingtonite sample. Potassium was also quan- 
titatively detected, with an RSD of 0.6%, whereas 
sodium was below the IC detection limit of 0.1%. 
With the recommended sample weight and dilution 
volume, a detection limit (taken as twice the standard 
deviation) of 0.1% in the rock was achievable for all 
three cations, although with different NH:/K+ and 
NHt/Na+ ratios, dilution and optimization were 
required for low-level quantification (Fig. 2). Sodium 
was well resolved and not affected by the ammonium 
concentration. After further dilution of the sample by 

Table 2. Ammonium, potassium and sodium determination 
in buddingtonite-rich sample 

SDeciea Present, % Found, % rig RSD, % 

NH: 3.8* 3.8 10 2.2 
K+ 2.16*, 2.19t 2.1 5 0.6 
Na+ 0.08*, 0.04t <O.l 5 - 

*Kjeldahl for NH:; wet-chemical for K+ and Na+.** 
tFlame photometry.29 
@Number of determinations. 

a factor of two, 0.1% ammonium was still detectable 
with as much as 4% potassium present in the sample 
(Fig. 2c). The hydrothermally altered basaltic-tuff 
samples used to obtain Fig. 2 contained (W): (2a) 0.3 
Na+, 1.8 NH:, 5.0 K+; (2b) 0.9 Na+, 0.4 NH,+, 4.2 
K+; and (2c) 1.5 Na+, <O.l NH,+, 4.0 KC. By 
varying the sample dilution and optimizing the IC 
parameters, a lower detection limit for ammonium 
can be obtained but was not required for this study. 

To verify the IC results, the solutions were also 
analysed for ammonium with a gas-sensing ammonia 
electrode. The same standard solutions were used for 
calibrating the IC and the electrode, except that just 
before potentiometric measurement the solutions 
were adjusted to pH 11 and a sufficient amount of 

K+ 

I I I 

10 15 

t IminI 

Fig. 2. Chromatograms for samples of hydrothermally 
altered basaltic-this, showing various q/K+ and 
NHJjNa+ ratios. Samples at 1:l dilution, following pro- 
cedure outlined in text. Concentrations (in ppm): (a) 0.5 
Na+, 3.5 NH:, 9.9 K+; (b) 1.8 Na+, 0.9 NH,+, 8.3 K+; and 

(c) 3.0 Na+, co.1 NH:, 8.0 K+. 
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Table 3. Comparison of ammonium recovery by ion- 
chromatography and ammonia electrode 

5. D. E. White and C. E. Roberson, Geol. Sot. America, 
Buddington Volume, 1962, 391. 

NH+ recoverv. %* 6. R. C. Erd, D. E. White. J. J. Fahev and D. E. Lee. Am. 
1 __ 

Sample Ion-chromatography Ammonia electrode 

NH&l 98+3(17) 96*4(5) 
NH.,NO, 95 -+ 7 (5) 93 & 6 (5) 
Buddingtonite 99+2(10) 103 + 4 (5) 

7 
Mineral., 1964, 49, 831. 

*Mean and standard deviation of the number of replicates 
shown in parentheses. 

inert electrolyte was added to match the ionic 
strength of the samples. 

The recoveries for known weights of ammonium 
chloride, ammonium nitrate, and the buddingtonite 
sample are listed in Table 3. The ammonia-electrode 
results agree with the IC results, but has the disad- 
vantage of not being able to determine the sodium 
and potassium. 

Interference study 

To evaluate possible interference by nitrate in the 
ammonium analyses, we conducted a study with 
known weights of ammonium nitrate, but found no 
evidence for it (Table 3). 
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R&un&Lors de l’ttude protomktrique de la formation des complexes en solution aqueusc, il est trBs utile 
de connaitre les concentrations des ions libres afm d’en dkduirc la composition de chaque es@, puis 
de calculer des valeurs approchkes de leurs constantes de stabilitk. A partir de la seule mesure du pH, les 
concentrations des ions libres peuvent Btre calculks par une mkthode qui comporte un minimum d’btapes 
d’intigration et de dkivation. Ce prockdk, appelk mkthode CILS, a t3 entikement informatid et ses 
modalitts d’application sent dkfinies g l’aide d’un exemple simult. 

Alors que l’ttude en solution des complexes simples 
du type MA, a fait l’objet de nombreux travaux, par 
contre, celle des systkmes chimiques oti interviennent 
d’autres esp&ces ne s’est que relativement peu d&e- 
lopp6e. Selon les auteurs, diffkrents cas particuliers 
ont 636 envisagCs: complexes mixtes, majoritaires ou 
non, proton&s ou hydroxylCs, mononucltaires ou 
polynucltaires. Si l’examen d’une ou deux de ces 
hypoth&ses conduit g des etudes relativement faciles, 
la prise en compte de toutes ces possibilitCs nCcessite 
$ la fois une 6tude experimentale tres p&&e et une 
automatisation de l’exploitation des mesures. 

Afm de dkterminer, sans aucune hypothhse initiale, 
la composition des complexes form& dans des sys- 
t&mes chimiques compliqu(?s, il est n6cessaire de 
connaitre les concentrations des ions libres. Or, g&n& 
ralement, seule la concentration en protons libres est 
directement mesurable. Deux methodes pour adder 
aux autres concentrations libres g partir de la seule 
mesure du pH ont alors Ct& ClaborCes. Elles font appel 
d l’exploitation judicieuse de plusieurs titrages acido- 
basiques relatifs g diffkrentes compositions en ion 
mttallique et en complexant et le traitement mathb- 
matique rbsultant contient toujours plusieurs Ctapes 
d’intbgration et de dtrivation. 

Les premiers travaux sur les modes d’acc& aux 
concentrations libres non directement mesurables 
sont dus B Hedstrijm’s’ et B Lef&vre.- Diffkrentes 
dans leur pr&entation et dans le pro&d8 
d’exploitation des mesures, ces deux mkthodes se sont 
dCveloppCes inkgalement. 

Celle de Hedstriim a itk g&nCralis&e par Silltn7-9 et 
t)sterberg,‘&13 puis informatide par Sarkar et 
Kruck.“‘* Ses conditions pratiques d’application ont 
63 discut6es par McBryde’99m et surtout Wozniak et 
Nowogrocki.21 Ultkrieurement, Guevremont et 
Rabenstein22*23 qui ont introduit le nom de m&hode 
FICS (Free Ions Concentrations in Solution), puis 
Avdeef et a1.2427 ont repris des Ctudes en partie 
similaires sans mentionner, d’ailleurs, la mise au 
point pr&zCdente.2’ 

Par contre, la mCthode de la surface poten- 
tiomCtrique de Lefkvre a Bt6 utilisde par un nombre 
plus restreint d’auteurs. 2e-36 De plus, elle n’a jamais 
Ctb informatiske. 

Lorsque l’on compare ces deux pro&d& 
d’exploitation des don&es protom&riques, on con- 
state que celui de Lef&vre est nettement le plus simple 
puisqu’il nCcessite beaucoup moins &&apes 
d’intkgration et de dkrivation. Nous nous sommes 
done proposk de dt%elopper une mCthode voisine, 
appelCe mCthode CILS (Concentrations des Ions 
Libres en Solution), en recherchant une informa- 
tisation totale de l’exploitation des mesures. Ses 
modalit& d’application seront ensuite pr&.%es sur 
un exemple simul6, recouvrant une large gamme de 
pH, alors que les Ctudes des autres methodes Ctaient 
limit&s presqu’exclusivement au milieu acide. Outre 
la composition moyenne des complexes, la mtthode 
CILS foumit Cgalement des valeurs approch6es des 
constantes de stabilit6 des complexes du modkle le 
plus plausible. Ces valeurs approximatives pourront 
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alors servir d’estimations initiales lors d’un 
affinement ulterieur par diverses methodes, en parti- 
culier la methode des moindres car&. 

M 

AH, 
A 

CM? cA 

CtI 

Ix1 
PH 

M,A,H,, 

B m.a.h 

F 

R 

iTI,n,h 
S 

x0 

SYMBOLISME 

Ion metallique 
Forme neutre du complexant 
Forme basique du complexant 
Concentrations analytiques en ion mbtalli- 
que et en complexant 
Concentration analytique en protons 
Cn = CA(N + xu - x0”) avec xi., et xou les 
nombres de moles H+ et OH- ajoutb par 
mole de complexant 
Concentration de I’espkce X 
pH = -log [H] 
Espkce formie suivant I’iquilibre 
mM + aA + hH=M,A,H, 
Constante de stabilite dune esptce 

b’L&Hhl 
~“L0.h = [M],,,[Al"[H]h avec M + a # ’ 

Pour les espkes hydroxykes, h est negatif 
Estimateur d’une constante de stabilite 

b m,o,h = [M]‘“[Al”[H]h = I”iAaHd 
m,a.h 

Produit ionique de I’eau: K, = [H][OH] 
Somme des concentrations des esptces 
participant aux Cquilibres 
Fonction auxiliaire: 
F = C, - CM In[M] - CA In[A] 
“Somme des complexes”: 

R = m +o;, o h [M,A,Hhl 
. 3 

Coefficients stoechiombtriques moyens 
Somme des car& des residus 
Valeur initiale ou constante #integration. 

Dans un souci de simplification, toutes les charges 
sont volontairement omises. 

ELEMENTS THEORIQUES 

Relations fondamentales 

Chaque point de la courbe. de titrage acido-basique 
dun melange ion mCtallique-complexant est dbfini 
par trois equations conditionnelles, chacune d’elles 
correspondant au bilan dun constituant: 

CM = [Ml + 1 m ,%.o.h PWM“Wlh 
m,a.h 

(1) 

cA = [Al + c dL.,rPf1” [Al” [Hlh 
m.o.h 

(2) 

G = l-1 - [Hl + ““*” Bn,.o,h DW” [Al’ Wlh (3) 

En chaque point, les concentrations analytiques C,, 
CA et Cn sont connues expkimentalement. La somme 
des concentrations de toutes les especes participant 
aux equilibres en solution, Ca, s’kcrit: 

CE = [HI + 2 + WI + PI + 1 B,n.,,,ti [Ml” WI” WI” 
m.o,h 

(4) 

En employant les differentielles logarithmiques, la 
differentielle totale de Ca a pour expression: 

dG = ([Ml + 1 m 8,,., WI” M“ F-V) dMM1 
m,o,h 

+ WI + c a ILn~ WI” [Al” Wlh) dln[Al 
w&h 

+ (WI - 2 + c MLh WI” [Al” PV) WHI 
mrb 

Si l’on introduit les equations (l), (2) et (3), on 
obtient: 

dCE = C,dln[M] + C,,dln[A] + Cu dln[H] (5) 

De cette expression fondamentale d&vent les 
methodes de determination des concentrations des 
espkes libres en solution. Cependant, elle ne peut &tre 
exploitee sous cette forme car parmi les trois variables 
[Ml, [A] et [HI, le plus souvent settle la concentration 
[H] est effectivement mesuree, l’accb direct aux con- 
centrations [M] et [A] n’bant qu’un cas particulier. 11 
est alors nkcessaire de prodder a des changements de 
variables, c’est a dire d’avoir recours a une fonction 
auxiliaire adequate privilegiant certaines variables. 

Soit done la fonction auxiliaire F, telle que: 

F = C, - CM In[M] - CA ln[A] (6) 

En introduisant la relation (S), sa differentielle totale 
s’Ccrit: 

dF = C, dln[H] - ln[M]dC, - ln[A] dC, (7) 

Cette differentielle privilegie les variables facilement 
accessibles expkimentalement que sont C,, C,, C, et 
[H] et permet deliminer les elements differentiels 
dln[M] et dln[A]. Elle est l’equation de reference qui 
permettra le calcul ulterieur des concentrations libres 

WI et PI. 
Tout d’abord, il est necessaire de determiner la 

fonction auxiliaire F par integration. Or, la relation 
(7) conduit a: 

cM,cA = CH 
(8) 

D‘Od 

F,=Fo-(lnlO)[~~~C,dPH]~~.n (9) 

La valeur de la fonction auxiliaire Fen chaque point 
i dun titrage sera done dtterminbe en integrant la 
fonction C,, =f(pH),,,, a condition de connaitre la 
constante dint&ration F, au pH initial pHo et de 
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maintenir les concentrations C, et C, constantes au 
tours de l’expkience. 

Puis, toujours d’apres la relation (7), on a: 

(10) 

(11) 

et ln[M] sera done determine en calculant la derivte 
de la fonction F =f(CM)cA,LHl au point i, C, et [H] 
etant maintenus constants. Afin de connaitre la vari- 
ation de F en fonction de CM pour un pH fix& il 
faudra utiliser les resultats de plusieurs titrages re- 
latifs a des concentrations C, identiques et C, 
differentes. 

Pour ln[A] on proddera de manitre analogue, mais 
en utilisant la fonction F =f(CA)c,,IH, g CM et [H] 
constants, correspondant maintenant a des concen- 
trations C, identiques et C, differentes. 

Coeficients stoechiomPtriques moyens 

La connaissance des differentes concentrations 
libres permet alors d’acceder aux coefficients stoe- 
chiometriques moyens. En effet, appelons R la 
somme des concentrations des especes complexes od 
interviennent a la fois le metal et le complexant: 

En combinant cette relation avec les equations (4) et 
(6), on obtient: 

R=F-[HI-~+C,ln[M]+C,ln[A]-[M] 

- IA1 - ~Bm,~,&fl~Wl~ - ~Bo,,.JAl Wlh (13) 
m.h h 

Si les constantes de stabilite des espkes hydroxyltes 
du metal fi,,,O,h et celles des formes protonees du 
complexant /IO,,,* ont Ctt: prealablement determintes 
par des experiences specifiques, la connaissance de F, 
[Ml, [A] et [H] pet-met de calculer la “somme des 
complexes” R. 11 est a noter que recemment AvdeefZ’ 
a abouti a un resultat analogue, mais en employant 
une voie nettement plus compliqde. 

A partir de la valeur de R, il est alors possible de 
calculer les coefficients stoechiometriques moyens, 
exprimes par les formules: 

Ces coefficients stoechiometriques moyens permet- 
tent soit de connaitre la formule dune esptke si elle 
est tres nettement majoritaire, soit d’envisager les 
formules plausibles les plus probables lorsque plu- 
sieurs complexes coexistent. 

Estimation des constantes de stabilitt 

En chaque point i, la “somme des complexes” est: 

= m + z, o h hw.h bm.o,h.i 
. , 

soit, sous forme condensee: 

j=k 

4 = 1 Bj bj,i (17) 
j=l 

k Ctant le nombre total de complexes intervenant 
dans R. 

Pour determiner les meilleurs estimateurs bj des 
constantes de stabilitt, on peut employer la mithode 
des moindres cart& qui consiste a minimiser la 
somme: 

fj’=l$(Ri-:<bjbj,iy (18) 

avec n le nombre de points utilids, et n > k. 
On en deduit ainsi les equations normales: 

~Rib,Ti=~(jT?j~bj,ib,Ti)avec 2=1,2 ,..., k 
I j 

En adoptant une tcriture matricielle, ce systime 
s’kcrit: 

V=Mj 

avec 

VI= 1 Ri b,,i et my = C b,,ibj,i 
I I 

Les estimateurs bj sont alors dtduits de la relation: 

M-‘V=j (19) 

ETAT INITIAL 

L’application de la methode CILS implique de 
connaitre pour l’ttat initial la constante #integration 

CM - WI - 1 m Pm.os WI” WI* 
fi= m.h 

R 
(14) 

CA - [Al - c Aa, [Al F-W 
fi= h 

R 
(1% 

/;= 
‘H - [HI + $ - 1 h I%.o~ WI” [HI” - c h Bo,,,~ [Al [I-V 

md h 

R (16) 
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F, qui ne peut Ctre dtterminke que par l’intermkdiaire 
des concentrations libres [Ml, et [Al, dans la solution 
au dibut du titrage. Si les conditions expkimentales 
le permettent, le plus simple est de choisir un pH 
initial pH, assez acide afin qu’il n’y ait pas formation 
de complexes. Dans ce cas particulier, la concen- 
tration [Ml, est Cgale 2 la concentration analytique 
C,. Quant i la concentration [A],, elle peut Ctre 
calculie de mani&e triviale B partir des constantes de 
protonation du complexant. 

Les relations (4) et (6) conduisent alors A: 

F, = [HI,, + + + CM (1 - ln[M],) + CA (1 - ln[A],) 
0 

(20) 

Par contre, si exptrimentalement il est impossible 
d’atteindre un pH assez faible pour dttruire tous les 
complexes, il est alors ntcessaire de prockder par 
itkrations successives. Tout d’abord, on suppose qu’il 
n’y a pas formation de complexes et les concen- 
trations [Ml, et [Alo ainsi que F0 sont calcukes de 
man&e approximative selon le principe prkckdent. 
Puis l’emploi de la mkthode CILS fournit des valeurs 
grossikes des constantes de stabilitk. I1 est alors 
possible, en utilisant ces premieres valeurs, 
d’appliquer la mithode de Newton-Raphson aux 
tquations: 

C, = MO + C m Bm,on PW [AIt Wit 
m.n.h 

X,-Z “t-1 x Xl 

(a) interpolation 

On obtient ainsi de meilleures valeurs de [Mb, [A],, et 
F, qui permettent d’amkliorer les valeurs approchkes 
des constantes de stabiliti. Ce processus doit Ctre 
rkitkrk jusqu’a convergence. 

TECHNIQUES DE CALCUL 

Toutes les &tapes de calcul ont CtC automatiskes en 
utilisant des techniques approprikes B l’interpolation, 
l’inttgration et la dkrivation. Pour chacune de ces 
trois opkrations, on dispose d’un ensemble de points 
d’une fonction y =f(x) analytiquement inconnue 
qui sera assimilte en premike approximation d un 
polyn6me P(x). 

Interpoldon (Fig. la) 

Dans ce cas, B partir de couples quelconques (x,y) 
connus, on cherche g determiner d’autres valeurs de 
la fonction y =f(x) de man&e $ ce que ces nouvelles 
valeurs soient rkgulkkement espackes en abscisse, 
c’est $ dire &par&es par une distance constante 
appelke le “pas”. 

L’interpolation peut Ctre menCe en calculant le 
polyname P(x) passant par un nombre pair de points 
(soit quatre, soit six), ceux-ci ttant rkpartis igalitaire- 
ment de chaque c6t6 du point g interpoler. Le 
polyname d’interpolation est calculi par la mkthode 
matricielle. Par exemple, si I’on utilise les quatre 
points d’abscisse xi_ *, x,_ ,, xi et x,+ ,, il faut dkter- 
miner le polyname de degrt trois: 

P(x) = a, + a,x + u*x* + ujx3 

satisfaisant les coordonnkes de ces quatre points. 

(b) Intbgration 

(C) Dkivation : degr$ 2 (d) Ddrivotion : degr6 3 

Fig. 1. Techniques de calcul. 
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On dispose alors d’un systtme de quatre equations 
a quatre inconnues qui s’tcrit, sous forme matricielle: 

Yi-2 1 Xi-2 Xf-* x:-2 a, 

Yi-I 1 xi-1 X:-I X)-, aI 

Yi = 1 xi Xf X7 
X 

a2 

Yi+l a3 

c’est a dire de maniere condensee: 

Y=MA 

Les coefficients du polynome sont calcules a l’aide de 
la relation: 

M-‘Y=A 

puis l’on en deduit la valeur interpolee au point 
d’abscisse x. 

Intkgration (Fig. lb) 

Pour calculer l’integrale definie de la fonction 
y =f(x) entre xi_, et xi, on interpole tout d’abord 
cette fonction par un polyndme de degrt trois (quatre 
points) ou de degre cinq (six points), comme pre- 
ctdement. Puis, par exemple si l’on utilise. quatre 
points, l’inttgrale definie est alors estimke par: 

s I, 

[ 
X3 x4 I, 

XI - I 

P(x)dr= u~x+o,;+a23+a3- 
Il 4 i-l 

Derivation 

A cause de contraintes experimentales, le nombre 
de points disponibles est souvent faible lors de cette 
&ape. Suivant les cas, l’interpolation polynomiale 
peut s’effectuer soit avec un nombre impair de points 
(trois ou cinq), soit avec un nombre pair (quatre). 

Nombre impair (Fig. lc). La fonction est alors 
interpoke par un polynome de degre deux ou quatre. 
Par exemple, pour le degre deux, on determine le 
polynome P(x) = a, + a,x + a2x2 passant par les 
points d’abscisse x,_ ,, xi et xi+ ,. 

La dtrivee de la fonction y =f(x) au point xi est 
alors assimilee a: 

P’ (xi) = a, + 2a2x, 

Sauf aux extremites, il existe une certaine symttrie 
puisque le point xi pour lequel on determine la 
derivee est encadre par un nombre Cgal de points. 

Nombre pair (Fig. Id). Le polynome est de degre 
trois puisqu’on utilise quatre points. Contrairement 
au cas precedent, il y a alors une dissymetrie puisque 
le point xi est entoure de deux points d’un c6tC et un 
de l’autre. 

ETUDE DE LA METHODE CDS 
SUR UN EXEMPLE SlMlJLE 

Afin de situer au mieux le potentiel de cette meth- 
ode, le systeme chimique simuli se doit d’Ctre assez 

complique et de faire intervenir, a coti des complexes 
simples du type MA,, des espkes protonees ou 
hydroxyltes, condenskes ou non en ion mballique. Ce 
choix conduit a utiliser une tris large zone de pH, y 
compris le milieu basique, contrairement a la plupart 
des auteurs prkkdents qui ont gentralement limit6 
leur etude au milieu acide. 

Ces differentes conditions nous ont amen& a 
choisir comme exemple le systime Cu2+- 
1,3-propanediamine CtudiC en particulier par NI- 
s&ten et ~1.~’ B l’aide de mtthodes protometriques 
classiques. Selon ces auteurs, a 25” et force ionique 
nulle, les constantes de protonation du complexant 

sont log BO,i.i = lo,51 et log fl,,,,2= 18,99. Celles des 
differents complexes sont rassemblees dans le tableau 
7. Le produit ionique de l’eau a ete fixe a pK, = 14 et 
les constantes de stabilite des formes hydroxylees du 
cuivre, deduites de la litterature, ont CtC choisies 
igales a log /?,,O _ , = - 7,60 et log &, _ 2 = - 10,80. 

Proc.h% experimental 

La methode CILS impose de maintenir constantes 
les concentrations analytiques en ion mttallique C, 
et en complexant C, tout au long de chaque titrage 
conformiment a l’equation (9). Cette condition est 
satisfaite si pour chaque addition de reactif titrant, en 
general une base forte, on ajoute un volume &gal 
dune solution contenant a la fois l’ion metallique et 
le complexant a des concentrations doubles de celles 
du melange initial CtudiC. 

Deux procedes expkrimentaux peuvent alors &tre 
envisages. L’un consiste a realiser deux series d’au 
moins trois titrages chacune, un de ces titrages itant 
commun aux deux series. La premiere drie corres- 
pond a des melanges de mBme concentration totale 
en complexant C,, mais de concentrations analy- 
tiques en metal C, differentes, et permet de calculer 
la concentration libre [M] aux differents pH de 
chacune de ces experiences en exploitant l’equation 
(10). La seconde strie relative cette fois a des concen- 
trations C, identiques et C, differentes fournit, pour 
chaque pH de ces courbes de neutralisation, la con- 
centration libre [A] par application de la formule (I 1). 
On ne dispose done finalement a la fois des concen- 
trations libres [M] et [A] que pour le seul titrage 
commun aux deux series. 

Ce premier procede experimental est celui qui a tte 
employe par la plupart des auteurs car le plus simple 
puisque nkessitant le moins de mesures. Cependant, 
il presente un inconvenient. En effet, dans ce cas, il 
n’est possible de connaitre la composition moyenne 
des complexes et calculer leurs constantes de stabiliti 
que pour le seul rapport commun. Or, comme l’ont 
d’ailleurs remarque Avdeef et Brown2’ pour ce rap- 
port certaines esp&ces peuvent se reveler trb minori- 
taires et done ne pas Btre d&&es, alors qu’elles 
auraient pu exister de man&e non negligeable dans 
d’autres rapports. Cette critique est egalement valable 
pour les auteurs22*24 qui preconisent d’utiliser des 
solutions pour lesquelles C, >> C,. 
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Tableau 1. Composition initiale des diffhents mblanges: 
dans un souci de simplification, les rapports CA/C, sont 

ramenks B un rapport de nombres entiers 

CAIG 

C,,M CA =0,07 M* CA = 0,08 MT CA =0,09M§ 

0,03 7/3 (2,33/l) 8/3 (2,670) 913 (3/l) 
0.04 714 (1,75/l) 814 (2/l) 9/4(2,25/l) 
0,os 7/5(1,4/l) 8/5(1,6/l) 9/5(1,8/l) 
0,06 7/6(1,17/l) 8/6(1,33/l) 9/6(1,5/l) 
0,07 717 (l/l) 8/7(1,14/l) 9/7(1,29/l) 

*C, = 0,lSM. tCHo = 0,17M. 5C,,, = 0,19M. 

L’autre proddt consiste a realiser une “matrice” 
d’expkriences composie de plusieurs series de dosages 
afin de tenter de remedier a l’inconvenient precedent 
(Tableau 1). Pour tous les titrages dune m8me 
“colonne”, la concentration analytique en complex- 
ant C, est la mbme, alors que celle en ion metallique 
C, est diffkente. Inversement, chaque “ligne” corre- 
spond a des concentrations C, identiques et C, 
differentes. Par consequent, on dispose dans ce cas 
des concentrations libres [M] et [A] pour tous les pH 
de tous les titrages acido-basiques. 

Ce proddt experimental nicessite evidemment 
beaucoup plus d’expktiences que le precedent, ce qui 
explique qu’il n’ait ttC que t&s peu employ& 11 est 
pourtant le plus judicieux car il permet une analyse 
globale de tous les complexes et c’est pourquoi nous 
avons iti amen& a le choisir lors de Etude de la 
methode CILS. 

Titrages shul~s 

Les differents titrages ont it& simults en respectant 
les contraintes experimentales exposkes pre- 
ckdemment. La composition des differents melanges 
initiaux est don& dans le Tableau 1, les valeurs de 
la concentration initiale en protons C, ayant ete 
choisies afin que le pH de depart soit toujours igal a 
2. Tous les volumes initiaux sont fixes a 50ml et la 
concentration de la base forte ajoutee est &gale a 
1,25M quel soit le titrage envisage. Afin de maintenir 
constantes les concentrations totales C, et C,, le 
melange ajoutt simultanement et en volume &gal a 
celui de la base a la composition suivante: 

-concentration analytique en ion mttallique = 2C, 
-concentration analytique en complexant = 2C, 
-concentration analytique en protons = 4C, 

Une premiere simulation est effect&e pour chaque 
courbe de titrage grace a un programme special 
SIMPH3s qui permet de calculer les grandeurs theo- 
riques Cn, F, [Ml, [A], R, ii, d et h pour des pH 
variant de 2 a 13 et &uli&ement espacks dun pas 
&gal I OS. Ces valeurs theoriques serviront ulteri- 
eurement de reference afin de les comparer a celles 
foumies par la mtthode CILS. 

Une seconde simulation est ensuite realisee a l’aide 
dun programme spkifique SIMV.‘* Pour chaque 
volume de base ajoutc, ce programme calcule le pH 
de la solution ainsi que la concentration analytique 

Volume (ml) 

Fig. 2. Courbes de neutralisation $ C, variable. C,, = 8.10-2M; CM = 3.lO-‘M (A), 4.10-‘M (Oh 
5.10-2M (O), 6.10-‘A4 (v), 7.10-‘A4 (0). 
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C, qui seront les couples de mesures utilises ulteri- 
eurement. Les pH sont arrondis 1 0,001, precision 
obtenue avec les pH-metres modernes. 

A titre d’exemple, les courbes de neutrahsation 
simulees ainsi obtenues pour la “colonne” oh la 
concentration analytique C, est fixee a 8 x lo-* M 
sont reprtsentees sur la figure 2, celles de la “ligne” 
pour laquelle CM = 5 x lo-* M &ant tracees sur la 
figure 3. 

Calm1 de la fonction auxiliaire F 

Disposant des differents titrages, on peut alors 
aborder l’exploitation des mesures. Comme le pH 
initial des dosages est suffisamment acide pour que 
tous les complexes soient detruits, les differentes 
constantes d’integration F, sont ici obtenues par 
I’intermediaire de l’equation (20). 

Les fonctions C, = f (pHlcM,cA correspondant a 
chaque titrage sont interpolees a partir de pH = 2 
avec un pas &gal a 0,l. Ces valeurs de la concentration 
Cu permettent ensuite de calculer par integration la 
fonction F pour des pH regulierement espacks, en 
exploitant la formule (9). Ces deux operations sont 
menees simultanement par le programme INTEGR3* 
en utilisant a chaque fois un polynome 
d’interpolation de degre trois ou cinq (voir techniques 
de calcul, au dessus). 

A titre d’exemple, pour le rapport 8/5, le tableau 2 
pet-met de comparer les resultats obtenus pour la 

concentration analytique en protons Cu suivant le 
type d’interpolation. Dans l’ensemble, cette Ctape 
n’introduit que des erreurs relatives faibles, souvent 
inferieures a O,l%, dues a deux causes. D’une part, 
dans les zones tampon&es @H = 5 a 8 et pH Z 11 sur 
les figures 2 et 3) les erreurs sont a imputer prin- 
cipalement au fait que les pH sont arrondis a 0,001. 
En effet, I’interpolation menee avec les pH non 
arrondis afin de disposer de valeurs de reference, 
montre que dans ces zones I’erreur relative est en 
general au moins dix fois plus faible. D’autre part, 
pres des points d’bquivalence (pH = 3 a 4 et pH = 9 
a lo), l’erreur relative pour un mQme type 
d’interpolation reste pratiquement identique que les 
pH soient arrondis a 0,001 ou non. L’incertitude sur 
les valeurs interpolees est alors principalement due a 
I’approximation de la fonction C, = f (pH) par un 
polynome. 

En outre, si pour les zones tamponnees les erreurs 
relatives sont dun ordre de grandeur comparable 
quel que soit le type d’interpolation choisi avec les pH 
arrondis a 0,001, par conk au voisinage des points 
d’equivalence les resultats sont meilleurs lorsque le 
polynome d’interpolation est de degre cinq. Ces 
differentes constatations nous ont done amen&s a 
retenir finalement les techniques d’interpolation et 
dint&ration utilisant six points. 

Dans le tableau 3 sont rassemblees les valeurs ainsi 
obtenues pour la fonction auxiliaire F ainsi que les 
erreurs relatives correspondantes. L’incertitude rela- 

Volume (ml) 

Fig. 3. Courbes de neutralisation a CA variable. CM = 5.10-‘M; C,, = 7.10-*M (O), 8.10-*M (0), 
9. 10-2M (A). 



506 ROBERT FOURNAISE et CHRISTIAN WTITFAUX 

Tableau 2. Rapport 8/5: comparaison des valeurs theoriques et interpolees de la concentration analytique 
en protons Cu 

G/C” 

pH arrondis a IO-’ unite pres Reference: pH non arrondis 

PH C, thtorique degre 3 degre 5 degre 3 degrt 5 

2 1,699998.10-’ 
3 1,609949.10-’ 
4 1,597297.10-’ 
5 1,365186.10- 
6 6,108746.10-2 
I 6,685458.10-’ 
8 - l,675382.10-2 
9 - l,970728.10-2 
10 -2,035902.10-2 
11 -2,384940.10-2 
12 -5,347808.10-2 

l,l8.lO-6 l,18.10-6 
-6,14.10-’ -6,16.10-4 

2,47.10-3 -6,13.10-’ 
1,47.10-4 1,82.10-’ 
3,30.10-4 3.33.10-4 
1,78.10-3 l,92.10-3 
244.10-4 1,89.10-’ 
4,85.10-3 -944.10-4 

-7,24.10-’ 1,60.10-4 
-2,10.10-6 2,8l.lO-5 
-2,14.10-’ -2,16.10-’ 

0 0 
-6,26.10-’ -6,80.10-4 

2.45.10-3 -6.45.10-’ 
- l;83.10-5 - 1;46.10-6 

1,47.10-6 3,27.10-’ 
5,91.10-5 2,99.10-6 
5,55.10-5 - 1,19.10-6 
4,88.10-3 -9,87.10-’ 

-7,19.10-4 1,51.10-4 
- l,89.lO-5 4,19.10-7 

5,24.W6 -2,06.10-6 

tive sur F est toujours minime, ne depassant que 
rarement 0,02%. 

D&termination de la concentration libre [A] 

Connaissant pour chaque titrage les valeurs de la 
fonction auxiliaire F pour des pH identiques r&u- 
lierement espaces dun pas &gal a O,l, on peut 
alors porter pour chaque pH de chaque “ligne” les 
valeurs de F en fonction de la concentration analy- 
tique en complexant C,. On dispose ainsi, a Cu et pH 
constants, de trois points de la fonction 
F =f(CA)CM,[HI pour lesquels on peut calculer la 
concentration libre en complexant [A] a l’aide de 
l’iquation (11). Cette Ctape est realiske a l’aide du 
programme CONMCL.3* 

Un exemple des courbes obtenues pour la 
“ligne” oti la concentration analytique en ion metalli- 
que CM est fixee a 5 x 10-*&f est don& sur la figure 
4 tandis que le tableau 4 rassemble pour les trois 
rapports correspondants les erreurs relatives com- 
mises sur la concentration libre [A] a partir de pH = 5 
ou debute la formation des complexes. On constate 
que l’estimation des derivees, et par consequent de la 
concentration [A], est nettement meilleure pour le 
rapport S/5 ce qui est logique puisqu’il correspond au 
point central. 

Tableau 3. Rapport 8/5: comparaison entre les 
valeurs theoriques de la fonction auxiliaire F et 
les valeurs calculees a ,l’aide d’un polyndme 

d’interpolation de degre 5 

pH F theorique F calcuR UP 

2 3,253105 3,253 105 0 
3 2,875695 2,875732 l,29.10-5 
4 2,506571 2,506888 1,26.10-’ 
5 2,152273 2.152632 1,67.10-’ 
6 I,934051 1,934441 2,02.10-4 
7 1,853235 1,853613 2,04.10-4 
8 1,872789 I,873168 2,02.10-4 
9 I,915919 I,916286 1,92.10-’ 

10 1,962025 1,962368 1,75.10-4 
11 2.011545 2,011897 1,75.10-4 
12 2,089820 2,090159 1,62.10-’ 

DCtermination de la concentration libre [M] 

Pour chaque pH de chaque “colonne”, cinq points 
de la fonction F = f (C&~,r,l sont connus et, en ex- 
ploitant l’tquation (IO), on peut calculer pour chacun 
d’eux la concentration libre [Ml. 

Deux voies pour calculer les d&ivies de la fonction 
F ont Cte envisagees. La premiere consiste a utiliser 
globalement tous les points, c’est a dire a assimiler la 
fonction F 21 un polynome de degre quatre, puis a en 
deduire les derivees en chaque point. La seconde 
utilise les points par groupe de trois points con- 
skcutifs, la dtrivee n’ttant alors calculte que pour le 
point central a l’aide d’un polynome de degre deux 

3.5 - 

3.0 - 

k 
2.5 - 

2.0 - 

I I I I I 
oO6 a07 o0a ao9 0.10 

CA 

Fig. 4. Variation de F en fonction de CA de pH = 2 B 
pH = 12. c, = 5.10-2M; CA = 7.10-2M(0), 8.10-2M(0), 

9.10-2M (A). 
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Tableau 4. Erreur relative A[AJ/[A] en % en fonction 
du pH; interpolation polynhiale de de& 2 

PH Rapport 715 Rapport 8/S Rapport 915 

5 0,62 -O,l7 0,64 
595 0,67 -0,29 0,9l 
6 I,73 -0,90 2940 
6,5 3,81 -1,69 3,41 
7 4,46 -1,77 3,59 
775 3,52 -1,24 2,51 
8 2.03 -0,38 0,33 

895 1,14 0,20 -1,38 
9 0,66 0,35 -2,17 
935 0,50 0,31 - 2,49 

10 0,79 0,23 -2,51 
IO,5 I,26 0,05 - I,72 

11 2,22 -0,53 -0.06 
11,5 3,81 - 1,36 1,97 
12 4.92 -I,88 3,os 

passant par ces trois points, sauf 6videmment aux 

extrkmitks pour lesquelles il n’est plus possible 
d’encadrer le point consid& 

Pour juger ces deux types de calcul des d&G&es, les 
erreurs relatives sur la concentration en mktal libre 
[M] selon le pH sont rassemblkes dans le tableau 5. 
Les variations observkes dkpendent de la conjugaison 
de plusieurs facteurs. 

Infuence du PH. Quel que soit le rapport indiqut 
dans le tableau 5, il apparait que les erreurs relatives 
A[M]/[M] dkpendent largement du pH. On peut faire 
apparaitre une zone comprise entre pH = 8 et 
pH = 11 pour laquelle les erreurs relatives sont les 
plus fortes. Si l’on se reporte ii la figure 2 reprksentant 
les titrages initiaux, cette r&ion correspond B une 
variation rapide du pH (zone d’tquivalence). En 
outre, l’examen de la reprisentation graphique de 
l’ivolution de la fonction auxiliaire F $ differen& pH 
(figure 5) montre que pour de telles valeurs du pH la 
courbure de la fonction F s’accentue nettement, 
l’assimilation de cette fonction ri un polykme de- 
venant alors assez approximative. 

CM 
Fig. 5. Variation de F en fonction de C, de pH = 2 ii 
pH = 12. C, = 8.10-ZM; C, = 3.10-‘M(A), 4.10~*M(O), 

5.10-2M (O), 6.10-2M (v), 7.10-*M (m). 

Cette grande influence des variations de courbure 
est le critk p&pond&ant qui doit &tre conservk lors 
de l’examen des autres facteurs. 

Importance ah valeurs ah rapports utilk?. Avec 
un polyn6me d’interpolation de degrk quatre, 
l’incertitude sur la concentration libre [M] est logi- 
quement maximale pour les positions extrsmes et 
minimale pour le rapport central symitriquement 
encadrk par les quatre autres rapports utilisis. Si I’on 
compare maintenant entre eux les rapports placks de 
man&e symktrique vis B vis du rapport central, soit 
les rapports 8/4 et 8/6 d’une part et les rapports 8/3 
et 8/7 d’autre part, il apparait qu’l pH constant 

Tableau 5. Erreurs relatives A[M]/[M] en % en fonction du pH; interpolation polynhiale de de& 2 et de degrk 4 

Rapport 8/3 Rapport 814 Rapport 8/S Rapport 816 Rapport 8/7 
PH d&k 2 degrk 4 de@ 2 de& 4 de& 2 degrk 4 de& 2 de& 4 de& 2 de& 4 

5 I,88 -0,70 -I,27 -0,ll -0,77 -0,05 -0,49 -0,21 1,14 0,80 
595 1,94 -0,23 -I,41 -0,40 -0,80 0,04 -0,72 -0,06 0,50 -0,73 
6 0,92 0,08 -0,99 -0,58 -0,35 0.00 -0,36 -0,07 0,44 -0,12 
695 0,25 -I,11 - 0,54 -0,15 0,58 -0.17 1,79 -0,13 -4,05 0.24 
7 2904 - 2,84 - I,62 0,35 -0,59 -0,45 2,21 0,48 -7,09 -2,96 
735 5,87 - 14,05 - 6,66 2,41 -5,53 - 1,Ol 0,84 0.91 - 5,95 -3,91 
8 -1,53 - 44,23 - 15,80 8,34 - 12,29 -0,72 -0,15 -0,59 -4,84 2,36 

895 - 20,50 -70,35 - 23,89 17,56 - 17,30 1,12 -0,54 -3,73 -4.36 14,73 
9 -33,31 -81,lO - 28.06 25,21 - l9,72 2,92 -0,70 -6,24 -4,14 25,30 
935 -37,ll - 83,69 -29,17 28,09 -20,33 3,59 -0,79 -7,25 -3,99 29,55 

10 - 33,33 -81,21 - 28,02 25,53 - 19,65 2,98 -0,82 -6,60 -4,09 26,14 
10,s -20,31 - 70,43 - 23,94 17,71 - 17,17 1,22 -0.66 -4,13 -4,36 IS,57 

11 -1,14 -44,59 - 16,03 8,51 - 12.12 -0,55 -0,23 - I,12 -4,92 3,43 
11,s 6,54 - IS,01 - 6,96 2,82 - 5,49 -0,89 0,82 0,34 - 6,29 -2,87 
12 2,12 -4,69 - 1,72 1,06 -0,63 -0,46 2,50 0,03 -8,61 -2,77 
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l’erreur relative A[M]/[M] est dans l’ensemble plus 
importante pour le rapport le plus grand. Pour un 
m&me pH, cette variation des incertitudes sur la 
concentration libre [M] en fonction du rapport resulte 
de I’augmentation de la courbure de la fonction 
auxiliaire F lorsque le rapport CA/C, croit, comme le 
montre la figure 5. Par consequent, la determination 
des dtrivtes sera sensiblement moins precise pour les 
rapports ClevCs. 

Influence du degrk du polynbme. I1 est alors n&es- 
saire de differencier les zones de pH. 

-Dans les zones tamponnbes (pH compris entre 5 
et 8 et pH &gal ou supkieur a ll), l’interpolation de 
degre quatre foumit en general de meilleures valeurs 
de la concentration libre [Ml. Seul le rapport 8/3 fait 
exception puisque le’degre deux conduit a des valeurs 
de meilleure precision. Cette exception est a nouveau 
like aux variations de courbure en fonction du rap- 
port. L’exploitation simultanee des cinq points com- 
bine des regions de courbures asSez differentes. Dans 
la zone de courbure la plus &levee, elle rend done 
l’approximation de la fonction F par un polynome 
plus imprecise que si I’on exploite uniquement les 
trois plus forts rapports pour lesquels la courbure 
varie relativement moins. 

-Dans la zone d’bquivalence (pH compris entre 8 
et ll), l’effet precedent est encore plus marque. Ce 
sont alors generalement les resultats obtenus pour le 
degri deux qui sont relativement les moins imprkcis, 
tout en itant beaucoup moins bons que ceux relatifs 
aux zones tamponnees. L’examen de la figure 5 est en 
accord avec cette constatation, les modifications de 
courbure en fonction du rapport itant beaucoup plus 
marquees dans cette zone de pH. 

Une comparaison plus fine des valeurs de A[M]/[M] 
indique que l’kcart entre les deux types 
d’interpolation s’attenue pour les rapports CA/C, 
centraux. Ainsi, les rksultats sont voisins pour le 
rapport 8/4 alors que pour le rapport S/5 
l’interpolation de degre quatre devient meme plus 
precise. En effet, pour ce demier rapport, sym- 
itriquement encadrt, la plus grande precision ob- 
tenue lors des Ctapes de derivation a l’aide dun 
polynome de degre quatre comme dans les zones 
tampon&es l’emporte sur l’effet nefaste de 
l’importante variation de courbure entre les cinq 
points observe dans cette region. 

Comparaison de la prtkision sur les concentrations 
libres [M] et [A]. En comparant le seul rapport 8/5 a 
degre de polynome &gal, la concentration libre en 
metal [M] est obtenue dune man&e moins precise 
que la concentration en complexant [A] (Tableaux 4 
et 5). Par contre, lorsqu’on utilise simultanement les 
cinq points, l’incertitude relative sur la concentration 
[M] est alors du mgme ordre de grandeur que celle sur 

[Al. 
Cas particulier du rapport globalement l/l. En plus 

de sa position extrgme defavorable, ce rapport est net- 
tement plus sensible que les autres a la valeur du pH. 

et [A] sont relativement correctes, par contre en 
milieu plus alcalin elle sont totalement erronees. Cette 
anomalie ne peut s’expliquer que par un brusque 
changement de comportement de la fonction auxili- 
aire exactement pour ce rapport. Afin de verifier cette 
hypothbse, il est necessaire d’etudier le comportement 
de cette fonction de part et d’autre du rapport l/l. 

La variation des fonctions F =f(CA)CM,[HI et 

F =f(Ci&n,t~~ sont representees respectivement sur 
les figures 6 et 7. Comme suppose, une espece de 
point anguleux apparait progressivement a partir de 
pH = 8 exactement pour le rapport l/l. I1 devient 
ensuite tres net apres pH = 10, expliquant ainsi les 
valeurs aberrantes des concentrations libres [M] et [A] 
obtenues au dela de pH = 8. 

Si cette etude du comportement de la fonction 
auxiliaire F reste purement formelle pour les rapports 

C&h.! inferieurs a l/l puisque pour ceux-ci 
l’hydroxyde Cu(OH)* devrait precipiter en milieu 
neutre et basique, par contre elle montre que mgme 
si les complexes formes dans le rapport l/ 1 se r&&lent 
assez stables pour kiter cette precipitation, la mith- 
ode CILS conduira cependant a des resultats net- 
tement errones. 

Composition moyenne des complexes 

Compte tenu des observations prkcidentes, les 
concentrations libres en ion metallique [M] employees 

I . 

6 

I I 

4 0.06 a12 

CA 

Fig. 6. Variation de F en fonction de CA de pH = 2 a 
nH = 13. C, = 7.10-*MM; CA varie de 5.10-* $ 1,4.10-‘M Si pour les pH inferieurs a 8, les concentrations [M] _ __ 
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Fig. 7. Variation de F en fonction de C,,, de pH = 2 a 
pH = 13. C, = 7.10w2M; Cu varie de 10m2 I 9.10-2M. 

sont celles foumies grlce a I’interpolation poly- 
n6miale de degre quatre. La connaissance des con- 
centrations [M] et [A] per-met alors de determiner la 
“somme des complexes” R puis les differents 
coefficients stoechometriques moyens a, d et li par 
l’intermkdiaire du programme MAHBAR” qui ex- 
ploite les equations (13) a (16). A titre d’exemple, les 
resultats obtenus pour deux rapports caracteristiques 
sont regroup& dans le tableau 6. 

Pour le rapport 816 et des pH variant de 5 a 8, on 
constate que GI augmente rkgulierement &environ 1 
A 1,4 alors que /i qui Ctait initialement a peu pres nul 
diminue jusqu’a -0,9. De plus, d atteint au maxi- 
mum environ I,8 alors que le rapport C&u n’est 
que de 1,33/l. Par consequent, au moins une espke 
condenste en cuivre et hydroxylee, probablement 
CurA,(O coexiste avec les complexes simples 
CuA et CuA,. A partir de pH = 11, EI et d diminuent 
tous deux pour tendre vers 1 alors que /iCvolue vers 
la valeur entiere -2. Ces variations sont l’indice 
d’une disparition progressive de I’espece condenske en 
cuivre au profit dun complexe mononucleaire, cer- 
tainement Ct~4(0H)~, l’existence simultante du com- 
plexe CuA,(OH), ne pouvant cependant pas etre 
totalement exclue. 

Pour le rapport 814, de pH = 5 a pH = 8, iii reste 
sensiblement Bgal a 1 alors que li diminue 
jusqu’environ -0,2, indiquant alors la presence d’au 
moins un complexe hydroxylt mononuclbire au c6te 
de l’espke majoritaire CuA,. La formule la plus 
plausible est CuA(OH) de composition brute identi- 
que a celle du dim&e Cu,A,(OH), preddemment 
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envisage. Ensuite, a partir de pH = 11, on retrouve 
l’apparition tres probable de I’esptce CuA(OH),. 

L’examen des risultats a&rents aux autres rap- 
ports conduit a des conclusions analogues. En rb- 
sum& les for-mules les plus plausibles des complexes 
form& correspondent 8: m = 1 ou 2, Q = 1 ou 2 et 
h = - 1 ou -2. Parmi toutes les formules possibles, 
les plus probables semblent &tre CuA, CuA,, 
CuA(OH), Cu,A,(OH), et CuA(OH),. L’existence 
d’autres complexes tels, par exemple, Cu,A,(OH), 
selon la theorie du “core + links” de Silltn39Ji ou 
bien CuA,(OH) ne peut Ctre totalement exclue 
puisqu’aucun des complexes hydroxylis n’est tris 
nettement majoritaire. Seule l’etude de la variation de 
la somme minimum [equation (1811 en fonction des 
differentes combinaisons de complexes envisagees 
permettra de determiner celle qui semble la plus 
probable. 

Estimation des constantes de s.tabilitP 

Selon les remarques effect&es a la section prece- 
dente (determination de [MI), seules les valeurs de R, 
[Ml, [A] et [H] obtenues de pH = 5 a pH = 8 dune 
part et de pH = 11 i pH = 124 d’autre part, ont it6 
exploitees pour determiner les constantes de stabilite 
des complexes, les rapports 7/3, 8/3 et 9/3 ainsi que 
le rapport 7/7 ayant itt exclus des calculs. Le tableau 
7 rassemble les resultats obtenus a I’aide du pro- 
gramme ESTCGF,3* qui exploite l’equation (19), 
pour quelques uns des modeles envisages. 

Pour les modiles I et II qui font intervenir soit le 
monomtre CuA(OH) soit le dim&e Cu,A,(OH), P 
tote des complexes simples CuA et CuA,, les sommes 
S different assez peu l’une de l’autre, montrant ainsi 
que ces deux complexes hydroxyles doivent coexister 
en solution. Si l’on adjoint ii chacun d’eux le com- 
plexe CuA(OH), qui semble apparaitre en milieu 
basique (modeles III et IV) a nouveau les valeurs de 
la somme S sont proches, mais par contre d’un ordre 
de grandeur dix fois plus faible que pour les combi- 
naisons I et II, indiquant ainsi la presence indeniable 
de l’espece CuA(OH),. La supposition consistant 
alors a faire coexister le monomere et le dim&e, 
comme le suggerent les resultats anterieurs, est 
confirmie par le modtle V pour lequel la valeur de la 
somme S est nettement plus faible que les pred- 
dentes. 

Si a ce systeme on ajoute l’espece Cu,A,(OH), 
precidement citee, la somme minimum (modele VI) 
reste inchangie et P&art-type de log /&2,_4 est 
anormalement &led. Cette hypothese est done I 
rejeter. Enfin, si a la combinaison V on ajoute 
successivement les especes CuA,(OH) et CuA,(OH),, 
la somme S ne diminue que tres peu alors que les 
&carts-types relatifs aux log &,,.& correspondants sont 
importants (modtles VII et VIII). Ces deux especes 
sont done fort improbables et le meilleur systeme est 
certainement le modile V, c’est a dire qu’il existe 
essentiellement les especes CuA, CuA,, CuA(OH), 
Cu,A2(0H), et CuA(OH),. 

Cette conclusion est d’ailleurs confirmee a posteri- 
ori par le tract, sur les figures 2 et 3, des courbes de 
neutralisation effect& par l’intermtdiaire d’un pro- 
gramme original de simulation graphique de 
fonctions3* et a l’aide des estimations des constantes 
de stabiliti: obtenues pour le modele retenu. Dans 
tous les cas, la concordance entre les points experi- 
mentaux et les courbes recalculies est satisfaisante. 

CONCLUSIONS 

A partir de la settle mesure du pH, la methode 
CILS permet de determiner les formules des com- 
plexes les plus probables, sans aucune hypothese 
initiale quant a leurs compositions. Elle est done 
particulierement utile pour l’etude des solutions oti 
coexistent de nombreuses esptces puisqu’elle conduit 
a silectionner le modele le plus plausible parmi tous 
ceux envisageables. Elle est tgalement l’une des rares 
methodes qui puisse permettre l’etude de systemes 
chimiques ou interviennent des complexes a haut 
degre de nucliarite. Comme il semble irrealiste de 
tenter de selectionner le modele le plus plausible en 
procedant a un examen exhaustif de l’ensemble des 
modeles possibles par comparaison des resultats des 
differents affinements,4’ cette methode represente 
done une Ctape de grand interet puisqu’elle permet de 
limiter tres sensiblement le nombre de modeles rai- 
sonnablement envisageables avant un affinement 
final. 

Contrairement aux travaux de Sarkar et CI~.‘“‘~ ou 
Avdeef et Kearney, *’ la methode CILS fournit direc- 
tement les valeurs des constantes de stabilite des 
complexes du modtle selection&, sans avoir recours 
a des estimations initiales. Cependant, elle ne conduit 
qu’l des valeurs approximatives des constantes de 
stabiliti au moins pour les espices minoritaires 
comme le montre le tableau 7. Par consequent, il nous 
semble imperatif d’affiner ces valeurs, contrairement 
a plusieurs auteurs dont Sarkar et ~1.‘~‘~ ainsi que 
Guevremont et Rabenstein*’ qui considerent comme 
dtfinitives les constantes de stabilite obtenues par des 
methodes utilisant les techniques d’integration et de 
derivation. En fournissant de bonnes approximations 
des constantes de stabilite, la mithode CILS constitue 
un apport precieux aux techniques d’affinement dont 
on connait le risque de divergence lorsque les esti- 
mations initiales sont trop iloignees des valeurs 
finales. 

Par rapport a la mtthode FICS, celle que nous 
proposons est plus simple et plus rapide puisqu’elle 
evite deux &apes suppltmentaires d’integration. Son 
etude sur un exemple simult montre que les tech- 
niques mathematiques utilis&es entrainent toutefois 
un certain nombre d’incertitudes malgre un trai- 
tement entierement informatise. Pour tenter de les 
minimiser, on a in&et a respecter les conditions 
suivantes: 

-II est preferable d’utiliser un polynome de degre 
cinq pour l’etape d’integration. 
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-Lors de la dtrivation, les meilleurs rksultats sont 
obtenus avec un polynhme de degrk quatre, les points 
au voisinage des Cquivalences devant toutefois &tre 
iliminb. 

-Les concentrations libres [M] dtant plus sensibles 
aux erreurs que les concentrations [A], il est prkfkra- 
ble d’utiliser un nombre supkieur d’exphiences B 
concentration C, variable que l’inverse. 

-Lors de Nape finale d’estimation des constantes 
de stabilitt, il vaut mieux Bliminer les titrages de la 
“ligne” relative aux rapports CA/C, les plus klkCs, 
ainsi qu’Bventue1lement celui de rapport l/l. 
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Summary-In the study of complex formation in aqueous solution by means of pH measurements, it is 
very useful to know the free ion concentrations in order to find each species composition and then calculate 
approximate values of their stability constants. From the pH determination alone, the unmeasured free 
ion concentrations can be calculated by a method in which a minimum number of integration and 
derivation steps are required. This process, called CILS, has been entirely computerized, and its conditions 
of application are illustrated with a simulated example. 
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Summary-A functional structure-classification of programs for analysis of spectra elucidates their 
efficiency for determination of the stoichiometric indices, stability constants and molar absorptivities of 
complex species. SQUAD (84) introduces new functional units for (i) determination of the number of 
light-absorbing species, (ii) a rigorous fitness test, (iii) plotting three-dimensional graphs of a paraboloid 
minimum response-surface as a function of two selected parameters, and a graph of the fitted absorbance 
response-plane, (iv) simultaneous estimation of stoichiometric indices and stability constants, (v) 
simulation of an absorbance matrix data by loading with random errors related to the instrumental 
variance of the absorbance. A guide to experimental procedure and computational strategy for chemical 
model determination is given and nine diagnostic tools useful in finding the number of species present 
and their stoichiometry and stability constants by regression analysis of spectra are tested, by use of 
literature data. 

The spectrophotometric study of solution equilibria 
has been greatly advanced by computer-assisted 
methods of analysing spectra,‘-20 but comparatively 
few programs are yet available. Programs for calcu- 
lation of stability constants from spectrophotometric 
data are usually classified according to the algorithm 
used,‘,* but the structural classification introduced 
earlier in this series)-’ seems to be useful for com- 
paring the number and efficiency of the logic tools 
used in a program. Splitting a program structure into 
logic units helps in elucidation of its anatomy and 
makes further program implementation and 
modification easier. It also helps in understanding the 
modus operandi of a rather sophisticated and long 
program. 

This paper is intended to familiarize the 
reader with the individual logic units of sophisti- 
cated programs for analysis of multicomponent 
spectra, and is illustrated with eight selected 
programs, LETAGROP-SPEF0,6 FA608 + EY608,’ 
SQUAD(75),8 SQUAD(78),9 DALSFEK,” PSE- 
QUAD,” SQUAD(80)‘2~‘3 and the new SQUAD(84), 
the last of which incorporates new diagnostic tools. 

FA608 + EY608 and LETAGROP-SPEFO have 
been extended to include a fitness test, printer- 
plotting of graphs, etc. A guide to efficient experi- 
mentation and computer evaluation for validating 
chemical models is given, and use of the recommen- 
ded diagnostics is illustrated by an example. 

THEORY 

Study of equilibria by analysis of multicomponent 
spectra 

In absorbance-data analysis the Lambert-Beer law 
and the law of absorbance additivity are assumed to 
hold. The published programs can deal with various 
numbers, n., of components, ranging from three 
(metal M, ligand L and proton H) for LETAGROP- 
SPEF06 to five (two metals, two ligands and proton 
or hydroxide) for SQUAD,‘*‘**” which form a set of 
species of general formula M,LqH,, a particular 
chemical model being represented by nE such species 
and their stoichiometry, (p, q, r)j, j = 1, . . . , n,, the 
overall stability constants being expressed in the 
general form 

&, = ~~,~,~,II~~~lP~~19~~l’~ = cl(mPlqW (1) Part IX: Talanta, 1986, 33, 435, 
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For the ith solution measured at the kth wave- 
length, the absorbance A, is given by 

Aik = 2 Q~C, 

J=’ 

= z (E,,,kSmrmPlqh’)j (2) 

where E~~,~ is the molar absorptivity of species 
M,L,H, at the kth wavelength. The absorbance A* 
is an element of the (n, x n,) absorbance matrix A for 
n, solutions with known concentrations cM, cL, and cH 
and at n, wavelengths. The Lambert-Beer law can be 
written in matrix notation as 

A=& (3) 

where E is the (n, x n,) matrix of the molar absorp- 
tivities and C is the (n, x n,) matrix of the concen- 
trations of the species concerned. It is assumed that 
all n, species absorb light in the chosen spectral range. 

The spectrophotometric equilibrium program is set 
up to adjust &, and ewr for any absorbance data by 
minimizing the residual-square sum function CJ 

i=l k-l 

where the dependent variable Aik is an element of the 
(n, x Q) absorbance response-plane, and the inde- 
pendent variables are the total concentrations cM, cL 
and c,, which are varied in the n, solutions. Par- 
ameters to be determined may be divided into three 
groups according to the approach to be used in the 
computation as follows. 

(1) A hypothetical chemical model is supplied by 
the user in the input. This includes a guess for the 
number of light-absorbing complexes, n,, and a list of 
species assumed, or proved by means of an automatic 
species selector (the trial and error method) to be 
present. Some programs do not require a guess for n, 
as input [e.g., FA608+EY608,’ SQUAD(78)9 and 
SQUAD(84)J; instead, advanced factor analysis is 
used to determine the absorbance matrix rank, which 
should be equal to or less than n,. In solutions with 
a limited number of complexes, direct determination 
of stoichiometric indices (the variable stoichiometric 
indices method14) is an alternative to guessing which 
complexes are present. 

(2) The estimates of the stability constants BwrJ, 
j=l,... , n,, are adjusted by the regression algor- 
ithm and at the same time a matrix of molar absorp- 
tivities [&,&, k = 1,. . . , n,),, j = 1,. . , n,] is 
estimated from the current values of stability 
constants. 

(3) For a set of current values of /3,1 the free 
concentrations of metal m and ligand f, [H+] is 
known from pH measurement), for each solution 
calculated, and then the concentrations of all the 

complexes in the equilibrium mixture, (M,L,H,],, 
j=l,... , n,, forming for II, solutions the matrix C. 

Structure of the regression program for analysis of 
spectra 

Each logic unit of this advanced regression pro- 
gram represents one functional block, which may 
contain one or more subroutine(s), and the diagram 
in Fig. 1 of reference 5 may therefore be extended 
for new units. Eight programs will be compared in 
Table 1, and their structures discussed. 

The LETAGROP-SPEFO pit-mapping algorithm 
by Sill&n and Warnqvist6 was a pioneering program 
for chemical-model determination by analysis of 
spectrophotometric data, and some of its features are 
still unsurpassed. Absorbance and concentration data 
are treated separately for each wavelength to adjust 

B Wr and a,,, and then the computer calculates the 
minimum residual-square sums, and finds the 
lowest value for U for a set of parameters bpq,. The 
minimization process to find the “best” stability 
constants SW, and molar absorptivities is applied at 
two levels: the /I,, values are varied on the upper 
level, and for each set of &,, the concentrations and 
molar absorptivities of the complexes are calculated 
at the lower level. The sum of squared residuals can 
be set on input to refer to the absolute residuals or 
the relative residuals. Negative values of e,,,, are 
eliminated by subroutine MIKO. 

Kankare’s regression program FA608 + EY608 
evaluates equilibrium constants and their standard 
deviations for multicomponent systems, from spec- 
tral data.’ The factor analysis algorithm, FA608, 
estimates the number of independently varying light- 
absorbing species and eliminates any “outlying” 
spectra points. The hypothetical chemical model 
defined by the stoichiometric coefficients of the reac- 
tion products is tested by searching for optimum 
values of the equilibrium constants, molar absorp- 
tivities and concentrations of all species of interest by 
algorithm EY608. 

PSEQUAD is an advanced program for analysis of 
spectrophotometric and potentiometric data on equi- 
libria, developed by Nagypsil and ZkBny.” The 
program calculates all unknown free concentrations 
of components from the mass-balance equations by 
an original method, along with stability contants and 
molar absorptivities. 

DALSFEK, by Alcock et al.,” deals with two types 
of observable variables, absorbance and the potential 
of an indicator electrode, and both are used in the 
program as dependent variables. The total concen- 
trations are assumed to be independent variables. The 
Marquardt methodZS is used to fit free concentrations 
of each species to the mass-balance equations. The 
same algorithm is used to refine the stability con- 
stants. 

SQUAD was developed by Leggett and McBryde’ 
in 1975 and is denoted here as SQUAD(75). 
JanEBi and Have19 made some improvements and 
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Fig. 1. Three-dimensional graph of the absorbance-response-plane of 37 experimental spectra at 20 
wavelengths for various mole-ratios of 2,3_dihydroxynitrobenzene (LH,) and boric acid (MH), 

qM = c,/c,, vs. pH. Data taken from ref. 47. 

produced SQUAD(78), known in the literature as 
SQUAD-G,9,‘5*‘6 which can read spectra without a 
constant wavelength increment. A segmented version 
of SQUAD(78) can be used with small computers; 
both versions were extensively tested.9 Leggett” also 
revised SQUAD(75) to produce SQUAD(80)” which 
has “user-friendly” data input to simplify its use. The 
chemical model hypothesis is changed by addition or 
removal of one card per species, since all information 
relevant to a species is collected on one card. The 
molar absorptivitiy computation can be done by 
multiple regression or constrained non-negative lin- 
ear least-squares. Meloun”~‘* extended the diagnostic 
tools in SQUAD(80) for (i) determination of the 
number of light-absorbing species, (ii) a test for 
degree-of-fit by statistical analysis of residuals of each 
spectrum and of the whole absorbance matrix, (iii) a 
printer-plot of estimated molar absorptivities and 
their standard deviations vs. wavelength. The result, 
SQUAD(81), has been tested.2’*22 The new version 
SQUAD(84), contains some additional diagnostics, 
including a three-dimensional graph of the predicted 
absorbance response-plane through the experimental 
points, and of the paraboloid response-surface of the 
U function as a function of two parametric co- 
ordinates. SQUAD(M) also generates simulated 
spectra on the basis of the selected stability constants, 
molar absorptivities and experimental conditions of 
the equilibrium system, and produces an absorbance 
matrix containing elements loaded with random 

error. Stoichiometric indices are determined together 
with the stability constants of the complexes by the 
stoichiometry estimation method.i4 

Logic units 

(1) The RESIDUAL-SQUARE SUM unit. 

LETAGROP-SPEF06 allows a choice in the for- 
mulation of the residual-square-sum, between “abso- 
lute” [equation (4)] and “relative” residuals. The 
other programs in Table 1 use absolute residuals, and 
DALSFEK” and PSEQUAD” also allow treatment 
of potentiometric data. PSEQUAD can minimize a U 
function composed from volume (or concentration) 
residuals, potential residuals and absorbance re- 
siduals simultaneously, according to the weighting 
factor for each type of residual selected on input. 

(2) The MINIMIZATION unit. 

LETAGROP-SPEF06 uses the pit-mapping algor- 
ithm24 with “trial-and-error” human-controlled mini- 
mization. Kankare’ modified Chandler’s STEPIT in 
program EY608. DALSFEK’O uses Marquardt’s 
method25 and PSEQUAD” the Gauss-Newton 
method. The first version of SQUAD was based on 
SCOGS,26 a Gauss-Newton program. The latest 
versions of SQUAD use conventional multiple re- 
gression (MR) in the SOLVE subroutine for solving 
a set of over-determined linear equations. The MR 
technique is interchangeable with the NNLS (the 
Gauss-Newton non-negative least-squares algor- 
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ithm) method which computes molar absorptivities, 
but is protected against the occurrence of negative 
elements in the solution vector. 

(3) The ERROR ANALYSIS unit. 

In LETAGROP-SPEF0,6 as in LETAGROP in 
general, there are several statistical measures: the 
standard deviation of the absorbance, s(A), denoted 
here as SIGY, is found by dividing iJ,, by the 
number of degrees of freedom; the standard devi- 
ations of the stability constants, s(/$), are found by 
defining the “D-boundary” supercurve, and taking 
the standard deviation s(pi) for each pi parameter 
as the maximum difference, s(/$) = [(fil, - /I ).] nun I max 
between the value (pD) for pi at any point on the D 
boundary and the value (&,in) for /Ii at the minimum. 

Program EY608’ calculates the covariance matrix, 
and the square roots of its diagonal elements repre- 
sent the standard deviations of the parameters. The 
standard deviation of the absorbance, s(A), is calcu- 
lated from U,, in the same way as in LETAGROP- 
SPEFO. DALSFEK’O calculates in its final iteration 
an unbiased estimate of the variance of an obser- 
vation with unit weighting, and the standard 
deviations of the parameters, from the variance- 
covariance matrix. Correlation coefficients are also 
calculated to allow consideration of the conditioning 
of the problem, and the precision of the parameter 
estimates. 

PSEQUAD” evaluates s(A), the standard devi- 
ations of the parameters, s@), and the partial, 
multiple and total correlation coefficients. These are 
calculated from the elements of the matrix B = J’WJ 
where J is the Jacobian matrix, JT is its transpose and 
W is the diagonal weighting matrix used in the 
Gauss-Newton method. The partial correlation 
coefficient gives a measure of the interdependence of 
two parameters /Ii and /Ii with the assumption that the 
other parameters are fixed in value: rV = B,/(&B,)‘/*. 
The total correlation coefficient also give a measure 
of the interdependence of two parameters, but the 
other parameters are regarded as adjustable: 
pii = Cii/CiiCj)‘/‘. The multiple correlation coefficient 
gives a measure of the independence of a 
given stability constant from all the others, 
R, = [ 1 - 1/BiiCii)]“2 where C = B-i. All these cor- 
relation coefficients may have values between - 1 and 
+ 1. Zero means complete independence, and + 1 or 
- 1 means complete correlation. Two completely 
correlated species cannot be included in a chemical 
model simultaneously, because the relevant stability 
constants are strongly correlated. 

SQUAD estimates s(A), the standard deviations of 
the stability constants, s(/$), and total correlation 
coefficients. 

(4) The FITNESS TEST unit. 

This unit contains the criteria for testing the cor- 
rectness of a hypothetical chemical model. To iden- 
tify the “best” or true chemical model when several 

are possible or proposed, and to establish whether or 
not the chemical model represents the data ade- 
quately, the residuals should be analysed.28 The 
goodness-of-fitness achieved is easily seen by exam- 
ination of the differences between the experimental 
and calculated values of the dependent variable, 

ri,k = Aexp.i.k - Adc,i,k. One of the most important 
statistics calculated is the standard deviation of the 
dependent variable, s(A), calculated from the set of 
refined parameters at the end of each minimization 
cycle, and when the minimization is terminated. It is 
usually compared with the standard deviation of 
absorbance calculated by a factor analysis, sk(A), and 
if s(A) < sk(A), or s(A) <sin,,(A), the instrumental 
error of the spectrophotometer used, the fit is consid- 
ered to be good. Although statistical analysis of 
residuals4,28”0 gives the most rigorous test of the 
degree of fit, realistic empirical limits are often 
used.i5vi6 For example, when sinst(A) 6 s(A) < 0.005, 
the degree of fit is taken as acceptable, whereas 
s(A) > 0.010 indicates that a good fit has still not 
been obtained. The statistical tools applied to a set of 
residuals have been described.4*29*30 

If s(A) or the mean residual and its standard 
deviation are too large compared with sk(A) and 
s+,,(A), respectively, the postulated stoichiometry of 
the chemical model tested is incorrect, or the min- 
imization algorithm has found a false minimum. 
Graphical presentation of the residuals assists the 
detection of an outlier spectrum point, a trend in the 
spectrum residuals, or an abrupt shift of level in the 
spectra. The actual distribution of the spectrum 
residuals is tested to find out whether it is Gaus- 
sian,4929 by means of the residual mean m,, , the mean 
residual lrl, and its standard deviation s(r), the 
skewness ms3 (should be zero), the curtosis mrT4 
(should be 3) and the Pearson x2 test. If the Hamilton 
R-factor of relative fit, expressed as a percentage 
(R x lOO%), is <OS% the fit is excellent, but if it is 
>2% the fit is poor. The R-factor gives a rigorous 
test of the null hypothesis Ho (giving R,) against the 
alternative H, (giving R,). H, can be rejected at the 
CI significance-level if RJR,, > &,,,+,,,.), where n is the 
number of experimental points, m is the number of 
unknown parameters, and (n -m) is the number of 
degrees of freedom.‘The value of R,,,_,,,, may be 
found in statistical tables.30 

Most programs calculate only s(A). EY608 and 
LETAGROP-SPEFO calculate s(A) for each spec- 
trum; we have extended both to allow statistical 
analysis of residuals by the STATS subroutine.29 
PSEQUAD” calculates m,,, and I P I as well. Rigorous 
residuals analysis by the STATS subroutinez9 is 
included in SQUAD(84). 

(5) The DATA SIMULATION unit. 

To test the reliability of program function for a 
particular type of equilibrium, simulated data are 
often used. For true values of the parameters 
(stability constants and molar absorptivities) and 
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given concentrations and pH, “theoretical spectral 
points” are calculated precisely. Each theoretical 
point is then transformed into an “experimental” one 
by the addition of a random error, e, generated by a 
random-error generator, and related to the instru- 
mental error of absorbance, sinst(A), set by the user 
on input. These random errors should have Gaussian 
distribution, but this must be checked as described 
earlier.4 

Loading points with high random errors is likely to 
cause a decrease in the accuracy and precision of the 
parametric estimates; the lower the value of Sins,(A), 
the more accurate and precise are the estimates. 
When many parameters are to be refined or there are 
ill-conditioned parameters in a chemical model, 
spectra of lower precision may result in erroneous 
and uncertain values of the parametric estimates. 

Only PSEQUAD,” SQUAD(78)9 and SQUAD(84) 
allow such data simulation. SQUAD(84) checks the 
actual distribution of the errors as well. 

(6) The FREE CONCENTRATION unit. 

The BDTV procedure” in LETAGROP-SPEFO 
solves the equilibrium and mass-balance equations 
for various cases with 24 reacting components. Free 
concentrations are estimated by the same approach 
as in HALTAFALL.32 

Subroutine SS608 in EY608’ calculates the free- 
concentration matrix C. 

DALSFEK’O includes a routine which uses a 
Gauss-Newton iteration on some “guessed” concen- 
trations, with the current values of the stability 
constants and the mass-balance equations, to calcu- 
late the concentrations of all species in the system. 

In PSEQUAD” the calculation of the unknown 
free concentration is done by a standard Newton- 
Raphson procedure, with Cholesky’s algorithm to 
solve the linear equations. The free concentrations 
are calculated on a logarithmic scale, so no negative 
concentration may occur in the course of the 
iteration.23 

SQUAD contains the subroutine CCSCC which 
calls COGSNR,26 in which the concentrations of 
species in the ith solution are calculated for the 
current set of stability constants by a constrained 
Newton-Raphson method originated by Sayce.*“ 

A clear insight into complicated ionic equilibria is 
offered by a distribution diagram of the relative free 
concentrations of species, for an assumed chemical 
model under varied reaction conditions. The relative 
free concentrations [M,L,H,]/c, or [M,L,H,]/c, can 
be expressed by a distribution coefficient, S,,, and the 
distribution curves, S,,, =f(log[L]) or f(pH) then 
show the contribution of a particular complex 
M,L,H, as a function of the free ligand concen- 
tration, or pH, respectively. 

(7) The SPECIES NUMBER unit. 

Since the rank of the absorbance matrix has been 
proved to be equal to or less than the number of 

absorbing species in solution,334’ it is useful to deter- 
mine this rank (k) at the beginning of the analysis, so 
that a hypothesis can be made about a chemical 
model. The program for analysing multicomponent 
spectra, FA608 + EY608,’ contains the factor- 
analysis method originated by Simmonds33 and also 
applied by Wernimont34 to matrix-rank deter- 
mination. Kankare’ states the conditions under 
which k may be less than n, and gives a method for 
deciding when this is probably the case. The factor 
analysis program FA608’ can also be used to smooth 
the spectra. 

In SQUAD(78) Jan&i and Havel’ used the method 
of reduced matrix analysis originated by Wallace 
and Katz36l39 and modified by Varga and Veatch.40 
However, this method has met with some criticism,7.4’ 
so factor analysis is preferred for determination of 
matrix rank. Meloun17,‘8 therefore implemented 
subroutine FA608 in SQUAD(80) and SQUAD(84). 

The programs in Table 1 do not contain any 
routine for determination of the number of light- 
absorbing species. 

(8) The ABSORPTIVITY unit. 

The adjustment of &, and era, in LETAGROP- 
SPEF06 is done at two levels. The /I*, values are 
varied at an upper level, and the free concentrations 
of the various species in each solution are calculated. 
Then, for each wavelength, the contribution to U for 
each of a series of varied values of awr is calculated. 
With the assumption of a second-degree surface the 
values for sw, that give the minimum contribution to 
U from that wavelength are calculated. After one 
shot for each wavelength, the computer calculates 
the minimum U obtained. Negative “insignificant” 
values of Ear, are eliminated by routine MIKO. 

EY608’ estimates the molar-absorptivities matrix 
by subroutine SS608 together with the free concen- 
trations of all the species, C. 

DALSFEK” calculates the molar absorptivities 
from Beer’s law in every iteration in calculation of the 
stability constants. 

PSEQUAD” determines the molar absorptivities 
along with the stability constants by a procedure 
similar to the “third strategy” in LETAGROP.43 

All versions of SQUAD employ subroutine 
ECOEF which calculates molar absorptivities &jk of 
the jth species for the kth wavelength by an algo- 
rithm derived from Nagano and Metzler.” 

(9) The SPECIES SELECTOR unit. 

Only LETAGROP-SPEFO and PSEQUAD use a 
species selector to search for a true chemical model 
from several proposed ones. 

To the initial set of species, STYREa in 
LETAGROP-SPEFO can add one after another 
from a list of species to be tested. A new species is 
accepted only if it improves U for the given data and 

its &, value satisfies the “rejection factor (F,)” 
criterion that fipqr > F,s(&,). Species from the initial 
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set may be rejected in the process. The test for the 
“final” set of species is that no new species are 
accepted when all the rejected ones are recycled 
through STYRE. For given data and a tentative list 
of species, the set of /&, values that gives the lowest 
value of CJ and satisfies for each species the F, 
condition is accepted. The value to be taken for F, is 
related to the confidence level for significance of the 
/I-value, as tabulated below, 

FO 0 0.5 1.0 1.5 2.0 2.5 3.0 

Confidence level, % 50 69 a4 93.3 91.1 99.4 99.9 

Rejection of a certain species by the species selector 
does not necessarily mean that it does not exist, but 
only that there is no evidence for its existence. Many 
papers of the Swedish school quote “maximum” 
possible values for the formation constants of re- 
jected species, for instance, log&, + 3s(&,)]. 

PSEQUAD contains a new species selector based 
on sequential testing of species. If the change in U is 
less than 0.005% or the present maximum number of 
iterations is reached, the program terminates. Selec- 
tion begins by exclusion of the positively marked 
species from a list, and when this finishes, it starts to 
test negatively marked species. 

(10) The VISUALIZATION TOOLS unit. 

The response-surface plane of the U paraboloid is 
a graph of U as a function of selected parameters, in 
the neighboroughood of the “pit”, U,,. It gives a 
visual representation of the influence of each par- 
ameter on LT. For two parameters chosen on input, 
the paraboloid response-surface (C-U) in three 
dimensions is plotted by DIGIGRAPH equipment;45 
C is a numerical constant, e.g., 1.0 or 10.0. A regular 
paraboloid shape shows that both parameters are 
well-conditioned in the model and may lead to accu- 
rate and precise results, whereas a “saucer” shape 
indicates ill-conditioned parameters, which lead to 
uncertain results. 

Another three-dimensional graph, the absorbance 
response-plane, demonstrates the degree of fit to the 
spectra, and shows the changes in absorbance on 
variation of the concentrations of the basic com- 
ponents. 

Only SQUAD(84) will draw both response-planes. 
In all SQUAD versions, a printer plot gives a rapid 
comparison of experimental and calculated spectra. 
Calculation of the contributions to the experimental 
spectrum by the various individual species can im- 
prove the experimental design by suggesting which 
concentration ratios give little information about the 
equilibria. 

A graph of molar absorptivity of all species us. 
wavelength is printed by EY608, PSEQUAD and 
SQUAD(M), and a graph of standard deviation of 
molar absorptivity vs. wavelength by SQUAD(84) 
only. 

(11) The INPUT unit. 

Each program has its own method of organizing 
data input. This is rather a hindrance to comparative 
studies of programs. 

(12) The OUTPUT unit. 

This unit prints the results which should contain: 
(1) a table of proposed chemical models; (2) the 
experimental and computational strategy chosen; (3) 
the experimental (or simulated) absorbance matrix; 
(4) the rank of the absorbance matrix; (5) inter- 
mediate results of the minimization process; (6) the 
calculated absorbance and residual matrix; (7) a 
statistical analysis of residuals; (8) an error analysis; 
(9) distribution diagrams; (10) a table or graph of 
calculated molar absorptivities and standard devi- 
ations; (11) deconvolution of each spectrum to give 
the absorbance response-plane through the experi- 
mental points; (12) a graph of the U response-plane 
for two selected parameters. 

EXPERIMENTAL 

Computation 
An EC 1033 computer was used. The programs were: ex- 

tended LETAGROP-SPEFOP extended FA608 f EY608,’ 
original PSEQUAD,” SQUAD(78)? SQUAD(80),‘2,‘3 
SQUAD(Il), SQUAD(84). SQUAD(84) and its structure 
are described in this paper; it was compared with other 
programs and some experiences with its use are discussed. 

Guide for &termination of chemical model by analysis of 
spectra 

(1) Instrumental error ofabsorbance measurement, s,,,,(A ). 
The Wemimont procedure” for examination of spectro- 
photometer performance should be used with solutions of 
potassium dichromate to evaluate s&A). Then FA608’ is 
used to calculate the residual standard deviation, sk(A) for 
matrixranksk=l,2,.... The graph of sk(A) =f(k) con- 
sists of two straight lines intersecting at {s:(A); k*} where 
k* is the matrix rank for the system. Since k* = 1 for 
K&O,, the value of s,(A) for k+ = I is a good estimate 
of the instrumental error, i.e., s,,,(A) = s:(A). 

(2) Experimental design. Since preparation of a large 
number of separate solutions is tedious, simultaneous mon- 
itoring of absorbance and pH during internal or external 
titrations is valuable.3sM The total concentrations of the 
components should be varied between as wide limits as 
possible, so the continuous-variation and mole-ratio meth- 
ods are useful. In a titration, the total concentration of one 
of the components changes incrementally over a relatively 
wide range, but the total concentrations of the other com- 
ponents change only by dilution, or not at all if they are 
present at the same concentration in the titrant and titrand. 
However, the absorbance cannot be varied over a large 
range without decreasing the precision of its measurement, 
and is effectively confined to a range of about one order of 
magnitude, e.g., 0.1 < A < 1.2, though the range of concen- 
trations measured can be increased by use of different 
path-lengths, e.g., 5, 1, and 0.1 cm. 

A recording spectrophotometer is less likely to yield good 
results for subsequent computer-assisted evaluation than a 
good null-type instrument. Complex-forming equilibria are 
usually studied in the visible and ultraviolet regions, 
200-800 nm. The wavelength-range selected should be such 
that every species makes a significant contribution to the 
absorbance. Little information is obtained in regions of 
great spectral overlap or where the molar absorptivities of 
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two or more species are linearly interdependent (because the 
change in absorbance with changes in ct,,, cL and c, then 
becomes rather small). If only a small number of wave- 
lengths is used, those of maxima or shoulders should be 
chosen, because small errors in setting the wavelength are 
then less important. It is best to use wavelengths at which 
the molar absorptivities of the species differ greatly, or a 
large number of wavelengths spaced at equal intervals. 

(3) Number of light-absorbing species and elimination of 
“outhers”. Kankare’s factor analysis algorithm FA608 is 
used to estimate the number of absorbing species in the 
equilibrium system. When there are no “outliers” (grossly 
erroneous points) in the spectra examined, s:(A) 5 sin,,(A). 
Outliers are detected by FA608, and these points are 
corrected, then the +(A) =f(h) plot is recalculated. The 
spectra are then free from gross errors and ready to be 
analysed by the regression program. 

(4) List of species for “species selector”. A search should 
begin with the major species indicated by preliminary data 
analysis. Suggested species can then be added one at a 
time.” Model selection is based on finding the lowest U 
value. 

(5) Choice of computational strategy. The input data 
should specify whether &,, or log &, values are to be 
refined, multiple regression (MR) or non-negative linear 
least-squares analysis (NNLS) is desired, baseline correction 
is to be performed, etc. In description of the model, it should 
be indicated whether stability constants are to be refined or 
held constant and whether molar absorptivities are to be 
refined, and complexes for the species selector should be 
listed. 

(6) Simultaneous estimation of stoichiometry and stability 
constants. A group of complexes in a given equilibrium 
system is divided into “certain” complexes of known stoichi- 
ometry, with stability constants estimated by the trial-and- 
error method, and “uncertain” complexes, for which the 
stoichiometry and stability constants are estimated simulta- 
neously by regression analysis. Chemical experience and 
tables of stability constants help in making initial guesses of 
unknown parameters. The ES1 methodI can also be used to 
confirm the suggested chemical model; it should give esti- 
mates of the stoichiometric indices that do not differ 
significantly from plausible integers. 

(7) Diagnostics indicating a correct chemical model. When 
a minimization terminates, some diagnostics are examined 
to determine whether the results should be accepted. An 
incorrect chemical model with false stoichiometric indices p, 
q and r may lead to slow convergence, cyclixation or 
divergence of the minimization. To reach a better chemical 
model, the following should be considered. 

First diagnostic: the physical meaning of the parametric 
estimates. The physical meaning of the stability constants, 
molar absorptivities, and stoichiometric indices is examined. 

9 
and urn, should not be too high or too low, and sm, 

s ould not be negative; p. q and r should be real, and close 
to integers. 

Second diagnostic: the physical meaning of the species 
concentrations. The calculated distribution of the free con- 
centration of the components and the complexes of the 
chemical model should show molarities down to about lo-* 
M. Since a species present at about 1% relative concen- 
tration or less in an equilibrium behaves as a numerical 
noise in regression analysis, a distribution diagram makes it 
easier to judge quickly the contributions of individual 
species to the total concentration. Since the molar absorp- 
tivities will be generally in the range 103-10s l.mole-‘cm-‘, 
spectes present at less than ca. 0.1% relative concentration 
will affect the absorbance significantly only if their E is 
extremely high. 

Third diagnostic: standard deviations of parameters. The 
absolute values of s(/?,), s(E,), s(pJ, s(qi), s(ri) give informa- 
tion about the last U-contour or D-boundary of the hyper- 
paraboloid neighbourhood of the pit, ZJ,,. For well- 

conditioned parameters, the last Lr-contour IS a regular 
ellipsoid, and the standard deviations are reasonably low. 
High s values are found with ill-conditioned parameters and 
a “saucer”-shaped pit. The F, test, s(B,)F, < /3, should be 
met. The set of standard deviations of Ed, for various 
wavelengths, s(e,,) = f(A), should have a Gaussian distribu- 
tion; otherwise erroneous estimates of swr are obtained. 

Fourth diagnostic: parametric correlation coegicients. Par- 
tial correlation coefficients, ril, indicate the interdependence 
of two parameters pi and B. when the others are fixed in 
value. Total correlation toe t+i. ctents, pij, indicate this inter- 
dependence when all parameters are refined, and the mul- 
tiple correlation coefficient, R,, measures the independence 
of one parameter from all the others. Correlation 
coefficients are a guide to the precision of the parameter 
estimates. 

Ftfth diagnostic: degree-of-fit test. Examination of the 
spectra and the graph of the predicted absorbance response- 
plane through all the experimental points will reveal whether 
the results calculated are consistent and whether any gross 
experimental errors were made in measurement of the 
spectra. Alternatively, the statistical measures m,, , , I? 1, m,,, , 

mr,3Y m,,), s(r), x2, and the Hamilton R-factor can be 
calculated. 

Sixth diagnostic: stoichiometric indices by the ESI method. 
The calculated p, q and r values should be close to integers 
with low standard deviations. Final refinement of /I and E 
and p, q, r values should not change U,, much if correct 
stoichiometric indices have been found. 

Sevenrh diagnostic: deconoolution of the spectra. Resolu- 
tion of each experimental spectrum into the spectra for the 
individual species shows whether the experimental design 
was efficient. If for a particular concentration range the 
spectrum consists ofjust a single component, further spectra 
for that range would be redundant, though they should 
improve the precision. In ranges where many components 
contribute significantly to the spectrum, several spectra 
should be measured. 

Eighth diagnostic: response surface of the minimum of 
(C-U). For two parameters specified on input, the 
(C - LI) paraboloid response-surface is plotted in three 
dimensions. The shape of the paraboloid is very informa- 
tive. Only a regular and well-developed paraboloid indicates 
well-conditioned parameters with quite reliable values. 

(8) Use of simulated data for setting up a computation 
strategy. Use of a simulated absorbance matrix allows 
investigation of the sensitivity of each parameter in the 
proposed chemical model, examination of the influence of 
instrumental error on the precision and accuracy of the 
estimated parameters, and choice of an optimum com- 
putational strategy. 

Simulated spectra points should be loaded with Gaussian 
random errors. The resulting distribution is checked by 
statistical analysis by calculating the error mean, m,,,, the 
mean error IZ (, and its standard deviation s(e), the skewness 
m,,, and the curtosis m,, . Pearson’s x2 test can be applied 
to test for Gaussian distribution, and the Hamilton R-factor 
calculated as a reference number for future comparison with 
the R-factor for experimental data. 

DI!3CUSSION 

The reaction of 2,34hydroxynitrobenzene (LH,) 
and boric acid (MH) was studied by Kankare; the 
complex MLH, was found.47 The spectra measured 
for various mole ratios of the components, 
qM = ct,,/cL, as a function of pH, are used here to 
demonstrate the efficiency of the diagnostic tools, and 
illustrate the procedure for experimental and com- 
putational chemical model determination. 
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5 

“b 
x 
w 

3 

1 

230 310 390 

X (nm) 

Fig. 2. Curves of estimated molar absorptivities of complex 
MLH, [curve (4)], and of variously protonated forms of 
ligand, L [curve (l)], LH [curve (2)], LH, [(curve (3)] 

calculated by analysis of the spectra in Fig. 1. 

The 3 (= n,) components M, L and H were mixed 
to obtain 37 ( =ns) solutions. The spectra were 
measured at 20 (= n,) wavelengths from 230 (= A,& 
to 420 nm (=&,). Figure 1 shows the three- 
dimensional absorbance response-plane graph. The 
chemical model proposed has 4 ( = n,) species, L, LH, 
LH2 and MLH, which absorb light in the range used, 
and one, MH, which does not. The “certain” species 
proposed,14 (L, LH, LH, and MH) may be studied in 
an independent experiment and their protonation 

constants determined. The “uncertain” complex’4 

14.9005 

13.7996 

t 

12.6107 

11.4377 

10.2566 

< 9.0759 
I 

MLH, has to be established and its stoichiometry, 
stability constant and molar absorptivity have to be 
estimated. The stability constants and molar absorp- 
tivities of all the species in the system are finally 
refined in the last step of the computation. Three 
regression programs using the trial-and-error method 
to confirm a suggested model hypothesis, uiz. an 
extended version of Kankare’s FA608 + EY608 pro- 
gram, PSEQUAD, and SQUAD(84) were used, and 
their advantages compared. Only SQUAD(84) al- 
lowed use of the method of variable stoichiometric 
indices.14 

After smoothing of the spectra (removal of out- 
liers), the factor analysis program FA608 found 
the intersection on the s,(A) =f(k) curve at s:(A) = 
0.00384 and k* = 4. EY608 found the equilibrium 
constant (-log K) of the reaction LH, + MH - 
H+=MLH,+H,Otobe(-log~)=3.456+0.010, 
which leads to log fl,,2 = 23.639 f 0.010. Programs 
PSEQUAD and SQUAD(1984) estimate the overall 
stability constants j&. Because L, LH, LH, are also 
light-absorbing, Kankare” refined the protonation 
constants log /_?,,,l and log b0,2 simultaneously with log 
j?, ,2. The results obtained from the various regression 
programs are compared in Table 2. 

For the stoichiometric indices of all the species in 
the model, the stability constants /3,,*, PO,, and & 
and molar absorptivities at 20 wavelengths were 
estimated. All three programs found the same values 
for parameters &, and Ed,. The degree-of-fit test 
showed only small differences between the results 
from the three programs; the best fit was achieved by 

5.5332 

4.3523 

3.1744 13.43/ 

9.10 I I I I I I I I I \ 

lsl7 20.05 20.94 21.03 22.72 23.63 24.49 25.36 26.27 27.16 26.05 

'@J h,* 

Fig. 3. The three-dimensional graph of a (10.0 - U) response-surface for data in Fig. 1 indicates that 
log PO,, and log /3,,2 are well-conditioned in the model because the surface exhibits a maximum. 
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SQUAD(84). The graphs of the estimated sl12, %ri, 
~0,~ and s,,,,, values vs. 1 were also in good agreement 
(Fig. 2). Good agreement was also found between all 
the [L], [LH], [LH,] and [MLH,] values calculated. 

Because SQUAD(84) can determine the stoichio- 
metric indices, the right-hand half of Table 2 (“Esti- 
mated stoichiometry approach”) shows the results of 
the simultaneous estimation of the stoichiometric 
indices with &, and em,. However, these indices and 
the corresponding stability constants are inter- 
dependent, so special care must be taken with the 
choice of computational strategy and indices to be 
estimated. To decrease the number of unknown 
parameters, the stability constants of “certain” 
species were held at constant values achieved in 
previous runs, but the corresponding molar absorp- 
tivities were always estimated. The last four columns 
show the determination of /I,,* values obtained (1) 
without any stoichiometric indices, (2) with stoichio- 
metric index r,, (3) with stoichiometric indices p, , rz 
and r,, and (4) with stoichiometric indices p, , q, , q2 
and q3. 

The left-hand half of Table 2 (“Guessed stoichi- 
ometry approach”) shows quantities that refer to the 
sought pit, such as U, s(A), and the degree-of-fit test 
results. The results of runs where indices are also 
sought are compared with those in the reference 
columns (the third and the fourth column of the 
left-hand half of Table 2) to see whether some other 
species stoichiometry should be considered in order 
to achieve a better fit. 

For this comparison and to choose the best 

strategy in various runs of one program, or for 
comparison between two programs, examination of 
the program diagnostics should be useful. The pro- 
posed chemical model-MLH,, L, LH, and MH- 
may also thus be confirmed. 

The 1st diagnostic: the estimates of P,,r, j&r, P0r2 
and eu2, solo, s,,11 and k12 do have physical meaning. 

The 2nd diagnostic: the calculated free concen- 
trations do have physical meaning. [MLH,] ranged 
from 8 x lo-’ to 10-13M, [LH] from 9 x 10e5 to 
lO-‘jM, [LH,] from 10T4 to 10-“&f, [L] from 10e5 to 
lo-r3M and [MH] from 5 x 10m3 to lo-**M. 

The 3rd diagnostic: the low standard deviations 
indicate that the parametric estimates were quite 
precise. 

The 4th diagnostic: the p(i,j) values of 0.90-0.98 
indicate the high degree of interdependence of the ith 
andjth parameters, so these parameters are estimated 
with some uncertainty. The low correlation 
coefficients in the last columns show that the choice 
of these parameters to be refined was good. The 
stability constants and stoichiometric indices of a 
particular complex were partly interdependent. It is 
not convenient to determine them simultaneously in 
one run, but good results are obtained when stoichi- 
ometry of another species is estimated. 

The 5th diagnostic: the degree-of-fit test indicates 
that the mean residual, JF I, value is Q s,*(A) obtained 
by factor analysis, so the termination of minimization 
can be accepted as successful. The Hamilton R-factor 
is l%, which indicates a good fit. 

The 6th diagnostic: refining only bl12 and (r,, r,, r3) 

9.5224 

9.0637 

6.605l 

6.1464 

6.3117 

5.6531 

1.62 1.69 4.77 1.65 1.92 2.00 2.07 2.15 2.22 2.30 2.37 

r? 

Fig. 4. The three-dimensional graph of another (10.0 - U) response-surface for the data in Fig. 1 indicates 
that log &,, , and r, are interdependent and badly conditioned in the model, because the surface does not 

show a definite maximum. 
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or (pl, rl, r2, 4 or @,, ql, q2, &) led to real values 13. D. J. Leggett, S. L. Kelly, L. R. Shine, Y. T. Wu, 
for the indices, that were quite near to integers, even D. Chang and K. M. Kadish, Tulanfa, 1983, 8, 579. 

when bad initial guesses were used. This may be taken 14 J. Have1 and M. Meloun, ibid., 1986, 33, 435. , <’ 
as confirmation that true stoichiometric indices were 
found. 

1.J 

The 7th diagnostic: deconvolution of the spectra 
into absorbance increments for the individual species 
helps in planning future efficient experimentation. 

16. 
17. 

The 8th diagnostic: the (C - V) paraboloid 
response-surface (where C = 10.0) clearly indicates 
the precision of the parameter estimates. The top of 
the (10.0 - V) =f(&12 and floll) or (10.0-U) =f(&, 
and r,) surface indicates that two parameters are 
well-conditioned in the model (Fig. 3), whereas the 
shape of the maximum surface for parameters in 

(10.0 - U) -f&12 and r,) indicates that &,2 and rl 

are interdependent in the model, so their deter- 
mination is rather uncertain (Fig. 4). 

18. 

L. Jan&i, J. Havel, V. KubirH and L. Sommer, 
Collection Czech. Chem. Commun., 1982, 41, 2654. 
M. Macka and V. KubBfi, ibid., 1982, 47, 2676. 
M. Meloun, Equilibria study by non-linear regression 
of instrumental curves, Conference on advances and 
application of analytical chemistry, PieShny, 7-10 
September 1982. 

CONCLUSIONS 

Structural classification of programs for studying 
equilibria by analysis of spectral data makes it 
easier to explain a sophisticated modus operandi. 

SQUAD(84) is a versatile program containing more 
diagnostic tools than the other programs of similar 
structure. 

The program is available from the authors on 
request. 
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Summary-The FORTRAN computer program POLET(84) analyses a set of normalized potentiometric 
titration curves to find a chemical model, i.e., the number of species present and their stoichiometry, and 
to determine the corresponding stability constants log b,, and unknown stoichiometric indices p. q, r, 
and s of up to quatemary M,L,Y,H, complexes. The program belongs to the ABLET family, based on 
the LETAG subroutine, and can use an algorithmic and/or heuristic minimization strategy, or a beneficial 
combination of both. The data, a set of potentiometric titration curves plotted as volume and potential, 
are converted into normalized variables (formation function, pH) and then a computer-assisted search for 
a chemical model by POLET(84) is applied. The procedure for efficient application of POLET(84) in an 
equilibrium analysis is described and the program is validated by use of literature and simulated data. 
The reliability of the chemical model and its parameters is established by the degree-of-fit achieved, and 
the closeness of the stoichiometric indices to integral values. 

The formation function Z has traditionally been used 
in analysis of potentiometric titration data. The 
algorithms developed by Sill&r and co-workers’A are 
still widely accepted as the most accurate method of 
determining a chemical model, i.e., the number of 
complexes, and their stability constants and stoichi- 
ometry. Since then, many computer programs have 
been written for the analysis of potentiometric 
titration data, such as MINIQUAD: SCOGS,” 
ACBA,” PSEQUAD,** TITFIT,13 MARFIT,” 
MUCOMP,i5 ESTA,r6 but none of these accommo- 
dates a straight determination of the stoichiometric 
indices p, q, r of M,L4H, complexes. Various pro- 
grams applied in potentiometric study of solution 
equilibria have been critically surveyed.‘7~21 

All the programs mentioned above search for the 
most probable chemical model by the trial-and-error 
method, and the stability constants and compositions 
of the complexes are estimated by the curve-fitting 
technique. If a particular fit being examined is con- 
sidered false, another set of complexes of different 
stoichiometry is tried and so on, until the best fit to 
the data is found. Such treatment needs considerable 
computer time and an examination of all possible 
combinations of species is sometimes impossible. 

Part X: Talanta, 1986, 32, 513. 
*Author for correspondence. 

When p and q for M,,Lp, for example, each have a 
limiting value of 10, a large number of individual 
species is possible. 

The program POLET (version 1984) directly deter- 
mines the stoichiometric coefficients and stability 
constants of the complexes by means of the recently 
published ES1 method.** The species are divided into 
two groups: “certain” species of known stoichi- 
ometry for which only the stability constants are to 
be estimated, and “uncertain” species of completely 
unknown stoichiometry (or with at least some indices 
unknown) for which both the stability constants and 
stoichiometric indices are estimated simultaneously. 
The program is a member of the ABLET familyz3 and 
can use either an algorithmic or heuristic strategy, 
or a combination of both. Like MRLETz4 and 
PRCEK,2S the POLET(84) estimates the stoichi- 
ometric indices by multiparametric curve fitting and 
the chemical model selected is then validated by the 
statistical analysis of residuals. 

THEORY 

Chemical model 

The complex-formation equilibria of n basic com- 
ponents, for example, n = 4, may be described by the 
general reaction and stability constant: 

525 
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pM + qL + rY + sH = M,L,Y,H, 

&rs = I~,~,~,~,I/t~IPi~19,t~1 

(1) 

=C p9rslmp19yrhr 

with the mass-balance equations 

(2) 

cM=m +pS (3) 

c,=l+qS (4) 

c,=y+rS (5) 

CH = h + SS (6) 

where 

S = 5 &9,s,imh19~yrih* (7) 
i=l 

andc,,..., cH are the total analytical concentrations 
of the four basic components and m, 1, y, h are the 
free equilibrium concentrations. 

For the more common ternary (n = 3) and binary 
(n = 2) equilibria, the complexes M,L,H, or M,L, 
will be referred to as the (p, q, r) or (p, q) species. 
When protons are split off, the hydroxo species 
M,L,(OH), are treated as protonated species with 
negative r value, i.e., M,L,H_, and the correspond- 
ing 2 function is then also negative if no other 
equilibrium occurs. 

The formation function Z 

The primary data of the potentiometric titration 
curve, with original variables ( VH, E,.,)M,L must be 
converted into the normalized variables (Z, pH),,, . 
The free equilibrium concentration of the basic com- 
ponent H is measured potentiometrically: 

E = E” + (RT/nF)ln h + Ej (8) 

where E, is the liquid-junction potential and Z is the 
average number of component entities H bound per 
M or L, 

and 

Z E Z,,, = (cH - h)/cM = rS/c, (9) 

Z = Z,,, = (cH - h)/cL = rS/c, 

for the M,L,H, complexes in the model. 

(10) 

Regression analysis 

Regression analysis of (Z, pH) curves consists of 
the estimation of chosen unknown parameters, i.e., 
the stability constants /& and stoichiometric indices 
p, q, r and s of up to quatemary M,L,Y,H, complexes 
by minimizing the difference between the experi- 
mental and calculated values of Z. The dependent 
variable Z represents the average number of moles of 
protons bound per mole of M (if the program key 
KV = 1) or of L (if the program key KV = 2) and is 
easily calculated from the original titration data. For 
NB titration curve points described by data-pairs 
{Z, pH}, the sum of the squared residuals 

U = y wi(Zexp,i - ZCa,C,i)2 = minimum (11) 
,=I 

is minimized; wi is the statistical weight, usually taken 
as unity, and ZCa,c,i is calculated according to equa- 
tions (9) and (10) for the current estimation of the 
parameters. 

POLET(84) estimates the stability constants of 
polynuclear and/or mixed complexes of any system 
with one metal and two ligands or two metals and 
one ligand. When an ion-selective electrode is used to 
indicate the free concentration of component X 
(where X stands for M or L or Y), the basic com- 
ponent H being indicated potentiometrically may be 
replaced by that component X. The mixed hydroxo- 
species M,L,(OH), are treated as protonated species 
with negative r values, but negative Z values also 
mean proton-deficient species. It is impossible to 
distinguish between a bound OH- group and a 
proton split off from a water molecule. 

The choice of basic ligand component is up to the 
user. For example, L can stand for any protonated 
form of a ligand of up to a tetrabasic acid LH,, and 
the four dissociation constants of LH, might be 
supplied in the input if they are already known and 
there is no request to refine them. 

POLET(84) uses the pit-mapping algorithm 
LETAG, and does the minimization heuristically 
(steps controlled by the operator) or algorithmically 
(steps controlled by the program). A combined strat- 
egy, heuristic control followed by algorithmic, is 
beneficial in the first part of the minimization, when 
the user must decide whether it is sufficient to know 
the location of some local minimum or whether a 
global minimum is required. The user has to supply 
here initial guesses of the parameters to be refined, 
the minimization steps, and an organizational frame- 
work to control the process from iteration to iter- 
ation. Final refinement can then be managed al- 
gorithmically. Parameters which may reach a nega- 
tive value must be specified in the input. 

POLET(84) consists of three specific units, the 
INPUT block, the RESIDUAL-SQUARE SUM 
block and the MAIN block, along with six permanent 
blocks of ABLET system described previously.23 

The INPUT block reads the input data {Z, pH} by 
format-free reading subroutines, and the dissociation 
constants pK,, , . . . , pK, of the j-basic ligand acid (if 
i # 0) and the side-reaction coefficients EL(H) are then 
calculated. These coefficients are used in calculation 
of the initial estimates of the free equilibrium concen- 
trations of all the complexes in a given equilibrium 
system, [M,L,Y, H,],; j = 1, . , n, . The free concen- 
trations m, 1, y and h are calculated by the subroutine 
COGS adapted from Perrin and Sayce26 and modified 
according to Ginzburg.27 

The RESIDUAL-SQUARE-SUM block calcu- 
lates, in subroutine UBBE, the calculated Z,,,,~, value 
for each point, starting from the total concentrations 
of the basic components and the free concentrations 
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computed by COGS for the current estimates of the 
parameters, p, q. r and s, and /&. 

The MAIN part contains a function as written in 
the description of ABLET.23 The OUTPUT block 
was extended to include printer-plotting of the distri- 
bution diagrams for all complex species in the chemi- 
cal model. 

EXPERIMENTAL 

Equilibrium analysis by POLET(84) 

(1) Potentiometric equilibrium titration. Data collection is 
performed as a potentiometric “equilibrium titration”,’ 
where usually ct,, and cL are kept constant in the equilibrium 
solution and cU is varied bv addition of acid from a burette; 
cu = (V,c,, < V,cu,,)/(V~+ V,) where cu.0 and cu,r are the 
total concentrations of protons in the titrand and titrant, 
and V0 is the initial volume of titrand and Va the volume 
of titrant added from the burette. Suitable electrodes are 
used to measure [H + ] to obtain data pairs (cu , [H +])M,L over 
a wide concentration range of M and L; the “inert medium 
method”28 or the “self medium method”29-32 can be used. 

(2) Conversion of primary (Vn, EH) into normalized 
(Z,pH) data. A calibration titration of a strong acid with 
a strong base is done to determine three parameters: the 
standard potential E” of the electrode cell used, the Nernst 
coefficient 2.303 (RT/nF) and the ionic product of water 
pK,, by application of the regression program MAGEC.” 
With these three parameters and the Nernst equation the 
primary data (Vu, EH)M L are converted into normalized 
Quantities (Z. oH), , . This conversion can be done by 
computer proiamyRAVE” or by pocket-calculator. 

(3) The number of species by factor analysis of (Z,pH) 
data. The number of complex species in solution may be 
determined by a factor analysis with program SPECIES” 
from a set of potentiometric titration curves, each contain- 
ing n, points and measured for n, total concentrations of M 
or L to give finally the (n, x n,) matrix Z by finding the rank 
of matrix Z. The number of species in equilibrium is equal 
to the rank of matrix Z. However, for a simple mononuclear 
system the number of species can be estimated from the 
number of inflection points on the Z = f (pH) curves. 

(4) MESAK treatment of data. The MESAK treatment36 
is used to limit the number of ternary complexes (p, q, r) 
from which the final combination giving the “best” fit may 
be selected. MESAK can give valuable information about 
the average composition of the complexes, p, q, and 7. Such 
treatment can thus give initial information about the prin- 
ciple species in a solution, and its use is for guidance only. 

(5) Delermination of chemical model. After data con- 
version and preliminary data analysis by MESAK, the final 
selection of the true chemical model from several proposed 
models is performed with POLET. The complex species are 
divided into the “certain species” of known stoichiometry 
(usually, but not necessarily the principal species of the 
equilibrium mixture) for which only the stability constants 
are to be estimated, and the “uncertain species” of partly 
known stoichiometry for which both the stability constants 
and some stoichiometric coefficients are to be estimated 
simultaneously. Use is made of combined, heuristic, and 
finally algorithmic strategy in the LETAG minimization 
process. 

Three strategies for chemical model search are possible: 

(i) species are tested by the trial-and-error method and 
only stability constants are refined; 
(ii) for uncertain species with some unknown indices 
the stability constants are refined simultaneously with 
selected indices by the ES1 approach; 
(iii) for the most probable chemical model found a final 
refinement of stability constants and stoichiometric 
indices is performed; for a true model the parameters are 

not changed significantly by refinement and the refined 
indices should be close to integer values. 

Of course, the indices for the basic components for which 
the free and/or total concentrations have not been varied 
during collection of titration data cannot be estimated, e.g., 
when the pH is kept constant in a titration the number of 
protons r in M,L,H, cannot be determined. 

Computation 

Potentiometric data analysis by POLET(84) was done 
with the EC 1033 (500 K) computer in The Department of 
Computing Techniques, J. E. Purkyne University, CS-611 
37 Brno and in The Computing Centre, College of Chemical 
Technology, CS-532 10 Pardubice, Czechoslovakia. A list- 
ing of POLET(84), specimen data and detailed manual are 
available on request. 

DISCUSSION 

The major objective of this project was to provide 
a computing tool for investigating chemical models 
on the basis of estimating the stoichiometry of 
various complexes in a complex-forming system by 
analysis of potentiometric data. To illustrate the 
performance of POLET(84) a set of simulated data 
was used first. Table 1 shows the POLET output in 
shortened form. Two hydrolysed species, Bi(OH) and 
Bi,(OH),,, described by the stability constants log 
&, _r = - 1.58 and log & _ ,* = 0.33, were selected 
and for six different concentrations of Bi3+ ions and 
8 values of the different variable pH for each concen- 
tration, precise values of the dependent variable Z 
were calculated. With a selected value of the instru- 
mental standard deviation sinst (Z), random errors 
were generated and imposed on the precise Z values. 
With the simulated data in Table 1, statistical analysis 
of the generated errors proved a Gaussian normal 
distribution of random errors by statistical values 
describing this error set. 

Before minimization was started, complex 
M,(OH), was chosen as the “certain species” with 
known stoichiometry, and complex M,(OH),, as the 
“uncertain species” for which the stoichiometry was 
to be estimated. Minimization was started heuris- 
tically from the initial guess of the parameters to 
be estimated, (log /36,_,2)(o) = 2.0., pi” = 2.0 and 
rp = -3.0, and the other parameters were kept at the 
values initially guessed, (log b,._,)(O) = - 1.58, 
p\O) = 1.0 and rp = - 1.0. The minimization termin- 
ated with the estimates log #&_,* = 0.3643 + 0.0456, 
p2 = 6.051 & 0.094 and r, = - 12.094. Statistical 
analysis of the residuals proved the parameters found 
were sufficiently reliable, as all the statistical charac- 
teristics describing the residual set had the same 
values as those of the generated errors. When even 
incorrect values of both stoichiometric coefficients 
were used in the initial guess, POLET found the true 
values of p and r. 

POLET(84) was further validated by the use of 
some literature titration data. Sasaki3’ studied the 
C&-H+ equilibria by potentiometric titration 
with use of the glass electrode, and from a set of 
(Z, pH) data concluded there were two protonation 

TN. 33,6-E 
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Table 1. Validation of POLET(84) by the simulated data set of Bi’+ hydrolysis: for two hydrolytic 
species, Bi(OH) (“certain complex”) and B&(OH),, (“uncertain complex”) the (Z, pH) data were 

simulated: conditions: log j,,_, = - 1.58, log & _,r = 0.33 and si,(Z) = 0.01 

Numerical values 

Parameter Selected for simulation Initial guess Refined estimation 

Kept at a constant value: 
(log S,), -1.58 - 1.58 -1.58 
PI 1.0 1.0 1.0 
rI -1.0 -1.0 -1.0 

Refined: 
(log &A* 0.33 -2.0 0.3643 f 0.0456 
P2 6.0 2.0 6.0510 f 0.0944 
r2 - 12.0 -3.0 - 12.0940 f 0.1899 

Variables Simulation Refinement 

i PH CM Z BoEur Error Z clp Z cak Residual 

1 0.00 0.0010 -0.025665 -0.009245 
2 0.20 0.0010 -0.040080 - 0.000098 
3 0.40 0.0010 -0.062074 0.021240 
4 0.60 0.0810 -0.094920 0.000784 
5 0.80 0.0010 -0.142581 -0.008168 
6 1.00 0.0010 -0.214157 0.003395 
7 1.50 0.0010 - 1.456644 0.003001 
8 2.00 0.0010 - 1.905545 0.005408 
9 0.00 0.0050 -0.025590 -0.005515 

10 0.20 0.0050 -0.040079 -0.007127 
11 0.40 0.0050 - 0.062877 0.000559 
12 0.60 0.0050 -0.095591 0.011835 
13 0.80 0.0050 -0.231336 0.008999 
14 1.00 0.0050 -0.945959 0.013832 
15 1.50 0.0050 - 1.849614 -0.010417 
16 2.00 0.0050 - 1.975067 -0.001604 
17 0.00 0.0100 -0.025587 0.008234 
18 0.20 0.0100 - 0.040079 0.009674 
19 0.40 0.0100 -0.062182 0.008625 
20 0.60 0.0100 -0.115114 0.009703 
21 0.80 0.0100 -0.665716 0.007558 
22 1.00 0.0100 -1.363112 0.006533 
23 1.50 0.0108 - 1.914916 0.010549 
24 2.00 0.0100 - 1.985988 -0.000731 
25 0.00 0.0250 -0.025590 - 0.002978 
26 0.20 0.0250 -0.040128 0.005527 
27 0.40 0.0250 -0.072272 0.000462 
28 0.60 0.0250 -0.533428 - 0.030596 
29 0.80 0.0250 - 1.290659 -0.011390 
30 1.00 0.0250 - 1.690188 0.007523 
31 1.50 0.0250 - 1.960133 -0.000719 
32 2.00 0.0250 - 1.993483 0.002612 
33 0.00 0.0500 -0.025593 -0.011159 
34 0.20 0.0500 -0.041633 - 0.000825 
35 0.40 0.0500 -0.246769 -0.005953 
36 0.60 0.0500 - 1.060399 0.004531 
37 0.80 0.0500 - 1.586509 -0.003288 
38 1.00 0.0500 - 1.823634 0.006896 
39 1.50 0.0500 -1.977581 -0.003577 
40 2.00 0.0500 - 1.996346 -0.006328 
41 0.00 0.1000 -0.025805 0.010394 
42 0.20 0.1000 -0.083661 - 0.004300 
43 0.40 0.1000 -0.769383 0.004190 
44 0.60 0.1000 - 1.442235 -0.000197 
45 0.80 0.1008 - 1.763447 0.000463 
46 1.00 0.1000 - 1.900189 -0.004241 
47 1.50 0.1000 - 1.987427 -0.011020 
48 2.00 0.1000 - 1.997958 0.006222 

-0.0349 -0.0257 - 0.0092 
-0.0402 -0.0401 -0.0001 
-0.0408 -0.0621 0.0212 
-0.0941 -0.0949 0.0008 
-0.1507 -0.1426 -0.0082 
-0.2108 -0.2138 0.0031 
- 1.4536 - 1.4535 -0.0001 
-1.9001 - 1.9036 0.0034 
-0.0311 -0.0256 -0.0055 
-0.0472 -0.0401 -0.0071 
-0.0615 -0.0621 0.0006 
-0.0838 -0.0956 0.0118 
-0.2223 -0.2299 0.0876 
-0.9321 -0.9446 0.0125 
- 1.8600 -1.8481 -0.0120 
- 1.9767 - 1.9737 -0.0030 
-0.0174 -0.0256 0.0082 
-0.0304 -0.0401 0.0097 
-0.0536 -0.0622 0.0086 
-0.1054 -0.1147 0.0093 
-0.6582 -0.6654 0.0073 
- 1.3566 - 1.3625 0.0059 
- 1.9044 -1.9136 0.0093 
- 1.9867 - 1.9846 -0.0021 
-0.0286 -0.0256 - 0.0030 
-0.0346 -0.0401 0.0055 
-0.0718 -0.0721 0.0003 
-0.5636 -0.5343 -0.0293 
- 1.3020 - 1.2914 -0.0106 
- 1.6827 - 1.6899 0.007 1 
- 1.9609 - 1.9588 -0.0020 
- 1.9909 - 1.9921 0.0013 
-0.0368 -0.0256 -0.0112 
-0.0425 -0.0416 - 0.0009 
-0.2527 -0.2481 -0.0046 
- 1.0559 - 1.0627 0.0069 
- 1.5898 - I .5869 -0.0029 
- 1.8167 - 1.8230 0.0062 
- 1.9812 - 1.9763 -0.0048 
- 2.0027 - 1.9950 -0.0077 
-0.0154 -0.0258 0.0104 
-0.0880 -0.0840 -0.0039 
-0.7652 -0.7735 0.0083 
- 1.4424 -1.4440 0.0015 
- 1.7630 - 1.7633 0.0003 
-1.9044 - 1.8994 - 0.0050 
- 1.9984 - 1.9861 -0.0123 
-1.9917 - 1.9966 -0.0048 

S,,,,(Z) = 0.0889 
Error mean = 8.18E-4 
Mean error = 0.0066 
Standard deviation = 0.0086 
Skewness (should be 0) = -9.463 
Curtosis (should be 3) = 4.808 
Hamilton R-factor, G = 0.721 

S,,(Z) = 0.0088 
Residual mean = 5.48E-4 
Mean residual = 0.0066 
Standard deviation = 0.0085 
Skewness (should be 0) = -0.445 
Curtosis (should be 3) = 4.487 
Hamilton. R-factor % = 0.712 
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Table 2. Comparison of (2, pH) data analysis of C#:--H+ system by POLET(84), projection map 
method used by Sasaki,37 and LETAGROP-Z + ETA; input data taken from Sasak?’ 

Parameter PGLET(84) Projection map LETAGROP-Z + ETA 

log Bu 6.0092 f 0.0014 5.89 & 0.02 5.9086 f 0.0019 
log 822 13.9892 f 0.0018 13.98 f 0.04 14.0012 f 0.0028 
41 1.0156 + 0.0003 1 1 
rl 1.0054 + 0.0005 1 1 
42 1.9995 f 0.0004 2 2 
1. 1.9994 + 0.0007 2 2 
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s(Z) 

Residual mean 
Mean residual 
Standard deviation 
Skewness (should be 0) 
Curtosis (should be 3) 
Hamilton R-factor. % 

0.00266 0.00719 0.0043 I 

-3.15E-3 5.08E-3 2.64B4 
0.0020 0.0059 0.0034 
0.0026 0.0072 0.0043 

-0.202 1.411 0.445 
4.781 2.494 2.914 
0.424 1.161 0.696 

constants, log /?,, = 5.89 f 0.02 and log 
& = 13.98 + 0.04. These data were first analysed by 
the projection map method with program PROKA 
and then the resulting normalized data (Z, pH) by the 
POLET(84) program. Low values of the residuals 
and the Hamilton R-factor indicated that a good 

degree-of-fit was achieved and the parameter esti- 
mation was reliable (Table 2). 

The complex-forming system of vanadium(V) and 
tartrate to form M,LH and M,L2H, complexes and 
the aggregates M, and M4 was used to illustrate the 
determination of stability constants only. Here, M 

Table 3. Z =f(pH) data analysis of vanadat~tartrate system by PGLET(84) and 
a comparison of some results with those obtained by LETAGROP-ETITR program: 
values of log /IO,, = 3.685 and log /You = 6.36 taken from Barn&k and Sust&k,” 

total concentration in mole/l. 

PH CM CL Z pH CM CL Z 

7.26 0.0199 0.146 0.1375 
7.08 0.0195 0.144 0.2385 
6.89 0.0189 0.139 0.438 
6.69 0.0181 0.133 0.710 
7.24 0.020 0.0983 0.0959 
6.98 0.0196 0.0961 0.226 
6.79 0.0189 0.0927 0.438 
6.59 0.018 0.0883 0.735 
6.955 0.020 0.049 0.111 
6.79 0.0196 0.0481 0.224 
6.595 0.0188 0.046 0.477 
6.92 0.0051 0.0373 0.107 
6.75 0.0051 0.0372 0.200 
6.56 0.005 0.0368 0.419 
6.355 0.0050 0.0363 0.710 
6.80 0.005 1 0.0249 0.108 
6.64 0.0051 0.0248 0.208 
6.45 0.0050 0.0245 0.448 
6.245 0.0050 0.0242 0.749 
6.525 0.005 1 0.0124 0.150 
6.345 0.0050 0.0123 0.341 
6.14 0.0050 0.0121 0.657 

7.17 0.0199 0.145 0.182 
6.99 0.0193 0.142 0.322 
6.79 0.0185 0.136 0.577 
6.58 0.0178 0.131 0.812 
7.06 0.0198 0.0971 0.168 
6.89 0.0193 0.0947 0.311 
6.69 0.0184 0.0904 0.588 
7.04 0.020 1 0.0493 0.079 
6.875 0.0198 0.0487 0.1535 
6.695 0.0192 0.0472 0.333 
6.485 0.0183 0.0488 0.646 
6.83 0.005 1 0.0373 0.145 
6.66 0.0050 0.0370 0.288 
6.46 0.0050 0.0366 0.568 
6.26 0.0491 0.0362 0.818 
6.72 0.0051 0.0248 0.147 
6.55 0.0050 0.0247 0.305 
6.35 0.0050 0.0243 0.610 
6.605 0.005 1 0.0124 0.099 
6.44 0.0050 0.0124 0.222 
6.245 0.0050 0.0122 0.496 

Species by PGLET(84) Species by LETAGROP-ETITR 

log /$qr 
M3 7.360 f 0.016 

Z&H 4 
M;LH 

39.80 9.67 f f 0.14 0.01 
11.805 f 0.020 

U x IO-‘, s(Z) 6.56, 0.01267 

Residual mean 2.OE-3 
Mean residual 0.0096 
Standard deviation 0.0124 
Skewness (should be 0) 0.658 
Curtosis (should be 3) 2.520 

log t&r Reference 
7.20 38 

39.750 10.15 f 0.008 38 39 
11.820 f 0.020 39 

8.60, 0.014 39 

Not calculated 

Hamilton- R-factor, % 2.862 



530 JOSEF HAVEL and MILAN MELOUN 

stands for the vanadate anion. The equilibria are 
complicated by competitive hydrolysis of vana- 
dium(V). In alkaline medium the species MOH and 
M,OH prevail, and in neutral medium M, and M, 
ionic aggregates predominate. 

Six potentiometric titrations for two total vana- 
dium(V) concentrations (5 and 2OmM) and six 
tartrate concentrations (12.5, 25, 37.5, 50, 100 and 
15OmM) in the pH range from 6.1 to 7.1 were 
performed by addition of mineral acid to a mixture 
of vanadate and tartrate (Table 3). The titration 
data were converted into (Z,,, , pH) variables and 
analysed by POLET(84). Of the six stability 
constants, two were kept at constant values, log 
/I,,,, = 3.685 and log f10i2 = 6.360, while the remaining 
four were refined, the resulting estimates being log 
fiJw = 7.3604 + 0.0164, log /$,x, = 9.6735 +_ 0.1430, 
log flzl, = 11.8049 + 0.0196, log &., = 39.7951 + 
0.0196 with SIGY [i.e., s(Z), CJ Meloun and 
(Serm6kz3] = 0.01267. On the assumption that the 
experimental error of Z, sinsl(Z), was 0.01 for the 
given experimental arrangement, the refined par- 
ameters were considered reliable. The degree-of-fit 
also proved there was sufficient refinement of the 
parameters. The polyvanadate stability constants 
found were in satisfactory agreement with those 
obtained by Brito et al. 39 from a quite independent 
data set by using LETAGROP-ETITR. 

Other examples of application of POLET(84) can 
be found”~‘*” and the use of direct stoichiometry 
estimation by the ES1 approach has been demon- 
strated in a comparison of three programs, 
POLET(84), LETAGROP-ETITR and MINI- 
QUAD, applied to the complexation systems of 
molybdate-malic acid, molybdate-citric acid and 
borate-malic acid.42 
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Summary--A brief review of the numerical methods employed in the evaluation of acidity constants of 
two step overlapping equilibria is given. A new alternative to the method of three equations developed 
by Thamer is also proposed in this paper. Taking into account the Gauss-elimination method, several 
variants to the original method of Thamer are devised. 

For a diprotic acid with the equilibria 
H,ReHR + H and HR+R + H the mixed acidity 
constants’ are given by 

K 

al 
_ [HRI WI ; [RI IHI 

D-4 RI 
K -- 

a’ - [HR] (1) 

where square brackets represent concentrations, and 
braces indicate activities. If the Beer-Lambert law 
holds, the absorbance of a solution containing a total 
concentration C, of ligand is given by 

where Aj is the absorbance of a solution 
(j = 0, 1,2) at concentration C,. Equation 
be derived from the simple expressions 

A = Aofo + A,_6 + -4f2 
CR = [RI + [HR] + [H2 RI 

jj = WjRI/CR 

(2) 

of H,R 

(2) may 

(3a) 

(3b) 

(34 

and the equilibrium equation involving &, and Kti. 
A detailed treatment of the algebra connected with 
the absorbance vs. pH curves for diprotic acids has 
been given by Irving et aL2 The original paper should 
be consulted for the details, which are too lengthy to 
include here. The numerical methods applicable to 
the spectrophotometric evaluation of acidity con- 
stants of monoprotic acids3 have been considered in 
a previous paper. Here, the numerical methods of 
Thamer and Voigt4 and Zsako et al.’ are re- 
formulated, Thamer’s method6 is extended in order to 
evaluate the limiting absorbances of the species R, 
HR and H,R (A,, A, and A, respectively; 
A, = E~[H,R], 4 being the molar absorptivity of thejth 
species), a new reformulation of the three-equation 

method is proposed (A, and A, known) and two new 
methods, applicable in cases in which either A, or A0 
is unknown are also reported. The calculations are 
inherently laborious and can only be effected con- 
veniently by minicomputer (a Casio PB 700 was 
used). 

METHODS WHICH REQUIRE THAT THE A-pH 
GRAPHS HAVE A MAXIMUM OR MINIMUM 

IN THE REGION IN WHICH THE 
SPECIES HR PREWMINATES 

A number of authors have reported methods for 
obtaining pK,,, and pK, values when the molar 
absorptivity of the species HR is either greater or 
smaller than that of R and H2 R. Two approaches will 
be considered here: the methods described by Thamer 
and Voigt4 and by Zsako et aLs The numerical 
formulation of Ang’s method’ as well as its extension8 
to equilibria with three overlapping steps will be 
considered in subsequent papers. 

Method of Thamer and Voigt 

Rewriting equation (2) for the point (A’, pH’) at 
either a minimum or a maximum on the A vs. pH 
curve, it follows that 

A,=(A’-A,)$+A’+(A’-A2)c iH’) (4) 

At the point (A’, pH’), dA/d(pH) = dA/d{H} = 0, so, 
from equation (2) we have 

(A, - +KazKs, + &42 - 4dWL 

+(A2-AA,){H’}2=0 (5) 

By introduction of expression (4) into this relation, 
the equation 

x2+[K,,+(1-b){H’}]{H’}x- 

6 [K,, + {H’}] {H’}3 = 0 (6) 

531 
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is obtained, where 

b= 
A’-A, 
p; x=K,,K, 
A’- A, 

A. G. ASUERO et al. 

with 

(7) 
and 

a = (A, - AXA, - A,) 

The real positive root of this equation is x = {H’}2b. B = (A, - AXA, -A,), 
On the other hand, if we introduce expression (4) and 

into equation (2) and take into’ account that 
K,, Ka2 = {H’}2b, we obtain 4 = {HMH’] 

-- 

P)(A’--A) 
Ka2 = (A - A,) + (A - A2)q2/b - (A’ - A,)q - (A’ - A,)q/b (f-9 

where q = {H}/{H’}. 
The value of Ka2 can be calculated from experi- 

mental values of pH and A provided that values of 
A’, pH’, A, and A, are available. Once the values of 
Ka2, K,, [from equations (7) and (8)] and of A, [from 
equation (3)] are known, the theoretical graph of 
absorbance vs. pH at any appropriate wavelength can 
easily be derived by applying equation (2). Thamer 
and Voigt4 derived the following expression in order 
to calculate a curve through the experimental points 

A=AZ+b 

! 

(9 

If measurements are made at a wavelength at 
which the species R and H2R have identical molar 
absorptivity, then A, = A,, and hence b = 1 and 
equation (8) is reduced to 

{WV’-A) 
Kti = (A - A,)(1 + q’) - 2q(A’ - A,) 

(10) 

This method was originally applied to deter- 
mination of the dissociation constants of isophthalic, 
terephthalic and chloranilic acids.’ Evans ei aL9 have 
applied it to pyridine monocarboxylic acids. Kiss and 
Szekely” have re-examined Thamer and Voigt’s 
method. 

Method of Zsako et al. 

This approach to estimating K,, and Kti also 
requires the molar absorptivity of R to be inter- 
mediate between those of HR and HrR or that of 
H,R to be between those of R and HR. 

From equation (5) 

Ka2 = 
W’) (4 - -42) 

(11) 

2642 -A,) + iH,j K”1(A,-A,) 

Introducing this value for Ka2 into equation (2) results 
in 

-F.;, 
WI 

a=0 

where 

(12) 

(13) 

as before. 
The positive root of equation (12) is 

K,, =(Q +[Q2+2e.rfi)r)/HJ (14) 

The computation of A,, A0 (or A2) and 4, entails 
a trial and error procedure. The first values adopted 
for A, and A, are A’ and A at the maximum (or 
minimum) pH value tested, respectively; then A, is 
gradually increased (decreased) and A,, decreased 
(increased), as appropriate, until the best constancy 
for K,, is reached, e.g., by minimizing the standard 
deviation of K,, . Once K,, is known, K,, is evaluated 
by applying equation (11). This method has been 
applied to evaluation of the acidity constants of the 
dioximes of 1,2_cycloheptanedione and 1,2-cycle- 
octanedione.5 However, the procedure is tedious be- 
cause it involves two variables at a time. 

METHODS WHICH REQUIRE THAT THE MOLAR 
ABSORPTIVITY OF HR BE INTERMEDIATE 

BETWEEN THOSE OF R AND H,R 

The main difficulty of Thamer and Voigt’s method 
in practice is to locate accurately the maximum or 
minimum in the A-pH graph. In such a treatment it 
is necessary to obtain a number of results around pH’ 
before the proper curve can be established. No 
restriction on the shape of the A-pH curve is imposed 
in the following treatment. Four experimental situ- 
ations exist depending on whether either or both of 
the limiting absorbances Az and A, are known or 
unknown. 

Case I-The absorptivities of both R and Hz R can be 
directly determined 

Equation (2) can be rearranged to give 

(A - A,)& -A,(H) + (A - A,){H)2/K,, 
= -A(H) (15) 

If A0 and A, can be obtained from measurements at 
the upper and lower extremes of the pH range, 
respectively, this equation contains three unknowns: 
A,,K,, and Kaz. The required unknowns can be 
evaluated by solving simultaneous equations derived 
from equation (17) for three solutions a, b and c. 

Robinson and Biggs” measured absorbances at 
three different pH values in determining the acidity 
constants of p-aminobenzoic acid and four ester 
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derivatives, as did Mattoo,* and Pal’chevskii et al.” 
in the determination of the acidity constants of 
p-hydroxybenzoic acid, although in that case 
ApK, > 5.0. However no equations relating K,, and 
K2 with experimental data were given by these 
authors. This was done by Thamer.6 Here we give a 
reformulation of the three-equation method for di- 
protic acids which leads to more straightforward 
expressions than those reported by Thamer6 and 
allows Kel, K, and A, to be evaluated from experi- 
mental A-pH data for three solutions a, b and c. 

Using the properties of determinants, we get for 

L= 
1 4 XdHh 

&PI: 4 U-% 

Q-% x2 IHI6 

X6P-U: x3 PL 

where 

X,=A,-A, X,=A,-A2 
X,=A,-A, X,=A,-A, 
X3=A,-A. X,=A,-AA, 

Putting 

IHLl{H>, = 4,; 

{H),/(H), = (11,; 

Y,=A,-Ab; 

Y,=A,-A,; 

Y,=A,-A, 

we obtain finally 

(16) 

(17) 

(18) 

proposed by several earlier workers,‘6,7 starting from 
totally different principles. 

Case ZZ (Thamer’s methodethe absorptivities of 
H,R, R and HR are unknown 

In this case, the form of the A-pH graphs depends 
on the relative magnitudes of five parameters: A,,, A,, 
A,, K,, and 4*. The resolution of five linear equa- 
tions of the form (2) in order to evaluate the un- 
known parameters was first suggested by Rosen- 
blatt,ls although no attempt was made to do it, 
because of the inherent difficulty in resolution of 
fifth-order determinants. An answer to this problem 
was reported by Thamer, as shown below. 

The difference in absorbance between two solu- 
tions i and a is given [according to equation (2)] 

by 

,&+++A$& 

A,-A,= 
1 I {HTj I {I-$ ” - Aa (22) 

Ka2 &Ka, 
Equation (22) can be rewritten as 

(Ai-A,)K,,Kti + (A, - A,)K,,{H)i + (Ai- A,)(H)? 
- (A, - A,)K,, Ka2 - (A, - A,)K,, {HI, 

- (A, -A,)(H); = 0 (23) 

When i = a, it follows that 

-K,,KJA, - A,) - (HL,K,,(A, -A,) 

-{H):(A~-A,)=~ (24) 

Combination of equations (23) and (24), followed by 
rearrangement, yields 

{H}i(A, - A,)K,, + (A, - A,)K,,Kti + ({HI, 

- {H}i)K,, (A, - A,) + ({HI: - {H)I)(Az - A,) 

= -{H};(A~ - A,) (25) 

x4q:(x3 - x2q,,) + x,tx,q,, - x3q,,) + x6ddx2qI - xl) 

In analogous manner we may evaluate K,, and A, from 

(19) 

and 

&, = -{H>b 
x4q:(x3 - x2q,,) + X,(x,q,, - x3qI) + x6qi?,(x2q, - x,) 

x, y*q,, + x2 y3 414,1+ x3 y, 41 

(20) 

A _ X,&X,& - X,q,,A,) + X,(X,q,,A, -&q,&) + X&(X,%% - X,A,) 
I- 

x4dtx3 -x2@,) + x5(x,%, -x3%) + X6d,(X2~, - x,) 

(21) 

Equations (19) and (20) are essentially identical with Making i = b, c, d and e gives a system of four linear 
those given by Thamer,6 and the same unique values equations with five terms and four unknowns. 
for the constants are obtained by both methods, With the relations 
although there is no simple transformation between Xi = {H}:& 
this and Thamer’s formulation. The absence of any 
assumption in the derivation makes equations PI = WMHL 

(21)-(23) more attractive than the approximate ones PI, = IHMWc 
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where 

the equations given by Thamer6 for the first two 
unknowns may be modified to 

K, = W>c 
z,h + ‘) + z2h, +P,,,) - z3h +h’) - z,(l +h,) + z,(l fh’) + z6h, +h,) 

z,-z2+z~+z.,-z~+z6 1 (27) 

Ka2 = IWe 
‘,P,, - z,P,,P,,, + z3P,,P,V + z4P,,, - zSP,V + z6P,,,k+V 

-z,(h + l) + z2(,5, +P,,,) - ‘,(P,, +P,V) - z,(l +P,,,) + z,(l +P,V) + z6(p,,, +p,“) 
(28) 

where , _. _. 

-5 =(Ab-A,)(A,-A,)(P,-P*,,)(P,-PIV) 

x (Pn - l)(P,,, -P,v) 

z2 = (A6 - 4)(4- A,)(P, - l)(P, -P,v) 

x (P,, -Pr,,)(l -P,v) 

& = (Ab - A,)(A, - A,)(P, - l)(P, -P*,,) 

x (PI, -P,v)(l -P*,,) 

z,= (A,-A,)(A,-A,)(P,-P,,)(P*-P*v) 

x (1 -P*,,)(P,* -P,v) 

-G = (A,- A,)(A, - A,)(P, -P,,)(P, -Pd 

x (1 -P,v)(P,, -P,,,) 

z6 = (Ad-A,)(A,- ‘-tz)(p, -P,,)(P, - ‘) 

x (P,,, -P,~)(P,, - 1) (29) 

Once the values of K,, and Ka2 are known, equation 
(2) can be rearranged to give 

(30) 

Linear equations in four terms and three unknowns 
of this type [equation (30)] can be used to evaluate the 
A,, A, and A2 values (obtained from any three solu- 
tions) by Gaussian elimination.” In this way the 
inherently laborious calculations involved in the res- 
olution of a system of five linear equations of the 
form (2) in order to evaluate the unknown parame- 
ters A,, A,, A,, K,, and K2 are avoided. This was 
accomplished by Roth and Bunnett” by computer. 

Solving equation (30) for three solutions a, b and 
c, we obtain 

(D, - D,) - (Db - D,) 

A, = 

(cc-co)-(cb-c,) 

A 
I 

= @b - Do) - (cb - CA42 

Bb - 4 

A,=D,-B,A,-C,A2 

(31) 

(32) 

(33) 

D.-A. 
I I 

1 I IHji + {H)’ 
42 Ka2Ka, > 

(34) 

Case III-Only the absorptivity of H,R is known 

By rearrangement of equation (23) we have 

({HI, - {H1,)]K,(A, - A,)1 + (4 - 4)K,K,l 

+ {H&4-- 4HK,l= -IWfM- A,) 

- 0% - P-WA, - 4) (35) 

The three equations of form (35) (with i = b, c and 
d) may be solved I9 for the three unknowns 
K,,(A, - A,), K,, Ka2 and & [shown in square brack- 
ets in equation (391 by Gaussian elimination. Finally, 
A0 is evaluated by means of equation (2) for any point 

(4 PH). 

Case IV-Only the absorptivity of R is known 

Dividing equation (23) by {H}j! gives 

-(A, - A,) = 0 (36) 

When i is equal to a we get 

+ (A, - A,) = 0 (37) 

Combining equations (36) and (37) yields 

x K,,K,,2+ w K,,=A,-A, 
[ .I (38) 

The three unknowns K,(A, -A,), K,, Ka2, and K,, 
can again be evaluated by solving three equations of 
the form (38) by the Gaussian elimination method.19 



Evaluation of acidity constants-II 535 

The fourth unknown A, is then evaluated by applying 5. J. Zsako, J. Horak, Z. Finta, C. S. Varhelyi and I. 
equation (2): Mitrache, Mikrochim. ACM, 1979 I, 405. 

&z&i 
‘~=‘~+(A,-A,)~+(Aj-A~) IH); 

6. B. J. Thamer, J. Phys. Chem., 1955, 59, 450. 
- (39) 7. K. P. Ang, ibid., 1958, 62, 1109. 

8. A. G. Asuero. unoublished work. 

for (A), pHi) and j = a, b, c or d. 
A programI for use with a Casio PB 700 mini- 

computer, and based on the equations developed for 
Cases I-IV has been devised and is available from the 
authors on request. Programs for use with a Texas Tl 
59 pocket calculator and based on the equations 
developedi9~*’ have also been devised. The use of a 

pocket calculator to perform the calculations is neces- 
sary in order to maintain arithmetic precision. 

In a forthcoming paperz2 data for the overlapping 
equilibria of glyoxal bis(4-phenyl-3-thiosemicar- 
bazone) will be presented. 
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Summary-A method is described for the fluorimetric determination of zinc, based on formation of a 
zinc-morin complex in the presence of a non-ionic surfactant. The complex has practically no fluorescence 
in the absence of surfactant, but the addition of Genapol PF-20 (non-ionic surfactant, ethylene 
oxide-propylene oxide condensate) makes possible the fluorimetric determination of low concentrations 
of zinc as it enhances the fluorescence of the complex about 75fold. Maximum fluorescence is produced 
at pH 4.7 f 0.2 (acetic acid-acetate buffer), with 1.5% surfactant and 0.009% morin. The fluorescence 
is excited at 433 nm and measured at 503 nm. The calibration graph is linear up to 150 n&l zinc 
concentration and the detection limit is 3 ng/ml. The relative standard deviation (11 replicates) is 2.4% 
for zinc at 20 ng/ml concentration and 1.7% for 100 ng/ml. Of 29 ions studied, A13+, Be*+, Zr’+ and Cd2+ 
strongly increase the fluorescence of the system, and Fe’+, Ni*+, Cu*+, Ti(IV) and Co*+ decrease the 
fluorescence signal. 

In recent years, surfactants have become of great 
interest because they provide a reaction medium in 
which the sensitivity and selectivity of numerous 
reactions are improved, and the metal complexes 
formed in micellar media are generally more stable 
than those formed in the absence of micelles. Most 
work has been done on spectrophotometric deter- 
minations, but surfactants are now also being applied 
successfully in fluorimetry,’ giving even higher sensi- 
tivity and lower detection limits. The first of these 
applications was to the determination of aluminium 
with lumogallion in the presence of the non-ionic 
surfactant polyethylene glycol monolauryl ether.2 
Recently, Sanz Medel and co-workers’s’ and Hinze 
et ~1.~ have reviewed the applications of micellar 
media in fluorimetric analysis. 

With morin as fluorimetric reagent, only the com- 
plexes of Nb,3*4*6 Ta,4 Al’ and Pb8 have been sensitized 
by the use of surfactants. The fluorescence of the 
Nb-morin system is strongly enhanced by cationic 
surfactants (e.g., CTAB gives an 80-fold increase) but 
anionic and non-ionic surfactants are without effect.’ 
It has been postulated that cationic surfactants inter- 
act electrostatically with the ternary anionic 
niobium-morin complex formed in sulphate solu- 
tions [NbO(OH)SO,.H,R] -, to form an ion- 
association compound.3*6 The micelle-enhanced 
fluorimetric method’ has a detection limit of 1 ng/ml 
and is highly selective. Analogously, in sulphuric acid 
medium, Ta forms with morin a negatively charged 
ternary complex containing sulphate ions which 
fluoresces in CTAB micellar solutions owing to the 
formation of an ion-association complex with the 
cationic CTAB micelles.’ 

The non-ionic surfactant Genapol PF-20 (ethylene 
oxide-propylene oxide condensate) strongly increases 
the fluorescence of the aluminium-morin complex 
(about &IO-fold).’ Analogously, this surfactant sen- 
sitizes the fluorescence of the Pb-morin system about 
9-fold,* which makes possible the fluorimetric deter- 
mination of Pb with morin, as in the absence of 
surfactant this system has only very weak 
fluorescence. 

From the strong interference of zinc in the 
Al-morin-Genapol and Pb-morin-Genapol systems 
(zinc does not interfere in the absence of the surfac- 
tant) we deduced that the very weak fluorescence of 
the Zn-morin system in acid media is significantly 
enhanced by addition of Genapol, and have therefore 
studied the effect. 

EXPERIMENTAL 

Apparatus 
Fluorescence intensity (I,) measurements were made on a 

Perkin-Elmer 3000 spectrofluorimeter with 10 and 5 nm 
band-pass in the excitation and emission paths, respectively, 
and l-cm quartz cells. The cell temperature was kept 
constant within kO.5”. A Crison Digilab 517 pH-meter 
(reading to &O.OOl) was used. 

Reagents 

All reagents used were of analytical grade (Merck). 
Zinc stock solution, IO&I pg/ml. Prepared by dissolving 

the contents of an ampoule of Titrisol standard zinc solution 
in water and diluting accurately to 1 litre. Working solutions 
were prepared by appropriate dilution with water. 

Morin solution, 0.18% in absolute etkanol. 
Acetate buffer (pH 4.7). Prepared by mixing 8.04 g of 

anhydrous sodium acetate with 5.9 ml of glacial acetic acid 
and diluting with water to 100 ml. 

Surfactant solution. Made by dissolving 15 g of Genapol 
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Xhm) 

Fig. 1. Excitation (I) and emission (II) spectra: (a) Zn-morin-Genapol (scale x 1); (b) Zn-morin (scale 
x lo), Zn concentration 100 ng/ml, morin O.OO!WO, Genapol IS%, pH 4.7 (acetic acid-acetate buffer), 

25°C. 

PF-20 (Hoechst) (propylene oxide-ethylene oxide ratio 1.6) 
in water and diluting to 100 ml (final concentration 
5.2 x IO-2M). 

Distilled and demineralized water was used throughout. 

General procedure 

An aliquot of standard xinc solution (up to 15 pg of zinc) 
was transferred into a lOO-ml beaker and 5 ml of morin 
solution were added. The pH was adjusted to 4.7 with 10 ml 
of acetate buffer. Then 10 ml of surfactant solution were 
added, and the solution was diluted with water to 100 ml 
(the ionic strength, maintained with the acetate buffer, was 
0.M) and mixed well. After 45 min the fluorescence 
intensity was measured (at 25”) at 503 nm with excitation at 
433 nm. 

RESULTS AND DISCUSSION 

Figure 1 shows the excitation and emission spectra 
of the Zn-morin and Zn-morinGenapo1 systems 
(100 ng/ml of Zn and pH 4.7). As can he seen, the 
presence of 1.5% Genapol PF-20 greatly increases 
the fluorescence intensity ( > 75fold) and causes a 
shift in the excitation maximum from 418 to 433 nm. 

Maximum fluorescence occurred at 503 nm in both 
instances. Though in Fig. 1 the emission maximum of 
the Zn-morin complex in the absence of surfactant 
appears to occur at N 520 nm, this actually corre- 
sponds to the fluorescence of the free mot-in at pH 
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Fig. 2. Effect of pH on the fluorescence over the optimum 
range (adjusted with acetic acid-acetate buffer): (a) 
Zn-morin-Genapol; (b) morinGenapo1. Zn concentration 

100 ng/ml, morin 0.005%, Genapol 1.5%, 25°C. 
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Fig. 3. Effect of morin concentration: (a) Zn-morinGenapo1; (b) morin-Genapol. Zn concentration 100 
ng/ml, Genapol 1.5%, pH 4.7 (acetic acid-acetate buffer), 25°C. 
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Fig. 4. Effect of Genapol concentration: (a) Zn-morinGenapo1; (b) morin-Genapol. Zn concentration 
100 ng/ml, morin 0.009%, pH 4.7 (acetic acid-acetate buffer), 25°C. 

4.7, and with zinc concentrations > 500 ng/ml the 
emission maximum of the zinc complex clearly occurs 
at 503 nm. 

We had previously established7 that the surfactant 
used in this work was the most appropriate (amongst 
various non-ionic and cationic surfactants tested) for 
the sensitization of the Al-morin complex. 

Reaction conditions 

The system was found to give fluorescence only 
between pH 3 and 6, with maximum intensity at pH 
4.54.8 (Fig. 2), and with a morin concentration of 
2.6 x 10m4M (Fig. 3). Rigid control of pH is essential, 
and pH 4.7 was selected as optimal. 

The optimum surfactant concentration was 1.5%, 
but variation between 0.8 and 2.0% of surfactant 
caused a maximum change of only 4% in IF (Fig. 4). 

IF was maximal and practically constant when the 
ethanol concentration was lower than 7.5%. Higher 
concentrations decreased the response (Fig. S), pre- 
sumably because the ethanol destroys the micelles. A 
5% v/v concentration of ethanol was chosen as 
optimal; this volume of ethanol is furnished by the 
morin solution. 
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Fig. 5. Effect of ethanol concentration: (a) Zn-morin- 
Genapol; (b) morin-Genapol. Zn concentration 100 ng/ml, 
morin 0.009%, Genapol 1.5%, pH 4.7 (acetic acid-acetate 

buffer), 25°C. 

Maximum fluorescence was obtained at 25-30”, 
but the stability was higher at temperatures 5 25”, 
with a slight initial decrease of IF and then constant 
response for 1 hr. This temperature and a mea- 
surement time of 45 min were chosen as optimal. 

Analytical characteristics 

The calibration graph was linear up to 150 ng/ml 
zinc concentration, with an intercept on the ordinate, 
corresponding to the fluorescence of the free reagent. 

The relative standard deviation (r.s.d., 11 repli- 
cates) for zinc at the 20-ng/ml level was 2.4%, and 
1.7% for 100 ng/ml. 

The detection limit, estimated as the zinc level 
giving a net signal three times the standard deviation 
of the blank, was 3 ng/ml. 

Interferences 

The effect of 29 ions on the fluorescence of the 
Zn-morin-Genapol system at the 20-ng/ml zinc level 
was studied (Table 1). The tolerance level was set at 
the amount causing less than + 4.8% change (i.e., 
twice the r.s.d.) in Z,. The main interferences are 
produced by Al, Be and Zr, which form highly 
fluorescent complexes with morin. Moreover, Cd and 
Hg(II), which are in the same periodic group as Zn, 
also increase the fluorescence. 

Table 1. Tolerances for diverse ions [Zn concentration 20 
ng/ml, morin 0.009%, Genapol lS%, pH 4.7 (acetic 

acid-acetate buffer), 25”C] 

cionlcZn 

r500 

250 
100 

z 
5 
2 
1 
0.5 
0.1 

Ion 

Cl-, HCO,, NO,, HP@-, SiO:-, Ba*+, 
Na+, NH: 
F-, Sa-, K+ 
Mn’+, Sti+ 
Ca2+, Cr’+, Mg*+ 
Pb2+ Sn2+ 
$3 V(V) 

Cu*+, Ni*+, Ti(IV) 
Fe’+, Cd*+ 
Ber+, Zr(IV) 

0.02 Al’+ 
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Fe(III), Co(II), Cu(II), Ni(II) and Ti(IV) interfere 4. A. Sanz Medel, J. I. Garcia Alonso and E. Blanc0 

by decreasing the fluorescence. Gonzalez, Anal. Chem., 1985, 57, 1681. 
5. W. L. Hinze, H. N. Singh, Y. Baba and N. G. Harvey, 
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FLUORIMETRIC DETERMINATION OF BORON AT 
MICROGRAM LEVEL 
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Summary-The synthesis, characterization and application of 2-(2-hydroxybenzylidenimine)benzene- 
arsonic acid (HBBA) as a reagent for the fluorimetric determination of boron are described. This reagent 
reacts with boric acid in 85% w/w sulphuric acid medium to yield a fluorescent compound. The reagent 
is not fluorescent in those conditions. Heating at 90” for 45 min is needed for the compound to be formed. 
The linear calibration range is 0.1-8 pg/ml in the solution measured. The detection limit of the method 
is 0.01 pg/ml. The method has been applied to determine boron in vegetal material. 

Benzoin has long been the most widely used reagent 
for fluorimetric determination of boron,’ but other 
reagents have more recently been used for this pur- 
pose, including carminic acid,2 2-hydroxy4methoxy- 
4’-chlorobenzophenone’ and dibenzoylme~hane.’ 

During a study of new imine derivatives as ana- 
lytical reagents5 we have found that 2-(2-hydroxy- 
benzylidenimine)benzoarsonic acid (HBBA, I) reacts 
with boric acid in sulphuric acid medium to form a 
compound which exhibits fluorescence, as expected 
from its molecular structure and the effect of substit- 
uents on fluorescence6 By analogy with hydroxy- 
anthraquinones, boric acid is expected to react with 
HBBA at high acidity’ and to have structure II.* A 
strongly acid medium is needed, otherwise a structure 
like III will be obtained, which has no fluorescence, 
on account of its low molecular rigidity.* 

QCHZNJp 
0-H HO--6s -OH 

I 

OH 
I 

0-_B-O-As-OH 

bCHLN6 
II 

@$CIH~N~ 

HO----BO+--O-As-OH 

m 

EXPERIMENTAL 

Apparatus 

Absorbance measurements were made with a Pye Unicam 
SP8-100 double-beam spectrophotometer with the necessary 
accessory to convert it into a spectrofluorimeter, a mono- 
chromator to isolate the required line from the radiation 
source (excitation monochromator) and a series of filters to 
analyse the fluorescence radiation. A 10.2 x 5.47 mm cross- 
section cell containing quinine sulphate solution was used as 
reference, and a 10.0 x 10.47 mm all to contain the sample. 

Reagents 

Z-ZBBA. For the synthesis dissolve 7.2 g of salicylaldehyde 
in 50 ml of ethanol and 5 ml of concentrated hydrochloric 
acid. Heat under reflux for 5 hr, and add 12.5 g of 
o-aminobenzenearsonic acid dissolved in 150 ml of ethanol. 
Let the solution cool, then add 200 ml of distilled water, 
neutralize to pH 4 with 5M sodium hydroxide and leave in 
the refrigerator for 12 hr. The product (yield 80%) is a 
yellow solid, with m.p. 226”, sparingly soluble in water, 
acetone or acetic acid, but soluble in concentrated sulphuric 
acid, hot ethanol and in dilute sodium hydroxide solution. 
It is purified by recrystallization from ethanol, and vacuum 
sublimation. 

The reagent is used as a 0.05M solution in concentrated 
sulphuric acid (s.g. 1.84). 

Standard boron solution, 1000 Fghl. Dissolve 5.715 g of 
pure boric acid and dilute to volume with water in a WOO-ml 
standard flask. Store the solution in a plastic bottle. Prepare 
working solutions by dilution iust before use. 

Quinine sulphate solution. dissolve 0.500 g of quinine 
sulphate in 100 ml of 0.05M sulohuric acid. 

&lphuric acid, 85% w/w (s.g. i78). Dilute (with caution!) 
86 ml of concentrated sulphuric acid (s.g. 1.84) to 100 ml 
with distilled water. 

Procedure 

To 1 ml of sample solution containing up to 80 pg of 
boron, add 5 ml of reagent solution and 1 ml of concen- 
trated sulphuric acid (s.g. 1.84), heat at 90” for 45 min, let 
cool to room temperature and dilute to 10 ml with 85% w/w 
sulphuric acid. Measure the relative fluorescence intensity 
(using a Kodak 5 cut-off filter) at 430 nm, with excitation 
at 403 nm, against a quinine sulphate solution as reference. 
Prepare a calibration graph with standard boron solutions 
by the same procedure. 

541 
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,1 

400 300 

Wavelength (nm 1 
Fig. 1. Fluorescence excitation spectrum, relative to quinine 
sulphate solution as reference. 1, Reagent blank solution, 
O.OSM in concentrated sulphuric acid. 2, Boron-HBBA 
complex, 1 pg/ml boron, 85% w/w H,SO,, heated for 45 

min at 90”. 

RESULTS AND DISCUSSION 

Figure 1 shows the excitation spectrum of a 0.05M 
HBBA solution in concentrated sulphuric acid. There 
is no fluorescence. However the boric acid-reagent 
product is fluorescent, with an excitation maximum 
at 403 nm. Since the spectrophotometer used did not 
have an emission monochromator, various cut-off 
filters were tried, and a Kodak 5 filter gave the best 
relative fluorescence intensity. 

Sulphuric acid concentration 

The reaction between boric acid and HBBA needs 
both a strong acid and a dehydrating medium. Sul- 
phuric acid is the obvious choice. Maximum relative 
fluorescence was obtained with a sulphuric acid con- 
centration between 80 and 85% w/w (Table 1). 

Time and temperature 

Various temperatures and heating times were 
tested. The relative intensity of the fluorescence was 
measured after cooling the solutions to room tem- 
perature. Results are shown in Fig. 2. Heating at 100” 

Table 1. Effect of sulphuric acid con- 
centration on the relative fluorescence 
intensitv of the boron-HBBA complex 

Sulphuric acid, Relative 
% w/w fluorescence 

70 0.81 
75 1.60 
80 1.70 

85 1.99 
90 1.17 

lllllllllll I I , I I I 

15 3045 60 90 120 

Time (set) 

Fig. 2. Influence of temperature and heating time on rela- 
tive fluorescence intensity. O-80”; l --90”; x -100”. 

gives maximum fluorescence intensity in 10 min but 
the fluorescence then decreases, becoming constant 
after about 45 min of heating. Similar behaviour is 
observed at lower temperatures but the final constant 
fluorescence intensity is greatest for heating at 90”. 
The relative fluorescence intensity of the cooled solu- 
tion is constant for 5 hr. Therefore heating at 90” for 
45 min is optimal. 

Reagent excess 

It was found that for a fixed amount of boron (1 
pg) the relative fluorescence intensity was maximal 
and constant if the reagent concentration was 
0.05-0.2M (Table 2). A reagent concentration of 
0.05M was selected for practical use. 

Calibration graph 

The fluorescence intensity is a linear function of 
boron concentration in the range 0.1-8 pg/ml in the 
solution measured. 

Interferences 

A variation of 3% in the relative fluorescence 
intensity from a 1 pg/ml final boron concentration 
was considered to indicate interference.’ 

Li+, Na+, K+, NH:, Ag+, A13+, Ca2+, Mn2+, 
Pb*+, Sn2+, Ba*+, Sr*+, Cl-, AsO; and SiO:- do not 

Table 2. Effect of HBBA con- 
centration fluorescence value 

for 1 ppm boron 

Relative 
[HBBA], M fluorescence 

0.005 1.62 
0.01 1.68 
0.02 1.71 
0.05 1.83 
0.07 1.83 
0.10 1.83 
0.20 1.83 
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Table 3. Influence of foreign ions on determination of 1 ppm boron 

Element Interferent, pg 
Ratio 

B/I 
Change in 

I, value, % 

Li+, Na+, K+, NH:, Ag+, 
As3+ 9 Al’+ 
SiO:-, CY: 

Ca2+, Mn2+ 
SO:-, PO:-, 2000 1:2000 0 

Pb2+, Sn2+, Ba2+, Sr2+ 400 I:400 0 
C&- 15 5 1:15 I:5 +6 0 

Ni*+ 1.2 1:1.2 +47 
co2+ 1.2 1:1.2 f21 
Fe3+ 0.2 1:0.2 -4 

Table 4. Analysis of plant samples 

Average* Boron recovered, pg/g Recovery, % $ 
found, CIIAF value?, 

Plant /@gig /rgig Boron added, pg/g# A B A B 

Grape 44.6 44.5 45.0 89.0 89.2 99.3 99.5 
Orange 41.0 40.0 40.0 80.6 80.4 95.5 99.2 
Olive 15.7 15.0 15.0 31.0 30.4 100.9 99 
Peach 32.8 32.5 30.0 62.0 62.5 98.7 99.5 
Apple 34.6 34.0 35.0 70.0 69.7 100.6 100.1 

*Ten determinations; coefficient of variation 2% in all cases. 
tValue certified by CIIAF. 
$A = addition before calcination; B = addition after calcination. 
§Two sets of experiments, with boron added before calcination in one and after it in the other. 

interfere when present in 400: 1 w/w ratio to boron, 
but Fe3+, Cu*+, Ni*+, Co*+ and C,O$- interfere 
strongly. Iron(II1) in 1:5 ratio to boron causes a 
negative error, but copper, nickel and cobalt (in 5: 1 
ratio to boron) enhance the signal considerably by 
formation of fluorescent compounds which mask the 
emission from the boron compound. Nitrate and 
iodide interfere because they cause precipitation of 
the reagent. 

Application 

The method was applied to determine low concen- 
trations of boron in vegetable matter by the following 
procedure. 

Heat a l-g sample of dried vegetable matter with 
0.1 g of calcium oxide for 3 hr at 200” and then for 
6 hr at 550”. Dissolve the residue in 1 ml of concen- 
trated sulphuric acid and 3 ml of methanol. Heat at 
65” for 15 min to distil the methyl borate formed and 
collect it. Make up the resulting solution to 5 ml with 
water, hydrolysing the ester. To 1 ml of this solution, 
add 5 ml of reagent solution, 1 ml of reagent solution 
and 1 ml of 96% (w/w) sulphuric acid, heat at 90” for 
45 min, let cool to room temperature and dilute to 
10 ml with 85% (s.g. = 1.78) sulphuric acid. Measure 
the fluorescence intensity as already described and 

read off the boron content from a calibration graph 
prepared at the same time. 

The values obtained are shown in Table 4 and 
compared with those given by the Interinstitute Com- 
mittee on Foliage Analysis (CIIAF) who supplied the 
samples. The same table shows the recovery achieved 
for additional boron being added either before or 
after calcination of the vegetable matter. It can be 
seen that there are no losses during the deter- 
mination. 
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Summary-A selective complexometric method is suggested for the determination of palladium, sodium 
thiosulphate being used as releasing agent. To a solution containing palladium and other cations, excess 
of EDTA is added and the surplus is back-titrated with lead nitrate solution at pH 55.5 in sodium acetate 
buffer with Xylenol Orange as indicator. EDTA equivalent to palladium is then released quantitatively 
with sodium thiosulphate and is titrated with the lead nitrate solution. The interference of various cations 
has been studied and the method applied for the analysis of alloys. 

Existing complexometric methods’” for palladium 
deal with its estimation directly or by back-titration 
only in pure solutions or in presence of platinum 
group metals, which do not react with EDTA. Alloys 
of palladium with copper and nickel are widely used 
as contact materials and those with rare-earth metals 
as magnetic materials. These alloys cannot be 
analysed directly by EDTA titration, since the associ- 
ated metals are also chelated. In order to work out 
procedures for these alloys, it is necessary to evolve 
selective masking or releasing agents for palladium. 
In our earlier papers we reported dimethylglyoxime,’ 
1,2,3-benzotriazole,8 1, 10-phenanthroline,9 thio- 
urea,“’ pyridine” and thiocyanate” as selective 
releasing agents for palladium. 

Here we describe a simple method of selective 
decomposition of the palladium-EDTA complex by 
addition of sodium thiosulphate at pH 5-5.5 and 
room temperature. The liberated EDTA is then 
titrated with lead nitrate solution with Xylenol 
Orange as indicator. The interference of various 
cations, including copper, has been investigated and 
the results are presented in this paper. 

EXPERIMENTAL 

Reagents 

Palladium(II) chloride solution. Prepared by dissolving 1 .O 
g of the salt (Johnson-Matthey) in minimum amount of 
hydrochloric acid and making up to 1 litre, and standard- 
ized gravimetrically” with ascorbic acid as reductant, a 
50-ml aliquot being used. 

EDTA solution, O.UIM. 
Lead nitrate solution, 0.01 M. 
Bufier solution (pH 5.5). Prepared by mixing 100 ml of 

1M acetic acid and 50 ml of 1M sodium hydroxide and 
making up to 500 ml. 

Xylenol Orange, 0. I % aqueous solution. 

Sodium thiosulphute, 3% solution. Solutions of various 
metal ions (concentration 1 mg/ml) were prepared from 
suitable salts. All chemicals used were of analytical reagent 
grade. 

Estimation of palladium in presence of other cations 

To a solution containing 3-30 mg of palladium(H) and 
various amounts of foreign metal ions, add excess of 0.01 M 
EDTA and dilute to 7&80 ml. Adjust the pH of the solution 
with 2% sodium hydroxide solution to between 4 and 5 and 
then to 5-5.5 with sodium acetate-acetic acid buffer. Add a 
few drops of Xylenol Orange indicator and titrate the excess 
of EDTA with O.OlM lead nitrate solution to the sharp 
colour change from yellow to red. Add l-10 ml of 3% 
sodium thiosulphate solution (8 mg of the reagent for each 
mg of palladium), shake, and titrate the liberated EDTA 
with O.OlM lead nitrate to the same end-point as in the first 
titration. 

Application to alloys 

Dissolve 0.1-0.2 g of the sample, accurately weighed, in 
the minimum amount of aqua regia and dilute to volume in 
a lOO-ml standard flask. Transfer a suitable aliquot into a 
conical flask, add excess of 0.01 M EDTA and complete the 
determination of palladium as described above. 

RESULTS AND DISCUSSION 

The stability constant of the palladium(II)-EDTA 
complex is reportedI to be 26.4. Although sodium 
thiosulphate is used for the estimation of palladium’4 
in neutral medium at 80”, there is no mention of the 
stability constant of the palladium-thiosulphate com- 
plex in the literature. However, experimental data 
show that it is more stable than the palladium-EDTA 
complex and hence thiosulphate is able to displace 
the EDTA instantaneously. On the other hand, com- 
mon metal ions (including copper) form weaker 
complexes with thiosulphate” than with EDTA. 
Thus the EDTA complexes of common metal ions 
remain unaffected by the thiosulphate added and 
these metals do not interfere in the present method. 

The release of EDTA from its palladium complex 
by sodium thiosulphate was found to be instanta- 
neous at room temperature and at pH 5-5.5. It was 
found during the preliminary investigation that 
80-100 mg of sodium thiosulphate causes immediate 
release of the EDTA bound to 12 mg of palladium, 
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Table 1. Determination of palladium in presence of foreign Table 2. Determination of palladium in 
metal ions and in alloys synthetic solutions and solid alloy samples 

Palladium, mg Palladium, mg 

Foreign ion added, mg Taken Found Error, % 

Cu(I1) 

Ni(I1) 

Pb(I1) 

Zn(I1) 

Cd(I1) 

Co(H) 

Mn(I1) 

Fe(II1) 

Al(II1) 

Bi(II1) 

Ia(II1) 

Y(II1) 

Ce(II1) 

Sm(II1) 

Tb(II1) 

Ti(IV) 

Zr(IV) 

Ru(II1) 

Rh(II1) 

Ir(II1) 

Ru(II1) 

Pt(IV) 

22.0 2.95 2.93 -0.7 
11.0 11.80 11.76 -0.3 
25.0 5.90 5.93 +0.5 
12.5 14.75 14.68 -0.5 
25.0 4.72 4.14 +0.4 

5.0 17.70 17.72 +O.l 
20.0 8.85 8.83 -0.2 
10.0 41.30 41.39 +0.2 
15.5 5.90 5.88 -0.1 
7.2 23.60 23.67 +0.3 

12.0 11.80 11.86 +0.5 
5.0 29.50 29.47 -0.1 
5.0 11.80 11.86 f0.5 
3.0 17.70 17.77 +0.4 

10.0 2.95 2.98 +1.0 
20.0 14.75 14.79 +0.3 

5.0 29.50 29.58 +0.3 
20.0 4.72 4.71 -0.2 
10.0 35.40 35.32 -0.2 
25.0 5.90 5.93 +0.5 
26.0 5.90 5.88 -0.3 

6.5 14.75 14.79 +0.3 
24.0 11.80 11.81 +0.1 

6.0 11.80 11.76 -0.3 
13.6 2.95 2.93 -0.7 
6.8 17.70 17.77 +0.4 

25.0 4.72 4.74 f0.4 
5.0 14.75 14.79 +0.3 

17.8 5.90 5.93 +0.5 
4.7 29.50 29.58 +0.3 

10.0 8.85 8.88 +0.3 
15.0 13.60 13.57 -0.2 
15.0 23.60 23.62 +0.1 
5.0 41.30 41.18 -0.3 

11.5 8.85 8.83 -0.2 
5.7 23.60 23.67 +0.3 
9.8 11.80 11.81 +0.1 
4.9 35.40 35.27 -0.4 

12.4 2.95 2.98 +1.0 
6.2 29.50 29.42 -0.3 

12.4 13.60 13.54 -0.4 
6.2 5.90 5.88 -0.3 
8.4 14.75 14.68 -0.5 
4.2 23.60 23.67 +0.3 

giving a clear solution. Lower quantities result in a 
turbid solution, but larger quantities have no adverse 
effect on the titration. There is no change of pH on 
addition of the releasing agent, so the liberated 
EDTA can be titrated immediately. It can be seen 
from Table 1 that many cations can be tolerated. 
Although thiosulphate is used to mask copper(I1) in 
EDTA titrations, it does so only if added before the 
EDTA, reducing the copper(I1) and forming a stable 
complex with the copper(I) produced.‘6,17 It cannot 
reduce copper in the presence of EDTA, since the 
copper(IEDTA complex is so much stronger than 
the copper(1 jEDTA complex that the conditional 
redox potential for the copper(II)/copper(I) couple is 
0.5 V. Mercury(II), tin(II), tin(IV) and thallium(II1) 
interfere seriously. More than 5 mg of manganese 
makes the end-point protracted, owing to displace- 
ment of EDTA from the manganese-EDTA complex 

Sample* Taken 

40% Cu-Pd 25.38 

45% Cu-Pd§ 22.41 

40% Ni-Pd 25.26 

39% Ni-Pd$ 27.06 

35% Co-Pd 26.16 

. 40% La-Pd 23.98 

64% Sm-Pd 28.04 

Found? 

25.44 
25.32 
22.39 
22.35 
25.22 
25.35 
27.11 
27.08 
26.07 
26.10 
24.08 
23.95 
28.17 
28.10 

*Synthetic samples unless otherwise men- 
tioned. 

tMean of three estimations by thio- 
sulphate release; the second value 
quoted in each case is the mean of 
three gravimetric estimations with as- 
corbic acid.16 

$Solid alloy samples. 

by the back-titrant lead nitrate, the conditional 
stability constants of manganese(II)-EDTA and 
lead(IIbEDTA at pH 5.5 in acetate medium being 
log K = 7.1 and log K = 8.9 respectively. 

Among the masking agents we suggested earlier, 
dimethylglyoxime and benzotriazole produce precip- 
itates, making handling of more than 15 mg of 
palladium difficult. Heating is also necessary with 
these reagents. Though 1 , 1 0-phenanthroline yields a 
soluble complex, many cations interfere and the 
applications are limited. Thiourea is free from these 
limitations, but interference due to copper must be 
prevented by using a temperature of 8” for titration, 
and a minimal excess of the reagent (which causes 
problems in analysis of unknown samples). Quan- 
titative release of EDTA with pyridine needs either 
heating the solution at 60” for 10 min or keeping at 
room temperature for 1 hr, and the reagent is un- 
pleasant to use because of its smell. Thiosulphate is 
therefore much superior, since it yields a soluble 
complex even with large quantities of palladium, 
releases the EDTA instantaneously in the cold, and 
tolerates a large number of cations without the need 
for special conditions. 

The relative standard deviations calculated for ten 
replicates at the 2.95 mg and 14.75 mg levels were 0.9 
and 0.2% respectively. Table 1 shows that a maxi- 
mum error of 1.0% was obtained only for the lowest 
quantity of palladium studied. For mixtures, solid 
samples or synthetic solutions containing more than 
10 mg of palladium (Table 2), the error did not 
exceed more than 0.5%. It is seen that the values 
obtained by using the present releasing agent are in 
good agreement with those of the gravimetric method 
with ascorbic acid.” 
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Summary-Total iron is determined by a flow-injection spectrophotometric technique. The production of 
I; from the iron( or iron(III)-induced perbromate-iodide reaction is monitored at 353 nm. Calibration 
graphs are linear from 10 to 100 ng/ml with correlations up to 0.9998 and can be extended up to 10 pg/ml 
by appropriate adjustment of conditions. The average sampling rate is 30 samples/hr. Detection limits and 
relative standard deviations compare well with those of other FIA methods. 

The reaction of perbromate and iodide proceeds very 
slowly in alkaline, neutral or acidic solutions, with 
the following stoichiometry in acid solution: 

BrO; + 121- + 8H++Br- + 41; + 4H20 

Bromide is formed in acidic solutions, bromate in 
neutral or alkaline solutions. In the presence of 
iron( the oxidation of iodide is accelerated, appar- 
ently through perbromate oxidation of iron to 
iron( which subsequently oxidizes iodide to 
iodine.’ 

With many typical chromogenic reagents for iron, 
either oxidation of iron(U) to iron(II1) or reduction 
of iron(II1) to iron(I1) is required before total iron 
can be determined.2-’ At high concentrations of 
iodide, iron(II1) is reduced quickly to iron( hence 
in the iodide-perbromate system the two oxidation 
states of iron cannot be distinguished and a separate 
oxidation or reduction step is not necessary in such 
a medium. 

Though sensitive, most chromogenic reagents 
are only somewhat selective. The iron(induced 
perbromate-iodide reaction has the advantage of 
being specific for iron and has been used successfully 
in the spectrophotometric determination of ng/ml 
levels of iron.5 

The purpose of this study was to adapt this iron- 
determination technique to a flow-injection system at 
a level of sensitivity that would allow analysis of 
natural water samples. 

Reagents 

EXPERIMENTAL 

Stock iron(H) solution, 100 ppm. Prepared from 
Fe(NH,),(SO,).6H,O dissolved in water, plus 2.5 ml of 

*On leave from Laboratory of Analytical Chemistry, 
University of Athens, 104 Solonos Street, Athens 144, 
Greece. 

concentrated sulphuric acid per litre, and standardized 
against potassium dichromate. 

Stock iron(IZI) solution, 100 ppm. Prepared from 
Fe(NH,)(SO,),. 12H,O dissolved in water, plus 2.5 ml of 
concentrated sulphuric acid per litre, and for highest accu- 
racy standardized, e.g., by iodometry. 

Stock potassium perbromate solution, O.OIM. 
Stock nitric acid, l.ZM. 
Stock sodium nitrate solution, 2.5M. 
All solutions were prepared with doubly demineralized 

water; all chemicals used were analytical reagent grade, 
unless otherwise specified. Standard iron solutions were 
prepared from stock solutions; stock sodium nitrate solu- 
tion and nitric acid were added to give final concentrations 
of OSM and 0.125M respectively. The carrier stream consis- 
ted of 0.5M sodium nitrate and 0.125M nitric acid, prepared 
by dilution of the stock solutions. Perbromate solutions 
were diluted so that the final solutions were 0.5M in sodium 
nitrate. The 0.5M sodium iodide reagent was prepared as 
needed. Water samples were diluted to twice their initial 
volume by addition of enough stock sodium nitrate solu- 
tion, stock nitric acid and demineralized water to make the 
final solutions 0.5M in sodium nitrate and 0.125M in nitric 
acid. 

Procedure 
Iron(I1) standards, samples, and the carrier solutions are 

prepared daily from the same stock solutions. Standards 
and samples are analysed on the day of preparation. Re- 
agent solutions and the carrier solution are degassed before 
use, to minimize microbubbles in the flow-cell. The absorb- 
ance is measured at 353 nm, where there is an absorption 
maximum for I,. 

The FIA manifold is shown in Fig. 1. The manifold 
tubing is 0.5 mm “Teflon” or “Microline”. Mixing tees are 
“Teflon”; standard fittings are used throughout. Solutions 
are pumped with a 4-line peristaltic pump (Gilson Minpuls 
II). The-detector is a DU-7 Beckman &ectrophotometer 
eauiuned with a modified 8-ul Varian flow-cell (model * __ 
vuv-10). 

The sample loop used for analysis has a volume of 100 ~1. 
The tubing of the sample loop and the manifold tubing past 
the sample-injection point are knotted, to minimize broad- 
ening of the product peak.6 A three-line system was chosen 
for a number of reasons. The confluence design-injection 
of the sample into solvent, then merging with the reagent 
line-is an effective way to ensure adequate mixing.’ The 
confluence design also prevents the appearance of negative 
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I I sample 

023mMnin 

‘wt 0.14mlhh 

ramt 0.14 ml/min 250cm 

Fig. 1. Manifold design. Carrier stream is 0.5M NaN03 
and 0.125M HNO,; reaaent 1 is 0.5M NaI: reagent 2 is 
2.5 x 10m3M KBrOi and\.lSM NaNO,. Total f&&ate is 

0.5 ml/min. 

or distorted peaks, which can result when the reagent 
absorbs significantly at the wavelength used.!’ The reagents, 
I- and BrO; , do react slowly to form I;, so the background 
I; concentration is minimized when the reagents are not 
premixed. The manifold is also designed so that there is only 
a very short length of tubing between the reagent merging 
point and the carrier-line merging point. 

The dispersion D is determined by pumping an I; 
solution (2 x 10-SM) through all three lines to obtain the 
signal corresponding to an undispersed plug of I;, c"; Cm" 
is the absorbance corresponding to the maximum signal 
after injection of 100 ~1 of the I; solution.’ To determine 
S,,, (the sample volume giving 56% of the saturation signal 
height), the “steady state” signal is obtained by injection of 
500 ~1 of the 1, solution into the carrier stream; smaller 
volume injections are then made until a response equivalent 
to 50% of the 500~~1 signal is generated.’ Thus, r&T refers 
to the carrier stream, while Co/Cm, is determined with 
respect to all three lines. These factors were found to have 
the values T = 79 set, D = C"/Cmu = 2.4, S,,, =40 ~1, 
t,,2 = 19 set, t&T = 0.24; for definition of the terms see 
RiiiiEka and Hansen.’ 

RESULTS AND DISCUSSION 

Calibration 

A calibration graph for the range from 10 to 100 
ng/ml was generated by duplicate injections of six 
iron(I1) standard solutions, and had the following 
characteristics: coefficient of correlation 0.9998, 
slope 2.48 x 10m3 ml/ng, intercept 8.77 x 10m4, and 
standard error 4.6 x 10e3 ng/ml. Similar curves were 
obtained on each day of analysis. Repetitive injec- 
tions of lOO-ng/ml iron(H) samples yielded a relative 
standard deviation (rsd) of 0.6% and of lo-ng/ml 
iron(I1) samples an rsd of 3.0%. Injection of 30.0, 
60.0 and 80.0 ng/ml iron(I1) solutions gave calculated 
values of 29.8, 60.5 and 80.0 ng/ml. The detection 
limit, calculated as three times the standard deviation 
of the background, was 0.4 ng/ml. Analysis of sam- 
ples with higher concentrations of analyte could best 
be accommodated by use of a faster flow-rate, in- 
creasing system through-put, with a lower concen- 
tration of perbromate in order to slow the rate of I; 
production and allow extension of the linear region. 
Linear response up to 10 pg/ml was verified. 

The peak obtained by this method is enhanced 
substantially as the pH is decreased below 2.0. With 
loo-p1 samples of 10 pg/ml iron( a tenfold in- 
crease in acid concentration in carrier, reagent, and 
sample streams resulted in about threefold increase 
in the response peak. Iron samples (10 pg/ml) that 
were 0.0125 or 0.125M in perchloric acid gave re- 

sponses 2.3 or 3.8 times greater than that of a sample 
with no perchloric acid. For larger sample volumes, 
the increase in peak height with increase in acid 
concentration was less significant. 

Analysis fir iron (III) 

Injection of lOO-ng/ml iron(II1) solutions gave 
peaks similar in height to those for lOO-ng/ml 
iron( indicating that iron(II1) caused catalysis of 
the reaction at the same rate as iron( so total iron 
can be measured directly. 

Interferences 

Athough this determination is specific for iron, the 
kinetics of the response can be affected by the sample 
matrix. When sodium perchlorate and perchloric acid 
are used as the background electrolyte instead of 
sodium nitrate and nitric acid the response is 
unaffected, but use of sodium chloride and hydro- 
chloric acid increases the iron response by 9%. If 100 
ppm EDTA is added to the matrix, the response for 
lOO-ng/ml iron(I1) is diminished by 68%. Calcu- 
lations from the conditional formation constants of 
the iron(I1) and iron(II1) EDTA chelates at the 
acidities used indicate that iron(I1) would not 
be appreciably chelated, whereas iron(II1) would be 
strongly chelated, so the effect does not appear to be 
the result of diminished free iron(I1) concentration. 
The iron(IVkEDTA complex formation constant is 
not available, and it may be that the EDTA 
effectively decreases the activity of the catalytic inter- 
mediate. This has been used as a tool to determine 
ligands such as EDTA, EGTA, and DPTA.” 

Optimization 

The major difficulty is the noisy base line. There are 
many factors contributing to the noisy signal. Per- 
bromate and iodide react slowly in the absence of 
iron, resulting in a background response. With the 
carrier stream 0.125M in nitric acid, the absorbance 
in the absence of sample is increased further. At 0.5 
ml/min flow-rate the background absorbance is 
about 0.46. The sample response increases relative to 
the background signal as the flow-rate is decreased, 
but the compromise results in a lower sampling rate. 
The peak obtained by this method is enhanced sub- 
stantially as the acidity is increased below pH 2.0. In 
the design used, the carrier is acidified to the same 
degree as the sample, so there is no blank response. 
However, this does increase background (carrier) 
absorbance and noise level, so there is a trade-off 
between these factors. 

One reagent line is 0.5M sodium iodide. The other 
two lines are made 0.5M in sodium nitrate to mini- 
mize the refractive index and viscosity differences in 
the lines, another major contributor to the back- 
ground noise. Although the pump used was not a 
one-speed pump, major flow-rate changes were made 
by changing the size of the peristaltic pump tubing. 
The smaller the internal diameter of the tubing, the 
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smaller the pulses from the pump, and the steadier 
the baseline response. A pulseless pump could im- 
prove the detection limit, and allow for faster 
flow-rates (larger tubing), thus increasing the sam- 
pling rate. 

To conserve the potassium perbromate reagent, a 
merging zone technique” or a split-loop injection 
technique’* could be used. In both schemes, a plug of 
reagent is merged with or injected with the sample, 
instead of use of a continuous stream of reagent. This 
would make it feasible to use higher concentrations 
of perbromate than the 2.5 x lo-‘M reported, allow- 
ing further increase in the sensitivity or in sampling 
rate, as under existing conditions the response is 
approximately linearly related to the perbromate 
concentration. 

The relative standard deviations could be improved 
by using a constant-temperature system; further opti- 
mization would depend on the types of sample to be 
analysed, and could be achieved with a simplex 
approach. Starch indicator could also be used, with 
monitoring of the characteristic blue complex with 
I; , to improve sensitivity. The starch/I; complex is 
unaffected by the perbromate matrix. 

Water analysis 

Tap water, well water, lake water and sea-water 
were analysed by this technique. All the fresh water 
samples gave reproducible values in the range 12-30 
ng/ml. Standard additions of iron(I1) to sea-water 
samples, to increase the iron concentration by 20 and 
40 ng/ml, gave responses that indicate no significant 
interference from the 1: 1 diluted sea-water matrix. 

Applications 

This system is well suited for analysis of a wide 
variety of iron-containing samples. Its sensitivity is 

sufficient for determination of iron in natural waters. 
For many iron analyses, it is necessary to use a 
dissolution procedure with strong acids, e.g., in 
the case of standard rocks,r3 and animalI or plant 
digests.r5 These types of samples could easily be 
analysed by this technique. 
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Summary-Elemental sulphur (in wet precipitated form or dissolved in organic solvents) and hydrogen 
sulphide have been determined gravimetrically at room temperature by conversion into copper sulphide 
by elemental copper in presence of an organic solvent such as benzene or acetonitrile. Any solvent in which 
sulphur is soluble can be used. The black copper sulphide formed can be weighed or determined 
iodometrically. Analysis indicates the black compound to be Cu,,,S. This room temperature method is 
a versatile one-step procedure sensitive to microgram or macro amounts of sulphur. It has been used for 
determining the solubility of sulphur in tetrahydrofuran and dioxan. The apparent heat of solution 
indicates that sulphur dissolves in these solvents without any marked solute-solvent interactions. 

Several methods are available for detection and deter- 
mination of elemental sulphur,‘” and are mainly 
based on oxidative or reductive decomposition and 
measurement of the sulphur dioxide, sulphuric acid 
or hydrogen sulphide produced. Typical methods are 
oxidation to sulphate and precipitation as barium 
sulphate4 or reduction to hydrogen sulphide by hy- 
drazine hydrate.’ Though accurate, these methods are 
time-consuming. During electrochemical studies with 
copper-copper fluoride electrodes in acetonitrile/ 
benzene solutions, we observed that in the presence 
of sulphur, the copper reacted spontaneously to 
form a black precipitate of copper(I) sulphide. Some 
metals are known to react with elemental sulphur 
spontaneously but sluggishly at room temperature. 
The observation above indicates that the presence of 
the organic solvent hastens the reaction. Similarly, 
hydrogen sulphide is known to tarnish metals at 
room temperature but reacts with them completely 
only at high temperatures.6 In the present study, it 
was observed that hydrogen sulphide spontaneously 
reacts quantitatively with copper in acetonitrile 
medium at room temperature (25”) to form copper(I) 
sulphide. On the basis of these observations a method 
has been developed for determination of hydrogen 
sulphide and elemental sulphur. 

EXPERIMENTAL 

Reagents 

Analytical-grade acetonitrile and benzene were used with- 
out purification. Copper, as thin strips (3 x 1 x 0.2 cm), 
powder, and gauze, was degreased, etched with dilute nitric 
acid, washed well with water and acetone, well dried in 
vacuum and stored under nitrogen in a desiccator. 

A stock sulphur solution in benzene or acetonitrile was 
prepared by dissolving 1000 mg of resublimed sulphur in 
1 litre of the solvent, and diluted as required to obtain 
working standards. 

Hydrogen sulphide generated in a Kipps apparatus was 
suitably dried and stored in evacuated glass globes fitted 
with vacuum stopcocks and ground-glass joints. Known 
weights were withdrawn for tests. 

Procedures 

Gravimetric determination of elemental sulphur (I &50 
mg). About 400 mg of well-dried copper powder and a small 
Teflon-coated magnet-follower are placed in a well- 
stoppered 25-ml flat-bottomed flask, which is then accu- 
rately weighed. Ten ml of sample solution containing 5-50 
mg of sulphur are added and the solution is gently stirred 
over a magnetic stirrer for about 1 hr. The copper powder, 
which now appears black, is allowed to settle, then the flask 
is connected to a vacuum line (the stopper being stored in 
a desiccator) by means of a Teflon adaptor sleeve (grease 
must not be used), and the solvent distilled off under 
reduced pressure, the last traces being removed under 
vacuum. The flask is disconnected from the vacuum line, the 
stopper replaced and the flask reweighed. The increase in 
weight corresponds to the uptake of sulphur from the 
solution. Alternatively, the black powder can be filtered off 
in a previously weighed porosity-3 or porosity-4 sintered- 
glass crucible, washed with water, acetone and diethyl ether, 
and dried at 110” for 2 hr. The increase in weight of the 
copper corresponds to the weight of sulphur in the sample 
solution. 

In experiments with 5.0, 10.0, 25.0 and 50.0 mg of 
sulphur, the net increases in weight were 5.0, 10.0, 24.9 and 
50.0 mg respectively. For higher amounts of sulphur eight 
times as much copper should be used and stirring continued 
for 2 hr. 

Titrimetric &termination of sulphur. The copper/copper 
sulphide mixture obtained as above can be analysed for its 
sulphur content by an iodometric method already pub- 
lished.5 The black solid, freed from solvent, is placed in the 
reduction apparatus. About 15 ml of hydriodic acid 
(-67%) are added drop by drop over a period of 10 min 
and the contents gently boiled. The hydrogen sulphide 
liberated is swept out with a current of nitrogen and 
collected in an alkaline suspension of cadmium acetate. 
Iodometric determination of the trapped sulphide gives the 
sulphur content. 

Determination of wet precipitated suphur. Sulphur precipi- 
tated from aqueous solutions is suspended in 50 ml of 
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acetonitrile or benzene and stirred well with approximately 
3 g of copper powder. The sulphur dissolves and is precip- 
itated as copper(l) sulphide and determined as described 
above. The reaction goes to completion even if the solution 
has a 10% water content, so there is no need to dry the 
sulphur before the determination. 

Determination of hydrogen sulphide. A known volume 
(_ 200 ml) of the gas sample is condensed over a suspension 
of _ 500 mg of copper powder in 100 ml of acetonitrile in 
a reaction tube (5 300 ml capacity) provided with ground- 
glass joints, vacuum stopcocks and a Teflon-coated mag- 
netic follower at the bottom, by standard vacuum tech- 
niques, with liquid-nitrogen cooling. The stopcocks are 
closed, the coolant is removed, and the contents are allowed 
to come to room temperature. The suspension is stirred for 
2 hr for completion of the reaction. The solvent is removed 
under vacuum and the sulphur content determined 
titrimetrically. 

In a typical experiment with 158.0 mg of H,S, correspond- 
ing to 148.7 mg of sulphur, the amount found experi- 
mentally was 148.4 mg. Solutions of ionic sulphides react 
with copper in a similar manner. Fifty ml of acetonitrile are 
added to 10 ml of the sulphide solution, followed by about 
1 g of copper powder. The mixture is stirred for 1 hr in a 
closed flask, and the resulting copper(I) sulphide is analysed 
for sulphur iodometrically, as above. 

All experiments were repeated at least three times and the 
deviation in the values was found to be less than 1%. 

RESULTS AND DISCUSSION 

Composition of copper sulphide formed 

Sulphur (500 mg) was dissolved in 100 ml of 
benzene, in a 250-ml wide-mouthed bottle. Thin 
strips of copper were suspended in the solution. The 
copper sulphide produced detached itself from the 
strips and fell to the bottom. The mixture was left 
overnight, long enough for all the sulphur to react. 
The copper strips were removed, the solvent was 
distilled off and the black copper sulphide was dried 
under vacuum. A known weight of this product was 
analysed for copper content by standard methods’ 
and sulphur content iodometrically as described 
above. 

In a typical experiment with 38.0 mg of copper 
sulphide taken, the amounts found were 29.6 mg of 
copper and 8.2 mg of sulphur. Thus, the observed 
composition is Cu, $, a non-stoichiometric copper 
sulphide. In repeated determinations the composition 
varied from Cu,,,$ to Cu,,,S. 

Solubility of sulphur in tetrahydrojiiran and dioxan 

The solubility of sulphur in these solvents is not 
given in the literature, and has now been determined 
at three temperatures. 

Tetrahydrofuran was refluxed over lithium alumi- 
nium hydride for not less than 4 hr and then distilled, 
as recommended by King and Pews,* and dioxan was 
purified by the method described by Vogel.’ Satur- 
ated solutions of resublimed sulphur in these dry 
solvents were prepared and equilibrated at three 
different temperatures. Five ml of the clear solution 
were added to 15 ml of benzene or acetonitrile and 
the sulphur content determined iodometrically as 
described above. The content was also determined by 

Table 1. Solubility data for sulphur 

Solubility (S), g/kg 

Solvent 

Dioxan 

Tetrahydrofuran 

r, K 

288 
296 
308 
273 
295 
308 

Present Reduction 
method methodlo 

4.2 4.2 
4.8 4.8 
5.9 6.0 
5.8 5.8 

10.8 10.9 
15.5 15.5 

a previously reported reductimetric method.” The 
results are given in Table 1. These data were obtained 
by repeating each set of experiments at least 4 times, 
and triplicate samples were taken for each experi- 
ment. The deviation between the readings was less 
than 1%. 

The apparent heat of solution was calculated 
from a graph of log S vs. l/T. The values for dioxan 
and tetrahydrofuran are 4.1 and 4.6 kcal/mole 
respectively. Such comparatively low values indicate 
that sulphur dissolves in these solvents without 
significant interaction with them. 

Conclusions 

The results indicate that copper reacts spon- 
taneously at room temperature with elemental 
sulphur, sulphides and hydrogen sulphide, in benzene 
or acetonitrile medium, to form a black precipitate 
identified as copper(I) sulphide. The observed com- 
position has been found to be Cu,,,S. Reaction 
between copper and sulphur in benzene was reported 
over 30 years ago. The present study resulted in a 
rapid gravimetric procedure applicable to elemental 
sulphur (dissolved in benzene or other organic sol- 
vents, or as wet precipitated sulphur), sulphides and 
hydrogen sulphide. Procedures for their deter- 
mination have been standardized. The copper(I) sul- 
phide formed can also be estimated iodometrically 
after reduction. 

Copper is reported to react with hydrogen sulphide 
at high temperature as follows:** 

2Cu + H,S + Cu,S + H, 

but in the present study, no hydrogen evolution was 
observed. 

N.B. (1) Benzene and acetonitrile are toxic sub- 
stances so the determination should be done in a 
fume cupboard or a closed system. 

(2) Transfer operations should be carefully done so 
as not to lose any of the flaky powdery copper 
sulphide. 
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Summary--The ligand-concentration dependence of the limits of applicability of equations involving 
diffusion parameters and ligand numbers is discussed. Estimation of ii from preliminary values of 
formation constants derived from the pseudo-formation curve often provides proof of the direct 
correlation between 7i and A& for a propo~ion of the ligand concentration range, but not all of it. me 
limitation is especially noticeable for systems where full co-ordination is approached well within the range 
of experimental values of ligand concentration. 

Previous papers in this series’ have shown that 
changes in diffusion current (Aid) of a metal ion, 
resulting from progressive mononuclear complex for- 
mation brought about by the addition of ligand, may 
be used to calculate formation constants. The validity 
of the expression ti x k Ai, has been confirmed for a 
variety of metal-ligand systems; integration of 
pseudo-formation curves (Aid US. log[x]), combined 
with a means devised for measuring k, has made it 
possible to calculate values of the function FJX].* 
This polynomial function of the consecutive overall 
formation constants and free ligand concentration 
may be subjected to conventional Leden analysis3 to 
produce values for the constants. 

A more detailed analysis, based on the variation of 
mean diffusion coefficients as defined by 

C Pj ix]’ 
0 

has been shown’*4 to be capable of generating realistic 
sequences of formation constants once preliminary 
values have been obtained by means of pseudo- 
formation curves. 

The experimental data required can most con- 
veniently be provided by d.c. polarographic mea- 
surements; indeed diffusion currents are, from the 
theoretical point of view, a significant component of 
the expression for FOB] developed by DeFord and 
Hume’ in terms of the shifts of half-wave potential. 
Many workers have tended to pay less attention to 
the careful measurement of currents since, so long as 
current changes are small, the term log I,/& in 
equation (2) (applicable at 298 K with the usual 
values for universal constants included} is of rela- 

tively small significance. 

F,v] = antilog 16.915nA4E,,, + log: 1 (2) 
C 

That being said, however, careful scrutiny of reported 
analyses reveals that inclusion of erratically varying 
values of I,/&, caused by insufficient care in mea- 
surement of metal ion concentration, can cause extra 
scatter on derived graphs. This may occur to such an 
extent that omission of the correction term, when 
small, is arguably of some advantage, on the principle 
that no correction is better than a badly made one. 
On the other hand, for larger values of the current 
term, its omission or its inclusion as an unreliable 
quantity can both cause significant problems. 

Exploitation of the in~e~en~e~t sig~i~&~n~e of 
varying diffusion currents requires that they be 
measured particularly carefully. When properly inter- 
preted, they provide supporting evidence of complex- 
ation and associated equilibrium data for the case of 
systems showing reversible electrochemical character. 
For those classed as irreversible, two new approaches 
to the determination of formation constants have 
become available.’ 

As with all parameters which are used to indicate 
quantitatively the stages of a complexation process, 
it is important that the diffusion currents are avail- 
able not only in sufficient quantity but in an even 
distribution over the ligand concentration range in 
which the stepwise association occurs. There are 
many instances in the literature where, with hind- 
sight, it is clear that the experimental data have been 
clustered around some stages of the cumulative pro- 
cess to the detriment of others. After an initial 
experimental run, provisional values of constants 
may be used to identify approximately the ranges of 
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ligand concentration where various species predom- 
inate. Measurements should then be repeated to give 
a suitable representation of the distributions of the 
various complexes. The present paper will show that 
methods based upon currents tend to highlight the 
difficulties associated with such complications and to 
make it clear that data influenced by processes other 
than the primary complexation reactions can be 
misleading. The data used throughout are those 
reported independently by other author@ for 
complexation systems involving cadmium and 
methylthiourea, dimethylthiourea and ethylthiourea 
as ligands. 

The full expression for the relationship between the 
mean ligand number, n, and Ai, is7 

Plots confirming the validity of the limiting form of 
equation (3) as well as of equations (4) and (5) for the 
systems involving cadmium complexes with methyl- 
thiourea, dimethylthiourea and ethylthiourea are 
shown in Figs. 1-3. In each case values of R were 
estimated from values of formation constants 
obtained from integration of the respective pseudo- 
formation curves. The relationships are seen to hold 
up to the region where Ti is of the order of 3.5; data 
corresponding to this range of ligand concentration 
may be used to calculate the expected value of Aid 
when maximum co-ordination is developed. This in 
turn permits calculation of D,, . In each of the three 
systems maximum co-ordination is approached at 
ligand concen~ations in the region of 0.35M. For 
the methyl and dimethyl substituted ligands the 

where id, is the diffusion current of the aquo metal ion 
and k is a constant, determination of which was the 
subject of previous communications.’ Equation (3) 
may be expanded and rewritten in terms of the 
IlkoviE constant (k’) and diffusion coefficients (O), as 

where id, is the diffusion current corresponding to a 
given value of fi or as 

fi = k (k’D;‘2 - k’&/*) - 
(k/D!/2 _ k’D:i2)2 

2k’R ;I2 1 
where Dz is the mean diffusion coefficient of the 
mixture of diffusing species determined by the pre- 
vailing value of ii. Expansion of the numerator of the 
second term and rearrangement yields 

fi z k 
i 

(k/L) f’” - k’fiy2) 

(k’)*(D, - 2D;‘26;‘2 + D2) - 
2k ‘D 1” 1 

= k (k’Df’* - k’&n) 

)I 
Therefore 

or 

RESULTS AND DISCUSSION 

Fig. 1. Plots of &/D~” (O), Di/2 ((II) (both lO-‘cm/~ec’~~) 
and Aid (e) trs. mean ligand number, ii, for the system 
cadmium-methylthiourea. Ratio of slopes of &/D~/’ and 
b ii2 graphs = 1.8 1; the theoretical value predicted by equa- 

tions (4) and (5) is 2.0. 

I 

(4) 

Clearly it is only possible to use 6, data in equation 
(1) within a range of ii values for which equation (4) 
holds. 

Simpler development of the limiting form of 
equation (3) [i.e., without the term (Aid)*/2id,] yields 

Fig. 2. Plots of &‘D{/* (O), by* (0) (both lo-‘cm/se~““) 
and Aid (a) OS. ii for the system cadmium-dimethylthiourea. 
Ratio of slopes of 4/D iI2 and 6:f2 graphs = 1.75, the 

theoretical value is 2.0. 
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Fig. 3. Plots of &/Bi” (O), B:‘* (a) (both 10m3 cm/se&) 
and Ai6 (0) us. Ti for the system cadmium-ethylthiourea. 
Ratio of slopes of 4/D I'* and Bii2 graphs = 1.72; the 

theoretical value is 2.0. 

theoretical limiting current as iI approaches 4 is 
significantly higher than the experimental limiting 
currents approached at the highest ligand concen- 
trations. This suggests that, as the primary complex- 
ation process nears completion, further processes 
may occur, the effect of which on observed currents 
begins to be shown by distortion of the id vs. @] 
curve. Such distortions are frequently less obvious in 
aqueous than in mixed aqueous/non-aqueous sol- 
vents,s their presence being shown in such media 
much more clearly by plots of the type shown in Figs. 
1-3. So far as construction and integration of pseudo- 
formation curves are concerned, this may mean that 
it is not immediately obvious in all cases whether at 
higher ligand concentrations Aid data are in error or 

not. In practice this need presents few real problems 
since {a) if distortion of id VS. Ix] curves is not 
obvious, errors are likely to be smaller (though not 
necessarily insignificant) and (6) since pseudo- 
formation curves are based on logarithmic concen- 
tration scales, distortion of these is usually confined 
to a relatively small range of log[X]. Figures 4-6 show 
the current data reported by Lane et ~1.~ plotted 
together with interpolated points at rounded and 
more convenient values of ligand concentration. 
Pseudo-formation curves based on the latter data are 
shown inset for each system. 

Integration of the respective pseudo-formation 
curves, as described previously, yields values of 
log F,[x] approp~ate to selected values of free ligand 
concentration. Estimates of the constant k for each 
system were obtained from the limiting slopes of the 
graphs of log F&fX] vs. logp) by using the condition 

(6) 

it being assumed that nmax was 4 for each case. FO[x] 
data, derived from the relation log FJX] = 
k log F;[x], were used to obtain a set of formation 
constants for each system. These provisional values 
were used to estimate values of the mean ligand 
number for the range of free ligand concentrations. 
Expected A& values and limiting currents for E = 4 
were estimated from approp~ate plots of Figs. l-3 
and these led to a set of difi’usion coefficients for each 
complex species, as described earlier. Formation con- 
stant data obtained from pseudo-formation curves 
and mean diffusion coefficients, together with those 
reported in the literature, are collected for com- 
parison in Table 1. The measure of agreement be- 
tween the values reported by Lane et al. and those 
obtained here is quite good (and within the limits 

51 I I I I I I I I I I 
01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

CNITUI, M 

Fig. 4. Variation of diffusion current of lO-)M CdZ+ . 1x1 the presence of increasing con~ntration of 
methylthiourea, [MTUJ: (0) reported experimental points, (e) interpolated points used to construct the 
inset pseudo-formation curve. In the inset curve, fully shaded circles correspond to interpolated points, 

half-shaded circles correspond to theoretical Ai, values at high ii values derived from Fig. 1. 
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Fig, 5. Variation of diffusion current of IW3M Cd’+ in the presence of increasing concentration of 
dimetbyhhiourea, [DMTU]: symbols as in Fig. 4. 

6 

5 
0.1 0.2 0.3 0,4 0.5 0.6 0.7 0.8 0.9 1.0 

E.TUJ, M 

Fig. 6. Variation of diffusion current of IO-%W Cd2* ion in the presence of increasing c~nceutmt~on of 
ethylthiourea IETU]: (0) reported experimental points, (a) interpolated points. In this case distortion 
of the curve is mia~mai and all points correspond closdy to those required for the pseudo-fo~~t~on curve. 

Table 1. Comparison of values of overall formation constants derived from three sources for the systems 
of comnlexes formed between cadmium and substituted thioureas 

Ligand 
Data 

source #$ 

~ethyithiorea 

Dimethytthiourea 

~thyltb~ourea 

a 43 240 575 
b 43 250 600 
c 43 _+ 3 (2.5 f 2) x 102 (5.8 + 0.8) x IO2 

z: 
50 50 500 

c 3Q45 3 (I.87 +I& x 102 (8.3 + :“, x I02 
a 2s -r&l 1000 
b 55 1350 8800 

17ow 
IS000 

(1.15 jL X.5) x IO4 
9700 
9160 

(6.6 p 1.0) x 10” 
3IM)a 
IiSoa 

c 59&S (1.28iO.06)x 103 (9.5 f 0.8) x f@ (I .87 -?; 0.2) x I# 

a-VaIues reported by Lane et aA6 
b--Values obtained by integration of ~endo-fo~ation curve constructed from interpolated currents 

derived from data reparted by Lane er aL6 
r--Values estimated by application of mean diffusion coeflkients. 
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/ 
I I I I 

1 2 3 4 

log F. 

Fig. 7. Graphs of log& (derived from integration of 
pseudo-formation curve) us. log F, (derived from reported 
half-wave potentials): (a) cadmium-methylthiourea; slope 
= 1.454, compared with 1.412 from d log Fh/d log[MTU]; 
(b) cadmiumdimethylthiourea; slope = 1.600, compared 
with 1.630 from d log Fh /d log[DMTU]; (c) cadmium- 
ethylthiourea; slope = 1.029, compared with 1.025 from 

d log F;I /d log[ETU]. 

expected) for the systems involving the methyl and 
dimethyl substituted ligands. There is, however, 
considerable disparity ih the case of the system with 
ethylthiourea. In this connection it is worth com- 
paring the logFh[X] data calculated on the basis of 
varying diffusion currents with the values of log Fop] 

obtained from half-wave potentials. Plots of 
log Fhp] us. log F,[x] are shown in Fig. 7. Cor- 
relation is extremely good for methylthiourea and 
dimethylthiourea and the slopes agree closely with 
the values of the constant k determined indepen- 
dently. For the system involving ethylthiourea, the 
correlation is only good for values of F,[x] corre- 
sponding to ligand concentrations > 0.5M. Clearly 
the half-wave potentials reported at lower ligand 
concentrations are in error, as is made plain in 
Fig. 8 in which observed E,;, values are plotted 
against the concentration of ethylthiourea. Also in- 
cluded on this graph for comparison are the esti- 

0.56[ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0 

IETUI,M 

Fig. 8. Plot of reported half-wave potentials of Cd*+ us. 
concentration of ethylthiourea (open circles). Shaded circles 
correspond to estimated values of E,;, calculated from 

interpolated values of F,[x] derived from Fig. 7(c). 

mated values of half-wave potential based on Fig. 7(c) 

by using interpolated values of F,[x]. It is to this 
range of underestimated half-wave potentials that we 
must attribute the serious discrepancies in the /?r and 
/?X values listed in Table 1 for the ethylthiourea 
system. The validity of the data derived from the 
methods based on currents, reported for this case, is 
demonstrated in Table 2. From this it is seen that 
there is much better agreement between the high 

concentration values of F,[x], calculated from 
current-derived constants, and the experimental val- 
ues obtained by Lane et al., than there is with those 
obtained from their calculated formation constants. 

The low values of diffusion currents occurring for 
ligand concentrations in excess of about 0.35M for 
methylthiourea and dimethylthiourea can cause 
problems in assessing the magnitude of the term 
log 1,jZc in equation (2). The significance of incorrect 
allowance for this quantity is shown in Tables 3 and 
4. In both tables the concentrations calculated by 
Lane on the basis of his dilution method have been 
used in the calculation of values of the F,[x] func- 
tions. While it is evident that there is fair agreement 
between the reported values (column a) and those 
calculated by using the resultant formation constants 
(column b), this is largely a measure of internal 
consistency. What is eminently clear is that very 

Table 2. Comparison of F,w] data deriving from various 
sources for the system cadmiumethylthiourea: (a) values 
reported by Lane et al.; (b) values calculated from the 
polynomial, with the calculated formation constants 
reported by Lane et al.; (c) values calculated from the 

polynomial, with Crow’s formation constants 

[ethylthiourea], 
FOP4 

__________ 

M (a) @I (cl (b)/(a) (c)/(a) 
0.5 2433 2102 2693 0.864 1.107 
0.6 4742 4286 4951 0.904 1.044 
0.7 8676 7854 8388 0.905 0.967 
0.8 13049 13295 13352 1.019 1.023 
0.9 20249 21173 20236 1.046 1.000 
1.0 29039 32126 29479 1.106 1.015 
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Table 3. Comparison of values of Fop] functions derived from different sources 
for the system cadmium-methylthiourea: (a) reported values; (b) values calcu- 
lated from reported formation constants; (c)values calculated from ,!+ data with 
no current correction; (d) values calculated from Eli2 data with modified current 
correction as revealed by the pseudo-fo~ation curve; (e) values calculated from 
formation constants generated by the application of methods based on currents 

~olw 
[methylthiourea], --’ ““l__li. “~ 

M (a) @I (cl (4 (e) 
ON98 3.27 3.92 2.98 3.27 3.90 
0.2072 51.19 53.67 42.06 51.19 53.63 
0.4144 583.8 602.3 435.3 595.7 546.8 
0.4973 1221 1192 877 I174 1075 
0.6216 2952 279-l 2066 2786 2508 
0.7104 4203 4688 2823 3804 4193 
0.8288 10000 8550 6598 8962 7628 
1 .oooo 17820 17859 I I471 15460 IS893 

serious errors in values of &[X] functions may be 
caused by omission of the current-correcting term in 
equation (2) (column c). Of equal importance, how- 
ever, can be errors introduced by invalid correction. 
From Tables 3 and 4 it is seen that up to about 0.5M 
ligand concentration there is less serious discrepancy 
between values of FJX] derived from all sources, 
whether based on experimental data and including 
corrections, or calculated from derived constants 
{although values based on expe~mental data but 
which include no current correction are significantly 
lower). At higher ligand concentrations there are 
separate closer matches between the data of columns 
a and b on the one hand and columns d and e on the 
other. The latter are regarded as being of greater 
significance, deriving as they do from more nearly 
independent sources. 

A further problem that can arise with graphs of id 
vs. Ix] of the type found for methylthiourea (Fig. 4) 
is that it can be tempting to assume that the limiting 
current reached at the highest ligand concentrations 
is a reflection of maximum co-ordination of the metal 
ion by the ligand. This limiting value of current can, 
in principle, be used to estimate &xx and thence all 
intermediate &xi between B,, and DMXN. Such treat- 

ment for the system cadmium-methyithiourea pro- 
duced (b - DMxj) data which proved to be quite 
useless for generating formation constants. It is nec- 
essary first to identify the region of ligand concen- 
tration where id and Ti are linearly related and then to 
obtain the maximum value of id at nm,. Only then is 
a sati~actory value of DMXN obtainable. 

It is noticeable that while analysis of pseudo- 
formation curves tends to produce a high value for 
the fo~ation constant of the highest complex, the 
more elaborate method based on (b - D,,, ) func- 
tions tends to result in the reverse effect. Calculated 
data from Table 3 tend to support a value of 1.5 x lo4 
for &, close to the value of 1.7 x lo4 reported as 
obtained by using DeFord-Hume analysis, but rather 
different from the value of 1.15 x lo4 resulting from 
the use of diffusion coefficients. That the Iast value is 
low is supported by the fact that the limiting slope of 
the graph of AE,,, U.S. logB] produces 1.2 x lo4 for f14, 
with no current correction included. Further, 
DeFord-Hume analysis of the data in column c 
of Table 3 yields a value of 1,12 x lo4 for &. Despite 
these small inconsistencies, the essential validity of 
the treatment is endorsed by the curves in Fig, 9, 
where values of B calculated from the data /I, = 43; 

Table 4. Comparison of values of F&X] functions derived from different sources 
for the system cadm~~~ime~ylthiour~; columns are labehed as in Table 3 

Fo(xl 
[dimethylthiourea], 

A4 (U) (b) (Cl (d) (e)--“‘- 

0.0911 6.02 1.02 5.55 6.02 6.53 
0.1290 9.40 12.04 8.18 9.40 II.83 
0.2211 52.34 43.08 42.06 52.34 41.97 
0.2’714 80.15 80.88 62.09 80.15 75.93 
0.3532 245.4* 194.0 184.8 191.2 171.9 
0.3512 194.5$ 194.0 184.8 191.2 171.9 
0.4975 710.6 694.1 508.6 680.3 570.8 
0.5970 1360 I387 948 1278 1122 
0.7463 3172 3283 2067 2794 2524 
1 .oOOo 10420 10301 5690 1727 7662 

*When reported half-wave potentials are plotted as a function of Iigand 
concentration, this value is clearly incorrect. 

$Value for Fo@] calculated from corrected half-wave potential obtained by 
graphical interpolation. 
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Fig. 9. Plots of experimental and calculated values of mean 
diffusion coefficients for the system ~dmium-methylthio- 
urea. Squares correspond to points inte~oiat~ from re- 
ported data. Other points are calculated from the values 43, 
2.5 x 102, 6.0 x 102, I.5 x 104for&,&,&,&, togetherwith 
two sequences of values of individual diffusion coefficients 
DM-DM,, > oiz. 7.200,6.210, 5.295,4.452, 3.687 (opencircles) 
and 7.200, 6.003, 4.915, 3.936, 3070 (shaded circles), (all 

values x 10e6 cm2/sec). 

& = 2.5 x 10’; & = 6.0 x 102; fl., = 1.50 x lo4 and 

two sets of DMx, data (one set based on ii = kbi, and 
providing D,, = 3.69, the other obtained by using 
the lowest observed current and providing 
D MXq = 3.07) are plotted to complement data derived 
from experimental diffusion currents. 

Such problems with limiting values of currents 
would seem to arise from the development of almost 
full co-ordination well within the available range of 
ligand concentration, at which point secondary pro- 
cesses occur which interfere with the one being mon- 
itored. While such interferences are frequently much 

larger in mixed solvents, at least they are then much 
clearer, and large distortions of the id us. [x] curves 
are observed. In aqueous media the distortions may 
set in so gradually that they might escape notice. 

CONCLUSIONS 

Previously proposed expressions, relating parame- 
ters deriving from polarographic diffusion currents of 
metal ions and the extent of their complexation, as 
reflected in the magnitude of mean ligand number, 
are seen to be essentially correct. Methods devised for 
dete~nation of formation constants from current 
measurements are not only valid in their own right 
but also complementary to th’ose based on use of 
half-wave potentials. Current corrections required for 
the latter determinations can be seriously misjudged 
and may cause major errors in the values of the 
plotting functions used in graphical extrapolation 
procedures. In cases where experimental diffusion 
currents are too low at higher ligand concentrations, 
and reflect limitations of the applicability of the 
simple expression Ti = kbi, [and of the extended form 
as expressed in equation (311, the const~ction, inte- 
gration and analysis of pseudo-fo~ation curves may 
not be seriously impaired. Problems are more likely 
to be caused in such cases for the calculation of 
equilibrium data by means of (D - +, ) functions 
unless particular care is taken to obtam a reliable 
value of DMXn. 
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Summary-Procedures are outlined for the determination of the principal elements in ferroalloys. 

A ferroalloy is an alloy of iron and one or more other 
elements. It is used primarily to introduce into a 
molten ladle of steel certain proportions of the alloy 
metal to give the finished product definite chemical 
and physical properties. Ferroalloys are also em- 
ployed for recarburizing, as cleansing and de- 
oxidizing agents to combine with oxygen, oxides, or 
other impurities and pass these into the slag. Ferro- 
silicon is also used in some heavy media separations 
of ore constituents. 

The chemical analysis of ferroalloys is important, 
not only to producers, but also to the large number 
of consumers of these materials in the metallurgical 
industries. 

SAMPLING 

Most ferroalloys are hard, abrasive, or tough; some 
components may also be brittle. Crushers, pul- 
verizers, and other sampling equipment must be such 
that the minims contamination from iron and other 
metals is ensured. Manganese steel or properly hard- 
ened alloy steel, and hardened and tempered chro- 
mium steel are commonly employed. Samples of 
ferroalloys prepared for chemical analysis are usually 
cornminuted to pass a lOO-mesh sieve. Some, like 
ferromolybdenum, contain veins or bands of material 
of varying composition and should be pulverized to 
200-mesh before thorough mixing. Another reason 
for great care in sample preparation is that many 
ferroalloys are high in price. Specifications have been 
published by authoritative bodies for the sampling of 
ferroalloys.‘g* 

DECGM~~ON 

It is well known in analytical chemistry that most 
materials produced at, or subjected to, high tem- 
peratures are not readily dissolved by single acids, 
and often only slowly by mixed acids. Ferroalloys, 
now produced almost exclusively in an electric 
furnace, are no exception to this generalization; they 
often require for dissolution a sodium peroxide 
fusion, attack with nitric and hydrofluoric acids in a 
platinum dish, or some other drastic procedure. 

Ferrophosphorus can be brought into solution by 
hot concentrated sulphuric acid. Ferrocobalt and 
ferronickel can usually be decomposed by aqua regia; 
if a small residue remains it can be treated with 
hydrofluoric and sulphuric acid in a platinum cru- 
cible, or fused with sodium carbonate, and added to the 
main portion. Ferromanganese, ferromolybdenum 
and ferrovanadium can generally be dissolved by 
sulphuric and nitric acids; if the silica content is 
high, a little hydrofluoric acid may be required. 
Ferromanganese can also be decomposed by nitric- 
perchloric acid mixture. 

Ferroboron, ferrochromium and ferrosilicon are 
opened out by a sodium peroxide fusion. This fusion 
method can also be used for ferrotungsten and ferro- 
zirconium, or these alloys can be brought into 
solution by hydrofluoric, sulphuric and nitric 
acids. Ferrotitanium is dissolved in sulphuric, nitric 
and hydrofluoric acids. Ferroniobium and ferro- 
tantalum are usually decomposed by hydrochlo~c- 
hydrofluoric acid mixture, with the final addition of 
a little nitric acid if necessary. 

SEPARATIONS 

Iron is not usually separated from the other con- 
stituents of ferroalloys, but occasionally this is de- 
sirable. The separation can be done by conventional 
procedures such as precipitatjon by ammonia, 
sodium peroxide fusion and dissolution of the melt 
in water, ether extraction from hydrochloric acid, 
cupferron-chloroform extraction, electrolysis at a 
mercury cathode, zinc oxide precipitation, or ion- 
exchange.3 

Other separation methods are often used for cer- 
tain ferroalloys. Silicon in ferrosilicon is nearly al- 
ways determined gravimet~cally by dehydration of 
silicic acid, ignition to silica, and final volatilization 
of silica by treatment with hydrofluoric acid. Nickel 
is often separated by precipitation with dimethyl- 
glyoxime, and zirconium by precipitation as phos- 
phate or with mandelic acid. 

Iron 
DETERMINATIONS 

Strange as it may seem, iron is not often deter- 
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mined in ferroalloys; if it is required, the outline 
below should provide sufficient information. 

When a double ammonia precipitation is used and 
the iron in the final precipitate is dissolved in hydro- 
chloric acid, reduced with stannous chloride and 
titrated with standard potassium dichromate, the 
only interferences are likely to be caused by molyb- 
denum, tungsten and vanadium. Only traces of mol- 
ybdenum and tungsten are left in the iron precipitate 
after two ammonia precipitations, and these have 
no significant effect on the potassium dichromate 
titration. If its content is more than 1% of that of 
iron, vanadium will interfere and must be separated 
before the reduction and titration. This can be con- 
veniently done by an initial separation of vanadium 
by treatment with sodium hydroxide, or by an ether 
separation of iron from 6M hydrochloric acid. 

Carbon, sulphur, silicon and phosphorus 

In ferroalloys, the elements carbon, sulphur, sili- 
con, and phosphorus are very important, and their 
determination is almost invariably required. The 
methods used for the various ferroalloys do not differ 
appreciably, and can conveniently be discussed 
collectively. 

Carbon. Carbon in ferroalloys is usually deter- 
mined by conventional direct combustion in a stream 
of oxygen and weighing of the resulting carbon 
dioxide collected in an absorption bulb. The tempera- 
tures employed are: ferroboron, at least 1100”; ferro- 
cobalt, ferromolybdenum, ferronickel and ferrophos- 
phorus, 1100-1200”; ferrovanadium, 1150-1200”; the 
remaining ferroalloys require a temperature of 
1200-1350”. 

Unless the silicon content is high, ferrovanadium 
usually does not need an accelerator. For the other 
ferroalloys, the addition of ingot-iron filings and 
copper oxide as accelerators is routine practice. 

Sufphur. The analysis for sulphur in ferroalloys 
generally follows the conventional barium sulphate 
gravimetric procedure. 1*2*M Ferroboron and ferro- 
chromium are opened out by fusion with sodium 
peroxide. Ferrocobalt, ferromanganese, ferronickel, 
ferrophosphorus and ferrovanadium are decomposed 
by nitric acid, followed if necessary by a little hydro- 
chloric or perchloric acid. Ferrosilicon is brought 
into solution with nitric-hydrofluoric-perchloric 
acid mixture. Ferroniobium, ferrotantalum, ferro- 
titanium, ferrotungsten and ferrozirconium are 
dissolved in nitric-hydrofluoric acid mixture. 

Sulphur in ferromolybdenum requires a slightly 
different procedure. After dissolution in nitric acid, 
removal of any silicon by dehydration in hydro- 
chloric acid, precipitation of sulphate with barium 
chloride, and filtration. The precipitate is ignited, 
then fused with sodium carbonate, and the cooled 
fusion cake is dissolved in water, and the solution 
filtered. Molybdenum is removed with a-benzoin- 
oxime, and sulphate is precipitated again from the 
filtrate with barium chloride.’ 

Sulphur in some ferroalloys can be determined by 
the combustion and iodate titration method. In this, 
a major part of the sulphur in the sample is converted 
into sulphur dioxide by combustion in a stream of 
oxygen; accelerators of copper, iron or tin are used. 
During the combustion the sulphur dioxide is 
absorbed in an acidified starch-iodide solution and 
titrated with potassium iodate solution. The latter is 
standardized against ferroalloys of known sulphur 
content to compensate for the characteristics of a 
given apparatus and for variation in the degree of 
conversion of sulphur into sulphur dioxide. 

Silicon. Silicon is usually determined in ferroalloys 
by the traditional method of dehydration of silicic 
acid, filtration, and final volatilization of silica by 
hydrofluoric acid. ‘J,~s*’ Ferrocobalt, ferronickel and 
ferrophosphorus can be decomposed by nitric- 
sulphuric acid mixture: dissolution of many ferro- 
vanadiums by this means is satisfactory, but if the 
sample contains more than 4% of silicon, it is not 
completely soluble and a sodium peroxide fusion is 
required. 

A sodium peroxide fusion must be used for 
silicon in ferroboron, ferrochromium, ferroniobium, 
ferrosilicon, ferrotantalum, ferrotitanium, ferro- 
tungsten and ferrozirconium. For ferrotungsten, 
phosphoric-perchloric acid mixture is used for the 
dehydration step. 

Phosphorus. For most ferroalloys, analysis for 
phosphorus follows the conventional alkalimetric 
method with precipitation by ammonium molybdate, 
filtration, dissolution of the precipitate in an excess 
of standard sodium hydroxide solution and final 
titration with standard nitric acid.2.4*5.8 

For ferrophosphorus, a cupferron-chloroform ex- 
traction is used to separate iron before precipitation 
of the phosphate with ammonium molybdate. Phos- 
phorus in ferrotungsten, after initial decomposition 
of the sample with nitric-hydrofluoric acid mixture, 
is determined by the tartrate-magnesia procedure.‘.’ 
Phosphorus is first separated as magnesium ammo- 
nium phosphate; this is dissolved in nitric acid and 
the phosphate is precipitated with ammonium molyb- 
date and determined alkalimetrically as usual. 

Dissolution techniques used in analysis for phos- 
phorus are generally as follows: nitric-sulphuric acid 
mixture for ferrocobalt and ferronickel, hot concen- 
trated sulphuric acid for ferrophosphorus, sodium 
peroxide fusion for ferroboron, ferrochromium 
and ferrosilicon, nitric-hydrochloric-sulphuric acid 
mixture for ferromolybdenum, nitric-hydro- 
fluoric-perchloric acid mixture for ferromanganese, 
ferroniobium, ferrotantalum, ferrotungsten, ferro- 
vanadium and ferrozirconium. For ferrochromium, 
the removal of chromium by volatilization as 
chromyl chloride is often advantageous. 

Alloying elements 

Boron. In analysis of ferroboron, after removal of 
interfering cations by ion-exchange and of carbon 
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dioxide under reflux, boron is titrated to pH 6.9 with 
standard sodium hydroxide solution in the presence 
of mannitol.1~2*4*s~9 

C~ro~ju~. After a sodium peroxide fusion of 
ferrochromium, and dissolution of the cooled melt in 
dilute sulphuric acid, the dichromate produced is 
reduced by excess of standard ferrous ammonium 
sulphate solution, the surplus of which is titrated with 
standard potassium permanganate solution, with 
ferroin as indicator.‘~2~4*s Potassium dichromate may 
a1so be used for the back-titration. 

Cobalt. After separation of cobalt from iron in 
ferrocobalt by the zinc oxide method, or cupferron- 
chloroform or ether extraction, the analysis can be 
completed gravimetrically by the I-nitroso-2- 
naphthol procedure, or by electrolysis in ammoniacal 
solution.‘*2~4~5 

If the ferrochromium contains a significant amount 
of manganese, the chromium and manganese are 
oxidized by ammonium persulphate with silver 
nitrate as catalyst. The permanganate is reduced with 
hydr~hlo~c acid before titration of the dichromate, 
and Zimme~ann-Reinhardt reagent should be ad- 
ded to avoid chloride interference in the titration. 

Cobalt can also be determined in ferrocobalt in the 
presence of iron by potentiometric oxidation titration 
in ammoniacal solution with potassium ferricyanide, 
in the presence of ammonium citrate to keep iron in 
solution. 

Manganese. Manganese in ferromanganese is de- 
termined by the standard bismuthate titrimetric pro- 
cedure, or by potentiometric titration of manganese- 
(II) with standard potassium permanganate in a 
neutral sodium pyrophosphate solution.‘*2*4*5 

molybdenum. Moly~enum in fe~omoly~enum is 
usually determined by reduction to moly~enum(II1) 
after treatment in a Jones reductor, followed by 
titration with potassium permanganate.‘~2~4~5~1~‘2 A 
preliminary separation of iron by precipitation with 
ammonia will also remove other elements such as 
antimony, arsenic, chromium, niobium, titanium, 
uranium and vanadium, which are also reduced by 
amalgamated zinc to products that can be oxidized 
by permanganate. If tungsten is present, it can be 
separated from molybdenum by precipitation with 
hydrogen sulphide in the presence of tartrate. 

Nickel. Nickel in ferronickel can be separated 
by cupferron~hlorofo~, ether extraction, or zinc 
oxide, and determined gravimetrically with dimethyl- 
glyoxime, or electrolytically in ammoniacal 
solution.l,2,4*13,14 

Niobium. Niobium in ferroniobium can be isolated 
by ion-exchange on a Dowex-1 column from 
hydrochlo~c-hydro~uo~c acid solution, and eluted 
by ammonium chloride-hydrofluoric acid. Precipi- 
tation with cupferron and ignition to niobium pent- 
oxide at 1100” completes the analysis.‘*?,4+15,16 

Some samples of ferroniobium contain appreciable 
quantities of tantalum and titanium. The material is 
dissolved in a hydr~hlo~c-hydrofluoric acid mixture 

and transferred to an anion-exchange column. 
Titanium, iron and other elements are eluted with an 

Phosphorus. After a cupferron-chloroform sepa- 

ammonium chlo~d~hydrochlo~c acid-hydrofluoric 
acid mixture. This eluate is treated with boric acid 

ration of iron, phosphorus in ferrophosphorus is 

and cupferron, and the precipitate, containing the 
titanium, is ignited, then fused with potassium hydro- 

precipitated with ammonium molybdate in nitric acid 

gen sulphate, and the cooled melt is leached with 
dilute sulphuric acid. The titanium is converted into 

medium, filtered off, dissolved in an excess of stan- 

its peroxo complex with hydrogen peroxide and 
determined photomet~cally at 4lO nm. The niobium 

dard sodium hydroxide solution and back-titrated 

is eluted with an ammonium chloride-hydrofluoric 
acid mixture. Tantalum is then eluted with an ammo- 

with standard nitric acid.‘,2,4,s 

nium chloride-ammonium fluoride solution adjusted 
to pH 5-6. The eluates are treated with boric acid 
to demask the fluoride complexes and mask the 
free Auoride, and the niobium and tantalum are 
precipitated with cupferron, ignited, and weighed as 
the pentoxides. 

Silicon. Ferrosilicon is fused with sodium peroxide, 
the cooled melt is leached with water and acidified 
with hydrochloric acid, and the solution is evapo- 
rated to dryness for dehydration of the silicic acid, 
and subsequent dete~ination in the usual way. 

Tantalum. Tantalum in ferrotantalum can be iso- 
lated by ion-exchange and determined as already 
described in the section above on niobium. 

Titanium. After dissolution of ferrotitanium in 
sulphuric, nitric and hydroffuoric acid mixture, and 
separations in acid and alkaline tartrate-hydrogen 
sulphide medium, titanium is precipitated with cup- 
ferron, ignited at lO50-1100” and weighed as the 
dioxide. 

Vanadium and zirconium, if present, are precipi- 
tated by cupferron along with titanium, and appro- 
priate corrections must be applied. The mixed oxides 
are fused with potassium pyrosulphate, the cooled 
melt is dissolved in sulphuric acid, and zirconium is 
determined gravimetrically as the phosphate. Vana- 
dium is determined potentiometrically on a separate 
sample in nitric-sulphuric acid medium with stan- 
dard ferrous ammonium sulphate.‘~2~4~s~‘7’B 

Tungsten. In ferrotungsten, tungsten is determined 
by the conventional acid digestion-cinchonine 
method, with final ignition of tungsten trioxide at a 
temperature not exceeding 750”.1~2~4~5~‘7~‘8 

Vanadium. Ferrovanadium is dissolved by 
sulphu~c-nitric-hydroffuo~c acid mixture, the solu- 
tion is evaporated to fumes of suIphuric acid and 
cooled, and vanadium is oxidized at room tempera- 
ture to the quinquevalent state by potassium 
permanganate. The excess of permanganate is 
reduced with sodium nitrite and the excess of nitrite 
is destroyed by urea. The vanadium is titrated with 
standard ferrous ammonium sulphate to the quad- 
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rivalent state, with sodium diphenylamine sulphonate 
as indicator. L,2*4~5~19 

Zirconium. Zirconium in ferrozirconium can be 
separated from iron by ether extraction or mercury- 
cathode deposition of the latter, or by addition of 
phosphoric acid to a 10% sulphuric or hydrochloric 
acid solution containing hydrogen peroxide. 

Alternatively, the zirconium can be precipitated 
with mandelic acid, the precipitate collected and 
washed, and ignited at 800-1000” to ZrO,. This 
method is specific for zirconium (and haf- 
nium). 1,2,4,5,20,21 

OTHER ELEMENTS 

A few other elements are routinely, or occasionally, 
determined as minor or trace components in the 
analysis of ferroalloys: aluminium, antimony, 
arsenic, copper, lead, manganese and tin. 

In addition to the methods briefly outlined below 
(using gravimetric, volumetric, photometric, and 
atomic-absorption techniques), X-ray fluorescence 
can be employed for determining these constituents. 
The instrument is calibrated against standards of the 
same material analysed by using reference chemical 
methods of analysis. 

Aluminium 

In ferroboron, after preliminary separation of 
iron and aluminium with ammonia and dissolution 
of the hydroxide in acid, iron is separated by 
cupferron-chloroform extraction. The excess of cup- 
ferron in the filtrate is destroyed with nitric and 
perchloric acids, and aluminium is determined photo- 
metrically with aurintricarboxylic acid.‘~2,4*S,22,23 

For ferrotitanium, a cupferron-chloroform extrac- 
tion will leave aluminium in the aqueous phase, free 
from titanium, iron, vanadium and zirconium. 
Aluminium can then be precipitated with ammonia 
and ignited to the oxide. Phosphorus accompanies 
the aluminium, and if present in significant quantity 
must be determined and corrected for. 

Aluminium in ferrovanadium is determined by 
precipitating iron and vanadium with cupferron, and 
finally precipitating aluminium as the phosphate in 
a nearly neutral solution containing ammonium 
acetate.’ 

The small quantities of aluminium in ferroalloys 
may also be determined by atomic-absorption spec- 
trometry, with a nitrous oxide-acetylene flame.2”29 

Antimony 

Antimony in ferrotungsten is determined in the 
precipitate from the analysis for tin. Antimony sul- 
phide is oxidized with nitric acid, heated to 600”, and 
finally weighed as the oxide Sb204.’ 

Antimony in ferroalloys can be determined by 
hydride-generation and atomic-absorption spec- 
trometry.2s30 

Arsenic 

In ferrochromium, ferromanganese and ferro- 
silicon, arsenic is first separated by distillation as its 
tervalent chloride, oxidized to arsenic(V), then con- 
verted into arsenomolybdate, which is finally reduced 
by hydrazine sulphate to molybdenum blue, which is 
measured photometrically at 850 nm.4’23 

For ferrotungsten, arsenic is also separated initially 
by distillation, but the final determination is usually 
done by titration with standard iodine solution, with 
starch as indicator. 

Arsenic can also be determined in ferroalloys by 
hydride-generation and atomic-absorption spec- 
trometry.2s29,3’-33 

Copper 

Copper in ferromolybdenum, after separation by 
precipitation with sodium thiocyanate, is determined 
by the iodide4 or electrolytic4~34~3s method. 

For ferrotungsten, copper is precipitated by hydro- 
gen sulphide in the presence of tartaric acid. Any 
antimony and tin present accompany the copper but 
their sulphides are dissolved by potassium 
hydroxide-potassium sulphide solution. Copper is 
finally determined by the usual iodide or electrolytic 
methods. 

Copper may also be determined in ferroalloys 
by atomic-absorption spectrometry with an air- 
acetylene flame.2s29 

Lead 

Analysis for lead in ferrochromium, ferro- 
manganese and ferromolybdenum is sometimes re- 
quired. After dissolution of the sample, iron is sepa- 
rated by precipitation with ammonia. Interfering 
metals in the filtrate are complexed with sodium 
citrate and sodium cyanide, then the leaddithizone 
complex is extracted with chloroform, and measured 
photometrically at 520 nm.23 

Atomic-absorption spectrometry can also be used 

for lead in ferroalloys, with an air-acetylene flame 
and the line at 217.0 nm.2s29,36 

Manganese 

Manganese in ferrotungsten is determined by 
the conventional persulphate-arsenite method in 
which manganese(I1) is oxidized to permanganate 
with ammonium persulphate in the presence of silver 
nitrate, and the permanganate is titrated with stan- 
dard sodium arsenite solution4s3’ 

Lower levels of manganese can also conveniently 
be determined by atomic-absorption spectrometry, 
by using an air-acetylene flame and the line at 
279.5 nm.2s29 

Tin 

Determination of tin in ferrotungsten is occa- 
sionally required. It is usually isolated, with copper 
and antimony, by precipitation with hydrogen sul- 
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phide in the presence of tartaric acid. Tin and anti- 14. 

mony are separated from copper by dissolution of 
their sulphides in potassium hydroxide-potassium 15. 

sulphide solution, and tin is separated from antimony 16. 
in a hydrochloric acid-oxalic acid solution, with 
hydrogen sulphide. Final determination of tin is done 
in the customary manner by reduction with pure lead, 
and titration with standard iodine solution, with 

17. 

starch as indicator.4,38 18. 
The hydride-generation technique of atomic- 19. 

absorption is suitable for determination of low con- 
tents of tin in various ferroalloys.2s 29,39 

20. 

21. 
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2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 
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Summary-A kinetic fluorimetric method for copper, based on a previously described system with 
t,l,3-tricyano-2-amino-I-propene as reagent, has been developed. It has been shown that the deter- 
mination is based on copper-catalysed oxidation of the reagent rather than on complex formation with 
it, although compfex-formation with imidazole seems needed to stabilize the copper(I) that is thought to 
be the catalyst. The application of several kinetic methods (tangent, fixed-time and variable-time) allows 
determination of very low concentrations of copper (l-35 ng/ml) with a sensitivity about 100 times that 
of an earlier method. Of 47 ions tested, only EDTA interfered when present at the same concentration 
as copper. The method has been applied to the determination of copper in blood serum samples. 

This study aims to show the possibility of trans- 
forming an ~u~lib~urn method into a kinetic one and 

improving the sensiti~ty, selectivity and rapidity of 
the determination. We have chosen the copper- 
1,1,3-tricyano-2-amino- 1 -propene (TRI AP) system 
described by Ritchie and Harris.’ This method 
involves treating copper(H) with TRIAP at about pH 
8 and measuring the fluorescence intensity of the 
product in acidic medium. These authors considered 
that the reaction involved the formation of a 
fluorescent complex. However, it is well-known that 
paramagnetic ions usually quench the fluorescence of 
organic molecules and their complexes are thus 
non-fluorescent.* Furthermore, we have shown that 
when this system is kept out of contact with oxygen 
it is non-fluorescent, and that treating the reagent 
with an oxidant such as hydrogen peroxide, in the 
absence of copper, gives a product with the same 
fluorescence characteristics as those yielded in the 
presence of copper. These facts show that it is logical 
to assume the oxidation of TRIAP by dissolved 
oxygen in the above-mentioned method, copper 
possibly acting as a catalyst. 

In this paper we describe a simple kinetic 
fluorimetric method for copper, Its sensitivity is 
about 100 times that of the Ritchie and Harris 
method’ and it is faster because no incubation or 
sample pH-adjustment is necessary. 

Reagents 
EXPERIMENTAL 

Standard copper soiu~ion, 1 mglml. Prepared from cupric 
nitrate and standardized iodomet~cally. Working solutions 
were prepared daily by suitable dilution, 

I. I~3-Tricyano-i-amino- I-propene (TRZAP) solution, 
4 x IO-W. Prepared bv dissolvina 26.4 me of reagent in 
50 ml of distilled water, _ 

Zmidarole-hydrochloric acid bu&r. Made by dissolving 
0.3404g of imidazole in water and 6 ml of 0.2M hydro- 
chloric acid, and diluting to 100 ml. 

Reagent-grade chemicals and pure solvents were used. 

Apparatus 

A Perkin-Elmer s~trofluo~meter, model 650-105. fitted 
with a device for kinetic measurement and with i-cm quartz 
cells was used. The cell compartment was kept at constant 
temperature by water circulating from a thermostatic tank. 
The sensitivity was set at 3, and the excitation and emission 
slits were set to give 6-nm spectral band-pass. A set of 
fluorescent polymer samples was used daily to adjust the 
spectrofluorimeter, to compensate for changes in source 
intensity. 

Procedure 

To a lo-ml standard flask containing the sample or 
standard solution (1 O-300 ng of copper) were added 1 ml of 
imidazole-hydrochloric acid buffer solution, 0.5 ml of 
aqueous 7.2 x 10s4M TRIAP solution and 3 ml of 0.25M 
hydrogen peroxide. The mixture was diluted to the mark 
with distilled water and a portion transferred to a I-cm 
fluorescence cell kept at 72 + 0.1”. Measurements were 
started 2 min after preparation of the samples and the 
reaction was monitored by means of the rate of change in 
Auorescence (21,, 330, ,I,, 395 nm). 

Net fluorescence values were obtained by subtracting the 
values for a blank solution prepared in a similar way and 
containing no copper. 

determination of copper in blood serum 

A l-ml sample of serum was heated in a porcelain 
crucible, either in a sand-bath for 10 min or on a hot-plate 
for 5 mitt, to evaporate the liquid, then the residue was 
heated in a muffle furnace at 700” for 30 min. The residue 
was dissolved in 5 ml of 1.2M hydrochloric acid and the 
clear solution, previously neutralized with sodium hydrox- 
ide, was transferred to a 25-m] volumetric flask and treated 
as above. 

RESULTS AND DISCUSSION 

Study of the jbrescence reaction 

Ritchie and Harris’ have shown that TRIAP is not 
~uorescent in acidic medium, whereas under the same 
conditions the reaction product of copper(H) and 
TRIAP has an intense yeilow fluorescence (A, 365, 
(lem 510 nm). These authors mixed TRIAP and copper 
at pH about 8 in the presence of imidazole, heated the 
mixture for 15 min at 37-40” and then lowered the 
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pH with hydrochloric acid. We have repeated this 
work and obtained the same results. However, we 
found that when the sample is prepared in the same 
way but without the copper( and an oxidant such 
as hydrogen peroxide or potassium peroxodisulphate 
is added, the solution shows the same fluorescence 
characteristics as those developed in the presence of 
copper. However, the fluorescence does not develop 
when the sample is prepared with copper(I1) but in an 
inert atmosphere (riiz. after removal of dissolved 
oxygen from the solution by passage of a stream of 
argon). These facts prove that the fluorescence is not 
caused by a complex-formation reaction but by 
oxidation of TRIAP by dissolved oxygen, with 
copper probably acting as a catalyst. 

Imidazole plays a major role in the system, as 
noted by Ritchie and Harris.’ These authors tested 
several buffer systems, including acetate, borate, 
citrate, imidazole and tris(hydroxymethyl)amino- 
methane, and chose imidazole, but did not explain 
why. In this system imidazole probably acts as an 
activator of the catalytic effect of copper by for- 
mation of a complex with this ion,3 which favours the 
oxidation of TRIAP. 

The fluorescence developed varied enormously 
according to the TRIAP concentration. Figure 1 
shows the emission spectra of various mixtures 
of TRIAP and other components. At 4 x lo-‘M 
(Fig. 1A) TRIAP yields a broad band with a 
maximum at 390-400 nm (A,, 330 nm) in the presence 
of hydrogen peroxide, imidazole and copper. 
However, at a concentration of 8 x 10m4M it exhibits 
a very different behaviour (Fig. 1B). A new peak 
appears at 490-500 nm, both in the presence and 
absence of imidazole. From curves 2 and 3 it appears 
that in the absence of imidazole, the presence of 
copper decreases the fluorescence intensity of the 

(A) 
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TRIAP-hydrogen peroxide solution, perhaps by 
formation of a non-fluorescent complex with the 
oxidation product of TRIAP. However, in the pres- 
ence of imidazole, the signal obtained with copper is 
higher than that in its absence (curves 4 and 5), 
probably because imidazole, which is in a great excess 
in the solution, forms a complex with copper and 
prevents the formation of the complex between 
copper and the oxidation product of TRIAP. 
Furthermore, we have verified that under these 
conditions hydrogen peroxide can act as a reductant 
for copper, and it is also known that copper(I) forms 
a complex with imidazole,3m5 which may be 
responsible for the acceleration of the oxidation 
reaction of TRIAP. The role of imidazole would be 
to stabilize copper(I) in order to raise the 
Cu(I)/Cu(II) potential high enough for hydrogen 
peroxide to reduce copper(I1). This reaction could 
take place by means of a free-radical mechanism and 
the free-radical would be responsible for the 
oxidation of TRIAP. Also, a copper(TRIAP 
complex may react with hydrogen peroxide to yield 
the copper(Ikimidazole complex plus oxygen in situ 

at the TRIAP site, resulting in the oxidation of this 
last. 

The band obtained at 39&400 nm (Fig. 1A) for 
low concentration of TRIAP (similar to that used in 
our method) could be attributed to the formation of 
a condensation product between TRIAP and 
imidazole. Owing to the reactive ability of TRIAP, 
which bears a charge-deficient carbon atom, and to 
the nitrogen in the imidazole ring, which has a lone 
electron-pair, the formation of this condensation 
product is perfectly feasible, its oxidation by hydro- 
gen peroxide being favoured by the presence of 
copper. This is consistent with the fact that the 
enhancement effect of copper is only observed when 

c (Bl 
60 5 
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Fig. 1. Emission spectra of TRIAP (1). TRIAP + H,O, (2), TRIAP + H,O, + Cu (3), TRIAP + H,O, 
+ imidazole (4), TRIAP + H,02 + imidazole + Cu (5). (A) [TRIAP] =4 x IO-‘M, i.,, = 330 nm; (B) 
[TRIAP] = 8 x 10-4h4, A,, = 370 nm; [imidazole] = 5 x IO-‘M; [H,O,] =2 x IO-*h4; [Cu*+] = 0.1 pg/ml; 

temperature = 60”; reaction time = 30 min. 
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TRIAP is accompanied by imidazole. This study was 

done at pH 7.5; if the solution is acidified, as in the 
Ritchie and Harris’ work, the maximum at 39@400 
nm disappears (possibly owing to the destruction of 
this condensation product) as the band at 49CLSOO 
nm corresponding to the product of oxidation of 

TRIAP appears. 
The product of oxidation of TRIAP with hydrogen 

peroxide in the presence of a large excess of imidazole 
shows different fluorescence characteristics (&., 330, 
&,, 400 nm) from those of the product yielded in its 
absence (A,, 370, i,, 490 nm). Both have been isolated 
and analysed, the results being: C 27.7%, N 30.7% 
and H 4.6% for the first and C 43.2%, N 30.2% and 
H2.2% for the second. From these data, it is logical 
to assume that the product obtained depends on the 

particular conditions used, but we have not been able 
to pursue this further, because both products are very 
insoluble and their NMR spectra cannot be obtained; 
they are also very involatile and not amenable to 
mass spectrometry. Furthermore, their infrared 
spectra show few and uncharacteristic bands. 

Efect of the reaction variables 

The system was optimized by altering each variable 

in turn, the others being kept fixed. 
Changing the temperature over the range 4&85” 

(Fig. 2A) gave maximal and constant reaction rate at 
70-W. A temperature of 72” was selected for further 
studies. From an Arrhenius plot the activation energy 
was calculated to be 10.8 k 0.2 kcal/mole. 
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The reaction rate was found to be maximal and 

constant over the pH range 7.47.8. An imidazole- 
hydrochloric acid buffer was used to adjust the pH of 

the samples to 7.5. The reaction rate did not change 
when the buffer concentration was varied between 
2.5 x IO-’ and 7.5 x lO---‘M (Fig. 2B). The reaction 

rate was decreased if the dielectric constant of the 
solution was lowered by addition of organic solvents 
such as ethanol or dimethylformamide. The best 
results were obtained with an aqueous medium. 

Variation of ionic strength up to 0.75 (potassium 
chloride) did not affect the reaction rate. Changing 
the TRIAP concentration (Fig. 2C) showed that 
constant and maximal rate is obtained with 

4.0 x IO-‘-1.1 x 10mJM reagent concentration. The 

hydrogen peroxide concentration also has an optimal 
range (Fig. 2D), 6.2 x IO-I-IO-‘M. The order of 
addition of reagents does not affect the development 
of the reaction. 

The initial slopes of fluorescence vs. time curves for 
solutions containing different amounts of copper(B), 
recorded against a similar solution containing no 
copper, indicate a first-order reaction with respect to 
copper. The various kinetic dependences are sum- 
marized in Table 1. On the basis of our kinetic 
investigations, the following equation is suggested for 
the oxidation of TRIAP with hydrogen peroxide: 

d(TRIAP),,/dt = k[Cu(II)] 

where (TRIAP),, is the concentration of oxidized 
reagent and k is the conditional rate constant. 
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Fig. 2. Effect of the temperature (A), and the buffer solution (B), TRIAP (C) and hydrogen peroxide (D) 
concentrations on the reaction rate of the TRIAP-H,O,-imidazoleCu system. 



570 M. C. GLJTIERRFZ et al 

Table 1. Summary of kinetic data 

Dependence 
of V, on 

[TRIAP]“2 
[TRIAP]’ 
[TRIAPI- ’ 
MW4 
PWzl” 
E+$i-‘” 

Concentration range, M 

0.7 x lo-* - 2.9 x IO-’ 
2.9 x 1O-.5 - 1.1 x lO-4 

‘1.1 x 10-d - 2.2 X lo-4 
1.2 x lO-2 - 6.2 x 1O-2 
6.2 x lO-2 - IO-’ 

10-l - 1.2 x 10-l 
3.3 x lo-‘O- I.3 X 10-S 

W+I” 1.3 x 10-s - 4.5 x IOmS 
[H+]-2!3 4.5 x 10-s - 3.5 x lo-’ 
[Buffer]’ IO-’ - 7.5 x 1o-3 
[Buffer]-’ 7.5 x 10-j - 2.0 x lo-2 

Chnracteristics of the analytical methods 

The fluorescence vs. time curves obtained for 
different amounts of copper under optimum 
conditions were analysed by the ~ngent, fixed-time 
and variable-time methods. For the fixed-time 
method, measurementswere made 2 min after sample 

Table 2. Kinetic fluorimetric determination of copper(I1) 

Cu concentration range, 
Method ng lml r.s.d.,* % 

Tangent l-30 + 2.9 
Fixed-time l---35 k3.0 
Variable-time s-30 f 3.5 

*Relative standard deviation. 

Table 3. Effect of various ions on the determination of 
15 ng/ml of copper 

Tolerance ratio, 
Ponl/Ku(I~Il Ion added 

100 Na+, K+, Mg2+, Cal+, Sr2+, Ba2+, 
CP+, Mn2+, Cd2+, Hg2+, Pd2+, AU’+, 
F-, Cl-, Br-, I-, NO;, SOi-, S&j-, 
S,O$-, ClO;, QO;, BrO;, IO;, IO;, 
B,O:-, acetate, tartrate 

75 MoOi-, SO:- 

50 Bezf, Pb2+, Fez+, AsO; 

25 Zn*+, Fe”+, H&+. Pt4+, A13+ PO:- > , 
C,O:-, citrate 

5 Co2+, Ag+, P,O;-, Sb3+ 

1 EDTA 

Table 4. Determination of copper in blood serum 

Cu2+ found, pggimi 

Atomic-absorption 
Fluorimetric spectrophotometric 

Sample method* method 

1 1.06 k 0.02 1.06 
2 1.44*0.04 1.44 
3 0.75 + 0.02 0.87 
4 1.2s + 0.05 1.06 
S 0.94 * 0.02 1 .oo 
6 0.94 * 0.03 1.12 
7 0.68 + 0.01 0.75 

preparation. For the variable-time method the 
reciprocal of the time needed to obtain a relative 
fluorescence intensity of 10% was plotted against the 
copper(I1) concentration. In all cases the calibration 
graph was linear over the concentration range 
indicated in Table 2, which also gives the relative 
standard deviations (P = 0.05, n = 11). The precision 
was similar for all three methods. 

The selectivity was tested by studying the effect of 
47 foreign ions on the initial rate (Table 3). Of these, 
28 do not interfere, at least at concentrations IOO 
times that of the copper. Only one ion (EDTA) 
interfered when present at the same concentration as 
copper, which is indicative of the high selectivity of 
this method. 

Applications 

The method has been applied satisfactorily to the 
determination of copper in blood serum. The results 
were checked by liquid-liquid extraction followed 
by atomic-abso~tion spectrometry.6 The results 
obtained by both techniques are in good agreement 
(Table 4). 

CONCLUSIONS 

A review of fluorimetric methods for copper has 
recently been publishedV7 Although it is well-known 
that paramagnetic ions such as copper(H) usually do 
not form fluorescent chelates, the review presented 
several methods in which the formation of a chelate 
was the basis of the fluorescence reaction. In fact, the 
method of Ritchie and Harris’ was included in this 
group, but we have now shown that it is based on a 
redox reaction. 

In general, several of the fluorimetric methods for 
copper present similar sensitivity to that of the 
method described in this paper, but few have been 
applied to the determination of copper in practical 
samples. In the above-mentions review, the method 
of Ritchie and Harris was presented as the most 
selective, although only fifteen ions were tested in 
their work. Only one of the 47 ions tested in our 
method interferes at the same concentration level as 
copper, which makes evident the high selectivity. 
Furthermore, the sensitivity has been improved about 
lOO-fold by the use of kinetic measurements, and as 
these are made at the beginning of the reaction and 
involve no change in the experimental conditions, the 
dete~ination is very fast. 
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Summary-A high-frequency modulation technique is employed to reduce the sensitivity of an instrument 
to flicker noise. A 5-mW He-Ne laser is used as the source to achieve a high signal to shot-noise ratio. 
The high-frequency modulator acts as the limiting noise-source in the particular apparatus used, as a result 
of residual static birefringence in the optical head. An analysis of the origin of the modulator noise is 
given. The apparatus is tested with L(+)-tartaric acid. A rotation detection limit of 3 x 10P4 degree is 
achieved (signal to noise ratio of 3: I). 

The value of highly sensitive methods for the 
detection of optical rotation has been shown,‘-4 for 
instance in the field of HPLC detection, and interest 
in the performance of the apparatus needed for these 
measurements is a natural consequence. A previous 
communication discussed the signal to noise 
hchaviour of such apparatus at the shot-noise limit, 
i.e., the condition which is normally encountered at 
low light levels.’ 

As the available source intensity increases, it 
becomes more likely that an instrument will be 
limited by flicker noise rather than by shot noise.’ 
This reduces the potential sensitivity of the instru- 
ment below the inherent limit set by shot noise, 
and prevents the user from taking full advantage of 
the available source flux. In polarimetry there are two 
possibilities for dealing with such a situation. The 
first is to lower the background transmission of the 
apparatus by the use of optical components of 
suitably high quality, which lowers the amplitude of 
the flicker signal accordingly. Alternatively a higher 
background signal is accepted, in which case the 
instrument itself must be able to reject flicker noise by 
some means. The first procedure has been thoroughly 
explored by Yeung et al. I4 Some implications of the 
second procedure are the subject of the present work. 

Use is made here of a linearized response function, 
which increases the signal magnitude relative to the 
(approximately) quadratic response of conventional 
apparatus using crossed polarizers. The benefits of 
such linearized response functions have been dis- 
cussed in detail elsewhere.5,7 

THEORY 

An apparatus which can provide a high degree of 
discrimination against many sources of flicker noise 
is shown schematically in Fig. 1. The apparatus will 

be described by means of the Jones calculus.’ Thus 
the Jones matrix of the system, S, is given by: 

S = P~R(a)MR(e)P~ (1) 

where P, and P,, are the polarizer matrices, R(a) and 
R(B) are the rotation matrices of an optically active 
sample, a, and of an offset angle, 0, applied to the 
polarizer P,; M is the matrix of a modulation element, 
assumed to be a linearly birefringent medium with an 
oscillating retardance given by 6 = SO sinot. Thus if 
all components are assumed to be ideal, then: 

Hence 

Zt = tZO(sin2a cos2B + cos2a sin*@ 

+$in2a sin28 ~0~26) 

= tZO(sin2a cos’6 + cos2a sin28 

+ fsin2a sin20[JO(26,) 

(2) 

+ 2 f J,~26,)cos 2Kot]} (3) 
K=l 

where IO and 2, respectively are the unpolarized source 
intensity and the intensity transmitted by polarizer 
P,, and J,~26,) is the Bessel function of order 2K. 

Equation (3) shows that ali the modulated terms 
contained in f, are linear in sina, and therefore vanish 
in the absence of a sample (a-4). An analogous 
derivation shows that the modulated terms also 
vanish if a is replaced by a linearly biref~ngent 
medium. Thus the optical configuration represented 
by equation (1) provides a particularly selective 
arrangement which generates no spurious signals in 
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n @I- Detector 

Fig. 1. Schematic apparatus. M is a variable linear retarder; 
P, and P, are the polarizer and analyser. R(B) and R(N) are 
respectively the rotations applied to P, and to the light-beam 

by the sample. 

the presence of linear birefringence (a real advantage 
in a highly sensitive system, since the effect of residual 
window strain, for instance, is otherwise difficult to 
avoid), and which automatically discriminates 
against amplitude instability of the modulator as well 
as flicker noise in the source [as carried by the sin20 
term in equation (2)]. The last property requires that 
2Km be high enough to reach a frequency at which 
source flicker is not significant. In the present work 
the values K = 1, 20 = 100 kHz proved to be 
satisfactory. 

In practice, the cancellation of instrumental noise 
which is implied by this discussion becomes in- 
creasingly difficult to achieve as the source intensity 
is increased and the signal to shot-noise ratio of the 
equipment improves. The main source of uncorrected 
noise in the present experiments proved to be the 
photoeIastic modulator (PEM 3, Hinds International, 
Oregon) which was used for the modulation element, 
M. The noise parameters of importance for this 
particular device include the amplitude stability of 
the a.c. stress axis, the presence of residual static 
birefringence in the optical head, and the relative 
orientation of the a.c. and static axes. 

The effects of these parameters can be described by 
rewriting the ideal matrix M in equation (1) as: 

M= 
( 

&6 + P) ip sin24 sinc(6 + p) 

ip sin24 sinc(ij + p) e-‘(6+p) 1 

(4) 
where 2p is the static retardance and Cp is the angle 
between the p and 6 axes, assumed to be small. The 
derivation of this matrix is given in the appendix. 
Upon substitution of equation (4) into equation (l), 
equation (3) becomes: 

I, = $I,[sin20 -p sin26 sin24, sin(d +p) sinc(d +p) 

+ p2sin22@ sinc2(6 + p) cos2@) (5) 

Equation (5) describes the background noise of the 
rea1 system at t( = 0. Fourier analysis of this equation 
shows that the amplitudes of the modulated terms 
depend on all 3 variables p, t$ and 6,. Thus it is 
evident that, no matter how well the PEM axis is 
aligned to coincide with the polarizers P, or PY, some 
variation in the amplitude of each harmonic will 
occur, owing to fluctuations in a,, unless the axes of 
the static and alternating retardances happen to 

coincide exactly. That is, a comparison of equations 
(2) and (5) shows that the existence of residual static 
birefringence in the modulator head provides a 
mechanism whereby amplitude instability of the 
modulator appears as noise, despite the alignment of 
the a.c. stress axis with the polarizers; an alignment 
which would otherwise Iead to the total cancellation 
of such amplitude noise in an ideal instrument. 

EXPERIMENTAL 

In construction of the practical apparatus a 5-mW He-Ne 
laser (Saven AB) was used as the source. The sample cell 
was a quartz how-~rou~ cell of S-mm optical path-length 
(Starna Ltd., type 44). The polarizers were either Glan- 
Taylor prisms (8 mm aperture, schheren-free calcite; Karl 
Lambrecht), or plastic dichroic sheets (Edmund Scientific, 
N.J.). Their respective extinction ratios at 632.8 nm were 
3 x 1O-6 and 4 x 10e5. Light from the analyser was 
transmitted directly onto a IP 28 photomultiplier through 
a fibre-optic link. A second optical channel could be added 
by insertion of a beam-splitter in front of the sample cell, 
to allow a reference intensity to be measured if required 
(Fig. 2). Signals were measured on a PAR model 128A 
lock-in amplifier with the reference set to the ZUJ (100 
kHz) harmonic. A time-constant of 1 set was used for all 
measurements. 

Linearized optical rotation apparatus is tolerant towards 
stray light, and shows good vibrational immunity provided 
that the vibrational displacements are small compared to the 
offset angles used. These characteristics were found to be 
retained even at the sensitivity levels achieved here. Neither 
the presence of stray light nor sensitivity to vibration 
presented any particular problem; all components were 
simply mounted on a l-m steel optical rail placed directly 
on a standard laboratory bench under normal fluorescent 
lighting. 

Since the apparatus was intended to work at relatively 
large values of 0 (up to -2o”), it was necessary that the 
photomultiplier should transmit frequencies up to 100 kHz 
at unusually high background-light levels. At the same time 
the voltage across the dynode chain, and in particular at the 
first dynode, should be high in order to minimize noise from 
the tube itself. The method used to meet these requirements 
was to connect the first 5 dynodes only as amplifying stages. 
The remaining dynodes and the tinal anode were strapped 
to a regenerative parallel LC resonant circuit. Details are 
given in Fig. 3. The circuit output was initially tested by 
continuous exposure at about 1 mW for 10 hr, and found 

Fig. 2. Apparatus. A, IOO-kHz tuned pre-amplifier. PMT, 
photomultiplier. PEM, photoelastic modulator. P,, P,, 
polarizer and analyser. S, optional beam-splitter, removed 
from the optical path unless a reference signal is required for 
double-beam operation. The sample cell is located between 

S and P,. 
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0 to -500V PMT Supply 

6 

* Selected 1 O-20 V d.c. 
gain/bandwidth 
control 

Fig. 3. Circuit diagram of the phototube preamplifier. 

to be stable. Linearity was checked by varying the light in- 
tensity by means of a known filter system. Measurement of 
the dc. cathode current as a function of increasing dynode 
voltage gave a stable plateau at 2.0 PA, corresponding to a 
photoelectron emission rate of 3.2 x lO”/sec, and allowing 
the source power to be estimated as -4 mW.9 It was 
concluded from these preliminary measurements that the 
stability of the detector system was adequate for the 
intended use, and in particular that photocathode fatigue 
was unlikely to be of major concern. 

Alignment of the apparatus was achieved by crossing the 
polarizers and adjusting the x,y position and rotational 
angle of the PEM until the IOO-kHz (20) signal was 
minimized. The polarizer angle (0) was then set to the 
required value and the sample cell inserted. The sample cell 
was rotated to remove the lOO-kHz signal caused by 
reflection from the windows. Similar care was needed to 
align the beam-splitter when the reference optical channel 
was used. Test solutions of L( +)-tartaric acid (Merck) were 
introduced into the cell by means of a peristaltic pump. 
Concentrations of 1.67-16.7 g/l. were used, corresponding 
to optical rotation angles of O.OOl~).Ol” in the apparatus 
used. 

The amplitude of the PEM was adjusted empirically to 
give a maximum signal [i.e., J,(26,) at a maximum; sensitivity 
to fluctuations in 6, at a minimum]. 

Switching on the PEM was found to cause an increase in 
the lOO-kHz noise, even when P, and P, were fully crossed 
and when the stress axis of the PEM was aligned with P, or 
P, (i.e., a = f3 = 0). This observation arises from the finite 
value of I, in equation (5) when 0 = 0. In addition a finite 
signal could be observed at sin2wt, i.e., a signal showing a 
90” phase shift relative to the expected 2w harmonic. Such 
signals caused no particular difficulties but did require the 
phase of the lock-in to be adjusted accurately to ensure their 
rejection. 

RESULTS AND DISCUSSION 

The dependences of the output noise and of the 
signal to noise ratio on the offset angle 0 are shown 
in Figs. 4 and 5. The noise data in Fig. 4 show that 
source flicker is not significant, since the noise curves 
with the PEM removed are a linear function of 0. 
They also show that modulation noise is effectively 
compensated by a dual-channel measurement. The 

increase of the noise level with 0 when the PEM is in 
position is approximately quadratic. This observation 
means that the second harmonic (cos2wt) terms 
generated by the last two terms in equation (5) must 
be of comparable magnitude. This sort of relation 
clearly depends for its existence on the particular 
values of C#J and p which a given instrument happens 
to show; the combination of a low noise level at 0 = 0 
and the quadratic growth with increasing 0, which are 
shown in Fig. 4 and which characterize the present 
device, may not necessarily be reproduced by other 
types of modulator. 

The quadratic increase in noise with 0 markedly 
influences the signal to noise curve in Fig. 5, shifting 
the optimum from the value of -3” which would be 
expected for the shot-noise limited case to about l”, 

” I 
0 

Fig. 4. Output noise levels. Symbols 0, 0 represent 
respectively single- and dual-channel operation with the 
PEM switched off. Symbols x , V are respectively single- 

and dual-channel results with the PEM in operation. 
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Fig. 5. Output signal to noise ratios. Symbols x , 0 are results for the prism and Polaroid sheet polarizers, 
respectively. The dashed curve is proportional to l/e. 

and causing the signal to noise curve to decrease in 
inverse proportion to 0 beyond the maximum, instead 
of giving the rather flat plateau which is characteristic 
of the shot-noise limited situation. 

Experimental signals are shown in Fig. 6 for 
1.67 g/l. L( +)-tartaric acid, with an offset angle of 
0 = 1”. A comparison trace is given, for a linearized 
system (1” offset again) with the PEM removed and 
amplitude modulation of the laser intensity. The 
comparison illustrates the practical utility of the 
PEM configuration used; its selectivity clearly 
extends to the provision of efficient discrimination 
against pumping fluctuations and the passage of 
bubbles through the sample cell. 

It is evident from the results in Figs. 5 and 6 that 
the signal to noise ratios given by the prism and by 
the Polaroid sheet polarizers are comparable. 
Detection limits for a signal to noise ratio of 3 : 1 were 
estimated as about 3 x 10e4 degree in both cases. 

CONCLUSIONS 

The origin and magnitude of the flicker noise that 
is actually observed in an optical polarimeter is 
governed by the particular instrument design used. 
The present approach suppresses flicker noise by a 
selective modulation technique, which adopts a 

Fig. 6. Recorder traces for (A) a =O.OOl” rotation, prism 
polarizers; (B) tl = 0.003”, Polaroid sheets; (C) a linearized 
system with the PEM removed; a = 0.01”. The offset angle, 

0, was 1” in each case. 

modulation frequency high enough to avoid source 
flicker, and an optical design which minimizes the 
occurrence of direct modulation of background 
optical transmission. These characteristics permit 
optical linearization techniques to be employed to 
advantage. Such techniques are desirable because 
they allow satisfactory results to be obtained with 
polarizers of quite ordinary quality, for reasons 
which have already been discussed.5 They also 
improve the tolerance of the apparatus to vibration 
and the pick-up of stray light. Therefore a design 
such as the one described here is felt to be of use, 
since its application leads to sensitive measurement of 
optical rotation with apparatus that is robust in 
operation and of modest cost. 

Various procedures were examined as possible 
methods to eliminate the modulation noise of a 
single-channel measurement. These included 
modification of the optical train and the use of 
electronic correlation procedures (e.g., between the o 
and 2w amplitudes). None succeeded. This is perhaps 
unsurprising; equation (5) shows that the amplitude 
coefficients of the various harmonics do not neces- 
sarily bear any simple relation to each other, even if 
p and 4 are truly constant. If p and C$ can also vary 
in addition to a,,, then the noise output of the device 
becomes still more complicated. Therefore it is con- 
cluded that the use of some form of dual-channel 
measurement probably offers the only way to correct 
for residual modulator noise in the present type of 
apparatus. 

It should be noted that the modulated signal/ 
translated flicker-noise ratio is constant, and greater 
than the modulated signal/baseband shot-noise ratio. 
In the region of the detection limit, the measurement 
is automatically shot-noise limited if the integration 
time is short enough. This can be arranged by starting 
with an arbitrarily short integration time, increasing 
it until flicker noise appears, and then reducing it 
again until flicker noise is precluded. 
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APPENDIX 

The PEM is considered to show the usual modulated 
retardance, 6 = 6, sinor. In addition it will be assumed that 
there is a static retardance, p. Let the optical path in the 
PEM be divided into infinitesimal slices, denoted alternately 
by d and p (Fig. 7) with associated Jones matrices D, P. If 
the light is propagated in the positive z-direction, the Jones 
matrix of a pair of slices, d and p, is PD. The wave, 
described by a Jones vector i, is modified as a result of its 
propagation through the incremental path length between x 
and x + Ax. Thus 

i(x + Ax) -i(x) = PDi(x) - i(x) = (PD - I)?(x) (1’) 

Dividing both sides of equation (I’) by Ax and taking the 
limit as Ax approaches zero gives the differential equation 
of propagation for the Jones vector i as 

-;: = N(x)?(x) 

where 
PD-I 

N(x) = lim __ 
AX-O Ax 

(3’) 

Now consider the PEM in the form of a thick (non- 
infinitesimal) slab for which the overall Jones matrix is T. 
Then the Jones vector i(x) of a light-wave that has travelled 
a total distance x, starting from an initial Jones vector i(0) 
at x = 0, is given by 

i(x) = T(x)?(O) (4’) 

where T(x) is the Jones matrix characterizing the section 
between the planes at 0 and x. Differentiating (4’) with 
respect to x, we get 

di dT 
-=-f(O) 
dx dx 

d half 
segment 

p half 
segment 

(5’) 

Fig. 7. One segment of a variable retarder comprising 
alternate modulated and static layers (d and p respectively). 

From equations (2’) (4’) and (5’) we finally get 

dT 
--NT 
dx 

(6’) 

In the general case N is a function of x, and equation (6’) 
can be solved by using, for example, the Volterra product 
integral or the theory of matricants. In the present case we 
assume that 

(7’) 

where A6 is the dynamic retardance, at a certain time, of the 
infinitesimal slab d. Allowing Ax + 0 also means that A6 
tends to zero and we can write 

D=I+iA6 (8’) 

It is now assumed, for generality, that the optical axis of the 
static retardance makes an angle 4 with the axis of dynamic 
retardance. Hence 

P= 
( 

;;; -f;;)(T f_&)( _“spn”; ;:;> 

cos*$ eiAp + sin*+ e -IAp i sin 24 sin Ap 

= i sin24 sin Ap sin*+ elAp - cos*$ e -CAP > 

Thus 

sin 24 

-cos2r$ > 
(9’) 

PD=I +iA6(,!, _~)+iAp(~~~~ _tti$) (10’) 

(with the cross terms ApA neglected) and from (3’): 

We assume now that both d6 /dx and dp /dx are independent 
of position within the PEM element. In that case the 
solution of (6’) satisfying the boundary condition T(0) = I 
is 

T(x) = eNx (12’) 

and especially, if the thickness of the PEM slab is b, 

T=ebN (13’) 

Now d6/dx and dp/dx are constant, which gives 

(14’) 

and consequently 

Calculation of the exponential (13’) is considerably 
simplified by the fact that 

(bN)*= -y21; y =&*+p2+26pcos2$) (16’) 

This gives 

(bN)2k = (- l)kyXI; (bN)“+’ = (- I)ky2kbN (17’) 

Hence 

ebN=I+bN+~(bN)2+~(bN)3+$(bN)4+..~ 

=I+bN-;~21-~y2bN+~~41+~~~ 

=cosyI+IsinybN (18’) 
Y 
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Assuming that I$ is small, we have cos 24 ‘v 1, which gives 
y E 6 + p, and hence 

ip sin24 sinc(6 + p) 
< -.@+P) 

> 

= M 

(20’) 

(19’) where sinc(d + p) = sin(d + p)/h + P). 
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Summary-The dete~ination of arsenic by atomic-abso~tion spectrometry with use of a graphite-cloth 
ribbon placed inside various types of graphite tubes was investigated. It was found that the graphite-cloth 
ribbon greatly enhances the sensitivity for arsenic and reduces the interferences from various heavy metals. 
especially when it is placed inside a pyrolytic graphite tube and a nitric acid matrix is used. This is 
attributed to condensation of arsenic on the ribbon, owing to a temperature lag during the drying and 
ashing cycles, and to the formation of interlamellar compounds of arsenic with graphite. 

~te~ination of arsenic is very important in bio- 
chemistry, environmental chemistry, and the semi- 
conductor industry, and the use of graphite-furnace 
atomic-absorption spectrometry (GFAAS) for the 
purpose has been studied by many investigators,’ ‘* 
but is accompanied by difficulty and unreliability 
which are due to volatilization losses of arsenic 
during the ashing cycle and to interactions of arsenic 
with carbon and certain metal salts.“,” Matrix 
modification technique@ using transition metal salts 
have been empirically demonstrated to be effective 
for reducing the volatility.3 Some graphite-surface 
treatments6*‘3 have been developed to reduce the 
extent of chemical interferences. 

Quite recently, we found that the sensitivity for 
selenium (which is also volatile) is greatly enhanced 
by using a graphite-cloth ribbon which is placed 
inside a graphite tube and on which the sample is 
deposited. I4 Furthermore, it was found that non- 
pyrolytic graphite (NPC) tubes with a porous surface 
are more effective than pyrolytic graphite (PC) tubes 
in enhancing the sensitivity for semi-metallic elements 
such as As and Se.*’ These results suggest that the 
volatile arsenic species need to interact with carbon 
if higher sensitivity is to be attained. 

In this study, the determination of arsenic was 
investigated by using the graphite cloth ribbon and 
various sample media, and comparing its per- 
formance with that of the PC, NPG, and L’vov 
platform tubes. The effect of various foreign ions was 
also examined. 

EXPERIMENTAL 

The experiments were done with a Perk&Elmer 
SO00 atomic-absorDtion sDectrotlhotometer, an HGA-500 
graphite furnace aid an A!&40 sample-introduction system. 

*Author for correspondence, 

Deuterium-continuum background-correction was used. A 
Perkin-Elmer Data System 10 and a Watanabe WX4675 
plotter were used to record the absorbance signal profiles. 
A Hamamatsu Photon& hollow-cathode lamp was used as 
light-source. The analytical wavelength and spectral band- 
width were 193.7 and 0.7 nm, respectively. The graphite 
furnaces used were of four types: (i) non-pyrolytic graphite 
tube (PE-NPG, Perkin-Elmer, part no. 070699). (ii) 
pyrolytic-graphite coated tube (PE-PG, Perkin-Elmer, part 
no. 4559-4), (iii) pyrolytic-graphite coated tube (G-PC, 
German Perkin-Eimer, part no. 09 10.54). and (iz!) pyrolytic- 
graphite platform tube (platform-PG, Perk&-Elmer). 
Graphite cloth made from uolv(acrvionitrile) was cut to eive 
pie& 1.5 mm wide, 25-m; long, and ‘0.3 mm thyck, 
weighing about 5 mg. The position of the graphite cloth 
ribbon in the graphite tube is given in Fig. 1. The furnace 
programme is given in Table 1. Maximum-power heating 
was used for the atomization step. A CHINO recording 
pyrometer was used to calibrate the temperature settings, 

Reagents 

All solutions were prepared from analytical-reagent grade 
chemicals and distilled water, and stored in aolvethvlene 
bottles. Standard arsenic solution (1000 pg/&l) was- pre- 
pared by dissolving 1.320 g of arsenious oxide in 10 ml of 
IOM sodium hydroxide, and diluting accurately to 1000 ml 
with water. 

Extraction of arsenic(fII) vtiGz ammonium pyrrolidinedithia- 
carbamate (A PDC) 

Take an aliquot of aqueous solution, containing 500 ng 
of arsenic(III), in a separatory funnel. Add 2 ml of acetate 
buffer solution (pH 5.0, 1M acid + IA4 sodium salt = I + 
1.8) and I .O ml of 4% APDC solution. Shake the solution 
with 10 ml of mixed solvent (carbon tetrachloride-chloro- 
form, 1: 1 v/v) for S min (extraction of the arsenic is almost 
complete under these conditions’6). Separate the organic 
phase and use a 30-~1 aliquot for determination of the 
arsenic. 

b 

Fig. 1. Position of the graphite cloth ribbon in the graphite 
tube: (a) graphite tutKt; (b) graphite cloth ribbon. 
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Table 1. Instrumental parameters for the arsenic determination 

Drying Ashing Atomi~tion Conditioning 

Temperature, “C 200 Variable 2450 2700 
Ramp time, set 40 30 0 1 
IIold time, set 10 5 5 2 
Flow gas, 

~il~~~ 300 300 20 300 

RESULTS AND DISCUSSION 

E&c& of the graphite tube texture 

Absorbances were measured for 1.5 ng of arsenic 
atomized from various types of tubes and sample 
solutions. The results are given in Table 2. Graphite 
cloth ribbon of the size given in the experimental 
section was used throughout the work because in- 
creasing the size decreases the sensitivity. The stan- 
dard deviation (range method) of the absorbance (for 
3-5 repetitions) was less than 0.013. As in the case of 
selenium,14 higher sensitivity was generally obtained 
with NPG tubes than with platform-PG tubes, and 
the graphite cloth ribbon enhanced the sensitivity 
even further. The nitric acid matrix gives the highest 
sensitivity for each type of tube. This trend is different 
from that for selenium, for which hydrochIo~c acid 
gives the highest sensitivity, except for the PG tube. 

When an element. is atomized from the wall of a 
graphite tube, the graphite surface plays various 
roles: energy supply for atomization, reduction of 
metal oxides to metals, and retention of analyte by 
formation of interlamellar compounds and carbides. 
It has been pointed out that the porous nature of 
non-pyrolytic graphite is responsible for penetration 
(or diffusion) of sample into the tube and for com- 
pound formation with carbon, leading to lower sensi- 
tivity and interferences by certain metal saltsi7~‘* 

It was to overcome this disadvantage that coating 
the tube surface with a thin layer of pyrolytic graphite 
was developed, ip,*O it gave a significant improvement 
in sensitivity over non-pyrolytic graphite, especially 
for highly non-volatile elements such as copper, 
molybdenum, and vanadium.*O Quite recently we 
found that the effect of the surface texture (PG or 
NPG) of the tube on sensitivity is related to the 
nature of the anaiyte: the more metallic the analyte 
element, the more its AAS sensitivity is favoured by 

use of a PG surface. i5 Analogously, the sensitivities 
for the semi-metallic elements of groups III, IV, V, 
and VI in the periodic table are much higher with 
NPG tubes than PG tubes. The results in Table 2 are 
consistent with the results obtained previously.” 

The formation of molecules such as As, and Asz 
has been proposed as one of the reasons for the 
difficulty in determining arsenic,” but it is likely that 
the most critical factor is loss by volatilization during 
the drying and ashing cycles.” Of the three acids 
tested as sample media, hydrochloric acid gives the 
lowest sensitivity, because arsenic trichloride is easily 
vaporized. Figure 2 shows the effect of ashing tem- 

I ’ 

0.1 l- \ 

1 I I I 

400 600 800 1000 
‘C 

Fig. 2. Effect of ashing temperature on the absorbance for 
arsenic in hydrochloric acid (--) and nitric acid (-----) 
media. I and 2, a G-PG tube with the ribbon; 3, a PE-NPG 
tube; 4, a G-PG tube; 5, a PE-NPG tube; 6, a platform PG 

tube; 7, a G-PG tube. 

Table 2. Absorbances obtained by using various types of graphite tubes* 

Sample 
medium 

Platform 
With ribbon 

PE-NPGt PE-PG6 G-PGP PGS PE-NPG PE-PG G-PG 

HCI 0.167 0.010 0.040 0.102 0.348 0.348 
HNG, 0.352 0.164 0.343 0.243 0.366 0.413 
HlSG., 0.270 0.011 0.183 0.128 0.316 0.376 
CHCl+Xl~ 

(APDC-As) 0.201 - 0.172 0.083 0.360 

* The amount of arsenic was 1.5 ng and the concentration of acid O.OSM. 
t Non-pyrolytic graphite tube. 
8 Pyrolytic-~aphite coated tube. 
$ ~rolytic-graphite platform tube. 

0.411 
0.519 
0.464 

0.456 
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perature on the absorbance. For the same medium, 
the NPG surface gives higher absorbances than the 
PG surface does, over the temperature range exam- 
ined, so the increasing sensitivity with non-pyroIytic 
tubes can be attributed to less volatilization of arsenic 
during the ashing cycle. Koreckeva et al.” measured 
the radioactivity of 14As left on the surface of an NPG 
tube after thermal treatment at different temperatures 
~200-100~~) and showed that the ~-radioactivity was 
lower than the y-radioactivity, indicating penetration 
of the arsenic into the graphite or formation of 
compounds between graphite and arsenic, whereas 
there was no difference in the relative activity when 
a glassy-carbon tube was used. They also suggested 
that when aqueous samples are analysed the surface 
of an NPG tube should provide conditions or active 
sites for formation of lamellar compounds containing 
arsenic, for which the presence of oxygen and hydro- 
gen is needed. 22 Nitric acid is known to create more 
available active sites,” and as shown in Fig. 2, gives 
higher absorbances than hydrochloric acid medium 
does, for both kinds of tube. This supports the 
hypothesis of chemical interaction between arsenic 
and graphite in the NPG tube, and it is therefore 
likely that in nitric acid medium the porous graphite 
keeps arsenic on its surface “chemically” long enough 
for much greater conversion into elemental As to 
occur, than is the case for “physical” retention (i.e., 
without formation of compounds). 

The fact that the porous nature of the furnace 
texture favours lower loss of arsenic is compatible 
with the increase in ~nsitivity obtained by using the 
graphite cloth ribbon (which has a larger specific 
surface area). The ribbon is heated primarily by 
radiation from the tube wall, so the temperature of 
the ribbon is lower than that of the tube until 
constant maximum temperature is reached. When the 
sample solution is deposited on the ribbon, only part 
remains on the piece of graphite cloth (which is small 
in size) by capillary action, and the rest comes into 
contact with the tube wall. The arsenic on the tube 
wall will be evaporated earlier than that on the ribbon 
surface during the atomization process, and could be 
partly condensed on the ribbon, where interlamellar 
compounds of arsenic with the graphite could be 
formed, leading to a lower volatilization loss. Such 
condensation of arsenic on the ribbon surface is also 
indicated by the fact that the effect of the ribbon on 
sensitivity is more marked for the PG tube than for 
the NPG tube, since the volatilization of arsenic will 
be easier from the PG tube, where there is little or no 
soaking of the solution into the graphite layers. Thus 
with the ribbon, the atomization effectively takes 
place at the maximum ribbon temperature with mini- 
mum condensation on the surrounding wall, and the 
absorption signal is delayed by the ribbon tem- 
perature lag. This behaviour is clearly shown in Fig. 
3, where the temperature profile is that for the tube 
wall without the graphite cloth ribbon present. The 
peak maximum is delayed by 0.2 set by which time 
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Fig. 3. Atomization-time and temperature-time profiles for 
arsenic (1.5 ng) with (-) and without (- - - - -) the ribbon 
in the G-PG tube at an ashing temperature of 550”. 1, 
Hydrochlo~c acid medium; 2, APDC-As in CHCI,-Ccl, 

medium. 

the maximum temperature has almost been attained. 
If a larger piece of graphite cloth ribbon is used, the 
absorbance for a given amount of arsenic is lowered, 
presumably because it takes longer for the ribbon to 
reach a high enough temperature for effective atom- 
ization. 

For the more volatile elements, matrix inter- 
ferences often arise from gas-phase reactions, because 
of the limited ashing temperature. Recent studies on 
lead determination by Woodriff et uZ.*~,*’ indicated 
that this gas-phase interference can be substantially 
reduced by sufficiently increasing the temperature 
and residence time. Such an effect may also be 
expected from using the graphite cloth ribbon, which 
causes delayed sample vaporization in the same way 
as the L’vov platform; this is confirmed by Fig. 2. 

In the case of copper, for which PG gives higher 
sensitivity than NPG does, the sensitivity remains 
almost unchanged when the graphite cloth ribbon is 
used {Fig. 4). Since the absorbance signal is delayed, 
it is likely that a lowering effect of the porous nature 
of the ribbon on the copper absorbance is compen- 
sated by the opposite effect of the temperature lag. 

Eflect of foreign ions 

The effects of copper, nickel, moly~enum and 
iron on the arsenic absorbance were investigated for 
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Fig. 4. Atomization-time profiles for copper (0.7 ng) with 
a G-PG tube and 0.05M nitric acid medium, 
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Fig, 5. Effect of foreign ions on sensitivity for arsenic (50 nglml) in 0.05M hydrochloric acid medium 
without (a) and with (b) a graphite cloth ribbon. 
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Fig, 6. Effect of foreign ions on sensitivity for arsenic (50 ng/mI) in 0,05M nitric acid medium without 
(a) and with (b) a graphite cloth ribbon. 
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Fig. 7. Effect of foreign ions on sensitivity for arsenic (50 ng/ml) in O.OSM sulphuric acid medium without 
(a) and with (b) a graphite cloth ribbon. 

all the systems. These ions are often used as matrix 
modifiers to decrease the volatility of arsenic during 
the ashing cycle. These metals were added in 100- and 
ZOO-fold weight ratio to arsenic. The results obtained 
are shown in Figs. 5-9. As pointed out earlier,zs*26 
even small alterations in the pyrolytic graphite qual- 
ity cause changes in foreign ion effects. The following 
trends are observed: (a) without the ribbon, these 

metals all give enhancement effects except with the 
NPG tube and the platform-organic extract combi- 
nation; (b) the use of the ribbon gives higher sensi- 
tivity and almost eliminates the foreign ion effects; (c) 
no enhancement effects are observed for the 
APDC-As extract. 

Observation (a) is the matrix-modifier effect, which 
becomes more marked when the sensitivity in the 

06 (a) tb) (a) tb) 
PE-NPG PE- NPG G-PG G-PG 

Fig. 8. Effect of foreign ions on sensitivity for APDC-arsenic (50 ng/ml) in CHCl,CCl, medium without 
(a) and with (b) a graphite cloth ribbon. 
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HCI CHCL 3 - CC1 4 

Fig. 9, Effect of foreign ions on ~nsitivit~ for arsenic (50 ng~rnl~ with the platform tube in various media, 

absence af foreign ions is low, as seen typically for the 
P~-P~-s~lphu~~ acid system. The largest enhance- 
ment effect is obtained with nickel in sulphuric and 
nitric acid media, and with iron in hydrochloric acid 
medium. Kor&kova et al.” suggested that there are 
two mechanisms for stabilizing arsenic: one is the 
formation of i~te~etal~~ ~orn~o~ds with arsenic 
and the other is s~b~li~ation of the oxidi~ug centres 
on graphite for fo~ng interl~ellar compounds. In 
view of the fact that the modifier ei%et is not seen for 
the NPG-nitric acid system, the chemical interaction 
of arsenic with porous graphite, i.e., interlamellar 
compound formation, seems more important than 
intermetallic compound formation for arsenic sta- 
bilization. This is further supported by observation 
(b) which is most marked for nitric acid rn~~~rn. The 
graphite cloth ribbon has a contact area Iarge enough 
to a~omrn~at~ arsenic as interlamellar corn~o~~ds 
even in the presence of foreign ions. 

Observation (c) holds even for the PG tube. This 
is explained by less interaction of arsenic with these 
metals because of fo~ation of their stable sulphides 
durmg the ashing cycle since the metal-sulphur bond 
already exists in the ~~~-complexes of these 
metals. 

It is concluded that loss of arsenic by VolatiIiz~t~o~ 
in the ashing stage is reduced by condensation and 
re-evaporation due to a temperature lag effect and by 
interlamellar compound formation with graphite, 
and so the interferences from foreign ions are sub- 
stantially reduced. The best conditions for this are 
provided by using the graphite cloth ~bbon-nitric 
acid system. 
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Summary-Kalman filtering was applied to the current us. time data obtained at the growing mercury 
drop of a DME under d.c. polarographic conditions, to separate the faradaic and capacitive components 
of the electrode current. Polarograms consisting of the pure faradaic current vs. applied d.c. potential were 
subjected to a four-parameter curve-fitting procedure to obtain the polarographic characteristics, viz. 
half-wave potential, limiting current and slope of the log plot together with the baseline current. The 
method was tested with cadmium and zinc in the 10-6-10-‘M range. The standard deviations of the 
half-wave potentials and the limiting current/concentration ratios were found to be 1.0 mV and 0.04 
respectively. 

In polarography the analytical signal from the far- 
adaic process at the electrode is obscured at low 
concentrations by the capacitive response caused by 
the charging of the electrical double-layer capaci- 
tance. Many methods have been devised to minimize 
the contribution of this capacitive component to the 
compound current signal, mostly by instrumental 
techniques, e.g., tast and differential pulse polar- 
ography. With the advent of powerful on-line com- 
puters another approach has become viable in which 
mathematical processing of the measurements is used 
to separate the faradaic and capacitive components 
of the electrode current. 

Numerous examples of the use of sophisticated 
data-processing techniques, such as the fast Fourier 
transform (FFT) procedure, curve-fitting, pattern 
recognition and Kalman filtering, combined with 
elaborate measurement procedures can be found in 
the literature for the a.c., pulse and stripping polar- 
ographic techniques.‘-’ Direct-current polarography, 
however, is still a favourite technique for the study of 
complex-formation equilibria.8-‘0 It has the advan- 
tage that the processes at the electrode are well 
understood and described by relatively simple equa- 
tions.” In d.c. polarography the problem of sepa- 
rating the faradaic and capacitive response is mainly 
solved by mathematical data-processing. If this sepa- 
ration can be successfully achieved, a lower detection 
limit and better precision for the half-wave potential 
and limiting current can be obtained, owing to the 
absence of distortion of the polarographic wave by 
the capacitive component. This considerably extends 
the range of application of the polarographic method 
for determining stability constants. Moreover com- 
plicated schemes for baseline correction become 
superfluous, as the baseline will be a horizontal 
straight line. The feasibility of this approach has been 

demonstrated by Soong and Malay,” who applied a 
Rieman-Liouville transform (RLT) to the 
current-time data obtained at the growing mercury 
drop during normal d.c. polarography, to separate 
the faradaic and capacitive responses. 

This paper describes an alternative route, the 
Kalman filter technique, to reach this goal. It has the 
advantage that a more complex model, with more 
than two parameters, can be accommodated and that 
it can directly process the incoming i-t data without 
the need to gather and store the complete set of 
measurements which is characteristic for curve-fitting 
methods. The data-processing algorithm is rather 
simple and its speed allows real-time processing. 

THEORY 

The instantaneous current in d.c. polarography 

The instantaneous cell current in d.c. polarography 
consists of a faradaic and a capacitive component: 

i(t) = if(f) + i,(t) (1) 

The capacitive part i,(t) can be described by 

ic(t)=kct-“3 (2) 

The constant k, is potential-dependent, but can be 
considered constant during the growth of a given 
mercury drop if the voltage scan-rate is sufficiently 
low. For the instantaneous faradaic current the 
time-dependence is generally expressed by a d order 
parabola, as in the Ilkovii: equation. However, owing 
to the spherical shape of the mercury drop there is a 
difference in the shape and size of the diffusion space 
inside and outside it. This gives rise to two different 
situations, depending on whether the product of the 
electrode reaction forms an amalgam or is trans- 
ported back into the solution. Ktita and Smoler’3 give 
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a complete account of this subject and use the 
following relationship, derived by Kouteckyi4 and 
Weber,is to express the instantaneous faradaic 
current: 

0.732nFD ‘i2cm2i3t”6R 

i= (A+JziG) 

1 + 3.96D;:r’i6(A f 1) 

m l”G + &Gzd) 1 (3) 

In this equation /z denotes the potential function 

A = exp[ - (E - E,,)nF,lRTf (4) 

and the other symbols are those normalIy used in 
polarography. The two situations arise from the use 
of either the plus (no amalgam formation) or the 
minus sign (amalgam formation) in the second term 
in the brackets of the numerator of equation (3). On 
the basis of these equations Kdta and Smoler showed 
that the instantaneous faradaic current can be 
expressed as 

if(t) = k,tfl (5) 

where 6 is given by 

~=1+0661~‘/Zm-“3t’“~ 
6 . (6) 

with 

0 = (2 + l)/@ + JZZG) (7) 

In their work these authors determined /I for the 
faradaic curves for various cases and found that they 
could use a time-independent mean value that was 
significantly different from d and changed with volt- 
age in the polarographic wave for the case of amal- 
gam fo~ation. For the total cell current, equations 
(I), (2) and (5) give rise to: 

i(t)=k,t-“3+k# (8) 

This model equation (8) can be used in the Kalman 
filter scheme to estimate the parameters kc, k, and /3. 
If the k, data obtained in this way are plotted against 
d.c. potential the resulting polarograms will show 
horizontal straight baselines and plateaus because the 
capacitive current component has been eliminated 
completely. 

The Kalman filter is a mathematical technique that 
can be used to estimate the state of a process in 
real-time from noise-corrupted measurements on that 
process. 16-‘8 Here only the operational equations for 
the evaluation of the i-t curves of d.c. polarography 
by means of equation (8) are given. The state of the 
process is completely characterized by the parameters 
kc, kf and @ and is denoted by the vector x. As these 
parameters are considered to be time-invariant in 
the description of the i-t curve foe a growing single 
mercury drop, the state-to-state transition matrix is 
the unity matrix. The equation for the measurements 
in which the current is averaged over the interval 

from t to t + At follows from the integration of (8) 
over this interval: 

r(r -+t -t- At) = x,[t -‘I3 + (Ar/6)t -4!3f 

+ x2[P3 + (Atx,/2)+“?-“I (9) 

The elements of the state-to-measurement transition 
vector C can now be calculated: 

C, = Gi(t)/Sx, = t-113 - (At/6)t-“’ 

C, = &(t)/dx, = tX3 -+ (Af~~/2)1(~3-‘) 

C, = &(t)/sx, = xz[rX3 In(r) 

+- (A~~2~)r,~3 + (A~x~~2r)ln(~)rx3J 00) 

The mathematical model for the current-time re- 
lationship at constant potential at a growing mercury 
drop can be written as 

and 

Z*=,?+FG (11) 

y’*=cg*++* (12) 

in which x denotes the state vector of the process, 
consisting of the elements [kc, k,, j?]: f is the esti- 
mated current state of the process, and X* stands for 
the predicted state of the process one step ahead in 
time. The product F@ is the process noise con- 
tribution. Equation (12) gives the measurement pre- 
diction y’* which is calculated from the predicted 
state of the process Z* by the state-to-measurement 
transition matrix C (in this case a vector). Its elements 
[C,, C,, C,] are given by equation (10); nS is the noise 
associated with the measurements. The predicted 
co-variance of the state p* is given by: 

P*= P+FFwF~ (13) 

where P is the estimate of the current co-variance 
matrix. F and w are defined in equation (11) and F 
is the transpose of FT. The prediction of the output 
signal co-variance Vy* follows from: 

c’,* = C+*CT + NY (14) 

in which NY is the measurement noise variance. With 
the results of (13) and (14) the Kalman gain matrix 
K* can be calculated as: 

K’ = (~*~~/~~ (1% 

With this Kalman gain, the calculated prediction 
of the measurement, and the actual value of the 
measurement .vl, a better estimate of the state vector 
can be calculated when this actual measurement value 
becomes available: 

i* = jj* + K*ly; -y*] (16) 

A new estimate of the error co-variance matrix of the 
state can be found from: 

pi* = (I - K*C*) p* (17) 

I being the identity matrix. 
Cycling through equations (11 t( 17) for each new 
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measurement constitutes the Kalman filter procedure 
and provides improving estimates of the state of the 
process, viz. the wanted values of the capacitive and 
faradaic contributions to the total cell current, to- 
gether with the exponent of the time-dependence of 
the faradaic part. If this exponent [fl in equation (S)] 
is known and not dependent on the d.c. voltage the 
filter equations reduce to a one-measurement two- 
state system for which the Kalman gain matrices for 
the cell current VS. time series can be calculated 
off-line before the experiment is run. The real-time 
calculations are then reduced to the application of 
equations (1 l), (12) and (16) for each new measure- 
ment. 

EXPERIMENTAL 

Chemicals 

Potassium chloride, cadmium sulphate (both Merck 
Suprapur) and zinc sulphate (Merck reagent grade) were 
used as received. The nitrogen used to remove oxygen from 
the samples in the polarographic cell was from HoekLoos 
(very pure grade). All solutions were prepared with demin- 
eralized water that had been filtered through Millipore Q2 
filters. 

Appararus 

A PAR model 174 polarograph was equipped with a 
Radiometer polaroaraphic stand, type E64, DLTI drop-life 
timer. and type 950-i 16 mercury-capillary. The capillary 
characteristics for a 41-cm mercury head were: natural 
drop-time 3.7 set and drop-rate 2.39 mg/sec (in O.OlM KC1 
with open circuit). 

The polarographic instrumentation was interfaced to 
a PDPl l/IO minicomputer (Digital Equipment Corp.) 
through the analogue-to-digital (A/D) and digital-to- 
analogue (D/A) converters in a Laboratory Peripheral 
System (LPS, Digital Equipment Corp.). Both the A/D 
and D/A converters provided 12-bit resolution and voltage 
ranges of + S V. Timing was controlled by the LPSKW 
real-time clock option of the LPS. 

For comparison purposes computerized d.c. tast polar- 
ography experiments were run on a Metrohm ES06 polar- 
ograph equipped with an ES05 polarographic stand and 
interfaced to a BASIS 108 microcomputer as described 
ear1ier.s The characteristics of the DME used in these 
experiments were natural drop-time 5.1 set and drop-rate 
1.09 mg/sec (0.01 M KCl, open circuit, mercury head 65 cm). 

Compuier programs 

Two computer programs were written in FORTRAN IV. 
One was based on the one-measurement two-state descrip 
tion, in which the faradaic and capacitive factors k, and k, 
were estimated by the Kalman filter for a given and fixed 
exponent b for the time-dependence of the faradaic com- 
ponent of the current. In the second program this exponent 
fi was estimated along with k, and k,. The data-acquisition 
routines were written in the assembly language MACRO-l 1 
and linked to the main FORTRAN routine. The current 
measurements were performed at 80-msec intervals. To 
eliminate line-frequency noise the current measurements 
were programmed in such a way that during each IO-msec 
interval a window of one line-frequency period (20msec) 
was used, during which a series of current measurements 
was performed at a sampling frequency of 20 kHz. This 
series was then averaged -and-the <esult‘used as yz in the 
Kalman filter equations [cf. eouation f1611. Svnchronization 
of these current measure&n& with themefcury drop-life 
was controlled by the electromechanical drop-life timer, 
which was activated from within the program. 

For the one-measurement three-state filter the software 
is not fast enough to keep up with the 80-msec interval 
between the measurements. In this case the current vs. time 
data have to be stored and the Kalman filter calculations 
performed after all measurements on a single mercury drop 
have been completed. Although this slows down the record- 
ing of a polarographic wave considerably, it offers the 
possibility of reiterating all data through the filter, making 
the procedure less sensitive to bad initial estimates for the 
states and the co-variance matrix. Moreover, a fair initial 
estimate for the states can be calculated by using the 
assumption that the capacitive component will have decayed 
completely for the last data-point. This will give a good 
initial estimate for the faradaic part which, in turn, can be 
applied to the first data-point to estimate the capacitive 
contribution. The initial estimate used for ,fI was 0.1667. 

The program output the k, ts. d.c. potential data to a 
chart recorder, which then displayed d.c. polarograms from 
which the capacitive-current contribution had been elimi- 
nated. These data were also stored in a disk file for use by 
a curve-fitting program that calculated half-wave potential, 
limiting k,, slope of the log plot, and baseline current of the 
polarographic waves, from the k, t,s. dc. potential values. 
The program used was an extension of a previously pub- 
lished three-parameter procedure,‘s the baseline current 
being the fourth parameter. This feature is especially useful 
when baseline extrapolation methods fail owing to the 
presence of a preceding polarograph~c wave in the vicinity 
of the wave of interest. 

Procedures 

The polarographic experiments were run with solutions 
that had been deoxygenated by passage of nitrogen for 
1 S min. During the recording of the polarograms nitrogen 
was passed over the solution. The current/time data for the 
growing mercury drops were obtained by sampling the 
current at 80-msec intervals. For cadmium 20 data-points 
were acquired from a single drop, whereas for zinc the 
current was sampled 40 times per drop. The current/time 
data were normally evaluated with the one-measurement 
two-state Kalman filter, with a fixed value for B. The value 
to use for fi was determined ~forehand with the one- 
measurement three-state procedure. In the calculation the 
variance of the measurements was set at one AID converter 
unit and the process noise was set to zero. The initial 
estimates for the diagonal co-variance matrix elements were 
set at unity, the off-diagonal elements at zero. 

RESULTS AND CONCLUSIONS 

Table 1 shows the results obtained with the method 
for cadmium in the concentration range 10-5-10-6M. 
The supporting electrolyte was O.OlM potassium 
chloride. The corresponding polarograms were calcu- 
lated from the i-t curves for the growing mercury 
drops at different d.c. potentials. The one- 
measurement two-state (k, and k,) mode1 was used in 

Table 1. Kalman filter d.c. polarography for Cd(II)/ 
O.OlN KC1 

WI, 
lo-6h4 

Limiting k,, E,,,, Limiting k,/[Cd], 
flA mV 106nA.i.mole- 

0.99 23.2 - 568.7 23.5 
1.96 49.9 - 568.8 25.5 
2.91 68.0 -569.5 23.4 
3.85 92.7 - 569.4 24.1 
5.66 142.1 - 568.9 25.1 

Mean - 569.0 + 0.4 24.3 + 0.9 
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Table 2. Kalman filter dc. polarography for Zn(II)/ 
O.OlM KC1 

[Znl, Limiting kr, E 1,2> Limiting k,/[Zn], 
IO-6M nA mV 106nA.l.mole-’ 

3.98 27.0 -991.0 6.78 
9.90 66.8 -991.8 6.75 

19.60 130.3 - 993.2 6.65 
29.10 188.2 -990.7 6.47 
38.50 254.8 -991.0 6.62 

Mean -991.5 & 1.0 6.65 + 0.12 

the Kalman filter procedure. The average value for p 
was found to be 0.19 from a preliminary experiment 
in which the one-measurement three-state (kt, k, and 
B) model was used. The same value was calculated by 
Kdta and Smoler.‘j The characteristics of the polar- 
ographic waves were evaluated with the four- 
parameter (limiting k,, &, slope and baseline cur- 
rent) curve-fitting procedure described above. From 
this table it can be concluded that dc. polarographic 
characteristics can be obtained for cadmium with 
good constancy, down to a concentration of 10m6M. 
Although more sensitive electroanalytical methods 
are available, such as anodic-stripping or square- 
wave polarography,20 the method described here has 
the advantage that its results can be used directly in 
well established methods that rely on dc. polar- 
ographic data to calculate physicochemical parame- 
ters, e.g., complex-formation constants. 

The results also indicate that it is possible to fit the 
baseline faradaic current as a fourth parameter along 
with the limiting k,, Eli2 and slope of the log plot. 
There is then no need for baseline current extrapo- 
lation procedures, which means that systems that do 
not give a distinct baseline section in the polarogram 
can be evaluated by using only the rising part of the 
waves. Similar results to those obtained for cadmium 
were also found for the zinc system (Table 2). For this 
the average value of /l was found to be 0.27. The 
one-measurement three-state procedure used here to 
determine the average value of /I can also be used for 
more fundamental studies of the nature of the elec- 
trode process. I3 In the Kalman filter calculations the 
value of the integral double-layer capacitance is also 
determined as part of the process. In this work no 
attention was paid to these values, but clearly this 
facility makes the method a suitable tool for the study 
of double-layer phenomena. In particular the poten- 
tial corresponding to zero charge can be obtained 
accurately and easily from a plot of the integral 
double-layer capacitance vs. d.c. potential. 

For comparison d.c. tast experiments were run for 
zinc and cadmium. The lower concentration limit of 
which the results were of quality similar to those 
obtained with the Kalman filter technique turned out 
to be lo-‘M, as can be seen from Table 3. The reason 
for the breakdown of the d.c. tast method below this 

Bos 

Table 3. Computerized d.c. tast polarography for Zn(II)/ 
O.OlM KC1 

Iznl, Limiting current, E,,,, id ilzal. 
lo-6M nA mV nA.I.mole-’ 

5.74 11.4 -983.3 1.99 
7.15 16.9 -984.6 2.36 
8.55 21.6 - 985.5 2.52 

11.31 33.5 -985.0 2.96 
31.7 117.4 -986.5 3.70 
49.7 196.6 -986.7 3.96 
66.3 269.1 -986.9 4.06 
83.3 336.5 - 987.0 4.03 
97.4 396.7 - 986.0 4.07 

concentration is mainly the uncertainty introduced by 
the baseline extrapolation needed. Owing to the 
substantial contribution of the capacitive component 
when high sensitivity is used for current mea- 
surement, the curvature of the baseline changes with 
dc. potential in a complex manner, thus ruling out 
simple baseline-correction techniques for d.c. tast 
polarography at high sensitivities. 
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Summary-The characteristics of the mixed-l&and titanium(IVkfluoride-alizarin complex, including the 
optimum conditions of formation and extraction into methyl isobutyl ketone, are described. A simple and 
sensitive procedure for spectrophotometric determination of titanium has been developed. At pH 9.5-10.3 
titanium reacts with alizarin in the presence of fluoride to form a red-violet complex that is completely 
extractable into methyl isobutyl ketone, and has its absorption maximum at 513 nm. The molar 
absorptivity at 513 nm is 7.0 x 1041.mole-‘.cm-‘. Beer’s law is obeyed up to 22 pg of titanium in 30 
ml of solution. The method has been used for the determination of titanium in an oxide mixture and 
aluminium alloy samples. 

Mixed-ligand complexes have found increasing use, 
particularly in spectrophotometric analysis, because 
of their high sensitivity and selectivity. Recently 
alizarin was used with other ligands to form mixed- 
ligand metal complexes’d and thereby enhance the 
sensitivity and selectivity of the spectrophotometric 
determination of the metals. During studies on the 
sensitiiing effects of common ligands (fluoride, cy- 
anide, thiocyanate, ascorbate, oxalate and EDTA) on 
the reaction of metals with alizarin, fluoride was 
found to produce a marked increase in the absorp- 
tivity of the Ti(IV)-alizarin system, owing to the 
formation of a Ti(IV)-fluoride-alizarin complex. 
This paper deals with extraction of this mixed-ligand 
.complex into methyl isobutyl ketone (MIBK) and the 
subsequent spectrophotometric determination of 
titanium(IV) in the organic phase. 

EXPERIMENTAL 

Reagents 

All reagents used were analytical grade. 
Standard fitanium(IV) solution. A stock solution of Ti(IV) 

was prepared by fusing 1.85 g of high-purity titanium(IV) 
oxide with 15 g of potassium pyrosulphate in a platinum 
crucible, cooling, dissolving the fusion cake by boiling with 
approximately 250 ml of IM sulphuric acid, cooling, and 
diluting to volume in a 1-litre standard flask with 1M 
sulphuric acid. This solution (titanium concentration ap- 
proximately 1100 ppm) was standardized by an EDTA 
back-titration procedure with copper as titrant and PAN as 
indicator. 

Alizarin solution (4.6 x IW’M). Alizarin (0.1104 g), dis- 
solved in 100 ml of MIBK. This solution was stable for at 
least two months. It was diluted as required. 

Buffer solution. A l.OM fluoride buffer was prepared by 
dissolving 37.0 g of ammonium fluoride, and enough ammo- 
nia to give pH 10.0, in 1 litre of water. This solution was 
stored in a polyethylene bottle. 

*To whom all correspondence should be addressed. 

EDTA solution, 2.7 x lO~-%I. Prepared by dissolving 
about 10 g of the disodium salt dihydrate and diluting to 1 
litre with water. 

Determination of titanium 

Transfer x ml of titanium(IV) solution in 1M sulphuric 
acid and containing not more than 22 pg of titanium into 
a lOO-ml separatory funnel. Add (1 - x) ml of 1M sulphuric 
acid, 25 ml of buffer solution, 4 ml of distilled water and 
10 ml of 4.6 x 10e4M alizarin solution in MIBK. Shake the 
mixture gently for 45 min, then let stand for 5 min, discard 
the aqueous phase, centrifuge the organic phase, and 
measure its absorbance at 513 nm against a reagent blank 
similarly prepared. Construct a calibration graph for the 
range up to 22 pg of titanium. 

Analysis of “TON” III oxide mixture 

A. Weigh about 0.5 g accurately into a platinum crucible, 
add 6 g of potassium pyrosulphate, fuse the mixture, then 
leach the cooled melt with 100 ml of 4M sulphuric acid. 
Transfer the solution into a 250-ml conical flask and heat 
on a sand-bath to reduce the volume to approximately 
25 ml. Cool, add 100 ml of hydrochloric acid (1 + 1) and 
heat to boiling. Filter off the silica, collecting the filtrate in 
a 250-ml standard flask, cool, and dilute the solution to the 
mark with hydrochloric acid (1 + 1). Transfer a 25-ml 
aliquot of this solution to a separating funnel and extract the 
iron with four 25-ml portions of diethyl ether. Evaporate the 
aqueous solution to dryness, then with 2M sulphuric acid 
take up the residue, transfer the solution to a 25-ml standard 
flask and dilute it to the mark. Take a l-ml aliquot, add 
3 ml of 2.7 x 10e2M EDTA and determine the titanium as 
described above. 

B. Weigh about 0.5 g accurately into a platinum crucible, 
add I ml of distilled water, 0.5 ml of concentrated sulphuric 
acid and 10 ml of concentrated hydrofluoric acid, and warm 
gently to remove the excess of hydrofluoric acid. Evaporate 
to dryness, then with 6M hydrochloric acid take up the 
residue and dilute the solution to volume in a 250-ml 
standard flask. Take a 25-ml aliquot of this solution, then 
remove the iron and determine the titanium as just de- 
scribed. 

Analysis of aluminium alloy 

To about 2.0 g of sample, weighed accurately, in a 200-ml 
conical flask, slowly add 75 ml of hydrochloric acid (1 + I), 
and when the alloy has dissolved, evaporate almost to 
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dryness and then add 50 ml of hydrochloric acid (1 + 1). 
Transfer the solution to a separating funnel and extract the 
iron with four 25-ml portions of diethyl ether. Heat the 
solution to remove the ether dissolved in it, cool, add 5 ml 
of 2.5 x IO-*M cupferron solution and extract the titanium 
cupferronate with 10 ml of MIBK. Transfer the organic 
phase into a lo-ml standard flask and dilute to the mark 
with MIBK. Take a 2-ml aliquot, add 3 ml of 0.3M 
potassium cyanide and proceed as above for the deter- 
mination of titanium, adding 2 ml of MIBK to each of the 
standards used in constructing the calibration graph. 

RESULTS AND DISCUSSION 

Absorption spectra 

Alizarin solution in MIBK reacts with ti- 
tanium(IV) in basic media in presence of fluoride to 
produce a red-violet complex in the organic phase. 
The absorption spectra of the mixed-ligand complex 
extracted into MIBK and of a sample prepared in the 
same way without titanium, both measured against 
the solvent as reference, are given in Fig. 1. These 
spectra have maximal difference in absorbance at 
513 nm. The spectra similarly obtained for samples 
containing titanium(IV), alizarin and ammonium 
chloride, at pH 10.0, and titanium(IV), alizarin and 
enough O.lM sodium hydroxide to obtain the neces- 
sary pH, are practically the same as the spectrum of 
the alizarin solution. These facts can only be inter- 
preted as indicating the formation of a mixed-ligand 
complex. 

Effects of experimental conditions 

A standard amount of titanium(IV) was allowed to 
react with 1M ammonium fluoride solution buffered 
to pH 8.610.8 and 4.6 x 10d4M alizarin solution in 
MIBK, to form the mixed-ligand complex extracted 
into the organic solvent. A plot of absorbance against 
pH (Fig. 2) showed that maximal and constant 
absorbance was obtained at pH 9.5-10.3. 

400 500 600 
A Lnml 

Fig. 1. Absorption spectra measured against MIBK. 
(1) Ti(IVkfluoride-alizarin complex, [Ti],, = 2.8 x 10m5M, 
[fluoride], = 1.8 x 10m2M, [alizarin], = 3.4 x 10m4M; (2) 

reagent blank. 

0.6 - 

q 
0.4 - 

0.2 - 

Fig. 2. Effect of pH on the formation and extraction 
of Ti(IV)-fluoride-alizarin complex (reagent blank sub- 
tracted). Fluoride buffer solutions of pH 8.510.9 were used 
for pH adjustment. [Ti] = 1.5 x 10m5M, [alizarin], = 4.6 

x 10-4M, [%oride], = 0.83M. 

The effect of the fluoride concentration on the 
complex formation was investigated for 7.6 x 10e6M 
titanium(IV) solutions buffered with x ml of 1M 
ammonium fluoride/ammonia and (25 - x) ml of 1M 
ammonium chloride/ammonia, both of pH 10.0. 
Maximum colour formation was found when the 
fluoride concentration exceeded 0.25M (Fig. 3). It 
was also found that a “lake” of titanium(IV)-alizarin 
is precipitated when the fluoride concentration was 
less than about 2.0 x 10m2M. 

The effect of the alizarin concentration on the 
colour formation in the organic phase was then 
investigated. A maximum and constant absorbance 
was obtained when the alizarin concentration 
exceeded IO-fold molar ratio to that of titanium 
(Fig. 3). 

I I I 

2 4 6 

Concentrotlon (M) 

Fig. 3. Effect of alizarin and fluoride concentrations on 
the formation and extraction of the mixed-ligand complex: 
(A) molar concentration ( x 104) of alizarin in the organic 
phase, [Ti],, = 7.6 x 10-6M, [fluoride], = 0.83M; (B) molar 
concentration (x 10) of fluoride in the aqueous phase, 

[Ti],, = 7.6 x 10e6M, [alizarin], = 4.6 x 10e4M. 
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Fig. 4. Effect of shaking-time. fri],, = 7.6 x IO-&M, 
~fluo~de~~~ = 0.83M, [alizarin], = 4.6 x 1W4M. 

The extraction is maximal after 35-40 min shaking 
time (Fig. 4), and the absorbance of the red-violet 
colour produced remains constant for at least 1 hr. 

The efficiency of the extraction was determined by 
destroying the extracted titanium complex and deter- 
mining the titanium in it; a single extraction was 
found to be 91% complete. 

The effect of the phase-volume ratio was studied, 
to obtain the optimal conditions. The absorbance of 
the organic reagent phase was practically constant for 
the range 3: 1-5: 1, aqueous phase: organic phase, and 
decreased for ratios greater than 5: 1. 

Equilibrium of extraction and nature of the extracted 
species 

Because the extracted species must be uncharged, 
the charge of the titanium must be neutralized by 
the dissociated ligand species, fluoride and possibly 
hydroxide ions. Thus, the equilibrium between an 
aqueous solution containing titanium and fluoride 
and an organic solution containing alizarin (H,A) 
could be formally expressed as: 

Ti4” +n(H A) +pF- +m(OH)- aq 2 0 

+a~Ti(AH),F,,(OH),,,], + n H& 

If the mixed-ligand complex is denoted by Q, the 
extraction constant is: 

As ti~nium(iV) can form soluble fluoride and 
hydroxide complexes, these equilibria can compete 
with that of chelate formation. This can be allowed 
for by means of a Ringbom a-coefficient,’ [Ti4+] 

= rlri4*1’/%i~0~.~p Since the distribution coefficient 
for the titanium system is Lt = [Q]~/[Ti4+]~~ = 

[Ql,i[Ti”*l,aricow,F~, substitution, solution for if 

and taking Iogarithms gives 

1ogL) =log1Y,,+mlogk,+loga 

+ (n f m)pH -t-n log[H,A], -tp log[F-I,, 

Plotting 1ogD US. log[H,A], at constant pH and 
[F-l, yields a slope equa1 to the 1igand:metal ratio 
in the extracted species. The slope of 2.03 obtained 
indicates a 1:2 titanium:alizarin ratio. The Asmus 
method gave the same ratio (Fig. 5). 

The distribution coefficient was determined by 
assuming that the titanium is totally complexed as the 
chelate when the alizarin concentration is very high, 

and that G(oH.F) is then practically unity. Hence 

rA 
DE------ 

A max -A 

where r is the phase-volume ratio (r = V,,/V,), V,, 
being the volume of aqueous phase and V, the 
volume of the organic phase, A the absorbance of the 
extract for a given alizarin concentration and A,,, the 
absorbance of the extract for a large excess of 
alizarin. 

To determine the metal: fluoride ratio, the complex 
in MIBK solution was washed three times with 
ammonium chloride/ammonia buffer (pH 10.0) and 
then destroyed with iM hydrochloric acid. The 
alizarin remained in the organic phase. The aqueous 
phase was made up to a standard volume and the 
titanium in it was determined by the method pro- 
posed here, and the fluoride was determined spec- 
trophotometrically by the Ce(III)-alizarin complexan 
method.* The metal:fluo~de ratio was found to be 
1:l. 

The results obtained show that the molar ratio of 
Ti(IV):fluo~de:aIizarin in the complex is 1: 1:2. We 

l/A 

Fig. 5, The Asmus method applied to the Ti-alizarin sys- 
tem. Fi], = 2.3 x 10w5M in 0.9.5M fiuoride buffer solution, 

pfi 10.0. A = absorbance, V = volume (ml). 
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assume that the complex must also contain one 
hydroxide ion if it is to be uncharged. 

Calibration graph 

Under the optimal conditions above, a linear cali- 
bration graph was obtained over the range O-22 pg 
of titanium in the aqueous phase. The apparent 
molar absorptivity was calculated to be 
7.0 x lo4 l.mole-‘.cm-’ at 513 nm. A Ringbom plot’ 

showed that the optimum range for determination 
was 5.7-16 pg of titanium. The mean value from 
eleven determinations of 11 pg titanium gave a 
relative standard deviation (P = 0.05) of 1.4%. 

Effect of other ions 

The possible interference of various ions was exam- 
ined by introducing them into a solution containing 
11 fig of titanium. The tolerance limit was fixed as the 

Table 1. Tolerance ratios of foreign ions on the determination of 11 pg of titanium in 
30 ml of aqueous phase 

Tolerable foreign 
ion/Ti(IV) ratio, w/w Ions 

5000 
3500 
1000 

500 
100 

7s 
50 
10 

1 
0.5 
0.5 

CN- 
EDTA 
Brr, II, ClO,, BrO,, IO;, ClO;, SO:-, S,O$-, SeO:-, 
NO;, HPO:-, P,Oj-, C@-, SCN-, acetate, citrate, 
tartrate and phthalate 
NO;, B,O:-, ascorbate 
M&II), Be(H), Sr(II)*, Ba(II)*, Al(III)*, Mn(II)*, Co(H)*, 
Ni(II)*, Ag(I), Zn(II), Cr(VII), AsO;, AsO:-, Pb(II)* 
Tl(I), Cd(H), Mo(V1) 
Hg(I), Hg(II), Bi(III)*, W(VI), V(VI), S,Oi- 
La(III), Cu(II)*, U(VI) 
Sn(II)*, Sb(III), Fe(III)t 
Ce(IV), Th(IV) 
Ga(III)*, In(III)*, Zr(IV)* 

*In presence of 1.7 x lo-‘M EDTA. 
tin presence of 4.0 x 10m3M cyanide. 

Table 2. Determination of titanium in TON III and aluminium allov 

TiO, or Ti, % 

Sample 

TON III 

Aluminium alloy 

General composition, 
% 

SiO,, 50.74; A&O,, 22.30; 
TiO,, 1.22; Fe,O,, 14.90; 
m, MgO, 0.28; 
Na,,d, b.15; K,O, 2.40; 
loss on ignition, 7.96 

Cu, 0.001; Zn, 0.015; 
Fe, 0.08; Al, 99.85; 
Mn, 0.001; Si, 0.035; 
V. 0.004: Ga. 0.009: 

Present Certificate 
method value 

Procedure A 
1.18 f 0.01 

1.22 
Procedure B 
1.26 k 0.02 

0.0025 k 0.0003 0.002 

*Mean and standard deviation of six determinations. 

Table 3. Sensitivities of methods for the spectrophotometric determination of titanium 

Methods 

_ _ 
i, mar Y 6, 
nm 1041.mole-‘.cm-’ Reference 

N-Phenyl-laurohydroxamic acid 
and phenylfluorone 

4-(2-Thiazolylazo)catechol 
Chlorpromazine hydrochloride 
Bromopyrogallol Red and 

I-hexadecylpyridinium 
Sulphonitrazo E 
Diantipyrinylmethane 
Tiron 
Chromotopic acid 
Sulphosalicylic acid 
N-Benzoyl-N-phenylhydroxyalamine 
Fluoride and alizarin 

560 12.3 11 
520 7.2 12 
417 2.6 13 

630 2.6 14 
555 1.6 15 
385 1.5 16 
410 1.4 17 
410 M 18 
445 0.8 19 
340 0.5 20 
513 7.0 this method 
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maximum amount of an ion causing an error no 
greater than 3% in the absorbance of the extract. The 

results are given in Table 1. Some elements interfere 

at an ion/Ti(IV) ratio of less than one (e.g., Sn, Fe, 
Co, Cu and Mn) but their interference may be 
reduced by addition of EDTA and cyanide. 

Analysis of samples 

The method was satisfactory applied to the 

determination of titanium in an oxide mixture 
“TON III” (Hoepfner) and an aluminium alloy 
(B.C.S. No. 195 g). To separate it from the alumi- 

nium alloy, titanium was precipitated with 
cupferron” and separated by extraction with MIBK. 
Table 2 gives the results. 

Comparison with other titanium reagents 

As can be seen from Table 3, this is one of the most 
sensitive methods for titanium. It is simple and 

relatively free from interferences, in presence of 
EDTA and cyanide. 
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Sugary-By use of a direct-current plasma as the excitation source for atomic-emission measurements, 
samples containing various amounts of particulate matter can be analysed with precisions of better than 
& 10% relative standard deviation provided that particle agglomeration is controlled by acidification 
and/or filtration. Sample acidification and filtration can have profound effects on the determination of 
elemental fractionation and distribution in surface waters. By application of a controlled acidification and 
filtration process, the fraction of an element that is particle-bound and that which is soluble in water can 
be estimated. The magnitudes of the particle-bound and water-soluble fractions are influenced by a 
number of factors, including the concentration and average size of the solids in the water, the position 
of the sample in the water column, and the type of sediment underlying the water column. 

The identification and determination of the different 
forms of trace elements in water still require a great 
deal of study. Though several articles concerning this 
subject have appeared in the literature,‘-to it appears 
that the extent to which factors associated with 
sample collection, preservation, treatment, and mea- 
surement come into play is not well documented. 

There are two general approaches to analysis of 
water samples for trace elements: (1) the sample is 
introduced directly into the measurement system 
without any processing; (2) the sample is acidified 
and/or filtered before introduction into the mea- 
surement system. Whether a sample is to be filtered 
and/or acidified before analysis depends on several 
things, including the objective of the analysis 
(whether the information sought is total element 
content or the content of certain species of the 
element of interest), sample characteristics, and the 
analytical technique used. Typically, acidification is 
used to dissolve large particles and to minimize loss 
of the analyte by adsorption. Trefry and Met?’ used 
different sample acidification procedures to achieve 
selective leaching of elements from sediments and 
soils. 0thers12-15 have investigated the effect of pH on 
trace metal determination in sediments. It has been 
demonstrated through these studies that not only is 
there a relationship between the amount of element 
leached and the sample pH, but also that variations 
exist owing to differences in the properties of the 
elements measured, sample characteristics, the type 

*Author to whom all correspondence should be addressed. 
*Present address: Department of Chemistry, University of 

Florida, Gainesville, Florida 32611, U.S.A. 

of acid used, and the measurement procedure em- 
ployed. 

On the other hand, sample filtration is used as a 
means of separating dissolved from undissolved spe- 
cies and to eliminate solid material that might affect 
adversely the quality of the analytical data obtained. 
Traditionally, 0.45 ,um pore-size filters are used.16 
Several investigators have investigated element speci- 
ation on the basis of particle size distribution, using 
filters with nominal pore sizes ranging from 0.01 to 
100 pm. ‘7-23 Here also, variations were observed, 
which depended on the elements measured, the type 
of filters used, and sample characteristics. In some 
cases, acidification and filtration may be unnecessary 
and can be omitted; in others, these procedures may 
be essential. It is therefore important that for a given 
analysis all the influential factors are well understood. 

Though many methods are available for trace 
element measurements, most of them are not well 
suited to the analysis of samples with a complex 
matrix. Many require some form of sample- 
processing, which may be undesirable for some speci- 
ation measurements. 

The application of the direct-current plasma (DCP) 
to trace analysis of solutions appears not to suffer 
some of the limitations of other techniques, since the 
DCP is reported24 26 to give high sensitivity, wide 
linear response range, insensitivity to matrix and 
interference effects, excitation of both metals and 
non-metals, and signals that are independent of the 
form of the element being measured. 

In research on the distribution of elements between 
particulate matter and solution, the measurement 
technique employed must be able to analyse particles 
of various sizes with essentially equal efficiency. 
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Therefore, the purpose of the work reported here was 
two-fold: (1) to evaluate the application of the DCP 
to the analysis of samples of varying particle com- 
position, and (2) to study the fractionation and 
distribution of trace elements in surface waters, with 
iron and phosphorus as models. Iron was chosen to 
represent those elements which tend to be adsorbed 
on particulate matter in solution, and phosphorus to 
represent non-metals of environmental importance. 
This research focused on the individual and mutal 
influence of sample acid~~cation and filtration on the 
fractionation of these elements. 

EXPERIMENTAL 

Atomic-omission measurements were made with a d.c. 
plasma and echelle spectrometer system (Spectraspan IV). 
Data acquisition and reduction were done with a built-in 
microprocessor with output to a data terminal (Texas 
Instruments, Model 700). 

Reagents 

~n~ytic~l-reagent grade ferric nitrate and phosphoric 
acid ~Ma~~~nckrodt~. hvdr~hior~e acid and nitric acid 
(Baker “Analyzed”j, iOOO-ppm standard iron solution 
(Fisher) and distilled and demineralized water (Mill-Q 
Water Purification System) were used. 

Filters 
Membrane filters (0.20, 0.45, 0.8Oym) (N&gene Ster- 

ilization Filtration Units Types S) were used. 

Samples 
Water samples were obtained from several sources in the 

Hampton Roads area in Virginia {see Table I). Surface and 
bottom water samples were obtained from selected sites on 
the ~hicka~ominy River by means of a metal-free bottle. 
Sediment samples were &so obtained from the Chiika- 
hominy River at the same &ations as the water samples, 
with a metal-free grab. Since the objective was to evaluate 
the effects of acidification and filtration, all samples were 
filtered and/or acidified in the laboratory within 24 hr after 
sampling. 

Procedtrre 
The atomic emission of iron and phosphorus was deter- 

mined, with the DCP as excitation source, at 373.4 and 
213.6 nm respectively. The DCP was operated as previously 
described.Z4 

The effects of acidification and filtration were studied 
first, the acidi~cation being done with various concen- 
trations of hydr~hlo~c and nitric acid. Portions of each 
solution were filtered through 0.20,0.45 and 0.80 pm mem- 
brane filters and the ratio of anafyte f5und in the filtrate to 
that found in the unfiltered solution was determined by 
DCP/atomic emission in each case. The filtration study was 
later extended by use of sintered-glass crucibles, of various 
porosities. 

To evaluate the influence of position in the water column 
on the fractionation of iron and phosphorus, surface (taken 
at a few cm depth) and bottom (taken approximately IO cm 
above sediment level) samples of the river water column 
were acidified, filtered and analysed as above. 

Sediments were characterized with respect to colour, 
texture and water content. Samples of dried sediment were 
ground to an average particle size of about IOOt.lm and 
known amounts were digested with water and with various 
concentrations of hydrochloric acid, and the residues were 
analysed for iron and phosphorus. 

RESULTS AND DISCUSSION 

Effects c$” acid$%ation on particle size d~str~~~t~~~ 

Aci~fi~tion and ~ltr~tion are commonly applied 
to water samples before analysis, but for certain 
purposes can be undesirable. In speciation work, it is 
desirable to preserve the original condition of the 
sample, and acidification prevents this since it 
changes the distribution pattern of the particulate 
matter. Filtration precludes direct determination of 
the total concentration of the element of interest. 
Therefore, it is important to know both the effect of 
acidification and filtration on the analysis, and the 
implications of omitting these procedures. 

Acidification effects were evaluated first, and the 
results obtained are shown in Fig. 1. As can be seen, 
less than 20% of the iron in the unacidified solution 
passed into the filtrate. This is attributed to the 
tendency of iron to form colloidal material in aque- 
ous medium. As the acid concentration was in- 
creased, the iron fraction in the filtrate also increased, 
levelting off at 3M acid concentration, all the iron 
then being in the filtrate. It is inter~ting that essen- 
tially the same results were obtained with al1 three 
filter pore-sizes. All the phosphorus was present in 
the filtrate, irrespective of the sample treatment. 

Eflects o/particle agglomeration and settling 

The study just discussed suggests that sufficient 
acidification can produce species with nominal par- 
ticle size ~0.2 pm and dissolve all the particle-bound 
iron, thus allowing estimation of the total iron con- 
tent. Total iron can also be determined by direct 
aspiration of the unfiltered sample into the DCP+ 
which can tolerate fairly large particles without ioss 
of atomization efficiency. However, for unacjdi~ed 
samples, particle agglomeration and settling can be a 
problem. With the DCP, it can take up to 70sec to 
make one measurement. Thus, if successive mea- 

B r 1 

clfl 
Acid coecantrotion (Iv+> 

Fig. I. Effect of a~difi~tion on particle size distribution 
for iron solution filtered with 0.80 pm (a), 0.45 @rn (A), 
0.20 pm (l) membranes, and phosphorus solution filtered 
with 0.45~~m membrane fiber (x). The precision of each 

data point is G 10% RSD. 
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Table I. Water samples used in this work 

Sample Source Characteristics 

I Chickahominy River at Walker’s Dam, Conductivity = 128 pmho; pH 6.8. 
surface water Visibly large particulate matter; 

brownish. 

II 

III 

IV 

V 

Wastewater, Hampton Roads 
Sanitation district, James 
River Plant 

Chickahominy River at Holdcroft, 
surface sample 

Tap water, Analytical Chemistry 
Laboratory, Hampton University 

Wastewater, industrial discharge. 
Hercules, Inc. 

Conductivity = 400 pmho; pH 4.60. 
Greyish, high salt content; high 
chloride content. 

Conductivity = 3050 pmho; pH 7.5. 
No visible particulate matter; 
slightly cloudy. 

Conductjvity = 200 pmho; pH 6.25. 
Clear; colourless. 

Conductivity = 60 pmho; pH 3.75. 
Dark brown; large salt content, 
organic layer present. 

*The sites for samples I and III are approximately IO miles apart, the latter being down the river 
closer to the mouth of the Chesapeake Bay. 

surements are made on the same sample solution, 
which is common practice, the first result can differ 
significantly from the last, if changes occur in the 
sample during the measurement cycles. 

This was found to be the case when an unacidified 
and unfiltered natural water sample (sample 1, Table 
1) was aspirated into the DCP for determination of 
iron content. The sample was shaken and then aspi- 
rated for 15 min, which represents about 13 separate 
measurement cycles. Figure 2 shows the iron concen- 
trations found along with the values obtained for 
similar sample aliquots after filtration through 0.20, 
0.45 and O.SOpm filters. The iron concentration of 
the unfiltered sample apparently decreased ex- 
ponentially with time, but that found for the filtered 
samples remained constant. Also, the iron contents of 
the three filtrates were approximately identical, im- 
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Fig. 2. Concentrations of iron and sodium found in water 
sample I in measurements at 70-set intervals. Iron concen- 
trations in samples unfiltered ( x ) and filtered with 0.80 pm 
(O), 0.45 pm (m), and 0.20 pm (A) filters. Sodium concen- 
tration in filtered and unfiltered sample (0). Each data 
point represents the mean of three replicate measurements. 

The precision of each mean was 610% RSD. 

plying that most of the particles were >OXOpm in 
size, and contained more than 90% of the iron. 

The apparent decrease in iron content of the 
unfiltered sample with time can be attributed to 
several processes, including agglomeration and sub- 
sequent gravitational settling of iron-containing par- 
ticles, settling of iron-containing solids, adsorption 
on the walls of the container, and loss in the spray 
chamber where large particles may lose momentum 
and fail to reach the plasma excitation zone. Particle 
agglomeration and settling appear to be by far the 
most influential of these processes. Figure 2 shows 
that a 0.8 or 0.45 pm pore-size filter can remove 
substantial amounts (in this particular case, over 
90%) of the measurable iron, which may therefore be 
regarded as being associated with the “soiids” in the 
sample solution. To check whether or not the appar- 
ent decrease in the iron content of the unfiltered 
simple was due to severe clogging and/or changes in 
plasma conditions, the sodium contents of the 
filtrates and the unfiltered sample were also deter- 
mined. All the fractions gave identical concentration 
as depicted by the horizontal line. This was confirmed 
by removing the residue from the filter and analysing 
it for iron; the results corresponded approximately to 
the 90% of the concentration measured during the 
first cycle. 

For a given sample, the extent to which this 
“settling effect” is experienced may depend on the 
volume of the solution, the position at which the. 
sample tubing is placed in the solution, and the time 
between the initial mixing and aspiration of the 
sample. However, the effect can be considerably 
reduced, if not completely eliminated, if the sample is 
constantly stirred during aspiration (Fig. 3). 

In a later experiment, with a further sample from 
the same source as sample I, single measurements 
were made at 15-min intervals, the sample being 
removed from the DCP instrument and left un- 
stirred between measurements. The second and third 
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Fig. 3. Effects of stirring on “settling effect” (ratio of Fe 
found in measurement to Fe found in measurement 1). 
Measurements done at “IO-set intervals: with sample stirring 

(0); without sample stirring (A). 

measurements both gave an iron content that was 

75 & 2% of that found by the initial measurement 
(mean of three sets of dete~inations), thus 
confirming that settling takes place whether the sam- 
ple is being aspirated or not, and that the effect levels 
off in about 15 min for the samples used in this work. 

Whether there will be a settling effect for a given 
sample depends upon the concentration of the solids 
in it. This was demonstrated by examining samples II 
and III, which have particle dist~butions quite 
different from each other and from that of sample I. 
As shown in Fig. 4, the iron content (as a fraction of 
the total iron in the sample) in the three filtrates was 
15% in the 0.2 pm filtrate, 20% in the 0.45 pm filtrate 
and 23% in the 0.8Opm filtrate. The settling effect 
was less pronounced than for sample I, correspond- 
ing to the shift towards smaller particfe size in the size 
distribution. Again, phosphorus showed no settling 
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Fig. 4. Concentrations of iron and phosphorus found in 
water sample II in measurements at 70-see intervals. iron 
concentrations: unfiltered sample ( x ), filtered 0.80 urn (a) 
0.45 pm (m). 0.20 pm filters (A). Phosphorus concentration 
in unfiltered sample (0). Each data point represents the 
mean of three replicate measurements with a precision of 

1; Ifr 10% RSD. 
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Fig. 5. Concentration of iron found in water sample III in 
measurements at 70-set intervals. Unfiltered sample ( x ), 
filtered with 0.80 pm (a), 0.45 pm(W), 0.20 pm filters (A). 

The precision of each data point is I i 10% RSD. 

effect, confining the difference in behaviour between 
elements. Sample III was described as being clear 
with very little visible particulate matter. The iron 
fraction in the filtrates was 35% in the 0.20pm 
filtrate, 45% in the 0.45 pm filtrate and 50% in the 
0.80 pm filtrate, and no settling effect was observed, 
as shown in Fig. 5. 

From Figs. 2-5, it can be concluded that for 
elements such as iron, which tend to be adsorbed on 
particulate matter and/or form colloidal species, the 
concentration found in the filterable fraction is 
greatly influenced by the solids in the sample. High 
concentrations of solids and large sizes of particulate 
matter will decrease the concentration of such species 
in the filtrates. There will be poorer precision and 
reliability of analysis of unfiltered samples if appro- 
priate corrective measures are not taken. However, 
from the results for the three samples studied, it 
appears that these adverse effects are negligible if the 
fraction of the sample that will pass through a 
0.45 pm filter contains at least 50% of the total 
analyte concentration. Later, two further samples 
were examined, separate portions being filtered with 
media of various porosities, and the iron in the 
filtrates being determined. Table 2 shows that the 
bulk of the iron was associated with large particles. 

It must be pointed out, however, that the analytical 
manipulations can affect the degree of the settling 
effects experienced, especially in direct analysis of 
samples without filtration and/or acidification. The 
rate at which the sample is introduced into the DCP 
can be crucial, for example. If several replicate mea- 
surements can be performed within the first few 
seconds, the settling effect can be reduced consid- 
erably, but other factors must also be considered. For 
example, the very high temperature of the DCP 
makes this atomization technique better able than the 
flame and electrothermal systems used in AAS, to 
tolerate comparatively large particles without deteri- 
oration in signal. Therefore, at least with DCP, the 
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Fig. 6. Effect of acidification on the measured iron concen- 
tration in filtered and unfiltered samples: filtered, acidified 
with HCl (m), filtered, acidified with HNO, (e), unfiltered, 
acidified with HCI ( x). The precision of each data point is 

I i 10% RSD. 

adverse settling effects can be minimized simply by 
~ntinuous agitation of the sample during aspiration. 

The relationship between acidification and particle 
size distribution was investigated by comparing the 
iron content of acidified/filtered and acidified/ 
unfiltered portions of sample I, acidification being 
done first. As shown in Fig. 6, not only did 
acidification cause an increase in the measured Fe 
concentration but this increase was more pronounced 
for the filtered samples. This indicates an increase in 
the concentration of Fe species with particle size 
smaller than 0.45 pm. Also, hydrochloric acid is more 
efficient than nitric acid for acidification, but for both 
acids the optimum concentration is l-3M. 

In$uence of sample characteristics 

Five different water samples (see Table 1) were 
adjusted to 1 .OM hydrochloric acid concentration, 
filtered (0.45 pm membrane filters) and each filtrate 
was analysed for iron. The, results are shown in 
Table 3. 

The tap water had the largest fraction of filterable 
iron (i.e., passing the filter) in the unacidified sample, 
so was the least affected by acidification. As might be 
expected, for all the water samples studied, 
acidification resulted in an increase in iron concen- 
tration in the filtrate to different extents. 

Table 3. Fraction of iron in acidified (l.OM HCI) and 
unacidified water samples [means and standard deviations 
(range method) of three replicates] with and without 

filtration 

Sample 

I 
II 
III 
IV 
V 

Unacidified 
Filtered 

Ratio: ______ 
Unfiltered 

0.1oio.02 
0.20 & 0.02 
0.45 +_ 0.01 
0.67 & 0.01 
0.3 1 k 0.02 

Acidified 

.- Ratio, -filtered 
Unfiltered 

0.69 F 0.02 
0.60 rt 0.02 
1 .oo + 0.02 
1.07 + 0.01 
0.50 + 0.02 
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Fig, 7. Effect of duration of acidification: acidified sample 
(a), unacidified sample (A). The precision of each data 

point is I + 10% RSD. 

Effect of the duration of acid$cation 

The duration of acidification can also influence the 
particle-size distribution. When equal portions of 
sample I were acidified (to l.OM hydrochloric acid 
concentration), stirred for various periods of time, 
filtered (0.45 pm membrane), and the filtrates were 
analysed for iron, the amount of iron in the filtrate 
increased with stirring time (Fig. 7), becoming con- 
stant for 230 min stirring, practically all the iron 
then being in the filtrate. The iron content of filtered 
unacidified samples remained practically unchanged 
over the same period. These results indicate that a 
sufficient time must elapse between acidification and 
filtration, and should preferably be established ex- 
perimentally for each sample. The alternative is to use 
a higher concentration of acid, which in certain 
situations may be undesirable. 

Water column efects 

Most elements, especially those which tend to form 
insoluble compounds, tend to increase in concen- 
tration with increasing depth in the water column. 
Table 4 shows the iron concentrations found for 
surface, bottom, and sediment samples obtained at 
Walker’s Dam (Table 1). Though acidification did 
not cause much change in the iron content found for 
the surface and bottom samples, it increased that for 
the sediment sample by a factor of 10. This means 
that only about 10% of the iron in this sediment is 
in some form that can be described as water-bound, 

Table 4. Fe content of surface, bottom and sediment 
samples from Walker’s Dam 

Fe, ppm 

Position Acidified Unacidified 

Surface 0.78 _t 0.04 0.77 + 0.04 
Bottom (7 m) 1 .o & 0.03 0.87 + 0.04 
Sediment 2.3 x IO“ + 100 2.3 x 10’ + 100 

and hence aspirable into the DCP. The term water- 

bound iron does not necessarily mean water-soluble; 
indeed the DCP can tolerate the introduction of 
relatively large particle sizes, some of which can be 
completely insoluble in water. The processing and 
preparation of sediment samples is discussed in the 
next section. 

Injuence of sediment characteristics on element 

content and fractionation 

Sediments vary considerably in composition. In 
this study, two types of sediment were analysed for 
iron and phosphorus. The first was grey to dark grey 
in colour with a fine, soft texture and a water content 
of about 70%. The second was light brown; the 
texture was coarse and sandy, and the water content 
30%. The sediments were dried at 80” to constant 
weight. This temperature was chosen to minimize 
thermal breakdown of colloidal and/or organic iron 
species. Samples of the sediments were then ball- 
milled to an average particle size of 100 pm. Known 
amounts were heated again at 80” for 2 hr and then 
digested with hydrochloric acid or distilled and 
demineralized water. 

The acid digestion was done first with 50 ml of 
concentrated hydrochloric acid for 24 hr with stirring 
but no heating; then the mixture was heated at 100” 
with stirring, for another 2 hr. The resulting solution 
was decanted into a loo-ml standard flask and made 
up to volume with distilled and demineralized water. 
The final acid concentration was approximately 6M. 
The solution was aspirated directly into the DCP. 
Digestion with water was done similarly. 

The results are shown in Table 5. These data 
indicate that not only did the soft, fine-textured 
sediment contain more iron than the coarse type, but 
also most of this iron was in the form of water- 
insoluble compounds. This is indicated by the fact 
that 10 times more iron was found in the acid- 
digested than in the water-digested sample. The dis- 

Table 5. Iron and phosphorus content of river sediments 

Content, pgcg/g 

Sediment* Extraction Fe P 

Type 1 

Type II 

Acid 2.3 x IO4 + 0.01 x lo4 928 + 15 
DDW 2.3 x IO3 k 0.1 x IO3 149 + 15 

Acid 1.1 x 10~~0.01 x IO4 186k4 
DDW 2.3 x IO’ + 0.01 x lo3 108k2 

*Type I: Dark grey, soft clay, fine particles. 
Type II: Light brown, sandy, coarse particles. 
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SEPARATION AND PRECONCENTRATION OF 
THE RARE-EARTH ELEMENTS AND YTTRIUM 

FROM GEOLOGICAL MATERIALS BY 
ION-EXCHANGE AND SEQUENTIAL ACID ELUTION 

.I. G. CROCK, F. E. LICHTE, G. 0, RIDDLE and C. L. BEECH 
U.S. Geological Survey, Denser Federal Center, MS 928, Denver. Coiorado 80225, U.S.A. 

Summary--~rhe abundance of rare-earth elements (REE) and yttrium in geological materials is generally 
low, and most samples contain elements that interfere in the determination of the REE and Y, so a 
separation and/or preconcentration step is often necessary. This is often achieved by ion-exchange 
chromatography with either nitric or hydrochloric acid. It is advantageous, however. to use both acids 
sequentially. The final solution thus obtained contains only the REE and Y. with minor amounts of Al, 
Ba, Ca, SC, Sr and Ti. Elements that potentially interfere, such as Be, Co, Cr, Fe, Mn, Th, U, V and Zr, 
are virtually eliminated. Inductively-coupled argon plasma atomic-emission spectroscopy can then be used 
for a final precise and accurate measurement. The method can also be used with other instrumental 
methods of anrtlysis. 

The rare-earth elements (REE) and yttrium, as a 
group or separately, have been determined by many 
instrumental techniques, including co~or~metry,‘,’ 
isotope-d~lution--mass-spectrometry,3 spark-source 
mass-spectronletry,~ neutron-activation analysis,s 
optimal-emission spectrometry,6 atomic-absorption 
spectrometry,7 and inductively-coupled argon plasma 
atomic-emission spectromctry (ICAP-AESf.89 Most 
of the spectroscopic methods, including ICAP-AES, 
are affected by spectral interferences, and a sepa- 
ration and preconcentration step is thus necessary 
when ICAP-AES is used to determine the REE and 
Y at or near their chondritic abundances. This step 
should reduce the total salt concentration in the 
analytical solution (to allow use of a large sample 
dissolved in a small volume), eliminate potentially 
interfering non-REE, and completely recover the 
REE and Y as a group (because the yield cannot be 
determined by the addition of a tracer). Ion-exchange 
separation of the REE and Y has already proved 
useful for the purpose”’ and the procedure has now 
been improved, by e~imiRating the need to use anion- 
exchange following cation-exchange.* 

EXPERIMENTAL 

Sample dissolution 

A mixture of hydrochloric, nitric, hydrofluoric and 
perchloric acids was used to decompose I ,000-g samples of 
the geofogical material, as described earlier.” The chro- 
matographic separation was studied with basalt and granite 
standards spiked with 1 mg each of As, Be, Ce, Cu, Ho, La, 
P, Sc, Th, U, V, Y, Zn and Zr, ail added individually as 
solutions before the sample decomposition digestion, to 

*Use of trade and company names is for descriptive pur- 
poses only and does not imply endorsement by the U.S. 
Geological Survey. 
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bring the concentration of these elements above the de- 
tection limits of the ICAP-AES procedure.” The residue 
from evaporation of the acids was dissolved in 50 ml of 1M 
hydrochloric acid. 

Baker “Intra Analyzed” hydr~hloric and nitric acids, 
G. F. Smith doubly-distilled perchloric acid, and Baker 
reagent-grade hydrofluoric acid were used throughout.* 

ICA P-A ES 

A 63-channel Jarrell-Ash ICAP spectrometer model i 160 
Atom Comp was used. The operating parameters are given 
in Table 1. A description of the instrument and a listing of 
the analytica wavelengths are given elsewhere.8,‘2 Cali- 
bration was done with REE and Y standards prepared by 
serial dilution of solutions made from individuai 99.999% 
pure REE oxides (Spex Industries); new bottles of the oxides 
were used for the purpose, to avoid error from uptake of 
atmospheric moisture and carbon dioxide. 

ion-exchange proceduw 

Fractions of eiuate were collected over equal-time (3 min) 
rather than equal-volume intervals for determination of the 
e&on patterns, the fractions being about 45 ml in volume. 
A modified Technicon auto sampler 11 was used as the 
fraction collector. The ion-exchange apparatus consisted of 
a 30 x 1 cm column fitted with a coarse glass frit and a 
2SO-ml reservoir for the eluent. The column was packed with 
a 20-cm long bed of f00-200 mesh Bio-Rad AG50sX8 
cation-exchange resin equilibrated with 1 M hydrochloric 
acid. In the elution studies, about 50 fractions were collected 
in each experiment and analysed by ICAP-AES for the 
elements of interest. 

The elution procedure was as follows: 

(1) load 50 mt of sample solution (in IM hydrochloric 
acid); 

(2) elute with SO mI of 2M hydrochloric acid, followed by 
50 ml of 2M nitric acid, discarding both eluates; 

(3) elute with 50 mi of 6M nitric acid, foitowed by 50 ml 
of 8M nitric acid, combine the eluates and evaporate to 
dryness for subsequent REE and Y determination: 

i4) regenerate the column by washing with IO0 &t of 8.W 
nitric acid; the column can be regenerated at least 20 times 
before breakdawn of the resin is observed. 
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Table 1. Standard operating conditions for the ICAP 
system 

Power 
Gas flow 

11sow 
18 l./min (coolant) 
450 ml/min (sample) 

Sample uptake 
Observation 

0.7 ml/min 

height 
Dispersion 
Nebulizer 
Optics 
Slits 

14 mm above load coil 
0.54 nmjmm 
Modified Babington 
1: 3 magnification 
“25 p”, entrance 
“50 p”, exit 

Internal 
standard 

Lu, 5 Mg/ml, 261.5 nm (elution studies) 
Cd, IOlcg/ml, 226.5 nm (REE analysis) 

RESULTS AND DISCUSSION 

The REE and Y chondritic abundances sum to 

about 5 pg/g, so the concentration of an individual 
REE is often below the detection limit of many 
analytical methods. This problem can be dealt with 
by preconcentration and separation of the REE and 
Y, so that, for example, a 1.000-g sample can be 
dissolved and the REE and Y can be concentrated in 
a S-ml final volume instead of the normal 50 or 
100 ml obtained in an acid digestion. Separating the 
REE and Y from the rock matrix removes the bulk 
of the dissolved salts and also minimizes spectral 
interferences from non-REE in the ICAP-AES deter- 
mination. After the cation-exchange separation pro- 
posed here, the only important spectral interferences 
that remain are those from the REE themselves. 

This investigation examined the interferences 
in ICAP-AES, but the information obtained can also 
be applied to other measurement techniques such 
as atomic-absorption spectrometry or neutron- 
activation analysis. The elution study was conducted 
with representative members of the REE group; 

0 10 20 30 40 f 

Elution fraction number 

50ml ’ 50ml ’ 50 ml i 50~1 ’ 50rnl 
1N HCI 2N HCI ZN HNO, 16N HNO, 6N HNo3 

Al 

I used for 
1 REE onolysls 

._ 
I 

50 ml ’ 50ml ’ 50 ml 1 JOml ’ 50ml 
IN WI 2N HCI 2N HNO, ; 6N HNO, EN HNO: 

I 
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I 

I 
10 20 30 40 E 

Elution fraction number 

SOml ‘BOrni ’ 50ml 
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Elution fraction number 
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6. 
40 E ID 

Elution fraction number 

Fig. 1. Separation of selected metals by gradient elution. 
from a solution obtained by acid decomposition of an 

in-house basalt standard. 
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Table 2. Recovery* of non-REE in the elution fractions used for REE analysis 

Granite Basalt 

Amount of Amount of 
element in element in 

original sample. Recovery, original sample, Recovery, 

w ie % mf In % 

Al 
Ba 
Ca 
Fe 
K 

Mg 
Mn 
Na 
P 
SC 

Sr 
Ti 
V 

15 4.0 95 
0.63 98 0.97 

16 2.5 52 
28 0.1 66 
31 to.1 28 

5.4 <O.Ol 24 
0.72 0.1 15 

20 0.5 20 
0.20 <O.OI 3.0 
0.009 85 0.021 
0.22 32 1.29 
2.0 0.2 4.5 
0.038 0.1 0.19 

1.7 
100 

0.8 
0.1 

10.1 
10.01 

0.1 
0.2 

*Recovery = 
mg present in REE fraction 

X 100. 
mg present in original sample 

Recovery based on non-spiked digestions of the in-house standards. 

cerium and lanthanum as lighter REE, holmium as 
an end-member of both the lighter and heavier REE, 
and yttrium to characterize the elution of the heavy 
REE as well as its own behaviour. The bulk of the 
REE and Y was eluted with 50 ml of 6M nitric acid 
and the remainder with 50 ml of 8M nitric acid 
(Fig. 1). In contrast, corresponding elution of the 
REE and Y with hydrochloric acid requires more 
than 160 ml of eluent and gives broader peaks.” 

The similarity of the ionic charge and radius of 
scandium to the REE suggest that this element 
should behave similarly to the REE in the system, but 
its cation-exchange behaviour is in fact quite 

different, since it produces several peaks in the chro- 
matogram, most of it being eluted before the REE, 
but a substantial fraction with the REE (Fig. 1). 

The alkali and alkaline-earth metals (except stron- 
tium and calcium, which are also split) are removed 

Table 3. Comparative concentrations of the REE and Y in U.S. Geological Survey 
standard basalt BCR-I* 

Neutron- 
activation Isotope- 

This analysis dilution Usable 
studyt ICAP-AES* average$ average3 valueI 

Y 33.3 * 0.4 35.3 + 0.3 40 
La 24.8 k 0.3 26.6 + 0.2 25.3 + 0.5 25.3 + 0.9 21 
Ce 52.2 + I .2 53.8 + 0.2 54.5 & 1.1 54.0 k 0.8 53 
Pr 6.7 k 0.1 7.29 & 0.06 7 
Nd 28.8 + 0.4 29.12 0.3 29.1 & 0.6 28.6 & 0.5 26 
Sm 6.6 + 0. I 6.7 k 0.3 6.67 + 0.20 6.1 k 0.2 6.5 
Eu 2.05 + 0.03 1.98 k 0.08 1.97 * 0.04 I .95 f 0.03 2.0 
Gd 7.0 + 0.1 6.9 + 0.2 6.64 + 0.32 6.63 + 0.08 1.55: 
Tb 1.2kO.l 1.0 f 0.1 I.0 
DY 6.4 If: 0.2 6.72 + 0.08 6.47 + 0.21 6.3 + 0.1 7 
Ho I .25 + 0.01 1.40 * 0.02 1.2 
Er 3.59 + 0.06 3.80 k 0.03 3.61 + 0.09 3.5 
Tm 0.50 * 0.01 0.57 * 0.02 0.57 * 0.05 0.6 
Yb 3.40 * 0.05 3.70 * 0.03 3.48 + 0.14 3.39 + 0.04 3.4 
Lu 0.49 + 0.01 0.524 + 0.004 0.55 f 0.03 0.54 + 0.03 0.5 

*All values given as pg/g. 
tThe mean and 95% confidence limit of 3 splits, each analysed 3 times (n = 9). 
:Abbey” lists Gd as 6.6 pg/g. 
§H. T. Millard, U.S. Geological Survey, Denver, CO, private communication, 1981. 



604 J. G. CROCK et al. 

Table 4. Comparative concentrations of the REE and Y in U.S. Geological Survey standards basalt 
BHVO- I* 

This 
study? ICAP-AES8 

Neutron- 
activation 
analysis 
averagef6 

Isotope- 
dilution 
averagef, 

Usable Usable 
valuei value’j 

Y 24.2 i 0.4 25.7 + 0.3 
La 15.2 + 0.2 l&2&0.1 
Ce 37.5 + 1 .o 38.2 f 0.7 
Pr 5.2 f 0.3 5.66 * 0.05 
Nd 24.8 + 0.6 25.4 + 0.2 
Sm 6.08 + 0.09 4.4 + 0.2 
EU 2.18 & 0.04 2.18 & 0.07 
Gd 6.8 + 0.2 7.0 If; 0.3 
Tb 0.99 f 0.07 0.86 k 0.08 
DY 5.3kO.l 5.59 * 0.07 
Ho 0.90 * 0.02 1.06 -+ 0.04 
Er 2.47 f 0.05 2.63 k 0.03 
Tm 0.29 f 0.02 0.34 2 0.02 
Yb 2.02 + 0.05 2.19 + 0.03 
LU 0.26 f 0.01 0.291 k 0.003 

*All values as ,ug/g. 
$The mean and the 95% confidence limit of 3 splits, each analysed 3 times (n = 9). 
§D. Lambert and E. C. Simmons, Colorado School of Mines, Dept. of Geochemistry, Golden, CO, 

private communication, 198 1. 

28 f 2 27 
16.7 & 0.8 17 

43.2 + 3.9 38.4 41*4 39 
5.6 

25.9 + 6.6 24.5 24F6 24 
6.84 IO.29 6.08 6.1 i-o.7 6.1 
2.74 + 0.6 2.09 2.0 k 0.4 2.0 

9.2 + 0.7 6.09 7i2 6.0 
I .02 * 0.07 1.0 & 0.2 1.0 

5.26 4.8 + 0.26 5 
0.94 

2.49 2.0 & 0.3 
0.34 f 0.05 0.31 cf: 0.04 0.3 
2.46 k 0.23 2.02 2.1 f 0.5 1.9 

0.32 

in the loading and first elution (steps 1 and 2), like 
other major elements, including Al, Cu, Fe, Mn, Ti, 
U, V, Zn and Zr, which need to be separated to 
reduce the total salt concentration and eliminate 
spectral interference. A major advantage of the se- 
quential acid elution is the removal of iron (Fig. 1). 
Some elements which behave as anionic or molecular 
species in the sample digest are also eliminated. 
Arsenic and phosphorus are typical examples and 
pass through the cation-exchange column very 
quickly. 

The removal of Zr and U is important because they 
often pose spectral interference problems by 
ICAP-AES. The appearance of some of the Al, Ba, 
Ca, SC, Sr and Ti in the REE fraction does not 
matter, as they do not interfere at the levels present. 

The cation”exchange procedure is very effective for 
separating and eIiminating many common matrix 
elements, and removing possibly interfering non- 
REE elements, as shown in Table 2, for typical 
granite and basalt samples. In contrast to the chro- 
matographic elution study, no spiking was used to 
enhance the elution behaviour of the minor com- 
ponents in these samples, and the data in Table 2 
should represent the behaviour of most common 
silicate rock samples. These results also suggest that 
the splitting of Ba, Ca, SC and Sr may be a column- 
loading effect. 

The results for application of the method to a series 
of established and recently introduced geological 
standard reference materials to test its precision and 
accuracy, compare favourably with the published and 
accepted values (Tables 3-5). 

The means and 95% confidence limits for analysis 
of four recentfy introduced U.S. Geological Survey 

standards (without accepted pubIished values), based 
on the triplicate analysis of three splits, are also 
presented (Table 6). 

The elution behaviour of a variety of alkali, 
alkaline-earth and transition-metal elements com- 
monly found in geological material has been 
established for a cation-exchange procedure using 
hydrochloric acid and nitric acid sequentiahy as 
eluents. This separation eliminates the need for a 
separate anion-exchange procedure to eliminate Fe 
when only nitric acid is used as the eluent.’ The 
method also requires smaller eluent volumes than 
those needed in schemes using only hydrochloric acid 
as eluenti2 and is, therefore, more rapid. The total 
eluent volume is 24% less than that in an earlier 
method.* A complete separation can be finished in 
approximately 4 hr, and lower reagent blanks can be 
expected because less reagent is used. 

The results obtained for a variety of geological 
reference materials demonstrate that the procedure 
allows precise and accurate analysis of geological 
samples for their REE and Y content. Also, because 
the total salt concentration is reduced and potentially 
interfering elements are eliminated, the procedure can 
be used in conjunction with other methods For the 
final determination of the REE and Y. 

A possible drawback of the method is that if the 
sample is not completely soluble in the acid mixture, 
and a lithium metaborate fusion is used, the fusion 
cake will not be always completety soluble in the 
SO ml of 1 M hydrochloric acid used in the procedure 
(boric acid is precipitated). 
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Tabie 6. REE and Y content* of 4 new U.S. Geological Survey standards 

Y 
La 
Ce 

SDO- 1 
Devonian Ohio 

shale 

35.6 + 0.6 
35.2 10.7 
71.8 & 1.2 

TLM-1 
Tonalite 

23.3 + 0.3 
12.1 *OS 
27.4 _+ 0.5 

AMH-1 
Mt. Hood 
Andesite 

14.4kO.3 
16.0 + 0.6 
33.3 + 0.9 

GSM-I 
Gabbro 

8.2 f 0.3 
2.0 _t 0.2 
4.8 tf; 0.3 

Pr 9.2 & 0.2 3.8 &- 0.4 4.1 20.2 0.7 & 0.2 
Nd 36.3 & 0.6 16.7 + 0.4 17.3 * 0.4 3.4 & 0.2 
Sm 7.610.1 4.010.1 3-6 2 0.1 1.1 k0.l 
EU I.65 +_ 0.03 I .03 + 0.02 1.18 *0.03 0.56 & 0.01 
Gd 7.8 If: 0.2 4.4kO.l 3.7 & 0.3 i.cS+0.1 
Tb 1.4kO.3 0.7i:O.l 0.7 * 0.2 0.3 F0.l 
DY 6.1 1-0.2 4.3 + 0.1 2.8 i 0.1 1.7*0.1 
Ho 1.14&0.02 0.81 + 0.02 0.49 f 0.02 0.31 f 0.01 
Er 3.26 & 0.06 2.50 & 0.04 1.46 & 0.07 I.01 & 0.03 
Tm 0.44 & 0.01 0.34 + 0.02 0.20 f 0.01 0.15 +0*01 
Yb 3.11 -t_o.o5 2.38 + 0.04 1.37 f 0.04 0.94 + 0.01 
LU 0.44 + 0.01 0.34 li: 0.01 0.19~O.OL 0.120 fO.OOS 

*All concentrations as U&IX The mean and 95% confidence limits of 3 splits, each . _r_ 

analysed 3 times (n = 9). 
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Summary-A sensitive method for the spectrophotometric determination of indium with 
1-(2-pyridylmethylideneaminef-3-(salicylideneamine)thiourea is proposed. A yellow complex is formed at 
pH 4.5 (succinate buffer) in a medium containing 40% dimethylformamide, and the absorbance is 
measured at 415 nm. The molar absorptivity is 6.2 x lo4 l.mole-’ .cme’l. The relative standard deviation 
of the procedure is 1.5%. The method has been applied to determination of indium in a nickel alloy and 
three zinc ores, with prior isolation of indium by co-precipitation with ammonia and extraction into 
n-butyl acetate from SM hydrobromic acid. 

The content of indium in the earth’s crust is about 
IO-‘%. In sphalerites, chalcopyrites, sulphostannates 
and sulphogermanates, which are the principle 
sources of indium, the content ranges from less than 
10m4% to IO-‘%.’ Indium is usually recovered as a 
by-product in the zinc industry, and is responsible, 
together with lead, cadmium and tin, for the em- 
brittlenlent of zinc alloys.* Indium is used to protect 
bearings from corrosion, as a semiconductor, in 
non-ferrous me~liurgy, in electric contacts and 
reflectors, in the jeweilery trade, in fluorescent glass 
and in the dental profession, Certain indium com- 
pounds are also used as colouring matter in the 
ceramic industry. 

The indium content in different materials has been 
determined by several methods: polatographically in 
beryllium compounds,3 zinc and zinc alloys’,2,4 and 
pure tin5 by anodic-stripping voltammetry in tim6 by 
radioactivation methods in feldspars,7 cylindrite,” gal- 
lium,‘.’ zinc,‘,9.‘0 rocks’,“.” and biological materials; 13 

titrimetrically with EDTA in aluminium’” and sphal- 
erite;’ by emission spectroscopy in minerals and 
rocks,‘.‘5 aluminium alloys,r6 cadmium” and zinc 
alloys;‘” by atomic-absorption spectrometry in 
foodstuffs,” sulphides,Z0,2’ aluminium,” zinc’* and 
nickel alioys;22 by infrared spectroscopy in silicon 
crystals, .23 fluorimetrically with Rhodamine 6Zh in 
gallium.‘~ with quinolin-8-01 in dusts* and with Butyl- 
rhodamine B, sulphonazo and Rhodamine 6G or 3B 
in minerals;20.24-26 and spectrophotometrically with 
dithizone in uranium and thorium salts,2s mineral and 
zinc compoundszO.** and germanium,29 with diph- 
enylcarbazone in germanium,24 with arsenazo,30 
morin3’ salicylfluorone, 32 Rhodamine 6F,33 Bro- 
mopyrogailol Red, 34 S~7-dibromoquinolin-8-ol,2d~35~36 
Methylthymol Bluer4 and Rhodamine 6Gz6 or B27 in 

zinc compounds or similar matrices, with 
4-(2-pyridylazo)resorcinol in minerals3’~37 and 
silver-tin alloys3s with quinalizarin in organic 
matter,’ with phenyl~uorone in lead concentrate,” 
with qu~nolin-8-01 in cylindrite,* germanium~ and 
ores,24,26 with trihydroxylfuorones in cassiterite,” 
with Malachite Green in galliumz6 and with 
f -(2-py~dylazo)-2-naphthol in zinc compounds39 and 
geranium films.@ 

In almost all these methods, a prior separation 
of indium from associated elements is necessary. 
Separations have been done by extraction of the 
bromide or iodide complex into diethyl ether,‘+3,26~29”t 
di-isopropyl ether,28s”,4’ n-butyl acetate,‘5j26 chloro- 
form26 and diantipyrylmethane;26 with dithizone into 
chloroform;1*27*4’ with an alkylphosphoric acid into 
octane;26 with thiosulphate into 15% tributyl phos- 
phate in kerosine;42 with diethyldithiocarbamate into 
isobutyl methyl ketone;r6sz6 with quinolin-8-01 into 
chloroform;’ and with thiothenoyltrifluoroacetone.32 
Separations have also been done by precipitation 
with hydrogen sulphide,41 ammonia’~26~41 or sodium 
hydroxide; Is4 by hydrolysis with potassium cyanate;’ 
and by ion-exchange’*14~20~41*U or chromatographic 
methods.‘~‘2~25 Indium can be preconcentrated by 
co-precipitation with cadmium, aluminium or iron- 
(111).26*” 

During studies on Schiff’s bases derived from 
thi~arbohydrazide~’ it was found that the asym- 
metric compound l-(2-pyridylmethylideneamine)-3- 
(salicylideneamine)thiourea (PST) behaves as a 
sensitive reagent for the spectrophotomet~c deter- 
mination of indium. In this paper, development and 
testing of the method involving the use of PST is 
described. The method has been applied to the deter- 
mination of indium in several samples. 

607 
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EXPERIMENTAL 

Apparatus 

Perkin-Elmer Model 554 and Coleman Model 55 spec- 
trophotometers and a Beckman Model 70 pH-meter with a 
combined SCE-glass electrode were used. 

Reagents 

All chemicals used were of analytical-reagent grade or 
better. Water that had been glass-distilled and demineralized 
was used throughout. A 0.1% PST solution in dimethyl- 
formamide (DMF) was prepared from PST.H,O, which 
was synthesized as described previously.45 This solution was 
stable for 3 months. A standard solution of In(III) (4.742 
g/l.) in 1M hydrochloric acid was prepared from indium 
nitrate pentahydrate and standardized by EDTA titration. 
Working solutions were prepared by suitable dilution. A 
succinate buffer of pH 4.5 was prepared by dissolving 12 g 
of succinic acid and 17 g of potassium hydroxide in distilled 
water and diluting to 1 litre. 

Recommended procedure 

Into a 25-ml standard flask, transfer an aliquot of sample 
solution containing up to 37 fig of indium, 3-5 ml of pH 4.5 
succinate buffer, 3 ml of 0.1% PST solution and 7 ml of 
DMF. Dilute to the mark with water and mix well. Measure 
the absorbance at 415 nm (1 .O-cm cell) against a similarly 
prepared reagent blank. Use a calibration graph or empir- 
ical equation to convert the absorbance into concentration. 

Determination of indium in alloys and ores 

Weigh accurately about 1 g of sample, transfer it into a 
beaker, heat it first with 5 ml of concentrated hydrochloric 
acid and then with 10 ml of concentrated nitric acid and 2 
ml of bromine, and evaporate the solution nearly to dryness, 
on a sand-bath. Then add 2 ml of concentrated sulphuric 
acid and heat until copious white fumes are evolved. After 
cooling, take up the residue with approximately 25 ml of 
1.5M hydrochloric acid and filter the solution through a 
Whatman 41 filter paper into a 50-ml standard flask. Wash 
the beaker and filter paper with 1.5M hydrochloric acid to 
make up the volume to the mark. Place 25 ml of this 
solution in a 250-ml beaker and dilute it to -50 ml with 
water. Add concentrated ammonia solution dropwise with 
stirring until the solution is alkaline, then let it stand for 15 
min. Filter (Whatman 44 filter paper) and wash the residue 
with 50 ml of 1% ammonium chloride solution adjusted to 
pH 9 with ammonia. Discard the filtrate. Dissolve the 
residue by adding l&20 ml of 5M hydrobromic acid 
dropwise and transfer the solution into a 100-m] separating 
funnel. Reduce iron(II1) by addition of several drops of 15% 
titanium(II1) chloride solution and extract the indium by 
shaking with 10 ml of n-butyl acetate for 3 min. Discard the 
aqueous layer and wash the extract by shaking it first for 1 
min with 3 ml of 5M hydrobromic acid containing 2 or 3 
drops of 15% titanium(II1) chloride solution and then with 
3 ml of 5M hydrobromic acid for 30 sec. Strip the indium 
from the organic phase with two 20-ml portions of 6M 
hydrochloric acid containing 2 or 3 drops of 30% hydrogen 
peroxide. Evaporate the solution to dryness on a sand-bath, 
dissolve the residue in water and dilute it to volume in a 
25-ml standard flask. Determine the indium content by the 
recommended procedure, using 5 ml of buffer solution. 

RESULTS AND DISCUSSION 

PST and In(II1) in weakly acid media form a 
yellow complex which has an absorption maximum at 
415 nm. The intensity of the colour developed re- 
mains constant with at least a 7-fold molar excess of 
reagent, and a 3-ml volume of 0.1% reagent solution 
was therefore chosen. The absorbance of the complex 

at 415 nm is independent of pH over the range 
4.0-5.5. In preliminary studies it was found that large 
amounts of acetate decrease the absorbance of the 
complex, so a succinate buffer of pH 4.5 was selected 
for the analytical procedure. The amount of this 
buffer added (l-5 ml) has no effect on the absorb- 
ance. The absorbance of the reagent blank at 415 nm 
was 0.037 &- 0.003 (7 samples). 

Choice of solvent 

The absorption spectra of the In(IIItPST complex 
at pH 4.5 in various water-soluble solvents were 
similar. A mixture of water and DMF was chosen 
because the reagent was more soluble in it. The 
concentration of DMF affects the absorbance of the 
complex, but the absorbance is constant over the 
range 2848% v/v DMF and a medium containing 
40% DMF is recommended. In this medium the 
complex is stable for more than 1 month. The order 
in which the reagents are added was found to be 
immaterial. 

Stoichiometry of the complex 

The continuous-variation and mole-ratio methods 
failed because the complex is weak. Therefore, a 
modified Holme and Langmhyr method46 and that of 
Asmus4’ were applied to the mole ratio data. Both 
methods showed that the composition of the complex 
was 1: 1. The conditional formation constant at pH 
4.5 was 5.25 f 0.10.45 

Calibration and precision 

Beer’s law is obeyed over the range O-1.5 ppm 
indium. The molar absorptivity is 6.2 x lo4 
1. mole-‘. cm-‘, which compares well with the values 
obtained for other complexes used for spec- 
trophotometric determination of indium. The opti- 
mum working range, as evaluated by Ringbom plot, 
is 0.3-1.5 ppm indium. The relative standard devi- 
ation (P = 0.05) found was 1.0% for 0.57 ppm of 
indium (11 samples). For investigation of between- 
day variation, single determinations were made on 
eleven different days. All absorbances were within the 
range 0.301-0.320 (0.57 ppm indium) and the 
relative standard deviation was 1.5%. This is a better 
value than the 5% obtained in the extractive 
spectrophotometric determination of indium with 
dithizone.48 

Interferences 

Results of the interference studies are given in 
Table 1. The tolerance criterion was taken as the 
largest amount of foreign ion causing an error of not 
more than k 5% in the determination of 0.57 ppm 
indium. Cations interfered by giving higher absorb- 
ance or opalescence, whereas anions gave lower 
absorbance, except for iodate, periodate and nitrite, 
which oxidized the reagent, giving a yellow colour. 
Attempts to eliminate the interferences by addition of 
masking agents were unsuccessful. It must be noted 
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Table 1. Tolerance for foreign ions in the dete~ination of 
0.57 ppm indium 

Tolerance, 
PPm Ion or species 

Alkali metals, Be(B), Mg(II), Ca(II), Sr(II), 
Ba(II), AKIII), ThI). NH:, B&O:-, NO;, 

> 1000 

100 

30 
20 
10 
5 
3 
0.5 
0.1 
0.05 

SO:-, SO:--, SCN-, F--i Cl’, ‘Br-, I’, 
ClO,, CIO;, BrO;, CO:-., acetate, tri- 
chloroacetate, ascorbate 

Ga(III), Y(IIi), La(III), Ce(IV), Th(IV), 
U(VI). Zr(IV), NO;, As@-, AsO;, SeO:-, 
IO;, IO;, tartrate 

Mo(VI), W(VI), Mn(II) 
Sn(II), Sb(III), Ti(IV), Cr(II1) 
PUi-. p20;-, s>o;.- 
C,O:-, citrate 
Os(VIII), Ag(I), Au(II1) 
Pb(I1) 
Bi(III), V(V), Cu(II), Hg(I1) 
Fe(H), Fe(III), Co(I1). Ni(II), Pd(II), Zn(II), 

CdjII) 
<0.05 EDTA, Sz- 

that there were high tolerance levels for Be, Al, TI(1) 
and Ca. 

Owing to the fact that the reagent PST is not 
selective enough for the direct determination of in- 
dium in alloys and ores, a prior separation from 
interfering ions is necessary. Attempts were made to 
separate indium by extraction into diethyl ether or 

n-butyl acetate from hydrobromic acid solution, 
following the method described by Busev et al.” 
but were unsuccessful because anodic-stopping volt- 
ammetry tests showed that the extracts were con- 
taminated with lead, zinc and nickel (this last only in 
the case of the nickel alloy), and chemical tests also 
showed the presence of iron. Therefore, a double 
separation of indium by co-precipitation with Fe(III) 
or Al(III) hydroxide, then extraction of HInBr, 
into n-butyf acetate, after reduction of Fe(II1) with 
Ti(III), was chosen. When this method was used, 
anodic-stopping voltammetry showed only the pres- 
ence of trace amounts of lead, which could be 
removed by treating the sample with sulphuric acid. 

The procedure was used to determine the indium 
content of a nickel alloy and three zinc ores. The 
results obtained are given in Table 2 and are in good 
agreement with those quoted in the certificates of 
analysis, and with the results obtained with 
1-(2-pyridylazo)-2-naphthoi. 

Other reagents have been proposed for the spec- 
trophotometric dete~ination of indium (Table 3), 
but most of them are less sensitive than PST. The 
disadvantage of the low selectivity of PST, which is 
common to all reagents for the spectrophotometric 
determination of indium, may be overcome by co- 
precipitation with Fe(M) or AI(M) hydroxide and 
extraction with n-butyl acetate from hydrobromic 
acid solution. In this manner, indium contents as low 
as 20 @g/g in alloys and ores can be accurately 

Table 2. Determination of indium in a nickel alloy and zinc ores 

Amount Indium found,* Indium content, 
Sample taken, g % % 

Zn-Sn-Cu-Pb Ore 1.0120 0.0330 & 0.0006 0.033t 
Zinc concentrate 1.0147 0.0187 f o.ooo2 o.or9t 
Zinc blende I .0200 0.00288 f O.OOOl I 0.00269$ 

Nickel alloy 1.3966 0.00228 f 0.~8 0.~20~ 
0.00222§ 

*Mean and range of three determinations. 
*Certificate content. 
(jBy the I-~Z-pyridyla~o)-2-naphthol method.‘@ Mean of three deter- 

minations. 
SApproximate content given in the BCS certificate. 

Table 3. Comparison with other reagents used for the spectrophotometric determination of indium 

Optimum I._,, a* 
Reagent PH nm 1031.mofe-‘.ctn-i Remarks Ref. 

Chrome Azurol S and 
cetrimide 

Dithizone 
PST 
Bromopyrogallol Red 

4-(2-PyridyIazo)resorcinol 
I-(2-Pyridylazo)-2-naphthol 

Rhodamine S 
5,7-Dibromoquinoiin-8-01 
Quinolin-8-01 
Xylenol Orange 

5.2-6.2 630 123 Ga(III), Al(JI1) interfere 49 

6.5-10.5 510 69 
4.0-5.5 415 62 
6.5-9.0 540 42.5 

3.4-4.5 510 32.7 
5.&&O 545 24.5 
5.4-6.7 560 21.2 

HBr 530 23.5 
3.c4.5 415 17.6 
3.2-4.5 400 15.0 
3.7-6.5 560 IS.0 

Extraction into CHCI, 
40% DMF 
Extraction into benzyl 

alcohol 
Ga(III), AI(II1) interfere 
24% DMF 
Extraction into CHCI, 
Extraction into benzene 
Extraction into CHCI, 
Extraction into CHCI, 
Ga(III), Al(II1) interfere 

48 
This work 

34 

24 
40 
40 
41 
36 
41 
41 
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determined with a l-g sample. A further advantage 
of the method is the high stability of the complex. 
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EXTRACTION-SPECTROPHOTOMETRIC 
DETERMINATION OF VANADIUM WITH 

~-~-TOLYL-~-PHENYLHYDROXYLAMIN~ AND ITS 
APPLICATION TO COAL AND COAL FLY-ASH 

SADANOBU INOUE,* SUWARU HOSHI and MUTSUYA MATSUBARA 
Department of Environmental Engineering, Kitami Institute of Technology, Kitami-shi, 090 Japan 

(Received 11 February 1986. Accepted 28 February 1986) 

Sunny-~-m-Tolyl-~-phenylhydroxylamine is proposed for the s~ctrophotometr~c determination of 
small amounts of vanadium. The reddish-violet complex formed with the reagent in 36M hydrochloric 
acid after extraction with chloroform shows an absorption maximum at 530 nm, and obeys Beer’s law 
for O-76.5 pg of vanadium in 10 ml of chloroform. The proposed method has been successfully applied 
to the determination of vanadium in coal and coal fly-ash. 

Many ~-~nzoyl-~-phenylhydroxylam~ne deriva- 
tives have been proposed for the s~trophotomet~G 
dete~jn~tion of vanadium either in aqueous or 
non-aqueous solutions,’ and several are particularly’ 
valuable for determination of small amounts of 
vanadium. Majumdar and Da? reported that N- 
benzoyl-o-tolylhydroxylamine behaves as a selective 
reagent for vanadium under suitable experimental 
conditions (that is, vanadium can be determined in 
the presence of a large excess of various metal ions 
and anions) and also’ that ~-be~oy~-~-tolyi- 
hydroxylamine and ~-b~nzoyl-p-tolylhydroxylamine 
have similar characteristics to the o-tolyl derivative. 
However, N-benzoyl-a-tolylhydroxylamine was ob- 
tained in only low yield (about 15%),4 and it was 
found that this was caused by excessive formation of 
reduction products other than tolylhydroxylamine, 
particularly ~-tolu~dine. ~-~innamoy~-~*phenyl- 
hydroxy~amine’ has been recommended as a more 
sensitive reagent than N-benzoyl-N-phenyl- 
hydroxylamine and N-benzoyl-o-tolylhydroxyl- 
amine, but it is not selective for vanadium. 

In this paper, the determination of small amounts 
of vanadium with N-~-tolyl-N-phenylhydroxyl- 
amine is described. This reagent can be obtained in 
higher yield (49%) than ~-benzoyl-o-tolyl- 
hydroxylamine, from m-toluoyl chloride and phenyl- 
hydroxylamine. The conditions for determination of 
small amounts of vanadium were studied in detail, 
and the proposed method was applied successfully to 
the dete~ination of vanadium in coal and coal 
fly-ash. 

Reagents 
EXPRRIMRNTAL 

Standard va~~di~~~V) solution, 3. IS x IO-2M. Prepared 
by dissolving 1.09 g of ammonium metavanadate in 5.0 ml 
of 50% v/v sulphuric acid and diIuting to 250 ml with water. 

Potassium pefwanganate solution, 0.3%. 

*Author for correspondence. 

N-m-Tolyl-N-pheny~h~~~~y~umine solution, 0.1% in 
cb~~ro~~rm. ~-m-Toiyl-~-~henylhydroxylamine was pre- 
pared from ~-toluoy~ chloride and phenylhydroxyl~mine 
as described previously (yield 49%).6 

All other reagents used were of analytical grade. 

Apparatus 

A Hitachi model 200-10 spectrophotometer with lo-mm 
quartz cells, and a Hitachi-Horiba F-7AD pH-meter were 
used. 

Procedure 

Measure a known volume of sample solution ~nta~ui~g 
up to 76 gg of vanadium into a separating funnel, and dilute 
to about 35 ml with water; add 0.3% potassium per- 
manganate solution dropwise until the pink colour persists 
for 5 min, then add 2 ml of saturated sodium fluoride 
solution, 10 ml of 0.1% N-m-tolyl-N-phenylhydroxylamine 
solution in chloroform and 15 ml of concentrated hydro- 
chloric acid. Immediately shake for 1 mm, and allow the 
phases to separate. Dry the organic layer with anhydrous 
sodium sulphate and measure the absorbance at 530 nm 
against chlorofo~. 

Analysis of coal 

Take 0.5-1.0 g of sample in a silica crucible. Heat 
gradually in a muffle furnace at 275” for 1 hr. at 550” for 
1 hr, and finally at 7.50” for 2 hr.’ Treat the resulting ash with 
a mixture of 10 ml of concentrated hydrofluoric acid and 10 
ml of concentrated nitric acid in a 50-ml Teflon beaker at 
150” on a hot-plate and evaporate to dryness. Cool, then 
add a mixture of 10 ml of concentrated nitric acid and IO 
ml of 60% nerchloric acid, cover the beaker with a Teflon 
lid then digest at 250” on a hot-plate for about 4 hr until a 
pale yellow colour is obtained, then evaporate to dryness at 
1 SO”. Cool, then dissolve the residue in about 20 ml of water, 
with gentle heating. Cool and transfer the solution to a 
separating funnel. Determine vanadium as described above. 

Analysis of coal fly-ash 

Weigh about 0.2 g of coal fly-ash into a 50-ml Teflon 
beaker and treat it in the same way as the ash in the coal 
analysis above. 

RESULTS AND DISCUSSION 

Absorption spectra 
The absorption spectra of the reagent and the 

vanadium-~-~-toly~-N-phenylhydroxy~amine com- 

611 



SHORT COMMUNICATlONS 612 

Wavelength (nm) 

Fig. 1. Absorption spectra of N-m-tolyl-N-phenylhydroxyl- 
amine and its vanadium complex, in chloroform. A, com- 
plex with 76.4 @g of vanadium; B, 0.1% reagent solution; 

reference, chloroform. 

plex in chloroform are shown in Fig. 1. The absorp- 
tion spectra for the vanadium complex extracted into 
chloroform from solutions that are 3-6M in hydro- 
chloric acid have maximum absorption at 530 nm 
and an apparent molar absorptivity of 5.0 x lo3 
1. mole-‘. cm-‘. The reagent solution in chloroform 
(0.1%) has little absorption at 530 nm, as shown in 
Fig. 1. 

Effect of acidity and reagent concentration on the 
extraction of vanadium 

The effect of acidity on the extraction of vanadium 
was investigated by changing the hydrochloric acid 
concentration in aqueous medium; the results are 

0.6 

: y---~ 

0.2 - 

0.00 
I I I I 

2 4 6 6 

I-ICI (M) 

Fig. 2. Effect of hydrochloric acid concentration on absorb- 
ance. Vanadium 76.4 pg; Borg = V,, = 10 ml; wavelength 

530 nm. 

shown in Fig. 2. The maximum absorbance was 
obtained with hydrochloric acid concentrations be- 
tween 3 and 6M, and the colour remained unchanged 
for at least 24 hr at room temperature. A large excess 
of the reagent can be used even for small amounts of 
vanadium, because it has no effect on the colour. 

Beer’s law 

The system obeys Beer’s law for &76 pg of 
vanadium in 10 ml of chloroform. The method 
has about the same sensitivity as the N-benzoyl- 
N-phenylhydroxylamine method (6 = 4.65 x lo3 
l.mole-‘.cm-‘) and N-benzoyl-o-tolylhydroxyl- 
amine method (t = 5.25 x 103).4 The relative stan- 
dard deviation of the absorbance at 530 nm was 0.3% 
(12 replicates with 46 pg of vanadium). 

Table 1. Effect of other ions on determination of 76.4 fig of V 

Added, V found, Error, 
Ion Added as mg IK IX 

Pb2+ Pb(NO,), 25 75.7 -0.7 
HgZf HgCl, 25 76.5 +0.1 
CU*+ CuSO, .5H,O 5 76.5 +0.1 
Fe’+ FeNH,(SO,), .12H,O 10 76.0 -0.4 

$: CoCl, .6H,O NiCl, .6H,O 20 25 75.8 75.6 -0.8 -0.6 
Mn2+ MnCl, .4H,O 2 76.4 0 
Zn2+ ZnCl, 20 76.5 +0.1 
Al’+ AlCl, .6H,O 30 76.5 +0.1 
Crr+ CrCl, . 6H20 25 74.9 -1.5 
Ti4+ Ti(SQ), 2 77.8 fl.4 

15* 76.5 +0.1 
Cd’+ CdSO, . xH,O 25 76.4 0 
Bi’+ Bi(NO,)r 15 76.6 +0.2 
Mg2+ Mg(NOJz. 6H2O 20 77.2 +0.8 
Ca2+ CaCl, 20 76.4 0 
BaZ+ BaCI,. 2H,O 20 76.7 +0.3 
We+ Na,WO,. 2H,O 1 76.0 -0.4 
Mo6+ (NH,),Mo,O, , 4H20 1 75.7 -0.7 
Cr6+ K,CrO, 1 75.3 -1.1 
Citrate (NH&HC,H,O, 0.1 75.5 -0.9 
Oxalate NaGO, 20 76.0 -0.4 
Tartrate KOOCCH(OH)-- 

CH(OH)COONa.4H20 1 75.7 -0.7 
EDTA Na*H,EDTA .2H,O 25 76.4 0 
Phosphate Na,HPO, 20 77.0 +0.6 
F- NaF 25 76.0 -0.4 

*After addition of 2 ml of saturated sodium fluoride solution. 
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Table 2. Analytical results for vanadium in coal and coal fly-ash 

No. of Mean V found, Relative std. 
Sample replicates upm devn., % 

Coal 
NBS SRM 1632a 

NBS SRM 1632b 

Coal fly-ash 
NBS SRM 1633a 

8 42.6 2.1 
(44)* 

8 14.1 2.6 
(14)* 

10 292 0.9 
c30@* 

*NBS provisional value. 

Effect of other ions 

The effects of various ions on the proposed method 
are reported in Table 1. No interference was observed 
from large amounts (2-25 mg) of the following ions: 
Pb(II), Hg(II), Cu(II), Fe(III), Co(H), Ni(II), Mn(II), 
Zn(II), Al(III), Cr(III), Cd(H), Bi(III), Mg(II), 
Ca(II), Ba(II), oxalate, EDTA, phosphate and 
fluoride. The interference of titanium(IV) could be 

avoided by adding 2 ml of saturated sodium fluoride 
solution as masking agent. Molybdenum(VI), tung- 
sten(W) and chromium(W) were tolerated in 
amounts up to 13 times that of vanadium. Iron(II1) 
(10 mg) caused a negative error when the sample 
solution was allowed to stand for few min after the 
addition of concentrated hydrochloric acid in the 
procedure, but this can be avoided by performing the 
extraction immediately after adding the concentrated 
hydrochloric acid. 

Results for analysis of coal and coal jy-ash 

Table 2 shows the precision and accuracy obtained 
for analysis of standard reference samples of coal 
(SRM 1632a and 1632b) and coal fly-ash (SRM 
1633a), issued by the National Bureau of Standards. 
The results were in good agreement with the certified 
or provisional values. The relative standard devi- 
ations were _ l-3%. These results confirm the use- 
fulness of the proposed method for determination of 
vanadium. 
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sugary-~gradation of nitrilotriacetic acid (NTA) by oxidation with lead dioxide suspension has been 
studied by differential pulse pofarography. The NTA was degraded over the pH range from 4 to 9, with 
formation of glycine or a mixture of iminodiacetic acid and glycine. After shaking with lead dioxide for 
1 hr at 30” and pH -7, the NTA was almost completely decomposed, the molar reacting ratio of Pb(IV) 
to NTA being u 17:l; down to 1 x IOs5M NTA was decomposed in a shaking time as short as IS min 
and at a temperature as low as 5”. The iron(IIItNTA complex was also degraded under the same 
conditions, and the iron released was adsorbed on the lead dioxide. 

Investigation of oxidative degradation of organic 
substances, such as detergents and complexing 
agents, has become important in analytical and envi- 
ronmental chemistry. ‘-’ The use of ozone,2+6 per- 
sulphate,4 and ultraviolet irradiation’ in degradation 
processes has been widely investigated in waste-water 
treatment. Nitrilotriacetic acid (NTA) was used in 
synthesis of detergents in certain countries in the late 
196Os, and recently the effect of NTA and its metal 
complexes on the environment and in toxicology has 
received considerable attention.2,7m9 

As described earlier, lead dioxide oxidizes EDTA 
in sulphuric acid medium,‘O and iminodia~eti~ acid 
(IDA) and nit~lot~acetic acid in nitric acid mediuml’ 
with moderate speed at room temperature. Hydrous 
lead dioxide (HLD), prepared by hydrolysis of lead 
tetra-acetate and then washed with water to remove 
the acetic acid produced, is an amphoteric ion- 
exchanger with an equi-adsorption point in the 
vicinity of pH 4.6,‘* and will isolate bismuth from 
bismuth-EDTA solution over the pH range from 1 
to 12.13 

In the study reported here, degradation of NTA by 
oxidation with HLD suspension was examined over 
the pH range from 4 to 11, with special attention to 
the reaction of NTA and its iron(II1) complex at 
about pH 7. 

EXPERIMENTAL 

Reagenfs 
A O.OlM NTA solution and a O.OlM iron(W)-NTA 

solution were prepared from reagent grade NTA and am- 
monium ferric sulphate, and accurately diluted as required. 
A O.OSM lead tetra-acetate solution in glacial acetic acid was 
prepared and standardized as reported previously,‘2,” 

The water used was obtained by distilling demineralized 
water containing a little potassium ~rmanganate and 
sodium hydroxide. 

Apparatus 
The polarograph, spectrofluorimeter and incubator used 

were those employed previously.“,” A Shimadzu UV-260 

spectrophotometer was used. Unless otherwise stated, all 
measurements were performed at 25 i_ 0.5’. 

Procedures 

Hydrous lead dioxide (HLD) was prepared by adding 10 
ml of 0.05M lead tetra-acetate solution dropwise to 100 ml 
of distilled water, then centrifuging, removing the super- 
natant liquid, and washing twice with IOO-ml portions of 
distilled water.‘j A 0.5 mmole portion (about 0.14 g of 
PbO,‘2H,O) was used for each degradation test. 

Degradation in bufired solution. The HLD, a known 
amount of NTA solution, 20 ml of buffer solution and IO 
ml of IM potassium nitrate were placed in a IOO-ml 
Erlenmeyer flask fitted with a rubber stopper, and the 
mixture -was diluted to 100 ml with distill&l water. The 
buffers (O.lM) were CH~COOH~CH~COONa ~DH 3.5.-6.01, 
HNO~/Na~B~~, @H 6:7-9.1) ‘and 1 Na*B~O,~NaOH (&I 
9.9-l 1.0). The mixture was shaken for I hr, at 30”. The 
HLD was then filtered off with a 0.4%pm pore-size mem- 
brane filter. The concentration of NTA in the filtrate was 
determined by differential pulse polarography of the 
lead(IItNTA complex.‘4 A mixture of 25 ml of filtrate, 5 ml 
of O.OlM lead(II), 5 ml of 1M potassium nitrate and I ml 
of 0.25% gelatin solution was adjusted to pH 4.7, and 
diluted to volume in a 50-ml standard flask. A portion of 
this solution was deaerated, and the differential pulse polar- 
ogram was recorded between -0.4 and - 1.2 V us. SCE at 
a scan-rate of 5 mV/sec and 100 mV pulse amplitude. The 
peak current at -0.70 V us. SCE was measured, and the 
concentration of NTA was calculated from a calibration 
graph. 

Degrudutio~ in unbufired solution. The pH of the sus- 
pension was adjusted with a little O.lM nitric acid or 0. IM 
sodium hydroxide solution. The rest of the procedure was 
the same as for tests in buffered solution. 

Degradation ofiron(III)-NTA. HLD and an appropriate 
amount of iron (III)-NTA in buffered solution at about pH 
7 were shaken for 1 hr at 30”, and the HLD was filtered off. 
The concentration of iron(II1) in the filtrate was determined 
spectrophotometrically with I,10-phenanthroline,‘5 and the 
concentration of NTA was determined polarographically 
after reduction of iron(M) with ascorbic acid. 

Other analyses of tke jiltrare 

The amount of lead(H) in the filtrate was determined 
directly by polaro~raphy, after acidi~cation to 0.2A4 in 
nitric acid. 

Glycine was determined fluorimetrically by the standard- 
addition method with Auorescamine’6 by mixing 3 ml of the 
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filtrate, O-3 ml of 1 x 10m4M standard glycine solution, 10 
ml of O.lM borate buffer @H 9.0) and 10 ml of 0.03% 
fluorescamine solution in a 50-ml standard flask, diluting to 
volume, and after 10 min standing time at room temperature 
measuring the fluorescence at 480 nm, with an excitation 
wavelength of 400 nm. 

RESULTS AND DISCUSSION 

Degradation of NTA in buffered solution 

The effect of pH on the decrease in NTA concen- 
tration (initial value 1 x 10m4M) is shown in Fig. 1. 
There was almost 100% decrease over the pH range 
4-9, with shaking for 1 hr at 30”. The amount of 
lead(II) in the supematant solution increased with 
decrease of pH below about 6. 

The relation between initial concentration of NTA 
and the amount destroyed by a constant amount of 
HLD at pH 7 is shown in Fig. 2. There was prac- 
tically complete decomposition of NTA in 1 hr at 30” 
when the molar ratio of NTA to Pb(IV) was below 
about 0.06. 

Degradation in unbuffered solution 

To examine the possible utility of HLD for de- 
gradation of NTA in environmental samples, the 
reaction in unbuffered solution at about pH 7 was 
investigated. 

Table 1 shows that degradation was 100% 

complete over the NTA concentration range from 
1 x 10m5 to 1 x 10m4M. It was also found that a 
shaking time as short as 15 min, at a temperature as 
low as 5”, would give >99% decomposition of the 
NTA. 

Degradation of iron(III)-NTA 

Table 2 shows there was almost 100% decom- 

position of NTA over the concentration range from 
1 x 10m5 to 1 x 10m4M iron(III)-NTA. Further, 
when 1 x 10m4M iron(IIIkNTA was shaken with 
HLD for 15 or 30 min at a temperature of 5”, there 
was almost 100% decrease in the concentrations of 
NTA and iron. In addition, the iron liberated was 
found to be completely adsorbed by the HLD. 
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Fig. 1. Decrease in NTA added, and change in concen- 
tration of lead(H) in solution, as a function of pH. HLD 
5 x lO-4 mole, NTA 1 x l0-4M, solution volume 100 ml, 

shaking time 1 hr, temperature 30”. 

, , L 
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Concentrotlon of NTA t1O-4 M) 

Fig. 2. Relation between the decrease in amount of NTA 
and the concentration of NTA added. HLD 5 x 10e4 mole, 
solution volume 100 ml, shaking time 1 hr, temperature 30”, 

pH 1. 

The degradation process 

The amounts of glycine and lead(I1) produced were 
measured, for separate experiments at about pH 4 
and 7. 

The effect of the other substances present (lead 
nitrate, formaldehyde and IDA) on the fluorometric 
determination of glycine was studied beforehand with 
standard glycine solution, and the error was found to 
be f 2.2%. In the supernatant solution from shaking 
1 x 10e4M NTA with HLD, the molar ratio of 
glycine produced to NTA added was found to be 0.9 
at about pH 4 and 0.4 at about pH 7. 

From Fig. 1 it is seen that at pH around 4, about 
two moles of lead(H) were produced per mole of 
NTA. In the pH N 7 experiment the ratio of lead(H) 
obtained in the supernatant solution to the NTA 
taken was only about 0.02, so the amount of lead(I1) 
adsorbed on the HLD was determined. The HLD 
separated from the suspension at about pH 7 was 
shaken with 0.02M NTA at pH 12 for 1 hr, and the 
amount of lead(II)-NTA complex extracted was de- 
termined by polarography, after acidification to 0.2M 
in nitric acid, and slightly more than a 1: 1 molar 
ratio of lead(I1) to NTA was found to have been 
collected on the HLD. 

Table 1. Relation between the decrease in amount of NTA 
and the initial concentration of NTA in unbuffered solution 
at about pH 7 (HLD 5 x 10m4 mole, solution volume 100 

ml, shaking time 1 hr, temperature 30”) 

Initial concentration of NTA, Decrease in NTA, 
M % 

1 x lo-5 >99 
5 x lo-5 >99 
1 x 10-q >99 
6 x IO-’ 85 + 1 
1 x 10-J 71 + 1 
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Table 2. Relation between the decrease in amount of NTA and of iron(II1) and the 
concentration of iron(III)-NTA complex added in unbuffered solutions at about pH 
7 (HLD 5 x 10m4 mole, solution volume 100 ml, shaking time 1 hr, temperature 30”) 

Initial concentration 
of iron(IIIkNTA, Decrease in NTA, Decrease in iron(III), 

M % % 

1 x 10-s >99 >99 
5 x 1o-5 r99 >99 
1 x 1o-4 >99 >99 
5 x 1o-4 61&3 63 k 2 

From these results, it is evident that NTA is 
degraded by HLD at moderate speed at about pH 7, 
by a surface redox process. The reaction in feebly 
acidic media results mainly in glycine, and according 
to previous work ii IDA is produced in the first step 
in the oxidation of NTA by HLD, so the products at 
about pH 7 can be considered to be IDA and glycine. 

It seems probable that the lead(I1) produced at 
about pH 7 is retained on the HLD, as a compound 
such as the hydroxide. 

The NTA in the iron(II1) complex is similarly 
degraded, and the iron(II1) released is also retained 
on the HLD, again probably as the hydroxide. 

Conclusions 

It appears that HLD would be applicable to the 
degradation of NTA and its metal complexes in 
environmental samples, without producing too much 
contamination with lead(I1). 
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Summa~-2,4-Dihydroxyacetophenone ~iosemicarbazone (DAPT) forms a 1: 1 complex with copper(H) 
which can be extracted into n-butanol or ethyl acetate from acetic acid-sodium acetate (PH 5.0) buffer, 
and a 1: 1 nickel(H) complex which can be extracted into n-butanoi from ammonium chloride-ammonia 
(pH 7.5) buffer. The difference between the pH,,, values for extraction of the two complexes is 3.4 and 
this has been exploited for their sequential extraction and determination. The molar absorptivities for the 
copper and nickel complexes are 1.5 x lo4 l.molee’.cm~’ at 390 nm and 8.2 x 10’ l.mole-‘.cm-’ at 385 
nm respectively. The procedure has been applied to the analysis of cupronickel. 

2&Dihydroxyacetophenone thiosemicarbazone @APT) 
has been used as a reagent for spectrophotometric 
dete~ination of copper(H) and cobah(I and for 
extraction and dete~ination of cobalt(II),* silver(Q3 
and palladium(~~).4 Here we report its use for sequen- 
tial extraction and dete~ination of copper(B) and 
nickel(B). 

EXPERIMENTAL 

Reagents 

All the chemicals used were of analytical grade, and the 
solvents were doubly distilled before use. 

Copper sulphate solution, 0.025M. Standardized by 
iodimetry,’ and diluted as required. 

Ammonium nickel sulphnte hexahjjdrate solution, 0.025M. 
Standardized gravimetrically by the dimethylglyoxime 
method,5 and diluted as required. 

2,4-Dihydroxyucetophenone thiosemi~~rb~one solution. 
The reagent was prepared according to the procedure 
described by Aydin and Baykut,’ and used as its n-butanol 
and ethyl acetate solutions. 

Determinution of copper 

Transfer an accurately measured aliquot of sample solu- 
tion (not more than 5 ml) containing 15-120 pg of cop- 
per(H) into a SO-ml separating funnel. add 5.0 ml of acetic 
acid--sodium acetate buffer (PH 5.0) and dilute to 10 ml. 
Extract the copper with two lo-ml portions of 7.85 x IO-rM 
DAPT in ethyl acetate, with shaking for 30 sec. Dry the 
combined extracts with anhydrous sodium sulphate and 
decant into a 25ml standard flask, washing the drying agent 
and diluting to the mark with the same solvent. Measure the 
absorbance at 390 nm against a reagent blank prepared in 
the same way. 

Determinution of nickel 

Transfer an exactly measured aliquot of solution (not 
more than 5 ml) containing 40-200 pg of nickel into a 
50-ml separating funnel, add 5 ml of ammonium 
chloride-ammonia buffer (PH 7.5) and dilute to 10 ml. 
Extract the nickel with 10 ml of 3.41 x lo-“M DAPT in 
n-butanol with shaking for 30 sec. Separate the extract, dry 
it with anhydrous sodium sulphate and decant it into a 
Z-ml standard flask. washing the drying agent and diluting 
to the mark with the same solvent. Measure the absorbance 
at 385 nm against a reagent blank similarly prepared. 

Analysis of cupronickel 

Weigh about 100 mg of sample into a 100-ml beaker and 
dissolve it in nitric acid (1 + 1). Add 5 ml of concentrated 
hydrochloric acid and evaporate the solution nearly to 
dryness on a water-bath, then repeat this treatment, to 
remove the bulk of the nitric acid. Take up the residue in 
water and dilute to volume in a IOO-ml standard flask. 
Dilute this stock solution in an appropriate size of standard 
flask and transfer a suitable portion into a separating funnel, 
add 10 ml of acetate-acetic acid buffer (pH 3.8) and extract 
with three 5.0-ml portions of 0.08% DAPT solution in 
n-butanol, shaking for 1 min each time. Dry the combined 
extracts with anhydrous sodium sulphate, and decant into 
a 25-ml standard flask, using n-butanol to wash the drying 
agent and dilute to the mark. 

Increase the pH of the aqueous phase to 7.5 with l.OM 
sodium hydroxide. Extract with two 5.0-ml portions of the 
0.08% DAPT solution. shaking for 1 min each time. 
Combine, dry, and transfer the e&acts to a 20-ml standard 
flask, rinsing the drying agent and diluting to the mark with 
n-butanol. 

Measure the absorbance of the copper and nickel com- 
plexes at 390 and 385 nm respectively. 

RESULTS AND DISCUSSION 

The Cu-DAPT complex in n-butanol has maximal 
absorption at 390 nm (A,,,,,,) whereas that of the 
reagent is at 270 nm and that of the nickel complex 
in n-butanol is at 385 nm (Fig. 1). The effect of pH 
on the extraction is shown in Fig. 2. Copper is 
extracted completely at pH 3.6-10.0 and nickel at pH 
7.0-8.0. At least a 2%fold molar excess of reagent is 
needed for maxima1 extraction of copper and at least 
1Zfold molar excess for nickel. The systems obey 
Beer’s iaw in the range 0.8-5.5 ppm for copper 
and l.@-8.0 ppm for nickel, the molar absorptivities 
of the complexes being 1.5 x lo4 and 8.2 x lo3 
l.mole-‘.cm-’ at i,,, for copper and nickel re- 
spectively. The colour is stable for more than 48 hr. 
Ethyl acetate can be used instead of n-butanol for 
extraction of copper and gives a much higher distri- 
bution coefficient (D = 16.0) than that with n- 
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Fig. 1. Spectra of DAPT (A), Cu-DAPT (0) and 
Ni-DAPT (0). 

butanol (D = 9.0). Three extractions are necessary 
with the latter but only two with the former, for 
complete removal of the copper. The distribution 
coefficient for nickel between n-butanol and the 
aqueous phase is very high (> 100) and a single 
extraction suffices. 

The composition of the copper complex was stud- 
ied by the continuous-variations,6 molar ratio’ and 
slope analysis’ methods. In all cases the composition 
of the copper complex was found to be 1: 1, and it is 
possible that the extracted complex is solvated with 
n-butanol: 

H3c 
\ /FNH2 

C=N’b/o--Bu 

G 
0 0’ ’ 0 -0u 

H’ 
HO 

/ 

Scheme 1. 

The composition of the nickel complex was studied 
by the slope analysis method.* The plot of log D us. 
log[reagent] has two linear regions with slopes of 1 
and 2 respectively (Fig. 3), but there is no shift in A,,,, 
of the complex at higher concentrations of the re- 

Fig. 

PH 

2. Extraction of Cu-DAPT (A) and Ni-DAPT (B) as 
a function of pH. 

log treagentl 

Fig. 3. Composition of nickel complex by slope analysis. 

agent. Hence, self-adduct formation is thought to 
take place in the organic phase. This has been 
confirmed by plotting log D [H+]/[reagent] vs. log - 
[reagent] (Fig. 4). The two linear regions obtained, 
with slopes of 0 and 1, confirm self-adduct formation. 
The proposed structure of the adduct is: 

OH 

HO 

Scheme 2. 

Interferences 

The tolerance limits for interfering ions were set at 
the amounts required to cause not more than f 1% 
change in the absorbance for a fixed amount of metal, 
and are reported in Table 1. Silver(I), mercury(H), 
palladium(II), vanadium(V), EDTA, thiosulphate 
and cyanide interfere seriously in the copper deter- 

- 2.9 r 
m -3.0 - 

E 

$ 

$ 
l!i 

-3.1 - 

=; 

+z 

;; 
-3.2 - 

-3.4 I,,,,, 
-4.6 -4.6 - 4.4 -4.2 -40 -36 

log [reagent] 

Fig. 4. Confirmation of adduct formation for nickel 
complex. 
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Table 1. Effect of foreign ions on the extraction of copper(H) and nickel(H) 

Tolerance limit, mg Tolerance limit, mg 

Ion added - Cu(I1) Ni(I1) Ion added Cu(I1) Ni(I1) 

&t(I) 
AI(III) 

As(V) 
Bi(II1) 
Cd(I1) 
Co(I1) 
Cu(I1) 
Fe(II1) 

Hg(II) 
Mn(I1) 
Mo(V1) 
Ni(I1) 
Pb(I1) 
Pd(I1) 
Sn(l1) 
Ti(IV) 

Nil 
5.0 

2.5 
5.0 
2.5 

0.5 
Nil 
2.5 
2.5 
0.5 
2.5 
Nil 
1.0 
2.5 

Nil 

1.0 
1.0 
5.0 
Nil 
Nil 
Nil 
1 .o 
2.5 
1.0 

1.0 
Nil 

VW) 
W(W 
Zn(I1) 
Fluoride 
Chloride 
Bromide 
Nitrate 
Oxalate 
Citrate 
Ascorbate 
Tartrate 
EDTA 
Phosphate 
Pyrophosphate 
Thiocyanate 
Thiosulphate 

um 2.5 2.5 Cyanide 

0.2 Nil 
2.5 2.5 
5.0 5.0 
5.0 5.0 
5.0 5.0 
5.0 5.0 

5.0 
5.0 Nil 
5.0 Nil 
5.0 5.0 
5.0 3.0 
Nil Nil 
3.0 Nil 
2.5 Nil 
3.0 3.0 
Nil Nil 
Nil Nil 

Table 2. Determination of copper in brass, bronze, copper concentrate and 
chakoovrites 

Sample Reported composition Copper found,* % 

Brass Cu 67.4, Zn 28.6, Sn 1.09, 
Pb 2.23, Fe 0.30, Ni 0.33 
and P 0.01 

67.2 k 0.4 

Bronze Cu 88.4, Sn 10.1, Pb 0.02, 88.0 * 0.5 
Fe 0.01, P 1.31 and Sb 0.07 

Copper concentrate cu 33.0 + 0.2t 32.6 + 0.2 

Chalcopyrites Cu 2.5, k 0.2,t 2.5, + 0.1 

*Mean and standard deviation of five determinations. 
tAs determined iodometrically. The sample also contains iron, lead, zinc 

and aluminium 

mination even when present only in traces. The 
interference of iron(III) can be avoided by using 
fluoride or ascorbate as masking agent. Citrate can 
be used to mask higher amounts of nickel(H) and 
tin(B). Silver(I), cobalt(H), copper( iron(III), 
palladium(II), vanadium(V), oxalate, citrate, EDTA, 
phosphate, pyrophosphate and cyanide interfere seri- 
ously in the nickel determination. Fluoride can be 
used for masking iron(II1). 

Sequential determination of copper and nickel in 

cupronickel 

Copper and nickel can be determined sequentially 
by exploiting the difference between the pH,:, values 
(Fig. 2). It is clear from the figure that nickel is not 
extracted at all at pH < 4.0, whereas copper is extrac- 
ted completely at pH 3.8. Hence after the extraction 
of copper at pH 3.8 the pH is raised to 7.5 and nickel 
extracted. This has been successfully applied for the 
analysis of cupronickel. 

Applications 

Standard brass and bronze samples (British 
Chemical standards) and chalcopyrites and copper 
concentrate supplied by Andhra Pradesh Mining 
Corporation, Mylaram, India, were analysed for 

copper by the standard proceduress,9 and by the 
proposed procedure. The results are reported in 

Table 2. The composition of a cupronickel sample, 
found by the proposed procedure (Cu 74.6 + 0.2%; 
Ni 24.4 + 0.2%), agreed reasonably well with that 
found by a standard method9 (Cu 75.0%; Ni 25.0%). 
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B?N~~~G FRQ~ERT~ES OF A~rN~P~L~CARB~X~~AT~ 
LIGANDS BOUND TO CELLULOSE 

M. C. GENNARO, E. MENTASTI and C. SARZANIN~ 
Department of Analytical Chemistry, University of Torino, Via Giuria 5, 10125 Torino, Italy 

Sumnwy-The uptake of metal ions by EDTA bound to c&dose filters has been examined and compared 
with the ~o~e~~ondin~ uptake by iminodiacetic acid and ~r-me~yI~m~nod~~~e~c acid bound to ceilutose, 
2%~ results are interpreted in terms of steetic hindrance, geometric factors, elec~r5static ~~~er~c~~~~§ and 
th~~~odyua~~. 

In our previous studies on ~~~~o~centration tech- 
niques, chelating materials were prepared by binding 
iminodiacetic acid (IDA) and N-methyliminodiacetic 
acid (MIDA) groups on cellulose fitter discs.‘-3 Both 
materials were very eflkient in fixing metal cations 
from very dilute solutions and the co-ordination 
properties of both ligands were enhanced when 
bound to cellulose, relative to those in aqueous 
solution. This behaviour was tentatively explained by 
assuming that a pair of irni~~~acetic groups bound 
on cellulose may assume a g~rnet~~~l structure 
resembling that of etbylenediam~~t~tr~-Aztec acid 
(EDTA). It therefore seemed of interest to prepare 
and characterize a new material with IEDTA groups 
as the chelating agents. 

‘Ihe fibers were prepared by a prooedure similar to that 
already described.’ Whatman 41 cellulose hhers were 
chlorinated by reaction at 90” with XXI, in anhydro~ 
dimethylfo~m~mide (DMF~ as solvent, and then reacted 
with a satnrated sohztion of EDNA (disodium salt) in 
~MFi~at~r mixture (- 3: I v/v) at aboit 105” for about 
150 mm. This reaction proceeds through nuc~eophi~i~ snbsti- 
tution. It cannot be predicted whether the Iigand attack on 
the chlorinated cellulose will involve both the nitrogen 
atoms of EDTA, but the uptake of EDTA allows hypothe 
ses to be made concerning the mechanism of ligand 
bonding. 

The prec~ncentra~~on technique and instrumentation 
employed were as described in previous papers.‘-’ 

The e~~~menta1 data obtained for ~ten~io~ were corn- 
pared witk the data calculated for ~omp~e~ation by the 
ligand in aqueous solution, An SEL 32/27 computer, con- 
nected to a Teteray f0f1 terminal and an OKI- printer, was 
used for this with the program BASECO,* which can 
perform equitibria calculations for up to 50 possible com- 
ponents, The original program was partially modified in 
order to obtain plots of the distribution of each complex 
species as a function of pH. 

Figure i (dashed lines} shows the experimentally 
found uptake in the pH range between 1.0 and 9.0 
from 100.0 mf of I ppm solutions of Cu(l[I), Pb(II), 

ZnCII), Ni(H), Co(H), Cd(H), Ca(II), Mg(II), Hg@I) 
and Fe(ITI). The particular pH ranges examined were 
chosen so that there should be no formation of 
insoluble species, according to reported data. 

Table 1 lists the capacity values [expressed as 
&mole/g of filter) for the metal ions studied. These 
values are the maximum amounts of each metal fixed 
by 1.00 g of EDTA filter during passage of a 100.0 
ppm metal-ion solution (flow-rate about t 1 mi/min~ 
at the pH for maximum uptake. The capacity values 
previously found fOF the IDA- and M~DA-~lters,~-~ 
are also given for comparison. 

Even though the complexes formed with the immo- 
bilized ligand might show stoichiometries and sta- 
bilities different from those found for the same metal 
and ligand systems in aqueous sofution, there is likely 
to be a ~orreIati~~ between the two systems, so the 
experimental uptake data were compared with the 
calculated d~s~bution of the complex species in 
aqueous medium as a function of pH. 

To assign a molar ~on~~n~~on to the bound 
EDTA, it was assumed that the number of pmoles of 
EDTA bound on a filter would be the same as the 
maximum number of &moles of Cu(If) retainable by 
the filter (since this is the metal for which the capacity 
value is highest). This amount is then regarded as 
present in the volume of solution passed through the 
filter. 

The fo~atio~ constants used for the calculation 
were corrected for ionic strength.S’ 

It is reasonable to accept that the fixation of metal 
ions on the filter is due partly to ion-exchange 
equilibria likely to take place, and partly to the 
formation of complexes between the metal and the 
figand, at a given pH. The continuous lines in Fig. f 
show the dis~~buti~ns of the complexes. In contrast 
to the results obtained with the IDA- and MIDA- 
filters, the experimental uptakes are greater than the 
calculated values only for certain metals and at low 
pH. In particular, this is tbe case for Ca(II) and 
Mg(II), for which the calculated degree of complex 
formation is very tow, whereas experimental uptake 
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PH 

Fig. 1. Experimental uptake on an EDTA-filter (dashed lines) and relative species distribution, as 
a function of pH, for solutions with C,, = I.00 mg/l. and Can,, = 5.38 x W4M. I. MeH,(EDTA); 

2, MeH(ERTA); 3, Me(EDTA); 4, Me(~H~*(EDTA). 

is quite high at pH 2.0 (70%) and pH 3.0 (63%). Good agreement between the calculated and ex- 
Cd(H) and Pb(II) are also more strongly retained at perimental results is observed only for Ni(II), Co(I1) 
low pH than expected from the distribution calcu- and Cu(I1). For the other metals considered, though 
lations. the expkimental and calculated values are similar, 

Table I. Maximum capacity for uptake of the metals investigated on an 
EDTA-filter (for comparison the data for an IDA-filter and MIDA-filter are 

also reoortedj 

Cation mg/flter pmolejg iunole lg 

Amount fixed on 
an MIDA-filter, 

mole ig 

Cu(II) 3.42 336 202 106 
Pb(II) 5.30 160 218 127 
Zn(I1) 2.19 209 157 69 
Co(H) 1.86 191 171 53 
Cd(I1) 3.56 198 172 111 
Ca(I1) 2.09 325 109 109 
Mg(II) 0.66 169 182 131 
Hg(II) 3.21 100 88 85 
Fe(II1) 1.07 160 I09 109 

Amount fixed on an 
EDTA-filter, Amount fixed on 

_...~ an IDA-filter, 

Table 2. Percentage uptake on an EDTA-filter from 100.0 ml of 
multicomponent solution at different pH values and containing 100 pg 

of each cation (mean and standard deviation of three replicates) 

Cation pH 2.01 pH 3.02 pH 4.02 pH 5.00 

Cu(I1) 96.0 + 0.5 94.9 + 0.6 60.8 & 0.4 84.3 + 0.5 
Pb(I1) 89.5 & 0.6 95.5 * 0.4 61.9 t_ 0.4 70.0 + 0.4 
Cd(I1) 60.6 + 0.3 94.2 * 0.2 14.5 t_ 0.2 77.9 k 0.3 
Ca(I1) 67.0 & 0.3 88.0 * 0.2 74.9 -t_ 0.1 87.2 & 0.1 
Mg(II) 49.9 & 0.1 79.6 + 0.1 54.5 + 0.2 62.3 f 0.1 
Hg(II) 58.2 * 0.9 47.4 f 0.8 47.5 f 1.0 36.5 f 0.9 
Fe(W) 82.3 1 1.0 92.8 k 0.9 64.8 If; 0.8 44.0 f 0.9 
Co(H) 56.4 1.0.9 68.3 & 0.5 
Ni(II) 43.6 f 0.5 72.4 2 0.4 
ZnlIIl 71.5 f- 0.3 71.6 + 0.3 
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Table 3. Computed distribution of principal Me-EDTA 
species in the IO-component mixture (Table 2) at pH 4.02 

and 5.00 

Distribution, % 

Metal Species pH 4.02 pH 5.00 

cu CuEDTA 2.5 20.1 

Pb 

Cd 
co 

Ni 

Zn 

Ca 

M8 

H8 

CuHEDTA 97.5 79.9 
PbEDTA 97.0 99.8 
PbHEDTA 3.0 0.2 
CdEDTA 99.9 99.9 
CoEDTA 99.9 99.0 
CoHEDTA 0.1 1.0 
NiEDTA 86.3 98.5 
NiHEDTA 13.7 1.5 
ZnEDTA 92.6 99.3 
ZnHEDTA 7.4 0.7 
CaEDTA 7.6 88.0 
CaHEDTA 0.5 0.6 
MgEDTA 0.1 10.8 
MgHEDTA 0.1 0.5 
HgEDTA 92.6 99.2 
HgHEDTA 7.4 0.8 

Fe Fe(GH),EDTA 100.0 100.0 

the latter are generally greater than the former, 
particularly for Hg(I1) and Fe(II1). To find an 
explanation for this unexpected behaviour, various 
parameters that could affect the fixation mechanism 
may be considered. The capacity values and complex 
formation constants certainly have to play a role. The 
ionic radii may also be considered, even though they 
are so similar for the cations investigated that they 
seem unlikely to affect the mechanism. 

On this basis, the quantitative uptake of Ni(I1) and 
Cu(I1) might be regarded as due to the high stability 
constants of their EDTA complexes, except that 
Co(I1) also has a high uptake but lower stability 
constants, and Fe(III), Hg(I1) and Pb(I1) are poorly 
retained, even though their complexes have high 
stability constants. However, Pb(I1) and Hg(I1) have 
the largest ionic radii and it may be asked whether 
this disadvantages the chelation mechanism on the 
cellulose-EDTA. 

With regards to Fe(III), it may be useful to remem- 
ber the reaction by which the filters are prepared, viz. 
by nucleophilic substitution. This reaction results in 
the formation of positive charges on the nitrogen 
atoms of the EDTA molecules that are bound to the 
cellulose. By electrostatic repulsion these charges 
might inhibit the fixation of cations, particularly 
Fe(III), which is the only tervalent ion among those 
examined. 

In general, in the formation of metal complexes on 
the treated filter, co-ordination to nitrogen is pre- 
cluded, because of the positive charge already men- 
tioned, and co-ordination with the carboxylic groups 
is predominant. This might explain the similar behav- 
iour of the transition and alkaline-earth metal ions. 

The species distribution as a function of pH was 

also calculated for solutions containing EDTA and 
up to ten cations, and experimentally tested (Table 2). 

Comparison shows that the calculated behaviour 
differs considerably from that obtained experi- 
mentally (Table 3). This is a consequence of the large 
difference in the affinities of the metal ions for the 
EDTA-filter and for EDTA in aqueous solution. 

When the composition of the mixture is varied. the 
relative uptakes also vary, depending more on the 
properties of the components than on their number. 

Some ions always behave the same irrespective of 
the composition of the mixture. For instance, Fe(II1) 
and Hg(I1) are always less strongly retained than 
expected, whereas Ca(I1) and Mg(I1) show uptake 
yields greater than their complex formation constants 
would suggest. 

The conclusion is inescapable that when bound to 
a substrate such as cellulose, a ligand such as EDTA 
exhibits properties different from those it displays in 
solution. 

The unique features of EDTA bound to cellulose 
are mainly due to steric hindrance effects, geometric 
factors and electrostatic interactions, involving not 
only the carboxylate groups but also the quaternary 
nitrogen atoms formed after linkage to cellulose. 

In this respect it should be pointed out that two 
opposing effects on metal chelation arise from the 
binding of EDTA to cellulose: on the one hand the 
bonding of EDTA through nitrogen atom(s) to the 
cellulose reduces its co-ordinating ability, and on the 
other the loss of rotational entropy by the ligand, as 
a result of rigidity induced by anchoring to the 
cellulose, should lead to a smaller rotational entropy 
loss in the complexation reaction (cJ the entropy 
effect on the stability constants of DCTA and EDTA 
complexes). These effects, in conjunction with those 
of the ionic radii, charges, configurations and co- 
ordination properties of the metal ions concerned, 

may well account, at least in part, for the disparity 
between the theoretical and experimental uptake 
values. These effects will also depend on the structure 
of the ligand itself, which may account for the uptake 
of certain metal ions being greater with bound IDA 
than with bound EDTA. 
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Summary-A sensitive linear-sweep polarographic method for the determination of thorium is described. 
It is based on the thorium complex with Xylidyl Blue I (XBI) in a medium containing ethylenediamine, 
I,lO-phenanthroline, oxalic acid and ninhydrin, at pH 10.5-11.5. The complex has been proved to be 
Th(XBI),, with log b’ = 9.6. The method can be used to determine trace amounts of thorium over the 
range 3.5 x IO-*-3 x 10m6M. The detection limit is 1 x 10e8M. A solvent extraction procedure is 
necessary to eliminate interference from several cations. The method has been applied to determination 
of traces of thorium in minerals, with good results. 

The direct polarographic determination of thorium is 
possible in non-aqueous solvents.’ Some indirect 
methods have been developed, based on 
precipitation* or a displacement reaction between 
Th(IV) and Pb(II)-EDTA3 or Bi(III)-EDTA4 etc. 
The catalytic polarographic wave of thorium in the 
presence of lithium nitrate has been used for the 
determination of microgram amounts of thorium.5 
However, none of these systems is sensitive enough 
for practical use. An alternative is to complex tho- 
rium with a polarographically active organic ligand, 
and determine the thorium indirectly by linear-sweep 
polarography (LSP). Among the ligands used are 
cupferror? and Alizarin S.’ The sensitivity is quite 
good. 

We have found Xylidyl Blue I (XBI) to be a very 
good ligand for the determination of thorium by 
LSP. XBI-sodium I-azo-2-hydroxy-3-(2,4-dimethyl- 
carboxanilido)-naphthalene-1’-(2-hydroxybenzene-S- 
sulphonate)-has the structure: 

OH 

N=N 

SO, No 

It is used as an acid-base indicator and a spectro- 
photometric reagent for the determination of mag- 
nesium.’ We have found that it can also be used for 
determining uranium by LSP with excellent results.’ 

The reaction of thorium with XBI has not pre- 

viously been reported. Our experimental results show 
that thorium reacts with XBI to form a polaro- 
graphically active complex. The molar ratio of 
Th:XBI in the complex is 1:2, and the conditional 
formation constant log /I’ is 9.6. In LSP, the cathodic 
peak potential of the complex wave is -0.8 V us. 
SCE. Under the selected conditions, the detection 
limit is 1 x 10-8M, and the peak current is a linear 
function of thorium concentration over the range 
3.5 x 10e8-3 x 10e6M. A solvent extraction pro- 
cedure is proposed for removing some interfering 
ions. The procedure has been used for the deter- 
mination of thorium in ores. 

Reagents 
EXPERIMENTAL 

The Xylidyl Blue I was used, without further purification, 
as a IO-‘M solution in water. A 10-2M stock solution of 
thorium in O.lM hydrochloric acid was prepared from the 
oxide and diluted to 10m4M and 10mSM with O.lM hydro- 
chloric acid to give the working solutions. All chemicals 
used were of analytical reagent grade. 

A JP-IA oscillopolarograph (Chengdu Instrumental 
Factory, China) and PO4 Polariter (Radiometer, Denmark) 
were used. For derivative polarography with the JP-IA 
oscillopolarograph the conditions were: drop-time 7 set, 
scan-rate 250 mV/sec, scan from -0.5 to 1.0 V, mercury 
head 50 cm, and mercury flow-rate 2.0 mg/sec. The three- 
electrode system comprised a dropping mercury electrode 
(DME), platinum counter-electrode, and saturated calomel 
electrode (SCE) as reference. All potentials were referred to 
the SCE. The electrolytic cell was a IO-ml beaker. 

Procedures 

Calibrarion graph. Mix standard thorium solution (to 
cover the concentration range 3.5 x lo-‘-3 x 10m6M) with 
0.3 ml of lo-‘M XBI, 2.5 ml of 10% v/v ethylenediamine 
(en) solution, 0.1 ml of 10-‘&f l,lO-phenanthroline (phen), 
0.4 ml of 10m2M ninhydrin and 0.25 ml of O.lM oxalic acid. 

623 
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Adjust the pH to 10.5-l 1.5 with O.lM hydrochloric acid, 
dilute the sample to 10 ml, then let it stand for about 10 min. 
Record the derivative linear-sweep polarogram from -0.5 
to - 1.0 V (us. SCE). Measure the peak heights of the 
polarogram at -0.8 V (us. SCE) in the usual way. Usually 
the oxygen dissolved in the solutions need not be removed. 
Draw the calibration graph. 

Analysis of ore samples. To 0.2 g of ore sample in a 150-ml 
beaker add 4-5 g of a 1: 1: 1 mixture of ammonium chloride, 
nitrate and fluoride. Heat gently until vapour is no longer 
evolved. Cool, add 5 ml of aqua regia and continue heating 
until most of the acid has evaporated, then add 1 ml of 
hydrochloric acid (1 + 1) and evaporate to dryness. Cool, 
add a further 5 ml of hydrochloric acid (1 + 1) and heat 
to dissolve the residue. Cool and transfer to a 150~ml 
separating funnel. Add 5 ml of 20% sulphosalicylic acid 
solution. Add 50% sodium hydroxide solution until the 
solution is yellow, then hydrochloric acid (1 + 1) until the 
colour is brown-red; the pH will now be in the range 1.>2. 
Reduce Fe)+ to Fe*+ and decolorize the solution by adding 
ascorbic acid solution. Add 15 ml of O.OlM PMBP 
(I-phenyl-3-methyl4henzamidopyrazolone) solution in 
benzene and shake the mixture for 30 sec. Wash the organic 
phase three times with 3% v/v hydrochloric acid. Add 15 ml 
of 4M hydrochloric acid and shake, then collect the aqueous 
phase in a 50-ml beaker, cover with a watch-glass and 
evaporate the solution to dryness. Add 3 or 4 drops of 
hydrochloric acid (1 + 1) and 2 ml of distilled water, and 
heat. Determine the thorium by the procedure used for the 
calibration. 

RESULTS AND DISCUSSION 

Polarographic wave of thorium-XBI complex 

XBI gives three well-defined reduction peaks in 
LSP, which are attributed to reduction of the azo- 
and amido-groups. lo In the presence of small 
amounts of thorium, a new peak P appears at almost 
the same reduction potential as the third wave of 
XBI, and the reagent peaks PI and P2 decrease 

I I I I I 1 
- 0.5 -0.6 -0.7 -0.9 -0.9 -1 .o 

Et vs. SCEl ,V 

Fig. 1. Derivative linear-sweep polarograms. 1, 2.5% v/v 
ethylenediamine, 10e4M phenanthroline, 2.5 x 10e3M 
oxalic acid and 4 x lo-“M ninhydrin @H I1 .O); 2, as for 1, 

plus 10-6M thorium. 

/;I I 

=l 
a 

1 2 2 

AI 
0.5 06 07 05 0.6 07 06 09 

-E(Vvs.scE) 

Fig. 2. Direct current polarograms. 1, XBI alone, support- 
ing electrolyte as for Fig. 1; 2, as for 1, plus IO-‘M thorium. 

(Fig. 1). The height of this new peak is directly 
proportional to the thorium concentration over the 
range 3.5 x 1O-8-3 x 10m6M. Furthermore, as seen 
from Fig. 2, there is a d.c. polarographic wave for the 
thorium-XBI complex, at a more negative potential 
than that of XBI itself. There is no doubt that the new 
wave is due to the complex. This behaviour is very 
similar to that of the aluminium-Mordant Violet 
complex. I1 Other evidence for formation of a 
thorium-XBI complex was obtained from spectro- 
photometry, &,,, for XBI being 590 nm whereas that 
for the thorium complex is 515 nm. 

The ratio of thorium to XBI in the complex and 
hence the conditional formation constant for the 
complex were found by using the equation’* 

log[hl(h,,, -h)]=alog[R]+log/I’ 

where h is the peak height, h,,, is the maximum peak 
height, [R] is the concentration of XBI, 8’ is the 
conditional formation constant of the complex, and 
a is the molar ratio of thorium to XBI. We found that 
Th:XBI = 1:2 and log/?‘= 9.6. 

It is well known that thorium(IV) is not reduced at 
the DME in aqueous solution. Therefore, the only 
possible explanation for the polarographic behaviour 
of the thorium-XBI complex is reduction of XBI in 
the complex,” which takes place at more negative 
potentials than that of free XBI. 

Optimum conditions for the determination of thorium 

For practical purposes, various supporting electro- 
lytes, such as en-HCl and NH,-NH&l buffer solu- 
tions have been tested, and of these the ethyl- 
enediamine system was found to be the best, because 
the polarogram of the complex is then well-defined 
and the sensitivity is reasonably high. We have also 
found that the sensitivity is considerably increased by 
the addition of organic compounds such as acetyl- 
acetone, oxalic acid, glycine or ninhydrin to the 
medium used. Oxalic acid and ninhydrin are pre- 
ferred because they give better defined peaks than 
do glycine and acetylacetone. Furthermore, we 
have found that the background is decreased nearly 
to zero by the presence of small amounts of 
l,lO-phenanthroline ( 10e4M), so this is another im- 
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Fig. 3. Effect of concentration of various supporting electro- 
lyte components on the wave height; 10-6M thorium. 

portant component in the supporting electrolyte. The 
optimum concentrations of ethylenediamine, oxalic 
acid, ninhydrin and XBI were found to be 2.5% v/v, 
2.5 x lo-‘M, 4 x 10-4M and 3 x 10-5M, re- 
spectively, as can be seen from Fig. 3. The mechanism 
for the enhancement effect of these organic reagents 
is not clear. 

At low pH the peak height is low because of 
the insolubility of XBI. However, if the pH is too 
high, the peak height is again low, but because of 
hydrolysis of the thorium ion. The optimum pH 
range for the solution is from 10.5 to 11.5 (see Fig. 4). 

The effect of common ions 

More than forty anions and cations were examined 
for possible interference in the determination of 
thorium by LSP. The results for cations are shown in 
Table 1. Most of the common metal ions have little 
effect. Only uranium and the lanthanides interfere 
seriously, because they behave in the same way as 
thorium in the system used. A prior separation is 
needed to eliminate their interference. 

Less than lOOO-fold amounts of S*-, F-, Cl-, Br-, 
I-, NO- 3 3 SO:-, SO:-, PO:-, SiO:-, 500-fold 

01 I I I I I I 
6 7 8 9 10 11 12 

PH 

Fig. 4. Effect of pH on the wave height. Conditions as for 
Fig. I. 

Table 1. Study of cationic interference 

Ion, X 

Maximum concentration 
ratios tolerated, 

IXI/PW 
Fe’+, Ag+, Ni*+, Pd2+ 
Zn*+ 
Be*+ Cu*+, Cr3+, Mn*+ 
Sn*+’ 
Pb2+, Cd2+, Bi3+, In3+, La’+, Ce4+ 
uo:+ 
RE 

1000 
800 
200 
100 
50 
20 

O-5 

Table 2. Determination of thorium in ores 

Sample Found, % Reference value, % 

1* 0.0068 + 0.0006 0.0075 
2+ 0.0030 * o.OcO2 0.0028 
3t 0.0010 f 0.0001 0.00099 
4t 0.00096 + 0.0002 0.00081 

l From Yichang Institute of Geology and Mineral Re- 
sources. 

t From the Central Laboratory of Geological Bureau of 
Hubei. 

amounts of S,Og- and lOO-fold amounts of NO; do 
not interfere in the determination of thorium. 

Determination of thorium in ores 

Four mineral samples were analysed by this 
method. These samples contained large amounts of 
Sn, Fe, Bi, Cu, Pb, Sb and small amounts of Th, U, 
lanthanides, etc. Owing to the possible interference 
from uranium and rare-earth elements in the samples, 
a solvent extraction separation (with PMBP in ben- 
zene)13 was used. The results are listed in Table 2. It 
is obvious that the proposed procedure is good 
enough for practical use. 
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Summary-The synthesis, characteristics and analytical properties of salicylaldehyde-l-phthalazino- 
hydrazone are described. Spectral characteristics, pK values, the effect of oxidizing and reducing agents, 
resistance to hydrolysis, and reactions with common cations are reported. 

Hydrazones have attracted much attention as ana- 
lytical reagents and their applications have been 
reviewed by Katyal et aI.“* and recently by Singh et 

al.’ Many nitrogen-heterocycle hydrazones derived 
from 2-hydrazinopyridine and 2-hydrazinoquinoline 
have been prepared and explored for their potential 

as analytical reagents. The introduction of a quin- 
oline ring into the hydrazide molecule increases the 
sensitivity of the reagent. However, few heterocyclic 
hydrazones derived from 1-hydrazinophthalazine 
have been prepared and studied. Otomo and 
Nakayama4 have described synthesis of the 2-pyridyl 
(PaPhH), 2-quinolyl (QAPhH) and 2-benzothiazolyl 
(BAPhH) phthalazinohydrazones and applied 
these compounds to extractive spectrophotometric 
determination of palladium in the presence of 
chloride. Ishii et al.’ have described the synthesis 
of furfural-1-phthalazinohydrazone (FPH) and 

S-methylfurfural-1-phthalazinohydrazone (MFPH), 
and proposed MFPH for spectrophotometric 
determination of nickel. These compounds have an 
=N-CH-NH-N= group which is capable of 
forming a five-membered chelate ring.“’ The second- 

ary amine proton in this grouping has been shown to 
be quite labile when the ligand undergoes co- 
ordination with a metal ion. The complexes formed 
on elimination of this proton are intensely coloured 
and are amenable to analytical application. 

This paper describes the synthesis, properties and 

analytical study of the 1 -phthalazinohydrazone 
derivative of salicylaldehyde (SAPhH): 

SAPhH 

EXPERIMENTAL 

Reagent 

Synrhesis of SAPhH. To 1.48 g of 1-hydrazinophthalazine 
hydrochloride (0.0075 mole) dissolved in 20ml of boiling 
distilled water and 1.5 ml of hydrochloric acid, a hot 

solution containing 0.92 g of salicylaldehyde in 10 ml of 
ethanol was slowly added, and the mixture was heated until 
a precipitate appeared. After cooling to room temperature 
the yellow product was filtered off and recrystallized from 
ethanol containing 5% v/v concentrated hydrochloric acid. 
The product was the monohydrochloride and was scarcely 
soluble in water, appreciably soluble in ethanol and very 
soluble in dioxan. 

The purity of the reagent (m.p. 247-248”) was checked by 
thin-layer chromatography on silica gel. Microanalysis gave 
C 59.7%, H 4.6%, N 18.4%, Cl 12.0%; C,,H,,N,O.HCI 
requires C 59.93%, H 4.37%, N 18.63%, Cl 11.79%. 

Other reagents. Salts and solvents were of analytical 
grade. All metal ion solutions were standardized. Distilled 
water was used throughout. 

Procedures 

Determination of acid-dissociation constants. A 1 -ml 

aliquot of a solution of SAPhH (7.5 x 10m4M) in ethanol 
was placed in a 25-ml standard flask, and enough ethanol 
to make its final concentration 24% v/v was added. The 
ionic strength was fixed at 0.1 with potassium chloride and 
the pH adjusted with potassium hydroxide solution and 
hydrochloric acid. The solution was then diluted to the 
mark with distilled water and mixed, and the absorbances 
at three different wavelengths were measured. Absorbance 
vs. pH curves were plotted, and the pK, values were 
evaluated by the Maroni and Calmox? (parallel straight- 
lines and concurrent straight-lines methods), and by the 
Sommer” and Agreen” methods. 

Spectropholometric and spectrofluorimetric study. The ab- 
sorption and fluorescence spectra were recorded for samples 
with 1 or 2 ppm of cation and the reagent in excess (between 
IO- and IOO-fold). The general procedure was to mix 5 ml 
of 0.1% ethanolic reagent solution, 10 ml of ethanol, vari- 
ous amounts of metal ion and 5 ml of buffer solution (acetic 
acid-acetate, pH 4.3, and ammonium chloride-ammonia, 
pH 9.2) and dilute with water to 25 ml. 

RESULTS AND DISCUSSION 

Infrared spectrum 

Bands in the infrared spectrum (potassium bro- 
mide disc) were assigned to the stretching vibrations 
(in cm-‘) of NH (3250m, 3190m) and C=N (161Os), 
(m = medium, s = strong). The aromatic portions of 
the molecule cause numerous bands and their overlap 
makes detailed assignments difficult. The principal 
bands and their assignments are given in Table 1. 
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Table 1. Infrared snectra 

Frequency, cm -’ Assignment 

3250 m 
3190m 
1610s 
1595 s 
1355 s 

125.5 s 

N-H stretch 
N-H stretch 
C==N stretch 
Aromatic ring 

-En 
“in-plane 
C-C stretch 

915s 6-OH out of pisne 
750 s and 675 w o-substitution KZJr-,, 

Ultraviolet spectrum 

The ultraviolet absorption spectra of 2 x IOWSM 
SAPhH in 28% ethanol solution at various pH values 
are plotted in Fig. 1; the absorption maximum in acid 
medium undergoes a red-shift in both neutral and 
alkaline media. The spectral characteristics of the 
reagent in several solvents are given in Table 2. 

Acid-base eq~~~~bria 

The spectra of aqueous solutions of the reagent are 
pH-dependent. The changes can be attributed to 
protonation of one nitrogen of the phthalazine nu- 
cleus in acid mediumI and the dissociation of the 
phenol group in alkaline medium. 

The dissociation constants of the reagent were 
measured by spectrophotometric methods.‘-” Figure 
2 shows the absorbance vs. pH graph, and the p& 
values shown in Table 3 are the a~thmetic means of 
the values obtained from measurements at three 
different wavelengths. 

Stability 

Dilute ethanohc solutions of the reagent 
(1.3 x 10e4M) are very stable and 3.3 x 10e3M solu- 
tions are stable for longer than a week. Acid and 
basic solutions are also very stable. 

300 350 400 450 

Xhml 

Fig. 1. Absorption spectra of SAWH in 28% v/v ethanol 
solution at (I), pH 2.8; (2), pH 7.8; (3), pH 11.5; 

ca = 2.6 x 10-5&f. 

Table 2. Ultraviolet spectra of the reagent in 
common solvents 

Solvent 
A mar 1 6 
nm 10’I.mok-‘.cm-’ 

Water 356 14.4 
Dimethylformamide 380 23.2 
Methanol 370 26.8 
Ethanol 368 22.9 
Benzyl alcohol 359 20.5 
Acetone 362 23.3 
Chloroform 376 15.0 

Table 3. pK, values of the reagent* 

Method P&, PK, 

Parallel straight lines9 4.53 * 0.01 10.03 f 0.03 
Concurrent straight lines9 4.52 + 0.02 10.03 * 0.07 
Agree-Sommer’“,” 4.53 f 0.01 10.03 + 0.06 
Mean value 4.53 + 0.01 10.03 f 0.06 

*Mean of three evaluations. 

Infuence of oxidizing and reducing agents 

Ammonium per sulphate slightly alters the absorp- 
tion spectra of the reagent, especially in ammonium 
chloride-ammonia buffer and basic medium, but 
hydrogen peroxide and reducing agents (ascorbic 
acid, sodium sulphite) are without effect at any pH. 
No catalytic effect on treatment with hydrogen per- 
oxide at pH 4.3 and 9.2 is exerted by Ni(II), Pd(II), 
Cu(II), Ag(I), Zn(II), Cd(H), Hg(II), Mn(II), Co(I1) 
and Fe(II1) at the 0.5 fig/ml level. 

Spectrophotometric study of reactions with cations 

The chromogenic properties of SAPhH, on reac- 
tion with different cations in acetic acid-sodium 
acetate (pH 4.7) and ammonium chlorid*ammonia 
(pH 9.2) media, were tested. The most sensitive reac- 
tions are those of Co(H), Cu(II), Mn(II), Cr(III), 
Zn(II), Pd(II), Ce(IV), In(II1) and GafIII) (Table 4), 

0.6 - 

0) 
2 

2 $ 04- 

s 

0.2 - 

0350"" 
.360nm 
x 390 "In 

I I I I I I I 
2 4 6 8 10 i2 

PH 

Fig. 2. Influence of pH on the absorption of the reagent; 
c, = 3.0 x lO=-SN. 
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I’ X,,*423nm 

At the optimum pH, with 2.6 x lO-‘M reagent and 
total ethanol content 80%, linear calibration graphs 
were obtained for the ranges I-10 ng/ml gallium, 
10-60 ng/ml indium and 10-l 00 ng/ml zinc. 

The stoichiometry of the complexes was deter- 
mined by Job’s method with spectrophotometric and 
fluorimetric measurement, In all instances, the results 
indicated a 2:l molar ratio reagent:cation. 

CONCLUSIONS 

400 500 600 400 500 600 

Xtnm) 

Fig. 3. Fluorescence spectra of IA, Ga(II1); 2B, Al(II1); 3C, 
Zn(I1); 4D, In(II1) chelates with SAPhH in 80% v/v ethanol 
solution at pH 2.8, 2.5, 4.8, 6.6, respectively and of the 
reagent in the same conditions (IA’, 2B’, 3c’, 4D’). 

Sali~yIaldehyde-I-phthlazinohydrazone is easily 
obtained and shows high stability in ethanol solution. 
Its reactions with metal ions exhibit reasonable spec- 
trophotometric sensitivity for Co, Cu, Mn, Cr, Zn, 
Pd, In and Ga. In addition, SAPhH is a promising 
fluorimetric reagent for Ga, Al, In and Zn. 

C, = 2.6 x lO-SM and C, = 80 ng/ml. REFERENCES 

but are not particularly useful. A similar study was 
made with 3-hydroxybenzaldehyde-l-phthalazino- 
hydrazone but it also was not of much analytical use. 

Fluorescence studies 

The fluorescence spectra of the chelates were stud- 

ied, and it was verified that Ga(III), AI(III), In(W) 
and Zn(I1) (Fig. 3) show the greatest sensitivity, 
especially gallium (Table 5). To evaluate the effect of 
pH, solutions containing 1 ppm of Ga(III), A&III), 
In(II1) or Zn(I1) and a 4O:l molar ratio of reagent, 
were prepared in 80% ethanol at room temperature. 
The pH was changed by addition of 4 ml of appropri- 
ate buffer solutions. In all instances, the fluorescent 
complexes are formed in acid media (Table 5). 

1. M. Katyal and Y. Dutt, Talanta, 1975, 22, 51. 
2. M. Katyal and W. A. E. McBryde, Tech. NewJs. Seryice 
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2. 
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Table 4. S~ctroohotomet~c characteristics of complexes in solution * _ 
Buffer solution. DH 4.3 Buffer solution. DH 9.2 . __ _ 

I max ) 6, Colour of i,,, c, Colour of 
Metal ion nm 1031.mole-‘.cm-’ complex rim lO’l.mole-‘.cm-’ complex 

Co(I1) 422 21.4+ yellow 419 17.7 yellow 
Cu(I1) 420 10.0 yellow 418 21.1 yellow 
Mn(I1) - - - 426 16.3 yellow 
Cr(II1) 438 9.7 yellow--green - 
Zn(I1) 418 20.0* yellow 418 21.6 yellow 
PdfII) 442 6.5 yellow-green 450 21.1 yellow-green 
Ce(IV) - - - 418 23.8 yellow 
In(II1) 415 36.0* yellow 420 30.5 yellow 
Ga(II1) 425 42.0+ yellow - - 

*In acetic acid-potassium acetate buffer, pH 5.7. 

Table 5. Fluorimetric characteristics of ML, complexes in solution 

1 inax, nm 
Optimum Linear fluorescence 

Metal ion Excitation Emission pH (apparent) range, ng/mi 

Ga(II1) 423 486 2.63.0 l--l0 
Al(III) 421 470 2.0-2.7 IO-60 
In(II1) 421 485 4.5-5.0 IO-60 
Zn(IIf 429 493 6.3-6.8 10-100 
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Summary-X-Ray diffraction data for six analgesics have been obtained by the powder diffractometer 
technique. The data are tabulated in terms of the lattice spacings and the relative intensities of the lines. 
The results have been confirmed by the Debye-Scherrer method. 

X-Ray diffraction data have been used to character- 
ize six analgesics in terms of d values (in A), the 
interplanar spacings, and the relative intensities of the 
lines, with the intensity of strongest line taken as HO, 
according to the system of Hanawalt. 

These data are not included in the 1984 Powder 
Diffraction Fife,’ so the new information may be 
useful for the identification of the crystalline organic 
compounds investigated. Generally, in pharmaceutics 
the characterization of a medical compound and its 
polymorphic forms is important because they may 
exhibit differences in boo-availability, shelf-life, sus- 
~ndibility and rheology. 

Reagents 

EXPERIMENTAL 

The drugs, kindly supplied by the manufacturers, were 
flurbiprofen, ketoprofen, ibuprofen, naproxen, sahcylamide 
and salicin. 3a4 The proton and ‘)C nmr spectra were in 
agreement with the molecular structures. 

Apparatus 
A Philips diffractometer goniometer PW 1050 was used 

for recording the diffractometer traces. The instrument was 
cahbrated with silicon as a standard. 

The X-ray powder diffractometer patterns were recorded 
by mounting ca. 1 g of ground sample in a window in an 
aluminium specimen-holder and then exposing it to the 
X-ray beam for 40 min, copper Ka radiation being used. ft 
was essential, for the most satisfactory rest&s, that the 
number of crystal&es cont~buting to each refiection was 
sufficiently large to generate signals of reproducibie in- 
tensity, and that the preferred orientation of the crystallites 
was held to a minimum. Since there is a close correlation 
between the method of packing and the preferred orien- 
tation, we checked that the two basic methods of preparing 
the samples (the McCreery and Bystr~m-AskIund methods) 
gave identical results. s-1 The samples were scanned over 
28 = 5-45”, and the lines occurring at 28 above 45” were 

*Author for correspondence. 

omitted, being small and numerous and, typically of organic 
compounds, falling sharp@ in intensity. The results were in 
augment with film data obtained with a 114.83-mm 
diameter powder camera and cobalt Eta radiation 
(Debye-Scherrer method). 

RESULTS AND DISCUSSION 

Table I shows the data obtained. The d values of 
the interplanar spacing together with the relative 
intensities of the lines are in good agreement for both 
methods of sample preparation. Although the d 
values and the relative intensities for ibuprofen have 
been reported previously” it was observed that prep- 
aration of the sample can suffer from preferred 
orientation, as shown by the intense line at a low 
Bragg angle (d = 14.60 A). For identification pur- 
poses this line should not be taken into account, as 
it is not truly one of the three most intense. In this 
research, by employmg specific methods of sample 
loading, preferred orientation was reduced to a mini- 
mum, so the results are valid and reproducible. 

Aek~aw~edgement-The authors would like to thank Mr. 
Chapman for his technical assistance. 
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Table 1. The lattice spacings and relative intensities of lines for six analgesics 

Flurbiprofen Ketoprofen Ibuprofen Naproxen Salicylamide Salicin 

d, 8, III, d, A 111, d, A III, d, 8, III, d, 8, III, d, 8, I![, 

12.30 
8.60 
8.17 
6.28 
5.79 
5.57 

100 13.80 
3 6.76 

26 
5 

&!L!+ 

12sh 5:25 
so 5.13 

58 
18 

2 
9 

21 

5.40 

5.16 
4.98 
4.53 
4.44 

35 4.85 
4.62 

4 4.44 
4 4.04 

2o 8 % . 

q 

14 
11 

98 
28 

14.60 
7.31 
6.97 
6.37 
6.07 
5 37 L 

5.05 

4.75 
4.67 
4.58 
4.42 

4.31 48 3.43 9 4.08 
4.13 42 3.29 17 3.99 
3.97 18 3.23 16 3.91 

3.83 16 3.19 
3.75 30 3.14 
3.51 14 3.04 
3.34 6 sh 2.747 
3.30 8 2.600 
3.15 3 2.481 
3.06 14sh 2.455 
3.02 18 2.350 
2.979 14 2.321 
2.885 6 2.281 
2.780 3 
2.644 10 
2.495 5 
2.423 5 

12 
7 

13 
4 
4 
3 
3 
3 
2 
3 

3.83 4 2.998 
3.68 8 2.858 
3.63 9 2.763 
3.56 19 2.667 
3.48 10 2.543 
3.29 llsh 2.332 
3.23 23 2.265 
3.18 10 
3.13 7 

50 13.40 
14 7.02 
5 6.66 

15 5.31 
12 4.93 

100 4.70 
4.46 

45 4.37 

18sh 3.99 
27 sh 3.95 
46 3.76 
95 3.53 

18sh 3.27 
65 3.21 

8 sh 3.15 

40 
26 

10.50 
6.46 

11 5.57 
20 5.44 
10 5.26 

loo 4.87 
24 sh 
28 4.67 

93 10.70 20 
17 7.16 39 
17 7.21 93 
31 6.24 12 

Loo 5.64 12 
11 5.44 43 

3 5.31 sh X 

so 4.25 9 
48 sh 4.13 3 
28 3.87 3 

4 3.51 24 
3.41 .6sh 

19 3.22 14 
16 3.05 2 
15 2.780 8 

5 2.690 
5 2.622 
3 2.404 
2 
4 
3 
3 

4 
6 
4 

5.22 8 
4.98 13 
4.48 47 
4.08 98 

3.88 9 
3.66 100 
3.46 66 
3.39sh 12 
3.26 8 
3.12 16 
2.998 6 
2.849 8 
2.730 4 
2.652 4 

The three most intense lines are underlined. 
sh = shoulder attached to strong line. 
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Smnmary--A review is presented of the fundamental principles and analytical applications of synchronous 
excitation fluorescence spectroscopy, constant-energy synchronous fluorescence spectroscopy and 
variable-separation synchronous excitation fluorescence spectroscopy. 

Conventional fluorescence involves generating an 
emission spectrum by scanning the emission wave- 
length, E,, as the sample is irradiated at a single 
excitation wavelength, ;i,,. Similarly, an excitation 
spectrum is obtained by scanning the excitation 
wavefength while recording the emission signal at a 
single wavelength. Another possibility is to vary 1, 
and 1, simultaneously. This technique has several 
variants, depending on the scan-rates of the two 
monochromators. 

(1) If the scan-rate is constant for both mono- 
chromators, and therefore a constant wavelength 
interval, Ac\/z, is kept between 1, and _a,,, the technique 
is known as synchronous excitationJ4Emrescence spec- 
troscopy. This technique is very simple and is the 
most frequently used of all synchronous modes. 

(2) The excitation and emission wavelengths may 
be varied simultaneously in such a manner that a 
constant frequency difference, Av, is maintained be- 
tween them. This technique, constant-energy syn- 
chronowfluorescence spectroscopy, has scarcely been 
used to date. 

(3) The excitation and emission wavelengths may 
be varied simultaneously but at different rates. These 
different rates allow the construction of planes at 
angles between 45” and 90” to the excitation x-axis 
throughout the whole spectrum. Known as variable- 
separation syrzchronous excitation ~~or~rnetry, this 
technique has also had only limited use. 

SYNCHRONOUS FLUORESCENCE 
SPECTROSCOPY 

The technique was introduced by Lloyd,’ who 
applied it to a mixture of C,,, polynuclear hydro- 
carbons from the pyrolysis and combustion of 
organic materials: benzo(k)fluoranthene, benzo(u)- 
pyrene and perylene. The emission spectra obtained 
at the optimum fixed excitation wavelengths were 
contrasted with those obtained with synchronous 
scanning, with a wavelength interval of 23 nm. The 
better resolution of synchronous spectra was evident 
with this example. Synchronous spectra are simpler, 

with narrower peaks and hence more characteristic 
than conventional ones.2 A schematic representation 
of the principles of the technique is shown in Fig. 1. 

Originally, the technique was employed empir- 
ically, especially in forensic research,‘” but there was 
a lack of detailed information and methodology, 
which made it difficult for non-specialists to under- 
stand and exploit the possibilities offered by this 
simple approach. Vo-Dinh6 attempted to remedy this 
by presenting the basic theory, and suggesting experi- 
mental procedures to allow measurement of spectral 
signatures from complex samples, and other specific 
information of analytical interest. 

The synchronous fluorescence intensity, I,, depends 
on the character of the normal excitation and emis- 
sion spectra as well as on the wavelength difference, 
AR, between the excitation, AC,,, and emission, &,, 
wavelengths. This intensity can be expressed as: 

Z, = Kc~E.&.JE,(J.~ + An) 

or, alternatively 

i, = KcdE,(/I, - A1)E,(&,) 

where E, is the excitation function at a given ex- 
citation wavelength (a,, = &,, - An), E, is the normal 
emission intensity at the corresponding emission 
wavelength (2, = & + Ad), c is the analyte concen- 
tration, d is the thickness of the sample and K is a 
characteristic luminescence constant comprising the 
“inst~ental geometry factor” and related parame- 
ters. The synchronous signal can be considered either 
as an emission or excitation spectrum, with a syn- 
chronously scanned excitation or emission wave- 
length, respectively. The spectral distribution is a 
function of the difference between the excitation and 
emission wavelengths, Aa. The maximum 
fluorescence intensity for a particular component 
occurs when Al corresponds to the difference be- 
tween the wavelengths of the absorption and emis- 
sion maxima.? 

According to Vo-Dinh,6 the main characteristics of 
synchronous fluorescence s~tro~py are as fol- 
lows. 

633 
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Synchronous 

fluorimetry 

Fig. 1. Schematic comparison between conventional [excitation (1) and emission (2) spectra] and 
synchronous fluorimetry (3). (M, = excitation monochromator, M,, = emission monochromator). 

(a) Narrowing of spectral bands. This effect is 
essentially a result of the multiplication of two simul- 
taneously increasing and/or decreasing functions. 

(b) Simplification of emission spectra. Whereas in 
conventional spectrofluorimetry at a fixed & it is 
only possible to increase the intensity of all the 
emission bands at the same time, the synchronous 
technique allows the stronger peaks to be increased 
selectively by use of a suitable A1. 

(c) Contraction of the spectral range. From an 
analytical viewpoint, the whole spectrum might not 
be of much interest, and many of the details may not 
generally be considered; their presence results only in 
confusing the total spectrum because of overlap with 
the emission of other components in the sample. 

It is experimentally possible to modify the spectral 
bandwidth of the synchronous signal by changing A1 
or the Stokes shift (which can be varied by modifying 
the solvent environment). However, synchronous 
spectrometry does still suffer from the limitations 
inherent in the luminescence technique, namely: spec- 
tral distortions caused by intermolecular interactions, 
and by static, as well as dynamic, quenching pro- 
cesses. The characteristics and applications of this 
technique have been the subject of a recent report.* 

Lloyd and Evett’ have developed a theory for 
predicting peak wavelengths and intensities in syn- 
chronous fluorescence spectra. By assuming that the 
excitation and emission peak maxima can be repre- 
sented as Gaussian peaks, they were able to predict 
the peak maxima in the synchronous spectrum with 
a reasonable degree of accuracy. The mean difference 
between calculated and observed maxima in the 
synchronous spectra of 33 compounds was 1.95 nm. 

When the fluorescence of a compound is perturbed 
by Rayleigh and Raman scatter, the synchronous 
excitation technique allows an improvement in the 
measurement over conventional techniques, if appro- 
priate A1 values are selected.‘O This has been observed 

experimentally in the determination of phenol in 
aqueous solution. 

The main difficulty encountered in the application 
of the synchronous scan technique is that the best A1 
value must be known beforehand for optimum results 
and, in some multicomponent systems, several 
different A1 values might be necessary to achieve 
complete identification. The best A1 values can 
readily be determined from a three-dimensional plot. 
The three-dimensional spectra” in which one axis 
represents the excitation wavelength, a second the 
emission wavelength and the third the intensity, give 
a complete description of the fluorescence behaviour 
of a compound. These spectra are also known as 
excitation-emission matrix spectra, contour spectra 
and total luminescence spectra. They can be mea- 
sured with a videofluorimeter, which is a computer- 
controlled instrument capable of automatically ac- 
quiring total luminescence spectra spanning up to 
240 nm in emission and excitation wavelengths at a 
spatial resolution of 1 nm per point in as short a time 
as 16.7msec.r’ The rationale of synchronous scan- 
ning is readily visualized on three-dimensional spec- 
tra, because the synchronous spectrum represents the 
intensity profile of a 45” section through the three- 
dimensional plot. Talmi et al.,” using a silicon- 
intensified target vidicon as parallel detector, have 
shown that diagonal scans across the spectral matrix 
provide spectral information identical with that ob- 
tained by synchronous luminescence systems, but 
without mechanical scanning and with simultaneous 
data acquisition. The wavelength difference between 
the emission and excitation monochromators, Al, 
can be selected in the software after data acquisition. 
Weiner-i4 has also shown the equivalence of simulta- 
neous scanning and three-dimensional plotting of 
fluorescence spectra. 

Although the synchronous spectrum of a mixture 
is more ambiguous than the total luminescence spec- 
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trum, the former can readily be recorded on a simple 
fluorimeter capable of simultaneously scanning the 
excitation and emission monochromators. A video- 
fluorimeter is rather expensive and not as sensitive as 
a conventional fluorimeter, whereas one of the most 
attractive features of the synchronous excitation tech- 
nique is its instrumental simplicity. Any commercial 
or laboratory-constructed luminescence spectrometer 
can be employed for synchronous measurements. The 
synchronous luminescence-scanning method discards 
the total luminescence information outside the scan- 
ning line, but is a very simple and effective means of 
obtaining data for several compounds in a single 
measurement.‘j 

Whitei has achieved a thirty-fold increase in the 
sensitivity of a fluorescence spectrophotometer by 
rotating the monochromator slit-images by 90” to 
permit the sample to be viewed along the length of the 
excitation slit image, and adding concave retro- 
mirrors behind the sample in each beam. With this 
design, and using the synchronous excitation tech- 
nique, this author determined an analytical cali- 
bration for rhodamine from 10e6 down to lo-l2 g/ml. 

APPLICATIONS 

Determination of polynuclear aromatic hydrocarbons 

The interest in monitoring polynuclear aromatic 
compounds has increased in recent years because of 
their potential as carcinogens and their frequent 
occurrence in the environment. Synchronous 
fluorescence spectroscopy has been applied to the 
identification and determination of these compounds, 
since their synchronous spectra give considerably 
more structural information than the conventional 
spectra. 

Futoma et aLI have given a comprehensive review 
of the application of spectroscopic techniques to 
analysis for these compounds in the aqueous environ- 
ment. They presented synchronous fluorescence spec- 
troscopy as an important technique which can satis- 
factorily solve many of the problems of such analyses. 

Qualitative analysis 

Lloyd’s first application of synchronous 
fluorescence spectroscopy was in the field of forensic 
science. In a first study,3 conventional and syn- 
chronous fluorescence spectra of anthracene, ben- 
zo(a)pyrene, perylene and benzo(k)fluoranthene mix- 
tures, and of a used automobile engine oil were 
compared. Later, various other similar materials 
likely to be encountered in the scientific investigation 
of crime4 were also examined qualitatively. Also, 
synchronous fluorescence spectroscopy in association 
with gradient-elution liquid chromatography has 
been used in qualitative and quantitative analysis for 
polynuclear hydrocarbons in engine oils, petrols and 
exhaust deposits.’ Materials such as soots, tars, pe- 
troleum residues, oil spots, creosotes and rubber have 
been characterized for forensic purposes.‘8,‘9 

The synchronous excitation technique as a means 
of characterizing crude oil samples has been evalu- 
ated by John and Soutar.’ They used samples from 
a number of different locations and studied the 
factors related to the identification of crude oils, such 
as solvent, wavelength increment, concentration, 
temperature and frequency band-pass. Although un- 
ambiguous identification is not always possible, this 
rapid technique, used in conjunction with other anal- 
ytical methods, reduces the effort required to identify 
a source of oil pollution. 2o Lloyd” has also reviewed 
the experimental variables affecting the fluorescence 
of the compounds present in petroleum. Synchronous 
spectra are highly sensitive to quenching by oxygen 
or halogenated compounds, but they are no more or 
less sensitive than conventional spectra to quenching 
effects. 

Eastwood et aZ.22 have applied several luminescence 
techniques at both room and lower temperatures to 
the qualitative analysis of oil spill. The combination 
of low-temperature luminescence and synchronous 
scanning results in a valuable technique which often 
yields greater spectral structural information for 
heavy oils than either technique separately. The 
increased resolution achieved by the synchronous 
technique has been demonstrated by Wakeham in 
comparing conventional and synchronous 
fluorescence spectra of indigenous and petroleum- 
derived hydrocarbons in sediments from Lake Wash- 
ington. 

The fate of crude oil spilled on sea-water has been 
studied in outdoor tanks by monitoring the concen- 
trations of oil in the surface film, water column and 
sediments by synchronous fluorescence spectroscopy, 
for as long as three monthsz4 This study was centred 
on the possible levels and forms of oil pollution that 
can be expected to occur in sea-water and possible 
affect marine organisms. 

Lloyd” has used partly quenched synchronous 
fluorescent spectra in the characterization of complex 
mixtures. Quenching effects in conjunction with syn- 
chronous excitation significantly increase the number 
of distinctive features available for identification of 
different compounds with similar but unquenched 
spectra. 

Synchronous fluorimetry has been used to identify 
the number of condensed rings in aromatic mole- 
cules.26 The components of the sample, a coal-derived 
liquid, were initially separated by HPLC into frac- 
tions with different numbers of aromatic rings. Each 
fraction was further separated into secondary frac- 
tions according to numbers of carbon atoms, by 
reversed-phase HPLC, such fractions being mon- 
itored by synchronous fluorescence spectrometry. 
The results obtained indicate the potential usefulness 
of the technique as a method for analysis of complex 
mixtures, despite the limitation that some molecules 
yield only weak peaks. 

Several studies27,28 have indicated that synchronous 
excitation spectra may exhibit greater changes be- 
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tween unweathered and weathered samples than con- 
ventional emission spectra do; this observation 
should be further investigated before the technique is 
utilized with weathered oils. 

Vo-Dinh et dz9 found a selectivity enhancement 
with the synchronous technique applied to the char- 
acterization of naphthalene derivatives in synthane 
gasifier waste-water. It was necessary to use dilute 
solutions (less than 10-2~1/1.) for quantitative ana- 
lysis. Non-linearity in the analytical curves and 
decrease in the intensity of some emission bands are 
observed at high concentrations. 

Synchronous fluorescence spectroscopy has been 
used in analysis of coal-gasifier waste-water for its 
cresol and phenol content since it can discriminate 
between the three isomers of cresol.3k32 

The fluorescence associated with benzo(a)pyrene 
(BP) moieties covalently attached to the nucleic acid 
(DNA plus RNA) isolated from the epidermis of 
BP-treated mice has been examined at 77 K in frozen 
aqueous solutions by use of a photon-counting 
fluorimeter operating in the synchronous scanning 
mode.33 A A12 of 28 nm, which coincides with the 
difference in wavelength between the excitation and 
emission maxima for the fluorescence of bound BP, 
was chosen. 

Quantitative analysis 

Synchronous-fluorescence and room-temperature 
phosphorescence techniques have been used to deter- 
mine selected polynuclear hydrocarbons in a coal 
liquid (solvent-refined coal) product without a prior 
separation step. 34 Ten polynuclear aromatic com- 
pounds, including anthracene, 2,3-benzofluorene, 
benzo(a)pyrene, benzo(e)pyrene, carbazole, di- 
benzothiophene, fluoranthene, fluorene, perylene and 
pyrene, were identified. Relative standard deviations 
for replicate determinations ranged from 10 to 30% 
for concentrations in the range 0.1-6 mg/g (compared 
with S-10% for HPLC or GC-MS analysis of the 
round-robin sample used). 

The analysis of an environmental sample (an air 
particulate extract from an industrial site) by syn- 
chronous fluorescence and room-temperature phos- 
phorescence has been reported by Vo-Dinh et a1.35 
Several polynuclear aromatic compounds, including 
anthracene, benzo(a)pyrene, benzo(e)pyrene, 2,3- 
benzofluorene, chrysene, 1,2,5,6_dibenzanthracene, 
dibenzothiophene, fluoranthene, fluorene, phen- 
anthrene, perylene, pyrene and tetracene were deter- 
mined qualitatively and quantitatively. The quan- 
titative results obtained by both techniques were 
compared, and the relative standard deviation was 
5-15% for synchronous fluorescence and l&30% for 
room-temperature phosphorescence. The techniques 
are complementary; thus, perylene and tetracene can 
be detected only by synchronous fluorescence, 
whereas synchronous room-temperature phos- 
phorimetry is very suitable for differentiating between 
isomeric benzopyrenes and dibenzanthracenes.36 

A silicon-intensified target vidicon has been evalu- 
ated as a detector for synchronous fluorescence spec- 
troscopy.37 Synchronous spectra were obtained as 
diagonals through the data matrix corresponding to 
fixed wavelength differences between excitation and 
emission wavelengths. Single- and two-component 
mixtures of anthracene, 9,10-diphenylanthracene, 
perylene, and tetracene were studied. Relative pooled 
standard deviations were around 1% for single- 
component samples and 4-8% for two-component 
samples. Detection limits at the 95% confidence level 
were between 0.005 mg/l. (perylene) and 0.17 mg/l. 
(anthracene). 

Synchronous luminescence has been used in 
several applications of biological and environmental 
interest, such as the identification and determination 
of the carcinogenic polycyclic aromatic hydrocarbon 
dibenz(a,h)anthracene in extracts from cigarette 
smoke.3s The efficiency of the technique has been 
demonstrated in the direct determination of anthra- 
cene and 2-methylanthracene in a raw coal liquid.39,40 
Tachibana and Furusawa4’ have determined ppm 
levels of carbazole and anthracene in zone-refined 
dibenzofuran. 

Latz et a1.42-43 have cautioned against using only 
synchronous spectroscopy for quantitative mea- 
surements on multicomponent samples. They sug- 
gested that the loss of spectral information resulting 
from the use of the synchronous technique increases 
the risk of error. Lloyd4 has refuted this statement, 
attributing the errors found by Latz to inner-filter 
effects. 

Other applications 

Synchronous fluorimetry has been used for trace 
concentration measurements in hydrology.45 Fluor- 
escein, eosin, Sulphorhodamine G, Rhodamine B and 
Rhodamine WT were determined. 

In contrast to fixed-excitation spectra, no peaks 
due to Rayleigh scattering are found in synchronous 
fluorimetry, and the relative sensitivities of the wave- 
length of Raman and fluorescent peaks to changes in 
the synchronous excitation interval are different. This 
fact allows the use of Raman peaks as a reference for 
checking the purity of fluorescence-grade solvents.46 

Miller:’ in a survey of recent advances in molecu- 
lar luminescence analysis included synchronous- 
scanning spectroscopy as a technique for increasing 
selectivity, and applied it to the resolution of tyrosine 
and tryptophan. At small AI values the synchronous 
fluorescence of a tyrosine-tryptophan mixture is 
characteristic of tyrosine, but at large AJ. values, the 
spectra observed are similar to that of tryptophan. 

Andre et a1.,48 who called the technique the “con- 
stant step” method, used it for drug analysis. It is 
possible to detect morphine in the presence of quinine 
only for morphine-to-quinine ratios > 10; this prob- 
lem cannot be solved by conventional fluorimetry. In 
the case of LSDquinine mixtures, the maxima are 
too close to permit separation. However, provided 
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Fig. 2. Schematic comparison between conventional, synchronous and derivative synchronous spectra of 
two hypothetical compounds, A and 8, with slight (a) and strong (6) overlap of the emission spectra. 

that the LSDquinine concentration ratio is 2 1, the 
presence of quinine poses no problem in the deter- 
mination of LSD. The technique has also been used 
to determine trace amounts of fluorescent dyes.49 

A quantitative determination of LSD in methanol 
has been described.j’ In 4 mM hydrochloric acid and 
with A1 = 110 nm, the detection limit was 0.1 ng/ml. 
In 1M sodium hydroxide and with A1 = 180 nm, the 
detection limit was reduced by a factor of 50. The 
presence of other hallucinogens caused interference, 
even at high concentrations of LSD. The interference 
due to high concentrations of quinine and harmine 
was overcome by doing the analysis in two different 
media. 

A low-cost differential fluorimeter for detection 
and determination of LSD in illicit preparations has 
been described.j’ There was good agreement between 
the results obtained by this method and those found 
by direct synchronous spectrofluorimetry. 

Derivative synchronous juorescence spectroscopy 

The combination of synchronous and derivative 
fluorimetry was first suggested by John and Soutar,’ 
to enhance minor spectral features and allow more 
reliable identification of oil “fingerprint” spectra. The 
application of derivative techniques to luminescence 
spectroscopy has been reported by Green and 
0’Haver,j2 but to date, there have been few reports 

on its application to synchronous fluorescence spec- 
troscopy. Although direct synchronous spectra are 
often sufficiently resolved for analytical purposes, the 
second derivative of the synchronous spectrum could 
prove helpful in some cases in differentiating closely 
spaced bands. The main advantages of this technique 
are selectivity, sensitivity, rapidity, simplicity and low 
cost. A schematic representation of the spectra ob- 
tained by conventional, synchronous and derivative 

synchronous fluorimetry is shown in Fig. 2. For two 
hypothetical compounds, A and B, when the overlap 
of the conventional spectra is not very great, the 
synchronous technique avoids such overlap (case a). 
However, when the conventional spectra overlap 
strongly, the synchronous technique reduces the ex- 
tent of the overlap, but still does not allow the 
mixture to be resolved. Resolution is possible if 
the derivative synchronous spectrum is measured 
(case b). 
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Fig. 3. Simultaneous determination of epinephrine (E) and 
norepinephrine (NE) at the ng/ml level by derivative syn- 
chronous fluorimetry. (1) Conventional fluorescence spectra 

(L E 415, 1,x,, 400 nm); (2) Synchronous fluorescence 
spectra (AI = 100 nm); (3) Second-derivative synchronous 

fluorescence spectrum. 
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The experimental approaches used to obtain deriv- 
ative spectra may be divided into two general classes: 
those operating on the output signal of the spec- 
trometer (electronic differentiation, mechanical ta- 
chometer, numerical differentiation) and those oper- 
ating on the light-beam in the optical part of the 
spectrometer (dual-wavelength spectrometry, wave- 
length modulation). Of these, electronic 
differentiation is the simplest, the least expensive, and 
the easiest to incorporate into any existing spec- 
trometer.53 

The enhancement of relatively minor spectral fea- 
tures by second-derivative synchronous fluorimetry 
has been made evident by Lloyd,*’ who compared the 
results obtained for a motor oil by direct and deriv- 
ative synchronous fluorimetry. 

technique lies in its ability to resolve complex mix- 
tures. This has been shown in the analysis of binary 
and ternary mixtures of titanium, zirconium and 
hafnium, by formation of fluorescent chelates with 
biacetylmonoxime nicotinylhydrazone in an acidic 
medium.59 The fluorescence behaviour of these com- 
plexes had previously been studied by conventional 
fluorimetry, and procedures for analysis of binary 
mixtures had been reported,60 but required use of 
several samples and calibration graphs. With second- 
derivative synchronous fluorescence, it is possible to 
analyse binary mixtures in a single scan, and ternary 
mixtures in two scans. 

CONSTANT-ENERGY SYNCHRONOUS 
FLUORESCENCE SPECTROSCOPY 

The derivative technique was also used to analyse 
a synthetic mixture of several aromatic compounds.54 
Later, it was applied to an extract from an atmos- 
pheric sample (collected in a workplace environ- 
ment)39 which had previously been analysed by direct 
synchronous fluorimetry. 35 The second-derivative 
peaks are narrower than those found by direct syn- 
chronous scanning. 

The evaluation of total luminescence data and 
relationships between the spectral regions of sample 
solutions has led to the development of this new 
technique. The excitation and emission mono- 
chromators are scanned simultaneously, syn- 
chronized in such a manner that a constant energy 
difference is maintained between them: 

Miller et al.” have described some applications in 
analytical biochemistry. It was possible to resolve 
three-component mixtures (phenylalanine, tyrosine 
and tryptophan), and proteins were also studied. 

IO-’ (l/n,, - l/n,,) = AV = constant 

The suitability of second-derivative synchronous 
fluorimetry for simultaneous determination of epi- 
nephrine and norepinephrine in urine has recently 
been shown56 (Fig. 3). These catecholamines were 
separated from the matrix by cation-exchange and 
subsequently determined by use of the tri- 
hydroxyindole reaction. Analytical recovery was 
about 94% for epinephrine and 91% for nor- 
epinephrine, with a relative standard deviation of 
approximately 5%. There is great interest in this 
technique for clinical chemistry, especially since it 
may be an alternative to HPLC, which is rather 
time-consuming for routine clinical assays and re- 
quires special and expensive instrumentation. 

This technique was developed by Inman and Wine- 
fordner,6] but it has been little used up to the present, 
mainly owing to the lack of commercially available 
instruments. The spectra are usually obtained with a 
laboratory-constructed fluorimeter interfaced to a 
minicomputer. To maintain the constant energy- 
difference, the emission monochromator is stepped at 
a constant speed, and the speed of the excitation 
monochromator is changed. Total luminescence spec- 
tra are obtained by using repetitive emission scans, 
and stepping the excitation monochromator over the 
range of interest.62 

There have been few applications of derivative 
synchronous fluorimetry in inorganic analysis. First- 
derivative synchronous fluorimetry has been used for 
the determination of magnesium,57 in a method based 
on the formation of a fluorescent chelate with sal- 
icylaldehyde 2-pyridylhydrazone. This chelate has 
also been studied by conventional fluorimetry; both 
the sensitivity and selectivity are improved by use of 
derivative synchronous scanning. A similar study of 
the cadmium-benzyl 2-pyridyl ketone 2-quinolyl- 
hydrazone chelate5’ gave similar results. Con- 
ventional fluorimetry and first- and second-derivative 
synchronous fluorimetry were used in this case. The 
most sensitive response was obtained by the 
first-derivative technique. 

Constant-energy synchronous fluorescence offers 
better selectivity than conventional fluorimetry for 
multicomponent analysis of simple polynuclear aro- 
matic hydrocarbons. 6’ The spectra obtained at a 
constant AV for mixtures of these compounds are 
spectrally clearer than those obtained at a constant 
A1. 

The technique has been extended to low- 
temperature conditions by reducing the sample tem- 
perature to that of liquid nitrogen (77 K) or helium 
(4 K).63 Polynuclear aromatic hydrocarbons were de- 
termined, with only two scans needed to characterize 
seven of them: acenaphthene, 2,3-benzofluorene, 
3,4-benzopyrene, anthracene, perylene and naph- 
thacene were identified from a 1400-cm-’ scan, and 
only pyrene required a 2800~crn’scan. This tech- 
nique has also been applied to the spectral resolution 
of mixtures of polyaromatic hydrocarbon isomers 
and polyaromatic hydrocarbon alkyl homologues.‘j“ 

Although there are many individual deter- Inman and Winefordner65 have also shown that 
minations that benefit from the use of derivative constant-energy synchronous fluorimetry reduces sol- 
synchronous fluorimetry, the main interest in this vent interference by Raman scatter similarly to the 
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way in which constant-wavelength synchronous 
fluorimetry reduces Rayleigh-scatter interference. 

Correlation techniques have been used for the 
optimization of A~J. 66 Mathematically, the correlation 
procedure is: 

s T 

C1.2(r) = 1/2T fi(t)_ZXt - 7) d7 (1) 
-7 

where C,.,(7) is the cross-correlation between two 
functions, fi and f2, t is time, 7 is the time delay 
between the two functions and T is the period of each 
function. 

The luminescence intensity is defined mathe- 
matically for the fluorescence of a dilute solution 
containing a single component as 

Mij = ax,JJ, (2) 

where CI = 2.3c$&c = product of wavelength-inde- 
pendent terms, $r = fluorescence quantum efficacy, 
b = thickness, c = concentration; xi = Z,(ni)~(ni) = 
product of excitation-wavelength terms, Z,(ni) = 
intensity of radiation incident on the sample, ~(1~) = 
molar absorptivity; yj = r(S)r~(&) = product of 
emission-wavelength terms, ~(1,) = fraction of the 
fluorescence emitted at wavelength lj; ~(1,) = 
detection-system response function. 

The difference in wavenumber, A?, corresponding 
to the energy difference, is Vi - V, = Aii, where vi and 
vj are the energy counterparts of li and 1,. Equation 
(2) can be re-written as: 

Mij = crx(v, + As)y(v,) 

and equation (1) becomes: 

(3) 

CI.2(AV) = (cr/2T) x(V, + AV)y(V,) dAS 
s 

(4) 

A similar treatment has been devised for constant 
81. The application of correlation techniques to 
room-temperature fluorescence, low-temperature 
fluorescence and low-temperature phosphorescence 
shows the utility of synchronous luminescence spec- 
troscopy. 

VARIABLE-SEPARATION SYNCHRONOUS 
EXCITATION FLUORESCENCE SPECTROSCOPY 

In this technique the scan speeds of the emission 
and excitation monochromators are different. In 
effect, planes are recorded at angles between 45 and 
90” to the excitation x-axis throughout the spectrum. 
The emission monochromator must be scanned at a 
higher rate than the excitation monochromator; i.e., 

the plane measured must be at an angle greater than 
45” to the x-axis. The angles of the planes generated 
by this technique are determined from the following 
equation: 

0 = tan-‘[(emission scan speed)/ 
(excitation scan speed)] (5) 

In this case neither A,? nor AV is maintained 

constant. The continuous variation of the wavelength 
separation between the monochromators can be 
achieved either mechanically, by varying the scan 
speeds of the two monochromators,* or digitally, in 
which case the luminescence data are stored for 
subsequent microcomputer processing.67 

This technique was proposed by Kubic et aLa and 
applied to the forensic examination of automobile 
engine lubricants.69 The fluorescence behaviour of 61 
automobile lubricants has been studied by con- 
ventional fluorimetry, synchronous fluorimetry at 
constant A1, and by variable synchronous 
fluorimetry. ” A similar study has been made of 45 
used automobile engine oils collected from the dip- 
sticks of the vehicles in a public car park.” These 
studies showed that fluorescence techniques should 
not be the only tool used for the analysis of multi- 
component lubricants, but used in conjunction with 
chromatography, infrared spectroscopy and elemen- 
tal analysis. 

Miller,2 who has labelled this technique as variable- 
wavelength or variable-angle synchronous scanning, 
has shown that two different but related types of 
applications are feasible: (a) optimum resolution of 
overlapping spectra and (6) simultaneous analysis of 
two compounds from a single spectrum. Thus, the 
spectra of phenylalanine and tryptophan show some 
degree of overlap, so two entirely separate experi- 
ments would normally be necessary to determine 
both compounds in a mixture. However, by use of 
this technique the two compounds can be studied in 
a single spectrum and can therefore be determined in 
the presence of each other. 

Recently, variable-angle synchronous scanning 
fluorescence spectroscopy has been applied to two 
pharmaceutical determinations:72 chlorpromazine in 
the presence of its chief degradation product, chlor- 
promazine sulphoxide, and oxytetracycline in the 
presence of the additives vitamin C, thiamine, nico- 
tinamide and riboflavin. 

The angle of the scan trajectory can also be varied 
continuously through the emission-excitation matrix 
to describe any desired path under computer control. 
This new technique, known as non-linear variable- 
angle synchronous scanning, offers several possi- 
bilities: (a) in a complex system, the maximum and 
minimum emission intensities can be explored by 
traversing the peaks and valleys; (b) a curved 
trajectory can be followed through the emission- 
excitation matrix, allowing light-scattering peaks to 
be avoided; (c) overlapping systems that cannot be 
resolved by linear scanning can be resolved by this 
technique. 

1. 
2. 
3. 
4. 
5. 
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Summary-A new numerical method of determining the position of the inflection point of a potentiometric 
titration curve is presented. It consists of describing the experimental data (emf, volume data-points) by 
means of a rational spline function. The co-ordinates of the titration end-point are determined by analysis 
of the first and second derivatives of the spline function formed. The method also allows analysis of 
distorted titration curves which cannot be interpreted by Gran’s or other computational methods. 

Potentiometric titration has certain advantages, one 
of which is the possibility of using all the data points 
to compute the end-point, though the computation 
itself can be tedious. Selection of the method of 
calculation is a major problem, and has a direct 
influence on the accuracy of the determinations. The 
many methods proposed may be divided into two 
basic types: (a) direct graphical interpretation of the 
titration curve; (b) mathematical interpretation of the 
co-ordinates of the measurement points. 

Graphical methods include Behrend’s method,’ 
BrCttger’s method,* and Tubbs’s method.3 Other 
methods developedk6 are less convenient and do not 
increase the accuracy. 

The computational methods have developed along 
three lines. The first assumes that the end-point is at 
the inflection point of the titration curve, and calcu- 
lates it from data points in the region of the inflection 
point.‘-*’ 

The second approach assumes that the equation of 
the titration curve is accurately known, and calculates 
the end-point from only one or two points on that 

part of the titration curve corresponding to the ion 
that is monitored potentiometrically being present in 
excess.22-29 The main factor influencing the accuracy 
of these methods is the precision of the values of the 
various parameters in the equation used to describe 
the titration curve. 

The methods in the third group are based on 
linearization of the titration curve3’ and are probably 
the best to use in analytical practice. The principles 
of these methods are derived from Gran’s work.3’,32 
Gran suggested plotting the function 

G(V)=V~-V=K(V,,+V)l)E’S (1) 

where V, is the volume of titrant added to reach the 
end-point, V, the initial volume of titrand solution, V 
the volume of titrant added at any stage of titration, 

E the potential of the ion-selective electrodes, S the 
slope of the electrode response, and K a constant 
containing various parameters, including E” for the 

electrode. 
Gran assumed that G(V) is a linear function and 

that the titration end-point occurs at V,, the value of 
V at which G(V) becomes zero and crosses the 
V-axis. 

The applicability of Gran’s method and its various 
modifications is limited, however.33 First, linear- 
ization methods cannot be used when the titration 
curve is distorted, which often happens when ion- 
selective electrodes are used. It has been found, for 
instance,3”36 that ignorance of selectivity coefficients 
and the real value of S causes serious errors in 
determining the titration end-point. These parame- 
ters may change during a titration. In a precipitation 
titration, the non-linearity of the Gran function is 
further increased if the solubility of the precipitate is 

ignored, 37 though the solubility can be allowed for.38 
Some of the simplifications used in the linearization 
methods, as well as distortions in the titrimetric data, 
can cause deviations of the functions from linearity. 
The end-point is then determined graphically, which 
may require rejection of some of the initial and final 
points of the G(V) function, this being done visually 
on the basis of some rules of thumb. It is usually 
impossible, however, to apply this method by numer- 
ical processing of the results, because the application 
of linear regression requires definition of the range 
from which the measurement points for the calcu- 
lations are to be taken.37 Moreover, the G(V) func- 
tion proposed by Gran is based on the assumption 
that the response slope of the electrode is a constant 
exponential dependence. The G(V) function is posi- 
tive for all values of V. The lack of mathematical 
foundation for the rectilinear approximation of the 
G(V) function has been clearly pointed out by Gran. 
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These disadvantages, especially of Gran’s method, 
were the reason for our search for another method 
having a better mathematical foundation. We have 
assumed that the titration end-point is defined with 
sufficient accuracy3’ as the inflection point of the 
curve. Our computational method determines the 
inflection point of any potentiometric titration curve 
bv analysis of the data-points with rational spline 
functions. The main advantage of the method is the 
possibility of evaluating the maximum error and of 
using computer techniques for the calculations. The 
program has been written in BASIC in a version 
suitable for a Sinclair ZX 81 minicomputer, and may 
constitute a basis for the construction of an auto- 
matic titrator. 

MATHEMATICAL FOUNDATIONS 

The main problem is to find a suitable numerical 
description of a potentiometric titration curve. As the 
curve is essentially sigmoid, this is a difficult numer- 
ical problem. Most of the classical interpolation 
methods, such as polynomials, polynomial spline 
functions and exponential spline functions give decid- 
edly bad results, since they all oscillate strongly.40 

The impossibility of eliminating these oscillations 
when applying these methods to description of ti- 
tration curves led us to examine the use of rational 
spline functions. The term “spline” in mathematics 
refers to a differentiable function that between each 
pair of neighbouring measurement points is defined 

in which t = (V - Vi)/hi where hi = Vi+, - Vi), and 
Ai, Bi, Ci, Di are coefficients ensuring continuity of 
the first and second derivatives of S(V), which is 
tantamount to imposing conditions of interpolation. 
Thus, if S(Vi) = E, and S(V,+i) = Ei+i, then 

Bi+Di=Ei; Ai+Ci=Ei+,. (3) 

We can use (3) to eliminate Ai and Bi from (2) to 
obtain the following form of the spline function: 

S(V)=E,(l -t)+Ei+,t 

+ Ci t3 __t 
1 SPi(l -t) 1 

1 (4) 

for VE(~, Vi+,), with i= l,..., (n - 1). 
To impose the condition of continuity of the first 

derivative of S(V) we have to calculate S’(V) for 
V= Vi and Y= Vi+,: 

El+ 1 -Ei (2 +pi) Di 
S’( Vi) = ----j-y - 

Ci -- 
, hi 4 

(5) 

[i = 2, . . . ) (n - l)]. 
Solving these equations gives 

c,= -(3+PJ(Ei+, -Ei)+ h,S’(Vi) + (2+pi)hiS’(Vi+,) 
I 

(2 +pi)*- 1 

D,J3+~i)(E,+, - Ei)-h,S’(?‘i+,)-(2+pi)h,S’(?‘i) 
I 

(2+pJ*- 1 
(6) 

by a function of a specific type, e.g., a polynomial. 
Between neighbouring measurement points, a ratio- 
nal spline function typically takes the form of a 
polynomial of the 3rd degree divided by the product 
of a polynomial of the 1st degree and a parameter [p 
in equation (2) below] which allows removal of curve 
oscillation and is the essential element distinguishing 
rational spline functions from the classical inter- 
polation methods mentioned above. 

Thus if (Vi, Bi) represents the co-ordinates of the 
ith point (i = 1, . . . , n) then the rational spline func- 
tion S( I’) passes through all the measurement points, 
which may be denoted by writing S(I’,) = Ei. If 
Vs( Vi, Vi+ ,), for i = 1, . . . , n - 1, then the value of 
the spline function may be calculated4’ from 

S(V) = Ait + Bi(l - t) 

+ 
cit3 

1 +P,u - t) 

+ D,(l - t)3 

1 +Pit 
(2) 

[i = 1,. . . , (n - l)]. 
To ensure continuity of the second derivative 

S”(V) we differentiate equation (4) twice, for 
Ve(Vi_i, Vi) and VE(P’~, Vi+,), and calculate the 
value of both functions at the point Vi: 

S”( Vi) = z (3 + 3pi + pf); 
I 

S’(V,)=~(3+3p,,+p:-,): VE(vi- L, vi) (7) 
I I 

[i = 2,. . . , (n - l)]. 

Continuity of B”(V) requires 

hfC~-,(3+3Pi-,+pf_,)=hf_,Di(3+3pi+p:). (8) 

Inserting Ci_ , and Di from (6) into (8) and collecting 
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terms in S’( Vi_, ), S’( Vi) and S’(Vi+ , ) gives 

n,Qi_lS’(V~_,)+[iiiQi_,(2~pi_,)+(l_li) 

xQi(:!+P,)lS’(V;.)+(l -A)Qis’(vI+~t 

=a#Qi-l(3+Pi-1) 

(4---E,-,) 
4-l 

+ C1 - -4>QiC3 +PiJ 
GL, - 4) 

h 

i 
[i = 2,. . . , (n - 1)], where 

lj = hi/@_ L + hi) and 

Qi = (3 + 3pi + pf)/[(2 + pi.12 - 11. 

This gives a set of (n - 2) linear equations with n 
unknown quantities S’( Vi); (i = 1, . . . n). 

These equations are supplemented by the bound- 
ary conditions S‘( V, ) = S”( V,) = 0. It is also possible 
to use other linear boundary conditions. 

The matrix of the set (9) is tridiagonal with a 
predominant diagonal and so is non-singular. 

The values S’( Vj) obtained as a solution of the set 
of equations (9) allow the calculation of the 
coefficients C, and Di from equation (6) and then of 
coefficients A, and B, from equation (3). Inserting 
these A,, Bi, C, and Di values into (2) gives the 
rational spline function for every {V,, Vi+ 1 ) range. 

It should be stressed here, that since S(V), S’(V) 
and S*(V) are continuous functions, and pi is a 
parameter controlling the curvature of S(V), small 
values of p, may cause oscillation of the spline 
function for certain data points. This can be seen 
from equation (2), since 

lim A, $ B,(l - t) + 
c,t3 +Di(l -t)3 

Pi”0 1 +p,(l - t) 1 +pit > 
= A<+ Bit + Ctt3 + Dj(l - t)3 

which is a classical polynomial spline function of 3rd 
degree, with tendencies towards oscillation. At the 
other extreme (p,-co), we have 

lim A,+B,(l -t)+ 
cit3 

Pi’ m 1 +&(I - t) 

=Ai+B,t 

a spline function of the 1st degree, i.e., a continuous 
broken line, non-differentiable. 

Hence if pi is too large, the approximation and a 
zero points of S”(V) may have a large error. If, 
however, pi is close to zero, the approximation of 
S”(V) is good but the tendency towards oscillation is 
disadvantageous for approximation of S’(V). The 
oscillations disappear when greater pi values are 
taken. The value of pi to be used is thus very 
important and must result from a compromise be- 
tween quenching of oscillation and good approxi- 
mation of the second derivative, which is of special 
importance. It is known from numerical practice4’ 
that good results in approximation of functions with 
large gradients are ob~inable with pi > 10. 

We have connected the value of pi with the co- 
ordinates of the data points by 

(10) 

(11) 

where 

AE,= Ef--E,_, and 

AT’<= V,- Vi_,, 

for i = 2,. . . , n. 

The values of pi calculated in this way are always 
lower than Q, and we assume a value of 10 for Q, 
(Q = max pi). 

As a result we obtain the following set of p values: 

This procedure for choosing pi allows calculation 
of a rational spline function that is free from oscil- 
lation, and the additional inflection points associated 
with it, and with good approximation for its second 
derivative. We approximate the inflection points on 
the titration curve by calculation from the spline 
equation. 

It should be pointed out that all calculated 
inflection points of the titration curve result directly 
from the co-ordinates (Vi, Ej) of the measurement 
points and not from spurious oscillation of the fitted 
function. 

The possibility of arithmetically obtaining more 
inflection points than would result from the stoichi- 
ometry of the titration reaction requires some com- 
ment. The emf of the measurement cell during the 
titration is influenced by a number of factors and may 
differ from the “theoretical” value resulting from the 
characteristics of the electrodes and the equilibria 
which should be established in the solution. Those 
factors include instrumental errors, instability of indi- 
cator electrode readings, fluctuations of the reference 
electrode potential, errors in measurement of titrant 
volume, variation in junction potentials and ionic 
strength, and the possibility of only partial establish- 
ment of equilibrium in the solution. These factors 
may cause the occurrence of fluctuations in the 
titration curve, expecially in its initial and final 
sections, and these fluctuations will cause additional 
(but false) inflection points to be calculated as arte- 
facts, and corresponding to meaningful points in the 
titration. The greater the density of the measurement 
points (smaller increments of titrant added), and the 
smaller the emf change between neighbouring points, 
the greater will be the number of such artefacts. The 
problem of such inflection points does not arise in 
direct graphical location of the titration end-point, 
because the fluctuations responsible are always 
smoothed out in plotting the curve. 
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From the calculated inflection points of the ti- 
tration curve we should then select the one corre- 
sponding to the chemical reaction taking place during 
the titration. This will be the inflection point for 
which S’(i/) is greatest if the approximated curve is 
increasing, or lowest if the curve is decreasing. 

Analysis of tke error of the method 

The error of interpolation with a rational spline 
function is taken as the difference between the real 
but unknown function E(V) of the titration curve, 
and the spline function S(V) constructed on the basis 
of the set of data points (Vi, E,): 

Error = max l_Etn(l’) - S(j)(V)1 
r~(vl,Y,t 

(13) 

where j = 0, 1,2 is the order of the derivative of E( I’) 
or S(Y). It has been shown42,43 that the following 
evaluations of the error hold: 

where K is a constant (“smoothness module”) de- 
pendent on E(V). 42,43 K is constant for every curve; 
we cannot influence its magnitude. Curves having 
approximate shapes also have approximate K values. 
KJ is a constant dependent on the course of E(V) in 
the section (Vi, V, + , ), just as the constant K depends 
on the course of E( V) in the section (I’,, V,). Because 
we cannot influence the value of K, we can decrease 
the error of approximation only by a proper distribu- 
tion of the experimental points. From (15) it is 
evident that where there is a large variation of the 
function (large Ki values), more measurement points 
should be used in order to minimize the approxi- 
mation error, as is in fact done in practice for direct 
graphical location of the end-point (though not for 
Gran plots). Consequently the approximation of the 
second derivative of E(V) by S”( I’) will be the better, 
the better we distribute the measurement points Vi, 
but will also be worse as K increases. Theoretically, 
the error of approximation of J?“( I’) and hence of the 
titration end-point will not exceed max hi. 

In practice the error will be far smaller, not exceed- 

ingh,,[h,= v,+,- V,, and the equivalence point will 
be in the range (V, , V, + , )I. Thus the maximum error 
of titration will not exceed the titrant increment 
within which the equivalence point is transversed. 

Instructions for users of the program 

The Vi, E, data are arranged in order of decreasing 
values of V,. We have provided for reading-in 100 
measurement points. The read-in data and their 
assigned numbers are projected on the VDIJ screen. 
The end of data-~llection is indicated by reading-in 
any negative number instead of V. 

After 40 measurement points have been read-in 
(VDU screen filled), corrections, if any, may be made. 
For this the program waits for the input of 3 numbers 
in the following sequence: number of the mea- 
surement point (given on the VDU screen); correct 
value of Vi; correct value of E,. The end of the 
data-correction is signalled by reading-in any nega- 
tive number instead of the number of the mea- 
surement point. As a result of the calculations we 
obtain the co-ordinates of the titration end-point, 
and, for checking, recovered the number of mea- 
surement points (n) and the parameter Q (usually 10) 
of the rational spline function. The program may also 
write out (on apportion) all calculated inflection 
points of the interpolation curve and the values of the 
spline functions S( V> for given values of Y in the 

range ( vO, VA. 
To explain details of the operation of the program 

a block diagram is given in Fig. 1. 
The program consists of two parts. The first in- 

cludes instructions corresponding to the block dia- 
gram and is sufTicient for calculation of the intlection 
point of the titration curve, and values of the inter- 
polation function at any point V from the range 

(Vo, VM). 

03 
160 

650 

josue 

2130 
690 

1260 

1630 

1760 

GOSUB 

2420 

(II3 END 

.Fig. 1. Flow-diagram of computar program. The numbers 
on the right refer to the corresponding part of the program 
and are included for the convenience of those requesting it. 
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3 2 4 ’ 6 6 
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Fig. 2. Curves of the precipitation of Tf+ with sodium tetraphenylborate. Thallium(I) ion-selective 
electrode with liquid membrane.44 Theoretical end-point 4SOmi. Composition of sample solutions: 1, 
10-*~%4 Tl+ in the presence of IO-‘M Pb2+ masked with 10-2~ EDTA, pH 5; 2, IO-‘M Tl+, pH 9. 
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Fig. 3. Curves of the complexometric titration of CW+ with BADMF.45 Crytur 29-17 copper-selective 
electrode. Theoretical end-point 4.00 ml. Composition of sample solutions: 1, lo-“M Cu2+ in presence 

of lo-‘M Ni, pH 6; 2, 10-3M Cu2+, pH 6. 
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60 

Fig. 4. Curves of complexometric titration of 10.-“.i%f Bi3+ 
with EDTA in presence of IOT3M A13+ at pH 6. Bis- 
muth(II1) liquid-membrane ion-selective electrode.” The- 

oretical end-point 5.00 ml. 

The second part is a set of instructions which, 
added to the basic program (with preservation of the 
line numeration) allows VDU display of the mea- 
surement points, the position of the inflection point 
of the curve and the graph of the spline function 
formed. Realization of those graphical possibilities 
requires the use of an HRG attachment (MEMPAK) 
with the ZX-8 1 mi~computer. The program listing is 
avaifabIe on request. 

50 

2 
zo 
5 

-50 

5 

4 

3 
L7 

2 

1 

V(ml) 

Fig. 5. Curves of the precipitation titration of 10-ZM Pb2+ 
with potassium chromate at pH 4. Lead liquid-membrane 
ion-selective electrode (O.l’M lead didecyldithiophosphate in 

trioctyl phosphate). Theoretical end-point 5.00 ml. 

i 

Fig. 6. Curves of pot~tiome~ic EDTA titrations of (1) 
10-3M A13+, (2) 10a3M Fe’+ at pH 6 (ammonium acetate 
buffer) with Bi3+ as indicator ion.“’ Indicator electrode as 

for Fig. 4. Theoretical end-points 5.00 ml. 

Examples of calculations 

Figures 2-6 present curves of various poten- 
tiometric titrations which have been interpreted by 
the proposed method. The calculated inflection 
points are marked by arrows and the corresponding 
titrant volumes are given on the diagrams. In all cases 
the titrant was ten times more concentrated than the 
titrand. The titrations were done under conditions in 
which, for various reasons, distortion of the titration 
curves occurred before, and especially after, the end- 
point. Curves with distortions of that kind cannot be 
as accurately interpreted by other methods of deter- 
mining the titration end-point. 

In addition to the titration curves, the figures also 
show titration curves linearized by Gran’s method, 
which obviously does not give satisfactory results for 
the titrations chosen. 

The measurement points used for the calculations 
are marked as dots on the diagrams. 
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FLUOROMETRIC DETERMINATION OF NITRITE 

P. DAMIANI and G. BURINI 
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(Received 20 August 1984. Revised 19 December 1985. Accepted 26 March 1986) 

Summary-A sensitive, simple and rapid fluorometric procedure for the determination of nitrite is 
described. It is based on the reaction of nitrite with 2,3-dia~nonaphthalene in acidic solution to form 
l-[HI-naphthot~azole, a highly fluorescent compound in alkaline medium. The detection limit is 
N 0.5 ngjml in the test sample (1% relative fluorescence intensity). Application of the method to analysis 
of a milk sample was tested with aliquots spiked with known amounts of nitrite. 

Many methods are available for the determination of 
nitrite in environmental samples. The spec- 
trophotometric methods’-9 are subject to various 
interferences by other ions, oxidants, coloured matter 
and turbidity, especially in biological samples. Elec- 
trometric method#‘,” are also available, as well as 
HPLC of the free ion’2-‘6 and GLC or HPLC of its 
organic derivatives. 17m28 However, some of these 
methods require close control of conditions, some 
have unsatisfactory detection limits and some, which 
are too complex and time-consuming, are unsuitable 
for routine application. 

Fluorometric methods have also been described for 
determination of trace levels of nitrite,2’3s and are all 
based on the reaction of nitrite with various reagents 
to produce fluorescent compounds. Some of these 
methods29*30”4 use 2,3-diaminonaphthalene (DAN) to 
form I-[HI-naphthotriazole with nitrite (or nitrate 
previously reduced to ~trite3*), according to the 
reaction: 

DAN f&3-dicminonaphthalenel I- CHI -nophthotriarde 

Wiersmaz9 described a DAN procedure that per- 
mitted measurement of nitrite at the 6.5 ng/ml level. 
The method used a double extraction with carbon 
tetrachloride but gave only 94% recovery of the 
naphthotriazole. 

Any new procedure for the rapid and accurate 
determination of nitrite at trace levels is of interest, 
because of the risk of its reaction with secondary 
amines to form carcinogenic nitrosamines and cause 
methaemoglobinaemia in infants. 

This paper describes a fluorometrie procedure 
based on use of DAN, but not requiring an extraction 
step. This procedure is very simple and rapid, and 
allows measurement of nitrite at levels as low as 
0.4 ng/ml. 

Reagents 
EXPERIMENTAL 

All reagents used were of analytical grade and all water 
used was demineralized and doubly distilled. 

Standard sodium nitrite solutions. A lOO-pg/mI nitrite 
stock solution was made by dissolving O.lSOg of sodium 
nitrite, previously dried for 2 hr at 1 lo”, in distilled water, 
and diluting accurately to 1000 ml. A SO-x&ml working 
solution w& made by -diluting 0.5 ml of the &ok solution 
to 1000 m.l with distilled water. Both solutions should be 
prepared fresh daily. 

.2,3-Diaminonaphthaiene (DAN) soh&on. Made fresh 
daily, by dissolving 0.10 g of DAN in 1000 ml of 0.25M 
hydrochloric acid. 

Sodium hydroxide solution, O.%M. Made by dlssolvmg 
23.2 g of sodium hydroxide pellets in distilled water and 
diluting to 1000 ml. 

EDTA solution, 4OOOppm. Made by dissolving 4 g of 
EDTA disodium salt dihydrate in distilled water and 
diluting to 1000 ml. 

A Perk&Elmer 203 s~trofluo~me~r (Hg lamp) was 
used, with excitation wavelength 365nm, emission wave 
length 405 nm, sensitivity control 5, range selector x 10. 

Procedure 

Prepare a set of 5-ml volumes of standard solutions 
containing 0.0, 10.0, 20.0, 30.0, 40.0, 50.0 ng of nitrite 
(NO,) per ml by pipetting suitable volumes of working 
standard solution and distilled water into test-tubes. Add 
0.5 ml of DAN solution to each, mix and let staud for 
10 min; these solutions have a pH of 1.6. Add to each tube 
0.25 ml of 0.58M sodium hydroxide and mix; these solutions 
have a final pH of 11.6. Measure the relative fluorescence 
intensities at 405 nm, with excitation at 365 nm, after 
adjusting the ins~ument response to range from zero for the 
blank to 100% for the highest standard. For test samples 
use 4 ml of sample plus 1 ml of water or 1 ml of 4000-ppm 
EDTA solution, as appropriate. 

RESULTS AND DISCUSSION 

The conditions given in the procedure are based on 
the results given below. In the exploratory work the 
fluorescence intensities were measured in arbitrary 
units with fixed instrument settings but no standards. 

Egect of BAN ~~n~entr~t~~n 

A series of 5-ml aliquots of nitrite aotution 
(50 ng/ml) were treated with DAN solutions (in 
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Fig. 1. Effect of DAN concentration. 

0.25M hydrochloric acid) varying in concentration 
from 10 to 200 pg/ml (in increments of 10 pg/ml). As 
shown in Fig. 1, 0.5 ml of the 100~pg/ml DAN 
solution gave the highest fluorescence intensity. This 
concentration is optimal but not critical, because use 
of any concentration in the range g&110 pg/ml 
changes the intensity by less than 2% relative to the 
optimum. 

Effect of reaction pH 

Five-ml portions of 50-ng/ml nitrite working solu- 
tion were treated with 0.5 ml of 100~@g/ml DAN 
solution at pH values between 0.5 and 2.0 (at inter- 
vals of 0.1) and the fluorescence intensities were read 
after adjustment of the pH to 11.65. The results are 
reported in Fig. 2. The optimum pH is 1.6, the 
tolerance range being 1.3-l .7. 

Eflect of final pH 

In spectra1 evaluation of alkaline and acidic naph- 
thotriazole solutions (Fig. 3) it was verified that the 
ratio of the two molar absorptivities (L~,,./E~~~~) at 
365 nm (the excitation wavelength used) is always 
larger than 1 .OO. If the fluorescence yield remains the 
same, the fluorescence intensity of alkaline naph- 
thotriazole solutions should be higher than that of 
acid solutions. The acid reaction with DAN was 
performed under the optimum conditions already 
established, then the pH was adjusted to values 
between 7.5 and 13.5 (at intervals of 0.1) before the 
fluorescence intensity was measured. Figure 4 shows 
that pH 11.611.7 is optimal, but use of any pH in 
the range 11.3-12.0 will result in not more than 2% 
error relative to the optimum. The higher 
fluorescence signal in alkaline pH medium may also 
be explicable by the rule36 according to which all 
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Fig. 2. Effect of reaction pH. Fig. 4. Effect of final pH. 
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Fig. 3. Ultraviolet spectra of naphthotriazole solution at 
(a) pH 11.65, (b) pH 1.64. 

phenomena that stabilize excited electronic levels 
(particularly the n, n*; note the red-shift in the 
spectrum for alkaline medium, Fig. 3), influence the 
intersystem crossing yield. Hence deactivation of the 
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Fig. 5. E&t of time and temperaiure (* 20”; 0 40“; CI 4U”; 
A SO’). 

excited state through a triplet state is not allowed, 
and consequentfy the fluorescence yield is higher. 

The results obtained with varied times and tem- 
peratures but otherwise optimum conditions are sum- 
marized in Fig. 5, and show that reaction at 60” for 
S-10 min gives the highest fluorescence intensity, but 
reaction at room tem~ratu~ for any time between 
5 and 20 min is more practicai, since the fluorescence 
is less dependent on variation in the conditions, and 
the procedure is simpler. 

i-~~-naphthot~~ole was prepared on the macro- 
scale and r~~sta~~i~d from aqueous ethanol, and 
dissolved in hexadeuteroa~tone, and its NMR spec- 
trum was obtained with a Perkin-Elmer R-24B NMR 
s~trometer at 60 MHz (internal standard: 1% 
t~tr~ethylsi~ane solution). The spectrum (Fig. 6) 
showed signals at 6 = 6.&I--7.10 ppm (multi~let, 4Hf 
and 7.60 ppm (singlt, 2H), indicative of the naph- 
thalene group, and at 14.00 ppm (wide singlet, IH), 
indicative of the =NH group. 

Fluorescence st~i~~ty 

The fluorescence intensity is stable for 10 min, then 
gradually fades. 

To investigate appiications of the procedure, 4-ml 
atiquots of SO-ng/ml nitrite solution were added to 

Table 1. Effict of various ions on 
the fluorometric det~~nat~on of 

nitrite 

Allowable 
Ion* concentrations, ~PM 

Cl- 19000 
SOi -. 12000 
NO? fOlW 

Fjc$)f 300 

S2.7 
50 
0.5 

H,EDTA*- 1500 
Zn2+(i 1000 
NH,+ 340 
Caz+ 300 
Fez+5 I 
Fe3 + 1 
Mg- 
rHg2+ 6s; 

*Anions as sodium salts, cations as 
chlorides, 

~No interfereace at below sug- 
gested concentrations (in 4 ml 
of sample solution). 

@Is sulphate. 
$In presence of 1000 ppm EDTA in 

the 4 ml of test solution. 

l-ml portions of solutions ~ont~~ng known and 
increasing amounts of various ions (ex~in~ one at 
a time}, and these solutions were analysed as 
described, with centrifuging if necessary (to remove 
any precipitate). 

As shown in Table 1, the procedure is more 
tolerant towards anions (except sulphide) than cat- 
ions. The interference of zinc, calcium and mag- 
nesium, however, can be mi~mi~d by adding I-ml 
of ~-p~rn EDTA solution to 4 ml of test solution 
containing the interfering cation (see Table 1 for 
results for magnesium, the most important interfering 
metal ion). 

The calibration graph is linear over the nitrite 
concentration range from 2.5 to 40 ng/ml in the 5 ml 
of sample solution, but concentrations up to 400 
ng/ml can be satjsfacto~ly determined, The 
coefficients of variation found (10 replicates at each 
level) were 8.8, 2.7, 1.4, 1.1 and 1% at the 2.5, 10, 20, 
30 and 40 ng/ml levels respectively, with correspond- 
ing relative deviations of -3.0, + 1.0, -0.5, f0.2 
and +&I% of the means from the concentration 
taken. 

Table 2. Results of quadruplicate analyses of a whole-milk sample 

Fluorimetric method Calorimetric method”7 

NO? added, - Range found, 
~....__ 

Std. devn., Recovery, Range found, Std. devn., Recovery, 
Ppn, PPm PPW % PF ivm % 

0 0.28-0.29 0.005 - 0.34-0.38 0.02 - 
0.50 0.78-0.79 0.005 99-101 0.80-0.86 0.03 94-98 

1.23-I .2X 0.025 96-100 1.32-1.50 0.09 96-109 
2.15-2.20 0.025 94-96 2.34-2.60 0.13 loo-109 
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Fig. 6. NMR spectrum of I-[HI-naphtotriazole in d6 acetone at 60 MHz. 

Determination of nitrite in a milk sample 

To judge the efhcieney of the method for analysis 
of a food sample, several ahquots of a milk sample 
were spiked with known amounts of nitrite and 
analysed. A 20-ml portion of spiked milk sample was 
pipetted into a 200-ml standard flask and freed from 
proteins and fat according to a standard method,37 
then 5 ml of the filtrate obtained were used for the 
fluorometric dete~nation. The results are sum- 
marized in Table 2, along with those obtained by the 
standard method.” The proeedure is also suitable for 
determination of nitrate, after its reduction to nitrite, 
e.g., with a cadmium column.37 
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MICELLAR MODIFICATION OF THE SPECTRAL, 
INTENSITY AND LIFETIME CHARACTERISTICS OF 

THE FLUORESCENCE OF FLUORESCEIN-LABELLED 
PHENOBARBITAL 

TEESA L. KEIMIC and LINDA B. MCGOWN~ 

Department of Chemistry, Oklahoma State University, Stifiwater, OK 74078, U.S.A. 

(Received 19 February 1986. Accepted 24 March 1986) 

Summary-The effects of association with micelles on the fluorescence properties of fluo~~in-la~ll~ 
phenobarbital were studied as a function of pH (in the range 5.8-7.8) and micelle concentration. The 
largest changes were observed at pH 5.8, including red-shifts of 10 nm in the emission and excitation 
maxima, spectral intensity enhancements as great as SOO%, and 0.5nsec increases in fluorescence lifetime. 
lwicelles induced much greater changes than cyelodextrins, which were also studied. These studies indicate 
the potential usefulness of micelles and cyclodextrins as auxiliary binding reagents for both heterogeneous 
and- homogeneous fl~oroimmunoassay rechniques. 

Micelles have been widely studied in recent years and 
their ability to change the fluorescence characteristics 
of some molecules has been recognized as a valuable 
property and has potential value in immunoassay 
systems. In heterogeneous ~uoroimmunoassays, mi- 
celles could be used to increase the fluorescence 
intensity of the fluorescent labelled antigen (Ag*) 
after removal of the antibody-bound Ag* fraction to 
improve detection limits. ~i~lle-indu~d spectral 
shifts could be of value in avoiding spectral inter- 
ferences due to sample constituents. The micellar 
modification of fluorescence properties may also be 
exploited for homogeneous fluoroimmunoassays to 
improve the discrimination between free and 
antibody-bound Ag*. For example, the use of sodium 
dodecyl sulphate, an anionic micellar species, to 
increase the fluorescence intensity and polarization 
diflerences between free and antibody-bound 
fluores~in-la~ll~ gentamicin has recently been 
incorporated in a solvent perturbation fluoro- 
immunoassay technique.’ Micellar modification of 
fluorescence lifetimes could be applied to homoge- 
neous techniques based on fluores~n~-lifetime 
differences between free and antibody-Lund Ag*, 
such as the recently described phase-resolved fluoro- 
immunoassay for phenobarbital by Iabelling with 
fluorescein isothiocyanate.2 

This paper describes the effects of micelles on the 
fluorescence intensity, excitation and emission 
maxima, and fluorescence lifetimes of phenobarbital 
labelled with fluorescein isothiocyanate (P*) as a 
function of pW and micelle concentration. Four 
micellar cationic surfactants, dodecylamine hydro- 
chloride @AC), dodecylt~methylammonium chlor- 
ide (DTAC), hexad~ylt~m~thylammonium chloride 
(CTAC), and tetrad~yltrimethylammonium bromide 

fAuthor for correspondence. 

(STAB) were studied, as well as one non-ionic surfac- 
tant, N,N-dimethyldodecylamine-N-oxide (LDAO). 
The effects of association of P* with beta- and 
gala-~y~iodext~ns were also studied. 

Fluore~in-la~ll~ phenobarbital (P*) was prepared in 
situ.’ The DAC and DTAC were ourchased from Eastman. 
and the CTAC, LDAO and Ti‘AB from Pluka. Beta- 
cyclodextrin was purchased from Sigma and gamma- 
cvclodextrin froth ICN Biochemicals. All compounds were 
Aed without further purification. 

Demineralized distilled water was used for all prepara- 
tions. The P* stock solution was prepared by 100-fold 
dilution of the chromatographically purified reaction prod- 
uct. The concentration of the stock solution was estimated 
to be 30&M by using a calibration curve generated with 
guorescein isothiocyanate (Sigma). Unbuffered solutions of 
all surfa~~nts were prepared at concentrations above their 
reported CMC values and mixed by ultrasonic treatment for 
30 min. Cyclodextrin solutions were similarly prepared. The 
concentrations of these solutions are given in Table 1. 
Buffered solutions of the surfaGtants were prepared at the 
same concentrations as the unbuffered solutions, in O.OlOM 
sodium phosphate buffers ranging in pH from 5.8 to 7.8. 
Constant ionic strength @ = O.lOM) buffered solutions of 
TTAB were prepared by addition of the appropriate amount 
of sodium chloride. 

In all studies, the analytical concentration of P* in the 
cuvette was calculated to be 0.21/t&4 from the estimated 
concentration of the P* stock solution (see above). 

Ah fluorescence measurements, including steady-state in- 
tensities and dynamic phase shifts and demodulations, were 
made with an SLM 4800S Spectrofluorometer in ratiometric 
modes, with a portion of the excitation beam diverted to a 
reference photomultiplier to compensate for fluctuations in 
source output and (for dynamic measurements) excitation 
modulation. A 450-W xenon arc lamp was used for ex- 
citation, Hamamatsu’R928 photomultipliers for detection, 
and an APPLE II + rn~~o~rnput~r for on-line acquisition 
of fluorescence spectral and lifetime data and for lifetime 
calculations. 

For dynamic measu~ments, shts were set at 16 nm and 
0.5 nm band-pass for the excitation mon~hromator en- 
trance and exit, respectively, 0.5 nm for the modulation tank 
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Table 1. Effects of micelles and cvclodextrins on the fluorescence properties of 
fluorescein-labelled phenobarbital (P*) _ - 

Added species” A,,,,, max,b nm Intensity ratioC T,,~ nsec T,,’ nsec pHf 

none 516 1.00 4.008 4.009 n.d. 
CTAC (3.0) 526 2.64 4.39 4.45 6.0 
DAC (15) 523 1.36 4.07 4.23 4.6 
DTAC (22) 526 2.54 4.28 4.30 6.6 
LDAO (4.0) 522 1.05 3.68 3.86 7.1 
TTAB (7.0) 525 2.72 4.40 4.44 6.0 
/&CDs (2.0) 516 2.05 4.15 4.12 n.d. 
y-CDs (2.0) 517 1.57 4.23 4.07 n.d. 

%oncentration in parentheses, mM. 
bEmission maximum with excitation at 490 nm. 
‘Ratio of intensity in presence of the added species to that in its absence, each 

measured at its emission maximum. 
dFluorescence lifetime calculated from phase-delay, determined with the P* solution 

(T 4.00 nsec) as reference. 
‘Fluorescence lifetime calculated from demodulation, determined with the P* 

solution (r 4.00 nsec) as reference. 
‘pH of the cuvette solution; nd. indicates pH not determined. 
rFluorescence lifetimes determined with a scattering solution as reference. 

exit, and 16 nm for both the entrance and exit of the 
emission monochromator. All slits were set at 2 nm band- 
pass for steady-state intensity measurements, except for the 
excitation entrance slit which was set at 16 nm. An ex- 
citation polarizer set at 35” from the vertical axis was used 
for all measurements. 

Temperatures in the fluorometer sample chamber were 
maintained at 25.0 + 0.1” with a Haake A81 temperature- 
control unit. Disposable polyethylene cuvettes (Precision 
Cells) were used to contain solutions for fluorescence mea- 
surements. 

Unless otherwise noted, the fluorescence lifetimes of 
the P* were determined relative to a reference solution 
of Acridine Orange in absolute ethanol (U.S. Industrial 
Chemical Co.), which was found (from phase-delay mea- 
surements) to have a lifetime of 3.19 f 0.02 nsec relative to 
a scattering solution, at the wavelengths used in this work. 
Equations for these calculations have been described else- 
where.6 All fluorescence lifetimes are reported as the average 
of five measurements taken in the “100 average” mode, in 
which each measurement is the average of 100 samplings 
performed internally by the spectrofluorometer. 

Absorption spectra were acquired with a Perkin-Elmer 
Lambda Array 3840 Spectrophotometer. 

RESULTS AND DISCUSSION 

All the fluorescence lifetimes reported here had 
standard deviations in the range 5-50 psec. A lifetime 
of 4.04 nsec had previously been found for P* by 
using phase-shift measurements.2 

Eflects of various micelles and cyclodextrins in 

unbuffered solution 

The effects of five micelle-forming species and of 
beta- and gamma-cyclodextrins are summarized in 
Table 1. The pH values of each of the unbuffered 
micellar solutions are also listed. All five micellar 
species caused red shifts ranging from 5 to 10 nm in 
the emission maximum of P*. No shifts in the 
emission maximum were observed with the cyclo- 
dextrins. Fluorescence enhancement was observed 
with all species, and was highest with CTAC, DTAC 
and TTAB. All species except LDAO, which was the 

only non-ionic micelle used, caused increases in the 
observed lifetime. CTAC and TTAB were chosen for 
further studies. 

Studies of CTAC and TTAB effects in buffered solu- 

tions 

A shift in the emission maximum of P* to 526 nm 
was observed with both CTAC and TTAB at all pH 
values studied, indicating an absence of pH- 
dependence. Fluorescence enhancements of P* in 
CTAC and TTAB as a function of pH are shown in 
Table 2. Enhancements are expressed as peak-to- 
peak values (i.e., the ratio of the intensity of 
micelle-P* to that of P*, each measured at its emis- 
sion maximum). A small trend towards increased 
enhancement was observed as the pH was decreased, 
with a dramatic increase at pH 5.8. 

Absorption spectra of P* and of TTAB-P* at pH 
5.8 are shown in Fig. 1. The spectra show a definite 
increase in absorptivity in the presence of TTAB, 
indicating that the so-called fluorescence enhance- 
ment is at least partially due to absorption rather 
than quantum-yield changes. For simplicity, we will 
continue to refer to the fluorescence intensity increase 
as enhancement. 

Table 2. Ratios of the intensity of P* in the presence of 
micelles to the intensity in the absence of micelles, as a 
function of pH, measured at A,, = 490 nm and at the 
appropriate 1, under the same buffer and pH conditions 

Intensity Intensity 
PH ratios (CTAC) ratios (TTAB) 

5.8 6.24 5.12 
6.0 2.29 1.35 
6.2 1.39 1.80 
6.4 1.17 1.30 
6.6 1.41 1.39 
6.8 1.03 1.26 
7.0 1.16 1.23 
7.3 1.05 1.20 
7.5 1.01 1.07 
7.8 0.91 0.91 
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Fig. 1. Absorption spectra of fluorescein-labelled pheno- 
barbital with TTAB (TTABP*) and without TTAB (I’*) in 

buffered solution at pH 5.8. 

The fluorescence lifetime difference of 0.3 nsec 
between micelle-P* and P* remained fairly constant 
over the pH range studied for P* in the presence of 
both CTAC and TTAB. 

Studies of the effects of TTAB in buffered constant 
ionic strength solutions 

The effects of TTAB on P* fluorescence were 
studied in buffered solutions adjusted to O.lOM ionic 
strength with sodium chloride. Differences between 
the fluorescence lifetimes of TTAEP* and P* as a 
function of pH are shown in Table 3. The change in 
lifetime calculated from demodulation remained 
fairly constant, but the change in lifetime calculated 
from phase-delay showed a definite increase with 
decreasing pH. 

The effects of pH on the relative intensities of P* 
and TTAEP* are shown in Fig. 2, and the ratios of 
these intensities are listed in Table 3. Smaller relative 
enhancements were observed for the constant ionic 
strength solutions than for the buffered solutions 
without sodium chloride added (Table 2). 

Fluorescein is weakly acidic, with pK,, and pK,, 
values of 4.4 and 6.7, respectively.’ The completely 
dissociated form is highly fluorescent, and the 

Table 3. The intensity ratios of TTAEP* to P* and the 
differences between the fluorescence lifetimes of the two as 

a function of pH, in constant ionic strength solutions 

PH 

Intensity 
ratioa Atob, nsec Armc, n~ec 

5.8 1.38 0.37 0.43 
6.0 1.30 0.37 0.52 
6.2 1.15 0.36 0.46 
6.4 1.11 0.29 0.46 
6.6 1.19 0.35 0.44 
6.8 1.30 0.31 0.45 
7.0 1.07 0.29 0.46 
7.2 0.98 0.33 0.46 
7.4 0.98 0.26 0.46 
7.6 0.97 0.27 0.44 
7.8 0.88 0.26 0.47 

%tensities measured at I,, = 490 nm, and at the emission Fig. 3. Excitation and emission spectra of fluorescein- 
maximum of the solution, both at the same pH. labelled phenobarbital (P’) with and without TTAB in 

bFluorescence lifetime of TTABP* minus that of P* as constant ionic strength buffer at pH 7.0. (A) STAB-P* 
calculated from phase-shift lifetimes excitation spectrum, & = 525 nm, (B) P* excitation spec- 

‘Fluorescence lifetime of TTAEP* minus that of P* as trum, Lcm = 517 nm, (C) TTAB-P* emission spectrum, 
calculated from demodulation lifetimes. I,, = 501 nm, (D) P* emission spectrum, 1,, = 492 nm. 

10 r 

54 60 66 72 76 

PH 

Fig. 2. Fluorescence intensity of P* (+) and TTAB-P* (0) 
as a function of pH in constant ionic strength buffer. 

fluorescence intensity of fluorescein solutions in- 
creases with increasing pH. As shown in Fig. 2, in the 
low pH range, the fluorescence of P* is enhanced by 
association with TTAB, but above pH 7.2 TTAB 
causes a decrease in intensity relative to that in the 
absence of the micelle, which is higher because of the 
increased dissociation of the fluorescein label. 

The emission maximum of P* was shifted from 516 
to 525 nm and the excitation maximum from 492 to 
501 nm on association with TTAB at all pH values 
studied. The excitation and emission spectra of P* 
with and without TTAB at pH 7.0 are shown in Fig. 
3. The ratio of the intensity of TTAB-P* to that of 
P*, measured at the wavelength maxima for the latter 
(A,, = 501 nm and &,, = 525 nm) was found to be 2.7 

at pH 5.8 and 1.7 at pH 7.0. 
The fluorescence wavelength maxima and lifetimes 

of P* as a function of TTAB concentration were 
studied at pH 5.8 (Table 4). Spectral shifts are almost 
negligible at TTAB concentrations below 0.6mM. 
Fluorescence lifetimes decrease with increasing 
TTAB concentration up to around lmM, when they 
jump to a higher value that remains constant at 
higher concentrations. The initial decrease in lifetime 
indicates quenching of the P* fluorescence at TTAB 

Wavelength (nm) 
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Table 4. Fluorescence excitation and emission maxima and 
the difference between the fluorescence lifetimes of 
TTAEP* and P* as a function of total TTAB concen- 

tration in pH 5.8 constant ionic strength solutions 

C TTABI mM i,,, nm A,,,,, nm ATOP, nsec Atmb, nsec 

0 491 517 - 
0.46 492 518 0 0.06 
0.58 492 518 -0.13 -0.04 
0.69 496 525 -0.27 -0.06 
1.0 502 525 0.32 0.45 
3.1 501 525 0.36 0.48 
7.0 501 525 0.36 0.49 

“See (b), Table 3. 
%ee (c), Table 3. 

Table 5. Fluorescence emission maxima, intensity ratios and 
the difference between the fluorescence lifetimes of 
TTAB-P* and P* as a function of total TTAB concen- 

tration in pH 7.0 constant ionic strength solutions 

Intensity 
c mTAB, mM &,,,, nm ratioa A.rpb, nsec AT,,,~, nsec 

0 516 - - 
0.69 521 0.28 -0.57 -0.17 
0.81 525 0.42 -0.12 0.08 
0.91 525 0.75 0.24 0.36 
1.0 525 0.84 0.30 0.41 
3.1 525 - 0.34 0.49 
7.0 525 1.07 0.32 0.49 

“Ratio of the intensity of TTAEP* to P*, measured at 
1,, = 490 nm and at the emission maximum of the 
solution. 

bSee (b), Table 3. 
%See (c), Table 3. 

concentrations below its CMC. Above the CMC, the 
lifetimes achieve a maximum value corresponding to 
that of P* protected by micelle-association. Table 5 
shows the results of a similar study at pH 7.0. Similar 
trends are observed in the emission maxima and 
lifetimes, but the transitions occur at slightly lower 
TTAB concentrations. Relative intensities are also 
shown for both pH values, and indicate that there is 

indeed a quenching effect at TTAB concentrations 
below the apparent CMC. 

CONCLUSIONS 

Changes observed in P* fluorescence upon associ- 
ation with micelles included pH-independent spectral 
shifts and pH-dependent fluorescence intensity and 
lifetime changes. Cyclodextrins did not induce spec- 
tral shifts in P* fluorescence, and the induced lifetime 
changes were not as large as those observed for the 
micellar systems. However, large intensity enhance- 
nents were observed that might prove valuable in 
certain applications. Future research into the applica- 
tion of auxiliary binding reagents such as micelles and 
cyclodextrins to immunoassay systems will require 
studies of the effects of the auxiliary reagents on the 
antibody-bound as well as the free labelled antigen. 
Therefore, it is difficult to predict which reagents will 
prove most valuable for a particular immunoassay 
technique. The studies described here demonstrate 
that significant changes in the fluorescence properties 
of fluorescein-labelled phenobarbital can be achieved 
by using micelles, and, to a lesser degree, cyclo- 
dextrins. 
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Summary-Analytical methods for the assay of anthranilic acid and for determination of the impurities 
methyl anthranilate, anthranoylanthranilic acid and 3- and 4-aminobenzoic acid are described. A 
Microbondapak Cl8 column is used for both the assay and the impurity determination. The assay is 
based on isocratic development with a mobile phase of 35:65 v/v methanol/pH-3 phosphate buffer, with 
benzoic acid as internal standard. The impurities are separated by gradient elution. The standard 
deviation of the assay method is about 1% and the limit of detection for the impurities is about 0.01%. 

Anthranilic acid (AA) is a chemical intermediate 
widely used in the synthesis of pharmaceuticals, 
perfumes, dyes, resins and agricultural chemicals. It 
occurs biologically as a tryptophan metabolite. De- 
pending on the process used in its manufacture, 
synthetic AA may be contaminated with low levels of 
methyl anthranilate and anthranoylanthranilic acid. 
The structures are shown in Fig. 1. m-Aminohenzoic 
and p-aminobenzoic acid may also he present. 

AA may be titrated with base, with nitrous acid, or 
with bromine. ‘,* None of these approaches is selective 
in the presence of the usual impurities. Calorimetric 
methods are more selective, although other organic 
amines interfere.3,4 More specificity is attained by use 
of paper chromatography’ or thin-layer chro- 
matography.6*7 AA has heen determined in biological 
samples by gas chromatography after formation of 
derivatives’s9 or conversion into methyl salicylate.” 
Liquid chromatographic procedures for determining 
trace levels of AA in biological samples have recently 
heen published. 1’*12 AA was one of a series of substi- 
tuted henzoic acids studied in the development of a 
semi-empirical liquid-chromatography optimization 
strategy.13 

Methyl anthranilate is a natural product with a 
strong odour, occurring in materials such as orange 
blossoms, grapes and jasmine. It has heen determined 
in wine and other grape beverages by spec- 
trophotometry,‘4 fluorimetry,15 gas chroma- 
tography16v” and liquid chromatography with 
fluorimetric detection.” The literature is silent on 

*Author to whom correspondence should be sent. 
tPresent address: Waters Associates. Inc.. Milford. MA 

01757. 
$Present address: Widger Chemical Corporation, Warren, 

MI 48090. 
$Present address: Ford Motor Company, Allen Park Test 

Laboratory, Allen Park, MI 48101. 

determination of anthranoylanthranilic acid. Two 
recent papers show the use of HPLC to separate the 
three aminohenzoic acid isomers from each other. 

One is a normal phase method,” the second a 
reversed-phase method with added zinc.*O 

Because we use AA in the synthesis of specialty 

products, we have investigated HPLC for the quality 
control of this compound. 

Apparatus 

EXPERIMENTAL 

The HPLC system consisted of two model 6000A pumps 
controlled by a model 660 Solvent Programmer, a 3.9 x 300 
mm PBondapak Cl8 column, a model U6K injector, a 
model 440 fixed-wavelength ultraviolet absorbance detector 
used at 254 nm (all from Waters Associates), and a Honey- 
well Electronik 196 2-pen strip-chart recorder. Peak areas 
were integrated by a Hewlett-Packard model 3354 data 
system. 

R 
C 

Anthronilvz acld 

(o-ammobenzo~c acid 1 

Methyl onthranllate 

Anthranoylonthranilic acid 

2- C (2-aminobenzoyl I amino 3 - 

benrolc acid 

Fig. 1. Structures of the compounds. 
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Reagents 

Methanol, sodium hydroxide, phosphoric acid and glacial 
acetic acid were all ACS reagent grade. The sodium acetate 
trihydrate was Fisher HPLC grade. The benzoic acid was 
US National Bureau of Standards reference material. The 
anthranilic acid was prepared by vacuum sublimation of 
recrystallized AA (Kodak). Methyl anthranilate (Aldrich) 
was used as received. The anthranoylanthranilic acid was 
synthesized by BASF AG. Sodium phosphate buffer solu- 
tions, O.O2M, pH 3.0 or 6.0, was prepared by diluting 1.35 
ml of reagent grade concentrated phosphoric acid to 1 litre 
with demineralized water, and adjusting the pH by dropwise 
addition of 50% reagent grade sodium hydroxide solution; 
these solutions are susceptible to microbial growth, but are 
stable for one week if refrigerated. 

Procedures 

For assay, calibration solutions were prepared by weighing 
about 0.1 g of sublimed AA and 0.3 g of benzoic acid (as 
internal standard) into a IOO-ml standard flask. Methanol 
was added to dissolve the mixture and make the solution up 
to volume. A second standard was prepared in the same 
way, along with duplicate solutions of samples mixed with 
internal standard. The volume injected was 10 ~1. A typical 
chromatogram is shown in Fig. 2. 

For determination of the aminobenzoic acid isomers, the 
same procedure was used, but without the internal standard 
and with only one solution of each sample. To increase the 
sensitivity, IOO-~1 injections were made. A typical chro- 
matogram is shown in Fig. 3. 

For determination of methyl anthranilate and anthra- 
noylanthranilic acid, a calibration solution of the two 
impurities was made by weighing 30 mg of the first and 2 
mg of the second into a 50-ml standard flask, adding 2 ml 
of methanol to dissolve the materials, then diluting to 
volume with pH-6 buffer. This standard solution was diluted 
tenfold before use. The sample solution was prepared by 

1 

I 
I / I 

0 5 10 15 

Time, Minutes 

Fig. 2. Assay of anthranilic acid. Peak I, anthranilic acid, 
peak 2, benzoic acid (internal standard). 

I- 
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d ,II:L, 
3 

5 10 

Time, Minutes 

Fig. 3. Aminobenzoic acid isomers. Peak I, 4-aminobenzoic 
acid; peak 2, 2-aminobenzoic acid; peak 3, 3-aminobenzoic 

acid. 

dissolving 0.3 g in 15 ml of methanol in a IOO-ml standard 
flask, and diluting to volume with pH-6 buffer. Injections of 
25 ~1 were made. Figure 4 shows a chromatogram. 

Chromarographic conditions 

For assay of anthranilic acid, the mobile phase was a 
35 : 65 v/v mixture of methanol and aqueous pH-3.0 sodium 
phosphate buffer, at a flow-rate of 1.5 ml/min. For deter- 
mination of methyl anthranilate and anthranoylanthranilic 
acid gradient elution was used: solvent A was aqueous 
pH-6.0 sodium acetate buffer, solvent B was methanol. The 
gradient was linear from 0 to 60% B in 35 min, then from 
60 to 100% B in 4 min (to cleanse the column of impurities 
from the aqueous buffer), then linear from 100 back to 0% 
B in 10 min (to prepare for the next injection). For 
determination of the aminobenzoic acid isomers, the mobile 
phase was a 1: 1 v/v mixture of methanol and 0.02M 
aqueous acetic acid, and the separation was done on a 
Waters Radial PAK Cl8 cartridge at a flow-rate of 2.5 
ml/min. 

The eluents were filtered (0.45~pm membrane) and de- 
gassed before use. To avoid the corrosive effects of stagnant 
buffer solutions, demineralized water and then pure meth- 
anol were pumped through the entire system at the end of 
each day’s analysis. 

RESULTS AND DISCUSSION 

Since the aminobenzoic acid isomers, anthranoyl- 
anthranilic acid and the internal standard, benzoic 
acid, are organic acids, their polarity can be con- 
trolled by adjusting the pH of the eluent. We thus 
have two means of controlling retention on the 
column: acid strength and solvent polarity. 
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1 

Time, Minutes 

Fig. 4. Determination of anthranoylanthraniiic acid (peak 2) 
and methyl anthranilate (peak 3) in anthranilic acid (peak 1). 

We chose to make the assay by an internal stan- 
dard procedure. Benzoic acid was an excellent choice 
because it is eluted as a symmetrical peak under the 
same conditions as anthranilic acid. In addition, it is 
available in high purity {our NBS standard was 
certified as 99.958% pure). 

The injection size for the impurity determination 
was deliberately made large enough for the main 
component, AA, to cause saturation of the recorder 
trace. This permits more accurate quantification of 
the low-level impurities. 

The precision of the instrumentation for assay was 
determined by making multiple injections of the same 
solution. The relative standard deviation was 0.4%. 
The precision of the entire procedure was determined 
by making single injections of ten separate calibration 
solutions. The relative standard deviation was 2.8%. 
The absolute accuracy of the method is, as with all 
chromatographic methods, at the mercy of the stan- 

dard chosen for calibration. If the standard chosen is, 
for example, only 99% pure, then the results of the 
HPLC assay will be high by I % (relative). The HPLC 
method is at a disadvantage to the acidimetric or 
diazotization titration procedures in this regard, since 
these titrants can be independently standardized. 
However, various impurities cause positive inter- 
ference in the titration methods, but will not affect 
the HPLC result. 

The precision of the determination of anthra- 
noylanthranilic acid and methyl anthranilate was 
measured by making single injections of five separate 
solutions of an AA sample fortified with the two 
impurities at the 0.2% level for the former and 0.6% 
for the latter, the relative standard deviations found 
being 3.1 and 1.2% respectively. This is quite accept- 
able for impurity measurement. To estimate the 
accuracy of the procedure, a recovery study was 
conducted; the results are shown in Table 1. The 
accuracy is acceptable, but does not approach 100%. 
We believe the problem is the long retention times of 
the two impurities. In a gradient-programming 
method like this one, impurities from the aqueous 
solvent begin to be eluted from the column toward 
the end of the chromatogram, making integration of 
the peaks of interest more difficult. Modifications 
aimed at shortening the retention times for the 
impurities would be expected to give improved 
accuracy. 

Because of the synthesis route, 3- and It-amino- 
benzoie acid are not typical impurities in commercial 
AA. We did, however, modify our system to separate 
these compounds also. The required baseline resolu- 
tion is obtained by using a lower pH and higher 
methanol concentration than for the assay. Interest- 
ingly, the order of elution differs from that reported 
in the literature.19~20 This shows the power of being 
able to modify elution behaviour by means of both 
solvent polarity and acid strength. 

These methods have been used in our laboratory 
for more than eight years, without serious difficulty. 

CONCLUSION 

HPLC is a powerful and convenient tool For the 
analysis of AA. It is equally effective for assay and for 
impurity determination. HPLC is superior to the 
other techniques in that it is much less subject to 
interference than the classical analytical techniques. 

Table 1. Recovery study 

Anthranoylanthranilic acid Methyl anthranilate 

Run Added, % Found, % Recovery, % Added, % Found, % Recovery, % 

1 0.0 0.025 - 0.0 0.0 - 

: 0.082 0.042 0.070 0.11 104 103 0.16 0.31 0.14 0.28 90 88 

4 0.13 0.16 103 0.50 0.48 96 
5 0.17 0.17 87 0.66 0.61 92 
6 0.24 0.32 120 0.90 0.84 93 
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Benzoic acid is a suitable internal standard for the 
assay procedure. 

REFERENCES 

1. L. G. Hargis and D. F. Boltz, Talanta, 1964, 11, 57. 
2. M. Z. Barakat, A. S. Fayzalla and S. El-Aassar, Micro- 

them. J., 1973, 18, 308. 
3. D. Kupfer and D. E. Atkinson, Anal. Biochem., 1964, 
8, 82. 

4. V. 1. Korotkova, V. N. Noskov and V. P. Chistota, Zh. 
Analit. Khim., 1975, 30, 1607; Anal. Abstr., 1976, 31, 
1030. 

5. M. Y. Kamel and R. A. Hahmed, J. Chromatog., 1978, 
157, 440. 

6. M. P. Walsh, Clin. Chim. Acta, 1965, 11, 263. 
7. R. Humbel and C. Marsault, J. Chromatog., 1973, 79, 

347. 
8. K. Hirano, K. Mori, N. Tsuboi, S. Kawai and T. Ohno, 

Chem. Pharm. Bull., 1972, 20, 1412; Anal. Abstr., 1973, 
24, 1036. 

9. J. F. Douglas and Y. Philopoulous, J. Pharm. Sci., 
1977, 66, 1645. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

K. Hirano, M. Naruse, S. Kawai and T. Ohno, J. 
Chromatog., 1972, 70, 53. 
C. Escande, B. Bousquet and C. Dreux, Feuill. Biol., 
1979, 20, 121; Anal. Abstr., 1980, 39, 2D208. 
H. H. Schott, D. Langenback-Schmidt and K. Zinke, J. 
Chromatog., 1982, 24& 85. 
S. L. Demina and M. L. H. Turoff. Anal. Chem.. 1978. 
50, 547. - 

. I 

R. L. Brunelle, G. E. Martin and V. G. Ohanesian, 
J. Assoc. Off. Agric. Chem., 1965, 48, 341. 
D. J. Casimir, J. C. Moyer and L. R. Mattick, J. Assoc. 
Off. Anal. Chem., 1976, 59, 269. 
A. Zlatkis, G. R. Shoemake and P. G. Simmonds, .I. 
Gas Chromatog., 1967, 5, No. 3, 19A. 
R. R. Nelson,T. E. Acree, C. Y. Lee and R. M. Butts, 
J. Assoc. Off. Anal. Chem.. 1976. 59. 1387. 
A. T. Rhy;Williams and. W. Siavih, J. Agric. Food 
Chem., 1977, 25, 756. 
U. Streule and A. V. Wattenwyl, Chromatographia, 
1979, 12, 25. 
V. Walters and N. V. Raghavan, J. Chromatog., 1979, 
176, 470. 



Tdanla, Vol. 33, No. 8, pp. 661-664, 1986 ~39.9140/86 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright Q 1986 Pergamon Journals Ltd 

THE EFFECT OF HYDROLYSED ALUMINIUM SPECIES 
IN FLUORIDE ION DETERMINATIONS 

W. F. PICKERING 

Chemistry Department, University of Newcastle, N.S.W. 2308, Australia 

(Received 27 January 1986. Accepted 13 March 1986) 

Summary-The limited ability of added ligands to mask the interference of AI(III) in fluoride 
determination by means of ion-selective electrode measurements has been m-examined, and an explanation 
based on competing equilibria developed. When the AI(II1) level exceeds the fluoride content, the excess 
of Af(II1) forms colloidal hydrous oxide particles in the pH range 4-9, and this solid strongly sorbs 
fluoride. Under these conditions, masking ligands have to promote both decomposition of AlF, soluble 
complexes and release of sorbed fluoride by substrate dissolution. The latter is a slow process, particularly 
with an “aged” gel, and long equilibration periods can be required for total fluoride release. Ion- 
chromatography studies have shown that the amount of fluoride lost through sorption on the hydrous 
oxide particies (isolated during the membrane ~tration/dega~~ng step) can be quite high. By analogy, 
~relimin~y phase separation of natural water samples must also separate sorbed fluoride and soluble 
fluoride complexes. In the presence of Al(III), murate analysis for fluoride requires removal of the 
aluminium, or isolation of fluoride from the matrix, or very careful pretesting of masking efficiencies. 

The interference of aIuminium in fluoride ion deter- 
minations is usually attributed to the formation of 
soluble aluminium fluoro-species, and the influence 
of this reaction can be minimized by (i) isolating the 
fluoride as a volatile product (e.g., a microdistillation 
step is included in some automated fluoride ana- 
lysers), (ii) chemical removal of the aluminium (e.g., 
solvent extraction with 10% 8-quinolinol solution in 
can result] in nearly complete fluoride recoveries, 
with initial aluminium levels up to SOOmg/l., (iii) 

decomposition of the AIF, compfexes. 
The last approach has been widely adopted in 

conjunction with fluoride ion-selective electrode 
measurements, since competing ligand species can be 
conveniently added with the total ionic strength 
adjustment buffer (TISAB). The ability of various 
masking agents to retease fluoride has been examined 
by several groups; citrate,2d DCTA (trans-1,2- 
diaminocyclohexane-N,N,N’,N’-tetra-acetic acid)7 
and Tiron’ are said to offer the best recoveries of 
fluoride. The different views expressed arise in part 
from the fact that the degree of release varies with 
bufler pH, reagent concentration, and relative 
amounts of aluminium and fluoride present. 

The optimum pH for low-level fluoride deter- 
minations has been given as around 5, and at this pH 
citrate has been demonstrated3 to be the most efficient 
masking agent for relatively low levels of atuminium. 
In another study,4 involving ten different formu- 
lations, IM triammonium citrate (plus DCTA) was 
found to be the most effective reagent. It was noted 
that the sensitivity range could be extended by using 
more dilute buffers, but the penalty was some inter- 
ference from magnesium and aluminium. However, if 
the citrate level is kept constant during successive 
dilution, the aluminium interference effects decline, 

and in 0.5&f citrate buffer (PH 6) the permissible 
aluminium concentration increases markedly with 
decreasing fluoride concentration6 

At low fluoride levels, the ion-selective electrode 
response at pH r 8 can be in error (because of 
interference by hydroxide ions), but use of higher 
pH reduces aluminium interference. At pH N 8, 
recommended masking agents include 0.25M sodium 
citrate,5 1M sodium citrate2 and tris(hydroxy- 
methyl)aminomethane.3 At pH 12, formation of 
the tetrahydroxo-alu~nate ion tends to eliminate 
aluminium interference.2 

The formulations proposed by electrode manu- 
facturers are usually based on acetate buffer systems 
with added citrate or DCTA, and these cope ade- 
quately with Iow levels of aluminium, iron and 
magnesium. With higher aluminium contents 
modified reagents are needed, and this aspect is not 
always recognized by novice analysts. It has been 
shown,2 for example, that in the presence of 500 mg/l. 
aluminium the interference effect is most marked 
when the Al:F ratio exceeds IO: 1. 

For the analysis of aluminium fluoride compounds 
(such as cryolite) or determination of fluoride in 
aluminium compounds, the materials are usually 
fused (or dissolved) in alkaline media. Aluminium 
interference has then been minimized by making 
measurements at pH 12, or at pH 8 in presence of 
1M sodium citrate,2 by extensive dilution,9 by 
complexation with DCTA,‘O or by masking with 
sulphosalicylate and EDTA (pH N 9.5). It 

An important aspect, rarely mentioned by authors, 
is the time required for the masking of aluminium to 
become complete. In their detailed study, Nicholson 
and Duff’ noted, for example, that a minimum time 
of 20 min was desirable but 24 hr was preferable. The 
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validity of this statement has been confirmed in a 
recent study of fluoride sorption on hydroxo- 
aluminium species. I2 This investigation also provi- 
ded an insight into the competing equilibria involved, 
and the analytical aspects are described in this 
communication. 

The study described here also included some mea- 
surements by ion chromatography (IQ, a technique 
being promoted as an alternative to ion-selective 
electrode potentiometry. A recent paper” describes 
successful application of IC to the simultaneous 
determination of inorganic anions in Bayer and 
aluminium process liquors, but another investigatorI 
found it necessary to remove aluminium beforehand 
(by passage through a cation-exchange column in 
Ii+-form). 

EXPERIMENTAL 

Measurement rechniques 

For the specific ion-selective electrode measurements 
a Philips* fluoride electrode and meter (model PW 9409) 
were utilized. Calibration was based on dilution of IO-*M 
sodium fluoride stock solution, and if TISAB was 
present Nernstian response was observed at con- 
centrations > 10w4M (in presence of > OSM masking agent) 
or > IO-‘M {with dilute TISAB). Three TISAB solutions 
were tested: TISAEA (1M acetic acid, IM NaCl, ImM 
sodium citrate, pH S-5.5), TISARB (1M acetic acid, 1M 
NaCl, 4 g/l. DCTA, pH 5-5.5) and TISAB-C (0.5M KCl, 
0.5.U potassium acetate, IM sodium citrate, pH N 7.5). The 
onset of deviation from linearity is commonly explained in 
terms of the solubility of the I_aF, crystalis-” but a later 
study3 has indicated that other factors, including fluoride 
impurity in reagents, can be involved. Comparison tests 
demonstrated, for example, that the linearity limit varies 
with both the chemical composition of the buffer/ 
complexing system and pH, the optimum pIi for sub-mg/l. 
fluoride m~su~ments being around 5. 

The equipment used for anion dete~na~on by liquid 
chromatography consisted of a Kortec pumping unit, a 
Hamilton PRP-X1000 column, a SOO-~1 sample loop, and 
an Erma ERG751 refractive-index detector unit. The eluent 
(0.003M benzoic acid, pH 6.3) was delivered at 2 ml/min, 
the fluoride elution time was approximately 2 min, and the 
calibration graph (based on peak height) was linear for 
fluoride down to 0.2 mg/l. 

Aluminium interference studies 
Into clean acid-washed plastic vials were added standard 

sodium fluoride solution, various volumes of 0.0023M alu- 
minium nitrate @H 2) and enough distilled water and 0.1 M 
nitric acid (when required) to yield 25.0 ml of test solution 
having a pH of 5-5.5; fluoride levels of 1,6, or 10 x 10p4M, 
and aluminium contents ranging from 0 to 25 mg/l., were 
examined. 

The vials were sealed and their contents mixed overnight 
in an end-over-end stirrer unit immersed in a water-bath 
held at 25”. Next day the vials were ~n~ifu~d before 
aliquots of the solution were mixed with an equal volume 
of one of the TISAB solutions. The response of the fluoride 
electrode was then noted. In a later series of studies, the 
TISAB/test solution mixture was allowed to stand overnight 
before the potentials were measured. Potential mea- 
surements were also made on the original test solutions (i.e., 
with no TISAB) in order to assess the decrease in fluoride 
signal as a result of the aluminium present, and to confirm 
that the system pH was within the range 5-6. 

Before intrbduction of test aliquots into the chro- 
matography unit, the vial contents were filtered (by suction) 

through a 0.4.5-pm membrane disc. This step degassed the 
liquid and removed any particulate solids. Fluoride mea- 
surements were also made on test samples at various time 
between 15 min and 4 hr after the ai~inium and fluoride 
solutions were mixed. 

RESULTS AND DISCUSSION 

The results obtained are typified by the curves 
shown in Fig. 1. With TISAB/complexing solutions 
and the fluoride electrode, nearly complete fluoride 
recovery was obtained only in the presence of a high 
concentration of ligand, with prolonged contact 
between masking and test solutions. 

In many respects these curves complement the 
results reported by Kauranen,3 who observed that the 
recovery of fluoride by use of TISAB formulations 
declined with increasing aluminium concentration. 
The effect was most marked with reagents having low 
ligand concentrations and low system pH (e.g., 4.6). 
With 1 mg/l. fluoride and 2-20 mg/l. aluminium (i.e., 
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Fig. i. The effect of added Al(II1) on the amount of 
F- detected in solution. Initial NaF concentrations were: 
a, 1 x 10mqM (Le., 2.5 pmole/25 ml); b, 6 x 10e4M; c, 
1 x 10F3M. a (w) Free F- by ISE without TISAB. b (0) 
Apparent F- by ISE with TISAB-A. c (111) Total F- in 
solution by IC with 15-180 min delay before filtration. e’ 
(D) Total F- in solution by IC with no delay before 
filtration. d(A) Apparent I? by ISE with TISAB-C. e (D) 
Apparent F- by ISE with TISAB-B.f(& Apparent F- by 
ISE after overnight treatment with TISABG. (0) Appar- 
ent F- by ISE after overnight treatment with TISAB-B. 
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Fig. 2. Effect of pH and pF on the distribution of Al(II1). 
(A) Zones of Al(OH), and AlF, complex domination. Onset 
of precipitation -is cakulated fk in&al AI(III) levels of (a) 
IO-‘M, (b) W3M, (c) 10-4M. The fluoro-hydroxo complex 
zones reported by Dyrrseni9 are shown by (d). (B) De- 

pendence of AIF, speciation on ~uilib~urn F- level. 

mole ratio of Al : F > 1.4), nearly total release of 
fluoride (after N 15 min interaction) was observed 
only with 0.4M citrate (pH 5 or 7.7) or Tris-buffer 
(pH 8.4). With Al: F N 1 or less, >90% recovery was 
achieved with buffers containing O.lM sodium citrate 
JPH 4.6 and 5), 0.4M sodium tartrate (pH 5), 
0.006-O.lM DCTA (pH 5) and 0.M Tiron (pH 5). 
In our studies, using “aged” mixtures, recovery levels 
were much lower (Fig. 1A). 

Calculations based on the relative stability of the 
soluble complexes formed by aluminium with 
fluoride and other ligands, indicate that fluoride 
recovery should be nearly complete with most of the 
buffer/ligand mixtures tested. Such calculations, how- 
ever, ignore the limited lability of aluminium com- 
plexes, the limited solubility of hydrous aluminium 
oxide, and sorption of fluoride by colloids. 

Figure 2A shows the pF-pH regions associated 
with a transition from predominance of AlF, to that 
of Al(OH), (as calculated from stability constant and 
solubility product data), and it will be noted that at 
pH 5 or above the dominant aluminium species is the 
hydrous oxide. The presence of ligands can slow the 
hydrolysis and coagulation of colloidal particles, so 
the contribution of this phase (which strongly sorbs 
fluoride from solution l’*‘*) can be time-dependent. 
The sorption capacity is maximal at around pH 6, 

declining rapidly to nearly zero in the region pH 7-9 
because of dissolution of the solid to form Al(OH);.‘* 

Curves (I in Fig. 1 show how the amount of free 
fluoride in solution decreased with increasing addi- 
tion of aluminium ions. When the molar ratio of 
F- : Al(II1) exceeded -2, the dominant reaction was 
formation of AlF, species, with the relative distribu- 
tion of AIF*+, AlF$ and AIF, being predictable from 
the equilibrium fluoride level by use of a diagram 
such as Fig. 2B. At lower F- :A1 ratios, hydrolysis 
of aluminium was not totally suppressed, and the 
diminution in free fluoride was attributed to a 
combination of complex formation and sorption of 
fluoride by hydrous aluminium oxide. 

In the absence of a solid phase, the release of 
fluoride on addition of TISAB solutions is deter- 
mined by the efficiency of the ligand-exchange pro- 
cess, a step which can be measurably slow, owing to 
the limited lability of aluminium complexes. When a 
hydrous aluminium oxide phase is present, total 
retrieval of fluoride requires either dissolution of this 
solid phase or complete desorption of sorbed 
fluoride, both potentially much slower processes. 

The prefiltration step used in ion-chromatography 
removed most of any solid phase present, hence the 
IC curves (c’ and c) indicate the amount of fluoride 
sorbed by the aluminium gel. It was found that the 
fraction “lost” was smaller when the vial contents 
were filtered shortly after mixing of the aluminium 
and fluoride (at pH 5-6), as in curve c’, than when 
there was a delay of 11-180 tin (curve c). This 
difference in behaviour can be attributed to the rates 
of the hydrolysis reaction and the sorption process. 

Centrifuging the vials before removing aliquots for 
ion-selective electrode measurements settled little of 
the colloidal hydroxide, as demonstrated by the fact 
that overnight contact with some ligand mixtures 
yielded almost complete fluoride recoveries. 

The relative positions of the chromatographic 
results (curves c) and TISAB-B release values 
(curves ef in Fig. 1 imply that DCTA (4 g/l.) reacts 
primarily with AIF,, with sorbed fluoride only being 
released on prolonged contact (points 0). TISAB-A 
containing O.lM sodium citrate (curves b) appears to 
displace fluoride only partially from AIF,, whereas 
1M citrate (curves d) seems to retrieve about half the 
sorbed fluoride, this proportion increasing with con- 
tact time (curvesS). With the mixed phase systems, 
the behaviour was sensitive to change in experimental 
parameters (e.g., aging and reaction times) and this 
led to scatter in the results (e.g., curves 6). As 
expected, with lower initial fluoride level the position 
of curve a moved to the left, that is, onset of hydrous 
oxide formation occurred at lower total aluminium 
contents (cf: Fig. lA, B and C). 

The thermodynamic data associated with the 
formation of hydroxo and fluoro complexes have 
recently been re-evaluated.19 The predominance 
diagram in Fig. 2 clearly outlines how pH and pF 
control the nature of the major aluminium species 
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present under different conditions. In acid media, the 
major species are AlF, (where x varies from 1 to 3, 
depending on pF); at pH > 7, the dominant species in 
solution is AI(O The formation of Ai( is 
a masking process, so the high fluoride recoveries 
obtained by using complexing solutions of pH > 8 
probably reflect a combination of this reaction and 
dissolution of residual traces of hydrous aluminium 
oxide by added ligands. 

The analytical si~ifi~an~ of this study depends 
on the nature of the sample being examined. For 
example, the pH of natural waters tends to lie in the 
pH range 4-8, so any aluminium present should be in 
the form of a soluble complex (e.g., aluminium fulvate) 
or an aged hydroxy species. The amount of the latter 
may be minimal owing to sorption on other colloidal 
matter or coagulation, with subsequent gravitational 
settling into the sediment phase. Any residual solid 
(plus sorbed fluoride) would normally be removed 
during the membrane filtration step that usually 
precedes analysis. The alu~nium complexes in solu- 
tion should react smoothly with added TISAB/ligand 
mixtures (provided sufficient time is allowed), leading 
to almost total recovery of soluble fluoride content. 

When the original fluoride-bearing samples are 
solids, their total dissolution may require treatment 
with strong acid or strong base, or alkaline fusion 
followed by acidification. The resulting sample solu- 
tions, of very low or very high pH may not be 
adjusted to the desired analytical pH range (S-6) 
until just before addition of TISAB (for ion-selective 
electrode measurement) or degassing membrane- 
filtration (for ion chromatography). Under these 
circumstances the amount of hydroxo-aluminium 
species formed (when [Al(III)] > [F-l) will then vary 
with the experimental procedure, and loss of fluoride 
through sorption on colloids could be quite variable. 

Although the difficulties associated with alumi- 
nium interference in measurements with Auoride- 
selective electrodes have been studied in some detail 
before, time-variable effects have not usualfy received 
sufficient emphasis. 

For determinations based on anion chro- 
matography, much remains to be learned about 

aluminium interference effects, With excess of alumi- 
nium present, low values seem inevitable unless the 
aluminium is removed (e.g., by extraction or ion- 
exchange) before the pH is brought into the range for 
precipitation of the hydrous oxide. Even with 
[F-l > [AI(III)], the presence of AlF, complexes has 
been observed to influence the shape and position of 
the fluoride elution peak, signifying only partial 
break-up of the complexes on migration through the 
column. Some investigators have apparently over- 
come such problems, i3 but caution is advised when- 
ever expe~men~l conditions are changed, e.g., use 
of a different eluent, column, or detector. 

In any study, the analyst must carefully define 
exactly what is being determined (e.g., free or total 
fluoride), and must then ensure that the procedure 
adopted provides a good estimate of it. 
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Summary--Photosensors (PS) and membrane photosensors (MPS), which can be immersed in the test 
solution and facilitate the measurement of concentration, have been developed by miniaturizing an optical 
system consisting of a light source and a photocell. For use in acid-base or complexometric titrations a 
poly(viny1 chloride) membrane containing an acid-base or metallochromic indicator can be applied as a 
coating to the photocell. Spectrophotometric determination of copper(H), and photometric acid-base and 
chelatometric titrations have been performed with the PS and MPS systems. 

The absorbance of solutions is normally measured 
with a s~trophotom~ter and this instrument can 
therefore be employed to follow the course of 
spectrophotometric titrations. Modifications have 
been made to the spectrophotometer cell to give 
flow-through operation’s2 and facilitate titration.3 
A photodiode-array has also been used in a titrator.4 

In the work described here, the spectrophotometer 
is replaced by a photosensor (PS) system consisting 
of a miniaturized and integrated light-source and 
photocell which can be directly immersed in the test 
solution. Furthermore, if the photocell surface is 
coated with a poty(viny1 chloride) (PVC) membranes 
inco~o~ting an acid-base or metallochromic indi- 
cator, the sensor can he converted into a membrane 
photosensor (MI%) for use as the end-point detector 
in titrations. 

EXPERIMENTAL 

Reagents 
All the chemicals used were of analytical grade. In the 

preparation of the membrane, low molecular-weight PVC 
and tetrahydrofuran (THF), dioctyl phthalate (DOP) and 
Eriochrome Black T (EBT) were used. Solutions (0. l&f) of 
sodium hydroxide and hydrochloric acid were standard&d 
by use of O.lM potassium phth~late, Methyl Orange was 
dissolved in distilled water to give a 0.1% solution. Stock 
solutions of 0.2M copper sulphate, 0.2M magnesium chlo- 
ride, 0.2.44 ferric chloride and 0.05M zinc sulphate were 
standardized by complexometric titration6 with O.OlM 
EDTA. An ammonia-ammonium chloride buffer solution 
@H IO) was used to adjust the pH of the test solution. A 
methanolic solution of EBT (0.5%) was used as indicator. 

Apparatus 
A digital multimeter (SOAR ME-530) was used to display 

the resistance (R) of the CdS photocell and the illuminance 
of the photo-IC (i.e., photo-diode with an integral 
amplifier). Light-emitting diodes (LED) having a peak 
waveiengtb of 555 or 66Onm wem used. Hamamatsu CdS 
photocells and a Siemens TFA 1001 W photo-HZ were used. 

A stabilized d.c. power supply (Kikusui Model 7326) was 
used for the light sources, the voltage (1.~ZSV) being 
varied to give the appropriate light output. 

RRSULTS AND DISCUSSION 

Construction of the photosensor and membrane photo- 
sensor 

Two types of photosensor were constructed. The 
membrane versions are shown in Fig. 1. The optical 
system of type A consists of an LED and a CdS 
photocell, and that of type B of a small lamp with a 
lens and a photo-K. When the polycarbonate tubes 
are removed, both types may be employed as 
immersion-type sensors. 

The absorbance is measured as a function of the 
resistance (R) of the CdS photocell in type A by 
means of a digital multimeter. The light-emitting 
diode, which has a high light output and a hemi- 
spherical top is suitable as a source of illumination. 
In order to maximize sensitivity, the wavelength of 
the LED is varied to give a colour (red, green or 
yellow) to match the absorption profile of the test 
solution. This can be done by using a multicolour 
LED with a simple additional circuit. 

An amplifier is included in the photo-K used in the 
type B sensor and the circuit shown in Fig. 1 is used 
for measuring the iiluminance. If a digital multimeter 
is connected to the circuit, the illuminance is trans- 
duced into a voltage signal (1 mV = 1 lux). Then from 
the illuminances observed with the PS or MPS im- 
mersed in the test solution and in water, the absorb- 
ance of the test solution can be calculated. A suitable 
wavelength range is selected by means of a coloured 
cellophane filter afiixed to the lens. The lamp, filter 
and photo-IC are all sealed in epoxy resin to prevent 
contact with the test solution. 
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(6) 

(a) Type A (b) Type B 

(c) Circuit for type B 

Fig. 1. Construction of photosensor and photomembrane 
sensor. (1) Polycarbonate tube, (2) LED, (3) photomem- 
brane, (4) CdS photocell, (5) lamp, (6) filter, (7) photo-K. 

Type A photosensors are suitable for measuring 
a continuous change of absorbance such as that 
observed in the course of a photo-titration; those 
of type B may conveniently be used to measure 
concentrations. Since both types measure absorb- 
ance, the test solution must be coloured. Colourless 
solutions must have an appropriate indicator reagent 
added, but an alternative MPS has been constructed. 
This sensor has a membrane coated onto the CdS 
photocell or photo-IC. The membrane is prepared by 
dissolving 1 g of PVC, 1 g of DOP and 0.15 g of EBT 
(or other indicator) in 30 ml of THF, spreading the 
solution on a glass plate to a thickness of 1 mm and 
letting it dry for one day. A piece of the resulting film 
is then attached to the photo-IC or the CdS photocell 
at the point on which the incident radiation falls. 

Spectrophotometric determinations and complexo- 
metric photo-titrations 

A calibration graph for copper(H) was obtained 
with a PS (type A) with a red-emitting LED. Cop- 
per(H) solutions covering a range of concentrations 
were placed in lo-ml sample tubes. The PS was 
immersed in each solution in turn and the R values 
of the CdS photocell were measured. The absorbance 
was a linear function of copper(I1) concentration 

Fig. 2. Acid-base photo-titration curve for O.lM HCl with 
O.lM NaOH, with a type A PS (with green-emitting LED). 

between 4.0 and 18mM with a sensitivity (slope) of 
48 I./mole. The same graph was obtained with a type 
B photosensor. An acid-base titration was done, with 
a PS (type A with a green-emitting LED) as detector 
and Methyl Orange as indicator. The titration curve 
is shown in Fig. 2. As the titration proceeds the value 
of R decreases gradually until the end-point is 
reached, when there is a sharp drop. The end-point 
is given by the inflection point of the graph, taken as 
the mid-point between the intersections of extrapo- 
lations of the three linear sections of the graph. 

A mixture of 5 ml of O.OlM zinc sulphate, a few 
drops of EBT solution and 1 ml of NH,-NH,Cl 
buffer was titrated with O.OlM EDTA, with a PS 
(type B with a green-yellow filter) as detector. Since 
a photo-IC is used in the type B PS the illuminance 
is plotted against volume of EDTA added (Fig. 3). 
The end-point can be taken as the mid-point of the 
sudden decrease in intensity of the illuminance. 

Zinc sulphate solution has also been titrated with 
EDTA with a type A PS (red-emitting LED) as 
detector. According to Ringbom’s theory,’ we have 
calculated the position of the end-point (a = l), and 
it is consistent with the experimental value. The 

I I I I 
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u(EDTAl,/CZnl,) 

Fig. 3. Chelatometric photo-titration curve (O.OlM ZnSO, 
with O.OlM EDTA) obtained by using a type B PS (with 

green-yellow filter). 



Acid-base and chelatometric photo-titrations 

Table 1. Titration of zinc with 
O.OlM EDTA 

[Zinc] found, mM 

sensor visual 

9.50 9.60 
9.50 9.50 
9.60 9.60 
9.60 9.70 

mean 9.55 9.60 
std. devn. 0.06 0.08 

results are summarized in Table 1 and compared with 
those obtained by using a pale blue visual end-point, 
detectable within one drop of EDTA, without over- 
titration. The coefficient of variation obtained by the 
PS method is slightly smaller than that calculated 
from the results of the visual method. The titration 
with the instrumental end-point can be done as 
quickly as that with a visual end-point. 

Magnesium chloride solution (O.OlM) in 
NH,-NH,Cl buffer was titrated with O.OlM EDTA 
with a type A PS (with a red-emitting LED) as 
detector and EBT as indicator (Fig. 4). An iron(III) 
and copper(I1) mixture (each 0.025M) was titrated 
with 0.05M EDTA, with a type A PS (with a 
red-emitting LED) as detector. Figure 5 shows that 
for this mixture the end-points for iron(III) and 
copper(I1) can be found correctly from the inter- 
sections of extrapolated linear portions of the curve. 

The titration curve obtained by using an MPS 
(type B) with a green-yellow filter and a membrane 
containing EBT, for titration of O.OlM zinc sulphate 
with O.OlM EDTA at pH 10, is shown in Fig. 6. Since 
a distinct decrease in the illuminance was observed 
when the stoichiometric amount of EDTA had been 
added, it is clear that the MPS is useful as a photo- 
titration indicator. The decrease in the illuminance 
results from the reaction of the metal ion with EBT 
dissolved in the membrane. The EBT remains in the 

I I I I I 

0.2 0.6 1.0 1.4 1.6 

a(CEDTAl+/CMgl,) 

Fig. 5. Photo-titration of mixture of iron(III) and copper(B) o(CEDTA3, /CZnl,) 
with EDTA by using a type A PS (with red-emitting LED) Fig. 6. Photo-titration of O.OlM zinc with O.OlM EDTA, by 

[Fe3+] = [Cu* ‘1 = O.O25M, [EDTA] = 0.05M. using a type B MPS (with green-yellow filter). 

I I I I 
0.2 0.6 l.0 1.4 

u (CEDTAI, /(cF~I, + CCUI, 1) 

Fig. 4. Chelatometric photo-titration curve (O.OlM MgCI, 
with O.OlM EDTA) obtained by using a type A PS (with 

red-emitting LED). 

membrane throughout, and initially the membrane is 
blue until enough zinc diffuses into it to give a colour 
change. Hence the change to red should proceed so 
long as there is free zinc in the solution, though not 
at constant rate, since the zinc concentration is 
decreasing throughout the titration. Also, the rate of 
diffusion within the membrane will be fairly low, and 
there will be no further reaction until fresh zinc ions 
have penetrated the layers already converted into the 
Zn-EBT complex. Therefore, the shape of the ti- 
tration curve is due to the slow rate of diffusion of 
metal ion and ligand into the membrane. Similar 
results are obtained when using Xylenol Orange 
as indicator. When Type A is used as an MPS both 
the thickness of the membrane and the concentration 
of the indicator reagent must be half of those for 
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the type B sensor, because of the low illuminance and may have applications as sensors for automatic 
produced by the type A LED. titrations and in continuous flow analysis. 

The indicator-dye photometric methods employed 
in this experiment can be used successfully for 
quantitative work. However, the nature of the 
metal-dye-ligand interactions at the membrane 
surface requires further investigation. 

REFERENCES 

1. V. V. Kuznetsov and M. S. Lyaufer, Zh. Analyt. Khirn., 
1983, 38, 2210. 

2. S. D. Frans and J. M. Harris, Anal. Chem., 1984, 56, 
466. 

CONCLUSION 

It has been verified that both the PS and MPS 
developed here may be used as sensors of absorbance. 
These sensors are simple and inexpensive, and the 
measurement can be rapidly performed by immersing 
them in the test solution. They are also suitable for 
measuring continuous changes in absorbance such 
as those observed during the course of a titration 

3. V. I. Martynov, U.S.S.R. SlJ983536(Cl. GOlN31/16), 
23 Dec. 1982; from Otkrytiya, Izobret Prom. Obraztsy, 
Tovarnye Znaki, No. 41, 168; Chem. Abstr., 1983, 98, 
112223q. 

4. A. H. B. Wu, T. Rotunno and H. V. Malmstadt, 
Int. Lab., 1982, 12, March, 16. 

5. S. H. Hoke and A. G. Collins, Report 1979, BETC/ 
RI-79110; Chem. Abstr., 1980, 93, 19641q. 

6. K. Ueno. Chelatometric Titration. D. 242. Nankodo. 
Tokyo, 1412. 

. 

7. A. Ringbom, Complexaiion in Analytical Chemistry, 
pp. 8586. Wiley, New York, 1963. 



Talunia. Vol. 33, No. 8. pp. 665-677, f986 ~39-914~~86 %3.00 + 0.00 
Printed in Great Britain. AI1 rights reserved Copyright Q 1986 Pergamon Jounals Ltd 

THE SPECIATIO~ OF ~A~GA~ES~ IN FRES~WAT~RS 

BARRY CHISWLL and MAZLIN B. MOKHTAR 
Department of Chemistry, University of Queensland, St Lucia, Queensland 4067, Australia 

(Received 13 December 1985. Accepted 28 February 1986) 

Summary-The extent of current knowledge regarding the speciation of manganese in freshwaters is 
delineated, and the analytical methods whereby such knowledge is obtained are discussed. Particular 
attention is paid in the review to the use of electron paramagnetic resonance spectroscopy. 

Speciation of an element is the determination of the 
individual physiochemical forms of that element 
which together make up its total concentration in a 
sample. In the aquatic environment trace metals may 
exist in a number of forms, and the interactions 
between trace metals and the components of the 
aquatic system, including the biota, sediments, 
colloids and water, are largely influenced by specific 
forms of the metals. Speciation is necessary in order 
to understand the fate, toxicity, and biological activ- 
ity of trace metals and their counter-ions in natural 
waters. It is also a prerequisite for the formulation of 
water-quality criteria for trace metals. 

In natural waters, trace elements may be present in 
one of the following forms: 

(i) free metal ions surrounded by a layer of water 
molecules in the first co-ordination sphere; 

(ii) inorganic complexes; 
(iii) organic complexes; 
(iv) in association with colloids and particulate 

materials such as clays, iron oxides and organisms. 

The distribution of a trace element between these 
forms depends on the nature of the metal and on 
certain environmental variables. The most important 
of the latter include pH, E,, (aerobic or anaerobic 
nature of the water), concentrations of the major 
anions and cations, and the types and amounts of 
the organics, coIloids and particulate matter present. 

Manganese is undoubtedly one of the most 
ubiquitous metals in the lithosphere, being present, 
albeit often at trace levels, in most living organisms, 
and often in large concentration in a wide range of 
geological materials.’ The necessity for an adequate 
supply of manganese for growth of plants and in the 
nourishment of animals has been well-documented, 
and supplemental use of trace amounts of the metal 
has been found necessary in many parts of the world 
for both plant and animal nutrition. Problems associ- 
ated with the presence of an excess of the element are 
far less common than those arising from its absence. 
Exposure to very high levels of the metal over long 
periods has been found necessary for chronic man- 
ganese poisoning to occur, and such exposure has 

been documented only for persons working with 
manganese ores in situations where proper pre- 
cautions are not taken.2 

However, the presence of manganese in piped 
water supply systems, such as urban networks and 
hydroelectric systems, has been shown to create 
problems of some significance. Dil%iculties arise when 
either rn~~o-organisms present in the water metabo- 
lise the manganese present in solution, depositing 
insoluble “manganese dioxide”3 along the growing 
bacterial stalk of the organism, or the purification of 
drinking water by chlorination leads to the deposition 
of brown manganese oxides from solution. The bac- 
terial growths can reduce the bore of the pipe and 
hence the water Row, which can be a problem in both 
hydroelectric3 and town water-supply systems,4 and 
both the microbiological “manganese dioxide”’ and 
the chlorine-precipitated brown manganese oxides 
yield unattractive dirty water which can cause stains 
on washing and in swimming pools. 

The removal of manganese during treatment of 
impounded waters is a problem for many water 
authorities situated along the eastern Australian sea- 
board. In this region are concentrated the major 
urban developments in Australia, and the presence of 
manganese in the water supply is found, at problem 
levels, from Cairns in the north to Melbourne in the 
south. 

No one method of water treatment to remove the 
metal is in general use. Indeed, given that the speci- 
ation of the metal has been difficult to elucidate, and 
will undoub~dly vary fi) from dam to dam; (ii) with 
seasonal variations; (iii) within any one dam at 
different levels; it is not surprising that various treat- 
ments have been shown to have variable success rates. 
The key to any successful manganese removal treat- 
ment is knowledge of the speciation of the metal; thus 
speciation studies, as well as being of intrinsic 
scientific value, have important practical applica- 
tions. This review discusses the possible range of 
forms in which manganese is likely to occur in 
jmpounded fresh waters and streams, and presents 
the methods that have been used to elucidate the 
speciation of the metal. 
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POSSIBLE MANGANESE SPECIES IN 
NATURAL WATERS 

In the natural environment manganese can occur 
in three common oxidation states, +II, +I11 and 
+IV. Mixed oxidation-state systems can also occur. 

Manganese(H) species 

The stable form in acidic media is Mn(I1). In dilute 
solution, the manganese salts of strong acid anions, 
in the absence of complexing ligands, yield the hexa- 
aquo Mn’+ cation. There is evidence5 that loss of a 
proton from one of the six water molecules com- 
mences at a pH as low as 3.5. If this is so, at neutral 
pH these solutions will have both water molecules 
and hydroxide ion attached to the Mn2+ cation. The 
description Mn’+(aq) will be used throughout this 
review to describe the species obtained in these 
solutions at pH values below 7. 

Under certain conditions Mn’+(aq) will form com- 
plexes with either inorganic or organic ligands. Two 
types of complex are usually distinguished: 

(i) outer sphere in which the hydration shell of the 
metal ion remains intact and bonding of the complex- 
ing ligand is by weak charge effects; 

(ii) inner sphere in which ligands (H,O or OH-) 
originally attached to the metal are replaced, and 
strong new metal-ligand bonds are formed. 

Turekian’j has calculated, using Gibbs free-energy 
data, the relative importance of manganese com- 
plexes in streams and surface waters, and shown that 
for a potential of + 500 mV, pH 7, and an Mn2+(aq) 
concentration of 5 pg/l., the concentration of the 
most likely inorganic inner sphere complexes, 
[Mn(HCO,)]+(aq) and [Mn(SO,)](aq), will only be 
important when the concentrations of bicarbonate 
and sulphate exceed their average concentrations in 
natural waters by factors of 10 and 30, respectively, 
and [MnCl]+(aq) is only likely to form when the 
chloride concentration is over 1000 times that 
normally found in water. However, a manganese con- 
centration of Spg/l. would be low for many stream 
waters in Eastern Australia,’ and indeed manganese 
concentrations in impounded water supplies in this 
area are invariably much higher. North Pine Water 
Supply Dam in Brisbane regularly has epilimnion 
(warm upper layer of water) concentrations of man- 
ganese of lo-200 pg/l. and hypolimnion (cold lower 
layer) concentrations of up to 4000 p g/l. A survey of 
dam waters in Queensland indicates that these levels 
are not uncommon. Of course dam “turnover” can 
lead to much greater concentrations of manganese in 
the epilimnion than the 2OOpg/l. quoted above. 

At manganese concentrations of SO-200 pg/l., cal- 
culations similar to those of Turekian would suggest 
that [Mn(HCO,)]+(aq) and perhaps [Mn(SO,)](aq) 
would start to form in natural waters. Experimental 
results’ indicate, however, that at a manganese 
concentration of 100 pg/l. an increase in sulphate 

concentration from a “normal” value of 2.5 pg/l. to 
a value of 250 pg/l. leads to negligible [Mn(SO,)](aq) 
formation. At the much higher levels of manganese 
found in the hypolimnion of lakes, Turekian’s ap- 
proach suggests that inorganic manganese complexes 
would be present. However, Carpenter’ has claimed 
that, even in sea-water, with chloride concentrations 
of some 200 mg/l. and manganese concentrations up 
to 15 mg/l., only about 15% of the manganese is 
present as [MnCl]+(aq), some 10% as [Mn(SO,)](aq) 
and less than 5% complexed by carbonate, bicar- 
bonate and organic ligands. Such results are in stark 
contrast to calculations based on the equilibrium 
constants reported by Morris and Short,‘o but it must 
be remembered that in the natural environment 
where many metal ions and ligands will be present, in 
proportions ‘that can vary from sample to sample, it 
is not realistic to consider only parts of the whole 
system as though they occur in isolation. 

Callender and Bowser” agree with Turekian that 
the likely soluble inorganic complexes in freshwaters 
will be [Mn(HCO,)]+(aq) and [Mn(SO,)](aq), but 
also propose that [MnCl]+(aq) will form. Our experi- 
mental results’ indicate that such a species is unlikely 
in dam water; at a manganese concentration of 
1 mg/l., a chloride concentration of some Sg/l. 
is required for 10% of the Mn2+ to be com- 
plexed. Other possible soluble inorganic species, 
such as [Mn(OH)l’(aq), [MnFl+@q), [MnCl,l(aq), 
[MnCl,]-(aq) and [Mn(OH),]-(aq) all appear to be 
less likely to form than the chloride, sulphate and 
bicarbonate complexes mentioned above.6 Thus, 
most experimental work indicates that in both the 
epilimnion and hypolimnion of freshwater lakes and 
dams, very little soluble manganese will be present in 
the form of inorganic complexes. 

There is, of course, enormous potential for com- 
plexation of manganese by naturally occurring or- 
ganic ligands. Stumm and MorganI have sum- 
marized the properties of fulvic and humic acids; 
these are claimed to be the strongest complexing 
agents that are likely to be found in natural waters. 
Both types of acid are complicated mixtures of 
products obtained by the natural breakdown of dead 
organic matter. Whereas humic acids are precipitated 
in acid solution, fulvic acids are soluble at all pH 
values, which suggests that they possess more avail- 
able phenolic and carboxylic acid oxygen-donor sites 
for binding of metal atoms than humic acids do. 

Although there is much evidence” of the complex- 
ation of iron by both humic and fulvic acids, there is, 
as yet, little evidence regarding their complexation of 
manganese. Gamble et ~1.‘~ used proton NMR line- 
broadening studies to show that Fe3+(aq) appears to 
form inner-sphere complexes with fulvic acid, but 
that complexation of Mn2+(aq) is at most outer- 
sphere in nature. However, as the manganese concen- 
tration used in the work was much greater (100 mg/l.) 
than that normally associated with natural waters, it 
is uncertain how reliably the results can be extrapo- 
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lated to speciation studies of naturally occurring Nothing is known of the speciation of soluble 
freshwaters. The foregoing evidence indicates that Mn(IV) in natural waters. As pointed out elsewhere,‘(’ 
soluble Mn(I1) species in streams and impounded the basic chemistry of both the Mn(II1) and Mn(IV) 
waters will be present, almost exclusively as oxidation states has received scant attention from 
Mn*+(aq), unless the concentration of bicarbonate inorganic chemists, who are only now commencing 
and/or sulphate is abnormally high, or where (and the work necessary to an understanding of the envi- 
little is known of this) organic ligand complexation ronmental chemistry of manganese. The species 

occurs.9 WnW2W4+ would be, even if obtained, most tran- 

The most likely form of insoluble Mn(I1) would 
appear to be MnCO,. MnO or its hydrate Mn(OH),, 
only precipitates at pH > 11, and then only when the 
pe of the solution is negative. On the other hand, 
MnCO, will precipitate at about pH 7.5 over a range 
of pe values* from roughly -22 to + 7. However, 
MnCO, has a solubility of about 65 mg/l. in natural 
water and will thus only be precipitated when very 
large concentrations of carbonate and/or manganese 
are present.” 

All that can be said with certainty is that insoluble 
inorganic forms of Mn(I1) in natural waters occur 
by adsorption of Mn*+(aq) on other insoluble 
materials. 

sient, yielding Mn 2c in acid solution, and precip- 
itating as MnO,.xH,O in alkaline solution. Simple 
Mn(IV) salts such as Mn(SO,)* have been prepared, 
but are, as predicted by thermodynamic consid- 
erations, most unstable in the natural environment. 
The only binary Mn(IV) compound known to be 
stable in nature is manganese dioxide. Mn(IV) may 
be stabilized in nature through complexation with 
organic ligands; there appears to be no evidence 
either for or against such complexation. However, 
there seems little doubt that neither soluble nor 
insoluble inorganic complexes of Mn(IV) are likely in 
natural waters. 

Likely examples of such materials are iron hydrox- 
ides, clays and manganese dioxide. The possibility 
that insoluble Mn(I1) species can be formed by either 
organic ligand complexation leading to precipitation, 
or adsorption of Mn*+(aq) on insoluble organic 
material, cannot be reliably commented upon from 
our present state of knowledge. 

Manganese(II1) species 

Speciation of manganese dioxide is not a simple 
matter. The compound exists in many different 
forms,“~‘* some of which are non-stoichiometric and 
thus not easily amenable to techniques used to study 
chemical solids. Nevertheless, at pH > 8, insoluble 
manganese dioxide is a stable form of manganese in 
natural waters. However, whether it is the main form 
of insoluble manganese, as postulated by many work- 
ers, is very much open to question. 

The speciation of this oxidation state in 
natural waters is basically unknown.‘4l’5 The cation 
[Mn(H20),13+ is known, but is unstable in acid solu- 
tion with respect to disproportionation into Mn(I1) 
and MnO,, and in alkaline solution the Mn(II1) 
oxohydroxide, MnO(OH), is thermodynamically 
unstable with respect to both Mn(I1) and Mn(IV) 
oxides. At least in its simple salts, Mn(II1) does not 
appear to be stable in aqueous solution unless the 
insoluble mixed oxidation-state Mn,O, is produced. 

Analysis of manganese-containing deposits ob- 
tained by filtration of natural waters normally indi- 
cates the presence of insoluble forms of other metal 
ions, such as iron, aluminium, calcium and mag- 
nesium. Insoluble compounds, particularly of iron 
and aluminium, are likely to form agglomerates with 
particles of MnO, as well as adsorbing soluble forms 
of manganese, to yield essentially insoluble man- 
ganese; clays and insoluble organic matter can oper- 
ate in a similar manner. 

The possibility of obtaining both soluble and in- 
soluble Mn(II1) complexes of naturally occurring 
organic ligands cannot realistically be commented 
upon; our lack of knowledge of the basic chemistry 
of Mn(II1) is still monumental. Only in the last few 
years has any research in this area been undertaken, 
and results are few and far between.i6 

OXIDATION OF SOLUBLE MANGANESE 

Manganese(W) species 

Little is known of the speciation of this oxidation 
state in freshwaters. It has often been assumed that 
the insoluble form of manganese in such waters is 
manganese dioxide, but as will be shown, this as- 
sumption is not necessarily always true. 

The foregoing can be summarized by stating that 
at our present level of knowledge, we can say only 
that in natural waters manganese occurs either as the 
main soluble form of Mn*+(aq), or in insoluble form, 
of which MnO, is often at least a component. “In- 
solubility” is, of course, only definable in terms of a 
working definition, which for water studies is most 
usually based on whether a given species will pass 
through a 0.45~pm pore-size filter. 

*For a definition of pe and examples of its use, see, for 
instance, S. Kotrli and L. S&ha, Handbook of Chemical 
Equilibria in Analytical Chemistry, Horwood, Chi- 
Chester, 1985, p. 37 and Chapter 13. 

In practical terms the water chemist attempts to 
remove troublesome soluble manganese by oxidizing 
it to the insoluble form. The oxidation of Mn*+(aq) 
in the absence of any catalytic effect is slow. Hem” 
claims that more than 5% of Mn’+(aq) is unchanged 
after two years in aqueous solution open to the air at 
pH 8. He points out that such materials as quartzose 
and feldspathic sand grains can increase oxidation 
rates by a factor of 10. 
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Crerar et al.” have developed a model for ferro- 
manganese nodule growth which postulates that 
MnO, precipitation in natural water requires a cata- 
lytic process. They suggest that the reaction: 

Mn2+ + :O, + 20H- -+ MnO, + H,O 

requires adsorbing substrates to lower the activation 
energy of the oxidation by about 50 kJ/mole. Other 
workers 2’,22 have shown that the autocatalytic ox- 
idation of Mn(I1) on colloidal particles of MnO, 
proceeds rapidly only at pH > 8.5. Dubinina23 
pointed out that this is a high pH for natural waters, 
and that the presence of bicarbonate and sulphate 
would perhaps reduce this rate substantially, and 
claimed that the oxidation of Mn(I1) in natural 
waters “is due to the activity of metabolically- 
liberated hydrogen peroxide”, which indicates the 
importance of the participation of catalase in this 
reaction, because in the absence of catalase the 
normal chemical behaviour of peroxide is to reduce 
Mn(IV) to Mn(I1) 

Mn4+ + H202 -+ Mn2+ + 2H+ + 0, 

When it is remembered that the presence of an iron 
metallo-enzyme is required for the catalase decom- 
position of organically produced hydrogen peroxide 
to water and oxygen, it can be seen that the metabol- 
ically mediated oxidation of Mn(I1) will only occur in 
the presence of iron. 

METHODS OF MANGANESE SPECIATION 

Measurement of the chemical forms of a metal 
requires a highly selective analytical technique. In 
addition, the preliminary separation steps and the 
analytical measurement itself must be chosen to 
avoid, as far as possible, disturbing the equilibria 
between the chemical species in the sample. In natural 
waters the sampling process itself may lead to some 
disruption of the chemical equilibria, but this can be 
minimized by using rapid separation procedures and 
avoiding pretreatment of samples as far as possible. 

Ion-selective electrodes 

Very few analytical techniques can respond to only 
one particular species of an element in solution, i.e., 
be “species-specific”. Some of the most sensitive 
analytical instruments, such as the atomic-absorption 
spectrometer, cannot be used in speciation work 
because they measure only the total metal concen- 
tration. 

However, one good example of a species-specific 
technique is ion-selective electrode potentiometry. 
Metal ion-selective electrodes (ISEs) respond only to 
the activity (or concentration) of the free hydrated 
metal ion, with response related to potential by the 
Nernst equation. 2k27 Applications of ISE are regu- 
larly reviewed.28m3’ 

The measurement of the concentration of a partic- 
ular ion in complex mixtures of chemical substances 

can take from a few seconds to several minutes, 
depending on conditions. However, interference from 
other ions is a major drawback, as is the fact that the 
concentrations of most metal ions in natural waters 
are too low to be measured by an ISE.’ For example, 
Hirata and Higashiyama3’ have described an ion- 
selective chalcogenide electrode which is responsive 
to Mn*+(aq), but the response is non-linear and 
extends only down to 10m5M, a concentration which 
is relatively high for natural waters, and the electrode, 
which suffers from interference problems from other 
cations, does not appear to be of use for Mn2+(aq) 
concentrations below 0.5 mg/l. Midgley and 
Mulcahy33 have prepared a manganese(IV) oxide 
electrode by impregnation of a PTFE-graphite sub- 
strate, and tested this as a manganese(I1) sensor. It 
has a Nernstian response down to 5 x IO-‘M 
(2.8 mg/l.). The main disadvantages with this elec- 
trode are its long response time (about 20 min) and 
the pH-control requirement. Lead, iron(II1) and 
iron(I1) interfere, but other bivalent transition metal 
ions have little effect. 

Anodic-stripping voltammetry 

The most commonly used technique for speciation 
of heavy metals in waters is anodic-stripping voltam- 
metry (ASV). This technique can be used to dis- 
tinguish between “labile” and “bound” metal spe- 
cies.34 The former species take part in the electrode 
reaction, while the latter do not. The bound metal is 
thus determined as the difference between total (de- 
termined, for example, by atomic-absorption spec- 
trometry) and labile metal. It is proposed that the 
labile metal species should be defined as uncomplexed 
or weakly complexed ions, whereas the bound metal 
species comprise soluble metal-organic complexes, 
metal bound to high molecular-weight organic li- 
gands, and metal adsorbed on colloids.” From this 
point of view the technique is not particularly species- 
specific, as all electrochemically active species, includ- 
ing free metal ions and labile inorganic and organic 
complexes, are determined simultaneously. 

A major problem with the use of ASV in speciation 
studies of natural waters is the presence of organic 
compounds. These can be adsorbed on the electrode 
and markedly change the pattern of metal deposition 
and stripping.35 Similar, but rarely serious, problems 
can arise from the presence of some inorganic anions 
in the sample.36 A further experimental problem with 
ASV is the need to add a total ionic strength adjust- 
ment buffer (TISAB) to prevent any changes in ionic 
strength or pH during the course of the analysis. This 
will almost certainly alter the equilibria in the natural 
water sample, e.g., acetate buffer has been reported to 
form complexes with many metals,36 though prac- 

tically all of them are weak. 
ASV determinations of manganese in natural wa- 

ters have been performed by several workers.37-39 
Rapid determination of Mn(I1) at concentrations 
down to 0.01 pg/l. by differential pulse anodic- 
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stripping voltammetry (DPASV) at a mercury film 
electrode (MFE) has been reported,37 but the cali- 
bration graph was non-linear at concentrations above 
lOpg/l. The most serious interference in DPASV 
analysis for Mn(I1) is caused by the hydrogen wave, 
which completely masks the Mn(I1) peak. Addition 
of sodium tetraborate buffer can eliminate the hydro- 
gen wave, but probably alters the equilibrium. The 
very negative potential required for Mn(I1) (- 1.70 V 
vs. SCE) means that practically all other amalgam- 
forming species in solution will be co-deposited at the 
MFE. The most serious interferences are caused by 
Cr, Co, Ni and Cu. 

Both flow and batch potentiometric stripping anal- 
ysis (PSA) have been used3* to determine Mn(I1) 
concentrations in natural waters. The former is faster 
and easily automated and gives a detection limit of 
1.8nM (0.10 pg/l.) Mn (defined as three times the 
standard deviation of the blank signal). However, it 
involves pH adjustment of the sample and suffers 
interference from formation of an intermetallic com- 
pound with copper in the amalgam. Large volumes of 
sample are required at low concentrations, and long 
deposition times are then necessary. The negative 
potential for Mn(I1) deposition can cause concurrent 
reduction of protons and other dissolved species, and 
the oxidation of amalgamated Mn to Mn(I1) is not 
fully reversible. 

Polarography 

Several workers have used differential pulse polar- 
ography (DPP) to determine manganese in natural 
waters. Manganese at pg/l. levels has been deter- 
mined by DPP” in fresh, estuarine and sea-waters 
buffered at pH 9.5 with a citrate-borate solution. 
Polarographic determination of manganese in 
unbuffered natural waters always experiences strong 
interference from the chromium and iron signals 
which overlap the manganese signal. 

Polarographic determination of Mn(I1) has a num- 
ber of drawbacks. The reproducibility is very poor 
and the calibration graph non-linear.4’ The method is 
slow, requiring about 15 min for one analysis. Over 
the manganese concentration range from 2 x 10m6A4 
(0.11 mg/l.) to 10m4M (5.5 mg/l.) d.c. polarography is 
recommended instead of DPP.42A3 

Physical separation techniques 

Physical separation techniques are used to separate 
“soluble” from “insoluble” forms of the metal, and 
to separate these two fractions into various sub- 
groups. The specificity of these physical separations 
is, of course, directly related to the nature and 
complexity of the sample. Some of the separation 
methods used in speciation studies are as follows. 

Filtration. Various standard pore-size filters have 
been used to separate soluble and insoluble fractions. 
Probably the most commonly used nominal pore-size 
is 0.45 pm. There is no intrinsic reason for using such 

a pore-size, but a recent paper44 indicates that for 
manganese in the particle-size range from 10m3 to 
lo* pm in three out of four lakes studied, virtually all 
of the metal-carrying particulate matter would be 
retained by the 0.45~ym filter. 

Liquid-liquid extraction. Solvent extraction with 
chloroform or carbon tetrachloride has been used in 
an attempt to determine organically-associated cop- 
per in sea-water, 34 but the method gave low results. 
Attempts to undertake a similar separation of man- 
ganese in natural waters have not been reported, but 
studiesI on the complexing power of natural ligands 
for the metal suggest that the technique may be 
unsuitable. 

Ultrafiltration, dialysis, centrifugation and electro- 
phoresis. These techniques can separate metal species 
associated with colloidal particles from ionic metal 
species. In ultrafiltration and dialysis, the pore-size of 
the membrane used must be specified because the 
diameters of the metal species that are retained or 
passed are defined accordingly. 

Ultrafiltration membrane filters have pore di- 
ameters of 1- 15 nm. Advantages of the ultrafiltration 
technique are its simplicity and the selectively vari- 
able pore-size of the filters. Small pore-size filters are 
expensive, however, and the long filtration time may 
result in metal-ion adsorption on the collected solids. 
Ultrafiltration separates two metal fractions in natu- 
ral waters. The filtrate (ultrafilterable metal fraction) 
contains free metal ions and inorganic and organic 
complexes which have diameters less than the pore- 
size of the filter membrane used. The retained frac- 
tion contains metal species of size greater than the 
pore-size of the filter. Ultrafiltration, ion-exchange 
filtration and centrifugation, together with spectro- 
photometric methods and activation analysis, have 
been used to study the interactions between humus 
and trace elements in freshwater.4s 

Dialysis is not widely used in speciation studies of 
trace metals because of the long equilibration time of 
at least 24 hr,46 and consequent risk of adsorption 
losses. The major advantage of this technique is the 
very small membrane pore-size of l-5 nm, which 
allows only the free metal ions and the smallest 
complexed species to diffuse through the membrane. 
Serious problems associated with the use of the 
technique have been summarized;34,35 in general these 
are associated with the fact that the membrane can 
affect the equilibria in the sample being dialysed. 

Centrifugation is less susceptible to the adsorption 
effects that create problems in dialysis, but generally 
fails to collect a range of smaller particles. 

The interactions of Cu(II), Pb(II), Cd(II), Zn(I1) 
and Mn(I1) with humic and tannic acids have been 
studied by using a combination of dialysis, 
ultrafiltration and atomic-absorption spectroscopy, 
and the stability constants of these complexes have 
been calculated.47 A combination of centrifugation, 
dialysis, ion-exchange filtration and electrophoresis 
has been used in studying the effect of storage of river 
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water on the physicochemical forms of trace ele- 
ments.46 

Zen-exchange. Cation and anion-exchange resins 
divide dissolved metal into anionic, cationic or neu- 
tral (not sorbed by either resin) species. The most 
commonly used ion-exchange resin is Chelex-100 
which contains iminodiacetic acid units attached to a 
polystyrene matrix, and binds free metal ions and 
metal ions from complexes which have stabilities 
lower than that of the metal-Chelex complex.’ 
Chelex-100 has been used for collection of various 
metals from natural waters.13s35 Mn’+(aq) is quan- 
titatively retained at neutral pH, as are Fe3+(aq), 
Pb*+(aq) and Zn’+(aq), but such retention is often 
pH-dependent. Adjustment of pH to obtain quan- 
titative retention will undoubtedly change the speci- 
ation. 

Nuclear magnetic resonance spectrometry (NMR) 

The direct study of speciation of trace elements in 
natural waters by means of NMR is virtually un- 
known. This is because most metals of interest have 
a nuclear spin (I) greater than 1, leading to a nucleus 
with an uneven and non-spherical distribution of 
charge. This gives rise to an electric quadrupole 
moment (besides the magnetic moment), which inter- 
acts strongly with many types of bonding electrons 
and can obscure or greatly complicate the nuclear 
magnetic effect; “Mn is a good example of a nucleus 
subject to such obscuration. 

However, the technique is of use in speciation 
studies if the NMR spectra of the ligands associated 

with the metal are examined instead of the NMR 
spectrum of the metal itself. Gamble et aLI studied 
the interactions between Mn*+ and a well- 
characterized fulvic acid by observing the changes of 
the proton NMR spectrum of the water present. This 
method was also used by Frankel et aI.,48 who 
determined the structure of the MnSO, inner-sphere 
complex by proton NMR; the sulphate ion was found 
to act as a bidentate ligand. 

The width of the NMR signal in an aqueous 
solution of Mn*+ is proportional to the number of 
water molecules co-ordinated to the metal, any de- 
crease in line-width being indicative of the number of 
co-ordinated water molecules replaced by sulphate 
ions. A combination of NMR and electron para- 
magnetic resonance spectroscopy (EPR) has been 
applied in studying the effects of physical and chem- 
ical treatments of chloroplast manganese.49 

Electron paramagneticlspin resonance spectroscopy 
(EPR/ESR) 

A most important technique for Mn(I1) speciation 
studies is that of EPR. EPR signals are usually 
obtained from paramagnetic species with an odd 
number of unpaired electrons. Speciation studies are 
based on observing the changes in the EPR spectra 
of the paramagnetic species that take place as a result 
of formation of complexes between the ligands (in- 

eluding solvent molecules) and the metal ion. Because 
Mn(I1) gives such good EPR spectra, the technique 
has been widely used for qualitative work, and to a 
somewhat lesser extent in quantitative analysis. The 
latter application appears to have been first made by 
Guilbault and Lubrano,50 using the principle that the 
EPR signal intensity is proportional to the concen- 
tration of the paramagnetic electrons, and hence to 
the Mn*+(aq) concentration. 

Mn*+(aq) gives a very strong six-peak EPR signal 
in aqueous solutions or in mixtures of water and 
some organic solvents. Complexation (either inner or 
outer sphere) causes changes in signal intensity and 
peak shape. 

Guilbault and Lubranoso found a linear re- 
lationship between the amplitude of the fourth peak 
from the low-field side of the first derivative absorp- 
tion curve, and the concentration of Mn*+(aq) in the 
range from 10b3M (55mg/l.) to 10m6M (55pg/l.). 
We’ have obtained similar results over the Mn*+(aq) 
range from lOOmg/l. down to 3Opg/l., with re- 
producibility of f3%. For Mn*+(aq) the EPR 
method of quantitative analysis is superb. It is rapid, 
non-destructive, and can be used over a very wide 
range of sensitivities without the need for dilution or 
preconcentration. Furthermore, it is highly selective, 
operates over virtually the whole pH range, requires 
no sample pretreatment (e.g., buffering), and needs 
only a very small sample (0.2ml). The major draw- 
back of the technique is, of course, the cost of the 
EPR spectrometer. It would seem likely that the 
suitability and accuracy of other (cheaper) methods 
for speciation of Mn(I1) in solution will be estab- 
lished by EPR studies; such a programme is now 
being undertaken in our laboratories. 

The six-peak spectrum is created by the nuclear 
hyperfine splitting of the five equivalent electronic 
spins by the 55Mn 100% abundant, Z = 3 nuclear 
spin. Owing to second-order quantum mechanical 
effects, the average spacing between the six lines is not 
equal. 5’ From the low-field side of the spectrum, the 
peak widths range from 22.8 G for the first peak to 

19.1 G for the fourth peak (the tallest and narrowest 
of the peaks). As the fourth peak is the one least 
affected by the second-order effects, it is the most 
useful for quantitative measurements. 

For solutions of Mn*+(aq) of concentrations less 
than O.lM (5.5 g/l.) contributions to line-widths by 
interactions between neighbouring Mn*+(aq) ions are 
negligible.52,53 Thus in the concentration ranges of 
interest to the natural-water chemist, the line-width 
of the EPR spectrum is determined only by the 
Mn(IIkligand relaxation processes. Ligand inter- 
action with Mn*+(aq) to form an outer-sphere com- 
plex causes a small distortion of the symmetry of the 
field about the Mn*+(aq) ion. This produces a spec- 
trum with broader and shorter peaks than those 
obtained for the unassociated Mn*+(aq); the area 
under the fourth peak, however, remains constant. 
The formation of an inner-sphere complex reduces 
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the symmetry of the Mn*+(aq) ion markedly below 
cubic and causes very rapid relaxation; the EPR 
spectrum of the new species has very broad, often 
unmeasurable, peaks.54 

Three different types of measurement have been 
applied to the fourth EPR peak to assess the speci- 
ation of the manganese in a given solution, viz. the 
peak height, width and area for a given solution are 
compared with those for a known standard contain- 

ing only Mn’+(aq). 
The peak-height is related to the concentration of 

the cubic-symmetry [Mn(H20),12+(aq); as this species 
is decreased either by reduction in total Mn(I1) in 
solution, or by removal of Mn2+(aq) by complex- 
ation, a concomitant reduction in peak-height would 
be expected. Carpenterm claims that outer-sphere 
complexation does not reduce the concentration of 
Mn’+(aq) in solution, but the charge effect is strong 
enough to reduce the peak-height and broaden the 
peak-width, the peak-area remaining constant. On 
the other hand, Carpenter claims that if only inner- 
sphere complexation occurs, the peak area is reduced, 
as the peak-width remains constant, but the peak- 
height is reduced by the reduction in concentration of 
Mn’+(aq). Thus interaction of chloride ions with a 
known concentration of Mn2+(aq) would yield peak- 
height reduction and peak-broadening but constant 
peak-area if the complexation were outer-sphere, but 
reduced peak-height and peak-area but no peak- 
broadening if the complexation were inner-sphere. 

Carpenter’s interpretation is based on the work of 
Burlamacchi et uZ.,~~,~’ Hayes and Myers” (who claim 
that inner-sphere complexation will yield peak- 
broadening only at temperatures above SO”) and 
Pearson and Buch.55 McBrideS6 has also used peak- 
broadening as a measure of outer-sphere complex- 
ation, while Vishnevskaya et aL5’ have used peak- 
area decrease to indicate formation of inner-sphere 
complexes of low symmetry. 

As a standard system in which it is claimed there 
is no anion-association with the Mn2+(aq) ion, a 
number of workers have used aqueous solutions of 
manganese(I1) perchlorate. For instance Burlamacchi 
et aZ.52*53 report insignificant changes in peak-width in 
solutions of Mn(ClO,), up to OSM concentration. 
Carpenter,54 and Hayes and Myers,5’ have reported 
similar results and interpreted them to indicate no 
complexation of any type between the manganese 
cation and the perchlorate anion. Broadening of the 
Mn(I1) EPR peak-width at much higher concen- 
trations of Mn(ClO,),, viz. l-3.2M, has been studied 
by Hinckley and Morgan.58 Dipole-dipole inter- 
action was proposed as the predominant inter- 
molecular relaxation process at these higher concen- 
trations. Above a concentration of 2.3M, the 
hyperfine structure of the absorption is not resolved, 
and the spectrum appears as a single broad absorp- 
tion peak. 

To investigate the nature of the interaction be- 
tween various anionic groups with Mn2+(aq) in solu- 

tion, different groups have studied the EPR spectral 
changes of aqueous Mn(C104)2 solutions on addition 
of such groups. Thus Hayes and Myers” studied the 
effect of chloride and sulphate on EPR peak-width of 
Mn(ClO,), solutions over the temperature range 
20-200”. In the range 20-80”, no change in peak- 
width of a 0.05M Mn(C104)2 solution was observed 
on increasing the chloride concentration of the solu- 
tion from 0.025 to O.lOOM. On the other hand, the 
addition of sulphate appeared to alter the EPR 
peak-width at all temperatures, such alterations not 
being simply related to concentration changes. Refer- 
ence to the known formation constants for 
[MnCl]+(aq) and [MnSO,](aq) was used to explain 
complexation by the sulphate ion, but lack of binding 
of chloride. 

Carpenter54 has studied the speciation of Mn(I1) in 
sea-water by EPR spectroscopy. Using a chloride 
concentration range of 0.3-l.OM, he found a linear 
decrease in Mn(I1) peak-height with increasing chlo- 
ride concentration up to at least 0.7M. Like Hayes 
and Myers, 5’ he found no increase in peak-width on 
increasing the chloride concentration; he therefore 
proposed that the interaction is of the inner-sphere 
type. He used his results to calculate a thermo- 
dynamic equilibrium constant of 1.37 at 20”. When 
studying the effect of sulphate, Carpenter found that 
both the width and area of the EPR signal varied, 
suggesting the formation of both inner- and outer- 
sphere complexes. Depending on the choice of activ- 
ity coefficients for Mn’+(aq) and SO:-(as), the equi- 
librium constant for the association of the ions in 
aqueous solution was found to be between 93 and 
145. 

Guilbault and Meisel” have studied the effects of 
chloride, sulphate, acetate and other anions on the 
Mn2+(aq) peak, and have reported the maximum 
concentration of these substances that can be added 
before measurable effects can be seen in the EPR 
peaks. 

Mn(I1) solutions of different pH values, saturated 
with N,, CO, or O2 were all found to give rise to 
initial EPR signals very similar to those obtained for 
the untreated Mn(I1) solutions.59 This work used 

MnSO, solutions ranging from lo-‘M to O.lM in con- 
centration, and the results were claimed to show that 
the major species in solution from pH 2.0 to 6.3 is 
[Mn(H20)J2+(aq), with [MnOH]+(aq) only forming 
above pH 9.0. The solubility in solutions saturated 
with CO, is controlled by the solubility product of 
MnCO,, although at pH 6, [Mn(H20)J2+(aq) is still 
claimed to be the major species of manganese present. 

The forms of the major constituents of some eighty 
ferromanganese nodules from marine and freshwater 
environments were determined by Wakeham and 
Carpenter@’ by EPR methods, and Blanchard and 
Chasteen determined Mn(I1) in powdered barn- 
acles6’ 

Carpenter54 used EPR work to show that certain 
marine waters had 72-77% of their manganese 
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present as MnZt (as), 14- 16% as complexes with 
chloride, and lo-12% as complexes with sulphate. 
The results showed that less than 5% of the total 
manganese was associated with CO:-, HCO; or 
organic ligands. He proposed that the lack of organic 
complexation may well be due to a preference of 
natural organic ligands for other metals common in 
the lithosphere, viz. Ca, Mg and Fe. 

Gamble et aZ.62 have used EPR spectroscopy to 
investigate the interaction of Mn’+(aq) with fulvic 
acid. They proposed that manganese binds to this 
ligand in nature by simultaneous electrostatic inter- 
action between the metal ion and negative ligand 
groups, and hydrogen-bonding of metal-co-ordinated 
water molecules to oxygen atoms on the fulvic acid 
groups; the result is essentially outer-sphere complex- 
ation. McBrideS6 proposed, on the basis of EPR 
work, a similar type of binding of Mn2+(aq) to humic 
acid extracted from mineral soil. 

In this context it is interesting to note that Farmer 
and POPOV,~~ in using EPR spectroscopy to calculate 
the thermodynamic constants and stabilities of man- 
ganese(I1) complexes with phosphonoformic acid, 
phosphonoacetic acid, phosphonopropionic acid, 
citric acid, some crown ethers and a cryptand, from 
the decrease in signal intensity, found that the crown 
ethers did not complex with Mn(I1). 

CONCLUSION 

The foregoing analysis of available data indicates 
that the most likely form of soluble manganese in 
freshwater is Mn’+(aq), although the possibility of 
complexation, particularly of the outer-sphere type, 
with naturally occurring organic ligands cannot be 
ruled out in our present state of knowledge. If such 
complexation does occur, it may stabilize both solu- 
ble Mn(II1) and Mn(IV) species. 

The speciation of insoluble manganese in fresh- 
water is, as yet, little understood. There seems little 
doubt that in many cases one form of insoluble 
manganese will be hydrated manganese(IV) oxide. 
However, it is experimentally difficult to deal with 
speciation of non-stoichiometric systems. These in- 
solubles may contain one or more of the following: 

(1) one or many of the forms of MnO,; 
(2) Mn(II), Mn(II1) or Mn(IV) oxides adsorbed on 

either insoluble organic or inorganic material; 
(3) insoluble Mn(II), Mn(II1) or Mn(IV) com- 

plexes. 

The difficulty of oxidizing Mn(I1) in freshwater is 
well-established, but the reasons are, as yet, by no 
means understood. Current evidence points to the 
mediation of biological species as being essential to 
such oxidation. 

Although the problems of identifying the speci- 
ation of insoluble forms of manganese in freshwater 
still largely’await the attention of the water chemist, 
work on electrochemical methods, in particular 

anodic-stripping voltammetry, and use of ion- 
exchange resins and electron paramagnetic spec- 
troscopy have been useful in partially determining 
soluble manganese speciation. In particular, EPR 
spectroscopy has been used to establish the amount 
of Mn’+(aq) present in solution, and to predict the 
likelihood of formation of soluble complexes of this 
ion by naturally occurring inorganic and organic 
ligands. 

In speciation work it must always be remembered 
that kinetic factors may overrule thermodynamic 
predictions. A discussion of this in connection with 
manganese is given by Kragten.@ 
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Summary-A new liquid-membrane electrode which responds to perchlorate ion is described. It 
incorporates a IO-‘A4 solution of the nitron-perchlorate ion-pair complex, in nitrobenzene, as a liquid 
membrane. The electrode exhibits near-Nernstian response for lo-*-2 x 10m5M perchlorate with an 
anionic slope of 56 mV/pClO,. The response time is 20-90 set, the working pH 2.5-8.5, the lower limit 
of detection 8 x 10e6M perchlorate and the selectivity for perchlorate relative to 27 inorganic and organic 
anions of different nature is reasonably high. Periodate, permanganate and thiocyanate, however, 
interfere. Determination of 2-1000 pg/ml perchlorate in aqueous solutions shows an average recovery of 
98.8% and a mean relative standard deviation of 1.9%. The electrode has been successfully used for direct 
potentiometric determination of the purity of perchlorate propellants and the solubility products of some 
sparingly soluble perchlorates. 

Since the introduction of the first perchlorate ion- 
selective electrode in 1968 by ROSS,‘,* many 
perchlorate membrane-electrode systems have been 
developed. These incorporate the perchlorate ion- 
association complexes of some metal chelates, 
long-chain quaternary ammonium ions and organic 
dyes, as electroactive species, dispersed in lipophilic 
solvents, polymeric membranes and hydrophobic 
porous matrices. The perchlorate complexes of tris- 
(phenanthroline)iron(II),‘-’ tricaprylylmethylamine 
(Aliquat 336S),8-” tridodecylhexadecylamine,‘* tri- 
heptylhexadecylamine,‘3 tetrapropylamine,14 tetra- 
butylamine,14 benzylhexadecyldimethylamine,‘s N- 
ethylbenzothiazole-2,2’-azine,“j the dimethyltetra- 
decylamine derivative of Amberlite XAD-2 resin,” 
the trioctylamine derivative of styrene-divinyl- 
benzene copolymer,” Ethyl Violet,” Gentian Violet,20 
Brilliant Green,2’ and Methylene Blue,** have all 
been utilized as the electroactive materials. These 
complexes are either dissolved in organic solvents 
such as l,2-dichloromethane,‘4 l-decanol,8,9 nitro- 
benzene,4~‘8~22 tetrachloroethane,*’ chlorobenzene,*’ 
and nitro-p-cymene,“* or dispersed in poly(viny1 
chloride) matrix.5~7~‘0~‘2~‘3 Hydrophobic porous graph- 
ite rods,15 and fritted glass discs,4,20 have also been 

used to support the electroactive materials. 
Many of these electrodes, however, are not sensi- 

tive enough to permit measurement of low levels of 
perchlorate, and/or display poor selectivity in the 
presence of various common contaminants. For most 
of these electrodes, selectivity data have been re- 
ported for only a few ions. The present work de- 
scribes the preparation, characterization and some 
possible applications of a new perchlorate ion- 

*Author for correspondence; current address: Department 
of Chemistry, Qatar University, Doha, Qatar. 

selective electrode based on the use of the 
nitron-perchlorate ion-pair complex, in nitrobenzene 
as solvent. The sensitivity and stability offered by 
this simple electrode configuration are high enough 
to allow accurate determination of low levels of 

perchlorate. The selectivity coefficients measured for 
many inorganic and organic anions of different 
nature are negligibly small. 

Apparatus 

EXPERIMENTAL 

All emf measurements were made at 25 &- 1” (unless 
otherwise stated) with an Orion microprocessor “Ionalyzer” 
(Model 901), the nitron-perchlorate liquid-membrane elec- 
trode and an Orion double-junction- Ag/AgCl electrode 
(Model 90-02), with its outer chamber filled with 10% 
sodium nitrate solution, as the reference electrode. An Orion 
glass-calomel combination electrode (Model 91-02) was 
used in pH adjustment. 

Reagent 

All solutions were prepared with demineralized doubly 
distilled water and all chemicals were of analytical reagent 
grade unless otherwise stated. A O.lM stock perchloric acid 
solution was prepared in O.lM sodium chloride and stan- 
dardized by potentiometric titration with standard sodium 
carbonate solution (glass-calomel electrode system). A 
O.lM stock sodium perchlorate solution was also prepared 
in demineralized doubly distilled water. Standard 
perchlorate solutions (10-2-10-6M) were freshly prepared 
by accurate dilutions of the stock perchloric acid and 
sodium perchlorate solutions with O.lM sodium chloride 
and demineralized doubly distilled water, respectively. 

Procedures 

Membrane preparation. Nitron-perchlorate was prepared 
by mixing 30 ml of aqueous O.OlM perchloric acid with 30 
ml of O.OlM nitron solution in 10% acetic acid. The mixture 
was cooled in ice-water and the precipitate was filtered off 
by suction, washed with demineralized doubly distilled 
water, dried at about 1 lo” for 20 min and ground. The liquid 
ion-exchanger was prepared by making a O.OlM solution of 
nitron-perchlorate in nitrobenzene. 
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E&&rode ~re~~rut~on. An Orion liquid-m~mbra~e eke- The sol~bi~ity of nitro~-~rch~orate in some lipo- 
trade barrel (Model 92) was used for electrode assembly 
with a porous membrane (Orion 92-06-04). The internal 

philic solvents such as nitrobenzene, I-octanol, 

reference solution was O.OlM sodium chloride/O.OlM so- 1-decanol and bemyl alcohol was tested, 

dium perchlorate. After assembly of the electrode, the Nitron-perchlorate has high solubility in both nitro- 
internal reference solution and the liquid ion-exchanger benzene and benzyl alcohol, Hence, solutions of 
were injected into the appropriate ports. The electrode was 
conditioned by soaking in O.OIM sodium per&orate for 2 

Nixon-~~hlorate in both sofvents were prepared 

days. when not in use, the d&rode was kept immersed in 
and examined as liq~d-membranes for potentio- 

the same solution. metric de~~ina~on of perchlorate by use of the 
~ el~trochemical cell. 

r 

Electrode cul~raiion. Portions (25 ml) of i0-2-10-6M 
perchloric acid or sodium perchlorate standard solutions 
were transferred to SO-ml beakers, and adjusted to pH 3-7 
by addition of dilute sodium hydroxide solution. The 
axon-~rch~orate liquid-rn~bra~e electrode, in conjunc- 
tion with a double-junction Ag/AgCl reference electrode, 
was immersed in the stirred solutions. The potentials were 
displayed on a chart recorder and the stable values were 
plotted as functions of pClO,, to give a calibration graph. 

Electrode selectivity, The selectivity coefficients were eval- 
uated by the mixed solution method of Srinivasan and 
Rechnit7? from potential measurements on solutions con- 
taining 10-‘&f sodium perchlorate and various concen- 
trations (i0-2-10-5M) of the interfering anion. Equation 
(I) was used for the calculation, where AE is the change in 
potential in the presence of a second anion, j;-, S is the 
slope of the calibration graph for perchlorate and a, and aj 
are the concentrations of perchlorate and the second anion, 
respectively. 

KC = (lW!S - l)a;&z,)“jZ (1) 

~ete~inat~n ofperckiorute in propellants. A quantity of 
the nowder eouivaient to 0.2~10 mg of perchlorate ion was 
weighed out, transferred to a SO-mcbeaker and dissolved in 
25 mi of 0.1 M sodium chloride. The pH was adiusted ta 3-7 
and the potential was recorded as for the calibration 
standards and the perchlorate concentration read off the 
calibration graph. 

Sol~ilify of sparingly s&&e ~~rchlo~~?~s. A l-g portion 
of the sparingly soluble perchlorate was suspended in SO ml 
of demineralized doubly distilled water in an airtight 
Erlenmeyer flask. The mixture was shaken vigorously for 
3 hr in a thermostat adjusted to 35 5 1” and aliowed to 
stand for an hour at the same temperature before potentiai 
measurement as previously described. The perchlorate con- 
centration was read from the calibration graph prepared 
with aqueous standard sodium perchlorate solutions. The 
solubility (M) and solubihty product (lus,) were then calcu- 
lated. 

RIEWLW AND DISCUSSION 

The strong organic base 4,5-dihydro-1,4- 
diphenyl-3,5-phenylimino-1,2,Ctriazole (nitron) 
forms a fairly insoluble crystalline nitrate and 
perchlorate. 24 In this study a nitron-perchlorate pre- 
cipitate was prepared and examined as a novel elec- 
troactive material in a iiq~id-m~brane responsive to 
the perchlorate ion. Elemental analysis of the product 
agreed with the imposition C~H~~~4*~C10~. The 
most significant absorption bands in the infrared 
spectrum of the precipitate, at 3320 and 1100 cm-‘, 
are assigned to stretching vibrations of the secondary 
amino and perchlorate groups, respectively. 

The emf may be expressed as a function of 
perchlorate activity according to the equation 

E = E, - S log [ai i K$J* (a, )lj2] (21 

where E, is the conditional standard potential of the 
electrode under the conditions used in the cell, S is 
the slope of the calibration graph, KtT’ is the select- 
ivity coefficient, a, and ai are the activities of the 
perchlorate ion and of a foreign ion of charge z, in 
the test solution, respectively. A similar equation can 
be used to relate the emf to concentration. 

The response characteristics of an electrode incor- 
porating O.OlM nitron-perchlorate in nitrobenzene 
were evaluated at 25 f 1”. The potential-response to 
perchlorate was linear for aqueous solutions over at 
least 3 orders of magnitude of activity or cormen- 
tration, with near-Nernstian slope (Fig. 1). The activ- 
ity coeilicient for perchlorate in 0. I M sodium chfo- 

160 

6 5 4 3 2 

Fig. 1. P&ential-response curves for nitran-perchlorate 
liauid-membrane electrodes with nitrobenzene (0) and 
b&zyl alcohol (0) as membrane solvent as functions of 

activity (---) and concentration (-). 
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ride, as calculated from an extended Debye-Htickel 
relation, is 0.76. 

Least-squares analysis of the data showed that the 
calibration plot was linear from lo-* to 2 x lo-‘M 
with a slope of 56 mV/pClO,. The standard deviation 
of a measurement was 0.8 mV. The lower limit of 
detection, defined as the concentration of perchlorate 
corresponding to the intersection of the extrapolated 
linear segments of the calibration graph, was 8 x 
10M6M. This limit is lower than those obtained with 
many other previously described electrodes.5*8~10~25 
With benzyl alcohol as the solvent, however, the elec- 
trode response was poor, probably because benzyl 
alcohol is more viscous and more soluble in water, 
and has a lower dielectric constant than nitrobenzene. 

Potential stability and response time 

The results obtained from 5 different perchlorate 
electrodes, all with nitrobenzene as the membrane 
solvent but prepared over a period of 6 months, 
showed that the reproducibility of the potential read- 
ings on the same day for the same perchlorate 
solutions was within f 1.2 mV. The variation in 
potential reading for a given pCl0, during 6 weeks of 
normal use was within +3 mV. Electrode age up to 
6 weeks had no significant effect on the slope of the 
calibration plot, which remained within 1.8 
mV/pClO, of its original value. The liquid membrane 
was usable for 6 weeks before renewal. 

The average response time, defined as the time 
required for the electrode to reach a potential within 
f 1 mV of the final equilibrium value after transfer 
between perchlorate solutions differing in concen- 
tration by a factor of 10, or after rapid IO-fold 
increase in concentration by addition of sodium 
perchlorate, was 20 set for concentrations 2 10A3M 
and 90 set for concentrations ,< 10e4M. 

EfSect of pH on the membrane response 

Figure 2 shows that the electrode potential is 
independent of pH in the range 2.5-8.5 (the electrode 
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Fig. 2. Effect of pH on the potential response of 
nitron-perchlorate liquid-membrane electrode at different 

concentrations of CIO; . 

potential did not vary by more than +2 mV for any 
perchlorate concentration in the range of 
10-2-10-4M). Above pH 9, however, there was a 
substantial decrease in the electrode potential, prob- 
ably owing to gradual dissociation or decomposition 
of nitron-perchlorate at the membrane surface. 

Effect of other anions 

The performance of the electrode in the presence of 
30 different inorganic and organic anions was as- 
sessed by measuring the selectivity coefficient values 
(Kfl,“‘) by the mixed solution method.23*26 The results 
obtained (Table 1) show that the electrode displays 
high selectivity for perchlorate. 

Table 1. Selectivity coefficients for some common anions with the 
nitron-perchlorate liquid-membrane electrode 

Interfering ion Interfering ion 
(_i) 

F- 
Cl- 
ClO; 
Br- 
BrO; 
I- 
IO; 
10; 
NO, 
NO; 
so:- 
SOi- 
s,o: - 
s,o;- 
CNS- 

KC’ 

4.1 x 10-j 
1.2 x 10-d 
4.3 x 10-3 
2.7 x 1O-3 
1.3 x IO-3 
8.3 x 1O-2 
1.1 x 10-3 
3.6 
3.2 x 1O-3 
1.1 x 10-3 
3.2 x 1O-4 
3.8 x 1O-4 
2.8 x 1O-4 
7.7 x 10-d 
1.8 

w 

FelCNd- 
Fe{CN$ 
MnO; 
CrOi- 
H,PO; 
co:- 
voj- 
MOO:- 
wo:- 
Acetate- 
0xalate2- 
Tartrate2- 
Succinate’- 
Citrate’- 

KE 

1.3 x 1o-4 
8.2 x 1O-5 
2.6 
6.2 x 1O-4 
5.3 x 10-3 
2.7 x 1O-4 
1.3 x 10-d 
3.1 x 10-d 
3.5 x 10-4 
4.2 x 1O-3 
3.0 x 1o-4 
3.2 x 1O-4 
2.8 x 1O-4 
1.2 x 10-d 
4.3 x 10-3 
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Surprisingly, the electrode displays only a weak 
response to nitrate (Kj’j’= 1.1 x 10m3) although 
nitron reacts q~ntitatively with both perchlorate 
and nitrate under the same conditions. To under- 
stand this phenomenon, the partition of perchlorate 
and nitrate between water and a solution of lo-‘M 
nitron in nitrobenzene was tested by measuring the 
concentrations of both ions in the aqueous phase 
after the extraction. The results showed that nitro- 
benzene extracted the perchlorate and retained the 
nitron-perchlorate almost quantitatively. The degree 
of extraction of nitrate was only about a hundredth 
of that of perchlorate, probably owing to the 
difference in the hydration energies of the two ions. 
It is known that the perchlorate ion is more hydro- 
phobic and larger than the nitrate ion. The hydration 
enthalpies (AH&) are - 57.1 and - 74.5 kcal/mol and 
the ionic radii are 2.45 and 1.96 A for the perchlorate 
and nitrate ions, respectively.27 The larger, more 
hydrophobic, anion has the smaller hydration en- 
thalpy.*’ Competition between the perchlorate ion 
and the smaller and more strongly hydrated nitrate 
ion thus favours preferential extraction of the former 
by the membrane phase, causing the higher selectivity 
of the electrode for perchlorate. The effect of relative 
anion hydration energies has similarly been used to 
explain the solvent extraction behaviour of some 
anionPZ9 and the selectivity of some anion-exchange 
resins3 

Compared with some of the commercially available 
perchlorate ion-selective electrodes,31*32 the nitron- 
perchlorate liquid-membrane electrode is notably tol- 
erant of Br-, NO;, NO,, ClO; and carboxylate 
anions and is less affected by many other inorganic 
anions (Table 1). It has been reported that NO;, 
NO;, Br-, ClO;, CN- and I- ions cause serious 
errors with some perchlorate membrane electrodes, 
as evidenced by the S-25% error produced when 
there are equal quantities of these ions and 
perchlorate. 3’,32 The use of the nitron-per~hlorate 
liq~d-membrane electrode for the determination of 
perchlorate in the presence of these ions, however, is 
without complications. Mixtures containing lo-100 
pg/ml perchlorate and ten times that concentration of 
any of these ions can be determined with the present 
electrode by the calibration graph method, with an 
average recovery of 97-102% and mean standard 
deviation of 2.3%. 

The nitron-perchlorate liquid-membrane electrode 
responds, however, to CNS-, IO; and MnO; 
ions. Most of the commercially available perchlorate 
ion-selective electrodes are also known to respond 
to MnOi, IO; and Cr,O:- ions.32 Fortunately, the 
interference of a IO-fold ratio of IO; or MnO; to 
ClOi is completely circumvented by prior heating of 
the test solution at 60-80” for 10 min with glycerol 
and oxalic acid, respectively. On the other hand, the 
responses of the electrode to CNS-, IO; and MnO; 
were linear over the concentration range 10-2-10-4M 
with slopes of 40, 52 and 65 mV/decade, respectively. 

400 
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Fig. 3. Effect of pH on the potential response of the 
nitron-perchlorate liquid-membrane electrode at different 

concentrations of MnO:. 

This suggests possible use of the electrode as a 
potentiometric sensor for determination of these ions. 
Direct potentiome~c determination of 50-1000 
pg/ml CNS-, IO; and MnO; concentrations at pH 
6-7 by use of calibration graphs prepared with 
standard solutions of these ions showed an average 
recovery of 97% and a mean standard deviation of 
3.1%. The effect of pH on the electrode responses for 
CNS- and IO, was rather similar to that for ClO; 
itself, with a working range of pH 3-7, but the MnO; 
response was more seriously affected, as shown by 
Fig. 3. 

Table 2. Direct potentiometric determination of the per- 
chlorate ion with the nitron-perchlorate liquid-membrane 

electrode 

rc10,1 Relative _ __ 

Taken, @g/ml Recovery,* % 

2.0 97.1 
5.0 98.4 

fO.0 99.5 
19.9 98.9 
29.8 99.1 
39.8 98.9 
79.6 99.4 
99.5 100.0 

199.0 98.5 
298.5 98.0 
398 99.3 
597 91.9 
796 98.5 

standard deviation,? 
% 

2.8 
2.5 
1.8 
1.9 
1.7 
2.0 
1.8 
1.7 
2.1 
1.8 
1.8 
1.1 
1.5 

995 99.5 

*Average of 3 measurements. 
tRange method. 

1.3 
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Table 3. Direct potentiometric determination of perchlorate in propellants 

[ClO,-1, % Relative 
standard 

Compound* Theory Recoveryt deviation, % 

Ammonium perchlorate 84.68 98.2 1.7 
Urea perchlorate 61.99 99.1 1.9 
Hydrazine perchlorate 75.09 98.5 2.1 
Ethylamine perchlorate 68.38 97.9 1.8 
Ethylenediamine perchlorate 61.99 99.2 1.7 

*Concentration used lo-200 pg/ml. 
tAverage of 5 measurements. 

Table 4. Direct potentiometric determination of the solubility products of some sparingly soluble 
oerchlorates 

Present method Potentiometric Gravimetric 
Compound at 35” methodz5 at 35” method at 25” 

Potassium perchlorate 1.6 x lo-* 1.6 x lo-* 8.9 x IO-** 
Hexa-amminecobalt(II1) perchlorate 9.2 x 1O-6 9.4 x 1o-6 6.3 x 10-6t 
Tetrakis(pyridine)copper(II) perchlorate 5.2 x 1O-5 5.4 x 10-S 
Nitron perchlorate 2.9 x lo-@ - 3.8 x 10-8$ 

*Nordmann.” 
tTaylor et al.” 
§Voge1.24 

Determination of perchlorates 

The use of the nitron-perchlorate liquid-membrane 
electrode for direct potentiometric determination of 
perchlorate was first examined with 2.5-1225 pg/ml 
sodium perchlorate (equivalent to approximately 
2-1000 pg/ml perchlorate), in triplicate. The average 
recovery was 98.8% and mean standard deviation 
1.9% (Table 2). The purity of some perchlorate 
compounds commonly used as propellants was also 
determined by preparing the sample solution in O.lM 
sodium chloride (to control the ionic strength), ad- 
justing the pH to 3-7 if necessary, and measuring the 
potential; a sodium perchlorate calibration graph was 
used. The average recovery was 98.6% and mean 
standard deviation 1.8% (Table 3). 

The solubilities of some sparingly soluble 
perchlorates were also determined. The equilibrium 
potentials of saturated solutions of potassium, hexa- 
amminecobalt(III), tetrakis@yridine)copper(II) and 
nitron perchlorates were directly measured at 35 f 1”. 
The solubility products computed and given in Table 
4 compare favourably with values previously 
recorded by other measurement techniques.24,25,33~34 
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DETERMINATION OF LEVAMISOLE HYDROCHLORIDE 
WITH HgIf BY A TURBIDIMETRIC METHOD 

AND FLOW-INJECTION ANALYSIS 
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Departamento de Quimica Analitica, Facultad de Quimica, Universidad de Valencia, Burjasot (Valencia), 

Spain 

(Received 30 October 1985. Revised 25 March 1986. Accepted 11 April 1986) 

Summary-This paper is concerned with the use of ion-association compounds in the analysis of 
pha~aceuti~l samples by FIA. The usual extraction into an organic phase is avoided by using 
turbidimetric detection. Determination of Ievamisoie with &I$” has been developed as a practical 
example: the experimental variables were optimized by the modified simplex method. The calibration 
graph is linear over the levamisole concentration range 7-32 pg/ml. The reproducibility (rsd) and injection 
sample rate are 0.9% and 80/hr, respectively. 

Few papers on flow-injection analysis (FIA) are con- 
cerned with turbidimet~c detection, and so far only 
ammonia and sulphate ions have been determined in 
this way. 

Krug et al.” proposed using Nessler’s reagent for 
turbidimet~c detection of ammonia (in the OS-6 
@g/ml range) in natural water samples. A protective 
agent was required in order to prevent gradual depo- 
sition of precipitate on the walls of the FIA system. 
Good precision and accuracy were achieved with a 
sampling rate of 120/hr. 

Sulphate has been turbidimet~~lly determined’-7 
with barium, at sampling-rates from 6O/hr,” to 250j 
hre5 The widest application range6 was for sulphate 
concentrations from 5.0 to 200 pgjml. Hemmings and 
MacdonaId8 reported a procedure with 2-aminopyr- 
imidine hydrochloride as reagent, using the merging- 
zones technique to save sample and reagent; 95 ~1 of 
both species are consumed in each determination, in 
the O-10 bg/ml sulphate range, and the sampling-rate 
is up to 60/hr. 

Liquid-liquid distribution of ion-association com- 
pounds and their photometric detection is a broadly 
used procedure in drug analysis: it is a sensitive 
and precise technique for the d~t~r~nation of basic 
drug~.~-~~ Since the initial work of Karfberg and 
Thelande? on determination of caffeine in acetylsali- 
cylic acid preparations, with sodium laurylsulphate 
interference eliminated by addition of tetraphenyl- 
ammonium ion (which forms an ion-pair with the 
laurylsulphate and transfers it to the organic phase, 
where it does not contribute to the analyte absorb- 
ance at 27.5 nm), some applications of FIA auto- 
mated solvent extraction and ion-association com- 
plex formation to drug evaluation have appeared in 
the literature. They include determination of codeine 

*Author far correspondence. 

with picrate,i3 procyclidine hydrochloride, also with 
picrate, ” and anionici5*i6 and cationic” surfactants in 
pha~a~euti~l fo~ulations. Steroid and bile acid 
sufphates have been determined in clinical analysis 
with iucigenin.~s 

This paper is concerned with turbidimet~~ 
detection in FIA procedures based on ion-association 
compounds, and deals with evaluation of levamisole 
with tetraiodomer~urate(I1) as pre~pitating reagent. 
The procedure was optimized by the modified 
simplex method (MSM), the parameters concerned 
being sample volume, reaction coil-length, flow-rate, 
pH and reagent concentration. 

Levamisole hydrochloride is the laevo-isomer of 
tetramisole hydro~hlo~de; both are anthelmintic 
drugs, but the former has fewer side-effects. Hol- 
brook and Scales’” have determined tetramisole in 
animal tissue extract polarographically, and Mourot 
et uLz* have evaluated it by HPLC in the routine 
analysis of veterinary antheimintics, but both meth- 
ods require mg quantities of the drug. Some liquid 
extraction~olo~met~ methods have been proposed 
for evaluation of tetramisole in pg amounts, with 
various dyestut%.* Sodium nitroprussiden and cobalt 
thiocyanatez3 have also been proposed as reagents. 

No pha~a~o~ial method is given in the BP or 
USP for determination of the two drugs. 

EXPERIMENTAL 

Reagents 

Aqueous solutions of Ievamisole hydrochloride. The solid 
(donated by Quimica Farmackutica Bayer) was found, by 
non-aqueous potentiometric titration with perchloric acid in 
acetic acid medium, to be 100.7 f 0.3% pure (5 replicates). 

Cktming ‘s solution. Mercuric iodide (1 .OO g) and potas- 
sium iodide (0.80 g) were dissolved, mixed and diluted to 
iO0 ml with demineralized water. 

&rffer soktions. P&de with citric acid and d&odium 
hydrogen phosphate, at O.S;LI ionic strength and adjusted to 
the desired pH. 

68.5 



Currier stream. A mixture of 10ml of buffer solution 
and V ml of Channing’s solution was made up to 50 ml with 
demineralized water. 

Other reagents were of analytical grade. 

FIA assembly and procedure 

The sample solution was injected into the carrier stream 
and the turbidity measured spectrophotometrically with 
a Coleman 55 (Perkin-Elmer) instrument orovided with an 
18-~1 flow-cell iHellma) and’a Unicam 45 A-R (Pye Uni- 
cam) recorder. The Tecator 5020 apparatus, sample injector 
and pumps were used and the reaction-coil was a 0.5-mm 
bore Teflon tube. 

2 4 
0 I I 

500 600 700 
RESULTS AND DISCUSSION 

nm 

A qualitative study of formation of ion-association 
compounds of levamisole was done by mixing 1 ml 
of 4.2 x 10m4M levamisole solution, 1 ml of 1.20 x 

lo-‘M dyestuff or 2.64 x lo-‘h4 inorganic anion 
and 1 ml of buffer. No precipitate was formed with 
Bromocresol Purple or Green, Thymol Blue, Bromo- 
phenol Blue, Methylthymol Blue, Phenol Red and 
Arsenazo B, but HgI:-, CdI:- and BiI; gave yellow, 
white and orange precipitates respectively. 

Spectra from 400 to 750 nm for suspensions 
obtained from 5.3 x 10e5M levamisole plus 2.64 x 
10m3M HgIi- or BiI; solutions were recorded in 
order to choose the most suitable counter-ion for 
levamisole determination (no precipitate was ob- 

tained with levamisole and CdI:- at these concen- 
trations). The influence of levamisole concentration 

was also tested. 
Figure la shows the spectra measured against 

demineralized water immediately after production of 
the turbidities. The absorption peak at 430 nm for the 
levamisole-HgI:- system is due to the ion-associa- 
tion compound, since no absorption is observed with 
the clear solution. For the levamisole-BiI; system no 

absorption peak was observed, so absorbance measure- 
ments were made at 700 nm, where the reagent does 
not absorb. 

The calibration graph is steeper for the HgI:- 
system (Fig. lb) so this is preferred for practical use, 
although the limit of detection is lower for the BiI; 
system. 

Spectra over the range 40&500 nm recorded at 
30-set intervals show a decrease in absorbance with 
time; the stability is not improved by addition of 
protective colloids, such as sucrose, glucose and 
starch, and this prevents use of this reaction in a 
batch procedure. 

The influence of pH was tested by adding hydro- 
chloric acid or sodium hydroxide solution to a 5.6 x 
IO-‘M levamisole/2.11 x 10m3M HgI:- mixture and 

recording the absorbance at 430 nm; the best pH 
range was found to be 3.3e7.65. Various buffer 
solutions were tested and the citric acid/phosphate 
system was selected. 

The stoichiometry of the product was established 
by conductometric titration of 55 ml of 8.1 x 10m4M 
HgI:- or 3.20 x 10m4M levamisole with 2.00 x lo-*M 

Fig. 2. Conductometric titrations: 1, titrant levamisole; 
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f 

0.5 - 

0.0 
5 10 

Levamisale (IO-‘MI) 

Fig. 1. (a) Spectra of 7.0 x 10m5M; levamisole solutions: 
1, with 2.6 x 10m3M HgI$-; 2, blank solution for 1; 3, with 
2.64 x 10m3M BiI;; 4, blank solution for 3. (b) Calibration 
curve: 0 2.64 x lo-‘M HgI$-, pH 5.60; l 2.64 x 10e3M 

BiI;, pH 2.00. 

levamisole or 2.20 x 10-3M HgI:- respectively (see 
Fig. 2) and found to be 2: 1 levamisole:HgI:-. It is a 
relatively weak compound, because precipitation is 
not clearly observed until there is a 20-fold molar 
ratio of HgI:- to levamisole and the maximum 

1 01 

Titrant (ml) 

2, titrant HgI:-. 
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Table 11. Range of variables examined 

Readion coil length 5%315em 
Flow-rate I .27-3.33 ml/min 
PH 5.00-7.00 
H&- concentration 2.2 x 10-3-2.20 x 1o-21111 
Samnle size 30-200 itI 

absorbance is obtained at > SO-fold molar concen- 
tration ratio. 

MSM of optimization 

The range of FIA variables to be studied was pro- 
vided by the rest&s of the preliminary spectrophoto- 
metric work. The peak-height was the parameter to 
be optimized. The range of variables is shown in 
Table I. 

Once a stable chart-recorder base-line had been 
obtained, a sample was injected, the reaction took 
place and the resulting peak was collected and the 
absorbance value at 430 nm read. This was repeated 
until an rsd g 1% was obtained for the peak-height 
(four or five repetitions usually sufficed). 

The program of the MSM for this work was 
operated with six vertices, and was written on the 
basis of references 24-26. The initial simplex was 
chosen according to Yarbro and Deming24 with a 
side-length of 1 and the vertex at the origin of 
the co-ordinates. The region of the variables was 
normalized by the modification proposed by Morgan 
and Deming. ” The optima1 conditions obtained 
for 1.0 x IO-‘M levamisole are: pH 5.00, flow-rate 
3.14 ml/min, reaction-coil length 77 cm, sample size 
200~1 and reagent concentration 5.8 x IO-“M. 

The influence of ionic strength on the peak-height 
is constant over the range 0.07-0.12M (Fig. 3.). 

The calibration graph was linear for 7-32 flu/ml 
levamisole, with 8.55 x 10m3M HgI$- as carrier (57- 
fold molar ratio to the maximum concentration of 
levamisole). 

The linear range is wider than those for the 
methods3 using Solochrome Dark Blue or Black T, 
Bromothymol Blue, Bromophenol Blue and Bromo- 
cresol Green (which lie between 2.0-2.5 ,ug/ml as the 
lower limit and 1~2O~g~rnl as the upper), but nar- 
rower than that obtained with Bromocresol Purple 

(5-50 tr g/ml). 

I I 

01 0.2 

I(M) 
Fig. 3. Inth~ence of ionic strength: levamisole concentration 
7.1 x lo-*M, Hgli- concentration 4.03 x lo-‘M in carrier 

stream @H 5.00, buffer citric aoid/Na,HPO,). 

The reproducibility of the analysis was tested by 
injecting into the reagent stream 40 samples of 
9.1 x IO-‘&4 levamisole; the rsd was 0.9% (similar 
to that of the method of Sane et al,‘). The sample 
injection rate obtainable was 8O/hr. 

No cleaning solution was used for the manifold 
tubing, but of those tested 6M hydrochloric acid gave 
good results. 

The levamisole content of Nemanthel was deter- 
mined (veterinary drug, declared formulation: 10 g of 
levamisole, 0.1 g of clorferinamine maleate, and ex- 
cipient to give 100 g total weight of sample). A 0.5-g 
portion of previously powdered sample was dissolved 
and diluted accurately to 250ml with demineralized 
water, and further diluted ten-fold (5 ml to 50 ml) and 
200 ~1 were directly injected into the carrier; the 
result obtained was 11.8 f 0.2% (average value of 
three replicates). This sample was checked by the 
method of Sane ei aL3 with Bromocresol Purple, the 
average of 3 replicates being 12.0 t_ 0.2%. 
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Summary-Hydrogen cyanide was generated by constant-current oxidation of an aqueous solution of 
potassium thiocyanate at a platinum wire anode. In a solution of 0.1&f potassium thiocyanate and O.Olilii 
potassium sulphate at a nitrogen flow-rate of 3.5-5.0 ml/set, the rate of production of HCN was a linear 
function of the generation current I from 10 to 200 PA. The relative standard deviation for an HCN 
production rate of 6.07 ngjscc (1= 130 ,uA) was I.8% and that for 0.92 ngjsec (2 = 20 PA) was 5.9%. 
The time required to establish steady-state production atter a change in the generation current was 10 

Electrolytic generation of gases for standardization 
of gas analysers has been used for some time.‘-’ We 
have constructed a simple apparatus for calibrating 
hydrogen cyanide detectors, which generates the gas 
by controlled-current oxidation of thiocyanate in 
aqueous solution according to the overall reaction5 

The advantages of electrochemical generation over 
the use of permeation systems?’ lie in the possibility 
of rapidly changing the rate of production of hydro- 
gen cyanide and thus also its concentration in the 
carrier gas by more than an order of magnitude, 
and in avoidance of use of the highly toxic liquid 
HCN or alkali-metal cyanide solutions. Although the 
mechanism for the electro-oxidation of thiocyanate is 
very complicated* and hydrogen cyanide is very solu- 
ble in water, under certain experimental conditions 
100% yield can be attained according to the equation 
above, as well as 100% transfer of the HCN into the 
gas phase. 

The apparatus is depicted schematically in Fig. 1. The 
carrier gas-nitrogen-was first saturated with water 
vapour by passage through water in two bubblers (A) and 
then passed into the generator (B). Because hydrogen 
cyanide is very soluble in water, the nitrogen was bubbled 
directly through the frit (2) to the cell compartment (1) 
containing the working electrode (the anode). This compart- 
ment had an internal diameter of 10 mm and was charged 
with 1.0 ml of electrolyte, consisting of O.lM potassium 
thiocyanate and O.OlM potassium sulphate at pH 6.5. The 
anode was a spiral of 50 mm of platinum wire (diameter 0.4 
mm) sealed into a glass tube (3) with polyethylene rings (4) 
fitted on it to limit carry-over of the electrolyte into the 
outlet tube. The auxiliary platinum cathode was placed in 

a separate chamber (5) containing O.OlM potassium sul- 
phate, to minimize contamination of the generated HCN by 
hydrogen sulphide formed in the reduction of thiocyanate. 
The controlled electrolysis current from the galvanostat (C) 
could be varied in the range lo-200 PA. The nitrogen 
enriched in hydrogen cyanide, and flowing at I-5 m&c, 
was dried by passage over concentrated sulphuric acid 
(vessel D, Fig. 1). 

The dynamic behaviour of the generator was monitored 
by measuring the response of a porous Teflon membrane 
electrode gold-coated on one surface (AuPME). The gas 
from the generator was introduced on the uncoated side 
of the membrane, the other side being immersed in O.OlM 
sodium hydroxide and held at 0.1 V vs. an Ag/AgCl 
electrode.9 

The amount of hydrogen cyanide produced was checked 
by absorbing it from the nitrogen stream in 12 ml of 0.1 M 
sodium hydroxide in an absorber with a frit, for a defined 
period of time, and determining it spectrophotometricallyr” 
after neutralization with acetic acid, chlorination by chlor- 
amine-B and reaction with dimedone-pyridine reagent. 

All the chemicals were of analytical-reagent grade and 
the measurements were made at laboratory temperature, 
24 f 2”. 

RESULTS AND DISCUSSION 

The time required to establish a steady-state 
production after switch-on, or after changing the 
generating current, was determined from the response 
of the AuPME (Fig. 2). It was found that 10 min 
sufficed for a new output rate to be established, 
whether the generating current was increased or 
decreased. 

A certain minimum flow-rate of nitrogen was 
necessary to ensure complete transfer of hydrogen 
cyanide from the solution into the gas phase. It is 
apparent from Fig. 3 that the flow-rate must be 
greater than 3 mlfsec for this particular design of 
cell. Acidifying the electrolyte to facilitate transfer 
of the hydrogen cyanide into the gaseous phase is 
not possible in this system since it also gives rise to ‘Author for correspondence 
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r- 

D 

Fig. 1. The electrochemical HCN generator (description in the text). 

N2+HCN 

decomposition of the thiocyanate to yield cyanide 
without any electrolysis--even in O.OlM sulphuric 
acid. We assume that at lower nitrogen flow-rates the 
HCN generated accumulates in the solution as a 

I 1 

0 a00 moo 2400 3200 
sac 

Fig. 2. The dynamic behaviour of the generator, depicted as 
the dependence of the AuPME current on the generation 
time at the given generation currents @A). Generation in 
O.lM KSCN + O.OlM K,SO,, nitrogen flow-rate 4 ml/set. 
Dashed line--generation current 40pA in a solution of 
0.5M KSCN + O.OlM K,SO,. AuPME current sensitivity 

1.6 PA full scale. 

result of less efficient contact between the gas and the 
liquid. 

The dependence of the rate of production, R, of 
hydrogen cyanide (in ng/sec) on the generating 
current Z (in the range 10-200 PA) for a nitrogen flow 
of 3.5-5.0 ml/set was found, from 10 measurements, 
to obey the linear relationship R = al + b, where a is 

ml / sac 

Fig. 3. Dependence of the rate of production of HCN in the 
gas phase on the nitrogen flow-rate. Generation in O.lM 

KSCN + O.OlM K,SO,. 
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(4.65*0.09)x 10-2ng.sec-‘.~A-i, and bis0.02f 
O.lOng/sec, with a standard deviation of 6.5 x lo-* 
ng/sec and a correlation coefficient of 0.9997. The 
mean slope corresponds to (99.5 f 1.9)% of the 
theoretical value. Relative standard deviations of 1.8 
and 5.9% were found from 10 measurements over 
5 hr at a nitrogen flow-rate of 4 ml/set for generation 
currents of 130 PIA (HCN production rate 6.07 ng/ 
set) and 20 PA (0.92 rig/see), respectively. 

No effect was observed ascribable to acidification 
of the electrolyte solution by the hydrogen-ions 
formed during production of HCN, but when the 
electrolyte was buffered to pH 6.5 by addition of a 
phosphate buffer the generation efficiency dropped 
by about 14%. Such buffering of the solution appar- 
ently affects the reaction mechanism of thiocyanate 
oxidation. 

Increasing the potassium thiocyanate concentra- 
tion above 0.3M caused a marked increase in the 
time required to attain a steady-state production rate 
(see Fig. 2). The concentration of thiocyanate must 
therefore not exceed 0.3M if the speed of generation 
response is to be acceptable. A decrease in the 
thiocyanate concentration, on the other hand, simply 
reduces the length of time for which the generator can 
be run on a single filling of electrolyte. 

The constancy of the production rate (without 
exchange of the electrolyte) in O.lM potassium thio- 
cyanate was studied over a period of 5 hr (see above). 
The actual lifetime of the electrolyte is actually much 
longer, as theoretically the thiocyanate content in 
the solution should decrease by only 10% in 8 hr at 
a generation current of 200 PA. 
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Summnry-The analysis time for determination of boron in steel can be remarkably shortened by 
simuItaneous distillation of methyl borate and evaporation of the distillate for analysis by ICP 
atomic-emission spectrometry. Methyl borate, distilled with a large quantity of methanol, is coliected in 
4% sodium hydroxide solution heated in a water-bath at 90”. As the boiling point of the mixture of 
absorption solution and methanol is lower than 90”, the solvent mixture is easily evaporated. The limit 
of detection corresponds to 35 ng of boron in 0.5 g of steel. 

As even micro amounts of boron in steel affect its 
physical properties such as toughness and hardness, 
it is important to determine the boron at such levels. 
This is generally done by spectrophotometry with 
curcumin,Ia Methylene Blue,‘*‘~* carmine’ and 1-(sali- 
cylideneamino)-8-hydroxynaphthalene-3,6-disulphonic 
acid (azomethin H),‘O and by atomic-emission spec- 
trometry with an inductiv~ly~oupl~ argon plasma 
(ICP)1’-‘3 or argon pfasma torch,14 However, because 
of interference by other components of steels, the 
boron (with few exceptions6*‘3) is separated before its 
determination. The separation methods used include 
distillation of methyl borate,‘*2*9*‘i*“4 extraction of 
borate3s4*‘” or a boron complex,1’7’8 removal of iron by 
extractionS or precipitation,‘” and isolation of boron 
as boric acid by pyrohydrolysis.J2~‘s Because of its 
simplicity, distillation of methyl borate is generally 
used.“*‘6’q However, the distillation and the evapor- 
ation of the distillate to dryness take a long time. 
Here we introduce a comparativety small and simple 
apparatus for the distiilation, and a means of simul- 
taneously evaporating the distillate, for subsequent 
dete~ination of boron by ICP atomic-emission 
spectrometry (ICP-AES). The analysis time is thus 
remarkably shortened. 

EXPERIMENTAL 

The apparatus is shown in Fig. 1. The solution in the 
distillation flask is simultaneouslv stirred and heated with 
a combined hot-plate and ma$etic stirrer (Iwaki Glass 
PC-351). The ICP-AES equipment is listed in Table 1. 

Reagent 
A standard solution of boron (S.~~~ml), made with 

boric acid, and a 4% sodium hydroxide solution were both 
prepared in distilled water and stored in polyethylene 
bottles. High-purity iron (99.99X, Mitsuwa Chemical Co. 
Ltd.) and special grade reagents (Wake Pure Chemical Co. 
Ltd.) were used. 

Procedure 
High-purity iron (0.5 g) was weighed out and transferred 

into the fused silica distillation flask. One ml of standard 
boron solution, 5 mi of sulphuric acid (1 + 1) and I5 ml of 
phosphoric acid (1 + 1) were added, the iron was dissolved 
by gentle heating, and oxidized to iron(II1) by addition of 
2ml of concentrated nitric acid. The solution was heated 
until fumes of sulphuric acid appeared, and then cooled. 
The stirrer bar was added and the flask attached to the 
distiIlation unit as shown in Fig. 1. The solution was stirred 
at about 400 rpm and heated with the stirrer hot-plate set 
at about 160”. Argon, as carrier-gas, was passed at SOmy 
min through the Tygon tube (1) into the flask but was not 
bubbled through the solution. Methanol (35 ml) was added 
from the polypropylene separatory funnel (2) at about 
IOml/m~n. The methyl borate formed was distilled along 
with methanol and collected in 4 ml of absorption solution 
(4% sodium hydroxide) kept at 90” by the water-bath. 
Distillation was continued for 20 min, then the distillation 
flask was replaced by an empty glass flask and the argon 
Bow-rate was increased to 300 ml/min for evaporation of ti 
absorption solution (for a period of 5 min). The residue in 
the test-tube was dissolved with a little distilled water, the 
guide tube was detached, and the inner and outer walls of 
its tip were rinsed with a little distilled water. The combined 
solution and washings were diluted to exactly 10 ml with 
distilled water, and the boron was determined by ICP-AES 
under the conditions in Table 1. 

Boron in iron and steels was determined in a similar 
manner, with 0.5-g samples. 

The results in Table 2 show that when distillation 
was continued until most of the methanol was 
removed from the distillation flask, all the boron 
was recovered when more than 30 ml of methanol 
was used. Hence 35 ml was chosen for the volume of 
methanol to be added. 

Tabte 3 shows that with use of 35 ml of methanol 
all the boron was recovered when the distillation 
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12 

Fig. 1. Schematic diagram of the distillation apparatus. 
1, Tygon tube; 2, polypropylene separatory funnel (100 ml); 
3, silicone rubber plug; 4, polypropylene tube; 5. fused silica 
distillation flask (ZOOmI); 6, stirrer bar; 7, magnetic stirrer 
and hot-plate: 8,9, fused silica tubes (- 200 mm long, 4 mm 
bore); 10, fused silica test-tube (180 mm long, 16 mm bore); 

11, water-bath; 12, heater. 

time was more than 10 min. In view of the rapid 
evaporation of the absorption solution and the 
volume of methanol distilled with the methyl borate, 
a distillation time of 20min was chosen. 

Volume of absorption solution 

Table 4 shows that all the boron taken was ab- 
sorbed if more than 3 ml of absorption solution was 

Table 1. fnstruments and operating conditions 

fCP generator Shimadzu ICES-ZH, 
rf power 1.6 kW 

Argon flow-rate 
outer gas 10.5 L/mm 
intermediate gas 1.5 Lfmin 
carrier gas 1.0 I./mm 

Observation height 
above coil 16.0 f 2.5 mm 

Monochromator Shimadzu GE-340, 
Entrance slit 30gm 

Detector Hamamatsu Photonics RP5S 
photomu~tiplier 

R@XZdet Rikadenki R-IO 

Analytical line B(I) 249.773 nm 

Table 2. The correlation between the 
volume of methanol and recovery of 

boron (5 & 

Methanol, Distiilation Recovery, 
ml time*, min % 

IO 5 25.2 
;; 10 15 PO.9 80.8 

25 ::: 96.9 

E 30 99.3 99.9 
40 35 loo.3 

*Distillation was continued until most 
of the methanol was removed. 

Table 3. The correlation be- 
tween the distillation time and 
recovery of boron (5 pg of B, 

3s ml of methanol) 

Distillation Recovery, 
time, min % 

: 91.2 84.6 

10 99.2 

: 100.0 99.8 

!z 100.1 100.1 

used, so the volume selected was 4 ml. In the Japanese 
Industrial Standard (JIS) method for determination 
of boron’ in iron and steel, the concentration of 
sodium hydroxide solution used for the absorption 
was 0.8,4 or 8%, according to the boron content of 
the sample, and a 5-ml volume was used. We chose 
to use a 4% solution, 

The ICP-AES signal obtained under the condi- 
tions in Table 1 was linearly related to boron concen- 
tration up to 1 pgjmi, both for standard solutions 
anafysed directly, and for standard solutions treated 
according to the procedure given, and the two cali- 
bration graphs then obtained had the same slope, 
indicating that distillation and recovery of boron was 
complete. 

Determination of boron 

Analysis of standard and practical samples, by use 
of a calibration graph obtained with high-purity iron 

Table 4. The correfation 
between the volume of 
absorbing solution (4% 
NaOH) and recovery of 

boron (5 pg) 

Volume, Recovery, 
ml % 

2 96.1 
3 PP.2 
4 99.8 
6 99.7 
8 150.1 
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Table 5. Determination of boron in iron and steel 

Proposed method, Certified value, 
Sample % % 

JSS 002-I 0.00005 0.00007 
(high purity iron) 0.00008 

JSS 159-3* 0.0013 0.0013 
0.0013 

JSS 165-4* 0.0009 0.0009 
0.0009 

JSS 172-4’ 0.0011 0.0012 
0.0011 

NBS 1162’ 0.0006 0.0005 
0.0005 

Iron 0.0002 0.0002t 
0.0002 

Fe-3%Ni-O.S%P 0.0005 o.oOOst 
0.0005 

*Low-alloy steel. 
tMethylene Blue spectrophotometry (JIS G 1227).’ 

and standard boron solution, gave the results shown 
in Table 5. The results agreed with the certified values 
or those obtained by the Methylene Blue method.’ 
When JSS 36 1 - 1 low-alloy steel (certified boron value 
0.0009%) was analysed, the average boron content 
found (9 determinations) was 0.00088%, relative 
standard deviation (rsd) 4%. These values indicate 
that the method gives good precision and accuracy 
for determination of boron at this level. 

The detection limit, defined as the concentration of 
boron giving a signal equal to three times the stan- 
dard deviation of the background ICP-AES signal, is 
0.0036 ,ugg/ml, which corresponds to 36 ng of boron 
in a 0.5-g sample. However, boron is a common 
contaminant of reagents and appropriate correction 
must be made for it. In the work described here, 
commercial special grade reagents were used, and the 
reagent blank for the procedure was found to be 2 pg 
of boron. The boron content of the 0.5-g samples 
tested ranged from 1 to 6.5 pg, so in some cases the 
boron content of the reagents was greater than that 
of the sample. From the results for JSS 361-1 it is 
evident that the absolute standard deviation of the 
determination of a net boron content of 4.4 pg was 
N 0.18 ,ug, which is about the same as the average 
absolute deviation from the mean boron content 
found in the high-purity iron, so a limit of deter- 
mination of 0.5 pg of boron would seem realistic. 

Analysis time 

The JIS method for boron’ requires lOO-140min 
for the distillation and evaporation steps in the 

quires only 25 min, which shortens the analysis time 
considerably. 

DISCUSSION 

In the conventional method1.9,18.19 for distillation 
of methyl borate, methanol condensed by the water- 
cooled condenser continuously dilutes the sodium 
hydroxide absorption solution, and this greatly 
lengthens the subsequent evaporation of the absorp- 
tion solution to dryness. In the present system, 
the initial formation of methyl borate is accelerated, 
and the methyl borate and methanol distilled are 
absorbed as a mixture of gas and liquid phase. As the 
absorption solution is kept at 90” and is purged by a 
flow of carrier gas at 50 ml/min, there is continuous 
removal of water and methanol from it. The volume 
of the solution therefore decreases and consequently 
all the methyl borate is trapped and saponified. 

In determination of boron by ICP-AES the emis- 
sion intensity of the BI 249.773 nm line varies with 
the volume of methanol in the test solution. There- 
fore, the absorption solution has to be evaporated 
completely to dryness to remove all the methanol. 
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Summary-The reaction of Cr(VI) with o-nitrophenylfluorone (NPF) in presence of cetyltrimethyl- 
ammonium bromide (CTMAB) to form a purplish red complex at pH 4.76.6 by heating at SO” for 10 min 
has been investigated. The composition of the complex is 1:2:2 [Cr(VI):NPF:CTMAB], the wavelength 
of maximum absorbance is 582 nm. The molar absorptivity is 1.11 x lo5 l.mole-‘.cm-‘. Beer’s law is 
obeyed up to 0.2 pg/ml Cr(VI) concentration. The interference of several ions, including Cu2+, Fe’+ and 
A13+, is eliminated by addition of a masking mixture containing KF, DCTA and tartrate. A new sensitive 
method for determination of chromium in waste water and soil is presented. 

The determination of trace amounts of chro- 
mium(V1) has received considerable attention owing 
to concern with environmental pollution. At present, 
the most commonly used reagent for spec- 
trophotometric determination of chromium(V1) is 
diphenylcarbazone (DPC),‘.’ but the sensitivity of the 
method is not high and the complex is unstable. 
Recently, phenylfluorones have been applied to deter- 
mination of chromium(VI).3*4 In this paper, a new 
and highly sensitive method for determination of 
chromium(V1) is described. It is based on the reaction 
of Cr(V1) with o-nitrophenylfluorone (NPF) in pres- 
ence of cetyltrimethylammonium bromide to form a 
purplish red complex at pH 4.7-6.6 on heating at 50 
for 10min. The proposed method is more sensitive 
than the diphenylcarbazone method and the coloured 
product more stable, and it has been used for deter- 
mination of chromium(V1) in waste water and soil, 
with satisfactory results. 

EXPERIMENTAL 

Apparatus 

A UV 210 A double-beam ultraviolet spectrophotometer 
(Shimadzu, Japan) and a model 72 spectrophotometer 
(Shanghai 2nd Analytical Instrument Factory) were used for 
absorbance measurements. 

Reagents 

Standard I-mglml solution of chromium(U). Dissolve 
0.2827 g of K&O, in 100 ml of water, and dilute this to 
obtain a 10 pg/ml working solution. 

o-Nitrophenyljluorone solution, 5 x IO-%I. Dissolve 
0.0457 g of NPF in 250 ml of absolute ethanol. 

Cetyltrimethylammonium bromide solution, 5 x IO-%. 
Masking reagents. A 2.0% potassium fluoride, 0.02% 

trans- 1,2-diaminocyclohexanetetra-acetic acid (DCTA) and 
1.0% potassium sodium tartrate (Tar) solution. 

Buff& solutions (PH 2.549). Prepared by mixing O.lM 
acetic and O.lM sodium acetate in appropriate ratios. 

All chemicals used were of analytical-reagent grade. 

Geperal procedure 

Into a 25-ml standard flask pipette 0.50 ml of standard 
IO-pg/ml Cr(V1) solution, 2.0 ml of 5 x 10m4M NPF solu- 

tion, 5 ml of buffer solution (pH 5.2), 8.0 ml of 5 x lo-‘A4 
CTMAB, dilute to the mark with water and mix thoroughly. 
Heat the solution in a water-bath at 50” for 10 min. After 
cooling, measure the absorbance at 582 nm in a l-cm cell 
against a reagent blank. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of the complex and reagent 
blank were measured against water over the range 
440-640 nm. The absorption maximum of the com- 
plex is at 582 nm and that of the reagent blank is at 
530 nm (Fig. 1). We chose 582 nm as the mea- 
surement wavelength. The optimal pH for formation 
of the complex is 4.7-6.6. 

Effect of reagent concentrations 

When the general procedure was followed with 
varied amounts of the reagents, maximum and con- 
stant absorbance was obtained with 1.5-2.5 ml 
of NPF solution and 4.0-15.0 ml of 5 x 10m3M 
CTMAB so 2.0 and 8.0 ml respectively of these 
reagents were selected as optimal volumes. 

Effect of temperature 

It takes 3.5 hr for the colour to develop at room 
temperature (18”) but only 8 min at 50”. Once the 
colour has developed, the absorbance remains con- 
stant for at least 52 hr. 

Calibration graph and sensitivity 

Beer’s law is obeyed up to 0.2 pgg/ml Cr(V1) 
concentration and the apparent molar absorptivity of 
the product is 1.11 x lo5 l.mole-‘.cm-I. 

Composition of the complex 

The molar ratio of chromium to NPF in the 
complex was determined by the continuous- 
variations and molar-ratio methods and found to be 
1:2. The molar ratio of chromium to CTMAB in the 
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Fig. 1. Absorption spectra of (A) Cr(VI)-NPF-CTMAB 
complex IS. water; (B) reagent blank us. water; (C) the 
complex 0~. reagent blank. [Cr] = 3.8 x 1W6M, [NPF] = 

4 x 1O-5M, [CTMAB] = 1.6 x lo-‘M. 

complex was established as 1:2 by the Asmus and 
molar-ratio methods. 

Nature of the reaction 

In the absence of CTMAB, chromium(W) gives 
only a very weak complex with NPF, but in the 
presence of appropriate amounts of CTMAB, a much 
more stable complex is formed. 

From the behaviour of NPF, NPF + CTMAB, 
Cr(V1) + NPF and Cr(V1) + NPF + CTMAB in 
extraction with chloroform, ~te~nation of the 
number of protons released in the reaction and 
examination of the infrared spectra of NPF, Cr(V1) 
+ NPF, NPF + CTMAB and Cr(VI) + NPF + 
CTMAB, it has been deduced that the reaction 
between Cr(VI), NPF (H,R) and CTMAB may be 
represented by: 

HCrO,- + 2H,R + 2CTMA+ 

= Cr~~(HR)~(CTMA)~ + 2H20 + H + 

There is no oxidation or reduction involved.S At pH 
5-6, the predominant form of Cr(V1) at a concen- 
tration of 4 x lO-$M is HCrO~.6~7 A possible struc- 

Table 1. Effect of foreign ions on de- 
termination of 5 gg of Cr(V1) 

Ions 
WV) 

Added, pg found, icg 

Cr3+ 
Ag+ 
Ca2+ 
Mg2+ 
Cd2+ 
co’+ 
Ch++ 
W+ 
Mn*+ 
Ni’+ 
Pb2+ 
AS+ 
Fe’+ 
Zn2+ 
Sn4+ 
Ti4+ 
SiO:- 
NO, 
PO;- 
AsOz- 

1.5 

20:: 
2000 

500 
200 
40 

500 
50 

:: 
100 
30 

400 
100 

S 
1000 
3000 
4000 
5000 

5.04 
4.88 
5.00 
5.00 
5.04 
4.90 
5.08 
5.07 
4.95 
5.00 
4.94 
5.04 
5.04 
5.06 
5.04 
5.09 
5.09 
4.88 
4.95 
4.97 

severely. However, the tolerance level for these ions 
may be increased by addin a masking mixture (a 
mixture of 0.5 ml of 2% KF, 0.2 ml of 0.1% DCTA 
and 0.5 ml of 1.0% Tar). The tolerance limits for 
diverse ions in the presence of masking mixture are 
&en in Table 1. 

Spectrophotometric ~termi~t~~n of Cr(Vr) and total 
chromium in waste water 

Determination of Cr(VI). Pipette an appropriate 
amount of waste water into a 25-ml standard flask, 
add 2.0 ml of NPF solution, 1.2 ml of masking 
mixture, 5.0 ml of buffer solution t’pH 5.2) and 8.0 ml 
of 5 x 10e3M CTMAB. Dilute to the mark with 
water and mix. Heat the solution in a water-bath at 
50” for 10 min. Cool, then measure the absorbance at 
582 nm in a 2-cm cell against a reagent blank, 
Chromium~I~ may be determined in the presence of 
at least three times as much ~hro~um(III). The 
results are satisfactory compared with those obtained 
by means of diphenylcarbazone (see Table 2). 

ture for the complex is: 

CTMi ii OH 

HO ii CTMh 

interferences Determination of total chromium. Pipette 25 ml of 
The selectivity of the proposed method was in- waste water into a 100~ml beaker, add 1.0 ml of 9M 

vestigated by determining 5 fig of Cr(V1) in the sulphuric acid and 2 drops of 2% potassium per- 
presence of various other ions. The results indicated manganate solution, and boil the mixture for 5 min 
that Al(III), Fe(III), Cu(I1) and Ti(IV) interfere (if the permanganate colour is discharged, add a little 
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Table 2. Results for determination of Cr(VI) and total chromium in waste water* 

Comparison between the 
Diphenylcarbazone method Proposed method two methods (p = 0.95) 

Chromium, ppm 4, ppm Chromium, ppm s,> PPrn F f 
Sample 

No. Cr(VI) Crtot Cr(V1) CrtO, Cr(V1) Cr,, Cr(V1) Crtot Cr(V1) Crtot Cr(V1) Crtot 

1 0.575 1.46 0.0036 0.004 0.575 1.46 0.0032 0.004 1.3 1.0 0 0 
2 2.62 11.00 0.012 0.034 2.64 10.95 0.024 0.083 2.0 6.0 1.8 1.3 
3 0.992 1.76 0.005 0.007 0.994 1.76 0.004 0.006 1.2 1.35 0.04 0.21 
4 2.01 6.17 0.008 0.03 2.08 6.20 0.005 0.02 2.7 1.90 1.5 1.7 

*In Tables 2 and 3, 5-10 replicates were run for each sample, and F and f are lower than the critical tabular values. 

Table 3. Results for determination of chromium in soil 

Samole 
Nd. 

1 

Diphenylcarbazone 
method 

Cr, ppm & Ppm 

183.4 2.94 

Comparison between 
the two methods 

Proposed method (p = 0.95) 

Cr, ppm S2, Pm F t 

180.2 1.9 2.3 2.0 
2 59.4 0.341 59.4 0.441 2.0 0 

more pcrmanganate solution). Cool, add 1.0 ml of priate amounts of this solution for determination of 

20% urea solution, mix and add 2% sodium nitrite chromium according to the procedure above. 

solution dropwise with frequent shaking, until the The results shown in Table 3 are in reasonable 

purplish-red colour is just discharged. Adjust the agreement with those determined by the diphenyl- 

solution to pH 6 and transfer it into a SO-ml standard carbazone method. 
flask and dilute to the mark with water. Use the 
general procedure to analyse this solution for the 
total Cr(V1) thus produced. Calculate the amount of 
chromium(II1) in the waste water by difference if 1. 
desired. 2. 

Determination of chromium in soil. Extract the soil 3. 
samples in the usual way, then add 10% sodium 
hydroxide solution dropwise to the extract until the 4. 
pH is 7-8. Separate the Fe(II1) and Al(II1) hydrox- 
ides by centrifugation. Decant the supernatant solu- 5. 
tion and adjust it to pH 3-4 with 6M hydrochloric 
acid. Transfer the solution into a lOO-ml standard 

6. 

flask and dilute to the mark with water. Take appro- 7. 
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Suck-Fr~dures for the deter~nation of mercury and silver by displacement of diethyl- 
dithi~rbamate (DDTC) From its copper complex in the presence of 1% Triton X-100, and measurement 
of the decrease in the CU(DDTC)~ absorbance, are described. The use of the surfactant avoids the need 
for an extraction step. Reproducibility within I% and detection limits of 0.25 ppm Hg(II) and 
0.45 ppm A&I) have been obtained, and linear calibration ranges up to I3 ppm H&II) and 15 ppm Ag(I). 
In the presence of 0.1M EDTA very good selectivity is achieved. 

D~ethyldithio~arbamate (DDTC) is commonly used 
for spectrophotomet~c ~te~ination of CU(II)‘-~ 
and of Ni(II), Mn(II), Pb(I1) and V(V>.3 The com- 
plexes are insoluble in water and are extracted for 
measurement. 

Hg(I1) and AgfI) give white insoluble complexes 
which are more stable than the yellow Cu(I1) complex 
and can be indirectly determined by a displacement 
reaction. Hg(I1) may be determined by shaking with 
a chloroform solution of the Cu(I1) complex and 
measuring the absorbance decrease of the organic 
phase6 or the amount of Cu(II) which goes into the 
aqueous phase, by titration with EDTA7 or by a 
catalytic-kinetic method with hydroquinone and 
peroxide.8 

(4-Sulphobenzyl)dithiocarbamic acid has been pro- 
posed for the determination of Hg(II) and Ag(I)9 
because the complexes formed are water-soluble and 
an extraction is avoided. Better reproducibility and 
shorter analysis time are achieved. 

The extraction may also be avoided by using 
non-ionic surfactants to form micellar solutions of 
the DDTC complexes in aqueous medium. cU(II) has 
been determined with DDTC in the presence of 
Triton X-100 as the solubilizing agent.‘O Here we 
describe use of the same medium for the displacement 
reactions of Hg(I1) and Ag(I) with Cu(DDTC),. 

EXPERXMENTAL 

Reagents 

Stock Hg(NO~)~.H~O and AgNO, solutions were stan- 
dardized with sodium chloride and CuSO,-SH,O solution 

was standardized iodometrically. The NaZDDTC solutions 
were freshly prepared in 0.091M NII,NO,-fi.O6M NH, buffer 
(pH - 9). 

ffetermination of mercury and diver 

To determine mercury, 10 ml of 0.25M EDTA, 1 ml of 
25% Triton X- 100 solution, I ml of 4.5 x lo-‘M CulII) and 
5 ml of the sample solution were mixed in a 25-ml standard 
flask, followed by 5 ml of 9 x lo-‘M DDTC at pH 9 and 
dilution to the mark. A similar procedure was followed for 
the determination of silver, but with 0.0225M Cu(II). The 
absorbance was measured at 445 nm against a blank 
prepared with the sample solution but no DDTC. The 
calibration graphs were linear up to 13 ppm of H&II) and 
15 ppm of Ag(f) in the final solution. 

RESULTS AND DISCUSSION 

Optimal conditions 

The optimal stability of the Cu(DDTCh micellar 
solution is attained in an NH$/NH, medium at pH 
8-9 in the presence of 1% Triton X-1OO,‘o and the 
selectivity of the reaction is high in the presence of 
EDTA. 

To determine small amounts of Hg(I1) and Ag(1) 
by the displacement reaction, an excess of Cu(I1) 
relative to DDTC must be present. The concentration 
of the residual copper complex then depends only on 
the DDTC and Hg(I1) or Ag(I) concentrations. 
DDTC concentrations between 1.4 x lo-’ and 
3.0 x W4M give parallel calibration curves. A re- 
agent concentration of 1.7 x lO-4&4 has been chosen 
because it gives an absorbance of about 1 in the 
absence of mercury and silver. 
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Fig. 1. Calibration curves. Cu(II) 1.73 x 10d4M for Hg(II) 
and 8.65 x 10T4M for Ag(1). DDTC 1.71 x 10d4,W in both 

cases. 

Calibration curves for Hg(I1) and Ag(1) obtained 
with [Cu(II)]/[DDTC] molar ratios in the range 
1: 2-100: 1 show a straight segment followed by cur- 
vature at the lower absorbance values (see e.g., Fig. 
1). The effect of the excess of Cu(I1) on the slope and 
extent of the straight segment is small for mercury, 
and larger for silver. [Cu(II)]/[DDTC] molar ratios of 
about 1: 1 and 5: 1 are recommended for the deter- 
mination of mercury and silver, respectively. 

The slope of the linear calibration graph for the 
determination of Hg(I1) is the same in absolute value 
(1.16 x 1041.mole-‘.cn-‘) as that for Cu(II), but 
opposite in sign, as expected from the stoichiometry 
of the DDTC complexes, whereas the slope of the 
linear calibration graph for silver is slightly less than 
half this value, in accordance with the 1: 1 stoichi- 
ometry of the silver complex, the relative stabilities of 
the complexes and the large excess of copper. 

Reproducibility and detection limits 

Relative standard deviations < 1% were obtained 
for series of five determinations, at three different 
Hg(I1) and Ag(I) concentrations (Table 1). The 
detection limits were determined by repeatedly 
measuring the absorbance of the Cu(II)--DDTC solu- 
tion without Hg(I1) or Ag(I) present. From the 
standard deviations of these absorbances (six repli- 
cates, s = 0.005), detection limits of 0.25 ppm for 

Table I. Reproducibility 

C.V., % 
Metal C, ppm Mean A (n = 5) 

3.6 0.785 0.2 
Hg(II) 7.2 0.555 0.4 

10.9 0.239 0.7 
3.8 0.783 0.3 

Ag(1) 7.5 0.622 0.6 
11.3 0.462 0.4 

Table 2. Interferences in the determination of 7.2 ppm of 
mercury and 7.5 ppm of silver 

Hg(II) Ag(I) 

Ion 

Cl- 
SG- 
Po- 
Ag+ 

Ca2+ 
Mg2+ 
Pb2+ 
Hg2+ 
Ni2+ 
2:: 

Zn2+ 
Mn2+ 
Al’+ 
Fe’+ 
Cr’+ 
BiO+ 
Sn(IV) 
MOO:- 
vo; 

Ibnl, Error, [IonI, Error, 
PPm % PPm % 

3000 1.6 5 -13 
3000 -2.2 1500 -1.7 
1500 -1.8 250 -1.5 

1 0.5 - - 
3 29 - - 

3000 -0.5 1000 -1.6 
1500 1.1 350 -1.4 
3600 2.0 2500 -1.8 
- - 1 7.0 

1000 2.4 800 1.0 
2000 400 1.1 1.9 2000 100 -2.3 1.3 

2300 1.5 1500 -2.3 
1000 1.1 250 -1.1 
600 1.2 500 -1.8 
350 2.0 550 1.8 
150 -2.2 150 -0.5 

7 1.2 4 -2.0 
75 2.7 - - 

2000 -2.0 2000 -1.8 
50 1.4 200 -1.2 

Hg(I1) and 0.45 ppm for Ag(I) were calculated (3s 
criterion). 

Interferences 

As shown by Table 2, large amounts of many 
foreign ions can be tolerated in both determinations. 
Interference caused by formation of coloured EDTA 
complexes is eliminated by using a blank prepared 
with the sample itself. Precipitation of Sn(IV) is 
avoided by addition of tartrate. Thus, among the ions 

L 
5 

Fig. 2. Standard addition method for Hg(I1) (sample 3). 
DDTC 1.73 x lo-‘M. 
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studied, only BiO+ and Ag(1) interfere seriously in 
the dete~ination of Wg(II), and only BiO+, Cl- and 
HgfII) interfere in the determination of Ag(1). The 
interference of BiO+ is due to the formation .of the 
stable yellow Bi(DDTQ complex.” 

When copper is the major component of the 
sample, more accurate results are obtained if the 
concentration of Cu(I1) in the sample solutions and 
standards is similar. In this case a standard addition 
method may also be applied, as shown in Fig. 2. The 
value A,, in the figure would correspond to the 
absorbance of the sample solution if Hg(I1) were not 
present and is given by 

mCDD, 
A,= ----y--- 

where m is the slope of the standard additions plot for 
mercury and Co,,: is the molar concentration of 
DDTC. Hence if A, is the absorbance for the sample 
with no added mercury, 

c WII) 

The method leads to results as good as those obtained 
by the direct method for I-Ig(II), but low results are 
obtained in the determination of Ag(I). 

Application of the methods 

The proposed methods have been applied to the 

Table 3. Analysis of amalgams for mercury 

Sample Composition, % Mercury found*, % 

1 Hg 0.98, 0.99, & 0.008 
Zn 99.0 

2 Hg 0.67, 0.67, f 0.002 
Cd 99.3 

3 Hg 0.60, o.6O1 f o.OOzt 
cu 99.4 0.6Od 

4 Hg 0.19, 0.19, * 0.001 
Pb 99.8 

*Mean + standard deviation. 
jCalibration curve obtained by using a concentration of 

Cu(I1) similar to that of the sample solution. 
ljstandard addition method. 

Table 4. Analysis of alloys for silver 

Sample 

1 

2 

3 

Composition, % 

Ag 2.95, 
Al 97.05 
A@, 1.01, 
Fe 72.6 
Cc 18.3 
Ni 8.10 
Ag 0.97, 
cu 58.3 

Silver found,, % 

2.95 * 0.01, 

1.01, f 0.004 

0.99, + 0.004t 

4 

5 

Mn 19.5 
Ni 21.2 
Ag 0.95, 
Ni 99.05 
Ag 0.34 
Pb 99.7 

0.96, * 0.006 

0.30, f 0.002 

*Mean + standard deviation. 
tcalibration curve obtained by using a concentration of 

Cu(I1) similar to that of the sample solution. 

dete~nation of mercury and silver in various metal- 
lic samples. The results obtained from series of five 
replicates are shown in Tables 3 and 4. Good agree- 
ment between expected and found values is achieved. 

1. 

2. 

3. 

4. 

;: 

7. 

8. 

9. 

10. 

11. 
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SPE~TROPHOTOMETRIC DETERMINATION OF IRON 
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SunmWy--Iron is removed during the desulphurization and demineralization of coal by a chemical 
cleaning process utilizing a mixture of molten sodium hydroxide and potassium hydroxide. When 
l,l~ph~an~roli~ is used for s~rophotomet~c d~~~~~tion of the iron in the various caustic, 
aqueous and acidic process streams, organic materials leached from the coal by the molten caustic interfere 
with the colour-forming reaction. Pm-oxidation of the samples with potassium persulphate has proved 
to be an ciktive means of removing the interfering organic material before the iron dei~inat~on. 

Most of the iron in coal is present as pyrite (Fe%&, 
although other minerals such as iron sulphates may 
also be present. During the cleaning of co& with 
molten caustic,‘-5 iron is converted into soluble forms 
which are removed with the spent caustic, with the 
water washings of the separated coal, and with the 
acid washings of the water-washed clean coal. 

In the present work it was found that spectro- 
photometric analyses of these process streams for 
iron (with l,l~-phenanthrolin~~ yielded erratic 
results, apparently hecause of interference by the 
organic matter solubilized during the cleaning or 
washing steps. Several widely used oxidation pro- 
cedures were found to be ineffective for removing the 
interfering organic material. The use of chlorine gas 
was very effective, but the potential hazards and 
relatively poor availability of this reagent make its 
use less convenient. It was finalfy found that ox- 
idation of acidified samples with potassium per- 
sulphate will effectively remove all interferences due 
to organic material. The procedure is convenient to 
apply, and the oxidation is accomplished relatively 
quickly. 

EXPERIMENTAL 

Apparatus 
A V&an DMS-100 spectrometer and l-cm optical path- 

length disposable cuvettes were used. Only standard labora- 
tory glassware was employed. Before each use it was rinsed 
with 30% v]v hydrochloric acid and then with demineralized 
water to remove any iron contamination. 

Reagents 
Hydroxy!arnine hydrochlari& solution, 60%. 
Bu$r solution. To a solution of 2SOg of ~rno~i~ 

acetate in 15Oml of distilled water add 7OOml of glacial 
acetic acid. 

*Author for correspondence. 

~,l~-Phena~thro~i~ so&ion. Dissolve 100 mg of 
l,l~ph~a~throline monohydrate in 100 ml of distilled 
water containing two drops of concentrated hydr~hlo~c 
acid. 

Srock iron x&ion. Dissolve I.404 g of ferrous ammo- 
nium sulphate hexahydrate in approximately 50 ml of 40% 
v/v sulphuric acid, then dilute the solution to exactly I litre 
to yield a stock 200-fig/ml iron solution. 

Standard iron solution. Dilute a 50,00-ml aliquot of stock 
iron solution to the mark in a I-l&e standard flask with 
demineralized water to yield a IO-pg/ml iron soIution. 

Procedures 
Ca~ibratj~n. Pipette 1.00, 5.00, 10.00, 15.00 and 25.OOml 

of the standard iron solution into five N-ml standard flasks 
and use a sixth flask for a reagent blank. Then add 5 ml of 
reductant, 10 ml of buffer, and 2 ml of l,lO-phenanthroline 
solution to each flask, and dilute to the mark with deminer- 
alized water. After 30 min. measure the absorbance OF each 
calibration standard at 510 nm with no cell in the reference 
beam. Subtract the absorbance of the reagent blank from 
the absorbances for the standards. Plot the net absorbances 
against the concentrations. 

&d&m ofsarnpfes. it is recommended that each sample 
is analysed in triplicate. For a sample in aqueous solution, 
pipette 15.00 ml into a M-ml beaker. If the sampie is in the 
form of solid spent caustic, dissolve approximately I.5 g, 
accurately weighed, in d~nerali~ water, make up to 
volume in a 100-ml standard flask, and pipette IO.00 ml of 
this solution into a SO-ml beaker. Cautiously add concen- 
trated sulphuric acid to the solution until the pH is * 1. 
Place the beaker on a hot-plate and bring the solution to the 
boil. Add a scoopful (approximately OSg) of potassium 
~rs~phate and allow the reaction to proceed for a few 
minutes, Add additional 0.5-g portions of potassium per- 
sulpbate until the solution is colourless or no further 
diminution of colour is observed. In all cases, add at least 
five scoopfuls (2.5 g total) of potassium persulphate. Then 
allow the solution to cool and add demineralized water to 
bring the total volume to about 40 ml. Transfer the solution 
to a lOO-ml standard Aask and dilute to the mark with 
demineralize water. 

~e~~~i~~~on of iron. Pipette a volume of x ml of the 
oxidized solution, estimated to contain between SO and 
150 pg of iron, into a 50-ml standard flask and develop and 
measure the coiour in the same way as for the calibration 

700 
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solutions. Prepare an identical sample, but without addition 
of phenanthroline, and read the absorbance in the same way 
as the others. Subtract this absorbance from that of the 
corresponding solution containing phenanthroline, and use 
the net absorbance to find the concentration of iron in the 
solution (y pg/ml), from the previously prepared calibration 
curve. 

Calculations. For samples in aqueous solutions: 

concentration of iron = 500 y/x pg/ml 

For solid samples: 

concentration of iron = 

5 x 104y/x (weight of sample, g) pg/g 

RESULTS AND DISCUSSION 

The determination of iron in aqueous solutions by 
formation of a coloured complex with 1 ,lO-phen- 
anthroline is well established.&’ Alternative col- 
orimetric procedures exist for the determination of 
iron in caustic solutions. 9-12 In our case, however, 
direct application of any of these methods resulted in 
significant interferences from the organic matter in 
the samples, and neutralization of the caustic and 
prolonged oxidation were required to degrade the 
organic material. The key to the required 
modification of this method was the development and 
demonstration of an effective procedure for the re- 
moval of interferences caused by the organic matter. 

Previous work at our laboratory had shown that 
the organic material present in coal-cleaning process 
streams can be classified as humic acid type material 
and phenolic material. I3 Oxidation of this material 
with perchloric acid would clearly be the method of 
choice,14 but owing to the high potassium content of 
the samples, a voluminous precipitate would form, 

making the oxidation potentially hazardous because 
of the risk of “bumping” during reflux. Oxidation 
with hydrogen peroxide was found to yield erratic 
results that were usually lower than those obtained 
when no oxidation at all was used. Presumably, 
peroxide oxidation led to the formation of carboxyhc 
acids which competed with the phenanthroline for 
complexation of the iron. Oxidation of the organic 
material with hydrogen peroxide also required a 
reaction time of at least 16 hr, which was un- 
acceptable. The use of chlorine as an oxidant for the 
organic material was studied briefly. Preliminary 
results indicated that bubbling chlorine through sam- 
ple solutions would effectively degrade organic ma- 
terials, but this procedure was abandoned because of 
the potential hazards and inconvenience involved. 

As shown in Table 1, pre-oxidation of the samples 
with potassium persulphate considerably increased 
the values obtained for the concentration of iron. 

The lightly coloured spent-caustic samples yielded 
slightly lower iron values without the pre-oxidation. 
This was undoubtedly due to competition of humic- 

type acids in these samples with the 
l,lO-phenanthroline for complexation of the iron. In 
contrast, the highly coloured water-wash samples 
yielded slightly lower results after oxidation of the 
organic material. The slightly higher values for the 
unoxidized samples could be due to the background 
absorbance of the organic matter. Blank deter- 
minations could not fully compensate for the highly 
coloured organic components contained in these 
samples before oxidation. The essentially colourless 
acid-wash samples are known to contain organic 
material exhibiting properties similar to those of 
phenols, naphthols, thiophenols and thionaphthols.r3 

Table 1. Effects of pre-oxidation by potassium persulphate on the determination of 
iron in various process samples; the relative standard deviation (rsd, %) is given in 

brackets, for five replicate determinations 

Concentration of iron found, pgglml 

Sample Description Before oxidation After oxidation 

A-l Spent caustic-lightly coloured 94 (0.9) 104 (1.4) 
El Spent caustic-lightly coloured 93 (0.6) 109 (1.5) 
A-2 Water wash-intensely coloured 21 (3.8) 19 (7.5) 
C-2 Water wash-intensely coloured 17.9 (1.1) 16 (5.1) 
D-2 Water wash-intensely coloured 5.6 (3.6) 0 (-) 
A-3 Acid washdolourless 90 (0.3) 165 (1.1) 
B-3 Acid wash-colourless 90 (0.25) 129 (0.6) 
C-3 Acid wash-colourless 90 (0.0) 374 (0.7) 

Table 2. Recovery of standard additions of iron 

Sample E-2 (water wash) Sample F-l (spent caustic) Sample G-3 (acid wash) 

Added, Found, Added, Found, Added, Found, 
pgglml pgcglml Recovered, % pgglml Irglml Recovered, % pgglml pgglml Recovered, % 

0 17 - 0 113 0 127 
47 65 102 47 159 98 47 176 104 
95 113 101 95 204 97 95 221 100 

189 208 101 189 294 98 189 317 101 
284 306 102 284 389 97 284 412 100 
378 398 101 328 496 101 328 498 98 
473 491 100 473 577 98 473 583 96 
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Table 3. Comparison of iron detonations by AAS (standard- 
additions method) and the l,lO-phenan~roline method 

Iron found 

Sample AAS Phen 

P-l (spent caustic), pg/mi 16.8 17.2 
P-l (precipitate from spent caustic), pgglg 1.54 153 
P-2 (water wash), pgglml 10.5 9.2 
P-3 (acid wash), pg/mf 383 368 

It appears that these components can complex a 
significant fraction of the iron and make it un- 
available for complexation with l,lO-phenanthroline. 

Reproducibility 

Eight separate sets of five determinations each were 
performed on spent-caustic, acid-wash and water- 
wash samples from the chemical cleaning of coal. The 
relative standard deviations for these sets (see Table 
1) ranged from 0.6 to 7.5% and were mostly about 
1.5%. It is notable that when no oxidation was 
performed, the precision of the destinations was 
generally better by a factor of about two. The 
additional manipulation of samples apparently intro- 
duced more random errors into the determination. 
However, for the purpose of evaluation of coal- 
cleaning process streams the precision obtained is 
acceptable. 

Validation 

The method of standard additions was applied to 
obtain some assurance that the results obtained with 
the modified method were accurate. As TabIe 2 
shows, the recoveries were essentially quantitative. 
However, if a small quantity of a competing ligand 
were left unoxidized and already complexed with 
iron, it would not affect the recovery of the added 
iron, and the standard-additions method would not 
reveal the error in the original result. For that reason 
comparison was also made with results obtained by 
atomic-absorption spectrometry (AAS), and Table 3 
shows that comparable results were obtained. These 
findings imply that the s~ctrophotomet~c procedure 
yielded accurate results. 

Since the findings also imply that AAS will yield 
accurate results for samples of this type, either tech- 
nique can be used for the determination of iron. 
However, for samples from the chemical cleaning of 
coal, we find that the spectrophotometric procedure 

is far more convenient. Relatively small numbers of 
samples are produced at any given time, and it is 
simpler and faster to calibrate the instrument and 
perform the determinations by spectrophotometry 
than by AAS. 
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ANALYTICAL APPLICATr~~S OF THE 
A~r~~A~~~~ ~~S~PH~~E REACTION IN 

ACET~~IT~LE 

B. c. vaw*, 5. CHAW, N3izLhM SHARMA, urn smm, 
D. K, !%ARMA nnd hm.h Sam 

Chemistry Department, Himachal Pradesh University, Shimla-5, India 

-The ease with w&i& G&XXI disuipbide transfurms primary and scc~ndary amines in 
acetanitile medium into the co~~~d~~ monaa~k~~mmoniom rn~oa~k~~~tbj~rbama~ and 
diaikyiammonium di~~~t~~~~at~s respectiwly and the simplicity and reliability of potezttiometric 
and spectrophotometric determination of dithtirbamates with copper(i) perchlorate in the same 
medium, provide simple? accur&e and reliabte methods for the determination of primary and mndary 
aminas and of organic i~~~yanates. 

primary and secondary amines react with carbon 
d~sul~~~e in organic solvents to yield mono- 
~~1~~~~ ~on~aiky~djt~~ar~~~ (r) and 
d~~k~Ia~o~iurn dialkyl~thj~~ba~~es (II) re- 
spectively,’ but tertiary amines do not react, 

Hence primary or seumdary amines can be assayed 
in the presence of tertiary amines by means of those 
reactions and any suitable method for determination 
of the resulting dithiocarbamatea In acetonitrile 
medium, these reactions are rapid, smooth and 

quantitative at ruom temperature and the dithio- 
carbamates can be determined with copper@) or 
copper@) perchforat~ in the same medium at room 
temperature.2 The method has certain advantages 
over acidimetric dete~nation of the amines, Ter- 
tiary amines and other basic compounds do not 
inteffere and a s~trophotome~c method can be 
used for the detonation of ~aarno~~ of the 
amines. This application is straightfo~ard and gives 
results of acceptable precision and accuracy.2 

The usefulness of the reaction has been extended 
by its application to the indirect micro-determination 
of organic isothiocyanates. The isothiocyanate is 
reacted with a known and excessive amount of di- 
butyiamine in ~me~ylfo~de to produce the 

*Author for correspondence. 

corresponding substituted thiou~ea.‘~ 

RNCS + ~C,H,),NH + ~N~CS~~C~~~~ 

The saltxti5n is then diiuted with acetonitrile, a drop 
al‘ carbon disulp~~ is added and the dibutyl- 
dithiocar~ma~ is titrated photometri~lly with 
c43pper(I) perchlorate at 430 ikm.2 

Acemniniie. Mst%d twits Rom phosphorus pentoxide 
(5 s/l.)+ 

Dimethy@wtumide. Commercial grade material was 
purified by storage over analytical-reagent grade anhydrous 
&ium carbonate for 2 days:Tha so&t 16s then d&a&d 
and distilled, the fraction distilling at 148.5-149.5” Mm 
c&&xi and stored in a brown b&e. 

Copper(f) per&mite saved a&&m in aceconirrilp. 
Prepared as described earlier? 

AIkyf ~~~~~5~~~~~~~. Frepared by knuwn metbods.3 
Phenyl isothiocyanate was distilled before use. Carbon 
disulphide CBaker Analyzed”) was used as received. 

Prucerktre 

An aliquot of ~methylfo~~~de solution of the organic 
isothi~~a~te was mixed with a known excess of standard 
dibutyi~jne solution fin ~~~ylfo~amide) and the 
v&me made up to 2 ml with t&z s&znt. After tO min, 
the sohztion was diluted to 6 ml with acetonitriie, mixed with 
a drop of carbon disu~p~de, and titrated spectra- 
photomet~ily at 430 nm with standard coppcx(X> 
perchlorate solution at room temperature (- 23”). Dilution 
~rrection was applied and the titration cnrve plotted in the 
usual way. The results are given in Table 1, 

Organic ~sothio~anat~ End extensive use as inter- 
mediates in the synthesis of polymers and are also of 
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Table 1. ~te~ination of organic 
isothiocyanates 

Amount found?, 
Isothiocyanate* /Ig 

Methyl 9.89 f 0.04 
n-Propyl 10.09 f 0.04 
Isopropyl 10.09 f 0.06 
n-Butyl 10.07 f 0.03 
Isobutyl 9.93 f 0.03 
Phenyl 9.91 f 0.03 

*Amount taken, IO yg. 
tMean & standard deviation (10 deter- 

minations). 

pesticidal importance. The results in Table 1 show 

that the proposed method is useful for their deter- 
mination. 
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Summary--The cause of interference by bivalent cations in the determination of selenium by hydride- 
generation and atomic-absorption is still the subject of debate. It is suggested that these ions react with 
sodium borohydride to produce the metal borides and not, as generally supposed, the elemental metals. 
The metal borides are known to be highly reactive and could cause decomposition of the selenium hydride 
before it reaches the detection unit. 

Many efforts have been made to minimize the well 
known interferences from the ions of silver, copper, 
nickel, cobalt, iron, tin, cadmium and other metals 
in determination of selenium by hydride-generation 
and atomic-absorption spectrometry, HGAAS. There 
are, however, only a few reports on the possible 
mechanisms involved in the interfering process. Re- 
cently, interesting papers by Welz and co-workers 
have appeared, reporting detailed studies of the inter- 
ference patterns of bivalent ions.‘-’ Most authors 
have proposed that the interferences are caused by 
capture of the selenium hydride by the metal precip- 
itate formed immediately by reaction between the 
metal ion and the added borohydride ions. It is a 
common assumption that the precipitates formed 
from the interfering ions consist of the element in the 
metallic state. However, Brown er al. proposed briefly 
that the precipitates could be borides rather than 
metals.4 

The reducing effect of borohydride is probably due 
to formation of nascent hydrogen which, in acid 
solutions, reduces selenium(IV) directly to selenium 
hydride. The term “nascent” describes hydrogen gas 
in a state (probably as radicals) which is especially 
active. Another common way to produce nascent 
hydrogen is by reaction between zinc and hydro- 
chloric acid. 

From a thermodynamic point of view there should 
be no difference in principle between nascent hydro- 
gen and ordinary hydrogen gas as far as the standard 
electrode potential is concerned (zero volt). This 
means that hydrogen gas can theoretically reduce all 
metal ions having a positive standard potential to the 
metallic state, but not the ions having negative 

E”-values under standard conditions. Another possi- 
bility is that the hydride ion itself is the reducing ion. 
In that case the standard potential of the half- 
reaction 

fH,+e-+H- 

-2.23 V,’ must be considered. If the hydride ion is 
the reductant all metal ions having a standard poten- 
tial more positive than that of magnesium could be 
reduced to the metals. Water would also be reduced, 
to give hydroxide ions and hydrogen. 

In an attempt to arrive at a better understanding 
of these important interfering reactions, the present 
paper reports some theoretical considerations and 
experimental results to support the assumption that 
the precipitates formed by some metal ions in the 
HGAA process are unlikely to be the elemental 
metals, but rather metal borides. In this context 
attention is also drawn to earlier papers in which the 
catalytic power, and hence the preparation, of metal 
borides is described. Finally, a possible mechanism 
for the reaction between the interfering metal precip- 
itates and selenium hydride is proposed. 

EXPERIMENTAL 

The bivalent ions of the following metals were considered: 
Sn, Ni, Co, Cd, Fe and Zn. All of these have negative 
Es-values. 

A series of “beaker” experiments was performed, in which 
100 ml of a O.lOM solution of an ion (prepared from the 
chloride) in l.OM hydrochloric acid were treated with 
5 ml of a 3% solution of sodium borohydride in 1% 
sodium hydroxide solution. The results observed are given 
in Table 1. 

The precipitate from the nickel solution was immediately 
filtered off, washed with water, dried at 80” and examined 
by X-ray analysis. 
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Table 1 

Observed effect of 
Ion E”, V added NaBH, 

Sn(I1) -0.14 Bright yellow precipitate* 
Ni(II) -0.23 Black precipitate 
Co(H) -0.28 Black precipitate 
Cd(H) -0.40 Black precipitate? 
Fe(B) -0.41 Black precipitate 
Zn(I1) -0.76 No precipitate 

*The bright yellow colour quickly turned greyish black. 
?A very minute amount of precipitate was observed for a 

short while and was quickly dissolved in the solution. 

RESULTS AND DISCUSSION 

The precipitate from the nickel solution was found 
to be amorphous, as reported by others,* and no 
metallic nickel was detected. A qualitative test 
showed the presence of boron. 

There are some remarkable results in Table 1. 
First, the bright yellow precipitate formed from the 
tin solution is not easily explained. If it is metallic tin, 
its colour should be different. Secondly, the difference 
in behaviour of cadmium and iron, although both 
half-cells have almost the same E”-value. 

If the metals, for instance iron, were formed by 
reduction with nascent hydrogen the following equi- 
librium should be forced to the right: 

Fe’+ + 2H+Fe + 2H+ 

From the E”-values, however, the equilibrium con- 
stant is 1.3 x 10-14, so it is very hard to understand 
how such a reaction, forming a large amount of iron 
precipitate, could be feasible. 

If it is argued that the hydride ion is the reductant, 
then elementary zinc should also be formed. Also, 
the colour of the tin precipitate would still not be 
explained. 

Identical experiments with addition of zinc powder 
(2 g) instead of sodium borohydride resulted in 
formation of nascent hydrogen, but no precipitate 
was observed in any of the solutions, as expected. 

In the literature there are several reports on metal 
borides used as catalysts for hydrogenation and 
organic desulphuration reactions.69 Preparation of 
such borides was described as early as 1953,6 and the 
topic was reviewed in 1976.8 It is noteworthy that in 
the papers cited it is always recommended to syn- 
thesize the borides by the reaction between sodium 
borohydride and the metal ions (mostly by use of the 

metal chloride solutions). Moreover, in the case of 
cobalt,6 the precipitate was analysed and found to 
consist of a metal boride with an apparent stoichi- 
ometry of Co,B. 

In one of the papers the desulphuration of peptides 
(i.e., splitting of C-S bonds) by nickel boride was 
described.’ This suggests a mechanism for the sup- 
pression of selenium hydride formation by metal 
borides: the covalent radii of sulphur and selenium 
are 1.03 and 1.17 A, respectively,iO and the bond 
energies for H-Se and C-S are 73,” and 65 kcal/ 
mole,i2 respectively, and it is tempting to propose that 
the selenium hydride molecules are cleaved by the 
metal boride, leaving elemental selenium in the 
solution. 

CONCLUSIONS 

The interference caused by certain metal ions in the 
determination of selenium by the hydride-generation 
atomic-absorption technique could be due to capture 
and decomposition of the selenium hydride by the 
precipitate formed on addition of sodium boro- 
hydride. Such precipitates are probably not elemental 
metals, but rather metal borides. 
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Summary-An extremely sensitive voltammetric method is presented for trace measurement of the cancer 
chemotherapy drug methotrexate. The method is based on controlled adsorptive preconcentration of 
methotrexate on the hanging mercury-drop electrode, followed by voltammetric determination of the 
surface species. Cyclic voltammetry was used to explore the interfacial behaviour. The adsorptive stripping 
response was evaluated with respect to preconcentration time and potential, pH, concentration depen- 
dence, stripping mode, possible interferences, and other variables. The detection limit found was 
2 x 10m9M (S-min preconcentration), the response was linear, and the relative standard deviation (at the 
1.6 x 10M7M level) 2.2%. Sensitive adsorptive stripping measurements were also obtained by use of a 
carbon-paste disk electrode. Applicability to urine analysis is illustrated. 

Anticancer drugs have become, during the last de- 
cade, increasingly important in the treatment of 
neoplastic diseases. One of the most widely used is the 
antifolate methotrexate (4-amino-N”‘-methylpteroyl- 
glutamic acid; Amethopterin). High doses of metho- 
trexate are now being used to treat previously un- 
responsive cancers.’ In spite of its therapeutic 
effectiveness, the clinical utility of methotrexate is 
hampered by its toxicity. Reliable analytical pro- 
cedures are thus required to optimize therapy and 
minimize side-effects. Several types of assay are cur- 
rently used for clinical monitoring of methotrexate. 
These include radioimmunoassay, enzyme-multi- 
plied immunoassay,3 fluorimetry4 and HPLC with 
ultraviolet’ or amperometri@ detection, 

The polarographic behaviour of methotrexate has 
been elucidated by Gurira and Bowers.’ The com- 
pound exhibits three two-electron/two-proton reduc- 
tion steps in neutral and acidic media. In a separate 
study,8 the same workers exploited the electro- 
chemical reduction for determination of metho- 
trexate at the mM and PM concentration levels by 
sampled d.c. polarography and differential pulse 
polarography, respectively. The present work reports 
an extremely sensitive voltammetric procedure for 
trace measurement of methotrexate, based on its 
adsorptive accumulation at the hanging mercury- 
drop electrode. Adsorptive stripping voltammetry 
has been shown to be an important analytical method 
for a wide range of electroactive compounds that can 
be adsorbed onto electrode surfaces. The method has 
been successfully applied for trace measurements of 

*To whom correspondence should be addressed. 

important pharmaceutical compounds such as 
digoxin,’ diazepam and nitrazepam,” adriamycin” 
and chlorpromazine. I2 Work to date has recently 
been summarized.” The characteristics and advan- 
tages of an effective adsorptive stripping procedure 
for methotrexate are elucidated in this paper. 

EXPERIMENTAL 

Apparatus and reagents 

Stripping and cyclic voltamperograms were obtained with 
an EG&G Princeton Applied Research Corp. (PAR) Model 
264A stripping analyser. The working electrode was a PAR 
Model 303A static mercury-drop electrode. The sample cell 
(PAR Model 0057) was fitted with an Ag/AgCl (saturated 
KCl) reference electrode and a platinum wire auxiliary 
electrode. The cell was covered with aluminium foil. A 
magnetic stirrer and stirring bar (1 cm long, 2 mm thick) 
provided mixing during the preconcentration step. A PAR 
Model 0073 X-Y recorder was used for the collection of 
experimental data. A 3-mm diameter carbon-paste disk 
electrode was used for analogous measurements in the 
anodic potential range, in conjunction with a PAR Model 
174 polarographic analyser. 

Stock solutions (2 x 10e4M) of methotrexate (Sigma) 
were prepared daily by dissolving appropriate weights of it 
in 1 ml of O.lM sodium hydroxide and making up to volume 
in a lOO-ml standard flask with demineralized water. The 
solutions were stored in the dark at 4”. All other solutions 
were prepared with demineralized water and analytical- 
grade reagents. Urine samples were obtained from healthy 
volunteers. 

Procedure 

A known volume (10 ml) of the O.OSM phosphate buffer 
@H 2.5) supporting electrolyte solution was added to the 
cell and deaerated by passage of nitrogen for 8 min (and for 
30 set before each adsorptive stripping cycle). The precon- 
centration potential (usually -0.2V) was applied to the 
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electrode for a selected time, while the solution was stirred 
at 400 rpm. The stirring was then stopped, and after 15 set 
the voltamperogram for a negative-going potential scan was 
recorded. The scan was terminated at - 1.5 V, and the 
adsorptive stripping cycle was repeated with a new mercury 
drop. After the background stripping voltamperogram had 
been obtained, aliquots of the drug standards were intro- 
duced. The entire procedure was automated, as controlled 
by the PAR 264A stripping analyser. Throughout this 
operation, nitrogen was passed over the solution surface. All 
data were obtained at room temperature. 

RESULTS AND DISCUSSION 

Figure 1 shows repetitive cyclic voltamperograms 
for 1 x 10e6M methotrexate in 0.05M phosphate 
buffer (PH 2.5). Stirring the solution for 1 min at 
-0.10 V prior to the first scan (designated as l), 
results in three cathodic peaks at cu. -0.51, -0.87, 
and - 1.05 V; a small peak is observed (at -0.42 V) 
on scanning in the positive direction. Subsequent 
scans yield substantially smaller cathodic peaks that 
represent the response of solution-phase species (Le., 
rapidly desorbed product); the shift in potential of the 
‘first peak and disappearance of the second peak 
should be noted. For analytical purposes, the first 
(and large) cathodic peak is the most useful; this peak 
is attributed to reduction of the pyrazine ring.7 

Hence, all subsequent work was based on measure- 
ment of the magnitude of this peak. With the 
1 x 10m6M methotrexate solution, full surface cov- 
erage was achieved after 60 set of stirring. Under 
these conditions the charge transferred in the first 
reduction step corresponds to 0.37 PC, as calculated 
by integration of the peak. A surface coverage of 
1.28 x lo-i0 mole/cm2 can be estimated by division of 
the charge by the conversion factor nFA (n = 2).7 
Each adsorbed methotrexate molecule thus occupies 
an area of 1.30 nm2. The effects of potential scan-rate 
(v) on the peak current and potential were evaluated 
for the surface-bound methotrexate (Fig. 2). A log i,, 
us. log v plot was linear over the 5-200 mV/sec range 
(a), with a slope of 0.64 (correlation coefficient 
0.998). Slopes of 1.00 and 0.50 are expected for ideal 
reactions of surface and solution species, respectively. 
A 52-mV negative shift in the peak potential was 
observed upon increasing the scan-rate in the range 
given. The plot of E, vs. log v (b) was also linear 
(correlation coefficient 0.997). 

The spontaneous adsorption of methotrexate can 
be used as an effective preconcentration step prior to 
the voltammetric measurement. In this way, highly 
sensitive measurements of the drug can be achieved 
by means of adsorptive stripping voltammetry. 
Figure 3 shows linear-scan voltamperograms for 

‘. 

Fig. 1. Repetitive cyclic voltamperograms for 2.5 x 10p6M methotrexate in 0.05M phosphate buffer 
(pH 2.5), after 1 min stirring (400 rpm) at -0.10 V. Scan-rate 50 mV/sec. 
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Fig. 2. Dependence of the logarithm of the peak current (a) 
and of the peak potential (b) on the logarithm of the 

potential scan-rate. Other conditions as in Fig. 1. 

4 x IO-*M methotrexate after different precon- 
centration times. While determination at this level is 
not feasible without preconcentration (a), well- 
defined peaks are observed following precon- 
centration (b-d). The longer the preconcentration 
time, the more methotrexate is adsorbed, and the 
larger the Peak current. A detection limit near 

2 x lo-‘M is estimated, based on the signal corre- 

sponding to three times the noise of the response 
following 300-set preconcentration (d). This de- 
tection limit corresponds to 9 ng in the 10 ml of 
solution used. Also shown in Fig. 3 are peak current 
vs. preconcentration time plots for 4 x IO-*M and 
1 x lo-‘M methotrexate solutions. At both levels the 
peak current increases linearly with preconcentration 
time [slopes of 0.25 nA/sec (4 x lo-*M) and 0.94 
nA/sec (1 x 10-‘M)]. 

Adsorptive stripping measurements of metho- 
trexate can also be performed with various solid 
electrodes. Such schemes utilize the anodic behaviour 
of the drug6 as well as its interfacial accumulation at 
carbon surfaces. For example, Fig. 4 shows differ- 
ential pulse voltamperograms for 2 x lo-‘M metho- 
trexate following 0 (a) and 1 (b) min accumulation at 
the carbon-paste electrode. A single oxidation peak is 
observed at cu. +0.75 V. The use of a short precon- 
centration period results in a substantial (6-fold) 
enhancement of the peak height. A detection limit of 
around 1 x lO_rM is estimated from the signal-to- 
noise characteristics of the data. A I-min “cleaning” 
period (at + 1.3 V) is essential after the voltammetric 
scan, to desorb the drug from the surface. Though 
use of carbon electrodes eliminates the need for 
sample deaeration, the reproducibility and sensitivity 
are inferior to those of measurements at the static 
mercury-drop electrode. The latter was therefore used 
in the final procedure. 

The solution pH has a strong effect on the ad- 
sorptive stripping response (Fig. 5~). For example, 

I 50nA 
e 

150 

100 

E(V) Time (set) 

Fig. 3. Effect of preconcentration period on the stripping voltamperogram for 4 x lo-‘M methotrexate 
in O.OSM phosphate buffer (PH 2.5). Preeoncentration period: (a) 0, (b) 60, (c) 180, (d) 300 sec. 
Preeoncentration potential -0.2 V; scan-rate 50 mV/sec. Also shown are the resulting current-time plots 

at different concentrations: (A) 4 x IO-*M; (B) I x lo-‘M. 
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Fig. 4. Differential-pulse voltamperograms for 2 x IO-‘A4 
methotrexate following 0 (a) and 1 (b) min preconcentration 
at the carbon-paste electrode. Preconcentration potential 
+0.4 V, stirring-rate, 400 rpm. Differential-pulse amplitude 
of 50 mV and scan-rate 5 mV/sec. Electrolyte, O.OSM 

phosphate buffer (PH 4). 

increasing the pH from 1.5 to 2.5 results in a sharp 
increase in the peak; a gradual decrease in the 
response is observed at pH > 2.5. A similar decrease 
was observed in polarographic measurements of the 
drug.’ A negative shift in peak potential, from - 0.36 
to -0.78 V was observed on increasing the pH from 
1.5 to 9.0. Such a shift is expected from the in- 
volvement of protons in the redox process. The 
dependence of the stripping peak current on the 
preconcentration potential was examined over the 
range from 0 to -0.35V (Fig. 5b). Methotrexate 
exhibits strong adsorption over the entire range. A 
potential of -0.2V offered the best signal-to-noise 
characteristics and was chosen as optimal. Figure 6 
compares the effects of linear-scan and differential- 

I 
50nA lb) 

20nA (01 

I 1 I 
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Fig. 6. Linear scan (a) and differential pulse (b) stripping 
voltamperograms for 1 x lo-‘A4 methotrexate. Preconcen- 
tration time 30 sec. Potential-pulse conditions: 50 mV 
amplitude, 5 mV/sec scan-rate. Other conditions as in 

Fig. 3. 

pulse waveforms on the methotrexate response. Both 
stripping modes exhibit similar signal-to-background 
characteristics. The linear-scan mode was selected for 
use because of its speed (reduction of scan-time by a 
factor of 10) and sharper peak. 

The quantitative evaluation is based on the de- 
pendence of the peak current on methotrexate con- 

0 
i&(V), b 

-0.2 -0.4 

I 

- 100 
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Fig. 5. Effects of the pH (a) and preconcentration potential (b) on the methotrexate peak current. 
Methotrexate concentration (a) 1 x 10e6M; (b) 2 x lo-‘M. Preconcentration time 1 min. Other 

conditions as in Fig. 3. 
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Fig. 7. Stripping voltamperograms obtained for solutions of increasing methotrexate concentration, 
2.5-12.5 x lo-*iM (a-e). Preconcentration Period 30 sec. Other conditions as in Fig. 3. Dotted lines 
represent the response without preconcentration. Also shown are the resulting calibration plots after 

different preconcentration times: (A) 30, (B) 60 sec. 

centration. Figure 7 shows voltamperograms for 
solutions of increasing methotrexate concentration, 
from 2.5 x low8 to 1.25 x lo-‘M, after 60-set pre- 
concentration. Well-defined stripping peaks were ob- 
served over this concentration range. In contrast, the 
corresponding solution-phase response (dotted line) 
is not useful for quantitative work at this level. Also 
shown in Fig. 7 are the resulting calibration plots 
for the 2.5-25 x lo-‘M range, obtained at different 
preconcentration times. For 30-set preconcentration 
(A), the response is linear for the entire range (slope 
2.9 r1A/10-~M; intercept 0.0 nA; correlation co- 
efficient 0.998). The 60-set plot (B) exhibits devi- 
ation from linearity at. concentrations higher than 
2 x lo-‘M, as expected for a process that is limited 
by adsorption of the analyte (slope of the initial linear 
portion 5.0 nA/IOe8M; intercept -0.3 nA; corre- 
lation coefficient 0.999). The reproducibility was esti- 
mated by ten successive measurements on a stirred 
1.6 x lo-‘M methotrexate solution (90~set precon- 
centration); the mean peak current was 128 nA, range 
125-132 nA, and a relative standard deviation of 
2.2%. 

The presence of other surface-active compounds 
can affect the adsorptive stripping response, particu- 
larly through competitive coverage. The influence of 
model surfactants, dodecyl sodium sulphate and gela- 
tine, on the methotrexate stripping response was 

tested. Successive standard additions of dodecyl so- 
dium sulphate, up to 10 ppm, did not affect the 
magnitude of the 2 x lo-‘M methotrexate peak, but 
caused a gradual increase of the background current 
at potentials positive to the peak. Gelatine had a 
more pronounced effect on the methotrexate strip 
ping peak. Additions of this colloidal protein, up to 
6 ppm, caused a gradual increase of the methotrexate 
peak (by up to 50%); further additions of gelatine, up 
to 10 ppm, caused a sharp depression of the peak (to 
20% of its original magnitude). The effects of other 
antitumour agents, which may be co-administered 
with methotrexate, were also investigated. The addi- 
tion of 3 x lo-‘M fluorouracil or chlorambucil did 
not interfere in the determination of 1 x lo-‘M 
methotrexate. 

Figure 8 demonstrates the feasibility of measuring 
methotrexate in urine samples. No sample prepara- 
tion was used, other than a 1:4 dilution with the 
supporting electrolyte. Urine samples with ascending 
methotrexate concentrations, 5-15 x lo-‘M (b-d) 
yielded well-defined peaks, following a very short 
preconcentration period. The blank urine voltam- 
perogram (a) shows no interfering peaks. A 
preconcentration potential of -0.3 V was used, as 
interference was observed following accumulation at 
-0.2 V. Analysis of more complex body fluids, 
and/or differentiation between the parent drug and 
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Fig. 8. Voltamperograms for diluted (1 + 4) urine solutions 
spiked with different levels of methotrexate: (a) OM; (b) 
5 x 10-‘&f; (cf 1 x 10m6M; (d> 1.5 x 1O-6iw: Precon- 
centration for 10 set at -0.3 V. Phosphate buffer (PH 2.5) 

was used for dilution. Scan-rate, 50 mV/scc. 

I I 

-03 -0.5 -07 
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its major metabohte ~7-hydroxymethotrexate) would 
require a pretrea~e~t procedure, e.g., selective 
extraction, colony used in clinical laborato~es. 
(The increased polarity characterizing the metabolite 
may minimize its interfacial a~umulation, i.e., its 
interference.) Work is in progress in our laboratory 
toward the development of highty sensitive ad- 
sorptive stripping procedures for other important 
antineoplastic agents. 

Acknowledgement-his work was supported by the 
National Institutes of Health, grants No. RR0813612 and 
GM3~13-03. 

1. 
2. 

3. 
4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 

12. 
I3. 

A. Goldin, Cancer Treat. Rep., 1978, 62, 307. 
C. Bohown, F. Dorbey and C. Bonden, Clin. Chem., 
1974, Sr, 263. 
J. B. Gashaw and J. G. Miller, ibid., 1978, 25, 1032, 
M. M. Kincade, W. R. Vogler and P. G. Dayton, 
Biochem. Med., 1974, 10, 337. 
E. Watson, J. Cohen and K. Chan, Cancer Treat. Rep., 
1978, 62, 381. 
F. Palmisano, T. R. I. Cataldi and P. 6. Zambonin, 
J. Chromatog., 1985, 344, 249. 
R. C. Gurira and L. D. Bowers, J. Efectroanai. Chem., 
1983, 146, 109. 
R. C. Gurira and L, D. Bowers, Chin. Chem., 1981,27, 
1088. 
J. Wang, J. S. Mahmoud and P. A. M. Farias, Analyst, 
1985, 110, 855. 
R. Kalvoda, Anai. Chim. Acta, 1983, 148, 79, 
E. N. Chaney and P. P. Baldwin, Anal. Chem,, 1982,Sq 
2556. 
J. Wang and B. A, Freiha, ibid., 1983, 35, 1285. 
J. Wang, Am. Lab., 1985, 17, No. 5, 41. 



Talanta, Vol. 33, No. 9, pp. 713-716, 1986 
Printed in Great Britain. AI1 rights reserved 

0039-9140/X6 $3.00 +O.OO 
Copyright 0 1986 Pergamon Journals Ltd 

EVALUATION OF COUPLED TRANSPORT ACROSS 
A LIQUID MEMBRANE AS AN ANALYTICAL 
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Summary-When two aqueous solutions are separated by a liquid membrane that contains a complexing 
agent which is a conjugate base of a weak acid, a metal ion can be transported from the solution of the 
higher pH against its concentration gradient into the more acidic solution. With Cu(II) as the analyte and 
a liquid membrane consisting of a mixture of oximes dissolved in kerosene, enrichment factors for a 
prescribed dialysis time in a simple experimental apparatus were nearly independent of Cu(I1) concen- 
tration over the range 10-4-10-7M. With O.lM hydrochloric acid as the receiver, the enrichment factor 
was independent of ionic strength and of sample pH in the range 4-9. The effect of sample pH on the 
interference of Fe(II1) was examined. With a pH-2.5 formate buffer, the enrichment factor for Cu(I1) 
decreased as the Fe(II1) concentration increased, but in a pH-9.3 ammonium buffer, 0.14 mM Fe(II1) did 
not interfere with the transport of Cu(I1) from a 16pM copper sample. 

Dialysis has been often used as a sample pretreatment 
step in analytical chemistry. Although passive sys- 
tems, which only employ diffusion that is driven by 
a concentration gradient of an analyte across a 
membrane, can successfully separate the analyte from 
complicated sample matrices,’ they do not enable 
the analyte to be concentrated. Active systems such 
as Donnan dialysis and electrodialysis have been 
demonstrated to concentrate analytes as well as to 
separate them from the sample matrix. In the former 
case, an ionic-strength gradient across an ion- 
exchange membrane establishes a potential that 
drives an analyte with the appropriate charge sign 
from the lower ionic-strength solution (the sample) 
into the more concentrated electrolyte (the receiver). 
In the latter case, passage of current through the 
solutions that are separated by an ion-exchange 
membrane provides the driving force. When the 
receiver volume is less than that of the sample, the 
analyte can thereby be concentrated. 

Quantification is typically done on the basis of 
a fixed-time kinetic measurement.2A That is, the 
dialysis is performed for a prescribed time during 
which the experimental conditions are controlled so 
that the quantity of the analyte transported into the 
receiver during that time is a constant fraction of its 
initial concentration in the sample. Although electro- 
dialysis has been used in this manner,‘g6 the descrip- 
tion of such conditions for Donnan dialysis is much 
simpler.‘s8 

Donnan dialysis has several attractive features as 

*To whom correspondence should be addressed. 
tPresent address, Sigma Chemical Co., St. Louis, MO., 

U.S.A. 

an analytical preconcentration method. Enrichment 
factors of over 50 have been attained in 15 min,‘*” 
and the transport rate is independent of the sample 
composition over a wide range of conditions such as 
moderate levels of surfactants, pH, and the presence 
of complexing agents, provided that the receiver 
electrolyte composition is carefully controlled.” 
Perhaps its primary advantage over other common 
concentration methods for ionic species is that the 
analyte is enriched into an aqueous receiver in a 
single step. Thus, it is rapid and compatible with a 
wide variety of attendant instrumental methods. 

The fundamental weakness of Donnan dialysis is 
that the enrichment factor becomes a function of 
sample ionic strength when the electrolyte concen- 
tration exceeds about O.OlM.‘* For this reason we 
have pursued the development of pH-driven coupled 
transport across a liquid membrane as an analytical 
tool. Our hypothesis is that the pH-driven method 
should be independent of ionic strength and thus 
provide a technique complementary to Donnan dialy- 
sis in terms of the sample types that can be studied. 

Liquid membranes that contain mobile carriers 
have been used in analytical chemistry primarily in 
potentiometric ion-selective electrodes. The analyti- 
cal application of experiments designed to yield 
significant mass transport across such membranes has 
not been reported; however, the theory has been 
described and tested.‘S’s The most common applica- 
tions have dealt with the removal of selected ionic 
species from aqueous systems. For example, Cu(I1) 
was recovered from a stream by coupled transport 
through a membrane consisting of benzophenoximes, 
alone or mixed with substituted aliphatic oximes 
(LIX-64N or LIX-65N) dissolved in hexachloro-!,3- 
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butadiene and supported in a porous polypropylene 
film.i6 The general mechanism is that at the 
sample-membrane interface, Cu(I1) forms a neutral 
complex with the LIX-reagent, a reaction which 
releases protons into the sample. The neutral complex 
diffuses to the membranereceiver interface, where 
protons from the receiver displace the Cu(I1) into that 
solution. As long as the receiver solution is more 
acidic than the sample, the pH differential pumps 
the Cu(I1) across the membranes. With didodecyl- 
amine as the mobile carrier and a relatively alkaline 
receiver solution, the nitrate level of aqueous samples 
was decreased by a comparable mechanism.” With 
an amine as the mobile carrier, UO$+ was trans- 
ported into an alkaline receiver; the efficiency was 
independent of sample pH in the range 1 .5-3.5.i8 

Because it is the most extensively characterized 
system, the LIX-containing membrane with Cu(I1) 
as the analyte was selected for the present study, 
the object of which was to determine whether this 
coupled transport mechanism could be used for 
analytical preconcentration, with fixed-time kinetic 
measurement. 

EXPERIMENTAL 

Reagents 
The complexing agent was LIX-64N (Henkel Corp., 

Minneapolis, MN), which is a water-insoluble mixture of 
substituted oximes. Structural information has been re- 
ported by others. I910 It was used without purification. 
Before its introduction into the membrane, the reagent was 
generally diluted (1 + 9) with kerosene. A Celgard 2400 
microporous polypropylene membrane (Celanese Corp.) 
was used as the support. It had a 38% porosity, an effective 
pore size of 0.02 pm, and a nominal thickness of 0.025 mm. 
The membrane was loaded by immersion in the diluted 
liquid ion-exchange reagent. 

The water was purified with a Sybron/Barnstead NANO- 
pure II system. The hydrochloric acid was purified by 
storing the concentrated reagent grade acid and distilled 
water in adjacent Petri dishes in a sealed chamber (a 
desiccator) for several days. The resulting acidified aqueous 
solution was standardized and diluted to the desired concen- 
tration. The pH 4.7 acetate buffer (O.lM) was purified by 
solvent extraction with the diluted liquid ion-exchanger. 
Other chemicals (reagent grade) were used without 
purification. 

Apparatus 
The dialysis cells were of a previously reported design,* 

except that a liquid membrane was used. The design consis- 
ted of a Plexiglas cylinder which was closed at one end by 
the membrane. The closed tube contained the receiver 
solution. The assembly was dipped into a magnetically 
stirred sample to start the experiment. The receiver was 5 ml 
of O.lM hydrochloric acid and the sample volume was 200 
ml. The exposed area of the mounted membrane was 11.3 
cmz. The dialysis time was 60 min unless otherwise stated. 
After the dialysis, the receiver contents were diluted with 
water to 25 ml, and the analyte therein was determined by 
atomic-absorption spectrometry with a Perkin-Elmer model 
2280 instrument. The enrichment factor, EF, was calculated 
as the ratio of the analyte concentration in the receiver after 
dialysis to the initial concentration in the sample. Generally 
flame atomization was used, but for Cu(I1) concentrations 
below 10W6M a Perkin-Elmer HGA400 graphite furnace 
was used for the atomization. 

RESULTS AND DISCUSSION 

In order for coupled transport across a liquid 
membrane to be a practical analytical tool, the 
method must yield enrichment factors that are at least 
comparable to those obtained by Donnan dialysis 
under identical conditions, and independent of the 
initial sample concentration over a wide range. The 
former requirement was tested by performing a series 
of experiments with a 1.57 x IO-*M Cu(I1) sample in 
a pH-4.7 acetate buffer. With undiluted LIX 64N as 
the liquid phase of the membrane and with a 1 + 1 
dilution of LIX 64N by kerosene, significant trans- 
port did not occur. Instead, a blue-green precipitate 
formed on the sample-membrane interface. A 30-min 
dialysis with the 1 + 9 dilution of LIX 64N with 
kerosene as the liquid phase of the membrane yielded 
an enrichment factor of 6. Under identical condi- 
tions, except that an anion-exchange membrane with 
a thickness of less than 50 pm was used, Donnan 
dialysis yielded enrichment factors of about 10-l 5 for 
various anions.* Considering that Donnan dialysis 
has been optimized, the enrichment factor for the 
present experiment was sufficient to merit further 
study. All subsequent experiments were performed 
with the 1 + 9 dilution as the liquid phase of the 
membrane. 

Increasing the dialysis time to 60, 90 and 120 min 
resulted in enrichment factors of 11, 13 and 15, 
respectively. The non-linearity may be due to partial 
loss of the LIX reagent during the dialysis or de- 
pletion of the analyte from the sample. Subsequent 
experiments generally employed 60 min as the dialysis 
time. As a precaution in this preliminary study, the 
polypropylene membrane was washed with ethanol 
and re-impregnated with the liquid phase between 
experiments. 

Under the conditions prescribed above, the en- 
richment factor was nearly independent of the initial 
concentration of Cu(I1) over about three orders of 

Table 1. Effect of the initial sample 
concentration of Cu(I1) on the 
coupled-transport enrichment factor 

WWI, M EF* 

1.5 x 10-7 10.2 f 0.4 
1.0 x 10-h 10.1 _+ 0.6 
3.0 x 10-6 10.5 f 1.0 
6.0 x 1O-6 8.9 _+ 1.8 
1.0 x 10-S 10.9 f 0.7 
3.0 x 10-S 11.7*0.7 
6.0 x lo-’ 10.3 + 0.6 
1.0 x 10-d 13.5 + 1.2 
3.0 x 10-d 7.7 + 0.4 
6.0 x 1O-4 4.0 + 0.4 
1.0 x 10-3 3.3 + 0.6 

*Standard deviation of six trials in 
the following conditions: sample, 
200 ml in pH-4.7 acetate buffer; 
receiver, 5 ml of 0.1 M HCl; dialysis 
time, 60 min; membrane area, 11.3 
cm2. 
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magnitude. The results are shown in Table 1. At 
Cu(I1) concentrations above 0.1 mM, the enrichment 
factor decreased as the concentration increased. This 
was undoubtedly due to saturation of the available 
exchange sites on the membrane and/or formation of 
a precipitate at the sample-membrane interface; the 
latter was not visually apparent, however. 

At Cu(I1) concentrations below about O.lmM the 
rate of the process is essentially limited by the 
concentration of Cu(I1) in the aqueous phase at the 
sample-membrane interface rather than by the 
exchange-site concentration. This is supported by 
results on the effect of dialysis time on the enrichment 
factor. Under the conditions given in Table 1 but 
with a fixed Cu(I1) concentration of 5.0 x lo-‘M and 
dialysis times of 0.25, 0.50, 1.0, 1.5, 2.0 and 4.5 hr, 
the respective enrichment factors were 5.0,9.4, 12,20, 
26 and 33. The maximum possible value was 40, so 
after 4.5 hr equilibrium was being approached. 

That the enrichment factor in Table 1 is nearly 
constant means that the linear dynamic range of the 
resulting analytical method is not significantly short- 
ened by the preconcentration method. The relatively 
poor precision is probably related to the wide vari- 
ation in room temperature during the course of this 
study and to fluctuation in the magnetic stirring 
efficiency. Donnan dialysis typically shows about 8% 
relative standard deviation in the enrichment factor 
when controlled temperature and stirring rate are not 
employed.‘2 Variation in the loading of the micro- 
porous membrane may also be important; means of 
controlling this factor will be the subject of a future 
study. 

Because this coupled transport process is driven by 
a pH-gradient across the membrane, the acidity of the 
sample can be expected to influence the transport 
rate. As shown in Fig. 1, a plot of enrichment factor 
us. sample pH has a rather broad, flat, maximum. 
This is indicative of a mass-transport limit to the 
enrichment rate rather than limitation by the distri- 
bution coefficient of Cu(II), since the latter is a 
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Fig. 1. Effect of sample pH on the enrichment factor 
for Cu(I1). Experimental conditions were the same as for 
Table 1 except that formate, acetate and ammonium 
buffers were used in the appropriate pH regions. The copper 

concentration was 1.6 x IO-‘M. 

Table 2. Effect of ionic strength 
on the enrichment factor for 

Cu(I1) 

[NaCl], A4 EF* 

1.0 x 10-a 9.8 
1.0 x 10-j 10.1 
1.0 x 10-Z 9.5 
1.0 x 10-l 9.4 
1.0 10.1 

*For 1.6 x 10-SM Cu(I1). The 
other experimental condi- 
tions were the same as for 
Table 1. 

function of sample pH. The existence of a region 
where the enrichment factor is independent of pH is 
important for the design of analytical experiments, 
since buffering the sample may not be necessary. In 
addition, many samples could be studied without any 
adjustment of pH. 

As previously stated, a major reason to develop 
coupled transport across a liquid membrane as an 
analytical technique is to complement Donnan dialy- 
sis for the study of high ionic-strength samples. The 
data summarized in Table 2 demonstrate that, as 
predicted, the liquid membrane method yields an 
enrichment factor that is independent of ionic 
strength. With Donnan dialysis, sodium chloride 
concentrations above O.OlM would decrease the en- 
richment factor, even if 1 .OM hydrochloric acid were 
used as the receiver electrolyte.i2 

An important characteristic of Donnan dialysis is 
that the enrichment factor for a given cation is not 
influenced by the presence of other cations in the 
sample (assuming that the total ionic strength is 
moderate to low) as long as the receiver electrolyte 
cation has the higher affinity for the fixed sulphonate 
sites on the membrane.7*‘2 To determine whether our 
present experimental system shares this character- 
istic, the dialysis of 1.6 x lo-‘M Cu(I1) was per- 
formed in the presence of Fe(II1) with sample pH 
values of 2.5 (formate buffer), 4.7 (acetate buffer), 
and 9.3 (ammonium buffer). At pH 2.5 and 9.3, 
transport of Fe(II1) was not observed; nevertheless, 
the enrichment factor for Cu(I1) was affected, partic- 
ularly at pH 2.5 (Table 3). At pH 2.5, Fe(II1) may 
interfere by forming a charged complex with the 
mobile carrier. Transport of Fe(II1) will not occur 
since a charged complex will not partition into the 
membrane, but the reaction will decrease the avail- 
able sites for Cu(II), especially if the Fe(II1) complex 
is non-labile and/or relatively strong. The slight de- 
crease of the enrichment factor for Cu(I1) with an 
increase in Fe(II1) concentration at pH 9.3 is un- 
doubtedly due to the formation of an insoluble 
Fe(II1) species (probably the hydrated oxide) which 
partially blocks the membrane pores; a rust-coloured 
deposit was observed on the sample-membrane inter- 
face at the highest Fe(II1) concentrations used at 
pH 9.3. 
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Table 3. Effect of F [) on the transport of 
Cu(II) across the 1 64N-kerosene mem- 

brane 

Cu EF* 

[Fe(III)], M pH 2.5 pH 4.7 pH 9.3 

0 6.8 10.7 13.0 
3.6 x 1O-5 4.1 11.2 12.9 
7.2 x lo-’ 2.9 12.1 13.0 
1.1 x lo-’ 1.8 10.5 11.6 
1.4 x 10-d 1.2 9.6 10.2 
1.8 x 1O-4 0.8 9.5 9.5 

*For 1.6 x 10-r&f Cu: other experimental 
conditions were the same as for Table 1. 

At pH 4.7, transport of Fe(II1) was observed. 
With 1.6 x lo-‘M Cu(I1) and 1.8 x lo-‘M Fe(II1) 
in the original sample, the enrichment factors for 
Cu and Fe were 10.8 and 1.8, respectively. Never- 
theless, the effect of Fe(II1) concentration on the 
enrichment factor for Cu(I1) was quite small, as 
shown in Table 3. As at pH 9.3, a precipitate formed 
at the highest Fe(II1) concentrations. 

Because of the effect of Fe(II1) on the enrichment 
factor for Cu(II), a calibration curve method is not 
suited for analysis of samples when the present 
coupled-transport procedure is used for precon- 
centration. For the standard-addition method to be 
used, it must be demonstrated that the enrichment 
factor for Cu(I1) is independent of the concentration 
of Cu(I1) in the presence of an interferent such as 
Fe(II1). This requirement was satisfied in the study of 
a simulated sample at both pH 2.5 and pH 9.3. The 
sample contained 1.0 mg/l. Cu(I1) and 4.0 mg/l. 
Fe(II1). The usual preconcentration and atomic- 
absorption analysis procedures were applied to the 
original sample and to samples dosed with an addi- 
tional 2, 4, 6, 8 or lOmg/l. Cu(I1). The results were 
analysed by plotting absorbance vs. the change in 
concentration and extrapolating to obtain the origi- 
nal Cu(I1) concentration. At pH 2.5, the results of a 
linear least-squares analysis were: Cu(II), 0.99 mg/l.; 
correlation coefficient, 0.9994; slope, 0.011 l./mg. At 
pH 9.3, the results were: Cu(II), 0.94 mg/l.; slope, 
0.067 l./mg; correlation coefficient, 0.9990. The 

higher slope for the latter set is in accord with the 
results reported in Table 3. 

This study has demonstrated that coupled trans- 
port across a liquid membrane has potential applica- 
tion as an analytical preconcentration and matrix 
normalization technique. Several problems, including 
the effect of mixtures of complex-forming cations on 
the enrichment factor of the analyte, the modest 
enrichment factors with the present experimental 
design, and the low precision must be solved for it to 
be a practical technique. 
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STUDIES WITH AN ~N~RGAN~~ BUN-EXCHANGE 
MEMBRANE EXHIBITING SELECTIVlTY FOR 

Pb(I1) IONS 
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Summary-A solid membrane electrode made with titanium arsenate as membrane material and 
“AmIdite” as binder has been used to measure the activity of fead in the ~on~n~tjon range from 0. IM 
to 5 x fWSM. The electrode is unafE&ed by many cations, nitrate and acetat~e, The response time is 40-60 
set over the whole ~on~tra~on range fin a static system) and the eetectrode has a working life of at Ieast 
four months. The e&rode can work in the pH range 2-5 and is tolerant of ethanol up to a content of 
30% v/v. It has been successfully used for end-point indication in potentiometric titration of lead. A 
membrane treated with cationic surfactant exhibits better selectivity. 

In ~on~jnu%~j~~ of our work on t&e ~~~bjl~ty and 
selectivity of inorganic membranes’J we report the 
properties of a titanium arsenate membrane. 

Tj~ni~rn~~ chloride, sodium arsenate ~~Ftahyd~te and 
lead nitrate were used as received. 

hm4me?lts 
An expanded scale p&meter was used for pH mea- 

surements. Conductance measurements were performed 
with a S~ronics 302 eonduetitity meter and emf values 
were measured with a phiBips ~tent~ometer reading b 0. i 
mV. 

Preparation of membranes 
Titanium arsenate was prepared and characterized ag 

reported by Qureshi et uL3 Homogeneous membranes made 
with the product were not stable+ but heterogeneous mem- 
branes obtahi by binding the ~t~nrn arsenate gel with 
““Ar%h3ite~y were fomid to be quite ~t~sf%~t~. 

The 2oo-mesl1 powdered exchanger was further ground in 
a mortar, then mixed homogeneously with “Araldite”’ and 
the mixture was spread on a filter paper, and covered with 
another filter paper. This “sandwich’* was pressed gently 
between two glass plates and left to dry. When the mem- 
brane had dried and hardened, a disc, 1.5 cm in diameter, 
was cut ozzt and the fi&er papers were detached. A farge 
number of rn~b~~~ (thickness 1 mm) of different com- 
positions were prepared and exam&d under the eWroa 
microscope for homogeneous distribution of the exchanger 
in the “Araldite”’ and for cracks on the surface. Membranes 
with 40% “Araldite” content showed the best electroa 
chemical performance together with good conductance and 
st&%ty~ and were selected for further studies. 

T&e membranes were ~u~~b~t~ with 0. f&Z Iead nitrate 
for a week, the sofutioa being ~~5~~~1~ replaced. shorter 
equilibration times resuited in membranes that gave unsta- 
ble response. 

Measurements of emf 

The electrode assembly was the s%me as that used before: 
the reference safution being Q.IM lead r&r%& for a3 mea- 

Surements. Stiturttted c%aiornej ek7ctrodes were used as i&z- 
ence electrodes with saturated potassium nitrate soIution as 
external filling solution. All measurements were made at 
25&0.1”. 

Deierminatic*r of waier content 
The membrane was immersed ia w%@er for severid d%ys, 

then wiped and weighed and dried in % vacuum desimtor 
at room temperature untit constant weight was reached. 

Measurement af specific conductance 
The method recommended by Lakshminarayanaiah and 

Subrahmanyan4 was used for measuring the membrane 
conductance at three different concentrations (0. 1, 0.01 and 
@.@@ZM) of eMr&yte sohitioa. The membrane was ce- 
meet& bet-n two h%&s of% X&tube, which was then ieft 
Med with a solution of the electrolyte (of the desired 
concentration) for a week. The solution was then replaced 
by mercury (equilibrated with the s%me electrolyte) and the 
conductance was measured by connecting the two mercury 
columus to the conductivity bridge. The effective area and 
thickness of the membrane in contact with the equilibrated 
meremy Were I.29 ad antf f.6 mm respeCrve&~ 

P~tJL’IS AND DISCUSSION 

Potentials observed with the membrane when inter- 

posed between O.fM iead nitrate reference solution 
and soIut.ions of lead r&ate of vtirruf coneen- 
trations (W7-5 x W’M) are shown in Fig. i to- 
gether with a plot for similar solutions adjusted to 
constant ionic strength (1M) with sodium nitrate. 
The response is linear over the concentration range 
lW-IO-‘M with a non-Nernstian slope of 33.3 
mVfpPh_ The potenti& remain almost c.cmstant be- 
tow a lead co~n~a~on of WdM. According to the 
IUPAC recommendations on ion-seIective elec- 
trodes,’ the practical limit of detection may he taken 
as the concentration corresponding to the point of 
intersection of the two extrapolated Iines shown in 
Fig. I. Thus this etectro& can be used to measure 
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Fig. 1 (a) Potential DS log of concentration of lead nitrate; (b) potential us. log of activity of lead nitrate; 
(c) potential 0s. log of concentration of lead nitrate at constant ionic strength. 

lead ion activity in the concentration range from 
lo-‘A4 down to 5 x 10m6M. The plot at constant 
ionic strength (Fig. lc) almost corresponds to the 
concentration plot (Fig. la). 
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Fig. 2. Effect of pH on membrane potential. 

The response time is 40 set for 10-4-10-‘M solu- 
tions and N Xl-60 set for 10-6-10-5M solutions. The 
potential remains stable for at least 20 min. The 
working life is usually about 4 months. The standard 
deviation of the potentials is 0.2 mV. When not in use 
the membrane is kept immersed in distilled water. If 
it shows deterioration, regeneration by equilibrating 
with O.lM lead nitrate can be tried. If this fails, the 
membrane is discarded. 

The pH-dependence of the response has been in- 
vestigated at two lead concentrations (lo-*, 10e3M) 

Table 1. Specific conductance of the titanium 
arsenate membrane in presence of different 

cations 

conductance, pmho /cm 

H+ 
Li+ 
Na+ 
K+ 
Pb+ 
cs+ 
Ba2+ 
Ca2+ 

O.OlM O.OOlM 

30.7 12.1 6.1 
10.1 10.0 9.0 
19.6 19.1 18.5 
21.3 20.7 20.1 
36.5 35.1 32.1 
40.2 38.3 36.9 

8.4 8.4 8.0 
7.7 7.5 7.3 
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Table 2. Selectivity coefficients, kr:, for ti- 
tanium arsenate membrane in IO-*A4 and lo-‘A4 

solutions of interfering ions 

6% 
Detergent-treated 

Original membrane membrane 

Ions O.lM O.OlM o.oLu 

0.11 0.10 0.08 Na+ 
K+ 
Li+ 
NH: 
Ag+ 
cs+ 
Tl+ 

0.33 0.32 
0.15 0.13 
0.24 0.22 
0.15 0.14 
0.31 0.30 
0.32 0.23 
0.25 0.25 
0.01 0.01 
0.02 0.02 
0.02 0.01 
0.02 0.02 
0.03 0.04 
0.03 0.02 
0.04 0.03 
0.01 0.01 
0.01 0.00 
0.01 0.01 
0.01 0.00 
0.08 0.01 

0.13 
0.11 
0.21 
0.02 
0.11 
0.11 
0.11 

Mn*+ 

cllz+ 
Hg2+ 
NiZ+ 
Fe’+ 
Al’+ 
cr’+ 
Tb4+ 

The specific conductances of membranes equili- 
brated with aqueous solutions of various electrolytes 
at three different concentrations are given in Table 1, 
and are almost invariant with changing electrolyte 
concentration except for H+ ions. This indicates that 
Donnan exclusion is fully effective over this concen- 
tration range except for the proton system. 

The selectivity for lead was determined by the fixed 
interference method5 and the selectivity coefficients, 
kri, at two levels of interfering ions are reported in 
Table 2. 

The selectivity is quite good with respect to bi- 
valent and multivalent ions. Univalent ions may 
interfere. Sodium, unless taken as sodium nitrate, 
would also interfere. 

If the membrane is modified by soaking in 10e4M 
cetylpyridinium chloride for 4 days, the selectivity 
with respect to univalent cations (except NH:) is 
further improved. Surfactant solutions, if present at 
low concentrations, also do not affect the modified 
membrane. The electrode is quite tolerant to nitrate 
and acetate, but chloride, sulphate and sulphide ions 
interfere. 

(Fig. 2), pH adjustment being made with nitric acid. 
The response is constant at pH 2-5. The increase in 
potential at pH c 2 may be attributed to interference 
by protons. 

The slope of the electrode response is the same in 
ethanol-water and acetone-water mixtures (up to 
30% v/v organic component) as in water, but the 
linear range is shorter (5 x 10m4-5 x 10-2M lead) but 
with higher ethanol or acetone concentration the 
response time increases and there is a potential drift. 

The water content of the saturated membrane was 
found to be 8.5% in agreement with the low degree 
of swelling (18%). 

The electrode can be used as an end-point indicator 
in potentiometric titrations involving lead ions, e.g., 
titration with molybdate. For the titration of 25 ml 
of O.OlM lead nitrate with O.OlM sodium molybdate 

2- 
- MOO, 

36 c 
-- 

42 
I I I I I I I I I I 

0 1 2 3 4 5 

Volume of titront added (ml) 

Fig. 3. Curves for titration of 25 ml of O.OlM lead nitrate with 0.1M sodium molybdate (-), sodium 
chromate (-.--) or sodium sulphate (---). 
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the standard deviation (10 replicates) found was 0.04 
ml, i.e., the relative standard deviation was 1.6%. In 
the initial stages (Fig. 3), the potential change is 
insignificant and there is no precipitation of lead 
molybdate, but after this induction period there is a 
more rapid change in potential (though much less 
than would be expected from the calibration graph 
and the solubility product of lead molybdate) accom- 
panied by precipitation. We can only suggest that 
there is some interaction between the electrode and 
molybdate ions, and a test showed that a change in 
potential of up to 15 mV could be obtained by 
immersion of the electrode in sodium molybdate 
solutions. Similar titration plots were obtained for 
the lead+hromate system, but the lead-sulphate 
system proved impractical (Fig. 3). The end-point is 
taken as the intersection of the two steep linear 
sections of the plot. 

Most of the lead-selective electrodes reported6 in- 
volve a lead salt matrix and suffer interference from 
copper, mercury, silver etc. The assembly proposed in 

this paper incorporates an inorganic gel as sensing 
material, has almost the same working range as that 
reported in other papers6 and is free from interference 
by the ions mentioned above. 
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ETUDE DE L’INTERACTION ION-AMMONIUM 
TETRAMINES CYCLIQUES PAR POTENTIOMETRIE 

ET RMN A L’AIDE DU PROGRAMME MICMAC 

ELISABETH SUET* et ANDRE LAOUENAN 
UniversitC de Bretagne Occidentale, Dtpartement de Chimie, 6, Avenue V. Le Gorgeu, 

29287 Brest-Cedex, France 

(Regu le 31 dPcembre 1985. Accept4 le 28 nuril 1986) 

R&o&--La formation de complexes entre l’ammonium et le 1,4,8,11-t&a-azacyclotitrad&ane (l), le 
1,5,9,13-t&a-azacycloheptad&ane (2), le 1,5,10,14-tttra-azacyclo-octad&ane (3) et le 1,6,11,16-&a- 
azacyclo-eicosane (4) est 6tudiQ par Wages pH-mttriques et RMN ‘H. Les r&ultats indiquent que souls 
les ligands 2 et 3 forment des complexes avec NH,+ en milieu basique. Les valeurs des constantes de 
stabilitk des complexes 1: 1 et 2: 1, libre et proton&, sont donnbs. La relation entre taille de cavitk, basicit& 
complexation ou transprotonation est comment&. Une version amkliork du programme MICMAC 
permettant l’exploitation simultanbe des don&s pH-mktriques et RMN a btk mise au point. 

Summary-The complex formation of ammonium ion in water with 1,4,8,11-tetra-azacyclotetradecane 
(l), 1,5,9,13-tetra-azacyclohexadecane (2), 1,5,10,14-tetra-azacyclo-octadecane (3) and 1,6,11,16-tetra- 
azacyclo-eicosane (4) has been studied by potentiometric titration and ‘H NMR. The results indicate that 
only ligands 2 and 3 form complexes with NH: in basic solutions; the stability constants of complexes 
(I: 1, 2: 1, free and protonated) are given. The relationship between the ligand ring size, basicity, and 
complexation or transprotonation is discussed. An improved version of the program MICMAC allowing 
simultaneous least-squares adjustment of pH-titration and ‘H NMR data has been created. 

Pedersen fut le premier d rapporter que le dibenzo- 18 
couronne-6 forme des complexes avec les ions NH: 
et R-NH: (R = alkyl).’ Cette decouverte a suscit6 
depuis lors de nombreuses Ctudes sur l’interaction 
ions ammonium-macrocycles, la plupart des travaux 
portant sur les ions ammonium substitds.*-‘* Nous 
sommes intkessks dans ce travail B l’ion NH;, 
substrat particulibrement important par son r81e en 
biologie et en biochimie; bien que Lehn et al.” aient 
trouvk le rkepteur idkal de cet ion (log K = 6,1 pour 
le complexe SC-24, NH: dans l’eau), nous avons 
entrepris d’ktudier le comportement d’une lrie ho- 
mogkne de tetra-azamacrocycles vis-l-vis de NH;; en 
effet, les tktra-azamacrocycles ne s’associent ni aux 
alcalins, ni aux alcalino-terreux; nous pouvons done 
espkrer une meilleure sklectivitk par rapport g ces 
ions. 

Ces composts sont susceptibles de former des 
complexes par liaison hydrogbne N-H-N+; lors- 
que la taille du cycle augmente, la cavitt devient de 
plus en plus labile, et l’examen des modkles molku- 
lakes (Corey-Pauling-Koltin) montre que, B partir 
d’une certaine taille, les quatre atomes d’azote du 
cycle peuvent adopter une conformation tktrddrique 
favorable d une inclusion de l’ion NH,+ dans la cavitC 
intramokculaire. Cette influence de la taille de la 
cavitb a ttt largement dkmontrke lors de nos prkk- 
dentes ktudes.1k’6 

*Auteur pour correspondance. Adresse actuelle: 14, Avenue 
de Tarente, 29200 Brest, France. 

Dans ce travail, les complexes NH:-tktra- 
azamacrocycles ont Btk ktudits en milieu basique 
(pH > 8) par titrages potentiomktriques et par mesure 
des dkplacements chimiques en RMN du proton. 

PRINCIPE 

Les diffkrents rksultats expkrimentaux ont C3 ex- 
ploit&s g l’aide du programme MICMAC” qui per- 
met la d&termination de constantes d’kquilibre g 
partir de mkthodes physico-chimiques varikes. 

Potentiomihrie 

Dans le cas g&n&al, l’interaction entre deux e&es 
A et B se traduit par l’tquilibre: 

aA + bB+A,B, (/3& 

Si, par ailleurs, ces espkes posstient des proprittks 
acido-basiques, il est nkcessaire d’introduire des Cqui- 
libres d’kchanges de proton: 

AH:+=AH$‘:,‘)+ + H+ (K:) 

BH;++BHt:,‘)+ + H+ (K;) 

avec 

K;, = [AH!“-“+][H+]; 

W-K+1 
Kng = B-%-,“+lW+l 

W:+l 
Les formes protonkes des espkes A et B peuvent 
Cgalement interagir et donner lieu $ des Cquilibres du 
type: 

(A,BbH,)“+= (A,B,H,_,)‘“-“+ + H+ 
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1 2 3 4 

Scheme 1 

Dans le cadre de cette etude, les courbes de titrage 
des ligands, en l’absence puis en presence de NH,, par 
un acide fort (HNOJ ont &C analysees en minimisant 
sur chacune des courbes de titrage la somme des 
carres des residuels: 

U = 1 (pHT”P - pHc”‘“)* 
i 

Rbonance magn&ique nuclkaire 

Lorsque f&change entre les differentes espkes de- 
meure rapide par rapport a l’kchelle de temps RMN, 
seul un signal moyen est observe pour tm noyau 
donne. Le deplacement de ce signal moyen est fonc- 
tion de la composition de la solution et peut Ctre 
utilist pour determiner les constantes de complex- 
ation.“-lg Le deplacement chimique observe est la 
moyenne pondeke: 

Ou xk = fraction molaire et 6, = d&placement chim- 
ique de l’espece k. 

L’ajustement a l’aide du programme MICMAC 1 
Porte sur les d&placements chimiques des signaux I 
N-CH, des ligands, qui sont les plus influences par ; 
la formation de complexes. La fonction a minimiser 
est: 

u = 1 (SY - spp>r 
i 

Les parametres ajustables peuvent &tre les con- 
stantes d’acidite, de complexation, et les de- 
placements chimiques des differentes espfkes. 

Utilisation simultanke des ces deux mkthodes 

11 est interessant, lorsque cela est possible, 
d’associer plusieurs techniques experimentales lors de 
l’etude d’equilibres complexes en solution. Dans ce 
cas, l’ajustement Porte sur des parametres communs 
aux differentes experiences (constantes d’equilibre) et 
sur des parametres propres I chacune d’elles. 
L’ajustement realis sur chaque experience consider&e 
isolement conduit a autant de jeux de “meilleures” 
constantes. La question est alors de savoir lequel de 
ces jeux retenir;% une solution possible consiste a 
faire la moyenne de ces differentes valeurs. Ce 
pro&de, qui neglige la propagation des erreurs et 
les covariances, nous parait discutable. Nous esti- 
mons de loin preferable de traiter simultanement la 
totalite des don&es experimentales. Le benefice 

d’une telle demarche est analogue a celui obtenu par 
l’exploitation simultanee des don&es spectro- 
photometriques recueillies a plusieurs longueurs 
d’onde, lors de la determination dune constante 
d’tquilibre.2’ 

L’utilisation simultante d’un ensemble de donnkes 
inhomogenes impose l’emploi dune ponderation. 
L’expression habituelle du poids est: 

oii i = numero du point, j = numero de l’expkrience. 
Le poids ainsi exprime depend de l’unitb de 

la grandeur mesurke, et n’est valable que pour 
l’expkrience j. On utilise generalement des poids 
normalises: 

La variance de poids unite, (~0); = max( Wij)i, corre- 
spond au maximum de poids sur l’ensemble des 
points i (i j constant) et depend egalement de l’unite 
de la mesure. 

Cette dependance est inacceptable dans le cas d’un 
ajustement simultant; le poids ne peut etre que sans 
dimension. D’autre part, il est nkcessaire de tenir 
compte de l’amplitude des variations de la grandeur 
observee. Ces arguments nous ont conduits a intro- 
duire dans l’expression du poids l&art-type empir- 
ique (ae): 

&Oh 

w,j = (ue>? W.. 

aYij ’ 

( > 

2 
eu + ax, Qw, 

; w;=+ 

j = numero de l’expkience; nj = nombre de mesures 
dans l’expkience j. 

Le poids ainsi exprime est sans dimension, ainsi 
que le variance de poids unite (~0)~ = max ( Wij),,j. La 
fonction a minimiser s’ecrit alors: 

u=c 2 W$(y~P-yyy2 
j i-1 
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Adaptation du programme MICMAC 

Comme now i’avons amplement dkmontrk dans 
notre pr&dent article, I7 le programme MICMAC est 
B m&me de traiter diffkrentes expkriences. Dans le 
cadre de cette ktude, il a 6tC nkcessaire d’ttendre cette 
possibilitt: $ l’exploitation simultante des rksultats. 
L’architecture du programme a permis de rkaliser 
cette extention sans qu’il soit nkessaire d’en changer 
la structure; en particulier, les entrkes et les sorties 
sont conservkes. Nous avons introduit dans le module 
spkifique (MOSP) les Cquations de calcul du pH et 
du dkplacement chimique. Les expressions nkcessaires 
au calcul des concentrations sont communes aux 
deux expkriences et ont pu 6tre codCes dans une seule 
routine. A notre connaissance, cette dkmarche est 
originale; aucun programme publiC B ce jour n’offre 
cette possibilitt. D’autre part le programme a Ctt 
amCliorC de faGon B tester le modtle propok au tours 
de l’ajustement. Les espkces non significatives 
(dYJ8K N 0) sont rejetkes; I’ajustement se poursuit 
automatiquement sur les autres paramktres. Cette 
nouvelle version de MICMAC permet $ l’expkri- 
mentateur de disposer d’une mtthode de calcul 
approprike quelles que soient les techniques expkri- 
mentales utiliskes, et de lknkficier pleinement de la 
complkmentaritk des expkriences. Ainsi, le libre choix 
des manipulations est assurk, et la priori3 reste choix 
chimique. Ce travail montre que l’on peut traiter des 
probltmes compliquts sur micro-ordinateur lorsque 
le programme est judicieusement con$u. 

0.6 - 

b 
c 

RESULTATS ET DISCUSSION 

RPsonance magnPtique nuclkaire du proton 

On prodde dans un premier temps ti la dkter- 
mination des d&placements chimiques des formes 
libres et protonbes des diffkrents ligands. Les spectres 
‘H des ligands sont enregistrks en prknce de quan- 
titts croissantes de D,SO, (Fig. la). La connaissance 
des pK, permet de dkterminer la contribution de 
chacune des espkes protonkes au dkplacement chim- 
ique du signal moyen observk. Les spectres ‘H du 
ligand sont g nouveau enregistrks en prksence de 
quantitks croissantes de NH: en solution dans D,O 
(Fig. lc). Les valeurs des dtplacements chimiques 
prCcCdemment dCterminks permettent de calculer les 
courbes obtenues en prknce de quantitks croissantes 
de NH: agissant uniquement en taut qu’acide de pK, 
9,2 (Fig. lb) et de les comparer aux courbes expkri- 
mentales. Toute differkence entre les courbes ne peut 
s’interprkter qu’en terme de complexation. 

Un comportement diffkrent de chacun des ligands 
vis-$-vis de l’ion NH: est observk; on peut cependant 
noter des similitudes entre les ligands 2 and 3 
(Scheme 1). 

Potentiomktrie 
Le comportement acido-basique des ligands” et de 

NH: ktant connu, nous avons entrepris d’analyser les 
courbes de titrage par un acide fort du mklange 
Bquimolkulaire L-NH, (Fig. 2). 

Ici le mGme type de courbe est observk pour les 
quatre ligands: 

I2 /- 
0 

b 

I 1 , I I , 
1 2 3 4 5 6 123456 

eq. 

Fig. 1. Dkplacements des signaux N-CH,: (a) courbe exphimentale obtenue par addition d’acide, (b) 
courbe calculte pour NH: agissant en tant qu’acide, (c) courbe expkimentale par addition de NH:. 



-absence de saut de pH pour un equivalent 
d’acide ajoud, 

-l’kcart dun equivalent de proton correspondant 
au dosage de NH, introduit ne se retrouve que 
pour des vakurs de pH ~otab~~t in&ieures 
au pX de ~~rno~u~. 

Ligmd 1, IRS courbes RMN calcuRes et exp& 
mentales (b) et (c) coincident parfaitement SW tout le 
domaine Ctudk NH: agit done uniquement en tam 
qu’acide et ne dorme pas lieu B la formation de 
compkxes aux pH eonsidk%% On observe u~q~~ 
ment ks reactions de ~sp~to~ation~ 

L e NH+LH* +NHr 

LH’ + NH$SHi+ + NH, 

Tableau 2. Taillee de cavitk estimations des eavifCs a Wde 
de mod& Carey-Pauling-Kaltln, R (NHt ) = 1,43A 

Ligand 1 2 3 4 

R,ai o&J ii 75 a&3w t,t 1,2& f,5 t-3 B 2*4 

Ce n%ultaf, compatible avec bs valeurs des plui et p& 
du ligand 1 (tableau I), Btait previsible: en effet, la 
cavite du &and est trop petite et trop tigide pour 
pouvoir s*adapter B f’ion NHJ’ (tableau 2). 

fig& 4. Les cowbes de dosage pH=~4~ (a) 
et 8) sent ~~~~~~ ~q~~a~-de~~ &a 2 ~~~~~~ 
de proton ajoufes. Ceei imbrue t’absence de corn++ 
plexes stables darts cette region. Ces courbes ne sont 
pas exploitables quantitativement; les phenomenes 
(faibles) s’ils existent, sont masques par la basicite du 
t&and qui, & cette d&&on7 se CDmparte p~~iq~~ent 
coznrne une base fork Les cot&es 9) et fc) obtenues 
en RMN (Fig, Z), mettent en evidence Paccion de 
NH: en tant qu’acide jusqu’a deux equivalents, 
comme dans le cas du ligand 1. Au-dela de dew 
equivalents de NH:, la cowbe (b) s’6carte no- 
tabkment de fa courbe (c): ii n’y a pas, comme OS 
pouvait s’jr attendre au w des p&> Sx&im d’un 
troisi&m pm&m. II smbk quc fe figand ~~~~~~~ 
interagisse avec NH:, donnant Iieu a la formation de 
complexes. Cependant, la courbe pH-metrique 
n’apportant aucun renseignement quantitatif, il 
paraft hasardeux de vouloir &iffker Ies phenomenes 

E&d 2 ef 3. L.e ~~t~en~ des ces dewt 
l&i&s prhtmte do rrozzhwses ana&ies. L’tkw% 
entre les co&es (a) et fc) obtenues en RMNa et (@a) 
et (6) en PH~mCtrie indique clairement que ceg deux 
hgands donnent lieu a la formation de complexes 
suffisamment stables pour permettre une etude quan- 
titative. Nous avons dons entreprk+ d’ajuster ks 
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Tableau 3. Moddle I Tableau 4. Modele II 

Ligand 2 Ligand 3 

Pot. log& < -1 log/J,, < -1 
a2 0,059 82 0,079 

RMN log /?,, 4,37 f 0,39 log B,, 6939 f 0916 
a2 0.24.10-’ CT2 0.34.10-3 

courbes expkrimentals a partir de differentes hypoth- 
eses. Les modeles qui suivent tiennent compte des 
tquilibres de protonation du ligand (K,, K,, 4, KJ et 
de NH3 (KA). 

Modele I: nous nous placons ici dans le cas le plus 
simple qui est la formation d’un complexe 1: 1 selon 
I’tquation: 

L + NH:+LNH: pi1 (1) 

Les rksultats obtenus a partir de ce mod&e figurent 
dans le tableau 3. 

On observe un total d&accord entre l’ajustement 
obtenu a partir des mesures potentiometriques et 
RMN. Dans le premier cas, les valeurs de &i ne sont 
pas significatives et les residuels sont t&s largement 
supkrieurs aux erreurs experimentales, alors que la 
RMN conduit a des valeurs de /$, correspondant a 
des complexes stables. 11 est clair que ce modble doit 
&tre rejete. 

Modele II: le modele precedent conduisait no- 
tamment a des residuels importants pour le rapport 
NH:/L = 0,5. La cavite des ligands 2 et 3 itant. 
suffisamment labile, l’existence d’un complexe 2: 1 de 
type sandwich respectant le structure tttraedrique de 
l’ion NH: peut Ctre envisagee: 

2L + NH: G$ L,NH$ Brl (2) 

Ce modele fait done intervenir les tquilibres (1) et 
(2). Les resultats obtenus sont rassembles dans le 
tableau 4. 

Les valeurs obtenues en potentiometrie et en RMN 
sont plus proches que preckdemment; l’introduction 
du complexe 2: 1 diminue notablement les &arts pour 
le rapport NH:/L = 0,s. Cependant, le d&accord 
reste important et les rtsiduels demeurent superieurs 
aux erreurs experimentales. Les valeurs de pH calcu- 
lees different plus particulierement des valeurs expki- 
mentales entre 2 et 3 equivalents de proton ajoutes. 

Modele III: Les remarques preddentes nous con- 
duisent a envisager l’existence d’esptces protontes. 
Alors que l’addition de protons detruit le complexe 
1: 1 par rupture des liaisons N-H-N+, le complexe 
sandwich peut fixer des protons puisque deux atomes 
d’azote par cycle sont disponibles et suffisamment 

Scheme 2 

Ligand 2 Ligand 3 

Pot. log B,, 2,72 f 1909 log B,, 2958 f 2,21 
log 82, 2,88 f 12,O log 82, 421 f 8,21 
Cr2 0,055 u2 0,073 

RMN log fi,, 3,28 f 0,41 log B,, 4992 f 1910 
log 82, 5,96 + 064 log 12, 6994 f 1937 
u2 0,20.10-4 u2 0,24.10-4 

eloignes de la charge positive. Aux equilibres (1) et (2) 
s’ajoutent les Cquilibres suivants: 

L,NH$ + H + =HL,NH:+ K; (3) 

HL,NH$+ + H+ +H2L2NH:+ K; (4) 

HrLrNH;+ + H+ z$HrLrNH:+ K; (5) 

H3L2NH:+ + H+ z$H.,L2NH:+ K; (6) 

Ce modele conduit a ajuster six con&antes d’iquilibre 
auxquelles s’ajoutent, dans le cas de la RMN, six 
deplacements chimiques, soit un total de douze para- 
metres. Du fait de la synktrie du complexe sandwich 
et de l’eloignement respectif des atomes d’azote, les 
atomes N, et N, dune part, NS et N4 d’autre part sont 
peu differents et de basicite comparable. Nous avons 
done remplack les parametres ajustables K’, KG, K; 
et Ki par K;,=a et KM= K;K& Les d-- 
differents resultats sont rassemblts dans le tableau 5. 

Ce modele conduit a une amelioration spec- 
taculaire de l’ajustement des mesures pH-metriques 
(a’ est 200 fois plus faible que dans le modele‘ II). 
L’ajustement des courbes RMN est Cgalement satis- 
faisant. Dans les deux cas, les deviations standards 
sur la grandeur mesuree (a) sont inferieures aux 
erreurs experimentales. II faut remarquer egalement 
qu’un bon accord est obtenu pour l’ensemble des 
constantes d’equilibre, compte-tenu des incertitudes 
correspondantes. Au vu ces rksultats, il nous parait 
legitime de retenir ce modele qui justifie l’ensemble 
des resultats expkimentaux. Nous avons done en- 
trepris dans un calcul Iinal l’ajustement simultant des 
courbes RMN et pH-metriques afin d’affiner les 
valeurs des constantes en minimisant la somme pon- 
der&e des car&s des residuels: 

Tableau 5. Modele III 

Ligand 2 Ligand 3 

Pot. log 81, 2988 f 0,42 log B,, 3,02 f 0~53 
log 82, 5,66 f 054 log Bz, 544 f 0,71 
pK;, lo,56 f 0,18 pK;, 11,41 f 0,45 
pK; 9,43 f 0,13 
62 0,29.10-’ 

pK; 9,67 f 0,39 
u2 0,82.10-’ 

RMN log /3,, 2,78 f 0,39 log 81, 3912 f 0,4I 
log 82, 5,X f 0,47 log 82, 566 f 0,39 
‘pK;, IO,48 f 0,25 pK;, 11,29 f 040 
pK’, 9,11 f 066 
u2 0,23.10-’ 

pK; 9,55 f 0,26 
u2 0,31.10-5 
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Tableau 6. Modtle III, ajustement simultane* 

Liaand 2 Liaand 3 

log Btt 2,88 + 029 
log 82, 5567 f 0,27 
ply;, lo,65 f 411 
pK; 9,43 f 0,08 
62 0,14.10-4 

log a;, 2,93 f 0,31 
log & 5,33 + 0,35 
ply;, 11,35 * 0,21 
pK; 9,65 f 0,14 
u2 0,34.10-4 

*(a) RMN: uu = 0,005 ppm; a, = 0,002 ml 
(b) Pot.: u,, = 0,Ol pH; a, = 0,005 ml. 

Les valeurs de constantes obtenues Iors de 
l’ajustement simultane (tableau 6) sont compatibles 

aver les valeurs du tableau 5 et sont assorties 
d’incertitudes plus faibles. La coherence de ces resul- 
tats con&me la validite du modele III et sa capacid 
a expliquer l’ensemble des phenomenes observes sur 
le domaine etudik On peut remarquer que les incer- 
titudes sont assez &levees; ce demier point s’explique 
par le fort degre de recouvrement des tquilibres et la 
basicitk voisine des atomes d’azote des ligands et de 
l’ammoniac. Notons Bgalement que les constantes 
d’acidite du complexe sandwich sont en bon accord 
avec la basicite des atomes d’azote concemes. 

CONCLUSION 

La complexation de l’ammonium par les tetra- 
azamacrocycles fait intervenir deux facteurs prepon- 
d&ants: la taille de la cavite du ligand et sa basic&& 
L’accroissement de la taille de la cavite s’accompagne 
de l’augmentation de la basicite, ce qui s’avere favor- 
able a la complexation des anions.14 Dans le cas de 
l’ammonium, ces dew facteurs sont antagonistes et 
un compromis doit &re r&lid, en raison de la 
~m~tition entre les reactions de complexation: 

L + NH: +complexes) 

et celles de transprotonation: 

L+NH:$LH+ +NH, 

LH+ + NH$ =LH$+ + NH,, 

Au vu des pK, et pK, (tableau l), les phenomenes 
de transprotonation sont a peu pres identiques pour 
les ligands 1, 2 et 3. La difference de comportement 
s’explique done essentiellement par la taille de la 
cavite. Le ligand 1 est trop petit pour inchrre I’ion 
NH: et trop rigide pour former un complexe 2: 1. les 
ligands 2 et 3 out nne cavite de taille suffisante pour 
s’adapter a Eon NH: dans un complexe 1: 1, et 
suffisamment labile pour realiser la coordination 
tetraedrique de l’ion ammonium dam nne structure 
de type sandwich. La stabilite des complexes form&r 
avec ces deux ligands est quasi-id~tique. Dans le cas 
du ligand 4, la cavite est trop grande (tableau 2) pour 
permettre une interaction efficace par liaison hydro- 
gene. De plus, sa basicitt est telle que les reactions de 
transprotonation inhibent les phenomenes de com- 
plexation en milieu basique. Cependant, la RMN met 

clairement en evidence l’interaction de ce ligand sous 
forme diprotorke avec NH:, ce. qui n’est pas sans 
analogie avec le comportement des ligands 2 et 3. 

Ce travail nous a amenes a accroitre les possibilitks 
deja nombreuses du programme MICMAC. 
L’utilisation simultanke de la pH-m&tie et de la 
RMN, ainsi que l’ttude systematique de differents 
modeles, nous a permis de caracteriser les espkes 
presentes en solution aux pH supkieurs B 8. Nous 
espkons que des etudes ultkieures ~~et~ont 
d’elucider l’ensemble des phenomenes &interaction 
ammonium-macrocycle. 

PARTIE EXPERIMENT&E 

Lxs sels mincraux NH,X (X = NO;, ClO;) sent de 
qualite puriss p.a. (Fluka). La synthese des ligands 2, 3 et 
4 a Cte d&rite p~e~ent.14 Le ligand 1 est utili& sous 
sa forme commerciale (Ventron). Toutes les mesures (poten- 
tiometrie et RMN) sont effect&es a force ionique con&ante 
0,l M (KNO,). 

Potentiomttrie 

L’eau est purifiee puis d&ineralisee (Millipore Milli- 
RG4. Mil1i-G de Miiinorel. L’acide HNO, est obtenu oar 
dilution dune solutio=-~~e~ale et titre par une sol&on 
Titrisol de KOH (Merck, p.a.). Le. melange ligand 10m2M, 
NH, 9,77,10m3M est neutralid par HNO, 0,17M. Lcs 
rcactifs sont addition& a l’aide dune microburette a piston 
multi-Dosimat E415 8raduee au 0,Ol ml. Les valeurs de pH 
sont lues sur un pH-m&e millivoltmetre ORION Modcle 
811, utilisant une &ectrode combin&e ORJON 91-95. 

Les spectres de RMN ‘H ont et& enregistrk sur un 
appareil JEOL JMN FX 100. Les courbes sont obtenues par 
addition de quantites croissantes de D,SO, O,lM ou de 
NH,ClO, 0,lM darts DsO, sur une solution du ligand 0,25M 
(DrO). Les d&placements chimiques sont don& par rapport 
au TSP. Tous Ies r&suItats ont W exploit&s par le pro- 
gramme MICMAC. 
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FLUOROMETRIC DETERMINATION OF NITRITE 
IN NATURAL WATERS WITH 

3-AMINONAPHTHALENE-1,5-DISULPHONIC ACID 
BY FLOW-INJECTION ANALYSIS 
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Department of Chemistry, Faculty of Science, Okayama University, Tsushima-naka, Okayama-shi 700, 
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Summary-Nitrite in river and sea-water was determined fluorometrically by flow-injection analysis. In 
acidic medium, nitrite was reacted with 3-aminonaphthalene-1,5-disulphonic acid (C-acid) to form the 
diazonimn salt, which was converted into the fluorescent axoic acid salt in an alkaline medium. The carrier 
stream, into which the sample solution was injected, was distilled water. The reagent solution stream, 
which contained C-acid, EDTA and hydrochloric acid, was mixed with the carrier stream in a 13-m length 
of Teflon tubing (bore 0.5 mm) maintained at 90” in a thermostatic bath. After passing through the mixing 
coil, the stream was mixed with an alkaline solution. The fluorescence intensity (excited at 365 nm) was 
measured at 470 nm. The detection limit (S/N = 3) was 1 x IO-‘M (14 rig/l.. nitrite-nitrogen) and the RSD 
of 10 injections of 10m6M nitrite was 0.4%. Analyses can bc done at a rate of up to 45/hr. 

Determination of trace amounts of nitrite is of 
importance, particularly in the fields of environ- 
mental chemistry, geochemistry and limnology. 
Many spectrophotometric methods for nitrite have 
been reported. Diazotization and coupling reactions 
have often been used for the spectrophotometric 
determination of trace amounts of nitrite in river 
waters, sulphanilamide or sulphanilic acid and N-( I- 
naphthyl)ethylenediamine being the most popular 
couples. is2 Okada et al.’ reported a more sensitive 
method, using p -aminoacetophenone and m -phenyl- 
enediamine. Such methods have been adapted to 
flow-injection analysis.e 

Axelrod et aLLo reported the fluorometric deter- 
mination of nitrite with S-aminofluorescein: the 
method is time-consuming (reaction time about 
1 hr) and 5-aminofluorescein is very expensive. We 
have found that some naphthylamine derivatives, 
especially sodium 3-aminonaphthalene-1,5-disulph- 
onate are sensitive fluorometric reagents for nitrite, 
inexpensive, and readily available. 

This paper describes a fluorometric method for the 
determination of nitrite suitable for the deter- 
mination of low (0.01 pg/l.) levels in natural waters. 

Reagents 
EXPERIMENTAL 

All naphthylamine derivatives were obtained from Tokyo 
Kasei Kogyo Co. Ltd., and used without further puri- 
fication. They were dissolved in O.OlM hydrochloric acid. 

A stock solution of 1 x 10e3M sodium nitrite was pre- 
pared by dissolving the salt (dried at lOO-110’) in water. 
Working solutions were freshly prepared by diluting the 
stock solution. 

The reagent solution stream was made by dissolv- 
ing 0.035 g of sodium 3-aminonaphthalene-1,5-disulphonate 
(disodium salt of C-acid) in 100 ml of O.OlM hydrochloric 
acid, mixing 3 ml of this solution with 3 ml of O.lM 
disodium ethylencdiaminetetra-acetate (disodium EDTA), 
50 ml of concentrated hydrochloric acid and 244 ml of 
distilled water. 

The carrier stream was distilled water. The alkaline 
solution stream was 20% sodium hydroxide solution. 

Apparatus 
The fluorescence was measured with a Hitachi 650-10s 

spectrofluorimeter with an 18ql flow-through cell and 
recorded with a Toa Dempa FBR-251A recorder. Two 
double-plunger micro pumps (Sanuki Kogyo Co. Ltd) were 
used for propelling the reagent, carrier, and sodium hydrox- 
ide solutions. The sample (360 ~1) was injected by a 6-way 
injection valve into the carrier stream. The flow lines were 
made from Teflon tubing. The reaction coil (RT,) was kept 
at 90” in a thermostatic bath. A diagram of the flow system 
is shown in Fig. 1. 

RESULTS AND DISCUSSION 

Examination of the juorometric reagents for nitrite 

It is well known that aromatic amines react with 
nitrite in acidic medium to form diazonium salts, 
which are converted into azoic acid salts in alkaline 
medium: 

R-NH: X- + HNO, + R--&N X- 

R-I&N X- + MOH 4 R-N=N-O- MC 

where HX is an acid and MOH is a base. 
When R is a naphthyl group, the product 

R-N=N-O- is fluorescent. Several naphthyl- 
amine derivatives were examined for the fluorescence 

729 
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intensity of their products (Table 1). Of the seven 
derivatives examined, the products from C-acid 
and amino G-acid exhibited a stronger fluorescence 
intensity than the original naphthylamines, while 
the others showed a quenching effect, i.e., a lower 
fluorescence intensity than that of the starting 
materials. This is because I-naphthylamine and its 
derivatives (which show the quenching effect) easily 
yield nitroso compounds, which have lower fluor- 
escence intensities than those of the parent naphthyl- 
amines: 

pJ)& +HNO,- $g$ 
SO; so; 

NO 

J-acid, though it is a derivative of 2-naphthylamine, 
has a hydroxyl group, and also easily yields the 
nitroso compound. The products from C-acid and 
amino G-acid have the same excitation and emission 
wavelength characteristics, but the fluorescence in- 

Waste 

Fig. I. Schematic diagram of flow system. CS, carrier solution (distilled water); RS, reagent solution 
(C-acid, EDTA and HCI); AS, alkaline solution (NaQH); S, sample injection valve (sample size 360 al); 
P, and P2. San&i double-plunger pumps (flow-rate 0.7 ml/min); RT, and RT,, reaction tubing (1, 13 m; 
2, 1 m); D, detector (Hitachi 6%10s ~ofluorop~otometer equipped with 1%~1 flow-through cell); 

R, recorder; RR, heating bath. Tubings: Teflon (bore 0.5 mm). 

tensity of the C-acid product is stronger than that of 
the amino G-acid product. In all further experiments, 
the C-acid salt was therefore used. 

Optimization of the reagent solution stream 

The fluorescence intensity was found to increase 
with concentration of C-acid up to 1 x lo-‘M, and 
to be constant at higher concentrations. Increasing 
the C-acid ~n~ntration also increased the ins~bility 
of the base-line, however, so a concentration of 
1 x 10-5M was chosen. The fluorescence intensity 
also increased with hydrochloric acid concentration, 
becoming constant at [HCl] > OSM. A concentration 
of 2M hydrochloric acid was therefore chosen. 
Disodium EDTA was added to the reagent solution 
to give a final concentration of 10m3M in order to 
prevent the formation of metal hydroxides when the 
reagent stream was mixed with the sodium hydroxide 
solution. 

Optimization of the flow system 

The peak height decreased gradually with increase 
in flow-rate, and with decrease in length of reaction 

Table 1. Fluorescence of naphthylamine derivatives 

Naphthylamine &, nm A,, nm Behaviour* 

l-Naph~yl~ne 365 460 Q 
l-~no~ph~ene-5-sulphonic acid 

(l,S-Cleve’s acid) sodium salt 365 480 Q 
l-Aminonaphthalene-6-sulphonic acid 

(1,Wleve’s acid) sodium salt 365 480 Q 
I-Aminonaphthalene-7-&phonic acid 

(1,FCieve’s acid) sodium salt 365 480 Q 
3-Aminonaph~~ene-l,S-disuIphoni& acid 

(C-acid) disodium salt 365 470 F 
7-~inonaphthal~~l,3-disulphonic acid 

(amino G-acid) dipotassium salt 365 470 F 
2-Amino-5-naphthol-7-sulphonic acid 

(J-acid) 380 480 Q 
+Q: Fluorescence decreased by adding nitrite. 
F: Fluorescence increased by adding nitrite. 
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coil, but the longer the reaction coil, the lower the 
sampling rate, so as a compromise, a 13-m long 
reaction tube and a flow-rate of 0.7 ml/min were 
chosen. 

The effects of the length of the reaction coil (RT2) 
and of the flow-rate of the sodium hydroxide solution 
were examined and a tube length of 1 m and flow-rate 
of 0.7 ml/min were chosen. 

The peak height increased with sample volume 
injected, and 360 ~1 was chosen to satisfy the require- 
ments of sensitivity and sampling rate. 

The reaction coil (RT,) was immersed in a thermo- 
statically controlled bath and the peak height was 
found to increase with reaction temperature, but at 
above 95” air-.bubbles formed in the reaction tubing, 
so a bath-temperature of 90” was selected. 

The fluorescence intensity was maximal with 
excitation at 365 run and emission measurement at 
470 nm. 

Calibration graph, reproducibility and detection limit 

Linear calibration graphs for various concentra- 
tion ranges were obtained by varying the sensitivity 
of the spectrofluorimeter. The lowest calibration 
range was O-3 x IO-‘M, with a detection limit 
[corresponding to a signal-to-noise ratio (S/N) = 31 of 
1 x 10e9M (14 rig/l.. nitrite-nitrogen), and the highest 
O-5 x IO-‘M. The proposed method is therefore one 
of the most sensitive available for nitrite. The relative 
standard deviation for IO injections of lO-6M nitrite 
was 0.4%. 

By use of still higher spectrofluorimeter sensitivity, 
nitrite at concentrations below 1 x 10m9M can be 
detected, but the base-line is shifted. This is due 
to contamination by oxides of nitrogen from the 
ambient air. 

Table 2. Effect of co-existing ions and compounds on 
fluorescence from 1 x 10-6M nitrite 

Ion or 
compound 

None 
Na+ 
Cl- 

$+ 
MSZ’ 
Br- 

SO$- 

Relative 
Concentration, M peak height 

100 
10-l 99 
10-l 99 

10-z 10-Z 101 101 
10-Z 99 
10-Z 101 
10-2 99 

Zn*+ 
cd2+ 
NO,- 

HPGi- 
F- 

HCO, 
SCN- 
Fe3+ 
cu2+ 

HAsO:- 

Je;+ 

Methylamine 
Diethylamine 

Glycine 
Leucine 
Lysine 
Urea 
LBS* 

10-Z 
10-3 
10-3 
10-J 
10-S 
10-3 
10-3 
IO-3 
IO-' 
10-S 
10-3 
10-4 
10-J 
1O-4 
10-z 
1O-6 
10-4 
10-4 
IO-" 
10-4 
10-4 
10-4 
IO-’ 

99 
100 
98 

102 
103 
101 
102 
100 
99 

101 
101 
99 
98 
99 
99 
99 

100 
101 
101 
99 
98 

101 
101 

Humic acid l !%lml 99 

l Laurylbenzenesnlphonic acid sodium salt. 

interferences 

Table 2 summarizes the effect of other ions and 
some compounds. With the exception of sodium 

Table 3. Determination of nitrite in natural waters 

Nitrite found, lo-‘M 
Proposed Other 

Sample? FIA method method2 

River waters 
Asahi R.*’ 
Nishi R.*’ 
Zasu R. A*’ 

B+Z 
c*2 

Sea-waters 
Seto Inland Sea 

3.3 3.1 
5.2 5.5 

22.7 23.7 
12.3 13.3 

17.8 17.6 

at Kogushi*3 8.4 8.6 
at New Okavama Port Ae3 10.0 10.8 

at Kuban*4 
at Desaki*4 

Lake water 
Koiima L.*’ 

B*4 15.6 
6.9 
0.9 

38.8 38.1 

TSamples taken on 16 April 1985(*‘), 18 April 1985(**), 30 April 1985(*3) 
and 26 February 1985(*“). 

&xctrophotometric method for nitrite with sulphanilic acid and N-(l- 
naphthyl~thylen~i~ine.’ 
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chloride there were no interferences. Sodium chloride 
added at concentrations above 0.2M lowered the 
reproducibility, presumably owing to the presence of 
nitrite impurity in it. To examine the interference of 
large amounts of sodium chloride, sea-water samples 
were diluted to the same volume with distilled water 
and injected. Plots of peak height against volume of 
sea-water taken for dilution were all linear and passed 
through the origin. The nitrite contents found by the 
proposed FIA method for sea-water samples were 
almost the same as those obtained by the spectro- 
photometric method with sulphanilic acid and N- 
(1naphthyl)ethylenediamine (Table 3). From these 
results, it appears feasible to determine nitrite in 
river, sea and lake waters by the proposed method. 
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OXYDATION ELECTROCHIMIQUE DE LA 
KHELLINE ET DE L’AMIKHELLINE: ETUDE 
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R&sum&-L’ttude oxydative de la khelline et de l’amikhelline, molecules a noyau chromone, a ttb realide 
par voltammetrie cyclique sur une electrode a plte de carbone et une electrode polymere modif& 
L’inte@tation des voltamperogrammes a permis de mettre en evidence les mecanismes d’oxydation de 
ces deux molQules P differents pH. Une m&ode de dosage electrochimique est proposQ avec une limite 
de detection a 8 x IO-‘M. Apres oxydation par chauffage a reflux en milieu sulfurique et en presence de 
vanadium(V), une coulometrie a intensite constante est propode en se basant sur un dosage en retour 
via le fer(I1). 

Summary-The electrochemical oxidation of khelline and amikhelline (chromone derivatives) has been 
performed by cyclic voltammetry at carbon-paste and polymeric carbon electrodes. The mechanism of 
oxidation of the two compounds at various pH values has been deduced. The detection limit is 8 x lo-‘M. 
A constant-current coulometric procedure is also described, based on the oxidation of the two chromones 
with vanadium(V) and backtitration of the excess of oxidant with iron(H). 

Les deux molecules khelline (I) (methyl-2, dimeth- 
oxy-$8 furano-6,7 chromone) et amikhelline (II) 
(chlorhydrate de B-diethyl aminotthyl ether de la 
methyl 2 dihydroxy-5,8 furanod,7 chromone) sont 
des medicaments d’origine naturelle, preconids dans 
le traitement coronarien et l’asthme bronchique.’ 

o-o+ 0 

a I 1; I 
0 0 

CH3 

I 

OH 0 

a I 
0 

=I I 
0 

CH3 
0-Cl-i,-CH,-N-tC,H,), 

,HCI 

n 

Ces substances ont fait l’objet de diverses etudes 
physico-chimiques destinees a realiser leur determin- 

*A qui toute correspondance doit etre adressbe. 

ation selective et quantitative.2 Plusieurs methodes 
analytiques s’appuyant sur leurs proprittes oxydo- 
reductrices ont tte preconis6es.3*4 Parmi celles-ci, la 
polarographie constitue une technique idealement 
adapt&e a l’ttude des processus redox de substances 
pharmacologiquement actives.’ Elle perrnet l’etude 
quantitative de ces molecules g&e d l’electroreduc- 
tion du noyau chromone. Toutefois leur differentia- 
tion est malaiste en raison de la proximite de leurs 
potentiels de demi-vague.4 

Tres r&emment,6 Hila et al. ont proddes a 
l’oxydation vanadique de la khelline de maniere 
quantitative ainsi qu’a l’identification spectro- 
scopique des produits de la reaction. Du point de vue 
Clectrochimique, l’avenement des electrodes solides 
modifiQs7-‘0 a permis d’explorer le domaine oxydatif 
et d’etudier plus amplement le comportement redox 
des mCdicaments.“,‘2 Le but du present travail est de 
mettre en evidence d’une part le comportement 
Blectro-oxydatif de la khelline et de l’amikhelline au 
niveau d’electrodes solides a l’aide des techniques 
voltamp&omttriques et coulometriques. D’autre 
part, sur la base de travaux anttrieurs relatifs au 
comportement tlectrochimique de nombreux mtdica- 
ments et du vanadium(V)‘) nous avons realids le 
dosage coulometrique de la khelline, a l’aide du fer(II), 
aprts oxydation a chaud par le vanadium( 

TM. 33,!s-c 
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PARTIE EXPERIMENTALE 

Appareillage et dactifs 
Les mesures iQlisCes par voltamp&romttrie et volt- 

ammttrie cyclique ont et& effect&es a l’aide dun ensemble 
PAR 174 A-175 couple B un enregistreur PAR RE 0074. 
Outre l’&ctrode de travail, la cellule comporte une elec- 
trode de reference ECS, isolbe de la solution par un pont 
de type “Purley” renfermant une solution d’electrolyte de 
support. L’electrode auxiliaire est en platine. Les solutions 
a analyser sont prealablement dtsoxygtnbs par barbotage 
d’azote extra-pur durant 10 mn. 

L&&rode de travail est soit: 
-une electrode a p&e de carbone (EPC) (Metrohm EA 

207), la pgte &ant constitutee dun melange de carbone 
spectroscopique et de paraffinne liquide Uvasol (Metrohm 
EA 201 C); 

-une electrode de carbone polymere (EPCM) (30% p/p) 
p&par&e selon un pro&de d&it par nous anterieurement.” 

Les coulom&ies a potentiel contr6le ont et& effectuees a 
l’aide d’un potentiostat PAR 173 associe a un coulometre 
digital PAR 179. Dans ce cas l’electrode de travail est 
constitub dun cylindre de platine (diametre 3,6 cm, hauteur 
2 cm). 

Les sels utilids pour la preparation de l’electrolyte de 
support sont des reactifs de qualite P.A. et sont dissous dans 
de l’eau tridistillee. Le pH est control& par des melanges 
tampons constituC de mono- et de dihydrogtnophosphate 
(0,lM) ou d’acide a&ique et da&ate de sodium (0,lM). 

Les molecules investiguees ainsi que les solvants organ- 
iques (P.A.) ont et& uti1is.G sans purification prtalable. Les 
solutions meres, renouvelees chaque jour, sont prepar&es 
dans du methanol tandis que les solutions a analyscr 
renferment 10% de methanol. 

Les coulomCtries a potentiel contrBl6 ont ttb effect&es 
en milieu aqueux en utilisant des solutions de depolarisant 
a 0,004%. En raison de l’tlectroactivite du methanol a 
l’blectrode de platine aux potentiels positifs superieurs 
a + 1.0 V us. ECS. les solutions meres de khelline destinees 
aux mesures coulom&riques renferment 20% d’acetonitrile 
dans l’acide sulfurique 0,lM. 

I_e polymere servant a la fabrication de l’tlectrode est 
du polyvinylac&ate d’tthylene, copolymere a 9% da&ate 
d’ethyldne (CIBA-Geigy). Le noir de carbone utilise pour 
l’incorporation B chaud dans le polymere est du ketjenblack 
(AKZO-Chemie, Belgique). 

En ce qui conceme la coulometrie B intensite constante 
realide sur ces molecules la reaction a et& effect&e en 
utilisant une solution de pentoxyde de vanadium (v,O,) 
0,lM dans de l’acide sulfurique 0,72M. Cette solution est 
prepa& suivant un mode deja d&it,6 par dissolution a 
chaud dune solution d’hydroxide de sodium 1M qui est 
ensuite neutral&e puis acidifib jusqu’a obtention dune 
concentration en acide sulfurique de 0,72M. Cette solution 
est CtalonnQ par un dosage coulometrique k l’aide de fer(II) 
electrogenere. 

La khelline est oxydee a chaud dans un bain-marie 
bouillant dans les conditions d&rites par Hila et al.6 La prise 
d’essai de khelline est introduite dans un ballon rode 
surmond dun r6frigerant a reflux. L’ex& de solution de 
V,O, ajoutt sera tel que la concentration en ions soit de 30 
a 60 fois sup&ieure B la concentration en khelline. La 
concentration finale en acide sulfurique du milieu d’oxyda- 
tion est amen&e a 2,5M. Apt& 1 hr de chauffage a reflux, 
la solution est refroidie et amenbe I un volume determine. 
Une aliquote de la solution contenant du vanadium(V) en 
exc& est alors dode coulomttriquement B l’aide de fer(I1) 
electrogenirt. 

L’electrogeneration des ions ferreux a tte realide selon 
une m&ode prbonisb par Furman et aLI dans une cellule 
en H B deux compartiments s&pares par un disque en verre 
fritte de porosite G4. Le catholyte est constitue par une 
solution de sulfate ferricoammonique 0,05M, dissous dans 

de l’acide sulfurique 0,OSM. Une solution d’acide sulfurique 
2,5M sert d’anolyte. 

Un cylindre de platine perfore (surface totale 30 cm’) est 
utilise comme electrode gentratrice tandis qu’une spirale de 
platine sert d’electrode auxiliaire. 

La detection du point final de la reaction est effectuee a 
l’aide d’un systeme biamperometrique: une difference de 
potentiel de 200 mV est impos&e entre deux microelectrodes 
de platine identiques. L’enregistrement des courbes I =f(t) 
est realise automatiquement g&e a un polarographe 
Radiometer PO4 d&clench& en synchronisation avec le circuit 
d’electrogeneration. L’intensitb du courant d’electrolyse 
est control&e a l’aide dun Blectrombtre Keithley 610 C 
fonctionnant en milliamp&emetre. 

En ce qui conceme la voltamp&rometrie de la khelline et 
de l’amikhelline les mesures ont et& effectdes au niveau des 
electrodes EPC et EPCM en utilisant la technique im- 
pulsionnelle differentielle. Afin d’eviter le polissage manuel 
de file&rode, les enregistrements successifs sur une meme 
surface ont tti effectues apres agitation magnetique de la 
solution entre chaque trace. La determination quantitative 
des deux derives a BtC realisie dans de l’acide sulfurique 
0,lM contenant 10% de methanol en utilisant la methode 
des ajouts doses. 

Khelline 

RESULTATS ET DISCUSSION 

Voltammttrie cyclique. Les mesures ont itt 
realisees en presence de faibles concentrations en 
dtpolarisant (2 x 10-4M) et de man&e comparative 
en utilisant deux electrodes de travail de nature 
differente. Comme le montre la figure 1 a l’tlectrode 
a pate de carbone (EPC), entre pH 1,0 et 9,0 et pour 
des vitesses de balayage comprises entre 10 et 500 
mV/sec, les traces cornportent un seul pit d’oxydation 
(I&,), de nature irreversible sit& a des potentiels 
positifs sup&ieurs a + 1,0 V us. ECS. 

La linearite de l’intensite du pit en fonction de la 
racine carree de la vitesse de balayage (Z&I l’*) traduit 
la presence dun phenomene tlectrochimique control6 
par la diffusion de l’esp&ce electroactive. Le balayage 
inverse ne laisse pas apparaitre de pit de reduction 
correspondant, il se developpe cependant a des poten- 
tiels nettement moins positifs un pit de reduction R, 
auquel correspond lors du second cycle d’enregistre- 
ment le pit d’oxydation 0, (Fig. 1). Nous attribuons 
I’allure inhabituelle du couple 0,/R, au niveau de 
l’EPC a un intense phenomtne de desorption de la 
forme reduite (Fig. 1, courbe a). 

Les enregistrements effect&s, de maniere compara- 
tive, au niveau de l’EPCM et de I’EPC denotent un 
comportement electro-oxydatif identique. Toutefois 
une plus grande ttendue de potentiel anodique acces- 
sible a l’EPCM pet-met de distinguer une seconde 
&tape d’oxydation de la khelline (Z&J sous la forme 
dun Cpaulement proche de l’oxydation du solvant 
(Fig. 1, courbe b). 

La figure 2 reprenant l’evolution des differents 
potentiels de pits en fonction du pH illustre le 
parallelisme du compartement de la khelline au 
niveau des deux electrodes. 

Le potentiel d’oxydation de la khelline Er,,, ne varie 
pas en fonction du pH, ce qui revele une absence 
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de transfert de proton lors du processus anodique. 
Le caractere irreversible resulterait de la formation 
rapide dune structure a caractere redox reversible 

Or/R,. 
Au niveau des deux electrodes envisagees, dans la 

gamme des pH compris entre 1 et 9, l’entensite du pit 
anodique diminue legerement entre pH 1 et 4 puis se 
stabilise. Quant au couple redox 0,/R,, celui-ci voit 
son intensite diminuer progressivement lorsque le pH 
augmente pour ne plus apparaitre au-dell de pH 85. 

Coulometries ci potentiel contrbl&. Plusieurs deter- 
minations ont BtC rialisees a des pH inferieurs a 2 I 
l’aide dune electrode de platine de grande surface 
(E = + 1,l vs. ECS). Les Clectrolyses a des pH super- 
ieurs a 2 sont inopt?rantes en raison des limites 
restreintes de potentiels accessibles a l’tlectrode de 
platine. L’tvolution des Blectrolyses est suivie par 
voltammetrie cyclique au niveau d’une EPC. Au 
terme de la reaction et apres passage de 2,1 Faradays 
par mole de khelline on obtient quantitativement le 
couple redox 0,/R,. 

5 
, 

0.0 * Q4 * * * , ” Vvs ECS. 

Etude spectrale. L’etude spectrale des solutions 
Clectrolysees fournit les spectres d’absorption de la 
forme oxydee 0, en milieu acide [I, (H$O, 0,lM): 
240, 340 run], solution qui vire au violet apres al- 
calinisation [&,, (PH 10): 245, 300, 340, 540 nm]. 

Nature du couple 0,/R,. L’evolution parallele des 
potentiels du couple Or/R, en fonction du pH est de 
60 mV par unite pH au niveau de I’EPCM et suggtre 
un transfert de deux electrons et deux protons selon 
un processus reversible: Era - E, = 40 mV. Si l’on se 
refere a l’oxydation chimique de la khelline, celle-ci 
aboutit a la formation dune structure diquinonique 
en position 5,8 colored en violet en milieu alcalin 
(a,,, = 540 nm).’ 

Fig. 1. Voltamm6tries cycliques d’une solution de 1,7 x 
1O-4M en khelline; H,SO, (O,lA4~10% CH,OH; u = 20 

mV/sec; @ EPC; @ EPCM. 

Les resultats legtrement excedentaires obtenus 
lors des coulometries a potentiel control& (nombre 
d’electrons superieurs a 2) peuvent dtre attribues 
a une oxydation simultante du methanol lib& au 
tours de la reaction. 

Compte tenu des differents resultats obtenus nous 
pouvons Ctablir un mecanisme d’oxydation tlectro- 
chimique de la khelline dans une gamme de pH 
comprise entre 1 et 8,5. 

La reaction s’effectuerait au niveau des groupe- 
ments mtthoxylts en une &ape bielectronique suivie 
d’une rapide conversion en khelline-quinone, reduite 
reversiblement aux potentiels des pits OJR,: 

Etude en fonction de la concentration. Les droites 
d’etalonnages ont 63 Ctablies a l’aide de l’tlectrode 
de carbone polymere. A I’EPCM la linearite de la 
reponse de l’tlectrode est parfaitement suivie, les 
voltamperogrammes presentent une morphologie 
identique en fonction de la concentration et les 
droites d’italonnages Ctablies entre 5 x lo-’ et 
3 x 10m6h4 ont des coefficients de correlation de 
l’ordre de 0,9998. La limite de detection se situe vers 
8 x lo-‘M. 

Amikhelline 

VoltammPtrie cyclique. Les mesures ont CtC 

OCH, 0 
I II 

0 0 

qc;F (-$$&;+2H++ 2CbOH 

OCH, 0 

01 Rl 
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12346670S10P~ 1 2 3 4 5 6 7 8 910 ,,” 

Fig. 2. Evolution du potentiel de pit en fonction du pH. @ Khelline 10w4M; @ amikhelline 10S4M; 0 
Clectrode B p&e: de carbone (EPC); 0 klectrode carbone polymere (EPCM); @ 0,/R, et O’JR’, sur EPC. 

effect&es au niveau de I’EPC et de I’EMP entre pH 1,O 
et 10,O. Dans toute 1’Btendue des pH invest&&s, les 
tracks comportent un pit d’oxydation EpB A caracthre 
irrkversible suivi d’un l&ger Cpaulement. A partir de 
pH 3 apparait un kpaulement supplbmentaire proche 
de I’oxydation du solvant. Un balayage inverse r&ali& 
ap&s le premier pit d’oxydation permet de mettre en 
&idence un pit de tiduction R; auquel correspond un 
pit d’oxydation 0; (Fig. 3, courbe b). 

L’allure inhabituelle des pies d’oxydation Epa et O’, 
aux pH acides ainsi que 1’Bcart de lin8ari3 de la 
relation EP en fonction de ~‘1~ supposent la prisence 
de phgnomenes de surface 1iCs ii l’adsorption de 
l’amikhelline et de la forme rkduite du couple R’,/O’,. 

L’intensitk du pie anodique Ep diminue de moitik 
entre pH 1 et 4, elle se stabilise ensuite. En&e pH 4 
et 6, & de faibles vitesses de balayage (520 mV/sec), 
le pit d’oxydation EPa se dkforme donnant naissance 
a un dkdoublement du pit. 

Le tra& illustrant Wolution du potentiel de pit 
EP en fonction du pH comporte essentiellement deux 
segments de droite (Fig. 2). Une portion linkaire entre 
pH 1 et 4 pr&ente une pente faible de 10 mV par unit& 
pH, la seconde portion entre pH 4 et 10 indique 
un d&placement rbgulier vers des potentiels moins 
positifs avec une pente d’environ 70 mV par unit& pH. 
Le caracttre irr&ulier de la seconde portion entre 
pH 4 et 6 &suite de la mo~hologie complexe du pit 
B ces valeurs de pH. 

CoulomWe ri potentiel contrcik Les mesures ont 
et6 effect&es en milieu acide et alcalin 1 un potentiel 
sup&ieur au potentiel du pit EPs tout en contralant 
l’tvolution de la r&action par voltammCtrie cyclique 
au niveau de I’EPC. En milieu acide, a pH 2 au terme 
de la &action on obtient quantitativement le couple 
R’,/O’, apris passage de 2,l Faradays par mole 
d’amikhelline. En milieu alcalin $ pH 9, la fin de 
l’tlectrolyse correspond au transfert de 1,6 Faradays 
par mole d’amikhelfine. La voltammCtrie cyclique de 
la solution ClectrolysQ ne pr&ente plus le couple R’,/ 
O;, mais & un potentiel positif proche de l’oxydation 
du solvant un nouveau pit g car-act&e irrbversible 
apparait correspondant B une oxydation ultbrieure du 
produit d’blectrolyse. Fig. 3. VoltammCtries cycliques sur EPCM; @ Khelline 

1,7 x 10T4M; @ amikhelline 1.7 x IOe4M; H,SO, (O,lM)- 
10% CH,OH, tt = 20 mV/sec. des pies 0; et R;, teur holution paralKle de 60 mV 

Nature du couple O;/R;. La position des potentiels 
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par unite pH (EPC), ainsi que la disparition du 
couple O’JR’, aux pH sup&ieurs a 85 constituent 
differents criteres suggerant une analogie de com- 
portement entre la khelline et l’amikhelline. 
L’oxydation de I’amikhelline aboutit Bgalement a la 
formation dune structure diquinonique. Toutefois 
l’oxydation ai.& de la molecule ainsi que l’influence 
du pH sur le potentiel du pit Epa correspondent a un 
comportement specifique pour l’amikhelline. 

La presence dune fonction phenol au niveau de 
l’amikhelline exerce un effet marque sur l’electro- 
oxydation de la molecule. 

La reaction s’effectue en une Ctape bielectronique 
rapide aux pH inferieurs a 4. Entre pH 4 et 6, I’allure 
anormale du pit d’oxydation permet de suspecter une 
oxydation en deux Ctapes successives trbs proches. A 
des pH superieurs a 6 l’oxydation s’effectue en une 
&tape biilectronique rapide (E, - EPiz = 30 mV). Aux 
pH sup&ieurs a 4 le produit est sous la forme 
phenolate, structure plus facilement oxydable, et le 
m&canisme peut s’ecrire de la facon suivante: 

OR 

Tableau 1. Oxydation de la khelline par 
ebullition de la solution 

Theorie, mg Nombre d’blectrons (n) 

4W 17,85 
35,0 17,25 
25,o 17,30 
25,o 17,92 
12,5 18,30 

resultats obtenus lors de I’oxydation par tbullition a 
reflux dans un bain marie bouillant pendant une 
heure. Le controle rigoureux des conditions de 
I’oxydation est bien stir le facteur limitant la bonne 
reproductibilite de la methode. Pour de faibles 
concentrations de khelline a doser par coulometrie a 
intensite constante, les resultats obtenus ne sont plus 
trts reproductibles. 

OR 

OR 

Aux pH inferieurs a 4, le potentiel de pit restant fixe 
en fonction du pH indique un transfert electronique 
n’etant pas precede par un tquilibre acido-basique.” 

Aux pH sup&ieurs I 8,5, differents criteres sug- 
g&rent un processus oxydatif aboutissant a la for- 
mation de structures nouvelles: 

(a) disparition du couple R;/O;; 
(b) &cart important vis-a-vis de la linearit& de la 

relation Zplv rjz; 
(c) nombre d’ilectrons inferieur a 2 lie a des 

phenomenes de surface; 
(d) apparition d’un pit supplementaire a des 

potentiels positifs. 
Dosage coulometrique li inter&& constante de la 

khelline ~2 l’aide du vanadium (V). Hila et al6 
ont prouvts que l’oxydation sulfovanadique de la 
khelline dans un bain-marie bouillant conduisait a la 
formation d’acide ac&ique et de dioxyde de carbone. 
Dans les conditions experimentales d&z&es par ces 
auteurs, cette reaction consomme 16 electrons. Nous 
avons pu constater qu’une faible augmentation de 
la temperature de reaction amenait une oxydation 
plus poussee de la khelline avec consommation de 
18 electrons (tableau 1). Le tableau 2 reprend les 

VoltammCtrie cyclique a’e la khelline en presence de 
vanadium (IV) et (V) 

Mn d’etablir la nature du processus impliquant 
l’oxydation de la khelline par le vanadium(V), 
nous avons realist? I’enregistrement en voltammetrie 
cyclique dune solution de khelline en milieu acide 

Tableau 2. Oxydation de la khelline B 
reflux au bain-marie bouillant (n = 16 

electrons) 

Trouvt 

Theorie, mg mg % 

25,15 24,64 98,l 
20,OO 20,29 101,4 
20,OO 19,50 98,l 
20,OO 19.99 99,9 
15,15 15,72 103,8 
12,50 13,02 104,l 
5990 5,70 96,6 
4,72 4,43 93,7 
2,50 2,96 118,3 

moyen 101,6 
s, 677 
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Fig. 4. Voltammetries cycliques sur EPC; H,SO, (2,5M), 
‘u = 20 mV/sec; @ Khelline I,7 x 10d4M; @ khelline 
I,7 x 10e4&f + vanadium(IV) 5 x 10e4M; @ kheline 

I,7 x 10m4M + vanadium(V) 2 x lO-3M. 

sulfurique 2,5M en presence de vanadium (IV) et (V). 
Au niveau de I’EPC, le couple vanadium(IV/V) dtvel- 
oppe une allure irreversible, les traces comportent un 
pit d’oxydation a + 1,250 V us. ECS. La reduction 
permet d’observer un pit t&s &tale dont le potentiei 
se situe vers -0,2 V a~. ECS. La figure 4 illustre 
le comportement en voltammtitrie cyclique de la 
khelline dans l’acide sulfurique 2,5M en absence 
(courbe a) et en presence de vanadium(IV) (courbe 
b). La proximite du potentiel anodique Epa de la 
khelline et du vanadium(IV) suppose une reaction 
avec le groupement mtthoxylb lors de l’oxydation 
vanadique de la khelline et formation subdquente 
de la khelline-quinone correspondante. Le balayage 
inverse permet de detecter le pit de reduction de 
la khelline-quinone, toutefois la valeur &levee du 
courant de rhduction i&,, > 1, suggere la participa- 
tion d’un processus catalytique lie a la presence de 
vanadium(V) en solution. 

Le trace de la figure 4 (courbe c), correspondant 
‘a l’enregistrement en voltammetrie cyclique de la 
khelline en presence dun exe&s de vanadium(V), 
permet de mettre davantage le ph~nom~ne en 
evidence. La presence du vanadium(V) provoque 

l’apparition dun intense courant de reduction R,, le 
pit de rioxydation 0, ayant disparu. Le phtnomene 
observe peut btre attribd a un processus de regener- 
ation de la khellinequinone par le vanadium(V), 
puisque d&s sa formation a l’electrode la khelline- 
hydroquinone (R,) subirait aussitot une reoxydation 
par le vanadium(V) selon le processus global: 

(1) 0, + 2e’ -t- 2H+ +R, 

(2) Vanadium(V) + R,~Vana~um(IV) + 0, 

Les valeurs des potentiels du pit Epa et du pit 
correspondant a l’oxydation du vanadium(IV), ainsi 
que la mise en evidence par voltammetrie cyclique de 
l’evolution de l’oxydation sulfo-vanadique suggbrent 
une formation de khelline-quinone. Toutefois la mise 
en evidence en solution sulfurique et a chaud par Hila 
et aL6 de sous-unites oxyd&es supporte l’hypothbe 
dune oxydation ulterieure de la khelline-quinone par 
le vanadium(V). 
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Summary-A single-point titration method is described for the determination of metal ions and ligands. 
The method is based on deprotonation of a ligand on complexation with a metal. The resultant change 
in pH is used to calculate the concentration bf the analyte. The limits and advantages of the methoh 
are discussed. Four selected systems, Pb 2+-HPO:-, Cu2+-HCO;, Cd2+-EDTA and Ni2+%thylene- 
diamine are used to demonstrate the validity of the equations. The method is applied to determination 
of total carbonate in serum. 

Developments in the determination of metal or ligand 
ions in aqueous samples show tendencies towards 
automation and reduction of the sample volume. A 
rather surprising but methodologically important re- 
sult of this is that some simple and non-specific 
methods can be used, especially for well defined 

sample matrices. 
A common method of determining non-trace con- 

centrations of metal ions or ligands in a sample is to 
exploit complexometric or precipitation titrations 
and nowadays potentiometric sensors are frequently 
used to monitor the course of a titration. These 
sensors are becoming more popular because they 
provide new opportunities to automate and simplify 
analytical methods. In this work we will present an 
example of such a development. 

Let us consider the reaction of a metal ion with a 
protonated ligand (or a protonated anion) in which 
deprotonation takes place simultaneously with the 
formation of a metal complex or a slightly soluble 
salt. If the solution is buffered only by the protonated 
ligand, and any side-reactions of the metal ion can be 
disregarded, there will be a change in the pH because 
of the liberation of hydrogen ions. This change will 
depend on the concentration of the species involved. 
The analytical advantages of this phenomenon have 
long been known and discussed, e.g., by Ringbom’, 
and the principle was successfully applied by Schwar- 
zenbach et aL2 in the determination of water hard- 
ness. The same strategy has also been used in metal 
titrations3 and in the determination of the stability 
constants of metal chelates.4 More recently an empir- 
ical approach using the same idea in analytical work 
has been proposed.5 The disadvantages of the method 
were disclosed by Piibil.6 The lack of specificity, and 
the limited sensitivity and concentration range, seri- 
ously restrict the application of the method, which at 
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best can be used only for samples for which the 
analytical signal is due practically entirely to the 
metal-ligand reaction of interest. Attention to the 
drawbacks rather than the possible advantages of the 
method has inhibited its further development. Appli- 
cation of automation to chemical analysis has re- 
sulted in an increasing interest in simple analytical 
methods and in our opinion this justifies the re- 
vitalization of Ringbom’s ideas of 50 years ago. 

The aim of this work is to give the theoretical 
background, the equations which describe the ob- 
served change in pH, experimental verification of 
these equations, and one practical application of the 
method. 

THEORY 

When a metal ion M is added to a solution of 
protonated ligand HkL the following reaction can be 
considered (for simplicity all charges are omitted) 

nM + 2mH,L=M,(H,_ ,L), + mH,+ ,L (A) 

It is assumed that the pH of the ligand solution is 
such that the species H,L and Hk+ ,L are the main 
ligand species present, otherwise reaction (A) would 
be complicated by simultaneous reaction of M with 
other protonated species of the ligand. In this work 
we will consider a pH range where the main species 
are HL and H2L. Under such conditions reaction (A) 
reduces to the more specific reaction (B). 

nM + 2mHL+M,L,,, + mH,L (B) 

In the following presentation the volume of the 
sample is denoted by V and the concentration of 
metal ion by C,. V, is the initial volume of the 
solution of HL, and CL its total analytical concen- 
tration: 

CL = i WJI (1) 
i=O 

where p is the maximum number of protons L can 
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accept in the series of protonation equilibria 
(j=l,X...,P) 

HI_,L+H+HjL 

with constants Kj = [H,L]/[H,_ ,L][H]. 

The side-reaction coefficient aniynj can be calculated 
in the following way.’ 

gH,,, = 
[Ll + [HLI + DWI 

W-1 

=&-q+LfK’Wl 
I 

aH 
2 

L(Hf = PA + WI + P-WI 
VW-1 

=&@+A+1 
If the species HL and H,L are not the main 1iganB 

species, equations (2) and (3) should be modified 
accordingly.’ 

The equilibrium constant of reaction {B) is 

Ks = ~~,~,l~~,~lm/I~l”~~~12m (4) 

Reaction (B) consists of two protonation reactions, 
involving HL and H,L, and reaction (C) with an 
equilib~~ constant given by equation (5) 

nM +mLeM,L, (C) 

K M.L,,, = MAJPf]“[L1” (5) 
Combination of equations (4) and (5) with the pro- 
tonation constants gives 

4 = KM.L, (K, iK, )” (6) 

Equation (6) can be used to calculate Kr, for different 
systems to predict thermodynamically whether reac- 
tion (B) can be used, but it should be remembered 
that the kinetics may be of over-riding importance. In 
our case we assume that reaction (B) is fast. The 
proposed method presupposes that K, is so large that 
the equilibrium of reaction (B) lies practically com- 
pletely to the right, i.e., KB > 104. If the metal ion is 
involved in a hydrolysis reaction KMnL, should be 
converted into a conditional constant by division by 

6f(OH, * 
The method furthermore presupposes that the li- 

gand should be in excess, i.e., even after addition of 
the sample the solution should contain both HL and 
H2L and therefore continue to behave as a pH-buffer 
controlling the overall buffer capacity of the system. 
This requires that the following inequality should be 
fulfilled: 

2; vc, < V&i_ (7) 

It is further assumed that the metal solution is not 
sufficiently acidic or alkaline to contribute to the 
observed pH change. Another requirement is that the 

total concentration of the ligand should not be lower 
than 10m4M, to avoid the effect of dissociation of 
water. Generally the sample must not contain other 
metal ions and ligands which could compete with the 
main reaction (A), which seriously limits the scope of 
the method,6 but this disadvantage might be allevi- 
ated by masking of competing ions or if the side- 
reaction has slow enough kinetics or its extent can be 
estimated. 

According to reaction (B) addition of the metal 
ions increases the concentration of H2L and decreases 
the concentration of HL. Therefore the pH of the 
ligand solution will decrease to pH, from the initial 
value of pH,. At pH,: 

FWI, = & 
2 

After addition of the sample to the ligand solution, 
the ~n~ntrations of HL and H,L will be changed as 
follows: 

61 

[HL], = --%- 
(Vo + V) 

[HL], - 2 $! 
0 > 

(10) 

VO 
Ewl2 = (vo+ 

mVCM 
PM, + nVo 

> 
(11) 

Subscripts 1 and 2 refer to pH, and pH, respectively. 
It is obvious from equations (10) and (11) that for the 
anaIytica1 signal to be useful the change in [HL] and 
[H,L] must be large enough. This means that the 
con~ntration of the metal ion should not be too 
much smaller than the concentrations of the ligand 
species. Further, the ratios K, /K, and K,/K, must be 
such that HL and H,L are always the main ligand 
species. 

Combinations of equations @)-(I 1) with the pro- 
tonation instants gives the expression for calcu- 
lation of Chl: 

Equation (12) can be rewritten in the form 

(12) 

(13) 

which can be used when the concentration of the 
ligand is to be determined. 

In both cases the approximate concentration of the 
sample solution should be known beforehand so that 
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Table 1. Calculation of log Ks at 25°C and I = l.OM (KNO,) by equation (6) for the systems 
studied 

n 
m 
log KM& 
log K, 
log Kz 
log KB 

(a) Pb2+-HPO:- (b) Cu2+-HCO, (c) Cd2+-EDTA (d) Ni2+-en 

3 1 1 1 
2 1 1 1 

47.85 10.95 16.36 18.44 
10.79 9.57 9.88 10.20 
6.50 6.02 6.18 7.60 

39.3 7.4 12.7 15.8 

the amount of reagent added will comply with the 
restrictions discussed above. 

EXPERIMENTAL 

Chemicals 
All chemicals used were of Merck pro analysi grade. 

Doubly distilled and demineralized water was used. EDTA, 
phosphate and carbonate solutions were prepared from the 
sodium salts. Metal ion solutions were made from the 
nitrates. The “Seronorm” artificial serum samples with 
certified total carbonate concentrations were from Nygaard 
(Norway); different total carbonate concentrations were 
obtained by dilution with appropriate sodium bicarbonate 
solutions. 

Apparatus 
A Finnpipette micropipette with a precision of f 2 ~1 was 

used to measure the volume added. In all experiments the 
temperature was 25.0 f 0.1”. A Metrohm combination elec- 
trode and 654 pH-meter with a resolution of ~0.001 pH 
were used to measure the pH. Metrohm standard buffers of 
pH = 4.00,7.00, and 9.00 were used to calibrate the system. 

Procedure 
The initial solution was 5.00 ml of 0.05M ligand solution. 

Metal ion solutions were added in 250~~1 increments. All 
solutions were made up to an ionic strength of l.OM with 
potassium nitrate. Before every experiment the pH of the 
ligand or anion solution was adjusted to pH, N pK,+ , with 
either sodium hydroxide solution or nitric acid. A stable pH 
was obt&ed within 30 set after every addition in all the 
cases studied. 

RESULTS AND DISCUSSION 

The method was tested with four systems: (a) 
Pb2+-HP@-, (b) Cu’+-HCO;, (c) Cd’+-EDTA and 
(d) N?+ethylenediamine (en). In systems (a) and (b) 
the reaction product is a slightly soluble salt of the 
metal ion. Complex-forming reactions take place in 
systems (c) and (d) and the pH of the ligand solution 
is adjusted so that the main species is the mono- 
protonated form of the ligand, and metal-ion hydro- 
lysis can be neglected. Equilibrium constants, KB, for 

the four systems were calculated by using equation 
(6) and are presented in Table 1. Values of the 
constants used were taken from Martell and Smith.8pg 
When these values could not be found directly they 
were corrected to the ionic strength used. In the case 
of ethylenediamine the value of log K, in Table 1 was 
determined specifically for this work. 

As can be seen in Table 1, the constant KB in all 
cases is so large that reaction (B) can be assumed to 
proceed to completion. 

Results of the experiments in which the metal ion 
solutions were added to the protonated anion or 
ligand solutions are given in Table 2. The pH of the 
solution was measured after each addition. The value 
at V = 0 ml is pH, and the other values are pH,. 
After each addition C, was calculated from equation 
(12) and these values are presented in Table 2. Several 
additions were used to demonstrate that the calcu- 
lated value of C, is not dependent on V and that any 
size of addition may be used as long as the restrictions 
given in the theoretical section are fulfilled. 

As can be seen in Table 2, a fairly constant and 
accurate value is obtained for the concentration of 
the metal ion solution for a range of additions of the 
“sample” solution. Deviation from a constant value 
of C, in the Ni*+-en system with increasing addition 
of nickel solution is due to a change in the stoichi- 
ometry of the reaction. 

It should be stressed that the accuracy of the 
method is crucially dependent on the accuracy of the 
value of log K2, which should be known to the second 
decimal place. A variation of f 0.02 in log K2 gives an 
error of approximately f 3% in the calculated values 
of C, given in Table 2. The error decreases with 
decreasing values of pH,. Furthermore, if an incor- 
rect value of log K2 is used, C, will change with pH,. 
A high ionic strength was chosen in this work to 
avoid changes in the values of the constants during 
the experiment. 

Table 2. Metal concentrations calculated from the pH of a mixture of V ml of O.OlOOM 
solution of metal ion to 5.00 ml of 0.05OOM solution of ligand or anion 

(a) Pb2+-HPOi- (b) Cu2+-HCO; (c) Cd2+-EDTA (d) Ni’+-e.n 

V,ml pH C,,M PH C,,M PH C,,M PH G,M 

0.000 7.417 7.430 7.194 8.436 
0.250 7.387 0.00919 7.303 0.01144 7.138 0.00994 8.310 0.01012 
0.500 7.356 0.00955 7.222 0.01015 7.086 0.00996 8.200 0.01004 
1.000 7.295 0.00994 7.070 0.01019 6.992 0.00997 8.006 0.00990 
2.000 7.184 0.01016 6.851 0.01003 6.825 0.01014 7.702 0.00895 
4.000 7.013 0.00962 6.487 0.01073 6.542 0.01027 7.221 0.00696 
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Fig. 1. ApH as a function of the condensation of total 
carbonate, CT&,,,, in serum with a constant addition of 
cupric nitrate solution. The line is calculated from equation 

(13) and the points are the measured values. 

“Seronorm” artificial serum samples with certified 
total carbonate con~ntration were studied. The orig- 
inal carbonate concentration was changed by diluting 
the sample with a standard solution. of sodium bicar- 
bonate. Hydrochloric acid was used to adjust the pH 
of the serum samples to 7.40 in order to mimic real 
blood samples. Known volumes of serum sam- 
ples were mixed with 0.~8~ cupric nitrate to give 

(~~~~)C~ = 2.0 and the change in pH was measured. 
The results are shown in Fig. 1, where the theoretical 
line is obtained by solving equation (13) for [H], and 
then calculating ApH. The observed ApH values in 
serum samples with different total carbonate concen- 
trations fall nicely on the theoretical curve. The 
difference between the calculated and measured ApH 
values did not exceed f0.005. 

CONCLUSIONS 

The results in Table 2 confirm the validity of the 
equations derived, but the dete~ination of metals in 
unbuffered samples and with no interfering ions is not 
a realistic application. In most cases the metal-ion 
samples are themselves rather acidic or alkaline and 
some kind of sample pretreatment would be needed. 
This seriously limits the practical application of the 

method. In the case of ligand determination, how- 
ever, the possibilities are much more encouraging, 
though still rather limited. An appropriate metal ion 
should be found to give the specific reaction needed, 
the concentration of the ligand should fall within the 
applicable concentration range of the method and 
either the sample should not contain other buffering 
systems or their buffer capacity should be much lower 
than that of the ligand to be determined. An almost 
ideal sample matrix is blood serum, for the deter- 
mination of total carbonate by the proposed single- 
point method. As shown in Fig. 1, good agreement 
between theoretical predictions and empirical results 
is observed. No competing complexing metal ions are 
present and the sample is buffered only by the 
carbonate-bicarbonate system. Substances, e.g., 
amino-acids, which are present in some samples and 
can compete with carbonate in the reaction with 
copper ions, could cause a bias, but under the pro- 
posed conditions no side-effects on the analytical 
signal from the “Seronorm” samples have been 
found. Problems could arise, however, if the method 
is used for real serum samples. More detailed studies 
of the method, including automation, minimization 
of sample volume, and matrix effects in patients’ 
serum are in progress in our laboratory and will be 
reported later. 

In our opinion the value of the single-point method 
should be re-assessed, because its simpli~ty gives it 
new potential in the context of modern instrumen- 
tation, although its scope will still be limited by the 
lack of specificity. 
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Summary-A sensitive spectrophotometric method is reported for the determination of nitrazepam either 
in pure form or in tablets. The method is based on reduction with zinc dust and calcium chloride followed 
by reaction with sodium pentacyanoaminoferrate(I1) to give a violet product having an absorbance 
maximum at 560 nm. Beer’s law is obeyed over the concentration range l-20 pg/ml in the final solution. 
The common excipients in tablets do not interfere. The recovery and precision are similar to those of the 
official B.P. method. 

Methods for the determination of nitrazepam include 
spectrophotometric,’ colorimetric,2,4 gas chromato- 
graphic,‘s6 TLC,’ HPLC8 fluorimetric,’ and differ- 
ential pulse polarographiciO*” procedures. The B.P. 
recommends a non-aqueous titration for the bulk 
drug and a spectrophotometric method for tablets.i2 

Sodium pentacyanoaminoferrate(I1) (SCAF) has 
been used to detect aromatic nitro compounds.‘3*‘4 
This report describes its use for determining nitra- 
zepam. 

EXPERIMENTAL 

Reagents 

Sodium pentacyanoaminoferrate(II) Nu,[Fe(CN)sNH,I 
@CAP). Prepared according to Vogel,” and used as a 0.1% 
solution, made fresh daily. 

Calcium chloride solution, 10%. 
Zinc dust. 
Standard nitrazepam solution. Prepared by dissolving 50 

mg of nitrazepam (accurately weighed) in 25.0 ml of eth- 
anol. This solution must be freshly prepared daily, and is 
further diluted with ethanol as required. 

All chemicals used were of analytical grade. 

Precedures 

Calibration graph. Pipette 0.500 ml of the nitrazepam 
standards (in the range 50-1000 pg/ml) into SO-ml conical 
flasks, containing 100 mg of zinc dust and 5 ml of calcium 
chloride solution. Let stand for 5 min at room temperature 
(25”) with occasional shaking. Filter (7-cm Whatman No. 1 
papers) into 25-ml standard flasks, washing each residue 
thoroughlv with three 2-ml portions of ethanol. Add 5 ml 
of SCAF solution to each combined filtrate and washings, 
mix well, let stand for 10 min at room temperature, and 
dilute to volume with water. Measure the absorbance at 560 
nm against a blank prepared at the same time. 

Analvsis of tablets. Weigh and uowder 20 tablets. Transfer 
an accurately weighed quantity of the powder, equivalent to 
about 50 mg of nitrazepam, to a 25-ml standard flask, and 
dissolve and dilute it to volume with ethanol. Filter (dry 
paper etc.), and discard the first portion of the filtrate. 
Dilute an aliquot of the filtrate as required, and determine 
the nitrazepam content by the procedure above. 

RESULTS AND DISCUSSION 

Nitrazepam, when reduced with zinc and calcium 
chloride solution and subsequently reacted with 
SCAF in aqueous ethanol, produces a violet product 
having a broad absorption peak with its maximum at 
560 mn (Fig. 1) and molar absorptivity 1.15 x IO4 
1 .mole-’ .cm-i. Beer’s law is obeyed over the range 
l-20 pg/ml in the final solution. The absorbance is 
stable for 10 hr at room temperature. 

Reaction conditions 

Any amount of zinc dust in the range 50-300 mg 
gives the same final absorbance for a fixed amount of 
nitrazepam, but larger quantities give slightly lower 
absorbance. 

The volume of 10% calcium chloride solution used 
along with 100 mg of zinc dust can be varied from 1 
to 10 ml without altering the completeness of reduc- 
tion of nitrazepam in the concentration range l-20 

pg/ml. 
Maximum colour intensity is achieved by reduction 

for 2 min at room temperature. Further reduction 
time (up to 20 min) gives no change in the absorb- 
ance. 

I I1 I I II I I I I I, I I 

400 500 600 700 

Wavelength (nm) 

Fig. 1. Absorption spectrum for the coloured reaction 
product of reduced nitrazepam with SCAF. 
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Table 1. Determination of nitrazepam in tablets by the proposed method and the B.P. method 

Proposed method 

Nitrazepam added, B.P. method 
Sample Found, *% f SD w Recovery, *% f SD Found, *% f SD 

A 98.9 f 1.1 5.00 99.1 f 0.6 99.3 f 0.6 
t = 1.69 
F = 2.96 

B 99.5 f 1.2 10.00 98.7 + 0.7 99.0 f 0.8 
t = 1.36 
F = 2.69 

C 99.2 f 1 .O 15.00 99.9 f 0.8 99.6 f 0.6 
t = 1.36 
F = 2.89 

*Average of 10 determinations, calculated on nominal content of 5 mg of nitrazepam. Theoretical 
values at the 95% confidence level: t = 2.26, F = 3.18. 

Varying the volume of SCAF solution used (from 
1 to 10 ml) shows that 3 ml will suffice to give full 
colour intensity. The colour takes 10 min to reach full 
intensity. 

The final solution can be diluted to volume with 
water, ethanol, methanol or dioxan with no change 
in the wavelength of maximum absorption or the 
molar absorptivity, but use of isopropyl alcohol gives 
a 25% decrease in the absorbance. Water is preferred. 
The colour is stable for at least 10 hr. 

The method has been successfully applied to the 
analysis of nitrazepam tablets. Commonly encoun- 
tered excipients such as starch, talc, lactose, and 
magnesium stearate do not interfere. The results 
obtained compare favourably with those of the 
official method (Table 1). 

The chemistry of the colour reaction may be 
suggested on the basis of a previously reported 
mechanism.14 The nitro compound (nitrazepam in 
this case) is first reduced under the proposed 
conditions to the corresponding nitroso derivative. 
Addition of SCAF then causes further reduction to 
the corresponding hydroxylamine derivative. Subse- 
quent substitution of ammonia in the reagent by the 
hydroxylamine derivative results in the violet colour. 

ArNO + 2Na,[Fe(CN),NH,] + 2H20 

+ ArNHOH + 2Na,[Fe(CN),NH,] + 2NaOH 

ArNHOH + NaJFe(CN,)NH,] 

+ Na,[Fe(CN)&NHOH] + NH, 

where ArNO = nitroso derivative of nitrazepam 
and ArNHOH = hydroxylamine derivative of nitra- 
zepam. 
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Summary-A spectrophotometric method for determination of Paraquat, based on its reaction with BiI, 
ion in the presence of gum arabic, is described. The apparent molar absorptivity of the product is 
1.64 x 10’ l.mole-’ .cn-’ at 515 nm. Results for the analysis of commercial herbicides are in good 
agreement with those obtained by the dithionite method. 

The 1 , 1 ‘-dimethyl-4,4’-bipyridylium ion, trade name 
paraquat, is extensively used as a herbicide and is 
manufactured as the chloride, sulphate or methyl- 
sulphate in different formulations, either as the sole 
active component or together with l,l’-ethylene- 
2,2’-bipyridylium bromide (Diquat). These salts are 
water-soluble, dissociate completely, and are stable in 
acid solutions.’ The toxicity of Paraquat by ingestion 
is due to the rapid development of pulmonary 
fibrosis, caused by major lung retention of the ion. 

The analytical methods most often used for Para- 
quat determination are spectrophotometric, based on 
its reduction to a quite stable blue radical in alkaline 
dithionite solution;’ this method was adopted by the 
A.0.A.C.3 and has been further modified.’ Another 
spectrophotometric method is based on stabilization 
of a suspension of the precipitate formed by Paraquat 
and HgI:- in the presence of ethanol, acetone or 
starch,4 and measurement of its absorbance at 400- 
420 nm. 

In this work a spectrophotometric method for 
Paraquat determination, based on its reaction with 
BiI; in the presence of gum arabic, yielding a pseudo- 
solution, has been developed. 

EXPERIMENTAL 

Reagents 
A 2.00 x lo-‘it4 Paraquat stock solution, prepared by 

dissolving 0.2572 a of the chloride (Methvlvioloaen. EGA 
Chemie);n 500 t& of distilled water. Less co&entrated 
solutions were prepared by suitable dilution. 

A O.OlOM BiI: stock solution, prepared by dissolving, in 
the order given,.2.425 g of bismuth nitrate,-75 g of potas- 
sium iodide and 1 g of ascorbic acid in 500 ml of distilled 
water. Less concen&ated solutions were prepared by suit- 
able dilution with sulphuric acid to give a final O.lM 
concentration of this acid. 

A 2% aqueous solution of gum arabic, filtered before use. 
Samples analysed were mixtures of the Paraquat and 

Diquat herbicides commercially available. The Diquat 
solution was prepared from Reglone herbicide. All the 
working solutions were prepared daily. 

Paraquat determination in herbicide samples 
Transfer the sample (containing 25-250 pg of Paraquat) 

into a 25-ml standard flask containing 10 ml of 4 x 10e4M 
BiI; solution (O.lM in sulphuric acid) and 5 ml of 2% gum 
arabic solution. Dilute to the mark with distilled water and 
mix thoroughly. Measure the absorbance at 515 nm in a 
l-cm glass cell against a reagent blank. Prepare a calibration 
plot with standard Paraquat solutions to cover the 25250 
pg range. 

Paraquat determination in the presence of Diquat in herbicide 
samples 

To a lo-ml test-tube fitted with a screw cap, add the 
sample (containing less than 0.80 mg of Diquat bromide) 
and 2 ml of 2M sodium hydroxide. Dilute accurately to 10 
ml with distilled water, cap the tube and leave it for at least 
6 hr. Remove the precipitate by centrifugation and pipette 
5 ml of the solution. Adjust this solution to pH 1.7 (pH- 
meter) by adding first 3M and then 1M sulphuric acid. 
Dilute to 25 ml in a standard flask and apply the standard 
addition method to ‘suitable aliquots, adding 25, 50, 75 and 
100 pg of Paraquat (as standard solution) and following the 
procedure above. 

RESULTS AND DISCUSSION 

Absorption spectra 

When a BiI; solution is added to Paraquat solu- 
tions in acid medium, a red precipitate appears which 
is not soluble in the usual organic solvents. However, 
in the presence of gum arabic, the precipitation is 
inhibited and what is apparently a solution, orange in 
colour, is obtained. The absorption spectrum of this 
solution (measured with water as reference) shows a 
band with a maximum at 510 nm (Fig. 1). Under the 
same conditions a BiI; solutions shows an absorp- 
tion maximum at 435 mu. These results indicate the 
formation of a compound, probably an ion-associa- 
tion complex. The 75nm red shift of the BiI; charge- 
transfer band implies a strong interaction between the 
donor and acceptor ions. 

In the absence of Paraquat, the BiI; solution has 
a slight absorbance at 510 nm, making it necessary to 
use it as the spectrophotometric reference solution. 
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Fig. 1. Absorption spectra; (1) BiI;; (2) BiI; + Paraquat; 
(3) BiIi + Paraquat VS. BiIi; BiIi, 1 x 10w4M; Paraquat, 

1 x 10e4M; pH 1.7 (H2S04); gum arabic, 0.4%. 

When the spectra are measured against the blank, the 
maximum of the absorption band appears close to 
515 nm; a second band at 369 run, though more 
intense, is less suitable for quantitative purposes, 
owing to the high blank absorbance and hence lower 
precision. 

Influence of the gum arabic concentration 

The concentration of gum arabic necessary to 
inhibit the precipitation depends on the Paraquat 
concentration. A low concentration (0.2%) is enough 
to prevent the precipitation of 10e4M Paraquat in the 
presence of 1 x 10m4M BiIi . However, for stabiliz- 
ation, use of 0.4% gum arabic is recommended. 
Under those conditions the absorbance does not 
change appreciably for at least 3 hr, though after 5 hr 
a slight turbidity appears. 

A 

0.5. 
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0 .l - 

0, I- 
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Effect of pH 

As Fig. 2 shows, the absorbance stays practically 
constant over the pH range 1.5-2.4. At pH 2.4 the 
absorbance decreases owing to the formation of 
colourless Bi(II1) complexes. At pH < 1.5 the absorb- 
ance increases because a slight turbidity appears. 

Influence of BiZi concentration; composition of the 
complex 

A mole-ratio plot indicates that the BiIi /Paraquat 
ratio in the complex is 2/l. With higher BiI,/Para- 
quat molar ratios the absorbance stays practically 
constant for a fixed Paraquat concentration. 

Analytical characteristics 

Beer’s law is obeyed up to 4 x lo-‘A4 Paraquat 
in the presence of 1.6 x 10e4M BiIi . The apparent 
molar absorptivity, 1.64 x 104 1 .mole-’ .cn-‘, is 
rather higher than that for solutions obtained by 
reducing Paraquat with dithionite in alkaline medium 
(1.18 x 1041.mole-‘.cm-‘). 

The optimal Ringbom-Ayres concentration ranges 
from 1.4 to 8.9 pg of Paraquat per ml of final 
solution. The ,coefficient of variation obtained from 
ten replications at the 5.2 pg/ml level is 0.4%, which 
is comparable to that for other spectrotometric 
methods for Paraquat determination. The detection 
and determination limits, calculated from the stan- 
dard deviation of the blank are, respectively, 0.05 
(3~~) and 0.16 (10~~) pg/ml in the final solution. 

Potential interferences from other species found 
together with Paraquat in its commercial formula- 
tions, as well as from some of the usual eluents 
employed to separate it by ion-exchange’ were 
assessed by applying the Kirkbright +2s criterion. 
It was found that Na + , K + , NH:, NO; and SO: - 
do not interfere at up to 3000 times the Paraquat 
concentration. Bromide and chloride at moderately 
high levels cause fading of the solution by formation 
of Bi(II1) complexes. 

Diquat (l,l’-ethylene-2,2’-bipyridylium) reacts 
with BiIi in presence of gum arabic at the working 
pH of the Paraquat determination to form a pseudo- 
solution having similar analytical properties to that 
obtained with Paraquat, and also absorbing at 
5 15 nm. However, this interference may be minimized 

Table 1. Paraquat recovery in the presence of 40 pg of 
Diquat bromide 

Paraquat found 

Calibration plot Standard addition 

Paraquat 
method method 

taken K? % M! % 

18.5 20 107 20 108 
37.2 37 99 38 101 
74.5 76 102 75 101 
80.0 80 100 80 100 

111.5 109 98 112 101 
148.8 146 98 150 101 
186.0 177 95 - - Fig. 2. A/pH plot at 515 nm. Paraquat, 5.23 pg/ml; BiIi, 1~~ 

1.6 x lo-‘M. 
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Table 2. Accuracy of the method 

Para- Di- 
Method 

wat, wt. Proposed Reference t CXP 
% % % s % s 

20 - 23.1 0.1 22.9 0.2 1.58 
20 - 23.3 0.1 23.4 0.1 1.58 
12 8 12.1 0.2 12.4 0.2 2.15 
10 10 10.3 0.3 10.0 0.2 1.97 
8 12 8.4 0.2 8.6 0.1 1.50 

t 5,0.95 = 2.31. 

by removing the Diquat beforehand by precipitation 
with sodium hydroxide.’ The optimum alkali concen- 
tration and the time necessary to attain maximum 
efficiency of Diquat removal were determined experi- 
mentally. The absorbance obtained by the Paraquat 
procedure for solutions originally containing up to 
200 pg/ml Diquat bromide is practically constant if 
the Diquat has been precipitated by treatment with 
0.4M sodium hydroxide. The same treatment does 
not change the absorbance of Paraquat solutions. 
The maximum tolerable Diquat concentration for the 
determination of up to 3.2Opg/ml Paraquat was 
found to be 1.7 pg/ml, expressed as concentration in 
the final solution. 

Determination of Paraquat in various samples 

The proposed method was applied to some 
commercial Paraquat and Diquat herbicide mixtures. 

Results obtained for Paraquat recoveries in the 
presence of Diquat are shown in Table 1. With use 
of calibration plots, Paraquat concentrations higher 
than 3.20pg/ml in the final solution give rise to 
negative errors, probably because of matrix effects 
produced by the Diquat herbicide used (solution of 
Reglone). However, as Table 2 shows, these errors 
may be avoided by applying the standard addition 
method. 

To evaluate the accuracy of the procedures, the 
results obtained for Paraquat were compared with 
those obtained by the dithionite method (Table 2). 
The mixtures studied corresponded to the usual ratios 
in commercial preparations. The standard addition 
method was applied for Paraquat-Diquat mixtures. 
An F-test indicate that the standard deviations for 
the methods compared do not differ (95% confidence 
level). The Student-t values show that there are no 
significant differences between the means, at the same 
confidence level, testifying to the reliability of the 
method. 
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Summary-A sensitive and reliable method for the atomic-absorption spectrometric determination of 
micro-amounts of Ni in organic and inorganic samples has been developed, with separation of nickel by 
carbonyl generation. Foreign anions and cations do not interfere. Only metallic iron hampers the 
generation of Ni(CO), but this interference can be avoided if the latter is formed in nitric acid medium. 
In the range 0.02-0.1 kg, Ni can be determined with a precision of about 10%. The detection limit of 
the proposed method is 10 ng in the aliquot used. 

Over the last few years, the determination of nickel 
has been the subject of numerous investigations as a 
result of the environmental, toxicological and physio- 
logical importance of this element. Under ordinary 
circumstances the nickel content of various environ- 
mental materials ranges from a few pg/g (e.g., in 
plants) down to 10 ng/ml in biological fluids such as 
serum’ and urine2 and even less than 1 ng/ml in 
sea-water.’ 

The most commonly used method for deter- 
mination of traces of Ni is graphite-furnace atomic- 
absorption spectrometry, applied to both environ- 
mental analaysis4 and to body fluids.%’ 

The determination of traces of Ni in environmental 
samples such as atmospheric dust, plants and foods 
requires use of digestion procedures. However, the 
determination of ultratraces of Ni, for example in 
water samples and body fluids, necessitates the ab- 
sence of reagent contamination. Therefore direct 
determination methods appear to be the most 
promising approach. Hence electrothermal atomic- 
absorption spectrometry in conjunction with Zeeman 
compensation, or after carbonyl generation, can be 
expected to improve the determination of traces 
of Ni. 

Recently Vijan* showed the great sensitivity of Ni 
determination after carbonyl generation and Lee9 
determined nickel in sea-water by use of the principle. 
We have undertaken a study to test the validity of 
the method for the determination of traces and 
ultratraces of Ni in more complex media. 

Apparatus 

EXPERIMENTAL 

Measurements were performed with a Pye-Unicam SP 9 
atomic-absorption spectrophotometer equipped with a 

Pye-Unicam SP 9 computer print-out and coupled with 
a Perkin-Elmer MHS 20 hydride-generator. The following 
conditions were used. 

Spectrophotometer 
Wavelength, 232 nm 
Spectral band-width, 0.2 nm 
Deuterium background correction 

MHS 20 Module 
Cell temperature, 950 
Gas flow-rates; N, 0.5 l./min, CO 0.5 l./min 
Calibration volume, 10 ml 
Reductant, 3% NaBH, + 1% NaOH solution 

Reagents 

Stock nickel solution (1 mg/ml) was purchased from 
Merck. More dilute solutions were prepared just before use. 
Glass-distilled water was used in all operations. All acids 
used were high-purity products (Merck suprapur). The 
sodium tetrahydroborate (Merck 6371) was used without 
purification. 

The carbon monoxide used was passed through activated 
charcoal to remove any nickel carbonyl which could be 
present as an impurity in the gas. 

Procedures 

Plant and liver tissue. One gram of dry, ground sample, 
accurately weighed, was placed in a platinum crucible and 
ashed in a muffle furnace at 500” for 6 hr. After cooling, the 
residue was transferred into a Teflon beaker and 2 ml 
of nitric/perchloric acid mixture (4: 1 v/v) added. The acid 
was evaporated to dryness, then 2 ml of concentrated 
hydrofluoric acid and a few drops of perchloric acid were 
added. The mixture was again evaporated to dryness, and 
after cooling the residue was dissolved at room temperature 
by addition of 20 ml of 5% v/v nitric acid. The precipitae 
of potassium perchlorate was filtered off. Nickel was then 
determined in 1 ml of tiltrate for plant samples and 5 ml for 
liver samples. 

Steel. A 20-mg sample of steel was placed in a Teflon 
beaker and 5 ml of a 1: 1 mixture of concentrated nitric and 
hydrochloric acids were added. The mixture was heated 
until dissolution was complete, and then evaporated to 
dryness. After cooling, 5 ml of concentrated nitric acid were 
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added and the solution was made up accurately to 100 ml 
with distilled water. The aliquots used were in the range 
0.5-l ml. 

R&r watr. A 1Wml sample was acidified with 5 ml of 
2% v/v nitric acid and evaporated to less than IO ml; the 
volume was accurately made up to 10 ml with distilled water 
and the solution analysed for nickel. 

Urine. A lo-ml sample was acidified with 300 ~1 of 
concentrated nitric acid, and three drops of antifoaming 
agent (Rhodorsil 426) were added prior to direct deter* 
mination of nickel. 

P&ar~. A IO-ml portion of plasma from heparimzed 
blood was evaporated to dryness in a platinum crucible and 
the residue dry-sshed in a muffle furnace at 500” for 6 hr. 
The residue was taken up with 10 ml of 2% v/v nitric acid. 

RR§LJLTS AND DISCLW.W3~ 

Sodium borohydride reduces nickel in its corn- 
pounds to the metal, which then reacts with carbon 
monoxide to give Ni(COh which is stripped from the 
reactor by the carrier gas. Nickel carbonyl is then 
decomposed by heating to give elemental nickel 
which is detected by AAS. 

Theoretically the rate of formation of nickel carbo- 
nyl is determined by the temperature and the partial 
pressure of CO. However, increasing the CO ratio in 
the carrier gas is expensive, and a high flow-rate in 
the silica tube burner decreases the sensitivity of the 
method. 

Thus a carrier gas with a CO content of 50% was 
chosen, with a flow-rate of 300 ml/mm during the 
reduction step. As the thermal decomposition of 
Ni(CO), begins at 60”, the temperature of the reactor 
is of importance if deposition of elemental nickel is 
not to occur before the carbonyl reaches the quartz 
heating-c& 

The degree of reduction was found not to differ 
when the reactor temperature was varied between 4 
and 40”, so in all further experiments the reduction 
was done at room temperature, 

Using a reaction time of 10 see for the reduction 
step corresponds to an injection of 7.5 ml of boro- 
hydride solution, which gives a mean blank value of 
5 ng (SD, 2 ng) of nickel, which gives a detection 
limit of IO ng of Ni in the aliquot analysed. 

Although the thermal decomposition of Ni(CO), 
begins at about 60” no nickel peak was recorded 
when the silica-cell temperature was set lower than 
600”. The optimal temperature was found to be 950”; 
in these experimental conditions, with a flow-rate of 
300 ml/mm, the carrier gas temperature is about 250”. 
As shown by the peak shape, complete carbonyl 
generation requires about 20 sec. 

As expected with such a reduction technique, the 
metallic hydride-forming elements can produce inter- 
ference. 

The effects of Pb, Sb, Bi, Se,. As, Sn were in- 
vestigated; of these elements, only Sn (which has an 
intense absorption line at 23 1.7 nm), and to a lesser 
extent As, show interference. Equal amounts of Ni 
and Sn give about the same absorbance. 

Because of its spectral interference, when tin is 
present in the samples3 it is necessary to use the 341.5 
nm line for determination of nickel, at the expense of 
halving the sensitivity. Of the metal carbonyls, only 
those of iron and nickel are formed at room tem- 
perature and atmospheric pressure.r” However, in 
the presence of iron the nickel recovery is strongly 
decreased. For exampte, with an Fe/Ni ratio of 100 
in hydrochloric or sulphuric acid medium, no nickel 
absorbance is found. This is caused by the simul- 
taneous reduction of both ions when the borohydride 
is added, the nickel being entrapped in the iron. As 
the experimental conditions are not ideal for the 
fo~a~on of iron carbonyl, the presence of the 
finely divided iron metaf prevents the formation of 
Ni(CO),. Isolation and examination (emission spec- 
trography) of the metallic precipitate formed in 2% 
hydrochloric acid showed the presence of Fe, Ni and 

Table I. Deicrmination of Ni @pm) in standards and unknown samples (u = 4) 

Literature values 
RSD, 

Samples Ni present Ni found SD % Range Method Reference 

Orchard leaves NBS 1.3 1.2 0.1 a.3 
SRM 1571 
SRM 1570 Spinach 5.8 0.1 1.7 
SRM 1575 Pine needles 3.1 0.1 3.2 

’ Steel BCS 320 22i_? 200 5 
Steel BCS 324 500 500 

: 
4 

Atmospheric particles - 80 5 6 50-500 NAA 12 
(Urban) 

Pooled river waters - 1.2 x 10-s 2x10-4 17 1.5 x IO-3 ICP 13, 14 
(rural arca) 

Pool& urine from - 35 x 10-S 6 x K@ 17 I x 10-S GFAAS 2,4, 15, 16 
unexposed subjects -5 x 10-s 

Pooled serum from - 2 x Io-x 4 x 10-4 20 1 x IWS GFAAS 1, lo-19 
unexposed subjects -8 x 1O-3 

Bovine liver - 0.4 0.03 7 <0.4* PIXE 20 
0.5* ICP 21 

l 3ovine liver NBS 1577. 
( ) uncertified v&es. 
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B in agreement with the suggestion made by Bye.” 
Investigations conducted in order to avoid this 

interference showed that if the reduction step takes 
place in 2% nitric acid medium, Fe3+ is reduced only 
to Fez+ without formation of metallic iron, as shown 
by the greenish colour of the solution and the absence 
of a black precipitate. 

No significant differences in nickel recovery were 
found when the reduction was done in l-S% nitric 
acid, but there was a negative bias of about 5% for 
FejNi ratios >200. Therefore use of the standard 
addition method is required for the accurate deter- 
mination of nickel in the presence of iron. 

No interference was noted from other common 
anions or cations, even at levels up to 2 g/l. 

To test the validity and recovery of the described 
procedure, assays were performed with standard 
samples. Nickel was also determined in various envi- 
ronmental samples and biological fluids. Table 1 
gives the means of four replicate analyses. 

For the analysis of standard samples, Table I 
shows good agreement between the experimental and 
reference values. The accuracy of the procedure 
cannot be determined, since biological standards for 
nickel are not commercially available. However the 
concentrations found in the environmental and bio- 
logical samples were of the same order of magnitude 
as those recently reported in the literature. 

The procedure gives a linear calibration over the 
range iO-100 ng of nickel, with a lower detection 
limit of 10 ng in the aliquot reduced. Replicate 
determinations show that the precision is in the range 
2-20%, depending on the amount of nickel present. 

Although the procedure is less sensitive than that 
of Lee,9 it is simpler and well adapted to routine 
dete~nation of nickel in a wide range of samples, 
so it represents a good alternative method for the 
determination of microamounts. 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 
12. 

13. 

i4. 

15. 
16. 

17. 

18. 

19. 

20. 
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EFFECT OF TEMPERATURE ON THE DETERMINATION OF 
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Summary-The analytical utility of the reaction between aromatic nitro-compounds and electrogenerated 
chromium(I1) can be extended to several previously undeterminable compounds by increasing the 
temperature of the reaction solution. For some substances the stoichiometry of the reduction is changed; 
for others the rate of reaction, along with precision and accuracy, is appreciably increased; in at least one 
instance the reaction becomes less satisfactory as an analytical method. Temperature is thus shown to be 
an important variable that may explain differences in previously reported stoichiometries. 

A number of aromatic nitro-compounds can be deter- 
mined by reduction with chromium(I1). The bivalent 
chromium required as the reagent is conveniently 
produced by constant-current coulometric generation 
from chromium(II1) bromide at a mercury cathode 
in acidic solution.‘A The reduction of the R-NO, 
functional group often consumes 6 electrons, yielding 
an amine as the product, but 4-electron reduction to 
a hydroxylamine is also common. A few compounds 
undergo S-electron reduction per nitro group, pre- 
sumably forming coupled hydrazo products.2,4 

In evaluation of the scope of the method a number 
of nitro-compounds were found not to be determin- 
able at room temperature because either the reaction 
was too slow or the stoichiometry indeterminate. We 
report here the results of a study of the effect of 
elevated temperature on these reactions. 

EXPERIMENTAL 

Apparatus 

The coulometer, cell, catholyte, and titration end-point 
detection procedures were as previously described.2 The 
catholyte in the cell was held at a temperature of 40 or 
50 f 0.5” by an immersion heater dipped into the solution. 
The heater consisted of a 120-V, 75-W cartridge-type 
immersion heating element in a glass tube inserted through 
the cell lid. Power to the heating element was controlled 
manually with a Variac variable transformer. 

Chemicals 

Acetonitrile was distilled over calcium hydride and the 
middle fraction of the distillate retained. For some work, 
commercially purified acetonitrile (Caledon, ACS Reagen; 
Grade) was used as received. No difference in results was 
observed. Chromium(II1) bromide was washed as described 
before.2 

2,4_Dinitroanisole, 4-nitrophenetole, 2,4-dinitrophenetole, 
2,6-dinitrothymol, 2-nitrocinnamic acid and 2-nitrophenol 
were recrystallized from ethanol until melting points within 
+I” of reported values were obtained. 2-Nitrophenetole 
and 4-nitroethylbenzene were distilled under vacuum, and 
the middle fractions retained. 1,8_Dinitronaphthalene was 

recrystallized from chloroform. S-Nitro-1-naphthylamine 
(Eastman) was used as received. 

Titration procedure 

The titration procedure was as described before:” except 
that during deaeration the temperature of the catholyte was 
brought to 40 or 50” with the immersion heater and held at 
the required temperature during the titrations, by adjust- 
ment of the applied voltage. Blanks were run as before,* 
after which about 1 g of an approximately millimolar solu- 
tion of a nitro-compound in acetonitrile was injected into 
the cell with a hypodermic syringe. The amount of sample 
was determined by weighing the syringe before and after the 
injection. Chromium(I1) was then generated, the time and 
potential being recorded as for the blank. For some com- 
pounds second or third portions of sample solution could be 
injected and replicate titrations performed in the same 
catholyte; with others, the products of the first and sub- 
sequent titrations interfered with precise selection of the 
end-points. 

RESULTS AND DISCUSSION 

Results comparing the reduction of a series of 
nitro-compounds at 25, 40, and 50” are summarized 
in Table 1. It can be seen that several of the com- 
pounds are determinable with better accuracy at 
higher temperatures; these include 2-nitrophenetole, 
2,4_dinitrophenetole and S-nitro-1-naphthylamine. 
For others the precision of the results was improved, 
and the time of reaction was generally shorter than 
that at 25”. On the other hand, for some compounds, 
such as 1,8_dinitronaphthalene, the reaction time was 
longer and the end-point poorer at SO”, even though 
the number of electrons taken up per molecule was 
raised from 10 to 12. For this compound, titration at 
25 or 40” is clearly more satisfactory than at 50”. 
Similar behaviour was observed for 4-nitroethyl- 
benzene, not included in the table, where at 50” the 
number of electrons, 5, and the time of titration were 
the same as at 25”, but the end-point was less 
sharp. Another compound, showing quantitative 
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1 l-electron reduction at 25” with a sharp end-point, 
2,ddinitrothymol, was not affected in terms of pre- 
cision, accuracy or stoichiometry by increasing the 
temperature from 25 to 50”. 

The reduction of 2-nitrocinnamic acid proceeded 
non-quantitatively at all temperatures studied. The 
reaction stoichiometry falls somewhere between 3 
and 4 electrons at 25” and between 4 and 5 at 50”. 
Although information on the reactivity at higher 
temperatures would be valuable, the cell could not 
be operated at above 50” because of leakage of the 
agar bridge between the anode and cathode com- 
partments. For 2nitrophenol the low results for 
5-electron stoichiometry when ethanol is present 
suggest reaction of ethanol with an intermediate in 
the reduction, leading to incomplete reduction of the 
nitrophenol to the hydrazo product. 

Differences in the temperature of the catholyte 
solution may explain discrepancies in previously re- 
ported results for the reduction of nitro-compounds 
by chromium(I1). Thus, 2-nitrobenzoic acid and 
4-nitrobenzoic acid have been reported to undergo 
6-electron’ and 4-electron2 reductions, as has 3-nitro- 
phenol.2ss Further measurements on these and related 
compounds as a kunction of temperature, along 

with isolation and characterization of the reaction 
products, could clarify the differences. 

In summary, the analytical usefulness of electro- 
generated chromium(I1) as a reagent for titration of 
aromatic nitro-compounds can be extended by per- 
forming the reduction at an elevated temperature. 
Advantages include more rapid achievement of equi- 
librium and often improved precision and accuracy. 
For several compounds the stoichiometry of the 
reaction changes with temperature. 
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Summary-Chloroform extraction of trace metals (Ni, Cu, MO, Mn, Cd and Pb) in estuarine sea-water 
was studied at pH 8 and pH 3, on the basis that the metals would be associated with dissolved organic 
matter (DOM), which has recently been characterized by reversed-phase liquid chromatography. Ni, Cu, 
MO and Mn were extracted more at pH 8 than at pH 3. Cd and Pb were not associated with the DOM 
at either pH 8 or 3. The percentage of the total dissolved trace metals in sea-water associated with DOM 
varied from 0 to 14%. The metals extracted into chloroform at pH 8 were assumed to be associated with 
neutral or weakly basic DOM while at pH 3 they could be associated with either the neutral (or weakly 
basic) DOM or two types of acidic DOM. 

Many trace metals in sea-water are partially associ- 
ated with dissolved organic matter (DOM) and the 
nature of the organic compounds involved is of 
interest in geochemical, biochemical and environ- 
mental studies. Some workers’-’ have employed 
reversed-phase liquid chromatography (RPLC) with 
octadecylsilane for the isolation and characterization 
of organic complexes of metals in sea-water. Slowey 
et al.” have studied such complexes in sea-water by 
solvent extraction. They reportedq6*8 that 6-70% of 
the total copper in solution is organically associated 
Cu. Piotrowicz et a1.,9 using anodic-stripping voltam- 
metry, found that more than 95% of the dissolved 
copper in surface sea-water is complexed by organic 
ligands. A large fraction of the organically complexed 
copper is not isolated by C18-SEP-PAK.” Similarly, 
organic solvents such as chloroform extract only a 
fraction of the DOM in sea-water. 

We have recently investigated the RPLC of DOM 
extracted into chloroform from estuarine sea-water, 
using both absorption and fluorescence detectors.” In 
our work three kinds of DOM were recognized, one 
a neutral or weakly basic material that fluoresces and 
the other two acidic and not fluorescent. It is likely 
that the three types also differ in their interactions 
with metal ions. The results for the-determination of 
trace metals associated with the chloroform- 
extractable DOM in estuarine sea-water is reported in 
this paper. 

EXPERIMENTAL 

Reagents 
Chloroform of ultrafine grade (Nakarai Co. Ltd.) was 

used. The stock metal ion solutions, except for MO, were 

made from Johnson-Matthey guaranteed materials by dis- 
solving the metals in nitric acid and were standardized by 
EDTA titration. For MO, aqueous ammonium molybdate 
solution was prepared. The working standard solutions were 
prepared by diluting the stock solutions with 2M nitric acid. 
The water used was distilled, demineralized and further 
purified by the sub-boiling technique. 

Sample sea-waler 
The surface sea-water sample was the same as that 

reported in our previous paper,” and was collected on 
11 June 1983 from Hiroshima Bay (34”21.1’N, 132”242’E) 
in the Seto Inland Sea by using a specially designed S-litre 
surface-water sampler made of polyethylene and cleaned 
with nitric acid. The surface sea-water was sampled from the 
bow with the ship moving dead slow ahead to prevent 
contamination from the ship itself. The sampling station 
was just beyond a river mouth and the sea-water at the 
station was rich in both metals and DOM. The salinity of 
the sample sea-water was 29.1%. The sample water was 
filtered through a nitric acid-cleaned 0.4~pm Nuclepore 
filter, in a Class 100 clean-room, with use of a nitrogen- 
nressurized Teflon in-line filtration apparatus. The filtration . 
was done within several hours of sampling. The sample was 
stored in a nitric acid-cleaned polyethylene bottle. 

Apparatus 
Atomic-absorption measurements were made with a 

Perkin-Elmer Model 500 instrument, HGA 5000 graphite 
furnace and AS 40 auto-sampler. 

Procedure 
The sea-water sample was used for the extraction of 

DOM after the filtration. Every step other than evaporation 
was performed in the clean room. The sample was divided 
into eight I-litre aliquots, and each aliquot was extracted 
with 20 ml of chloroform in a Teflon separating funnel. 
Four aliquots were extracted at natural pH (8) and the other 
four at pH 3 (obtained by addition of distilled nitric acid). 
The four extracts (at each pH) were combined in a quartz 
dish and gently evaporated to dryness on a hot-plate inside 
a box flushed with nitrogen. Each residue was treated with 
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Table 1. Metal concentrations in sea-water 

Total Extracted by CHCl, Extracted by CHCl, 
dissolved at pH8 at pH 3, 

metal concentration, 
Element nmolelkg nmolelkg %* nmole /kg %* 

Ni 12.0 1.64 14.0 0.07 0.6 
CU 9.1 0.71 7.8 0.60 6.6 
MO 96 0.89 0.9 0.81 0.8 
Mn 70 0.25 0.4 0.04 0.06 
Cd 0.42 N.D.t 0.0 N.D. 0.0 
Pb 0.18 N.D. 0.0 N.D. 0.0 

*Percentage of total dissolved metal. 
tN.D. = Not detected ( < 0.01 nmole/kg). 

about 10 ml of 2M nitric acid, followed by evaporation to 
dryness and heating at 140”. The final residues were each 
dissolved in 10 ml of 2M nitric acid and stored in Teflon 
bottles cleaned with hot nitric acid, prior to determination 
of the metal concentrations by graphite-furnace atomic- 
absorption spectrometry (GFAAS). 

For determination of total dissolved metals in the sample, 
the following procedure was applied in the clean room. To 
1 litre of the filtered sea-water, 5 ml of concentrated nitric 
acid were added. A few months later, the acidified sample 
was adjusted to pH 5.3-5.5 with aqueous ammonia and 
acetic acid and passed through a Chelex 100 column. To 
elute the major elements, the column was washed with 200 
ml of 1M ammonium acetate solution @H 5.5), followed by 
50 ml of water. The trace metals sorbed on the column were 
eluted with 2M nitric acid. The eluate was evaporated to 
dryness and then heated at 140” inside a box flushed with 
nitrogen, the residue finally being dissolved in 10 ml of 2M 
nitric acid. This solution was analysed by GFAAS. 

RESULTS AND DISCUSSION 

The concentrations found for the trace metals 
(total in solution, and extracted by chloroform at pH 
8 and 3) are shown in Table 1. In the previous study,” 
it was found that chloroform extracted a neutral or 
weakly basic DOM from the sea-water at pH 8, and 
two types of acidic DOM in addition to the neutral 
or weakly basic DOM at pH 3. Although the neutral 
DOM fluoresced (excitation and emission wave- 
lengths were 320 and 420 nm, respectively), the acidic 
types of DOM did not. 

The trace metals extracted by chloroform at pH 8 
are considered to be associated with the neutral or 
weakly basic DOM (peaks 1-X and 2-X in Figs. 1 and 
2 of the previous paper”). 

Nickel and copper were obviously associated with 
the neutral or weakly basic DOM, the fractions being 
14 and 8% of the total dissolved nickel and copper, 
respectively. Kremling et al.'* reported that in Baltic 
waters about 5% of the total copper was organically 
associated. The fraction of organically associated 
copper in sea-waters off Port Hacking in Australia 
has also been reported as about 5%.5 Negishi and 
Matsunaga” showed that the ratios of organically- 
bound to total copper ranged from 10 to 70% in lake 
and river water at Hokkaido in Japan. Mills and 
Quinn6 reported that in the Narragansett Bay estuary 
the ratio of copper retained by SEP-PAK to total 

dissolved copper ranged from 14 to 70%. The corre- 
sponding ratio found for Hiroshima Bay water is 
rather low and is consistent with the values found by 
Kremling et ~1.'~ and Mackey.5 Molybdenum and 
manganese were little associated with the neutral or 
weakly basic DOM. 
NO detectable levels of cadmium and lead were 

found to be associated with the neutral or weakly 
basic DOM. MackeyS reported that cadmium was not 
detected (by atomic fluorescence) in chromatography 
of material extracted from sea-water by a SEP-PAK 
cartridge. 

The metals extracted with chloroform at pH 3 are 
associated with both the neutral or weakly basic 
DOM and the acidic types of DOM. Since cadmium 
and lead were still not detected in the pH-3 extract, 
they may not be associated with any type of DOM. 
For the other four metals examined, the concen- 
trations extracted at pH 3 are lower than those at pH 
8. Mills et ~1.~ studied the effect of pH on retention 
of organic copper complexes in sea-water. Their 
results showed that there was a reduction in the 
relative amount of organic copper as the pH of the 
sea-water was decreased, and our result is similar. 
This effect is attributed to protonation of the func- 
tional groups on the DOM when the pH is decreased. 

The decrease in the concentration of nickel and 
manganese extracted when the pH is decreased from 
8 to 3 indicates that most of these two metals was 
associated with the neutral or weakly basic DOM. 

Sequential extraction of DOM from sea-water at 
pH 8 and 3 will be interesting for further investigation 
of the metals associated with DOM. 
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Summary-The action of molten alkali-metal hydroxides for the destruction of organic matter containing 
sulphur has heen studied. Various procedures were developed which differed mainly in the initial phase 
of the process, mainly with respect to homogenization of the reaction mixture, but also with regard to 
addition of an auxiliary oxidant. The technique is not universally applicable to snlphur compounds, but 
is useful for decomposition of sulphur compounds with m.p. > 150” and containing sulphonate, 
thiocarbonyl, phenazothionium and thio groups. The sulphur is converted into sulphate, which is then 
determined as barium sulphate. 

Determination of sulphur in organic compounds 
normally requires complete destruction of the organic 
matrix. Numerous methods for this purpose have 
been described. They include wet oxidation with 
chlotic acid’ or mixtures of nitric and perchloric 
acids,” but the risk of explosion inherent in the use 
of these acids must be borne in mind. Wet oxidation 
with potassium permanganate and peroxophosphoric 
acid’ or with sodium peroxychromate6 has been 
proposed but the sulphones are resistant to these 
methods. The combustion procedures need special 
conditions for the oxidation and collection of the 
products.7-9 The Schijniger flask method” with slight 
modifications is often used” even though the accu- 
racy and precision depend on the nature of the 
sulphur bond’* and are unsatisfactory for many or- 
ganometallic compounds. i3 The mineralization meth- 
ods use various pyrolysis conditions,‘4*15 and gener- 
ally employ catalysts. Hydrogenation procedures 
have also been developed,‘6,‘7 but require complicated 
apparatus. The fusion methods are simpler and often 

more satisfactory, and can be based on reduction 
with alkali metals’8~‘9 or aluminium dusL2’ or ox- 
idation, as described by Bowen,2’ who used fusion 
with an equimolar mixture of sodium and potassium 
nitrates at 390”. However, in the Bowen method some 
sulphur may be lost by volatilization, and pyrophoric 
mixtures can be formed, with danger of explosion. 

Fusion with sodium hydroxide has been used as a 
decomposition method in determination of germa- 
nium,22 fluorine,23 and arsenic, antimony and phos- 
phorus.24-25 

Here we report on alkaline fusion as a means of 
decomposing organic sulphur compounds for gravi- 
metric determination of that element, as barium 
sulphate by the Winkler method.26 As a reference 
method we used mineralization of the sample with a 

mixture of nitric and perchloric acids2 and gravimet- 
ric determination of barium sulphate by the Hintz 
and Weber method.27 

EXPERIMENTAL 

Fusion procedures 

In a SO-ml silver or nickel crucible melt 24 g (depending 
on the sample size) of sodium or potassium hydroxide or a 
eutectic mixture of the two (41:59 w/w). Swirl the crucible 
so that its bottom and walls are coated with the melt, and 
let it cool to room temperature. Add a known weight of 
sample containing about 27 mg of sulphur. Then proceed by 
one of the following methods. 

Methods D and Dox. Warm the crucible gently to melt the 
alkali, with swirling to mix the melt with the sample. 
Continue heating until a homogeneous mixture and semi- 
liquid melt of alkali and organic matter is obtained. 

Methods W and Wax. Introduce 0.51 ml of water 
(according to sample size). Wet and mix the sample and the 
alkali by swirling and gentle heating with a small flame. 
Continue until a homogeneous mixture is obtained. Evapo- 
rate the water by gentle heating and controlled swirling. An 
alternative to this treatment is to mix the sample with the 
alkali dissolved in enough water to give a 6&70% solution, 
and evaporate the water. 

Final fusion. Whichever initial treatment was used, con- 
tinue the heating, with continuous swirling of the melt. For 
methods Dox and Wox add cautiously, and with quick 
swirling, small portions of sodium peroxide or sodium 
nitrate. If necessary, the auxiliary oxidant can be added at 
the start of the decomposition procedure. Avoid ignition or 
deflagration of the organic matter, by controlling the heat- 
ing. If a charred residue is obtained, heat strongly, with 
swirling, and add oxidant. Continue until a transparent melt 
is obtained. Let the crucible and contents cool. 

An alternative is to use a muffle furnace for the heating, 
the temperature being raised from 350 to 600” over a period 
of about 30min, but the crucible has to be taken out 
frequently for swirling and inspection. 

Dissolve the cooled fusion cake with hot water (up to 
50 ml). Transfer the solution to a 2504 beaker and add 6M 
hydrochloric acid dropwise with constant stirring to allow 
the liberated gases to escape. Filter if necessary. Dilute to 
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about 100ml and neutralize with 1M hydrochloric acid 
(Methyl Red indicator) and add 1 ml of acid in excess. Heat 
to boiling, and to the boiling solution add 10 ml of 5% 
barium chloride solution slowly and with stirring, then boil 
for 2-3 min. Keep the beaker covered with a watch-glass 
and let it cool and stand overnight. Filter off the precipitate 
on a Whatman No. 42 filter paper, and wash it with water 
until the washings give no reaction for chloride. Ignite the 
precipitate with precautions to prevent reduction to barium 
sulphide,** and for highest accuracy treat the ignition pre 
duct with ethanol and sulphuric acid and ignite again to 
constant weight.2g 

Aciddigestion. Place a known amount of sample (contain- 
ing around 50 mg of sulphur) in a lOO-ml Kjeldahl flask, add 
l&l5 ml of 1: 1 v/v mixture of nitric acid and perchloric acid 
and stir until the mixture is homogeneous. Heat carefully 
over several hours until all nitrogen oxides have been 
expelled, white fumes appear, and the solution is trans- 
parent and colourless. Increase the amount of acid mixture 
and the time or intensity of heating if necessary. Cool, add 
10 ml of 6M hydrochloric acid and evaporate almost to 
dryness. Repeat this treatment with 5-ml portions of con- 
centrated hydrochloric acid (3 or 4 times) until no dense 
fumes are formed at the end of the evaporation. 

Finally precipitate barium sulphate by the procedure 
described by Hintz and Weber.27 

RESULTS AND DlSCUSSION 

Sulphur mineralization 

The mineralization of sulphur in organic com- 
pounds by fusion with alkali can be achieved by 
various procedures, with (method W) or without 
(method D) addition of water, and with use of 
auxiliary oxidants (methods Wox and Dox). The 
presence of water makes it easier to homogenize the 
alkali--organic matter mixture, and addition of an 
auxiliary oxidant aids the oxidation of the organic 
matter. Both additions help in decomposition of 
substances with low melting point, high volatility, or 
susceptibility to pyrolysis to yield volatile products 
which can escape before being attacked by the molten 
alkali. The proposed method gives quick destruction 
of the organic matter of the compounds that have 

been studied, and easy complete mineralization of the 
sulphur content. 

The compounds tested have various types of sul- 
phur bond (sulpho, thio and epithio groups) and 
different molecular structures. It has been found that 
sulphanilic acid responds satisfactorily to all four 
procedures (D, W, Dox, Wox), whereas thiourea 
requires use of an auxiliary oxidant from the start of 
the treatment (methods Dox, Wox). Dithizone can be 
destroyed by all four methods (D, Dox, W, Wox), but 
the “dry” methods (D and Dox) produce uncon- 
trolled volatilization during the first phase of the 
fusion, possibly by pyrolytic decomposition at tem- 
peratures lower than that needed for alkaline attack. 
Methylene Blue is also completely destroyed by all 
four procedures. 

The time required to complete the decomposition 
depends on the method of heating. With a Bunsen 
burner, the time required is 10-l 5 min (depending on 
the sample and the method used). With a muffle 
furnace the time required is 30-60 min. It is advisable 
to keep the heating time as short as possible. 

The amount of alkali needed for efficient decom- 
position is 10-15 times the sample weight. The total 
amount of auxiliary oxidant should not exceed 
0.15 g. The final melt contains the mineralized sul- 
phur in the form of sulphate. The fusion cake is easily 
soluble, and the solution, after neutralization, is 
suitable for direct sulphate determination, irre- 
spective of whether a silver or a nickel crucible was 
used. Silver crucibles are recommended, however, as 
they are more resistant to alkali, and give less metal 
contamination of the solution. The efficiency of sul- 
phur mineralization by fusion with alkali has been 
established by comparison of the results with the 
theoretical values and those found by the reference 
method, as shown in Table 1. 

CONCLUSIONS 

Certain organic sulphur compounds can readily be 

Table 1. Determination of sulphur (%) in four organic compounds 

Sulphanilic acid Thiom-ea Dithizone Methylene Blue 
Method of (18.47% S) (42.04% S) (12.48% S) (10.00% S) 

destruction of 
Series organic matter R s f s Z? s X s 

I 
II 

III 

D 
Dox 
(sodium nitrate) 
Dox 

18.42* 0.09 - - 7.817 1.29 9.01* 0.09 
18.4lt 0.13 41.97* 0.11 9.507 1.07 9.Oot 0.09 

18.42t 0.14 41.91* 0.10 9.6Ot 0.98 8.99t 0.08 
(sodium peroxide) 

IV w 18.42* 0.09 12.12. 0.09 8.97. 0.08 
V wox 18.45t 0.09 41;5* 0x0 12.10* 0.08 9.OOt 0.09 

(sodium nitrate) 
VI wox 18.44t 0.12 41.798 0.10 12.112 0.09 9.02t 0.09 

(sodium peroxide) 
VII Reference acid 18.40* 0.09 41.83* 0.10 12.07* 0.08 8.94’ 0.10 

digestion 

*Ten replicates. 
tFive replicates. 
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mineralized by fusion with alkali, without explosion 11. M. Q. Al-Abachi, F. H. Al-Dabbagh and S. T. 
hazard. In some cases an auxiliary oxidant may be Sulaiman, Tuluntu, 1980, 27, 1077. 

needed, and the presence of water in the initial stage 12. H. Malissa and L. Machherdl, Mikrochim. Acta, 1962, 

may also be beneficial. The method has been tested 
1089. 

only with large samples (SO-250 mg), however, and is 
13. A. D. Campbell, M. J. Brown and D. J. Hannah, Anal. 

Chim. Acta, 1975, 78, 234. 
not necessarily applicable on the micro scale. It may 14. L. M&or, Acta Chim. Acad. Sci. Hung., 1977, 92, 105; 

also not be applicable to sulphur compounds in Chem. Abstr., 1977, 87, 95064g. 

general, and should be tested before use for routine 15. M. C. Van Grondelle, P. J. Zcen and R. Van de Craats, 

analysis of a particular compound. 
Anal. Chim. Acta, 1978, 180, 439. 

16. J. W. Fraser and R. K. Stump, Mikrochim. Acra, 1968, 
1326. 
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Summar-A method for the determination of the optical purity of partially racemized samples of 
L-aspartic acid, based on the measurement of the pitch and handedness of cholesteric mesophases induced 
in MBBA @-methoxybenzylidene-p’-n-butylaniline), is described. The minimum quantity of aspartic acid 
required varies with the optical purity of the sample (from 50 pg for an enantiomeric purity of l&20% 
down to 5 pg for purities around 90%). 

The measurement of the twisting power (B) of an 
optically active substance in a nematic liquid crystal 
is an alternative to the classical measurement of 
optical rotatory power as a way of characterizing the 
chirality.‘** 

One advantage of this technique is the small quan- 
tity of substance needed for measurements. Applica- 

tions of the method to the determination of sub- 
stances of biological interest in chromatographic 
fractions have already been described.‘s4 One of the 
methods commonly employed for dating samples of 
archaeological and biological interest, “amino-acid 
dating,“5 consists in measuring the racemization per- 
centage of the natural L-aspartic acid by means of an 
amino-acid analyser. 

The liquid-crystal technique’” could also be used to 
solve such analytical problems without recourse to 
highly sophisticated pieces of apparatus. 

In the present note, the method is applied to the 
determination of the optical purity of partially race- 
mized samples of L-aspartic acid. 

EXPERIMENTAL 

(With the assistance of Dr. Roman0 Prati, 
Institute of Organic Chemistry, University of Bologna) 
Since aspartic acid is not soluble in the nematic solvents 

investigated, the dimethyl ester of its benzoylamide 
(DMEBA) was utilized instead, since it is fairly soluble in 
those liquid crystals. This derivative was synthesized from 
samples of cu. 10 mg of aspartic acid. A similar quantity is 
usually employed for the formation of the diastereoisomeric 
L-leucyl-L-aspartic and L-leucyl-o-aspartic acids which are 
traditionally utilized in the type of analysis involving the 
amino-acid analyser. The dimethyl ester6 was obtained 
directly from the N-benzoyl derivative’ without isolation 
and purification of the amide. 

*Present address: Istituto di Chimica Farmaceutica e Toss- 
icologica, Universita di Bologna, via Belmeloro 6,40126 
Bologna, Italy. 

The method of preparation is as follows. To 10.25 mg 
(7.7 x lo-’ mole) of L-aspartic acid are added 0.05 ml of 
2M sodium hydroxide. The mixture is cooled in an ice-bath. 
and 11.55 mg (8.47 x 10ms mole) of benzoyl chloride and 
0.05 ml of 2M sodium hydroxide are added with stirring. 
The solution is kept alkaline by adding more sodium 
hydroxide if necessary. The reaction mixture is stirred for 
15 min at room temperature and then cooled in an ice-bath 
and acidified (Congo Red indicator) by adding concentrated 
hydrochloric acid dropwise. The precipitate is washed two 
or three times with cold water and air-dried for at least a 
day. The product is dissolved in 2 ml of anhydrous tetra- 
hydrofuran in an ice-bath, then an ethereal solution of 
diazomethane is added dropwise until its yellow colour 
persists (the excess of diazomethane is destroyed by the 
addition of 1 or 2 drops of glacial acetic acid). The reaction 
mixture is then left in an ice-bath for 2 hr and finally 
evaporated to dryness. 

The product is purified by TLC on silica gel with anhy- 
drous petroleum ether-ethyl acetate mixture (70:30 v/v). 
The purity is checked by infrared and NMR spectroscopy. 

The conversion of L-aspartic acid into the N-benzoyl- 
aspartic diester does not give rise to appreciable race- 
mization. Measurement of the rotatory power before the 
conversion, and after acid hydrolysis of the product gives 
practically identical values: -[a]g = +25.0” (c = 1.97% in 
6M hydrochloric acid).s The dimethvl ester of the benz- 
oylamide of o,L-aspartic acid was prepared in the same way. 

Pitch values were determined by means of the 
Grandjean-Cano method based on the observation of dis- 
continuity lines appearing whenever a cholesteric mesophase 
is inverted in a cell of variable width.%” A drop of the 
cholesteric solution (cu. 2.5 mg) was placed between a glass 
plate and a plano-convex lens. The substance was then 
observed under polarized light in the microscope. Concen- 
tric circles corresponding to the Grandjean-Cano discon- 
tinuity lines and coloured streamers corresponding to the 
variation of rotatory power with width were observed.” 

The pitch value is given by the relation” 

4 x=(n--f)lpI (n=1,2,3...) 

where R is the radius of curvature of the lens, r, the radius 
of the discontinuity circle, and p the pitch (pm). Measure- 
ments were taken with a Zeiss polarized-light microscope 
and plano-convex lenses of radii from 20 to 40 mm, at a 
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/.q DMEBA/Smg solvent 

Fig. 1. l/p @m-t) us. DMEBA concentration in MBBA (a); Phase IV (0); Nematic Phase 1052 (A). 

temperature in the range l&20”. The twisting power (/3, 
urn-‘) of the chiral substance was obtained from the 
relation’** 

Bh4 = l/per 

where c is the mole fraction and r the enantiomeric purity 
([L] - [D])/([L] + [D]) of the chiral substance. The nematic 
solvents were MBBA (p-methoxybenzylidene-g’-n-butyl- 
aniline), Phase IV (a mixture of azoxy compounds) and 
Nematic Phase 1052 (binary eutectic of aromatic esters). 

L-Aspartic acid and o,r.-aspartic acid were supplied by 
Fluka, MBBA by &de1 de Haen, and Phase IV and 
Nematic Phase 1652 by Merck. 

The hiahest value of B was obtained bv use of MBBA. 
Calibrati&r curves of me&ured pitch values as a function of 
the quantity of optically pure DMEBA were drawn. For 
MBBA the curve of l/p vs. the enantiomeric purity of 
mixtures of known composition was also drawn. 

The total quantity of aspartic esters can be determined 
with good sensitivity by means of the ultraviolet spectrum 
(,I_ 225 nm, t = 1.08 x 1041.mole-‘.crr-‘, ethanol solu- 
tion). 

The solutions used for calibration were obtained from a 
standard solution of DMEBA in chloroform. Before addi- 
tion of the liquid crystal, the sample had to be completely 
freed from chloroform. After addition of the nematic sol- 
vent, the solution was mechanically stirred and heated until 
clear, to allow homogeneous mixing of the solute in the 
solvent. 

The cholesteric handedness was determined from the sign 
of the rotatory power.’ 

RESULTS AND DISCUSSION 

The twisting power B is positive in all three nematic 
solvents employed and the average value of j3 in 
MBBA is + 3.26 & 0.2 pm-‘. 

In Fig. 1, l/p is plotted as a function of the 
concentration of chiral substance, expressed as pg of 
DMEBA/S mg of solvent (5 mg of cholesteric meso- 
phase is more than sufficient for two measurements). 

The calibration graph is linear in MBBA over a 
concentration interval ranging from 9 to 100 pg/5 mg 
of solvent. The lower limit reuresents the lowest 

Enontiic purity t%) 

Fig. 2. l/p @m-r) rs. enantiomeric purity, ([L] - [D])/ 

concentration value for which a reproducible value of 
([L]+[D]/: iopg OfDMEBA/s mg OfMBBA(A);25pg Of 

DMEBA/S mg of MBBA (0); 40 pg of DMEBA/S mg of 
the pitch can be obtained. MBBA (0). 

Figure 2 shows the variation of l/p with en- 
antiomeric purity, for concentrations from 10 to 
40 pg of DMEBA/S mg of MBBA. 

The value of /I was found to be practically constant 
and independent of the enantiomeric purity for con- 
centrations of DMEBA ranging from 10 to 40 pg/ 
5 mg of MBBA. 

The minimum quantity of aspartic ester required 
varies with optical purity, from a lowest value of 5 pg 
to a highest value of 50 pg for an enantiomeric purity 
around lO-20% (this is the limit of the method5 
because of racemization during hydrolysis of archae- 
ological samples). 

The determination of the optical purity in partially 
racemized samples of L-aspartic acid by means of the 
liquid crystal method is thus relatively simple and 
reproducible and does not require sophisticated ap- 
paratus. 

The sensitivity is comparable to that afforded by 
traditional techniques (such as the use of automatic 
amino-acid analysers).14 
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Summary-The citrate complexes of Zn*+ and Cd2+ have been investigated by pH titration at I = 0. IM 
(KNO,) and 10, 25, 35 and 45”. The species found were [Zn(cit)]-, [Zn(cit)H], [Zn(cit),14- and 
[Zn,(cit),H_J4-, [Cd(cit)]-, [Cd(cit)H], [Cd(cit),14- and [Cd(cit)H_,]*-. From the dependence of the 
formation constants on temperature, AH” and AS” values were calculated. Speciation in the Zn*+- and 
Cd2+-citrate systems is discussed with particular attention to formation of polynuclear species. Some 
comparisons with literature data are made. 

Metal(I1) citrate complexes are of great interest as 
models for elucidating the complexation behaviour of 
natural O-donor ligands (such as humic acids), in the 
study of polynuclear complex formation, the study of 
mixed-metal complex-formation and in study of 
speciation in natural fluids. Although the formation 
of these complexes has been extensively studied,’ 
some problems remain unsolved. In particular, the 
number and type of species reported by various 
authors are often in complete disagreement, the 
studies have been made at a single temperature, and 
no calorimetric investigations have been reported, so 
AH” and AS” for the various species formed are not 
known, and insufficiently rigorous calculation meth- 
ods have often been used. 

Since we and others are interested in complex 
formation by citrate”” (binary, mixed-ligand and 
mixed-metal complexes), it seemed important to start 
a systematic study on the thermodynamic properties 
of citrate complexes by using the temperature- 
dependence of their formation constants and/or by 
calorimetric measurements. These studies must be 
accompanied, of course, by rigorous experimental, 
calculation and statistical methods. 

Here, we report a potentiometric study of the 
Zn2+- and Cd’+-citrate complexes in aqueous solu- 
tion, with use of the glass pH electrode, at Z = O.lM 
(KN03) and temperatures of 10, 25, 35 and 45”. 

Materials 

EXPERIMENTAL 

The solutions of Zn(I1) and Cd(I1) nitrates were prepared 
from analytical reagents (Flukaj and standardized- with 
EDTA.i4 Citric acid (Erba). reaaent arade. was used without 
further purification; its purity, cy al~alimetric titration, was 
>99.7%. Potassium nitrate (Fluka) was recrystallized from 
ethanol. Potassium hydroxide and nitric acid solutions were 
prepared from Erba ampoules of concentrates and stan- 

dardized against potassium hydrogen phthalate and sodium 
carbonate, respectively. All solutions were prepared with 
doubly distilled water, in grade A glassware. 

Apparatus 
Potentiometric readings were made of the free hydrogen- 

ion concentration (cu) by using, randomly, either a 
Metrohm E 600 potentiometer or a semi-automatic home- 
made potentiometer (Analog Devices millivoltmeter, Printel 
printer and Mostek logic circuits). The two potentiometric 
systems were connected to Metrohm glass and saturated 
calomel electrodes. The reproducibility of pH measurement 
was kO.005. The titrant was delivered by an Amel 882 
dispenser, readable to 1~1. The measurement-cell (50ml) 
was kept at a temperature constant within kO.2” and a 
magnetic stirrer was used. Purified nitrogen was bubbled 
through the solutions during titrations. 

Procedure 
The test solution (25 ml) was titrated with 0. IM CO,-free 

potassium hydroxide. The electrodes were calibrated, in 
both the acidic and alkaline regions, by titrating O.OlM 
nitric acid with standard potassium hydroxide under the 
same experimental conditions. The solutions titrated were 
as follows: C,, = 3-10 x lo-‘M; C,,, = 2-5 x lo-‘M; 
Cx = 75-95 x 10-3M; 1.2 < C,,/C,,z, 5 3.3; pH (max) = 
8.3-8.8. For each system at each temperature six titrations 
(-35 data points) were done. 

Calculations 
For the calculations, the non-linear least-squares com- 

puter programs ACBA’r and/or ESAB”’ were used to refine 
the protonation constants and the ion-product of water, and 
MINIOUAD 76A” and SUPEROUAD’* for the refinement 
of formation constants. Formation constants are expressed 
as SW, according to the equation 

pM*+ + qcit3- + rH++[M,(cit),H,](*+r-3q) (1) 

where cit3- is the citrate anion. 
Negative values of r (for example in the [Zn,(cit)2H_2]4- 

species, see Results,and Discussion) indicate both the co- 
ordination of an OH- group and/or the displacement of the 
proton of the OH-group of citrate. Since in this work we do 
not discuss the structure of the complexes, the general 
notation above (that used in the computer programs) is 
adopted. 
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RESULTS AND DISCUSSION 

Protonation constants and reference state 

The protonation constants of citrate are reported 
in Table 1, together with the AH” and AS” values. 
The agreement with previous findings9s1’ is satis- 
factory. It is known that citrate forms weak com- 
plexes with alkali-metal ions, so there are two poss- 
ible methods for investigation of protonation and 
metal complexes: (i) to use conditional thermo- 
dynamic parameters without making allowance for 
alkali-metal complexes (i.e., in our case, to choose as 
reference state a 0.1 M solution of potassium nitrate); 
(ii) to take into account in the calculation the for- 
mation of the weak alkali-metal complexes (i.e., to 
choose pure water as reference state). In this work we 
used the first method. However, it is possible to 
convert the protonation and metal complex- 
formation constants as reported previously.” More- 
over, constants at different ionic strengths can be 
obtained from a general equation for the dependence 
of formation constants on ionic strength.“si9 

Table 1. Thermodynamic parameters for the protonation of 
citrate at I = O.lM (KNO,)* 

T, “C [(cit)H]*- [(cit)H*]- R-NU 
10 log B 5.73 (3)T 10.17 (4)T 13.15 (4)T 
25 loI3 B 5.69 (2) 10.03 (2) 12.95 (3) 

-AG” 32.5 (1) 57.3 (2) 73.9 (2) 
AH” 3 (1) -2(l) -6(2) 
AS” 118(4) 187 (4) 226 (6) 

35 log B 5.73 (2) 10.08 (3) 12.97 (4) 
45 log B 5.83 (3) 10.23 (4) 13.12 (4) 

*AGo and AH” in kJ/mole; AS” in J.mole-’ .deg-‘. 
tThe figure in brackets is three times the standard deviation 

and refers to the last digit in the value preceding it. 

Zinc(ZZ)-citrate complexes 

The species we found are [Zn(cit)]-, [Zn(cit)H], 
[Zn(cit)J4- and [Zn,(cit),H_,]4-. These four species 
are sufficient, on a statistical basis17~1*~20*2’ to fit the 
experimental data. Many other species, [Zn(cit)H,]+, 
[Zn(cit),H]‘-, [Zn(cit),H,]*-, [Zn(cit)2H_,]5- and 
[Zn(cit)H_,]*- were considered in the calculations, 
but were rejected in the iterative procedure or gave a 
negligible improvement in the sum of squares of 
residuals; to check the significance of the various 
models, the Hamilton R-test and analysis of variance 
were used.“*21 Calculations with MINIQUAD 76A” 
and SUPERQUAD’* gave the same results. Table 2 
lists the formation constants obtained at different 
temperatures, together with the AH” and AS” values 
calculated from the temperature dependence of log 
/Iwr. Table 3 compares the literature data for this 
system. The agreement between the literature values 
and ours is fairly good for species formed in the 
acidic-neutral range, but for pH > 7-g there is 
significant disagreement. Some workers have found 
only the species [Zn(cit)H_,]*- in alkaline solu- 
tions.23,24 The reported values for the formation con- 
stants correspond to a degree of complexation of 
citrate similar to that calculated from the stability 
constants for binuclear species (this work and ref. 5). 
We tested models that included the mononuclear 
species [Zn(cit)H_,]2- in several calculations for all 
titration curves and temperatures, but this species 
was always rejected in favour of the binuclear one. 
Figure 1 shows the distribution of species in the 
Zn’+-citrate system. 

Cadmium (Zlj-citrate complexes 

The species we found are [Cd(cit)]-, [Cd(cit)H], 
[Cd(cit),14- and [Cd(cit)H_,]*-. Again, many 

Table 2. Thermodynamic parameters for the formation of Zn*+citrate complexes 
at 25” and I = O.lM (KNO,)* 

T, “C [Zn(cit)]- [Zn(cit)H] [Zn(cit)$ [Zn2(cit)2H_2]4- 

10 log /I 4.99 (3)f 8.73 (5)t 2;; I;;;’ -3.18 (13)t 
25 log /I 5.02 (3) 8.71 (4) -2.85 (8) 

-AGo 28.7 (2) 49.7 (3) 38.6 (7) - 16.3 (5) 
AH” 8 (2) l(3) 27 (8) 62 (5) 
AS” 123 (7) 170(11) 220 (30) 153 (18) 

35 log /I 5.03 (3) 8.64 (4) 7.13 (9) -2.44 (7) 
45 log /I 5.23 (3) 8.83 (5) 7.60 (10) -1.70(11) 

*AGo and AH” in kJ/mole; AS” in J .mole-’ .deg-‘. 
tThe figure in brackets is three times the standard deviation and refers to the 

corresponding final digit(s) in the value preceding it. 

Table 3. Literature data for the Zn(II)-citrate system 

log 1% log log log log 

J, M T, “G Bus B III 822-2 8,,-, Bl12 Blu, Method Ref. 
0.1 25 4.83 8.43 -2.94 PI-I 5 
0.15 25 4.85 8.58 PI-I 

0.04-0.4 25 -3.3 
var 23 -2.8 

g;_yaro. ; 

0.1 20 4.98 8.66 11.28 PI-I 25 
0.5 25 4.27 7.75 5.90 pH 26 
0.15 37 5.37 -0.2 PI-I 27 
0.12 25 4.87-4.93 @H = 3-5) PI-I 28 
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Table 4. Thermodynamic parameters for the formation of Cd*+-citrate complexes at 25” and 
I = O.lM (KN03’ 

T, “C [Cd(cit)]- [Cd(cit)H] [Cd(cit),]‘- [Cd(cit)H_ ,I* - [Cd,(cit),H_,]‘- 

10 logj5 3.78 (3) 8.02 (5) 5.79 (12) - 3.98 (7) 
3.17 (3) 8.02 (5) 5.81 (11) -4.19 (8) -5.86<10) 

25 log /!I 3.71 (3) 7.85 (5) 5.3 (2) -3.99 (6) 
3.71 (3) 7.86 (5) 5.4 (2) -4.23 (7) - 5.4;(8) 

-AG” 21.2 (2) 44.8 (3) 30 (1) -22.8 (4) 
21.2 (2) 44.9 (3) 31(l) - 24.1 (4) - 308(5) 

AH” 8 (2) 1 (3) 20 (10) 18 (4) 
8 (2) 2 (3) 1(15) 9 (5) 53(5) 

AS” 98 (7) 154(11) 168 (40) -16(14) - 
98 (7) 157(11) 107 (40) -51 (18) 74 (19) 

35 log/I 3.85 (4) 7.94 (6) 5.7 (2) -3.71 (6) 
3.82 (5) 7.94 (6) 5.67 (15) -4.21 (7) -5.1X(9) 

45 logj 4.03 (4) 8.19 (6) 5.97 (15) - 3.54 (6) 
4.03 (4) 8.20 (6) 6.09 (12) -3.83 (6) -4.71(10) 

*See footnotes to Table 2. The first row of values for each parameter is for model (A), the second 
for model (C); see text. 

models were tested, and in this case, there is some [Cd(cit),]‘- and [Cd2(cit),H_J4-; (C) [Cd(cit)]-, 
doubt about selection of the correct model. The [Cd(cit)H], DW-W,14-, [Cd(cit)H_ ,I’- and 
three models: (A) [Cd(cit)]-, [Cd(cit)H], [Cd(cit),]‘- [Cd,(cit),H_,]‘-, give a similar fit to the experimental 
and [Cd(cit)H_,]*-; (B) [Cd(cit)]-, [Cd(cit)H], data. Of (A) and (B), (A) gives the best fit and model 

Table 5. Literature data for the Cd(II)-citrate system 

I, M T,“C log&, log&,, log&-, logB,,, Method Ref. 

0.1 25 3.65 7.80 -3.81 PH 5 
0.15 25 3.98 7.90 22 
0.1 

pH 
20 3.75 7.88 11.00 pH 25 

0.040.4 25 4.20 -4.5 polarog. 23 

Fig. 1. Species distribution for Zn’+-citrate. A: C,, = 5 mM, C,, = 5 mM. B: C, = 5 mM, Cd, = 10 mM. 
Curve 1: [H(cit#-; curve 2: lJ-I&it)]-; curve 3: &(cit)]; curve 4: [Zn(cit)]-; curve 5: [Zn(cit)H]; curve 6: 
[Zn(cit)&; curve 7: [Zn,(cit),H_J’-; curve 8: free cit3-. The percentages are calculated with respect to 

Znz+. 
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6.6 
se4 pH 

Fig. 2. Species distribution for Cd*+citrate. A: C, = 5 mM, C,, = 5 mM. B: C, = 5 mM, C,, = 10 mM. 
Curve 1: [H(cit)]*-; curve 2: m2(cit)]- curve 3: &(cit)]; curve 4: [Cd(cit)]-; curve 5: [Cd(cit)H]; curve 6: 
[Cd(cit)$-; curve 7: [Cd(cit)H_,]*-; curve 8: [Cd2(cit)2H_2]4-; curve 9: free cit3-. Full lines: model (A), 

dashed lines: model (C) (see text). The percentages are calculated with respect to Cd*+. 

(C) gives only rather insignificant improvement, so 
we prefer the four-species model (A).* Table 4 lists 
the formation constants obtained at different tem- 
peratures, together with the AH” and AS” values 
calculated from the temperature-dependence of log 
&,. In the same table are reported, for comparison, 
the thermodynamic parameters calculated from 
model (C). 

Table 5 gives the literature data for this system. It 
appears that, for the Cd*+-citrate system, there is 
general agreement both on the species formed and on 
the values of the formation constants. Two other 
extensive studies on this system should be mentioned. 
Grenthe et al.” [25”, I = 2M (NaClO,), glass and 
cadmium amalgam electrodes] and Bottari” (same 
conditions as used by Grenthe et al.) found several 
minor species, but the experimental conditions were 
very different from ours. Figure 2 shows the distribu- 
tion of species for the Cd*+-citrate system. 

General comments on the Zn*+- and Cd*+-citrate 
systems 

Citrate is, among low molecular-weight ligands, 
quite a complicated reagent. The species formed 
depend strongly on the absolute concentrations of the 

*The ratios of the sum of squares of residuals (SUPER- 
QUAD, 25”) are: U(A)/U(B) = 0.95 and &4)/U(C) 
= 1.10. These differences are not statistically signifi- 
cantM and, therefore, it is best to choose the simpler 
four-species model with the smaller sum of squares, i.e., 
model (A ). 

TSimilar species were found for the Cu*+dtrate system.**” 

components and on the metal/ligand ratio. In the 
acidic-neutral pH range, the species [M(cit)]-, 
[M(cit)H] and [M(cit)J”- predominate. When 
C,/C, N 1 the species [M(cit)2]4- is negligible (see 
Figs. 1 and 2), and when C,/C, < 1 and CL > O.OliU 
@H < 4) the species [M(cit)H,]+ and [M(cit),H13- 
become significant. 25~2g*30 Binuclear species seem to be 
absent at acidic-neutral pH values. In alkali the 
species [M(cit)H_,]*- and/or [M2(cit),H_J4- are 
present, and the species [Cd,(cit)H_,] and 
[Cd,(cit),H_,]‘- have also been proposed.2gt In our 
opinion, all these species may form under particular 
conditions, and the main species (i.e., [M(cit)H_,]*- 
and/or [M2(cit)2H_2]4-) have, for the various 
transition-metal ions, differing tendencies to form 
mono- or binuclear complexes. 

No values for AH” and AS” for the metal 
complexes have been reported previously. The 
thermodynamic parameters for the protonation are in 
agreement with our previous findings.‘*” 
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Summary-ne stability constants and molar absorptivities of complexes of Cuz+ with N- 
methyldiethanolamine, 1,4-bis(2-hydroxypropyl)-2-methylpiperazine, and 2-amino-2-methyl-1-propanol 
have been determined from spectrophotometric data for very dilute aqueous solutions. 

Douheret’ used potentiometric and polarographic 
methods to determine equilibrium constants for 
complexes of Cu2+ with some N-substituted etha- 
nolamines. We have used spectrophotometric data to 
determine the stepwise stability constants and the 
molar absorptivities for the Cu2+ complexes of 
the ligands (L) N-methyldiethanolamine (I), 
1,4-bis(2-hydroxypropyl)-2-methylpiperazine (II) and 
2-amino-2-methyl-1-propanol (III). 

Apparatus 
EXPERIMENTAL 

A Cary Model 17 spectrophotometer was used to record 
precise absorbance measurements on solutions at 25”. 

Reagents 

The N-methyldiethanolamine was obtained from the 
Aldrich Chemical Company, 1,4-bis(2-hydroxypropyl)-2- 
methylpiperazine from Wyandotte Chemicals Corporation, 
and 2-amino-2-methyl-1-propanol from Pennsalt Chemicals 
Corporation. The copper solutions were prepared from 
G. Frederick Smith Chemical Company Cu(ClO,), .6HrG. 
The ligand and copper solutions were standardized by 
conventional methods. 

Procedure 
Portions of the ligand and copper solutions were mixed 

and diluted with water to repare a series of solutions 
that were 0.1-0.8 mM in 4 Cu + and O.l-2.0mM in ligand, 
and the absorption spectra were recorded as soon as possi- 
ble. No inert electrolyte was added, so the solutions had 
very low ionic strengths (0.3-2.4 mM). Approximately sixty 
solutions were prepared and many spectra were obtained. 

Calculations 
Stability constants and the molar absorptivities at eight 

wavelengths for the Cu*+ complexes were calculated with 
the computer program developed by Lingane and Hugus.’ 

RESULTS AND DISCUSSION 

The values for the stability constants are given in 
Table 1 and those for the molar absorptivities in 
Tables 2-4. The molar absorptivities of the pure 
metal ion and pure ligand solutions can be taken as 
zero for all the wavelengths chosen. 

Table 1. Values of stability constants for complexes of Cu2+ 
with the ligands 

I II III 

log K, 5.22 5.41 5.38 
log K2 2.97 4.70 3.56 

Table 2. Values of molar absorptivities (s, I.mole-‘.cm -I) 
for complexes of Cu2+ with N-methyldiethanolamine 

L, nm 250 260 270 280 290 300 310 320 

EC”L 1211 1038 829 629 439 298 207 151 
EC”Ll 5012 6104 6055 5188 4006 2804 1717 959 

Table 3. Values of a (I.mole -‘.cm -I) for complexes of Cu2+ 
with 1,4-bis(2-hydroxypropyl)-2-methylpiperazine 

1, nm 250 260 270 280 290 300 310 320 

ECUL 572 384 370 431 436 387 321 263 
ECuL* 2397 2033 1536 1061 719 514 386 298 

Table 4. Values of a (/.mole - ’ .cm -I) for complexes of Cu2+ 
with 2-amino-2-methyl-1-propanol 

1, nm 260 270 280 290 300 310 320 330 

scuL 842 612 434 307 273 264 248 216 
k”L, 3197 2485 1775 1198 773 479 301 197 

For complexes of Cu2+ with N-methyl- 
diethanolamine, Douheret’ reported log K, = 4.85, 
log K2 = 4.25, log K3 = 3.35, and log & = 2.0. We 
found no evidence for the complexes CuL:+ and 
CuLi+ and therefore have reported only the log Kl 
and log K2 values. The reactions proceed rapidly and 
with definite fixed reaction stoichiometry, and with 
the higher molar absorptivities permit the deter- 
mination of trace concentrations of copper. 
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THE EXTRACTION OF Zn(II), Cd(I1) AND 
Pb(I1) FROM HYDROCHLORIC ACID 

MEDIA BY AMBERLITE LA-2 HYDROCHLORIDE 
DISSOLVED IN 1,2-DICHLOROETHANE 
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Summary-The extraction of HCl by the secondary amine (B), known as Amberlite LA-2, dissolved in 
1,2_dichloroethane and the aggregation of BHCl have been studied by using a two-phase potentiometric 
titration technique. The experimental data, treated by a general minimizing program, indicate dimer- 
ization: 2 BHCl$(BHCl),. The equilibrium constant of this reaction was calculated. The extraction of 
ZnCl,, CdCl, and PbCl, from 0.2,0.5, 1.0 and 2.OM HCl, and 1M NaCl by Amberlite LA-2 hydrochloride 
(BHCl), dissolved in l,Zdichloroethane, has been studied. The complexes (BHCl),ZnCl,, (BHCl),CdCl, 
and (BHClI,PbCl, were found to exist. irresoective of the composition of the aqueous phase. The 
formation &stadt of the first was calc;lated.’ 

Extraction of metals by long-chain amines is greatly 
influenced by aggregation of amine molecules in the 

organic phase. Complexes of the type (R,NHX)” 
formed in solutions of salts of trialkylamines with 
mineral acid in solvents of low dielectric constant 
(benzene, heptane, hexane, o-xylene, toluene) have 
been found.‘-’ In chloroform, which has a higher 
dielectric constant, the aggregation effects were ob- 
served to be weaker; no aggregation,* appearance of 
only dimersg or of monomers and dimers 
simultaneously’O~” are all possible, depending on the 
nature of the amine. 

In the present study 1,2-dichloroethane (.s = 10.6) 
was the solvent, and the secondary amine Amberlite 
LA-2 was the extractant. The systems 

Ambezlite LA-2, 1,2-dichloroethane 1 HCl 
and 

(Amberlite LA-2). HCl, 1,2-dichloroethane 

were studied. 

(H, Na)Cl, MeCl, 

(Me = Zn, Cd, Pb) 

Reagents 
EXPERIMENTAL 

The commercial product known as Amberlite LA-2 
(Rohm & Haas) a secondary N-lauryl (trialkyl- 
methyl)amine, with m.w. 370 was used. 1,2-Dichloroethane 
(puriss.) was purified by fractional distillation. The other 
reagents were of analytical grade. All aqueous solutions 
were prepared with doubly distilled water. 

Solutions 
Four solutions of free amine, B, in 1,2-dichloroethane 

with concentrations 0.00837, 0.0218, 0.0440 and O.O874M, 
were used to extract the acid. The concentration, (c,),, was 
measured by acid-base titration. 

The solutions of the hydrochloride, BHCl, to be used for 
extraction of metals, were prepared from appropriate amine 

solutions (0.00188-0.273M), by shaking them with 2M 
hydrochloric acid. 

The titrant was prepared by mixing equal volumes of 1M 
hydrochloric acid and IM sodium chloride. 

The solutions of MeCl, (Me = Zn, Cd, Pb) in 0.2,0.5, 1.0 
and 2.OM hvdrochloric acid in 1 M sodium chloride. and in 
mixtures of the two (H,Na)Cl with [Cl-] = 2M, were pre- 
pared. The initial concentration of metal was 10m4 or 
5 x 10m4M. The concentration of metal ions before and 
after extraction was determined polarographically. 

Methods 
Two-phase potentiometric titration. The technique used 

has been described in detail by Hiigfeldt.’ The measuring 
cell is: 

Ag, &Cl, 
aqueous phase: 1M NaCl glass 

1M NaCl organic phase: B in 
1 ,Zdichloroethane 

electrode 

The titrant, a mixture of hydrochloric acid and sodium 
chloride, both at 0.5M concentration, was gradually added 
to the cell. After equilibration, the potential E was measured 
and the concentration of hydrogen ions in the aqueous 
phase calculated from 

E = E,+ 59.2log[H+l, +j[H+], (1) 

The constants E, and j were determined in a separate 
titration without organic phase. The experiments were done 
at 25 + 0.2”. 

The extraction of metals. Equal volumes (20ml) of the 
aqueous solution of MeCl, (Me = Zn, Cd, Pb) in (H, Na)Cl 
and. of the 1,Zdichloroethane solution of amine hydro- 
chloride were shaken at room temperature (22 _+2”) for 
about 20 min. The phases were then separated and the 
concentration of metal ions in the aqueous phase was 
determined polarographically. 

RESULTS AND DISCUSSION 

Extraction of acid 

The data obtained from the two-phase titrations 
are shown in Table 1 and Fig. 1. The values of 2, 
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Table 1. Distribution of hydrochloric acid in the two-phase system: l.OOM (II, Na)Cl Amberlite 
LA-2 (denoted by B) in 1,Zdichloroethane; the equilibrium concentration of acid in the aqueous 
phase is given as -log[H+],[Cl-1, (column 1); degree of neutralization Z = (c,c,),/(c,),, 

(column 2) 

(~a),,~~ = 0.0874M (c& = 0.0440M (cr& = 0.0218M (c,),, = 0.0084M 

-log[H+][Cl-] Z -log[H+][Cl-] Z -log[H+][Cl-] Z -log[H+][Cl-] Z 

6.559 0.073 6.521 0.059 6.390 0.058 6.243 0.075 
6.489 0.097 6.448 0.077 6.261 0.097 6.129 0.112 . 
6.381 0.146 6.397 0.096 6.141 0.156 6.017 0.168 
6.286 0.195 6.288 0.145 6.046 0.214 5.933 0.204 
6.195 0.243 6.203 0.193 5.944 0.273 5.857 0.254 
6.119 0.292 6.119 0.241 5.853 0.331 5.781 0.305 
6.051 0.341 6.051 0.290 5.742 0.390 5.704 0.342 
5.966 0.389 5.975 0.338 5.640 0.448 5.628 0.391 
5.940 0.437 5.907 0.386 5.565 0.507 5.570 0.425 
5.851 0.487 5.823 0.434 5.511 0.565 5.480 0.485 
5.782 0.535 5.747 0.483 5.403 0.624 5.411 0.535 
5.705 0.584 5.671 0.531 5.305 0.682 5.311 0.605 
5.635 0.633 5.578 0.579 5.191 0.741 5.185 0.670 
5.551 0.681 5.495 0.627 5.052 0.799 5.105 0.712 
5.472 0.730 5.410 0.675 4.855 0.857 5.003 0.762 
5.370 0.779 5.345 0.723 4.640 0.915 4.910 0.801 
5.262 0.827 5.235 0.772 4.401 0.951 4.795 0.835 
5.105 0.876 5.116 0.820 4.083 0.971 4.545 0.903 
4.880 0.925 4.990 0.868 4.309 0.940 
4.650 0.954 4.785 0.916 
4.403 0.978 4.415 0.964 
4.161 0.987 4.180 0.987 

given by 

Z = (C”Cl)org /(+I )ore (2) 

are plotted us. -log[H+],[Cl-I,,, where [Cl-], = 1. 
The total equilibrium concentration of acid in the 

organic phase, (cHcJorg, can be calculated from the 
volume of titrant, the volumes of the phases and the 
equilibrium concentration of hydrochloric acid in the 
aqueous phase. The concentration of amine, (cr&, 
is known and does not change during extraction. 

Generally, multistep equilibria involving mono- 
meric B and BHCl species as well as (BHCl), aggre- 
gates must be considered.‘-” Unsymmetrical species 
of the type B,(HCl), are unlikely to be formed. 

The finding (Fig. 1) that the four curves corre- 
sponding to four amine solutions of increasing con- 
centration are not coincident, indicates clearly the 
presence of dimers, (BHC1)2, and perhaps of higher 
aggregates. If aggregates were absent then the con- 
stants R,, , R,, , . . . would be equal to zero, and the 
value of Z calculated from equations (5) and (6) 
would not be dependent on b and on the total 
concentration of amine. One common curve would 
then be observed. 

The stability constant of the aggregate formed in 
reaction (3) 

n B,, + n H,+, + nC1, = (BHCI),,,, 

is given by 

R,, = ~~~~~~~,l,,,/t~l”~~+~~~~-l (4) 

The mass balance equations can be written as: 

(cHa)ore=R,,b[H+l~++2R22b2[H+l~+... (5) 

(dorg =b+&b[H+],+2k’22b2[H+]&+.- (6) 

where b = [B],,. 
With the assumption that two species, BHCl and 

(BHCI),, are formed in the organic phase, the values 

0.0 I I I 

6 5 4 

-log CH+l,,CCI-I,,, 

Fig. 1. Experimental degree of neutralization of the amine, 
Z = (ca,-&/(ca), as a function of -log[H+],[Cl-1, for 
various concentrations of Amberlite LA-2 m 
1,2_dichloroethane: 0.0084M (0); 0.0218M (a); 0.044OM 
(0); 0.0874M (0). Solid lines were calculated from . ,- 

log R,, = 5.2i .and log R, = 12.62; [Cl-] = 1M. 
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Fig. 2. Fractions of the components B, BHCl and (BHCI),, 
in the organic phase as a function of the acidity of aqueous 
solution at constant amine concentration (c& = O.lM. 

of log a,, = 5.21 + 0.07 and log &r = 12.62 + 0.04 
were computed by mi~m~ing the function U, , for all 
the experimental points: 

G. = C(Z& - Zexp Y (7) 

The general program MINUIT from the CERN 
Library was used. The solid lines in Fig. 1 were 
calculated from these values; the fit to the experi- 
mental points is generally satisfactory. Formation of 
higher aggregates was also considered, but the cor- 
relation was always worse. 

Figures 2 and 3 show the distribution of the 
various species as a function of [H+] and amine 
con~ntration. 

Extraction of ZnCI,, CdCI, and PbCI, 

The distribution equilibria of MeCl, (Me = 
Zn, Cd, Pb) between the organic phase (Amberlite 
LA-2 hydrochloride in 1 ,Zdichloroethane) and 
aqueous phase (MeC& in 0.2, 0.5, 1.0 and 2.OM 
HCl and in IM NaCl) were studied. 

Two initial concentrations of MeCl, were used and 
(c~,.&,~~ was varied over the range O.O0188+2731w. 
The data (Table 2) were plotted (Fig. 4) as log D,, vs. 

log&d,, where 

D ME = ~e~~l~~/[Me(II}l*~. 09 
For a given hydrochloric acid concentration, the 

experimental points in Fig. 4 fall on a straight line, 

10 
l- EzHCI), 

5 
E OS 

* 

Fig. 3. Fractions of the components B, BHCl and (BHCI), 
in the organic phase as a function of the total amine 
concenkation at constant acidity of the Bqueous phase: 
--lodH+lqWl,, = 2. Free amine fraction h = 0 over the 

whole range. 

independent of the initial MeCl, concentration. This 
suggests that MeCl, is extracted as mononuclear 
complexes. The non-integral slopes of the lines indi- 
cate however, that the true con~ntration of amine 
hydrochloride in the organic phase, [BHCI],,, differs 
considerably from its total concentration, (~~u~,)~~~. 

The stoichiometry of an extracted complex and the 
extraction constant, K$, were determined as follows. 

Equation (9) expresses, generally, several simulta- 
neous reactions (p = 1,2,. . .) and equation (lo), 
their equilib~um constants: 

MeClr(,,, + P BHCl,,,) * (BHCl), MeCl,(,,, (9) 

K,i = ~(B~C~),MeC~~I,,~/B~C~~,,[MeC~~l,,~ W 
The total concentration of metal in the organic and 
the aqueous phases is given by the equations: 

(G& = x MBHC&&feW 

= ~~ez+]~Cl-]z~2~Kp,[BHClY. (11) 

(c,,), = $ /MeCI,!, -“I = [Me2+ ] f &[Cl-]” (12) 
0 

where 

& = [Mea:-“]/[Me’+][Cl-]“. (13) 

Since [Cl-] = l.OOM, 

where 

D = c K;, [BHCl& (14) 
P 

(15) 

Equation (14) evaluates an experimental dist~bution 
coefficient D as a function of one variable, the 
equilibrium concentration of the monomeric amine 
hydrochloride salt, [BHCI],, . 

To find that concentration, dimerization 

2 BHClf,, = (BHCl),, (16) 

must be considered. The ~~lib~~ constant of 
dimerization, calculated from (17), 

log R, = log Brz - log R, , (17) 

is lo*.*‘. The total concentration of amine salt species 
is given by 

(G-K1 )or* = [l3Hci] + 2 K2 [BHCl]* 

+ CP KBJWpMeC121 W 
P 

Because of the low concentration of the metals, the 
presence of metal~ontaining species can be ignored 
and the last terms of equation (18) omitted. This 
simplified equation (18) defines a relationship be- 
tween the known, total concentration of amine 

(erluc, ),, and the unknown concentration of 
[BHCI],,. In this way, the experimental points were 
transformed into a new set of co-ordinates (Fig. 5). 
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log (c BHCI )orp 
Fig. 4. Distribution ratio log D,, vs. log(cs,,),, at four different concentrations of HCl: 2M HCl (V), 
1M HCl (O), 0.5M HCl (IJ), 0.2M HCl (A) and in 1M NaCl (x). Open symbols: we] = 5 x lo-*M. 

Filled symbols: [Mel = lo-‘M. The slopes of the straight lines lie between 1.1 and 1.3. 

I.< 

(Y 

a’ 
H 

0.c 

I- 

)- 

-10 I 
1 I I 

-3.0 -20 

I I 

-25 -15 

log CBHCII,,, 

Pb 

-I 
-25 -1.5 

Fig. 5. Distribution ratio log D,, vs. real concentration of monomeric amine hydrochloride, log[BHCl] 
computed from the dimerixation constant R2 = 102.” at four different concentrations of HCI: 2M HCl $7: 
1M HCl (O), 0.5M HCl (a), 0.2M HCl (A) and in 1M NaCl (x). Open symbols: [Me] = 5 x 10-‘M. 
Filled symbols: me] = lo-‘M. Assuming that the slope of the lines is equal to 2, the intercepts 
flog K;, = 5.25, 4.68 and 3.85 respectively) were chosen so as to obtain the best fit to the experimental 

points. 
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Table 2. Distribution ratios for zinc, cadmium and lead, D, as a function of total 
concentration of Amberlite LA-2 hydrochloride in 1,Zdichloroethane in four different 

concentrations of HCl and in 1M NaCl; initial we], = 5 x 10m4M 

173 

log D 

Cc ) M nurl nr*, 2M HCl 1M HCl OS4 HCl 0.2M HCl 1M NaCl 

zinc chloride 

0.159 
0.121 
0.0938 
0.0750 
0.0563 
0.0469 
0.0375 
0.0281 
0.0234 
0.0188 
0.0141 
0.00938 
0.00750 
0.00563 
0.00375 

1.057 
0.990* 
0.829 
0.741* 
0.638 
0.493’ 
0.376 
0.260* 
0.140 

-0.0985* 
-0.237 
- 0.406* 
-0.577* 

-0.330 
0.250 -0.436 

0.705 0.155 -0.560* 0.470 
0.590 0.0253* -0.682 0.353 
0.430’ -0.131 0.205 
0.342 -0.194 0.124 
0.260 -0.300 0.0261 
0.0969 -0.451* -0.136 
0.0200’ -0.565 -0.257 

-0.120 -0.648 -0.322 
-0.255 -0.485 
-0.489, 
-0.678 

cadmium chloride 

0.0938 1.560 1.420 1.225 
0.0750 1.535 1.441 1.322 1.112 1.360 
0.0563 1.382 1.318* 1.157* 0.975 1.208 
0.0469 1.308* 1.192 1.055 0.905* 1.145 
0.0375 1.193 1.105 0.977 0.801 1.043 
0.0281 1.036* 0.935 0.828 0.645 0.882 
0.0234 0.937 0.845* 0.691’ 0.520 0.775 
0.0188 0.836* 0.742 0.605 0.425* 0.672 
0.0141 0.661 0.590 0.464 0.267 0.535 
0.00938 0.426* 0.344 0.220 0.0722 0.301 
0.00750 0.273 0.170’ 0.0370* -0.131 0.100 
0.00563 0.112’ 0.073 1 -0.0720 -0.235* -0.0050 
0.00375 -0.0937 -0.135 -0.305 -0.435 -0.260 
0.0028 1 -0.286* -0.375 - 0.475 -0.432 
0.00188 -0.521* -0.630 

0.213 0.290 0.329 0.220 
0.227 0.190* 0.231 0.0911 
0.182 0.0962 0.140 0.0131* 
0.159 0.0253* 0.0720* -0.0412 
0.136 -0.0443 -0.0111 -0.146 
0.121 -0.100* -0.0696 -0.193 
0.091 - 0.229 -0.195* -0.323* 
0.068 -0.370* -0.330 -0.468 
0.0563 -0.483 - 0.422 -0.569 
0.0455 -0.569* -0.522’ -0.650 
0.0340 -0.695 - 0.620 -0.795* 

lead chloride 

-0.131 
-0.229* 
-0.340 
- 0.398 
-0.468 
-0.532* 
-0.658 
-0.791 

0.0227 -0.896’ -0.851 

*For these points, initial [Me],, = 10m4M 

The slope of the lines, equal to 2, indicates that 
only one type of complex, (BHCl),MeCl,, is formed 
in the organic phase, independent of the composition 
of the aqueous phase. 

Plots of log DMe us. log[HCl] at constant 
[Cl-] = 2M show that the extraction of the metals 
increases with increase in the concentration of hydro- 
gen ions (Fig. 6). 

Since the values of the stability constants, /I., of the 
chloro-complexes, MeCli-“, and the constants K;, 
known, the equilibrium constant for extraction of a 
metal, K2,, may be calculated from equation (15). The 

values of log K;, are found from the intercepts of the 
of the lines in Fig. 5. For zinc with log/?, = -0.72, 
log /3r = -0.85, log /Y3 = - 1.50, log & = - 1.75,‘*J3 
and log K;, = 4.68, the constant log K2, = 5.11 was 
found. 

Zinc complexes of the form (RHCl),ZnCl, have 
also been found in several other extraction 
systems’“” with various amines and solvents. A 
complex with three amine molecules, 
(R,NHCl),ZnCl,, together with one with two, 
(R,NHCl),ZnCl,, was found in benzene and xylene 
medium by Aguilar et uI.‘**‘~ Diamine complexes of 

TAL 33,%-F 
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-2 -1 0 

log CHCII 

Fig. 6. Distribution ratio log DMc vs. log[HCl] at constant 
[Cl-] = 2M. The concentration of BHCl in the organic 
phase was constant for each metal and equal to 0.0234M for 

cadmium, 0.0563M for zinc and 0.136M for lead. 

cadmium, (R,NCl),CdCl,, and a monoamine com- 
plex of lead, (&NCl)PbCl,, have been found pre- 
viously by one of US..‘~ 

LIST OF SYMBOLS 

Amberlite LA-2. 
[. .I_ free (molar) concentrations of given species in 

aqueous and organic phase respectively. 
total molar concentration of a given substance. 
distribution ratio for the metal, DMc = 

Flelp,,/Flel, . 
stab&y constant of the aggregate (BHCl), formed 
in reaction (3). 
equilibrium constant of dimerization (16). 
stability constant of the complex (BHCl),MeCl, 
formed in reaction (9). 
the constant given by equation (15). 
degree of neutralization of amine, z= 
hil).&*).rg . 
fraction of amine, B, existing as (BHCI),,,,; a,,,, = 

nW-W,lqlW,, . 

B. stability constant of chloro-complexes MeCli-” in 
aqueous HCl solutions. 
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Summary-The distribution of the chromium(W) species CrOi-, Cr,O!-, HO;, and H,CrO, in 
aqueous solutions with total chromium(W) concentrations of 10-2-10-6M at pH l-8 have been 
calculated 

Tandon et al. have recently calculated the distribu- 
tion of chromium(V1) species in aqueous solution at 
various concentrations and pH values,’ but un- 
fortunately there seem to be one or two mistakes in 
their presentation of the results. 

The equilibrium constants used were: 

H2Cr04=H+ + HCrO; K, = 0.18 
HCrO;z+H+ + Cr@,- FL2 = 3.2 x lo-’ 

2HCrO~ = Cr,e7- + Hz0 KS=98 

and the concent~tion of H,Cr04 was calculated by 
means of the equation: 

KIX K, K2x K,K;x2 
x+-+---y--+7 -c=o 

P P P 
(1) 

where C is the total chromium concentration, x is 
[H,CrO,] and p is [H+] (but was said in the original 
paper’ to be pH). The concentrations of the other 
three species were calculated from 

[HCrOi] = K, x/p 

[CrO:-]= K,K,x/p2 

[Cr20$-] = K~K~x2/p2 

but equation (1) is not correct, since it is based on the 
equality 

C = [H,CrO,] + [HCrO;] + [CrOz-] + [CrO:-] 

which is incorrect, since the material balance in terms 
of chromium atoms is 

C = [H,CrOJ + [HCrO; I + [Ca4- I 

+ 2[Cr20FI (2) 

and the correct equation should be 

4x ri_ Kzx 2K,Kfx2 
x+-+7+--y- -c=o (3) 

P P P 

or 

2K3K:x2/p2f(1 +K,/p + K,K#)x - C=O 

(4) 

from which x can be calculated. To make the results 
more precise, we have used the corresponding equa- 

Table 1. ~ro~~~~ species (atom%~ 

pH C, M CrC$- Cr,O:- HCrO; H,CrO, 

10-2 0.00 34.62 42.03 23.35 
10-a 0.00 7.00 59.19 33.21 
10-4 0.00 0.80 63.71 35.43 
10-S 0.00 0.08 64.23 35.69 
10-G 0.00 0.01 64.28 35.71 

10-Z 0.00 47.85 49.41 2.74 
10-j 0.00 13.24 82.19 4.57 
1o-4 0.00 1.70 93.12 5.17 
10-S 0.00 0.18 94.57 5.25 
10-6 0.00 0.02 94.12 5.26 

10-2 0.02 49.47 50.24 0.27 
IO-’ 0.03 14.25 85,25 0.47 
l0-4 0.03 I.87 97.56 0.54 
l0-5 0.03 0.19 99.22 0.55 
10-G 0.33 0.02 99.40 0.55 

lO-2 0.16 49.54 50.27 0.03 
lo-’ 0.27 14.29 85.39 0.05 
10-4 0.31 I.87 91.76 0.05 
10-S 0.32 0.19 PP.43 0.06 
10-e 0.32 0.02 99.61 0.06 

10-Z 1.59 48.61 49.80 0.00 
lo-’ 2.68 13.70 83.62 0.00 
10-a 3.05 1.78 95.17 0.00 
10-S 3.09 0.19 96.72 0.00 
10-e 3.10 0.02 96.88 0.01 

10-2 14.49 40.21 45.29 0.00 
10-3 22.00 9.26 68.74 0.00 
1o-4 

_ 
23.98 1.10 74.92 0.00 

10-S 24.22 0.11 75.61 0.00 
10-e 24.24 0.01 75.15 0.00 

10-2 69.21 9.17 21.63 0.00 
10-3 75.36 1.09 23.55 0.00 
10-4 76.11 0.11 23.79 0.00 
10-S 76.18 0.01 23.81 0.00 
10-G 76.19 0.00 23.81 0.00 

10-Z 96.80 0.18 3.02 0.00 
lo-’ 96.95 0.02 3.03 0.00 
10-d 96.97 0.00 3.03 0.00 
10-S 96.97 0.00 3,03 0.00 
10-b 96.97 0.00 3.03 0.00 
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tion written in terms of y = [HCrO;]: 

2K,y2 + (1 +plK, + KJply - C = 0 (5) 

It should be stressed that the dist~bution is calcu- 
lated in terms of atom%. 

RESULTS AND DISCUSSION 

The results are listed in Table 1 and plots of the 
atom% distribution of chromium between the four 
species as a function of pH and total concentration 
of chromium(V1) show that the distribution of 
H,CrO, is that of a dibasic acid. However, as the 
dichromate ion is a dimer, its distribution depends on 
both pH and total chromium(V1) concentration. The 
higher the chromium (VI) concentration, the higher 
the con~ent~tion of dichromate, but at very low 
Cr(V1) concentrations almost no dichromate is 
present. 
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~uZ~n~u, 1984, 31, 227. 

EDITORIAL NOTE 

The Editor-in-Chief and the referee for the original paper’ 
apologise for havin8 failed to notice the errors mentioned 
above. Dr. Tandon has explained that the errors arose 
during transcription of the equations into the computer 
program used, and in preparing the final draft of the paper. 
He has recalculated the distribution with the correct equa- 
tion and confirms the values reported in Table 1 of rirb 
paper. An independent HALTAFALL calculation has also 
given the same values. In the course of checking, the 
calculations were repeated for the values 33.3, 35.5 and 98 
for &. However, it should bc pointed out that the values 
for 4, K, and K, used by Tandon et al. and hence by Tong 
and Li, are rather old, and the following values have since 
been reported” for the values at 25” 

Ionic strength K, K2 4 
0 1.6 3.1 x IO-’ 34 
0.1 - 8.1 x lo-’ - 
1.0 1.8 x lO-6 94 
3.0 12.35$0°) 1.3 x lo-& 148 

Calculations done with these values at ionic strengths of 
0 and 1 .O gave a rather different picture (see Table 2 above) 
and users of the information should note the remarkable 
effect of change in ionic strength, and treat all the data with 
caution. 
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KINETIC SPECTROFLUORIMETRIC DETERMINATION 
OF SILVER, BASED ON ITS CATALYTIC EFFECT 

ON THE OXIDATION OF PYROCATECHOL-I-ALDEHYDE 
2-PYRIDYLHYDRAZONE BY PEROXODISULPHATE 

IN THE PRESENCE OF 1, IO-PHENANTHROLINE 
AS ACTIVATOR 
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Summary-A kinetic fluorimetric method for the determination of silver is described, based on its catalytic 
effect on the oxidation of pyrocatechol-I-aldehyde 2-pyridylhydrazone by peroxodisulphate. In aqueous 
solution silver concentrations of 0.2-0.8 pg/ml can be determined, and l&80 ng/ml in the presence of 
l,lO-phenanthroline as activator. The fluorescent species obtained (& 357 nm, &,,, 445 nm) results from 
oxidation of the reagent. The kinetic parameters and the interferences are reported, and the method is 
applied to the determination of silver in developed panchromatic plates. 

Although the sensitivity of catalytic analysis is usu- 
ally high, it is often far from the maximum attainable 
and further increase in it is still a serious and real 
problem. 

The lowest concentration of a catalyst M which 
can be determined by using a so-called indicator 
reaction (A + B + P) depends on the sensitivity of 
detection of the product P, which in turn is closely 
related to the sensitivity of the monitoring technique 
used. Thus fluorescence monitoring improves the 
analytical characteristics of catalytic methods. 

At present, the most promising possibility for 
further increase in the sensitivity of catalytic methods 
seems to be the use of activators.‘.’ 

As can be seen in Table 1, several kinetic pro- 
cedures for determination of traces of silver have 
been based on absorbance measurements but only a 
few on fluorescence measurements, and only one 
application of activators in connection with fluor- 
escence monitoringi seems to have been made up to 
the present.*’ 

In this paper, we propose two direct kinetic fluori- 
metric methods for the determination of silver(I), 
based on the intense yellow fluorescence which 
appears when pyrocatechol- 1 -aldehyde 2-pyridyl- 
hydrazone (PCAPH) is oxidized by peroxodisulphate 
at an appropriate pH, with or without l,lO-phenan- 
throline as activator, depending on the silver concen- 
tration present. 

Apparatus 

EXPERIMENTAL 

All fluorescence measurements were made with a Perkin- 

Elmer MPF-4lA recording spectrofluorimeter equipped 
with a 150-W Osram XBO xenon arc, a DSCU-1 corrected- 
spectra unit (0.5% Rhodamine B in ethylene glycol, as the 
reference), a UDR-3 digital read-out, a Selecta Frigitherm 
ultrathermostat, and a l-cm silica cell. The emission in- 
tensity measurement system of the spectrofluorimeter was 
calibrated daily with a Perkin-Elmer set of fluorescent 
polymer samples, to compensate for changes in source 
intensity. All measurements were recorded at a sensitivity of 
1.2, with excitation and emission slits giving 6-nm spectral 
band-pass. The fluorescence intensity was recorded as a 
function of time at a chart-speed of 1 .O cm/min, with fixed 
excitation and emission wavelengths. 

Solutions 

Solutions were made of pyrocatechol- 1 -aldehyde 2-pyri- 
dylhydrazone (1.0 x 10-3M)Z’ in absolute ethanol, standard 
silver(I) (1.0 x lo-*A4 silver nitrate)22, potassium peroxo- 
disulphate (0.2M, prepared daily), and l,lO-phenanthroline 
(1.0 x 10e2M), and diluted as required. 

The ionic strength was maintained constant at 0.21M by 
adding suitable amounts of 2.5M sodium nitrate. A 0.5df 
ammonia/ammonium nitrate pH-8.0 buffer solution was 
used as indicated. 

Doubly distilled water and analytical reagent grade 
chemicals were used. 

Determination of silver without activator 

In a 25-ml standard flask place 3 ml of the pH-8.0 buffer, 
1.5 ml of 2.5M sodium nitrate, a known volume of sample 
(containing 4.0-16.0 pg of silver), 6 ml of O.ZMpotassium 
peroxodisulphate, and 1.25 ml of ethanolic PCAPH sol- 
ution, in that order, and make up to volume with distilled 
water. After 1 min transfer a portion of the reaction mixture 
to the spectrofluorimeter cell, kept at 55 f O.l”, and after 2 
min, start recording the fluorescence intensity (&,, 357 nm, 
I,, 445 nm), and continue the recording for the next 12 min. 
Correct the measurements by subtracting those for a reagent 
blank. Calculate the reaction rate from the slope of the 
fluorescence vs. time curves. 

779 



Su
bs

tr
at

e 

O
xi

ne
-5

-s
ul

ph
on

ic
 

ac
id

 
O

xi
ne

-S
-s

ul
ph

on
ic

 
ac

id
 

B
ro

m
op

yr
og

al
lo

l 
R

ed
 

B
ro

m
op

yr
og

al
lo

l 
R

ed
 

Py
ri

do
xa

l 
ni

co
tin

yl
 

hy
dr

az
on

e 
Su

lp
ha

ni
lic

 
ac

id
 

Su
lp

ha
ni

lic
 

ac
id

 
Su

lp
ha

ni
lic

 
ac

id
 

Fl
uo

re
sc

ei
n 

H
C

l 
(0

.3
M

)5
 

D
is

od
iu

m
 

ni
tr

od
ia

zo
am

in
oa

zo
be

nx
en

ed
is

ul
ph

on
at

e 
L

um
in

ol
 

D
ir

ec
t 

G
re

en
 

D
ir

ec
t 

G
re

en
 

C
ad

io
n 

IR
E

A
 

C
ad

io
n 

IR
E

A
 

o-
D

ia
ni

si
di

ne
 

C
at

ec
ho

l 
V

io
le

t 
2-

H
yd

ro
xy

be
nx

al
de

hy
de

 
th

io
se

m
ic

ar
ba

zo
ne

 
Ph

lo
xi

n 
Ph

lo
xi

n 

2.
2 

(H
,S

O
,)

 
1.

5-
3.

5 
2 

(H
N

G
,)

 
4.

62
 (

ac
et

at
e)

 
10

.5
 (

am
m

on
ia

) 

pH
 

(b
uf

fe
r)

 

4.
35

 (
B

&
to

n)
 

8.
3 

(B
&

to
n)

 
4.

5 
(B

&
to

n)
 

7 
(a

m
m

on
iu

m
 

ac
et

at
e)

 
H

, S
O

, 
[0

.2
2M

] 
4.

75
 

12
 (

am
m

on
ia

) 
9.

0-
9.

2 
9.

e9
.2

 
bo

ra
te

 
bo

ra
te

 
4.

5 
(a

ce
ta

te
) 

7.
25

 (
bo

ra
te

) 
am

m
on

ia
3 

5 
(a

ce
ta

te
) 

5 
(a

ce
ta

te
) 

l,l
O

-p
he

na
nt

hr
ol

in
e 

2,
2’

-b
ip

yr
id

yl
 

et
hy

le
ne

&
am

in
e 

2,
2’

-b
ip

yr
id

yl
 

2,
2’

-b
ip

yr
id

yl
 

et
hy

le
ne

di
am

in
e 

tr
ie

th
yl

en
et

et
ra

m
in

e 
2-

am
in

o-
2-

m
et

hy
lp

yr
id

in
e 

3-
ac

et
ilp

yr
id

in
e 

2,
2’

-b
ip

yr
id

yl
 

I,
 

nm
 

36
6,

48
5*

 
37

5,
48

5*
 

5t
w

 
36

5,
45

0*
 

53
5 

42
0 

42
0 

49
1 

42
0 

41
3t

 

63
0t

 
63

0t
 

41
3 

41
3 

45
0 

so
st

 
36

5,
44

0;
 

53
7 

53
7,

55
3*

 

T
ab

le
 

1.
 C

ha
ra

ct
er

is
tic

s 
of

 t
he

 k
in

et
ic

 
ph

ot
om

et
ri

c 
an

d 
fl

uo
ri

m
et

ri
c 

m
et

ho
ds

 
fo

r 
si

lv
er

 (
S,

O
:-

 
as

 t
he

 o
xi

da
nt

) 

R
an

ge
 

of
 

A
ct

iv
at

or
 

ap
pl

ic
ab

ili
ty

 
w

gl
m

l 
R

ef
er

en
ce

 

0.
00

6-
30

 
3 

0.
01

2-
5 

4 
0.

00
1-

0.
01

3 
5 

0.
51

 
5 

0.
06

0.
72

 
6 

0.
00

04
0.

00
3 

7 
0.

00
1~

.0
35

 
8 

l-
10

 
9 

0.
51

 
10

 
0.

00
2-

0.
00

8 
11

 
0.

00
01

X
M

tO
3 

12
 

0.
00

00
1~

.0
00

02
 

13
 

0.
00

05
-0

.0
04

 
14

 
0.

00
02

-0
.0

02
 

14
 

0.
00

43
0.

04
3 

15
 

0.
02

0.
15

0 
15

 
0.

03
-2

 
16

 
0.

00
02

-0
.0

12
 

17
 

0.
05

0.
40

0 
18

 
0.

00
3-

0.
10

0 
19

 
0.

@
00

5-
0.

02
0 

19
 

;k
kl

lS
. 

$C
e(

IV
) 

as
 t

he
 o

xi
da

nt
. 

$A
g(

I)
 a

s 
in

hi
bi

to
r.

 



Kinetic determination of silver 781 

Determination ofsilver with I, IQ-phenanthroline as activator 

In a 25mf standard flask place 3 ml of pH-8.0 buffer, 1.5 
ml of 2.5M sodium nitrate. a known volume of sample 
(containing 0.11-2.5 fig of silver), 5 ml of I,lO-phenan- 
throline solution, 6 ml of 0.2M potassium ~rox~isu~phate, 
1.25 ml of ethanolic PCAPH solution and make up to the 
mark with distilled water. Make the measurements as 
described for the method withaut activator. 

Determination of silver in developed panchromatic plates 

Treat a known area (about 4 cm*) of the plate with 3 ml 
of 3M sodium hydroxide until the gelatinous film separates 
from the rigid support, which is discarded after washing. 
Then add 5 ml of concentrated nitric acid and heat until the 
silver has dissolved completely. Filter and make up to 
volume in a 100-ml standard flask with IM nitric acid. 
Analyse suitable ahquots by using the methods described 
above, according to the expected silver ~n~ntr~tion of the 
samples. 

RESULTS AND DKSCCSSION 

Pyrocatechol- I -aldehyde 2- pyridylhydrazone 
(PCAPH) in alkaline media has a weak fluorescence 
(A,, 380 nm, 1,490 nm).*’ In ammoniacal solution in 
the presence of oxidizing agents such as periodate, 
peroxodisulphate or hydrogen peroxide, the ox- 
idation product from the reagent is brown and gives 
a strong yellow fluorescence f.& 357 nm. & 445 nm) 
which is stable for at least 1 hr. The oxidation is very 
slow in the presence of hydrogen peroxide (>24 hr 
needed for completion) and f&ter with periodate; 
peroxodisulphate acts at an intermediate rate, Fig 1. 

Several metal ions have been tested as accelerators 
of the oxidation reactions. Mn(II), Au(III) and Pt(II) 
catalyse the action of periodate, and Ag(I), Mn(II) 
and R(H) that of ~rox~isulphate, Ag(1) showing 
the highest catalytic action, Fig. 1. 

70 

290 370 450 530 610 

Acorn) 

Fig. 1. Excitation and emission (‘) spectra of the oxidation, 
product of PCAPH (6.0 x IO”‘M). pH 8.2, A,, = 44.5 nm, 
,$ = 357 nm, r = 2 hr: (1,l’) PCAPH in absence of oxidant, 
A, = 490 nm, k, = 380 nm; (22’) in the presence of S,@- 
(4.8 x IO-*M); (3.3’) in the presence of IO; (6.0 x 10-3M); 
(4.4’) in the presence of S,Oi- (4.8 x IO-*M) and Ag(1) 

(500 ng/ml). 

Table 2. Summary of kinetic data 

Dependence of the 
Concentration range, M 

<3.5 x io-J 
3.5 x IO-‘- 6.3 x IO-s 

>6.3 x IO-’ 

c3.4 x 10-z 

initial rate 

3.4 x 10-2-5.8 x 10-Z 
;2z_;“l* 

>5.8 x IO-’ &-]:i ? 

<3.2 x 10-s 
3.2 x IO-‘%0 x 1O-8 

>4.0 x 10-r 

co.18 
>0.18 

0.16-0.31 

t:Y 
]&‘.i 

[buffer]a 
[buffer]-*” 

[ionic str.F 

As with other substrate~S~~- systems the catalytic 
action of silver(I) in the system PCAPH/S,Oi seems 
to involve the Ag(I)/Ag(II) redox cycle with per- 
oxodisulphate as oxidant.$ An alternating change of 
the oxidation state during the reaction may also 
account for the catalytic e&et of in and Au(II1). 

Optimizution of the reaction variables 

The silver-catalysed oxidation of PCAPH by per- 
oxodisulphate depends on the relative concentrations 
of buffer, reagent, oxidant, catalyst and ethanol, the 
pH, ionic strength and temperature. The system was 
optimized by changing each variable in turn while 
keeping the others constant. The optimum concen- 
trations were taken as those giving a reaction order 
as close to zero as possible.3 

From the results in Table 2 the conditions selected 
were C,, 4.8 x lo-‘N, C,,,, 5.0 x IO-‘M, pH 8.0, 
and buffer concentration 0.0&W. 

Maximum and constant catalytic action is ob- 
served for pH 7.5-8.5 with ammonium~a~onia 
buffer, but not with other buffer solutions containing 
no N-donor substances, unless ammonia is added to 
them. Thus there may be a slight activation effect by 
ammonia. 

Various sodium salts were used to study the 
influence of ionic strength (I) on the reaction rate, 
sodium nitrate showing the lowest effect. As seen in 
Fig. 2(A) for values of I < 0.15&f the rate of the 
reaction increases somewhat as theoretically ex- 
pected,23 and becomes stable at I > O.l5M. Therefore 
sodium nitrate was chosen to adjust the ionic strength 
to 0.2lM. 

The percentage of ethanol in the reaction medium 
has a strong influence on the reaction rate. Between 
2 and 7% v/v the effect is slight, but is m~imum for 
12% v/v ethanol, Fig 2(B). A 5% v/v ethanol-water 
medium was thus chosen for further work. 

As this amount of alcohol is too small to affect the 
refractive index or the dielectric constant of the 
medium” and does not alter the absorption spectrum 
of the oxidation product or of PCAPH, the effect of 
ethanol on the reaction rate may be due to ethanol 
solvation of silver(I). 
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L---~---~___~___~___T-_ 

25 35 45 55 65 C 

Fig. 2. Influence of (A) total ionic strength (M). (B) % 
v/v ethanol, and (C) temperature (‘C). on the reaction 
rate: [PCAPH] = 6.0 x IO-‘M. [S,O:-] = 4.8 x IO-‘M. 

[Ag(I)] = Hx) q/ml, pH = 8.2. 

As shown in Fig. 2(C), the reaction rate is maximal 
over the range 52.5-57.5, so a temperature of 55’ 
was chosen. Application of the Arrhenius equation 
to the data for the reaction rate at different tem- 
peratures gave the activation energy as 8.3 kcal/mole 
and the frequency factor as 1.16 x lo6 set-’ for the 
catalysed reaction. 

The order of addition of the reagents strongly 
influences the oxidation reaction rate, the order 
recommended giving the best results. 

Activation effect of 1, IO-phenanthroline 

The effect of some N-donor substances previously 
employed for activation of Ag(I)-catalysed oxidation 
reactions was examined, and their efficiency was 
found to decrease in the order I.lO-phenanthro- 
line > 2.2’-bipyridyl > pyridine > Caminopyridine B 
ammonia. Thus 1, IO-phenanthroline was chosen, and 
it was found that with addition of 5 ml of O.OlM 
I,IO-phenanthroline to the reaction mixture, the opti- 
mum values for the other variables were the same as 
for the method without the activator. According 
to Bontchev and co-workers, activators of 2,2’- 

Table 4. Interference levels of foreign ions in the deter- 
mination of traces of silver by both methods 

Tolerance 
ratio 

bnl/MW Ion added 

loot Ca. Mg. Li. SO]-. SO:-. citrate, halides 

50 Ba, Sr. Cr(III, VI). S,O:-. B,O:-. 
C,O:- , SCN _, tartrate 

2s W(VI), U(VI). Al. Ni. Pb, Cu. Co(H), 
CN-, S’-, ascorbate 

I Th. Ce(IV), Fe(Il. III), Bi. Ga. In, 
Au(III), As(II1). Mn. Be, Zn. Cd, 
D(I). IO;, BrO;. EDTA 

<I Ti, Os(IV), La. Pd, Pt. Sn(I1. IV), Hg(I1) 

l Ag(I) taken: 496 ng/ml in the method without activator 
and 50 ng;ml in the method with activator. 

tMaximum ratio tested. 

bipyridyl type accelerate the rate-determining step of 
the process, the oxidation of Ag(1) to Ag(II).‘~*J 

Characteristics of the methods 

The fluorescence-time curves for different amounts 
of Ag(I) with and without I.lO-phenanthroline 
present, were analysed by the tangent, fixed-time and 
fixed-fluorescence emission methods.z6 The fixed time 
chosen was IO min; for the fixed emission method. 
20% relative fluorescence intensity was selected as 
reference. The results in Table 3 show that the 
tangent method gives the highest sensitivity and 
precision with both methods of determination. 

The selectivity of the methods was examined, with 
and without activator, by using the tangent method. 
The results are shown in Table 4. 

The interferences are mainly chemical, from cat- 
ions such as Os(IV), Ti(IV). Pd(I1) and Pt(II), which 
have a slight catalytic effect on the oxidation reaction, 
or anions such as CN-, S,Oi-, EDTA, EGTA, efc., 
which form stable silver complexes. There is also 
interference by ions such as Fe(II), Zn(I1). Ga(I1). 
In(III), etc. which form coloured or fluorescent com- 
plexes with PCAPH. 

As shown in Table 4, use of I.lO-phenanthroline 
does not improve the selectivity. 

Table 3. Characteristics of the kinetic methods 

Method 

Range of 
applicability. 

nnlml 

Ag(I) 
taken, 
ng /ml 

Ag(I) 
found (a). 

nnlml 
.S*, 

nxlml G. % 

tangent 
fixed time 
fixed intensity 

tangent 
fixed time 

without activator 
20&8QO 494 494 9 I.2 
200-800 496 494 24 3.2 
20&800 496 497 20 2.7 

with activator 
4100 50 50.3 I .4 1.8 

20 loo 50 48.4 2.2 3.1 

fixed intensity l&84 50 49.2 2.6 3.5 

Number of determinations (n) = IO; 2 = mean value; S = standard deviation; 
G = relative error (= IOOfS/_?&; I = Student I for 95% confidence interval). 
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Table 5. Determination of silver in developed offset pan- 
chromatic plates 

Silver found*, ng/ml 

Sample A.A.S. 

method without activator? 
1 365 
2 400 
3 481 488 
4 493 496 

method with activate@ 

5 10 6 29 :: 
7 51 50 
8 70 
9 90 at 

*Mean values of three dete~inations; refers to concen- 
tration in stripping solution. 

tllack zones of the plates. 
$White zones of the plates. 

Determination of silver in developed offset pan- 
~~ro~at~~ plates 

As a practical application the methods were 
applied to determination of silver in developed pan- 
chromatic plates used in offset printing. Samples were 
taken from exposed and unexposed parts of each 
plate, and suitable aliquots of the solutions (de- 
pending on the expected silver concentration) were 
analysed as described and also by atomic-absorption 
spectrophotometry. Table 5 shows the agreement 
between the results. 
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TRACE ZINC DETERMINATION BY SYNCHRONOUS 
DERIVATIVE FLUOR~METRY 
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Summary-A sensitive and selective synchronous-scanning derivative spectrofluorimetric determination of 
zinc based on the formation of a fluorescent chelate with 2-furaldehyde 2-pyridylhydrazone (FAPH) is 
described, and its analytical performance compared with that of the ordinary Ruorimetric method. The 
detection limits lie in the @ml range and the coefficient of variation is below 2% in both cases. The 
methods have been applied to the trace determination of zinc in pi8 liver tissue and environmental fume 
samples. 

Zinc is essential for growth of micro-organisms, 
plants and animals, plays an important role in the 
metabolism of proteins and nucleic acids and is 
apparently essential for synthesis of DNA and ribo- 
somal RNA.’ 

This paper is concerned with the scanning deriva- 
tive s~trofluo~m~t~c dete~ination of zinc at trace 
levels. The method, which overcomes ~nsitivity 
problems, is based on the specific fluorogenic reaction 
of zinc with 2-furaldehyde 2-pyridylhydrazone 
(FAPH). 

Several N-heterocyclic hydrazones have been used 
as chromogenic and fluarogenic reagents in the deter- 
mination of metal ions,2 but very few heterocycles 
with oxygen or suiphur atoms in the aldehyde or 
hydrazine moieties have been used. The reasons for 
this are the decreased complexing capacity of the 
modified ligand structure, and associated instability 
problems.3.4 FAPH gives coloured chelates with 
several metal ions,” and a specific fluorescence reac- 
tion with zinc. 

In fluorimetric methods the sensitivities and de- 
tection limits are often limited by the nature of the 
analyte and by the reagent blank signal. However, 
proper manipulation of the information produced by 
spectroscopic techniques may lead to a gain in sensi- 
tivity. Recently>’ it has been shown that synchronous 
scanning combined with derivative fluorescence spec- 
troscopy may be valuable for obtaining better sensi- 
tivity and detection limits. 

EXPERIMENTAL 

Apparatus 

A Perkin-Elmer fluorescence spectrophotomcter. model 
MPF-43A, was used, equipped with an Osram XBO 150-W 
xenon lamp, excitation- and emission gratin8 mono- 
chromators, 1 x l-cm fused silica cells, a Hamamatsu R-777 
photom~tiplier and a Perkin-Elmer 023 recorder. A stan- 
dard bar of ~~arnine B (1 x IO-‘M) gave a fluorescence 

signal of 64 units at the following settings: slits 5 nm; 
sensitivity, coarse 10, fine 7; temperature 25”. It was used to 
adjust the spectrofluorimcter daily to compensate for 
changes in source intensity. The fluorescence data are given 
without spectral correction. To obtain the derivative spec- 
trum, computed numerically, a differential corrected-spectra 
unit (Perkin-Elmer model DCSU-4) was connected to the 
s~tro~uorimeter. An ultrathe~ostatic water-bath circu- 
lator (F~~t~~ S-382) was used for temperature control. 

Reagents 

Fural-2-aldehydc 2-pyridylhydrazone (FAPH) was syn- 
thesized in the usual way for hydrazoncs,9 as reported 
earlier.‘O Solutions (5 x IO-‘M) in absolute ethanol were 
prepared weekly. A 0. I M zinc stock solution was prepared 
from zinc sulphate heptahydrate in OSM sulphuric acid and 
standardized by EDTA titration. Solutions of lower concen- 
trations were made by dilution with d~ine~li~ water. A 
pH-12.3 buffer solution was prepared from 0.1.&f glycine 
and O.lM sodium hydroxide. 

Unless otherwise stated, the reagents were of analytical 
reagent grade. 

Procedures 

Normal specrrojuorimetry. Place an aliquot of sample 
containing 1.25-17.5 pg of zinc and 5 ml of 5 x lo-“M 
FAPH solution in a 25-ml standard flask. Add 2.5 ml of 
absolute ethanol followed by 5 ml of pH-12.3 glycine buffer 
solution. Dilute the mixture to volume with demine~li~ 
water and store in the dark until measurement of the 
fluorescence intensity at 480 nm, with excitation at 426 nm. 
against a reagent blank. 

Synchronous scanning derivative qxctrofiuorimerry. Place 
an aliquot of sample (containing 0:25-3.6 pg of zinc) and 
5 ml of S x lO_‘M FAPH solution in a 25-ml standard flask. 
Add 2.5 ml of absolute ethanol followed by 5 ml of pH-12.3 
glycine buffer solution. Dilute to volume with demineralized 
water and store in the dark until m~su~ent. Record the 
first or second derivatives (Al. = IO nm) of the synchronous 
spectrum at &,,, - & = 54 nm with a time-constant of 0.3 
set and a scan-speed of 120 nm/min. Measure the first 
derivative peak amplitude from peak to trough, and the 
second derivative from a trough to the mid-point between 
its neighbouring peaks. 

Analysis of wmples 

~etermjna~i~ of zinc in emiiron~n~~l fume samples. 
Fume samples were collected in workshop environments 

785 
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according IO the NlOSH Manual,” as described pre- 
viously.” An aliquot of the solution obtained was subjected 
to the synchronous derivative procedure. 

Determination of zinc in pig her /issue. Fresh pig liver 
(l&IS g) was cut into small portions, care being taken to 
exclude major blood vessels and connective tissue. The liver 
was dried at 120’ to constant weight, and a 34 g sample. 
accurately weighed, was treated with 10 ml of concentrated 
nitric acid and 5 ml of concentrated sulphunc acid in a 
Kjeldahl flask. The mixture was strongly heated until ni- 
trous vapours ceased, and then cooled to room temperature; 
3 ml of concentrated perchloric acid were added and the 
mixture was again strongly heated until nearly dry. After 
coohng. the residue was taken up and diluted accurately to 
50 ml with demineralized water. A clear solution was 
obtained. Ahquots of this solution were added to different 
volumes of a standard solution of zinc and then subjected 
to the standard synchronous-derivative procedure, except 
that the buffer was introduced before the addition of FAPH. 

RESULTS 

The FAPH-zinc system; effect of experimental 
r;ariahles 

Studies on the reactions of FAPH with metal ions 
showed that the compound appears to be a 
fluorogenic reagent for zinc(H). 

The excitation and emission spectra of the 
zinc-FAPH complex in 30% v/v ethanol/water mix- 

ture, at an apparent pH of 12.30, are shown in Fig. 
I. The presence of Zn(II) produces a considerable 
increase in the reagent fluorescence intensity. The 
maximum emission occurs at 480 nm. with excitation 
at 426 nm. 

70 - 

50. 
IT 
c?Z 

m- 

X(llrn) 

Fig. I. Excitation (I, I’) and emission (2. 2’) spectra of 
FAPH (I’. 2’)and itszinccomplex (I. 2). [Zn] = 4 x 10e5M; 
[FAPH] = 8 x IO-‘M; apparent pH 12.3; ethanol 30% VW: 

sensitivity. coarse I, fine 7. 

RFt 

7 

i 

5 

I I 

Il.0 11.5 120 125 
PH 

Fig. 2. Effect of pH on the formation of the zinc-FAPH 
chelate. [Zn] = 4 x IO-‘M; [FAPH] = 8 x IO-sM. 

Studies on the effect of acidity showed that chelate 

formation is most complete in alkaline medium. For 
30% ethanol solutions, it was found that chelate 
formation is complete at an apparent pH between 
12.2 and 12.4 (Fig. 2). This is expected for this type 

of ligand, a ferroin-type compound acting as a ter- 
dentate planar chelating agent if it is assumed that 
complexation is accompanied by deprotonation of 
the imine group of the ligand. 

The alkaline medium ensures the formation of a 
neutral stable 2: I ligand/metal chelate. given the 
hexaco-ordinate character of zinc. In the proposed 
procedure, the pH can be adequately adjusted to the 
desired range by addition of 5 ml of pH-12.3 O.lM 
glycine buffer, provided the initial sample pH is in the 
range 7-12. 

The concentration of ethanol in the reaction sol- 

ution must be precisely controlled, because it causes 
two opposite effects that counterbalance the effect on 
the fluorescence intensity and on the stability of the 
measurements. If the ethanol content is below 10% 
the solutions are turbid. The fluorescence intensity 
increases by 55% as the ethanol concentration is 
increased from 20 to 40%; higher percentages, from 
40 to 90%, dwrease the fluorescence intensity by 
75%. Use of 30% ethanol is satisfactory, giving 
stable and high fluorescence intensity. 

No fluorescence inversion is caused by an excess of 

reagent up to at least I.4 x IO -‘M. Accordingly, 5 ml 
of 5 x IO-‘M FAPH is used in a final volume of 25 
ml. The order of addition of the reagents is im- 
material. Raising the temperature from IO to 30” 
decreases the relative fluorescence intensity from 95 
to 25%. The work reported here was done at 
15 f 0.5“. 

It was observed that exposure of the solutions to 
light causes fading of the fluorescence (Fig. 3). To 
ensure better reproducibility, it is important to use a 
narrow excitation slit and to keep the solutions in 
darkness until measurement. Under these conditions 
the chelate formation is instantaneous and the 
fluorescence stable for at least I hr. Mole-ratio and 
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Fig. 3. Effect of light on the fluorescence intensity. (a) 
Solution stored in darkness. (b) Solution exposed to room 
light. (c) and (d) Solutions exposed to excitation radiation 

(band-pass 4 nm and IO nm respectively). 

continuous-vacations plots showed that the molar 
ratio of FAPH to zinc in the complex is 2: I. 

FAPH suffers syn--anti photochemical trans- 
formation, which severely restricts its ability to form 
co-ordination compounds with metal ions,4 but the 
syn-isomer gives an intensely fluorescent chelate with 
zinc in alkaline medium, whereas the anti-isomer 
does not. Further, this reaction is specific, since no 
other ion tested gives a fluorogenic reaction with 
either isomer. The fluorescence emission is highly 
temperature-dependent. 

chronous spectra at different wavelength differences 
near the Stokes shift were recorded. The best results 
were obtained for &, - & = 54 nm. The apparatus 
used offered three time~onstants and four scan- 
speeds. A combination of a scan-speed of 120 nmimin 
and a time-constant of 0.3 set was found to be the 
best (Fig. 4). For recording either first or second 
derivative spectra, three different wavelength in- 
crements are possible in the DCSU-2 unit (2, 5 and 
IO nm). A lO-nm increment was employed; it gave the 
best signal-to-noi~ ratio but the lowest resolution 
(Fig. 4). 

Analytical parameters 

The difference is reactivity of the syn- and unti- 
isomers with zinc can be related to the steric re- 
arrangement caused by the photoisomerization. The 
syn-isomer gives a fluorescent compound because its 
terdentate character in this form permits the for- 
mation of a zinc chelate with extended resonance and 
induced rigidity. fn contrast, the anti-isomer gives 
reduced rigidity and resonance because it is only 
bidentate. 

The calibration graphs were linear over the range 
O-120 ng,/ml zinc. The ordinary fluorimetry cali- 
bration graph is linear over the range O-700 q/ml. 

The calculated detection and determination limits, 
together with the sensitivity and the standard devi- 
ations of the blank measurements, S,, and of the 
analytical signals, Ss, are given in Table I. 

EIect of foreign ions 

Support for this hypothesis is provided by the 60% The effect of various species and ions on the 
decrease in the fluorescence intensity when the tem- determination of zinc at the 0.5 pg./ml level by normal 
perature is increased from 10 to 20”. It is not easy to s~tro~uorimet~ was examined over a wide range 
relate this tem~~ture effect to the internal con- of concentrations. The main interferences in the 
version deactivation process but it may be due to a ordinary Ruorimetric method were eliminated by 
thermal isomerization of the ligand. This hypothesis using common masking agents. Those species which 
is reasonable if the thermal barrier is low enough to interfered in the normal method were investigated by 
provide the major route for deactivation of the the synchronous derivative approach, with solutions 
excited state.13 containing 80 ng/ml zinc. The tolerance criterion was 

AS we have discussed elsewhere,14 the n-donor 
character of the furan oxygen atom may be re- 
sponsible for the selectivity of the zinc reaction. 

As discussed above, the band-narrowing effect of 
the synchronous approach is essential in increasing 
the derivative amplitudes. Thus, appropriate selec- 
tion of the constant difference in wavelength between 
the two monochromators is critical. Although the 
peak position and half-width (A,, and AA,,,, re- 
spectively) can be calculated and predicted,ls these 
parameters should be empirically optimized. Applica- 
tion of these calculations gave &,, = 480 nm and 

A&,, = 45.4 nm. 
For empirical selection of the values, various syn- 

Table 1. characteristic of the analytical methods [A ordinary s~tr~flu~rimetr~: B synchronous scanning (first de~vative); 
C synchronous scanning (second derivative)] 

L.D.R.,? Amount taken, Amount found, RSD, 
Method S, 

C,. (k = 3)*, C, (k = IO)‘, 
s 6s ng+?ll ?l~/rnl q/ml wlml ng/ml n % 

A 0.7 I, 0.9 I, 15 50 5&700 500 504 IO 1.3 
B 0.2 cm 0.2 cm 3 IO l&120 40 41.3 8 2.0 
c 0.2 cm 0.2 cm 5 15 15-120 40 40.8 8 1.7 

*C, = limit of det~tion; C, = limit of dete~ination. 
tL.D.R. = linear determination range. 
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Fig. 4. Influence of instrumental parameters on the first (tap) and second (bottom) derivative synchronous 
spectra: (a) AZ’ (with scan-speed I20 nm/min and time-constant 0.3 see); (b) time-constant (with 
scan-speed 120 nrn~rn~n)~ (c) xan- (with time~on~tant 0.3 set). [Zn] = 7.6 x IO-*M; [FAPN] = 

1 x IO-‘M; band-pass, 10 nm. 

deviation of the analytical signal by more than two Application IO real samples 
standard deviations from the mean value expected for Because the procedures are specially recommended 
zinc alone. The results obtained are shown in Table for zinc trace analysis, they were applied to two types 
2, from which it may be deduced that in this case only of sample: a biolo~ca1 matrix (pig liver tissue) and 
moderate selectivity is gained in the synchronous an inorganic matrix (environmental metallic fume 
derivative approach, and the addition of masking samples). A summary of the results obtained is given 
agents is generally more efficient. in Table 3. 
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Table 2. Tolcrana for foreign ions 

Ion added 

Method A (ordinary) 
Tolcrana ratio, 

without masking with masking Method B (synchronous) ion to Zn” (w/w) 

urea. aalale, citrate, I- 2.8 x IO’ 
F-, SCN- 1.4 X IV 
S*O:- 7x IO’ 

‘Al’+ 4x IO’ 
NH,. C,d,-, tartrate. m,-. Co’+ 2x IOr 
ascorbic acid, thiourca, H202. TEA 40 
,cttaliamine. Ni” bFe’+. Mgx+ 20 

bCr” IO 
Ag+. Tl’+, Gal+ dCdz+. bMn*+ Pd’+ Mnr+ Co” 5 
EDTA, CN-. Bc2+ bcor+ Fe)+’ ’ 2 
NTA, dimcthylglyoxime, Cd*+, Fe’+ bcu2+ Cdr+ cur+ I 
Mnr+. Pd2+. Co’+ Cr’+: Mg2+ 0.5 

0.1 

‘Acetate. I4 mg/ml. 
bCilrale, 14 mg/ml. 
Vluoridc. 7 mg/ml. 
6Thiocyanale. 7 mg./ml. 

Table 3. Determination of xinc in samples of pig liver tissue and in environmental metallic fumes 

Zn found. nglml Zn conlentt 
Zn prcscnl,* 

Samples nxlml 1st derivative 2nd derivative /&I&? mglm’ 

Pig liver 41.r 42.3 f I.2 41.9 f I.0 177 
Pig liver 38.4’ 40.5 f 0.9 39.6 f 0.7 165 
Pig liver 

::5 
41.8 f 1.0 40.8 f 0.7 173 

Metallic fumes 61.2 f 1.1 6l.Ok I.0 1.25 
Metallic fuma 58.2’ 59.3 f 0.8 59.2 f 0.7 I .66 
Metallic fumes 82.1b 83.2 f I .O 82.6 f 0.8 1.85 

*In solution analysal; ‘standard-addition method; ‘by atomic-absorption spcctrometry. 
tin original sample (dried liva. air). 
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VINCA ALKALOIDS USED IN CANCER 
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Summary-A differential pulse polarographic method has been developed for determination of the 
antin~plastic aunts vinc~stine and vinbl~tine at ng/ml level, in biolo~~~l fluids such as plasma and 
urine. The Christine and vinbla~t~n~ ate extracted from urine with Am~rl~te XAD-2. Linear ~lib~t~on 
plots are obtai~cd for both over the eoneentration ran S-5 pg/ml. The relative standard dev~~t~ans 
found were 1.7% for analysis of the pure drugs, 7.3% for urine and 8.6% for plasma. 

Vi~c~~tine (VCR) and ~inblastine (VLB) are repre- 
emotive of a class of dimeric alkal 
both au indole and a d~hydroi~do~e 
plant a~k~oids of the vinea group 
ployed for many years as chemotherapeuttc agents m 
the treatment of various neoplastic diseases.” The 
efficacy of VCR or VLB therapy could probably be 
irn~rov~ by c ous monito~n~ of the concen- 

VCR or VLB ha 

drugs are excreted with 
nearly unchanged. Ia Procedures developed for de- 
tecting VCR or VLB in body fluids include radio- 
immunoassay,“-‘3 microbiological assays,“,” and 
HPLC.‘0.t6 Ei~tr~hemical oxidation of vinbiastine, 
~t~rant~ine and vindole at a ~r~n~paste anode 

st~~ated~‘~ 
neral, produce ~~lyt~c waves at 
ury electrode, to an extent that is 

de~ndent on the ring system invoIv~. CataIytic 

chona, tropane and some other a 
determined by de. polarography in the range 
10~~4-10-3M in basic buffersz2 Differential pulse po- 
larography (DPP) nction with the extraction 
of plant material h used for the dete~ination 
of pyrrolizidine alkaloids extracted from different 
~~~e~i~ species.23 

The purpose of the present work is to debris a 
~nsitive. rapid and easy DPP method for the deter- 

*This work was pr~~nted at the 1st l~te~ation~ Sym- 
p~~iurn on Drug An~ly~~~, Brussels, 1983. 

mination of VCR and VLE in pure solutions and in 
biological fluids such as plasma and urine. 

Material 

The water used for solution preparation was distilled in 
a Barnstead apparatus, then deminemlized in a high- 

throughout. VLB 
and VCR sul~bate (lot P66209) (Eli 

Lihy) were used as ived. All ~h~rni~s were ACS agent 
grade. 

Plasma samples were obtained from patients with 
different kinds of ~a~norna who were 
chemotherapy, nerslly by rapid ~~tra~enoua infusion 
done af the patients was removing other drugs by infusion 
or antibiotic before venon~ blood was drawn. It was drawn 
from the opposite wm 5 min after drug infusion through an 
indwelling heparin lock. The plasma samples were stored at 
4” overnight, then centrifuged at 5000 rpm for 1.5 min. 

An EGG ~~~~n Appli~ model 174A 
phie an~ly~r with a rapbie model 
reeorder was used. To decre IR drop, the 

el~tr~e was loeat a salt budge and con- 
nected to the glutton by a n ~pilla~ with its tip 
placed close to the tapered ping-mercury electrode 
CQi pillars used had a rne~ur~ flQw-rate (m) of 
0.23 0.25M ammonia~a.2S~ ammonium chlo- 
ride -3) &hat was 10 -‘M in tet ammonium 
hydroxide, in open circuit with a rn~r~u~y of 80.0 cm. 
All ex~riments were ~rfo~~ in a jacke larograph~c 
eel1 at a preselected tem~rat~re. A Faraday cage and 
electronic filters were used to eliminate electronic noise. The 
potentials were taken with Heath Universal Digital Instru- 
ment model EU-805. 

ions were ~rfo~~ with solu- 
tions that had p~vio been deaerat by passage of 
oxygen-fry nitrog~ for 10 min. The pursued nitro~n was 
~uil~brat~ with the sup~~~ng el~trolyte in a gas- 
dis~r~ion bottle curtaining a solution identical to the test 
solution, to avoid evaporation of the latter in the polar- 
ographie eell. This is ~art~cuiariy important here because of 
the choice of an ~rnrn~~i~~l buffer as supporting eieetro- 
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lyte. Current 0.~. potential curves were recorded in the d.c., 
tast, PP and DPP modes. Each solution was scanned over 
the potential range from - 1.2 to - 1.7 V W. SCE. A 
scan-rate of 5 mV/sec, drop-time of I see, rn~ulati~n 
amplitude of SO mV, W-cm height of the mercury column, 
and a temperature of 20 + 0.01” were typically employed. 

Exrraclion procedures 

Among the standard techniques used for concentration 
and clean-up of biological samples are solvent extraction 
and adsorption on columns of a non-polar adsorbent. 
Amberlite XAD-2 is particularly ~uitabk for column work 
because of its inertness at all pH values and its relatively 
strong adsorbent propertiesWz6 VCR and VLB were extrac- 
ted from urine samples by use of this non-ionic resin; 2.1 g 
of it were packed between pieces of cotton in a commercial 
polypropylene tube I .O cm in diameter and 9. I cm long. The 
column was washed with water before use and then the 
ammoniacal buffer solution @H 9.3) was passed through it. 
The urine sample (20 ml) containing VCR or VLB was made 

VLB 

i I 8 I I t t I I 1 I 

-1 2 -%.3 -, 4 -1 5 -+6 -% I -t 2 -i.3 -1 4 -1 5 -1 6 -17 

Applied potent+al , V ys SCE 

basic with 2M sodium hydroxide and passed through the 
column, which was then washed with IO ml of water. The 
second piece of cotton was taken out, and the VCR or VLB 
was extracted from the Am~rlit~ XAD-2 by passage of 
three s-ml portions of chlorofo~.*~ Plasma samples were 
adjusted to pH 9.3 with 2M sodium hydroxide and a SO-ml 
aliquot was extracted with three IO-ml portions of chloro- 
form. The organic fractions thus obtained were evaporated 
lo dryness in the polarographic cell under a stream of 
nitrogen at room temperature, and 3 ml of the supporting 
electrolyte mixture were added to the residue. The VCR or 
VLB was then dete~n~ ~~arog~p~ly, the standard- 
addition t~hnique being used far analysis of biwl 
samples. 

RESULTS AFiD DISCUSSION 

Differential pulse polarograms for various concen- 
trations of VCR and VLB in the 0.2% ammoni~~l 

Fig. I. Differential pulse polarograms of VCR and VLB in 0.25M NH,/0.25M NH,CI buffer at pH 9.3 
(IO-‘M Et,NOH). VCR: O, 0; a, 0.012; b, 0.040; c. 0.062; d, 0.110; e. 0.170; f, 0.234; g, 0.330; h. 

0.337pgiml. VLB: o, 0; a, 0.28; b, 0.56, c, 1.17: d, 1.72; e, 2.33~giml. 
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Table 1. Linear regression characteristics of calibration 
graphs for VCR and VLB in 0.25M NH,/0.25M NH,Cl 
buffer at pH9.3 (with 10m4M EtdNOH) by DPP (12 data 

Linear range, pgglml 
Slope f S.D., 

points) 

VCR 

0.005-5 

VLB 

0.005-5 

nA.ml.pg -’ 
Intercept, nA 

62.1 f 0.4 3.94 + 0.06 
1.2 -0.04 

buffer at pH 9.3 and containing tetraethylammonium 
hydroxide are shown in Fig. 1. Some polarograms, 
especially those near the lower limit of detection, 
have been omitted for clarity. The concentration of 
VCR and VLB is proportional to the signal ampli- 
tude over the range 0.005-5 pg/ml (Table 1). Higher 
concentrations cause curvature of the calibration plot 
to give a curve similar to a Langmuir adsorption 
isotherm. 

VCR and VLB are large organic molecules used 
separately in cancer chemotherapy. The most im- 
portant point in the electroanalysis of these molecules 
is their adsorption on the electrode surface. After a 
certain degree of coverage of the electrode surface by 
the adsorbed molecules, their interaction promotes 
further adsorption and the surface coverage increases 
faster that would be expected. An adsorption current 
was observed at VCR or VLB concentrations above 
5 pgg/ml as shown by variation of the limiting ad- 
sorption current with change in mercury head. Fur- 
ther evidence of adsorption was shown by the de- 
pendence of the adsorption wave on temperature, the 
temperature coefficient being negative. From 5 pg/ml 
down to 5 ng/ml, the range of calibration, a catalytic 
current was observed. On awount of their complex- 
ity, the catalytic peaks for hydrogen evolution have 
been considered as a special and very interesting 
branch of polarography. The effect of temperature 
and height of the mercury head on the peak current 
proved that the peaks given in Fig. 1 were catalytic 
in nature; the temperature coefficient was about 
- 47%/deg and there was no relationship between 
the peak current and the height, or square root of the 
height, of the mercury column. The dependence of 
the limiting peak current on the VCR or VLB 
concentration in ammoniacal buffer alone has the 
form of a Frumkin adsorption isotherm, viz. it is 
S-shaped and calibration cannot be done.27 If a 
quaternary ammonium salt is added to the buffer, 
however, the calibration plot has the form of the 
Langmuir adsorption isotherm, and is linear below 
5 pg/ml alkaloid concentration. 

The peak potentials of VCR and VLB in the 
proposed supporting electrolyte are - 1.485 and 
- 1.509 V vs. SCE respectively. VCR and VLB are 
never used together in combined chemotherapy, so 
this similarity in peak potentials is not important. 
The slope of the calibration graph is higher for VCR 
than for VLB, as seen in Table 1, presumably owing 
to the difference in molecular structure, the CHO- 

Table 2. Effect of pH on peak current 

PH i(VCR), nA i(VLB), nA 

8.0 58 34 
8.2 82 49 
8.4 94 66 
8.6 110 75 
8.8 120 84 
9.1 134 98 
9.2 138 100 
9.3 140 105 
9.4 120 90 
9.5 loo 70 

group in VCR being replaced by a CH, group in 
VLB. The lower limits of detection of VCR and VLB 
by DPP have been found to be lower by a factor of 
lo3 than those obtainable by anodic oxidation.” This 
is due to the use of DPP in conjunction with a 
dropping mercury electrode, and the catalytic charac- 
ter of the current. 

Compounds containing nitrogen, phosphorus, 
arsenic or sulphur, that are capable of binding a 
proton to the free electron-pair of these atoms, are 
catalytically active. 2’,28*2g The catalytic evolution of 
hydrogen in the polarography of a large number of 
different alkaloids shows that the catalytic action is 
due to the alkaloid accepting an electron from the 
electrode and transferring it to the hydrogen ion in 
the solution.‘8m23 The catalytic currents due to alka- 
loids are ascribed to the nitrogen-containing group. 

The peak height for VCR and VLB increases when 
the drop-time increases, because the time available 
for adsorption is longer. The best drop-time was 
chosen as 1 set per drop. The peak heights were 
found to be proportional to the modulation ampli- 
tude. The highest accuracy and precision were ob- 
tained with 50-mV modulation amplitude. 

The peak potentials and limiting currents of VCR 
and VLB change with pH. At pH > 10 the peak 
disappears and at pH < 7 it cannot be observed 
because of masking by hydrogen evolution from the 
buffer. The pH is quite critical, and should be con- 
trolled to better than f 0.1 (Table 2). 

The catalytic reduction was greatest for an equi- 
molar mixture of the buffer components. Mair- 
anovskii has suggested that for an organic substance 
to catalyse hydrogen evolution it should be able to 
exist as a conjugate acid-base pair, which can interact 
with an acid-base system in the supporting electro- 
lyte,30 e.g., 

VLB + NH: + (VLB)H + + HN, 

When the protonated cation is discharged at the 
electrode, a possible mechanism for hydrogen evo- 
lution is 

+e- 
(VLB)H+ - VLB(H) 

t 1 
+ NH: 

NH, + (VLB)H+ - VLB + fH, 
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Table 3. Recoveries of VCR and VLB added (ng) to 10 ml 
of urine or 1 ml of plasma 

Urine Plasma 

Alkaloid Added Found Added Found 

VCR 40.0 37.0 + 2.0 4.0 3.6 + 0.3 

VLB 40.0 37.2 + 2.7 4.0 3.8 + 0.3 

Determination of VCR and VLB in body JIuids 

The normal concentration of VCR and VLB in 
biological fluids is < 0.1 pg/ml.31 The limit of de- 
tection in this method is about l/20 of this value for 
VCR and l/5 for VLB. The recovery test results for 
urine and plasma samples spiked with realistically 
low levels are shown in Table 3. The relative standard 
deviation was found to be 1.7% for analysis of pure 
solutions of the drugs, 7.3% for urine and 8.6% for 
plasma, and the recoveries were all low, ranging from 
90 to 96%. 
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Btrmmnry--Thiol collectors and sulphide can be determined together by differential pulse polarography. 
Ethyl xanthate, diethyl dithiophosphate, and diphenyl di~iophosphate have been dete~in~ in concen- 
trations from 10 pM to 2 m&f, and su~phide from I @f to 0.5 mM. The method is ~Iiable and rapid; 
however, the exact behaviour of the thiol coIlectors must be known since the pattern of current peaks 
changes as the concentration increases. This method has been used in the study of sulphide mineral 
flotation and could be utilized at full-scale flotation plants. 

So-called thiol collectors are implant chemicals in 
the Rotation of sulphide minerals because they greatly 
improve the floatability of the mineral particles sus- 
pended in water. These collectors, of which xanthates 
(ROCS;) and dithiophosphates (RrQPS;) are the 
most common, usually have two sulphur atoms at 
their polar ends, enabling them to attach to the 
surface of mineral particles. The collectors usually 
occur as the alkali-metal salts, which are soluble in 
water, and the typical concentrations in flotation 
processes are between IO-l’M and 5 x IO-‘&f. Fur- 
thermore, flotation liquors may contain other sulphur 
species such as sulphide and thiosulphate. From the 
point of view of both basic research and rotation 
plant efficiency, the determination of these different 
species is of great irn~~an~. 

Spectrophotometric methods have been widely 
used in studying the composition of flotation liquors. 
The main reason is that xanthates are easily deter- 
mined by ultraviolet s~trophotomet~ at 301 nm.12 
The determination of diethyl dithiophosphate” at 
227 nm is not as useful because of the presence of 
interfering species such as sulphide, thiosulphate and 
carbon disulphide’*’ in flotation liquors. On the other 
hand absorption bands from carbon disulphide, xan- 
thates, and monothi~r~uates interfere in ultra- 
violet s~ctrophotometric dete~inations of suiphide 
and thiosulphate. 

It is known that xanthates give well-defined waves 
in normal pulse polarography.68 Normal pulse 
(NPP) and differential pulse polarography (DPP) 
have both been used suc~~fully in the dete~ination 
of sulphide and ~iosulphate.~‘~ However, DPP has 
not previously been used in the determination of 
xanthates or dithiophosphat~. 

The determination of ethyl xanthate (EX), diethyl 
dithiophosphate (DTPEt), and diphenyl dithiophos- 
phate (DTPPh) by DPP is discussed in this paper. 
Also, the simultan~us dete~~nation of sulphide in 

solutions containing both sulphide and a collector 
has been examined. Results for the determination of 
EX by ultraviolet s~trophotomet~ and by DPP 
have been compared and the reliability of the latter 
method has been assessed. 

Reagents 
Analytical grade chemicals were used ~rou~bout the 

work except for the alkali-rne~~ salts of the thiol collectors, 
which were synthesised in our laboratory. Sodium sulphide 
solutions were prepared from Na,S.xH,O and their con- 
centrations checked by potentiometric titration with silver 
nitrate solution. The sulphide standards were prepared daily 
by adding 10 ml of SAOB II (suiphur antioxidant buffer) to 
90 ml of a standard solution. SAOB II solution was 
prepared from disodium EDTA, ascorbic acid, and sodium 
hydroxide according to a standard fo~ulation.~z 

Potassium ethyl xanthate (KEX) was prepared from 
ethanol, carbon disulphide and potassium hydroxide” and 
recrystallized from ethanol by addition of n-hexane. Sodium 
diethyl di~iophosphate (Na~~PEt) was prepared from 
phosphorus ~ntasulphide, ethanol and sodium hydroxide.” 
Potassium diphenyl dithiophosphate was prepared from 
phenol, phosphorus ~ntasulphide and potassium urinate 
by combining two methods. ‘u* The purities of these re- 
agents were checked by potentiometric titration, ultraviolet 
spectrophotometry, “C NMR, and infrared spectroscopy. 

The ~iarographic measurements were made with a PAR 
174 A Polaro~rap~c Analyser and PAR 303 A static 
mercury~~op electrode stand. The ~laro~r~s were 
recorded with a YEW Model 3022 X-Y recorder. The 
three-electrode assembly consisted of a dropping mercury 
electrode. a platinum wire auxiliary electrode, and an 
Ag/AgCl reference electrode against which all the potentials 
reported in this work were rn~ur~. Dissolved oxygen was 
removed by purging the solution with high-purity nitrogen 
for 4 min before each potential scan. Typical p~~mete~ 
employed were: drop-time I see, scan-rate 5 mV/sec, modu- 
lation amplitude 25 mV, and sensitivity I PA. 

The volume of the sample to be analysed polar- 
ographically was usually about 5 ml and contained 0.06 ml 
of 2M sodium hydroxide and 0.25 ml of SAQB If. The 
polarogram of sodium sulphide was recorded in this alkaline 

79.5 
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solution, then the solution was acidified with 0.050 ml of 
glacial acetic acid to a pH of 5.3, and purged for 4 min to 
remove H,S, and finally the polarogram of the collector 
species was recorded. 

Ultraviolet spectrophotometry 

The spectra for the determination of ethyl xanthate were 
recorded on a Beckman Acta MVI spectrophotometer, with 
10 mm silica cuvettes. The absorption maximum at 301 nm 
was used for the determination of the concentration of 
EX, which has a molar absorptivity of approximately 
1.75 x lo4 I.mole-‘.cm-‘.’ 

RESULTS AND DISCUSSION 

Ethyl xanthate 

The polarographic behaviour of xanthates and of 
all the other thiol collectors is complex, owing to the 
adsorption phenomena occurring at the dropping 
mercury electrode. However, within certain concen- 
tration ranges well-defined current peaks are ob- 
tained. EX gives a reproducible peak at -0.55 V 
when the concentration is between 1 x 10m5M and 
1.5 x 10m4M as shown in Fig. 1. The current- 
concentration relationship is not linear over the 
whole range, however, but only from 7 x 10e5M to 
1.5 x 10m4M. Thus, the determination of EX must be 
performed on the basis of a calibration graph (Fig. 2), 
instead of by the standard addition method, for 
example. 

As the concentration rises above 1.5 x 10m4M a 
new peak appears at -0.35 V and simultaneously the 
first peak at -0.55 V decreases slightly. The growth 
of the peak at -0.35 V continues only up to a 
concentration of 3 x 10-4M at which point a sharp 
peak suddenly appears at approximately -0.3 V. AS 

the concentration is further increased the potential of 
this sharp peak shifts, reaching a final position of 
-0.4 V at 2 x lo-‘M. Figure 3 shows the shapes and 
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Fig. 1. Differential pulse polarograms of ethyl xanthate. 
A, OM; B, 3.5 x 10-5M; C, 5.5 x lO+M; D, 7.3 x 10-5M; 

E, 9.1 x 10-5M; F, 1.2 x 10-4M. 

the positions of the current peaks at the concen- 
trations 2.5 x 10m4M and 7.8 x 10m4M. The peak at 
approximately -0.35 V is analytically interesting and 
shows a nearly linear current-concentration relation- 
ship from 1.5 x 10m4M to 2 x lo-‘M (Fig. 4). On 
more careful examination however, there is a slight 
deviation from linearity in the range where the 
change in the shape of the peak occurs. When the 
concentration of EX is increased above 2 x lo-‘M a 
clear deviation from linearity is observed. However, 
the calibration graph is still useful up to approxi- 
mately 4 x lo-‘M. 

CONCENTRATION, Mx lo5 

Fig. 2. Calibration curve for ethyl xanthate at -0.55 V. 

I 1 I 

-0.6 -0.4 -0.2 

E vs. Ag IAgCI, V 

Fig. 3. Differential pulse polarograms of ethyl xanthate. 
A, 2.5 x 10-4M; B, 7.8 x 10-4~. 
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Fig. 4. Calibration curve for ethyl xanthate at -0.35 V. 
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The existence of several current peaks with in- 
creasing concentration of EX has been observed by 
many authors. Pomianowski” has found in his 
capacitance-potential studies that the surface reac- 
tions at DME and HME are very complicated. The 
first peak at -0.55 V could be due to a single- 
electron reaction and the formation of a strongly 
adsorbed layer, i.e., 

Hg+EX-gHg-EX+e- (1) 

The second and third peaks at -0.3 and -0.4 V 
probably originate from another single-electron 
transfer with the formation of adsorbed dixan- 
thogen’* or a mercury-xanthate surface compound, 

Hg-EX + EX-+Hg-(EX), + e- (2) 

The formation of mercury(U) xanthate is also 
possible, with a two-electron transfer, at the higher 
~tentials,19 

Hg + 2EX-+Hg(EX), + 2e- (3) 

With normal pulse polarography, a prewave on the 
more negative potential side of the main wave has 
been observed, which remains constant even if the 
certain concentration is exceeded.7,8 This has been 
explained as ori~nating from a strongly adsorbed 
film on the electrode. The potential of the first peak 
observed in DPP is approximately the same as the 
potential of this prewave. 

Comparison of DPP and ultraviolet spectraphotometry 

Perhaps the most accurate method for determining 
xanthate is based on the absorption of ultraviolet 
radiation at a wavelength of 301 nrn.le3 Therefore 
results from the differential pulse polarographic 
method have been compared with those obtained by 
ultraviolet spectrophotome~y over the con~ntration 
range from 2 x lo-‘M to 1.3 x 10F4M, which 
allows for the direct determination by both methods 
(Table 1). 

The precision of both methods is good at concen- 
trations greater than 5 x lo-‘M, but there is a rather 
large error in the values given by DPP at the two 
lowest concentrations. This is probably because the 
calibration graph is slightly curved at those concen- 
trations. The relationship of absorbance to concen- 
tration is linear over the whole range. 

The repr~ucibility of the DPP method was tested 
by analysing five replicate samples at five different 
concentrations (Table 2). 

The relative standard deviation was less than 2% 
except in case A, where it was 3.3%. The R.S.D. for 
the ultraviolet method is generally better, being as 
low as 1% at the concentrations examined. Even so, 
DPP is a reliable method for xanthate dcte~ination 
and clearly has some advantages over the ultraviolet 
method. For example, the small amount of solid 
which generally exists in the samples of flotation 
liquors may disturb the ultraviolet analysis, in which 
case DPP would give much better results. 

Table 1. Comparison of the DPP and ultra- 
violet spectrophotometry methods 

EX found, A4 x lo5 
EX concentration, 

M x los DPP uv 

2.00 2.35 2.04 
3.50 382 3.61 
5.00 5.05 5.15 
6.00 5.95 6.12 
7.00 6.88 7.16 
9.00 8.85 9.12 

11.0 10.9 11.1 
13.0 13.1 13.0 

Table 2. A test for the reproducibility of the determination 
of EX by DPP 

Concentration, 1+4 x lo5 

Sample A B C D E 

1 5.65 7.12 8.62 10.4 11.9 
2 5.50 6.95 8.80 10.2 12.0 
3 5.20 6.95 8.50 10.6 11.8 
4 5.65 7.12 8.55 10.3 11.6 
5 5.35 7.12 8.75 10.2 11.8 

Mean 5.47 7.05 8.64 10.3 11.8 
R.S.D., % 3.3 1.3 1.5 1.6 1.3 

Diethyl dithiophosp~te 

Iodometric titrationi and ultraviolet analysis3 can 
be used to determine the concentration of DTPEt. 
The direct ultraviolet method at 227 nm is seldom 
successful, owing to the presence of many interfering 
components in flotation liquors. DPP has not been 
used for DTPEt determination and it is hard to find 
any information in the literature on the polaro- 
graphic behaviour of dithiophosphates. We have 
observed the behaviour of DTPEt to be similar to 
that of EX except that the potentials are more 
positive. A broad current peak is observed at -0.4 
V when the concentration lies between 1 x 10wSM 
and 1.2 x 10e4M (Fig. 5). There exists a well-defined 

I L L L 

-1.1 -1 .o -0,9 -0.0 -0.7 

E vs. Ag IAgCI, V 
Fig. 5. Differential pulse polarograms of diethyl dithio- 
phosphate. A, OM; B, 5.1 x 10s5M; C, 8.4 x 10m5M; D, 

1.2 x lo-4M. 
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06 

0.2 

CONCENTRATION, Mx106 

Fig. 6. Calibration curve for diethyl dithiop~osphate at 
-0.4 v. 

current-concentration relationship, which is not 
linear, the height of the peak increasing more rapidly 
with increasing concentration (Fig. 6). 

A new peak appears at -0.15 V when the concen- 
tration of DTPEt is 1.4 x 10s4M. This peak has some 
analytical importance because the peak height is 
nearly linearly dependent on concentration up to 
1.4 x 10-3M. Above 1.5 x 10Y3M a new peak 
appears at -0.2 V, which increases linearly with 
concentration. 

The reproducibility of the determination of DTPEt 
was good, even better than that for EX, with an 
R.S.D. of about 0.8% when five replicate samples 
with a mean con~ntration of 9.9 x IO-‘&4 were 
analysed. There is clearly a complex sequence of 
reactions at the electrode surface, as in the case of 
EX, giving rise to several peaks as the concentration 
increases. 

Diphenyl ~ithiophosphffte 

Though DTPPh and DTPEt differ only in the 
hydrocarbon group, a considerable difference is ob- 
served in their behaviour at the DME. Because the 
first peak in the DTPPh polarogram appears at 
-0.85 V (Fig. 7) SAOB II cannot be used, because 
it, too, gives rise to a large anodic current as well. The 
height of the current peak at - 0.85 V is not propor- 
tional to the concentration (Fig. 8). Even so, this 
peak can be used to determine the con~ntration of 
DTPPh in the range from 1 x 10w5M to 1 x 10m4M. 
When the DTPPh concentration exceeds 2 x 10m4M 
a new peak appears at -0.25 V in the polarogram. 
The current-concentration relationship of this peak 
gives it anaIytica1 importance in the concentration 
range from 2 x 10m4M to 3 x 10U3M. 

The relative standard deviation for the deter- 
mination of DTPPh at 4 x 10T5M was 2.8% when 
five replicate samples were analysed. 

From a practical point of view it is important that 
the collector can be determined in the presence of 
other sulphur-containing anions, such as sulphide. 
This kind of analysis can be performed if the sulphide 
is determined first in an alkaline solution and then 
removed from the solution by acidification to form 
H,S, followed by purging. As the determination of 

I L 1 L L I t 

-0.7 -0.5 -0.3 

E vs. AglAgCI, V 

Fig. 7. Differential pulse polarograms of diphenyl dithio- 
phosphate. A, OM; B, 1.4 x 10TSM; C, 2.6 x 10YsM; D, 

4.9 x 10-5,&f. 

2 4 6 8 

CONCENTRATION, Mx lo5 

Fig. 8. Calibration curve for diphenyl di~iophosphate at 
-0.85 V. 

sulphide by DPP has been investigated”” it will not 
be described here in detail. We have found, however, 
that sulphide can be determined from 1 x 10e6M to 
5 x 10e4M concentration without any difficulty. The 
current peak at -0.8 V is linearly dependent on 
concentration up to 10e5M, above which a slight 
deviation from linearity is observed. The deviation is 
contrary to what other authors have reported)“ and 
may be a result of differences in the experimental 
systems. 

The differential pulse polarograms of sulphide and 
ethyl xanthate present in the same sample are shown 
in Fig. 9. 

The presence of thiosulphateiO could also be ob- 
served in the same polarogram with EX at a poten- 
tial of - 0.2 V but this will not be discussed here. The 
removal of sulphide is very important in that the 
acidification shifts the potential of the sulphide ion to 
a more positive value. As a result the peaks of EX 
and sulphide will overlap, making xanthate deter- 
minations questionable. Fortunately, sulphide is 
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Fig. 9. Simultaneous determination of sulphide 
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quite easily removed as H,S when the pH is below 6. 
However, too low a pH must be avoided when 
xanthates are present, because their decomposition 
rate increases with increasing H+ concentration.20 

Sulphide and DTPEt can also be determined simul- 
taneously by the same procedure. The advantage with 
thiophosphates is their much better stability in acidic 
solution, which allows the use of a wider pH range. 
Slight problems arise, however, in the simultaneous 
determination of sulphide and DTPPh because in 
alkaline solution there is only a small difference in the 
peak potentials of these two components. 
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Summary-A cathodic stripping method has been devised for determination of low concentrations of the 
flotation collectors ethyl xanthate, diethyl dixanthogen and diethyl dithiophosphate. The limit of detection 
for ethyl xanthate was 1 x lo-*M by the differential pulse technique and with deposition for 2 min at 
-0.1 V. Three peaks were observed, each increasing in different concentration ranges of ethyl xanthate. 
A reaction mechanism is proposed. The detection limit for diethyl dithiophosphate was 1 x lo-‘M by the 
differential pulse technique and with deposition for 3 min at -0.1 V. The analytical method was applied 
to determine ethyl xanthate in a sulphide mineral flotation plant and the amount of adsorbed ethyl 
xanthate and diethyl dithiophosphate on Cu,S. It was found that the adsorbed ethyl xanthate forms nearly 
a monolayer on Cu,S and that the amount of adsorbed diethyl dithiophosphate corresponds approxi- 
mately to 0.4 monolayer. 

Xanthates have long been used as collectors in sul- 
phide mineral flotation. They are surface-active com- 
pounds which are adsorbed on the surface of sulphide 
minerals and thereby exert their flotation function. 
In order to obtain the maximum floatability the con- 
centration of xanthate should be kept within certain 
limits. The concentration in flotation cells is normally 
10-4-10-5M and continuous of fairly frequent mon- 
itoring of the concentrations is necessary for efficient 
process control.’ From the environmental point of 
view it is also important to measure the concentration 
of xanthate in the plant effluents. Proper analytical 
methods are needed to fulfil these requirements. 
Iodometric titration is one of the oldest methods for 
determining xanthate.* Spectrophotometric methods 
are also used3 and a polarographic method has been 
devised.4 The determination of low concentrations of 
xanthate and similar compounds has so far been a 
difficult task. The detection limit of the spec- 
trophotometric method is around 10m6M which is too 
high if the method is to be used to monitor xanthate 
discharges to the environment. 

The work we will present in this paper was initiated 
by the demand to determine flotation collectors at 
concentrations < 10V6M in aqueous samples from 
mineral flotation processes. Ethyl xanthate is the 
most frequently used flotation agent but diethyl 
dithiophosphate is also sometimes used. In this work 
we describe a sensitive analytical method for deter- 
mination of low concentrations of both compounds 

by cathodic-stripping voltammetry at a hanging 
mercury-drop electrode. 

EXPERIMENTAL 

Chemicals 

The compounds studied in this work were potassium ethyl 
xanthate (EX), diethyl dixanthogen [(EX),], and diethyl 
dithiophosphate (DTP). The chemical structures of these 
compounds are shown in Fig. 1. The compounds were 
synthesized by methods described in the literature.5.6 All 
other chemicals were from Merck and of analytical grade. 
Doubly distilled water was used in preparing the solutions. 
The Cu,S plates were obtained from the Department of 
Physical Sciences, University of Turku. Samples from the 
flotation plant were taken in well-washed plastic bottles and 
assayed the following day. 

Instrumentation 

A PAR 174A polarograph was used in conjunction with 
the PAR 303 static mercury-drop stand. The counter- 
electrode was a platinum wire and the reference electrode a 
silver-silver chloride electrode in saturated potassium chlo- 
ride solution. All potentials given are referred to this 
electrode. A Bryans X-Y plotter was used to record the 
voltamperograms. 

Procedure 

Preliminary differential pulse polarographic studies with 
lo-“M solutions of EX and DTP in O.lM Britton-Robinson 
buffers between pH 4 and 10 and in 0.1 M sodium hydroxide 
showed that the peak shape and peak potential were almost 
constant over the whole pH range studied. EX was found to 
degrade rapidly at pH below 4. DT’P is stable even in acidic 
solutions down to pH = l.s Therefore O.lM potassium 
nitrate was chosen as the supporting electrolyte solution. 
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2 
CH,-CH,-O-C 

\ 
S-K+ 

EX 

CH -CH,-0 3 
\P# 

CH3-CH2-0’ ‘S- Na+ 

DTP 

CH,-CH,-O-C 

\ /“- 

0-CH,-CH, 

s-s 

(EX), 

Fig. I. The compounds studied in this work: EX = potassium ethyl xanthate, DTP = sodium diethyl 
dithiophosphate and (EX), = diethyl dixanthogen. 

The sample solutions, 5 ml, were always purged with pure 
nitrogen for 8 min before the experiments were started. The 
mercury drop was first dispensed after the cell was de- 
aerated. In the stripping experiments the electrode potential 
was held first at -0.05 or -0.1 V for 60, 120 or 180 set 
while the solution was magnetically stirred. After the stirrer 
was switched off the solution was allowed to become 
quiescent for 15 set and the potential was scanned at 20 
mV/sec to more negative values. After the scan was com- 
pleted the cell was removed and the mercury drop was 
displaced. The used drops were never dislodged into the cell 
solution. This procedure was followed to minimize the time 
the drop was in contact with the solution in order to 
prevent, as much as possible, the chemical reaction which 
may take place between mercury and the collector chem- 
icals. 

In studying the adsorption of EX and DTP on the Cu,S 
plate 5 ml of a 4.8 x lo-‘M solutions of the compounds 
were used. The Cu,S plate was placed in a platinum-wire 
basket and dipped into the solution for 60 sec. It was then 
lifted out and lM potassium nitrate was added to make the 
solution 0. lM with respect to this salt. This procedure was 
followed because we wanted to study adsorption in the 
presence of the collector ions only. The amount of EX and 
DTP remaining in the cell after the Cu,S treatment was deter- 
mined by the standard-addition technique. The amount of 
EX and DTP adsorbed on the Cu,S plate was then calcu- 
lated as the difference between the amounts before and after 
the Cu,S treatment. The standard-addition method was 
found to give more reproducible results than the direct 
evaluation from the calibration graph. Peak areas rather 
than peak heights were used. 

RESULTS AND DISCUSSION 

Cathodic stripping method 

Cathodic stripping voltamperograms of solutions 
of EX and DTP were recorded in the concentration 
range 1 x 10e8-7 x 10e5M and 1 x 10-‘-l x 10m5M 
respectively. Both differential pulse (d.p.) and direct 

current (d.c.) techniques were used, the former being 
more sensitive, enabling the EX to be determined at 
the 10~*M level. No attempt was made to find the 
real detection limit of the method, e.g., by using much 
longer deposition times. Typical d.p. and d.c. cath- 
odic stripping voltamperograms of EX over the con- 
centration range studied are shown in Fig. 2 (a and 

b). As can be seen in Fig. 2b the shape of the d.c. 
voltamperogram changes with increasing concen- 
tration of EX. Two small peaks at -0.55 and -0.65 
V can be observed on the d.c. voltamperogram of the 
5 x 10-s&f solution. As the concentration is increased 
these two peaks coalesce into a single peak. In the 
concentration range 2 x lo-‘-7 x lo-‘A4 the height 
of this peak at -0.6 V remains constant, and a new 
and increasing peak appears at -0.45 V. This can 
clearly be seen in Fig. 2c. Yet a third peak appears 
in the concentration range 2 x 10e6-1 x lo-‘M. It 

I 1 

-0.05 -0.50 -0.80 

E(V) 

Fig. 2(a). 
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I I I I I I 1 I 
-0.1 -0.5 -0.8 

E- (VI 

Fig. 2(b). 

?x 1o-7M 

I IO nA 

I I I 1 I I I 1 
-0.1 -0.5 -0.8 

E(V) 

Fig. Z(c). 

Fig. 2. Cathodic-stripping voltamperograms of EX in O.lM 
KNO,, at 25”C, scan-speed 20 mV/sec: (a) d.p. technique, 
modulation amplitude 25 mV, deposition for 60 set at 
-0.05 or -0.1 V, ~n~tration range 1 x IO-*-7 x 
10m6M; (b) d.c. technique, deposition for 120 see at -0.1 
V, concentration range 5 x lO-8-l x l0-5M; (c) expansion 

of the range 1 x lo-‘-7 x lo-‘M, d.c. technique. 

increases with concentration and at the same time the 
peak potential shifts from -0.30 to -0.34 V. The 
d.p. voltamperograms also consist of a number of 
peaks which increase in different concentration 
ranges. Similar observations have been made in d.p. 
polarographic studies of EX.4 The peak potentials are 
approximately 0.10 V more positive than those of the 
corresponding d.c. peaks. Some extra peaks may be 
found on the d.p. voltamperograms of various com- 
pounds forming insoluble mercury salts, making 
interpretation of such voltamperograms difficult.’ 
Calibration graphs obtained for the different concen- 
tration ranges are described in Table 1. 

Very little work has been done on the polar- 
ography of xanthates in aqueous solution. The prod- 
ucts of the electrode reaction are almost insoluble in 
water, which complicates identification of the reac- 
tion mechanism. Strong adsorption phenomena are 
also involved.s Leja has presented some results of the 
work of Pomianowski on a.c. polarographic studies 
of EX in aqueous solution.’ Based on the results of 
Pomianowski we suggest the following charge- 
transfer reactions take place during the deposition 
and stripping steps: 

at -0.6 V 

C&OCS; + (C,H,OCS,), + e - I 

at -0.45 V 

(C,H@CSz),,, + C,H,OCS; 

=: [(CZHGCS&I~~ + e - 11 

at -0.30 V 

2C,H,OCS; + Hg G+ [(C,H,OCS,)l-Hg],,, + 2e - III 

Reactions I and II are obviously restricted by the 
available surface area, because limits in the corre- 
sponding peak heights are observed. The adsorbed 
product in reaction III is obviously deposited in a 
thick layer on the electrode surface because the 
stripping peak increases linearly with concentration 
over at least the whole range studied in this work, see 
Table 1. 

The d.c. cathodic-stripping voltamperograms of 
DTP in the concentration range 5 x 10-‘-l x IO-‘M 
are shown in Fig. 3a. Voltamperograms from the 
narrower concentration range 2 x IO-‘--5 x IO-‘M 
are shown in Fig. 3b. As can be seen (Fig. 3) only one 
peak appears at first, at -0.42 V. When the concen- 
tration of DTP increases a second, increasing, peak 
appears at a more positive potential, -0.28 V, while 
the height of the peak at -0.42 V remains constant. 
When the concentration is further increased the 
height of the peak at -0.28 V remains constant and 
the peak at -0.42 V starts to grow again and shifts 
to more negative potentials. When the concentration 
increases above 5 x 10d6M the peak height does not 
change any more. It should be noted that the increase 
in the height of the more negative peak is less than 
the increase in the peak heights of EX over the same 
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Table I. Calibration graphs of EX, DTP and (EX), in 0. I M KNO,; deposition at -0. I V for 
2 min for EX and (EX), and 3 min for DTP 

Compound Technique 
Concentration 

range, M* E,,, V rt r.s.d., %$ 

EX d.c. I x IO-‘-7 x lo-’ -0.45 0.996 l&5 
d.c. 3 x 10-6-l.5 x lo-$ -0.3 0.999 5-2 
d.p. I x 10-8-I x IO-’ -0.5 0.999 20-10 
d.p. 3 x IO-‘-l x 10-b -0.4 0.997 5-2 

DTP d.p. I x IO-‘-5 x IO-’ -0.45 0.999 2&10 
d.p. 5 x IO-‘-l x 10-b -0.3 0.999 l&IO 

(EX), d.c. I x IO-‘-l x lo-6 -0.45 0.962 2&10 
-0.67 0.999 l&IO 

*Except for the first EX/d.c., where peak area was recorded, the peak height was measured for 
these calibrations. 

tcorrelation coefficient. 
$Relative standard deviation for 5 determinations at the bottom and top of the range. 

concentration range. This may be explained by as- 
suming that the mercury diethyl dithiophosphate 
compound is electrically non-conducting and is 
tightly packed on the surface. When the thickness of 
the layer on the mercury drop increases, the electrode 
becomes covered by a dense layer of an insulator. At 
a certain concentration of DTP the layer becomes so 
thick that it prevents the mercury from diffusing to 
the surface and hence also prevents the charge- 
transfer reaction from taking place. Therefore the 
voltammetric peaks do not increase further with 
increase in concentration of DTP. The mercury ethyl 
xanthate compound, on the contrary, seems to be less 
densely packed, because the peak height still increases 
with increasing concentration of EX. 

The limit of detection for DTP was estimated to be 
1 x lo-‘M. No attempt has been made to elucidate 
the reaction mechanism, though this obviously has 

some similarities with that of EX. Calibration data 

for DTP in different concentration ranges are given 
in Table I. Several d.p. polarographic peaks for DTP 
have been observed.4 

Diethyl dixanthogen, (EX),, has been proposed as 
a reaction product of the oxidation of ethyl xanthate 
at solid electrodes. lo To find whether (EX), is in- 
volved in the oxidation reactions in flotation liquors 
the cathodic-stripping voltamperograms of (EX), in 
the concentration range 10-‘-10-6M were studied. 
These curves are shown in Fig. 4. The voltam- 
perograms consist of two peaks at -0.45 and -0.67 
V. Both peaks increase with increasing concentration 
of (EX),, indicating that reduction of the compound 
formed during deposition takes place in two steps. 
The more positive of the peaks appears at approxi- 
mately the same potential and has approximately the 
same height as the increasing stripping peak of EX in 

I 20 nA 

I I I I I I I I 

-0.1 -05 -0.8 

E(V) 

(a) 

I I I I I I I I 

-0.1 -0.5 -0.8 

E(V) 

(b) 

Fig. 3. Cathodic-stripping d.c. voltamperograms of DTP in 0.1 M KNO, at 25’C. deposition for 180 see 
at -0.1 V; scan-speed 20 mV,Isec. Concentration range (a) 5 x IO-‘-l x IOm5M; (b) I x IO-‘--7 x IO-‘M. 
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I 1 I 1 I I I I 
-0.1 -0.5 -0.8 

E(V) 

Fig. 4. Cathodic-stepping d.c. voltamperograms of (EX), in 
O.IM KNO* Deposition for 2 min at -0.1 V, scan-speed 

20 mV/sec. Concentration range 2 x lo-‘-10 x 10.-7M. 

the same concentration range. Therefore it is obvious 
that the stripping peak of (EX), at -0.45 V is due to 
reaction II in the proposed sequence for EX. Because 
the heights of the two peaks in Fig. 4 are approxi- 
mately the same it can be concluded that one electron 
is involved in each reduction step. No attempt was 
made to clarify the origin of the peak at -0.67 V. 
Calibration data obtained for both peaks are given in 
Table 1. 

Application to flotation liquors 

The analytical method proposed in this work was 
used to determine EX in the samples taken from 
different stages of an ore flotation plant: (a) process 
water, (b) plant effluent and (c) flotation liquor from 
an Ni+Zu ore concentration plant. The cathodic- 
stripping determination could not be done immedi- 
ately on the plant, and the samples were transported 
to the laboratory and assayed the next day. The main 
problem in this kind of sampling and assay procedure 
is aging of the sample, which naturally affects the 
results. In particular the sample of flotation liquor 
contained solid particles and EX may have continued 
to react with them before the sample was assayed. 
The results of the analyses are given in Table 2. No 
EX was found in the samples of process water and 
plant effluent, or at least the concentrations were 
below the detection limit of 10W8M for the d.p. 
technique used, with 2-min deposition time. The 
concentrations of EX and (EX), in sample (c) were 
determined from the corresponding calibration 

Table 2. Determination of EX and (EX), by 
cathodic-stripping voltammetry in three sam- 
ples from a flotation plant; the conditions 
were 2 min deposition at -0.1 V, 0.1 M KNO, 

medium, at 25°C 

Sample WI, M l(EXM M 
Process water <10-a <10-g 
Plant effluent <lo-* <lo-* 
Flotation liquor 3 x IO-’ 1 x 10-1 

graphs. The measurable concentrations of (EX), 
found, indicate that chemical oxidation of EX was 
taking place in the flotation process. Because of the 
sampling problems, the results in Table 2 should be 
interpreted with caution and should rather be taken 
as guiding values. 

Adsorption of EX and DTP on Cu,S 

The reaction between EX and sulphide minerals is 
a complicated process consisting of several steps, 
depending on various factors such as the stoichi- 
ometry of the sulphide and the concentration of 
dissolved oxygen. The sulphides themselves are semi- 
conductors and may even have areas of different 
morphology and electrochemical potential.” 

The main purpose of this work was to study how 
much EX’ is adsorbed on the surface of copper(I) 
sulphide. The Cu,S plate was dipped into 5.25 ml of 
a solution of 4.8 x lO_‘M EX for 1 min, and then the 
solution was made O.lM in potassium nitrate, the 
total volume then being 5.75 ml. Standard additions 
of I x 10e5M EX were then made. Following im- 
mersion of the Cu,S plate, the concentration of EX 
was found to decrease to approximately 2 x lO-?M 
and the shape of the stripping voltamperogram re- 
sembled that for the same concentration in Fig. 2c. 
However, when standards of EX were added, the 
peak at -0.60 V started to increase instead of the 
peak at -0.45 V as had been the case for the 
experiment in Fig. 2c. Two different CyS plates were 
used: with the first the concentration of EX changed 
from 4.4 x lo-‘A4 to 1.6 x 10m7M, which means that 
16 x lo-” mole of EX had been adsorbed on the 
plate. From the physical dimensions of the plate, 
assumption of a surface roughness of 1.5, and the 
knowledgei that one EX molecule occupies 0.29 nm2, 
it can be calculated that the amount of EX adsorbed 
corresponds to one monolayer. The same result was 
observed for the second plate. 

The results with DTP were more difficult to ex- 
plain, mainly because the calibration graph in that 
con~ntration range was not linear, making it difficult 
to apply the standard-addition method. A rough 
calculation gave an estimate of 0.4 monolayer of 
adsorbed DTP. 

Acknowledgement-A personal grant from Neste Oy Re- 
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Summary-The chelating ligand, 2,2’-pyridil bis(2-quinolylhydrazone), has been used for the spectro- 
photometric determination of zinc and cadmium in synthetic samples. The molar absorptivities of these 
metal complexes in 80% ethanol-water solution at pH 8 were found to be 4.60 x lo4 and 5.10 x lo4 
1 .mole-i .cm-’ for zinc and cadmium respectively. Beer’s law was obeyed for metal-ion concentrations 
between 1.0 x 10m6 and 2.5 x 10m5M. The limits of detection were found to be 52 and 79 ng/ml for zinc 
and cadmium respectively. The complexes fluoresced in 80% ethanol-water at pH 8 for zinc and at pH 
10 for cadmium. The linear range for fluorescence as a function of metal-ion concentration was found 
to be 5 x lo-‘-5 x 10e6M for both zinc and cadmium. Transition-metal ions interfere severely with both 
the spectrophotometric and fluorimetric determinations, and must be removed beforehand. An ion- 
exchange procedure is suitable for this. 

Since the earliest reports of substituted hydrazones,‘,* 
these chelating ligands have been studied as colori- 
metric reagents for a variety of transition metals. A 
recent review article3 discusses the various uses of 
substituted hydrazones. One substituted hydrazone 
of which only limited use has been made is 
2,2’-pyridil bis(2-quinolylhydrazone), PBQH. The 
spectrophotometric determination of cobalt4 and of 
palladium’ have been reported, but other metal sys- 
tems have not been evaluated. The ligand reacts with 
transition-metal ions, including zinc and cadmium, to 
form intensely coloured complexes in 80% 
ethanol-water solutions, buffered to pH 8. The molar 
absorptitivities are high, which makes PBQH a sensi- 
tive reagent for transition metals. The wavelengths of 
maximum absorption for the complexes are near one 
another, making PBQH non-selective for deter- 
mination of zinc and cadmium. Lack of selectivity is 
a common characteristic of substituted hydrazone 
ligands, and necessitates prior separations in anal- 
ytical use. PBQH also forms fluorescent complexes 
with zinc and cadmium, the cadmium complex re- 
quiring a higher pH for fluorescence to occur. Hence 
small amounts of cadmium have only a small effect 
on the fluorescence of the zinc complex, but small 
amounts of zinc interfere considerably with the 
fluorescence of the cadmium complex. An anion- 
exchange procedure6 is useful for the preliminary 
separations. 

*Present address: Indiana University-Purdue University at 
Fort Wayne, Department of Chemistry, 2101 Coliseum 
Boulevard East, Fort Wayne, Indiana 46805, U.S.A. 

tAuthor for correspondence. 

EXPERIMENTAL 

Apparatus 

All absorption measurements were made with l-cm 
silica cells in a Varian Cary 219 spectrophotometer at 
room temperature. Fluorescence measurements were made 
at room temperature with an Aminco-Bowman 
spectrofluorimeter equipped with a 150-W xenon lamp and 
a lP21 photomultiplier tube. A l-cm fused-silica 
fluorescence cell was used to hold the sample solutions. 

Reagents 

PBQH was prepared by the general method of Black et 
al.;’ 0.01 mole (2.11 g) of 2,2’-pyridil and 0.02 mole (3.19 g) 
of 2-hydrazinoquinoline were dissolved in 150 ml of ben- 
zene, a trace of p-toluenesulphonic acid was added and the 
solution was refluxed for 17 hr, with a Dean and Stark trap 
to remove water formed during the reaction. The volume of 
the reaction solution was reduced to 20 ml and the crude 
PBQH crystallized upon cooling to room temperature. The 
product was recrystallized from ethanol; yield 2.65 g (51%) 
of PBQH, m.p. 149-152”. Elemental analvsis gave C 72.5%. 
H 4.6%, and N 22.4%; C,,H,N, requires? 72.87%, H 
4.45%. and N 22.67%. A 5 x 10-4M solution of PBOH was 
made by dissolving the reagent in 95% ethanol. . 

Stock solutions of zinc and cadmium were made by 
dissolving the metals in concentrated hydrochloric acid and 
diluting to 1 litre with demineralized water. Aliquots of 
these solutions were then diluted to give 5 x 1O-4 and 
2.5 x 10m5M working solutions for the absorption and 
fluorescence studies respectively. 

Appropriate buffer solutions were made by dissolving 
borax in demineralized water and adjusting the pH to the 
desired value with hydrochloric acid or sodium hydroxide 
solution. 

Optimization of complexation conditions 

The optimum percentage of ethanol in the solvent system 
and the pH required for complexation were evaluated by 
mixing aliquots of the ethanolic ligand solution with ali- 
quots of the metal-ion solutions, and adding sufficient 
ethanol to vary its content from 50 to 90%. The pH was 
adjusted with 2M sodium hydroxide, and the visible absorp- 
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tion spectrum was recorded for pH values up to 11. The 
solution was also monitored for evidence of precipitation, 
The effect of excess of ligand on the complex formation was 
then evaluated in 80% ethanol at pH 8 by the mole-ratio 
method. 

The optimum complexation conditions found in these 
absorption studies were used as the starting conditions for 
the fluorescence studies. The excitation wavelength was set 
at that for maximum absorption, and the emission was 
scanned from 350 to 700 nm. The effects of pH and excess 
of ligand were examined as before. 

Preliminary separaiions 
Dissolve the sample containing zinc or cadmium by 

appropriate means. Prepare a IO-cm long l-cm bore column 
of Dowex 1 x 8, 100-200 mesh, anion-exchange resin in 
chloride form. Place the sample containing zinc and/or 
cadmium on the column and run it into the resin bed. Rinse 
the resin bed with 100 ml of 10% sodium chloride solution 
in 0.12M hy~~hIo~c acid to remove metal ions other than 
zinc and cadmium. Elute the zinc with 100 ml of 2% sodium 
chloride solution in 2M sodium hydroxide, and the cad- 
mium with 1M nitric acid. Regenerate the resin bed with the 
0.12M hydrochloric acid/lo% sodium chloride solution. If 
only zinc or only cadmium is present with the other metal 
ions, omit the sodium hydroxide/sodium chloride elution 
and use 1M nitric acid to elute the zinc or cadmium. Adjust 
the eluate containing zinc or cadmium to pH 67 with dilute 
hydrochloric acid or sodium hydroxide solution and dilute 
it accurately to 250 ml with distilled water. Add a 2-ml 
aliquot of the solution obtained from the preliminary sepa- 
ration (containing 1.6-33 pg of zinc, or 2.8-57 pg of 
cadmium) to 4 ml of 5 x 10m4M PBQH. Add 2 ml of pH-8 
buffer and dilute to volume in a 25-ml standard flask with 
95% ethanol. Measure the absorbance at 48Omn for the 
zinc compiex or at 482 nm for the cadmium complex. 
Calculate the amount of zinc or cadmium present from a 
previously prepared calibration curve. 

Spectrofluorometric determinations 
Add a 2-ml aliquot of the solution obtained from the 

initial separation (cont~ning between 0.8 and 8.3 @g of zinc 
or 1.4 and 14.1 pg of cadmium) to I.Oml of 5 x IO-‘?+4 
PBQH. Add 2 ml of pH-8 buffer for zinc or pH-10 buffer 
for cadmium and dilute the solution to volume in a 25-ml 
standard flask with 95% ethanol. After 10 min, measure the 
fluorescence at 550 nm, using an excitation wavelength of 
480 nm for zinc or 482 nm for cadmium. Calculate the 
concentration of zinc or cadmium from a previously pre- 
pared calibration curve. 

Analysis of phosphor bronze 
Weigh a 0.5-g sample and dissolve it in 10 ml of nitric acid 

(1 + 1) with heating. Filter off the metastannic acid and 
wash it with dilute nitric acid. Evaporate the solution to 
N 10 ml and dilute it to 25 ml with 2M hydrochloric acid. 
Separate the zinc by the ion-exchange method already 
described, and determine it as above. 

RESULTS AND DISCUSSION 

Studies of the reagent 

The reagent, 2,2’-pyridil bis(2-quinolylhydrazone), 
Fig. 1, is a bright yellow crystalline solid, insoluble in 
water, but soluble in dilute acids and common or- 
ganic solvents. Solutions of PBQH in 95% ethanol 
are stable for extended periods of time. 

PBQH may exist in three isomeric forms, EE, EZ, 
and ZZ, with respect to the carbon-nitrogen double 

H\N/N N\N/H / 'N N' \ 6 ii!? \I \/ 
Fig. 1. Structure of the ligand 2,2’-pyridilbis(2-quinolyl- 

hydrazone), PBQH, EE isomer. 

bonds. Evidence of all three isomers appears in the 
d~uterochlorofo~ NMR spectrum of the solid iso- 
lated from the reaction mixture. 

The ultraviolet and visible spectrum of PBQH in an 
80% ethanol-water solution shows an absorption 
maximum at 375 nm. When PBQH reacts with zinc or 
cadmium in 80% ethanol-water, a new absorption 
maximum occurs at 480 nm for the zinc complex and 
482 mn for the cadmium complex (Fig. 2). Table 1 
lists the wavelengths of maximum absorption and the 
molar absorptitivies for the zinc, cadmium, copper, 
nickel, cobalt, iron, mercury, and palladium com- 
plexes of PBQH. Alkaline solutions of PBQH give no 
colour reaction with I~than~, actinium, cerium, 
praseodymium, neodymium, samarium, europium, 
gadolinium, thorium, and uranium. 

Black et aL7 reported that when solid complexes of 
zinc and cadmium with a similar ligand, 2,2’-pyridil 
bis(2’-pyridylhydrazone) are isolated, the EE form of 
the ligand is present in the complex. Ramirez and 
Kirby8 isolated several isomers of hydrazones and 
compared the ultraviolet, visible and infrared spectra 
for differences that could be correlated to isomer 
structure. They found that the ultraviolet spectrum of 
the E isomer of a substituted hydrazone exhibits a 
small bathochromic shift relative to that of the parent 
hydrazone, whereas the Z isomer exhibits a hypso- 
chromic shift. The ultraviolet spectrum of PBQH 
exhibits a small bathochromic shift in ethanol SO~U- 
tion when the pH is raised from G7 to 28. This 
suggests that the EE isomer is the predominant form 
and thus PBQH acts as a quadridentate ligand. 

Table 1. Wavelength of maximum absorption and molar 
absorptivity for selected transition-metal ions 

Molar absorptivity, 
Metal ion Wavelength, nm l.mole-‘.cn-’ 

Zn(rI) 480 4.60 x 104 
Cd(H) 482 5.10 x lo4 
Cu(I1) 465 2.50 x lo4 
Co(I1) 500 1.87 x lo4 
Fe(I1) 475 1.71 x lo4 
Hg(II) 445 4.10 x lo4 
Ni(I1) 490 2.90 x lo4 
Pd(I1) A long wing-like response from 450 to 650 nm 
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Table 2. Metal-ion concentrations giving 20% change in absorbance of the Zn and Cd 
complexes (1.01 x 10m5M) 

Metal ion 

Cd(H) 
Co(H) 
Cll(I1) 
Fe(I1) 
Hg(II) 
Ni(I1) 
Pd(I1) 
Zn(I1) 

Zinc-PBQH 

2.7 x 10e6M (0.3 ppm) 
6.4 x 10e6M (0.4 ppm) 
4.1 x 10m6M (0.3 ppm) 
3.0 x 10mSM (1.7 ppm) 
4.4 x 10m6M (0.9 ppm) 
4.9 x 10e6M (0.3 ppm) 
4.2 x 10m6M (0.4 ppm) 

- (-) 

Cadmium-PBQH 

- (-) 
4.7 x 10m6M (0.3 ppm) 
4.0 x 10w6M (0.2 ppm) 
1.8 x lo-‘M (1.0 ppm) 
3.6 x 10e6M (0.7 ppm) 
4.0 x 10m6M (0.3 ppm) 
4.8 x 10e6M (0.5 ppm) 
2.3 x 10e6M (0.1 ppm) 

Table 3. Spectrophotometric determination of Zn(I1) and 
Cd(I1) (3 replicates for each sample) in simulated phosphor- 

bronzes 

Found, c(g 
Taken, 

Metal pg low high mean Error, % 

Zn 11.54 11.6 11.9 11.7 +1.4 
19.78 20.4 20.5 20.4 +3.3 
29.65 29.4 29.9 29.6 -0.3 

Cd 8.34 8.3 9.0 8.6 +3.0 
19.83 20.2 20.8 20.4 +3.0 
34.00 34.1 35.1 34.6 +1.8 
SO.98 50.1 50.8 50.8 -0.4 

Complexation conditions 

The conditions for maximum colour formation of 
the zinc and cadmium complexes were found to be 
very similar. An 80:20 v/v ethanol-water medium 
was found to be suitable. If the medium contains less 
than 80% ethanol the complex tends to precipitate 
after a short time. Between 80 and 90% ethanol is 
satisfactory, but pH adjustment with an aqueous 
buffer is difficult when 90% ethanol is used. An 
apparent pH of > 8 gives maximum complex for- 
mation. 

l.Or 

0.6 

m 0.6 ! 

.,1 
400 450 500 550 600 

Wavelength (nm) 

Fig. 2. Absorption spectra of PBQH and its zinc and 
cadmium compexes. (1) PBQH; (2) zinc complex, 

1.01 x 10m5M; (3) cadmium complex, 1.01 x 10mSM. 

A 1igand:metal mole ratio of at least 4: 1 is re- 
quired for maximum formation of the complexes, 
which form rapidly (the reaction is 80% complete in 
5 min). 

Beer’s law is obeyed over the concentration ranges 
from 1.01 x 10m6 to 2.03 x 10m5M for zinc and from 
1.00 x 10m6 to 2.01 x lo-‘M for cadmium, the limits 
of detection being 52 and 79 ng/ml for zinc and 
cadmium respectively. The molar absorptivities are 
4.60 x lo4 1 .mole-’ . cm-’ for the zinc complex and 
5.10 x lo4 for the cadmium complex. The zinc and 
cadmium complexes fluoresce under similar condi- 
tions to those used for the spectrophotometric deter- 
minations but the fluorescence intensity of the zinc 
complex is decreased if the ligand: zinc mole ratio 
exceeds 40: 1. The fluorescence intensity is maximal 
and constant over the pH range 8-10 for zinc and 
10-l 1 for cadmium, but because the zinc complex still 
fluoresces appreciably at pH l&l 1, any zinc must be 
removed before the cadmium can be determined. The 
fluorescence reaches a maximum intensity in 10 min 
and is stable for up to an hour. For both complexes 
L,, for emission is 550 nm; for excitation Lmax is 480 
nm for zinc and 482 nm for cadmium. The 
fluorescence intensity is linear over the concentration 
range 5.0 x lo-‘-5.0 x 10m6M for both complexes, 
and the limit of detection is 3.5 x lo-‘M for both. 

Eflect of diverse ions 

Other transition-metal ions interfere considerably 
in the spectrophotometric determination, as expected 
from the data in Table 1, and must be removed 
beforehand. Table 2 lists the concentrations of 
selected transition-metal ions at which there is a 20% 
relative change in the absorption spectrum of the zinc 
and cadmium complexes of PBQH. Alkali-metal, 
alkaline-earth metal, aluminium, lanthanide and acti- 
nide metals do not interfere. 

Applications 

The zinc in a phosphor-bronze bearing metal was 
determined by the recommended procedure. Because 
there was no cadmium in the sample, the zinc was 
eluted from the ion-exchange column with 100 ml of 
1M nitric acid. The determination of zinc and cad- 
mium was validated by application of the whole 
procedure to simulated samples (Table 3). The zinc 
content found for NBS 63 phosphor-bronze was 
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0.484%, (average deviation 0.004%, which is within 4. H. Kulshreshtha, R. B. Singh and R. P. Singh, Analyst, 
the limits recommended by the National Bureau of 1979, 104, 572. 

Standards). The certified zinc content is 0.48%. 5. H. Kulshreshtha, T. B. Singh and R. P. Singh, A$inidad, 
1980, 37, 247; Chem. Absrr., 1980,93, 230175k. 
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Summary-Conditions have been found for the determination of benzidine, o-tolidine, o-dianisidine, 
3,3’-diaminobenzidine and 3,3’-dichlorobenzidine by classical and differential pulse voltammetry at a 
glassy-carbon stationary or rotating electrode, in the concentration range 10-5-10-3iW. The mechanism 
of the oxidation is discussed and applications are presented for the determination of these chemical 
carcinogens and their mixtures either directly, or after preliminary separation by extraction or thin-layer 
chromatography. 

Be&dine and its derivatives are among the proven 
or suspected carcinogens,’ which is the cause of the 
demand for methods for their determination in the 
industrial and general environment. A survey2 has 
shown that chromatography methods have been 
used most often, whereas electrochemical methods 
have received much less attention. In a study of the 
oxidation of benzidine and its derivatives at a rotat- 
ing platinum disk electrode in aqueous solution” 
or at a stationary platinum electrode in a mixture of 
water and acetone,’ passivation of the platinum elec- 
trode was encountered, which complicated analytical 
application of the processes studied. The mechanism 
of the electrochemical oxidation of benzidine and its 
derivatives has been discussed in some detail in a 
monograph.* A pyrolytic carbon-film electrode’ 
and a ~aphite-paste electrodei have been used 
successfully for the determination of some benzidine 
derivatives: when the differential pulse mode is used 
the sensitivity of the determination is substantially 
increased. However, these electrodes are not readily 
available, whereas glassy-carbon rotating disk elec- 
trodes are manufactured by numerous companies. 
Therefore, the present work deals with the possi- 
bilities of voltammetric determination of benzidine 
and its derivatives by use of this electrode, the surface 
of which is readily renewed by poiishing, which helps 
to eliminate the problems connected with passivation. 

Reagents 
Stock solutions of benzidine, o-tolidine, o-dianisidine and 

3,3’-djamino~nzid~ne (5 x IO-‘M) and 3,3’-dichlorobenz- 
idine (1 x 10s3iw) in O.lM hydrochioric acid were accttr- 
ately prepared from the p.a, substances (Merck, Darmstadtf. 
All other chemicals were of p.a. purity (Lachema, Brno). 
The water was doubly distilled in a fused-silica still. Com- 
mercial TLC plates were used (Silufol UV 254, Kavalier, 
Czechoslovakia). 

Apparatus 
The voltammetric measurements were made with a PA 2 

polarograph, a 4105 XV plotter and an RDE 1 glassy- 
carbon disk electrode, consisting of a PTFE cylinder 10 mm 
in diameter with a glassy-carbon rod 3 mm in diameter 
(all from Laboratomi Piistroje, Prague). A three-electrode 
circuit was used, with a saturated calomel reference elec- 
trode and a platinum-foil counter-electrode; the surface 
area of the latter was cu. 1 cm’. If not stated otherwise, 
the rotation rate was 2500rpm, the potential scan-rate 
5 mV/sec, the amplitude of the DP voltammetric pulse 
12.5 mV, the pulse duration 100 msec and the interval 
between pulses I sec. The spectrophotometric measurements 
were made with a PU 8800 instrument (Pye Unieam, 
England) in t-cm fused-silica cells. 

Procedures 
The voltammetric measurements were performed in an 

all-glass vessel with 25ml of solution. Each measurement 
was made in triplicate and evaluated statisti~tly. Between 
measurements, the electrode was rinsed with distilled water, 
repolished with fine emery paper and velvet, and again 
rinsed with distilled water. 

RESULTS AND IXSCUSSION 

Direct-current uoltammetry 

The effect of pH on the shape of the voltampero- 
grams was studied by use of a series of Britton- 
Robinson buffers with both the stationary and the 
rotating electrode. The curves are shown in Fig. 1 and 
their parameters are summarized in Table 1. Except 
for 3,3’-dichlorobenzidine (see Fig. lb), the test sub- 
stances yield a single wave in acidic solution. In 
alkaline media the wave splits into two, at pH z 6.8 
for o-dianisidine and at pH > 10 for o-tolidine. 
Electrode passivation increases with increasing pH 
and causes distortion of the curves. 

The order of the experimental half-wave potentials 
is determined by the properties of the substituents: 
3,3‘-diaminoben~dine is oxidized most readily 
because of the strong + M effect of the amino groups; 
o-tolidine and o-dianisidine are also oxidized more 
easily than benzidine, owing to the +M effect of the 
CH, and OCH, groups. On the other hand, 3,3’- 

811 
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dichlorobenzidine is oxidized with greater difficulty 
than benzidine because of the -I effect of the 
chlorine atoms. 

The half-wave potentials of all the test substances 
shift to more positive values with decreasing pH. This 
can be explained as due to protonation of the amino 
group, the centre at which the electron transfer 
occurs. Protonation leads to a decrease of the elec- 
tron density at the nitrogen atoms, resulting in more 
difficult electron transfer from the substance to the 
electrode. 

The observed decrease in the limiting currents with 
increasing pH can be explained by the fact that in 
acidic media the two-electron oxidation to the 
quinonedi-imine predominates,8 

potential corresponding to the limiting-current region 
and samples were taken from time to time and their 
visible absorption spectra recorded. It was found that 
the corresponding quinonedi-imines are formed in 
acidic media, as the shape and position of the absorp- 
tion maxima at 400-450 nm correspond to the spectra 
of these substances, described earlier.” At pH > 3, 
the formation of the corresponding semiquinones 
was confirmed analogously; they exhibit absorption 
maxima at around 600 nm.‘* 

It follows from cyclic voltammetry with a station- 
ary electrode at potential scan-rates of 2-10 mV/sec, 
that in O.lM hydrochloric acid benzidine, o-tolidine 
and o-dianisidine behave almost reversibly, in con- 
trast to the irreversible behaviour of 3,3’-diamino- 

whereas in solutions with a higher pH the one- benzidine. The cyclic voltamperogram of 3,3’-di- 
electron oxidation to the corresponding semiquinone chlorobenzidine suggests that the oxidation involves 
predominates: at least partially reversible exchange of two electrons 

This assumption was confirmed by a spectrophoto- 
metric study of the oxidation products, in which 
the rotating electrode was polarized by a constant 
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Fig. 1. Typical d.c. voltamperograms of 10m3M o-tolidine 
(A) and 3,3’-dichlorobenzidine (B) at the stationary (1) and 
rotating (2) glassy-carbon disk electrode in O.lM hydro- 

chloric acid. 

(see Fig. 2). The wave of o-dianisidine splits into two 
with increasing pH, while the partially reversible 
character of the oxidation is retained, whereas the 
oxidation of o-tolidine becomes irreversible with 
increasing pH. 

The curves best suited for analytical purposes were 
obtained in all cases with the rotating electrode in 
O.lM hydrochloric acid; the dependence of the limit- 
ing current on the square root of the rotation rate 
confirmed the convective-diffusional character of 
the waves. The parameters of the calibration lines, 
together with the detection limits calculated by 
the method of Skogerboe and Grant” at a 99% 
significance level, are listed in Table 2. 

Dzrerential pulse voltammetry 

The calibration graphs for measurement in O.lM 
hydrochloric acid, over a concentration range of 
10-‘-10-3M, and their parameters and the detection 
limits are given in Table 2. Again, better results were 
obtained with the rotating electrode (2500 rpm), the 
currents being about twice those obtained with the 
stationary electrode. The peak height increased with 
increasing modulation amplitude, but the reproduc- 
ibility of the results deteriorated. To attain a low 
detection limit it is thus necessary to use a small pulse 
amplitude (12SmV) and a low potential scan-rate 
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Table 1. The effect of pH on the dc. voltamperograms at a glassy-carbon disk electrode rotating at 2500 rpm 

Sample 

10e3M Benzidine 

10m3M o-Tolidine 

10-3M o-Dianisidine 

10-3M 
3,3’-Diaminobenzidine 

2 x 10-4M 
3J’Dichlorobenzidine 

PH 
2.2 3.3 4.3 5.3 6.8 8.2 10.0 

&z, mP 550 
4,9 PA 69 
a, mP -45 

EW mV 460 
C,+ IDA 73 
a, mVa -30 

El12+ mV 475 
4i,> p-4 74 
a, mVa -47 

Emr mV 390 
him+ PA 61 
a, mVa -29 

Ef,,, mVd 560 
E:,,, mVd 675 
I:,, lrAd 8.7 
I;,,,, lrAd 15.3 

530 
71 

-49 
460 

70 
-37 
460 

75 
-56 
370 
60 

-35 
560 
670 

9.1 
15.1 

520 
69 

-57 
460 

65 
-38 
450 

75 
-65 
360 

59 
-39 
525 
670 

8.7 
14.8 

_c 
- 
- 

440 
63 

-64 
425 

73 
-82 
340 
62 

-40 
510 
650 

6.1 
IO.9 

- - 
400 360 

61 60 
_b - 
395 370 

71 59 
_b - 
270 190 

62 35 
4 - 

320 
54 

275 
35 

_ 
125 
30 

_c - - 
- - - 

a Slope of logarithmic analysis; b logarithmic analysis is impossible because of poorly developed curves; ’ substance 
precipitates; d superscripts 1 and 2 designate the first and second waves, respectively. 

Fig. 3. DP voltamperograms of 2pM (I), 4pM (2), 6pM 
(3), 8 yM (4) and 10 gM (5) o-dianisidine. The dashed line 
represents the baseline from which the peak height was 
measured. The oscillations on the curves have been 

smoothed out for clarity. 

Fig. 2. Typical cyclic voltamperograms of lo-‘M o-tolidine 
(A) and 3,3’-dichlorobenzidine (B) on the glassy-carbon (5 mV/sec). Higher amplitudes and scan-rates lead to 

stationary disk electrode in O.lM hydrochloric acid at a an increase in the transient current, which is appar- 

potential scan-rate of 5 mV/sec. ently caused by slow redox reactions of oxygen- 

Table 2. Parameters of the calibration graphs for the substances in the range 
10-“10-3M 

Substance 
Intercept, 

PA 
Corr. 
coeff. 

Detection 
limit, /IM 

Benzidine 
o-Tolidine 
o-Dianisidine 
3,3’-Diaminobenzidine 
3,3’-Dichlorobenzidine 

Benzidine 
o-Tolidine 
o-Diamsidine 
3,3‘-Di~ino~~dine 
3,3’-Dichlorobenzidine 

Direct current voltammetry 
79.7 0.28 0.9985 7 
67.5 -0.15 0.9990 6 
72.2 -0.14 0.9985 8 
71.3 0.68 0.9991 9 
69.8 1.06 0.9980 9 

DP Voltammetry 
19.1 -0.03 0.9930 2 
22.9 0.21 0.9938 3 
22.3 -0.02 0.9930 I 
14.7 0.10 0.9965 3 
20.5 0.02 0.992 1 2 
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containing groups on the glassy-carbon surfacei 
Compared with d.c. voltammetry, the detection limit 
for the pulse method is lower by a factor of about 
five. The main advantage of DP voltammetry over 
d.c. voltammetry, then, lies in the possibility of using 
the former even for analyses of some mixtures of 
the test substances (see below). Figure 3 depicts the 
voltamperograms for the calibration curve for o- 
dianisidine at the lowest concentration range, as well 
as the method adopted for the determination of the 
peak height. 

Compared with that obtained with carbon-paste 
electrodes,” the sensitivity is lower, but the prepar- 
ation of a glassy-carbon electrode for measurement is 
less time-consuming. 

APPLICATIONS 

Extractive preconcentration 

As the carcinogens studied can be reliably deter- 
mined in aqueous solution only down to a concentra- 
tion of IO-‘&Z, the possibility of preconcentration by 
extraction into benzene was investigated. A 250-ml 
portion of solution containing benzidine at concen- 
trations in the range 10-6-10-5M was adjusted to 
pH 7 with sodium hydroxide and extracted with five 

(A) 

0.0 0.3 0.7 

E(V) 

Fig. 4. DP voltamperograms of mixtures of benzidine and 
o-dianisidine. A-5 x IO-‘M benzidine and 2 x 10-5M (l), 
4 x 10-SM (2), 6 x 10m5M (3), 8 x 10eSM (4) and 10 x 
10m5M (5) o-dianisidine. E-2 x 10-5M (l), 4 x 10-5M (2), 
6 x 10m5M (3), 8 x 10-5M(4) and 10 x 10-sM (5) benzidine 
and 5 x 10w5M o-dianisidine. The oscillations have been 

smoothed out for clarity. 

50-ml portions of benzene, which were then com- 
bined, and evaporated to dryness in a vacuum rotary 
evaporator. The residue was dissolved in 25 ml of 
0. 1M hydrochloric acid and the DP voltamperogram 
recorded. The measured peak current was a linear 
function of the concentration, enabling the use of 
both the calibration curve method and the standard- 
addition method to evaluate the results. The relative 
standard deviation for 7 determinations of 4 x 10m6M 
benzidine was 5.9%. 

Direct analysis of mixtures 

It became apparent from the peak potentials 
obtained that many pairs of the test substances were 
sufficiently separated for a direct determination of 
one in the presence of another to be possible. This 
possibility is demonstrated for the pair benzidine-o- 
dianisidine; DP voltamperograms were obtained for 
a constant concentration of one component and a 
varying concentration of the other (see Fig. 4). The 
peak heights for benzidine and o-dianisidine were 
proportional to their concentrations within the range 
10-5-10-4M(correlation coefficients >0.99), the pro- 
portionality constant depending on the concentration 
of the other component of the mixture, because of 
mutual effects between the two peaks. Hence in an 
analysis of a binary mixture, the benzidine peak 
height must be measured first in the test solution (1:). 
since the relationship Z,” = kc, is valid for it (Ca is the 
benzidine concentration); then the peak height (I!+‘) 
is measured after a standard addition of benzidine 
(C.;), for which IF+’ = k(C, + Cg). In these equa- 
tions the proportionality constant, k, is the same 
because the o -dianisidine concentration is unchanged 
(the dilution by the added standard can be neglected). 
By solving the two equations for the two unknowns, 
the benzidine concentration in the sample can be 
calculated. 

The procedure for o-dianisidine is then analogous, 
i.e., its concentration is found by a standard addition 
to the original solution, in which the benzidine 
concentration now remains the same. The relative 
standard deviation of the determination of the two 
substances does not exceed 5%. 

Analysis of mixtures after a TLC separation 

As the peak potentials in the DP voltamperograms 
of benzidine and o-tolidine are too close together for 
resolution (a difference of 50mV), TLC was tested 
as a separation step before their determination. A 
sample of 250 pl of an acetone solution which was 
10-3-10-2M in benzidine and 10-3-10-2M in o- 
tolidine was placed on the TLC plate by micropipette, 
in the form of a band at the start, and dried. The 
chromatogram was developed by ascending chroma- 
tography with a benzene-methanol (4: 1) mixture, 
until the front arrived at 1 cm below the upper edge 
of the plate. The bands were detected visually under 
ultraviolet light, the R, values being 0.54 for benz- 
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idine and 0.66 for o-tolidine. The bands were quite can possibly be applied to the analysis of some dyes 
sharply defined. derived from these benzidine derivatives. 

After development and detection the bands were 
cut out, with margins of 3 mm along the band and 
2cm at the sides. One side was cut to form a point 
and the other side was bent so that the strip could be 
hung in a dish containing acetone as solvent. The 
carcinogen was thus eluted into a vacuum evapor- 
ation vessel, the solvent was evaporated, the residue 
dissolved in 0.1 M hydrochloric acid, diluted to 25 ml, 
and subjected to voltammetric analysis as above. 
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Summary-The strong adsorption of the Hg(II) complexes of EDTA, DCTA and EGTA on a hanging 
mercury-drop electrode has been utilized in two procedures for cathodic-stripping determination of these 
complexing agents in water. The first procedure allows the determination of the free ligands or the total 
amount of ‘available’ metal. The second, which requires addition of excess of Hg(I1) to the solution, gives 
the total amount of the ligand. The detection limit is 1 x IO-‘M in the final solution at pH 46. 

There has been extensive discussion of the influence 
of EDTA on the equilibrium of natural systems’ 
and of the biological and medical consequences of 
chelation of metals in the body.” 

A need has been shown for new sensitive methods 
of determination of EDTA and related compounds. 
Electroanalytical methods are an obvious choice be- 
cause of their high sensitivity, and the electroactivity 
of ligands of EDTA type. So far, however, the 
electroanalyticaP and other methods’.“’ developed 
cannot distinguish between the bound and free forms 
of these complexones. 

It is known that anodic oxidation of a mercury 
electrode in presence of EDTA leads to formation of 
HgEDTA complexes, and rigorous examination of 
the electrode reactions has led to the conclusion 
that these complexes are strongly adsorbed on the 
electrode surface.12-‘4 Similar investigation of other 
complexones [EGTA, ethyleneglycol bis(2-amino- 
ethylether)-N,N,N’,N’-tetra-acetic acid and DCTA, 
1,2-diaminocyclohexanetetra-acetic acid] has proved 
the strong adsorption of HgEGTA and HgDCTA.” 
Here we report a cathodic-stripping procedure for the 
determination of these complexones, based on the 
strong adsorption of their Hg(I1) complexes. The first 
step in the method is adsorptive accumulation, which 
has recently gained in importance.16 

EXPERIMENTAL 

Cathodic-stripping voltammetry (CSV) was performed by 
use of a PAR 173 potentiostat and a Unitra GP-02 gener- 
ator. Cathodic-stripping differential-pulse voltammetric 
(CSDPV) curves were obtained with a Unitra model PP-04 
pulse polarograph. In both cases a Riken Denshi model 
F-3C X-Y recorder was used. With the PP-04. a nulse 
amplitude of 40 mV, pulse time of 40 msec, and iambling 
time (1,) of 20 msec were applied. Only a fast-scan mode was 
used, with a delay time equal to the pulse time. The 
instrument sampled the current before -and after pulse 
application, then the two values were divided by f. and the 

difference between the quotients was sent to the output. This 
setting produced a square waveform (Fig. 1) and hence gave 
square-wave voltammetry (SWV) in the Osteryoung mode,” 
and ensured high sensitivity. A Radiometer M-22 rotor with 
a rotation speed of 1400 rpm was used to stir the solutions 
during the preconcentration step. A hanging mercury-drop 
electrode (HMDE) of Kemula and Kublik type served as the 
indicator electrode. The drop area was 0.024 cm’. The 
counter-electrode consisted of a platinum foil, and an SCE 
was used as the reference electrode. All potentials are 
reported vs. SCE. 

All solutions were made from guaranteed reagent grade 
chemicals. The solutions of Hg(I1) complexes were prepared 

-E :-t,+ 

Fig. 1. Schematic diagram of current measurement with the 
PP-04; I$--sampling time, I,-waiting time, t,delay time, 
$,-pulse time. The settings actually used: t, = 40 msec, 
r, = 40 msec, td = 100 msec, 1, = 100 msec, E, = 20 mV, 

E2 = 2 mV. 

817 
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by mixing equivalent volumes of Hg(II) and complexone 
solutions. Solutions were deaerated with argon. The tem- 
perature was kept at 19” unless otherwise mentioned. 

Procedures 

Samples of water were filtered and diluted fivefold with 
demineralized water before analysis. Acetate buffer was 
used to keep the pH at 5.8 or 4.8 and to adjust the ionic 
strength to 0.5M. Samples with a chloride concentration 
> 1 x 10e4M (after dilution) were treated to remove the 
excess of chloride by addition of the necessary (prede- 
termined) amount of silver nitrate solution, and filtration. 
Although silver ions do not interfere in the determination, 
it is recommended not to add an excess of silver, since doing 
so would increase the background current. Unpurified chlo- 
rinated water samples, taken at the city water supply station, 
were found to need heating with perchloric acid at 60” for 
1 hr; the perchloric acid concentration was fixed at O.OOlM. 

Procedure 1. Transfer 20 ml of sample solution to the 
electrochemical cell and deaerate it for 10 min with a stream 
of argon. For preconcentration apply a potential of +0.22 
V to a 2.4-mm* hanging mercury drop electrode (HMDE) 
for 1 min, with stirring, followed by a 30-set rest period. 
Scan the potential in a negative direction and record the 
cathodic stripping voltamperogram in the differential pulse 
or square-wave mode. Prepare a calibration graph covering 
the range 10-8-10-6M complexone. 

Procedure 2. Add mercury(I1) to the sample solution to a 
level of 2 x 10m5M, and then follow procedure 1. 

RESULTS AND DISCUSSION 

The strong adsorption of the EDTA, DCTA and 
EGTA complexes of Hg(I1) leads at once to the 
possibility of their preconcentration on mercury elec- 
trodes, as shown in Fig. 2, where a few cathodic- 
stripping curves for each of these chelates are 
presented. The deposition potential, Edep, should be 
as positive as possible, but not so positive as to cause 
excessive oxidation of the electrode material to 
unbound Hg2+. 

Stripping was done under linear-scan voltammetric 
conditions, so that the total charge represented by the 
area under a stripping curve reflected the amount of 
the absorbed species. The height of the reduction 
peak increased with deposition time, I,,~,,. The entire 
process can be described by the set of reactions: 

electroformation of the complex: 

Hg+H,Y(“-4)-2e-+HgH,Y(m-2)+(n -m)H+ 

(1) 

adsorption of the complex: 

HgH,Y’” - 2, +HgH Y@,-2’+(m -p)H+ P as 

(2) 

reductive stripping of the complex: 

HgH Y@i*)+ 2e- + (n -p)H+ P a 

+ H,Y’” - 4, + Hg (3) 

The curves in Fig. 2 were obtained at pH 4.8, at 
which n = 2, m = 0, and p = 0.‘4,‘5 When the un- 
bound complexones exist in a solution, then electro- 
production of the complex [reaction (1)] is necessary 
before absorption can take place, and the Hg2+ 
activity is very low both in the bulk solution and at 
the electrode surface. Since the curves in Fig. 2 were 
obtained for 1 x lo-‘M mercury(I1) medium (i.e., 

with an excess of metal ion), the complexones were 
already converted into their mercury complexes, and 
reaction (1) was not needed. 

The dependence of the cathodic-stripping peak 
current on deposition time is presented in Fig. 3. For 
all the complexones tested the growth of peak current 
was limited, which is not surprising, as the adsorption 
will not produce more than a monolayer (more 

I I I I I I 

ED-I-A 

A 

I I I I I I 

DCTA 

A Al 0.016pA 

& c-_ 1 0.016pA 4 3 2 1 

L 

u \ i 3 2 1 c& \-_ 

IIIIII I IIIIII 

+0.2 0.0 -0.2 to.2 0.0 42 

I I I I I I 

Fig. 2. Cathodic-stripping voltammetric (linear potential scan) curves of 2 x 10-‘M EDTA, DCTA and 
EGTA in 0.05M acetate buffer containing 10-5~ Hgz+ at pH = 4.8. Sweep-rate 20 mV/sec; Edcp = f0.23 

V: r,,,, = 0.5 min (1); 1 min (2); 3 min (3); 4 min (4); electrode area 2.4 mm*. 
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A A3 

12 3 4 t/min 

Fig. 3. The dependence of $ on tdcP. Other conditions as for 
Fig. 2. EDTA (l), DCTA (2), EGTA (3). 

precisely, the coverage resulting from the appropriate 
adsorption isotherm). Under the conditions of Fig. 3 
the surface charge densities obtained for a deposition 
time of 5 min were 13.1, 12.9 and 13.2 PC/cm* for 
EDTA, DCTA and EGTA respectively, less than 
those expected for a monolayer.14*‘5 The different 
slopes of iP us. fdcP plots reflected the fact that the CSV 
peaks obtained were characterized by different peak 
widths. 

I I I I I I I 

EDTA 

Both the shape and position of the cathodic strip- 
ping peaks were pH-dependent. Figure 4 presents 
some square-wave cathodic-stripping curves obtained 
at pH 2, 4.8 and 10. The peaks differ in position, 
height and shape. The worst situation is for pH.2, 
where the EDTA and DCTA peaks are not only split 
but also very close to the mercury background cur- 
rent. The peaks are smaller at pH 10, apparently 
because of limited adsorption at this PH.‘~,‘~ Table 1 
gives some quantitative data on peak width and peak 
position for these complexones at various pH values. 
The data refer to square-wave voltammetric experi- 
ments. This technique, in our case, gives an analytical 
signal lower by roughly one order of magnitude and 
by 3&50% than that obtained by linear-scan voltam- 
metry and regular differential-pulse voltammetry 
respectively. 

We should point out here that both the electro- 
generated complexes [reaction (l)] and those formed 
by addition of mercury(I1) to the solution are easily 
accumulated at the mercury electrode. This leads 
directly to two possibilities in determination of these 
complexones. In the first, preconcentration and strip- 
ping with no mercury(I1) added to the solution would 
reflect the concentration of free ligand. In the second, 

I I I I I I I I I I I I I I 

to.2 0.0 -0.2 +0.2 0.0 42 E/v 
Fig. 4. Cathodic-stripping square-wave voltammetric curves obtained at various pH values. Complexones 
at 10-‘M; 10m5M Hg*+; tdep = 100 sec. Other conditions as for Fig. 1. (1) pH 2; (2) pH 4.8; (3) pH 10. 
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Table 1. Comparison of the peak potentials and the widths at half-height 
obtained for EDTA, DCTA and EGTA by cathodic stripping SWV, the 
solution contained the complexones at IO-‘M concentration and lo-‘M 

Hg2+, f,,, = 100 set 

PH 2 pH 4.8 pH 10 

b I,*, -G b 112 9 4’ b ,129 4’ 
mV V mV V mV V 

EDTA 80 
f0.32 
f0.17 8o +0.07 80 -0.17 

- DCTA +0.32 
+0.21 

68 +0.08 68 -0.12 

EGTA 50 +0.25 50 +0.12 55 -0.11 
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addition of excess of mercury(I1) would allow deter- 
minatjon of the total amount of ligand, provided that 
all metal-complexone species present would undergo 
a quantitative displacement reaction with mercury(H). 
From the literature,‘R*‘g at pH 4-6 the conditional 
stability constants of the mercury(H) complexes of 
EDTA and related compounds are higher than those 
of most other cations, the most likely in~rfe~ng 
species being Fe’+, F3i3+, SC’* and Sn2’, for which an 
appropriate (and large) excess of mercury(H) would 
be necessary. It should also be stressed here that slow 
djss~iation of the metal complexes would have a 
kinetic effect on the displa~ment reaction. It would 
be essential for this reaction to be complete in the 
bulk solution. At the electrode surface, however, the 
mercury(I1) activity is different and controlled by 
the electrode potential (this still refers to the second 
procedure), so the displa~ment reaction ~uil~b~urn 
may change a little. Since the results can be expected 
to differ according to the time-scale of the experi- 
ment, all plots presented here refer to the same 
time-scale (fd, t,, r,, 1, all held constant). 

Obviously, the best conditions for a~umulation 
and stopping of HgEDTA, HgDCTA and HgEGTA 
are obtained with moderately acidic or neutral sol- 
utions. However, when both peak potential (the more 
negative the peak potential the better) and efficiency 
of conversion of metal complexes into Hg(IIf com- 
plexes are taken into account, the optimal pH range 
for the determination of complexones seems to be 
4.8-5.X (second procedure). In the case of unbound 
complexone, to avoid a change in the speciation, the 
original pH could be kept by adding to a sample the 
buffer of pr~ete~in~ pH. However, a pH higher 
than 7 raises the problem of Ca(II), which will be 
discussed later. Addition of buffer in both procedures 
is necessary, since reaction (3) involves protons, and 
d~eration of a sample usually causes a change in pH. 

Various water samples were analysed for complex- 
ones. They included water from the city filter station 
(before and after pu~fication~ and tap water. No 
com~lexon~ were detected. Typical calibration 
graphs for EDTA in fivefold diluted tap water con- 
taining pH-5.8 acetate buffer are shown in Fig 5. 
Line 1 corresponds to the first procedure [no Hg(I1) 
added] and line 2 to the second. Line 2 passes through 
the origin, which means that the sample contains 
neither bound nor free EDTA. Line 1 has two 
segments, the second being parallel to line 2 but 
shifted along the concentration axis by the quantity 
C,. In effect, line 1 is a plot of a titration of heavy 
metal ions (present in the tap water) with the EDTA 
added, and C, is the total con~ntration of these 
metals in the solution. Line 1 would also be obtained 
by the procedure described earlier,’ in which the 
complexones are determined by direct oxidation of 
mercury (and C, is the concentration of “available” 
heavy metals). A different picture is obtained, Fig. 6, 

Fig. 5. Calibration curves for added EDTA in 1:4 diluted 
tap water contai~ng no initial EDTA, rdcp = 1 min; (1) no 
Hg”+ added; (2) 3.3 x 10m6M Hg%+; pH = 5.8; temperature 

25”. Other conditions as for Fig. 1. 

if the d~nden~ of quint on EDTA con~nt~tion 
is plotted for tap water already containing EDTA, 
since line 2 now corresponds to a standard-additions 
plot, and the intercept on the x-axis gives C,, which 
directly gives the total amount of EDTA (irrespective 
of form) in the water. However, line 1 indicates that 
there is still no un~und EDTA, and again C, 
corresponds to the concentration of unbound (“avail- 
able”) heavy-metal ions. Since all the EDTA origi- 
nally present was in bound form, C, + C, gives the 
total ~n~ntration of heavy-metal ions. Note that C, 
in Fig. 5 is equal to C, -+ C, in Fig. 6. 

For several samples analysed, the available heavy- 
metal level was in the range l-6 PM. At the same 
time the Ca(I1) concentration was around I x 10e3M 
and had no influence on the intercept value (see also 
“Effect of other ions”, below). In the pH range 
4.8-5.8 the Ca(II)-bound EDTA is sufhciently labile, 
and the CaEDTA complex sufficiently weak, for the 
electro-production of the HgEDTA complex (pro- 
cedure 1) not to be slowed down. At pH 9, the 
available-metal level would include Ca(I1). A detailed 
discussion on discrimination between Ca(I1) and 
heavy metals was given in the previous paper.’ 

DCTA and EGTA give similar plots to those in 
Figs. 5 and 6, but with EGTA the intercept C, for a 

Fig. 6. Calibration curves for EDTA in I :4 diluted tap water 
containing ERTA. Other conditions as for Fig. 5. 
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given metal ion concentration is much smaller than 
with EDTA, mainly because of the very low condi- 
tional stability constants of FeEGTA and ZnEGTA 
(Fe and Zn are the main heavy-metal impurities in 
tap water). 

The detection limit for compiexones was set by the 
background noise, and corresponded to 1 x IO-*&fin 
the solution in the electrochemical cell, lower than 
other values published. 1*4-11 The relative standard 
deviation calculated for 1 x lo-‘M EDTA (five 
measurements) was 2.9%. 

Complexones present together 

The simul~neous dete~ination of EDTA and 
EGTA and of DCTA and EGTA is not straight- 
forward, but is possible, since the differences in 
peak potentials for both pairs are large enough. To 
illustrate this possibility, some curves obtained in 
solutions containing EGTA and EDTA or DCTA at 
various levels are depicted in Fig. 7. In a limited range 
of total concentration of complexones, addition of 
the second compound to a solution with fixed con- 
centration of EGTA and EDTA (in Fig. 7(a) and (b) 
respectively) gives a second peak rising in proportion 
to the amount of compiexone added. To measure 

the height of the second peak, the bottom curves of 
Fig. 7 should be taken as the background. A mixture 
of two complexones could be analysed if their total 
concentration was lower than 10e6M and their con- 
centration ratio was between 1: 15 and 15: 1. How- 
ever, it is not possible to obtain two separate peaks 
when EDTA and DCTA are present together, since 
the difference in their peak potentials is only ca. 
6 mV. 

Effect of other ions 

The influence of several ions on the cathodic- 
stripping peak height has been examined, including 
Cl-, Br-, II, SO:-, Ca2+, Zn*+ and Fe3+, and is 
shown in Figs. 8 and 9. Since the peak potentials for 
both DCTA and EDTA are very close, it is not 
surprising that the influence of a given ion on their 
peak is very similar. Chloride up to 1 x IO-“M does 
not interfere, but at higher concentrations the deter- 
mination becomes impracticable. Bromide produces 
an additional peak at more positive potentials, which 
at bromide concentrations higher than i x lo-$A4 
overlaps substantially with the DCTA or EDTA 
peak. Iodide gives a peak which completely overlaps 
the complexone peak and makes the method imprac- 

I I I I I I I I I I 

(b) 

I I I I I I I I I I 

0.2 0.0 -0.2 0.2 0.0 -0.1 E/V 

(al 

Fig. 7. Cathodic-stripping square-wave voltammetric peaks of EDTA, DCTA and EGTA in 0.05&f acetate 
buffer at pH = 5.8, IO-SM Hg2+, tdep = 1 min, EdW = fO.22 V. (a) G&A = 2 X iO-‘154, C,, = 0, 
2 x 10-8, 3 x lo-*, 5 x IO+?, 7 x IO-*, 1 x 10-7N respectively, (b) CamA= 1 x IO-‘M C,=O. 

4 x 10-a, 1.4 x IO-‘, 2 x IO-‘, 3.4 x IO-‘, 4 x IO-‘&4 respectively. 
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(a) 

e%+- -0.2 02 -0.2 

I I I I II I I I II 
0.2 0.0 -0 2 0.2 00 E/V 

Fig. 8. Influence of various ions on CSSWV peak of DCTA; acetate buffer pH = 4.8 + 2 x IO-‘M 
DCTA + 2 x IO-‘M Ht$+, EaP = +0.23 V, I, = 100 sec. temperature 20’. (a) C,_ = 0 (1); 2 x IO-’ (2); 
5 x IO-’ (3); 1 x IO-’ (4); 1.5 x 10-4M (S), (\) c,,. = 0 (1); 2 x 10-b (2); 5 x IO-6 (3); I x 10-S (4); 
2 x 10-SM (5). (c) C,_ = 0 (I); 7 x IO-’ (2); I x 10-6M (3). (d) C,,, = 0 (1); 5 x lO-3 (2); I x 10-4M (3), 

(e) C,,,- = 0 (I); 1 x lo-’ (2); 5 x IO-’ (3); I x IO-6 (4); 2 x IO-b&f (5). 
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ticable. These effects are due to competitive ad- more stable DCTA and EDTA complexes (Cu*+, 
sorption of the mercury halides. Cations usually Zn*+, Fe’+) affect the curves more strongly. This is 
decrease the height of the cathodic-stripping peaks. responsible for the lower slope of the calibration plots 

Calcium has only a small effect but ions forming for method (2), shown in Figs. 5 and 6, presumably 
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Fig. 9. Influence of various ions on CSSWV peak of EDTA; acetate buffer pH = 4.8 + 2 x IO-‘M 
EDTA + 2 x IO-~M Hg2’. Edep = +0.23 V, I+ = 100 set, temperature 20’. (a) C,,,_ = 0 (1); I x IO.-‘(2); 
5 x IO-’ (3); I x 10-6M (4), (b) C,,, = 0 (1); 1 x IO-’ (2); 5 x IO-’ (3); I x 10-6M (4). (c) Cc,_ = 0 (1); 

2 x 10-S (2); 5 x 10-S (3); I x IO-’ (4); 1.5 x IO-4.M (5). 
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by a competitive complexation, which may be ther- 
modynamic and/or kinetic in nature. This phenom- 
enon necessitates use of a fixed time-schedule, as 
indicated earlier. Sulphate does not interfere at 
con~ntrations below I x 10F3M. 

The EGTA peak potential is more positive than 
that for EDTA and DCTA, so the influence of 
anionic impurities is stronger, but Ca2+, Fe3+ and 
Zn2+ affect the EGTA curves less than the EDTA and 
DCTA plots. 
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Summary-The resolving power of multicomponent spectra analysis and the computation reliability of 
the stability constants and molar absorptivities determined for nine variously protonated anions of three 
sulphonephthaleins and an impurity, by analysis of data for a mixture by programs SQUAD(84) and 
PSEQUAD(83), has been examined by use of synthetic and experimentally measured spectra containing 
severely overlapping spectral bands. The model mixture of Bromocresol Green, Phenol Red, Thymol Blue 
and azoxine as impurity, with five yellow, three blue and one red species in the pH range from 2 to 10, 
was used to examine the influence of precision of spectral data and of use of the spectra of the individual 
components, on the precision and accuracy of the estimated parameters when the chemical model is 
known. An efficient computation strategy has been found and both programs were shown to lead to the 
same values and reliability of the parametric estimates. Of the various diagnostics considered, the 
goodness-of-fit achieved is used as the criterion of whether the parameters found adequately represent 
the data. 

Programs for analysis of multicomponent spectral-to 

can facilitate the identification and resolution of 
individual components of a mixture and also deter- 
mine the stability constants and molar absorptivities 
of various species in solution equilibria. Multi- 
wavelength spectrophotometric data in general offer 
considerably more information than potentiometric 
data’*’ about chemical equilibria. As shown earlier,5 
SQUAD(84)5 and PSEQUAD(83)’ are particularly 
reliable and efficient diagnostic tools. SQUAD(84) 
provides a systematic method of formulating and 
testing models of equilibrium systems. The resolving 
power of these two programs has now been tested by 
estimation of the very similar protonation constants 
of four acid/base indicators from spectral measure- 
ments on a mixture of all four; it should be noted that 
the spectral bands of the individual species severely 
overlap. The reliability of determination of stability 
constants and molar absorptivity was examined by 
the use of simulated and experimental data, as a 
function of the instrumental error of absorbance 
reading, with and without use of the spectra of the 
isolated individual components in the absorbance 
matrix, and with mixtures in which some species 
involved in the protonation equilibria were of the 
same colour. The efficiency of both programs has 

Part XI: Talanta, 1986, 33, 525. 

been verified and a strategy of efficient computation 
is suggested. 

THEORY 

Multicomponent spectral analysis 

The multicomponent spectral analysis program 
was described in Part X of this work.5 It can adjust 

B Wr and & for a given set of spectra by fitting the 
predicted absorbance-response surface to given 
spectral data, with one dimension representing the 
dependent variable (absorbance), and the other two 
dimensions representing the independent variables, 
viz. the total component concentrations (or pH) of n, 
solutions, at np wavelengths. The parameters to be 
determined are (i) the stoichiometric indices, (ii) the 
stability constants (/I,,) and molar absorptivities 
(Lag) and (iii) the free concentrations, of all the 
species in the chemical model found. The general 
equations for the complexes are 

with 

pM + qL + rH = M,L,H, 

B Wr = ~~,~,~,l/~I~l”~~l’~~l’~ 
where the charges are omitted for simplicity. A 
chemical model must always be hypothesized for 
calculation of the stability constants and molar ab- 

825 
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sorptivities. When the estimated fl w, and ip4, values 
for the assumed chemical model have been refined, 
the agreement between the experimental and pre- 
dicted data can be examined. If the agreement is not 
considered satisfactory, new chemical models are 
tried until a better fit with the experimental data is 
obtained. The present communication deals with the 
situation in which the chemical model is known and 
the reliability of parameter-determination by spectral 
analysis is examined. 

Errors in spectral data 

To test the ability of the programs to find true 
parametric estimates, examination of simulated data 
is useful, allowing systematic evaluation of the effect 
of noise levels in the data. Spectral data may be 
subject to three kinds of error: (i) normally distrib- 
uted random errors, which cannot be eliminated from 
the data, (ii) systematic errors, which are sometimes 
difficult to identify and eliminate, and (iii) gross 
errors. 

When simulated data are used, wavelengths and 
concentrations are regarded as error-free, and ran- 
dom errors generated in accordance with the selected 
standard deviation, Si,,l(A), are imposed on the calcu- 
lated absorbances. In experimental work, of course, 
random and systematic error can arise in both the 
wavelength settings and the reagent concentrations 
and cannot usually be distinguished. The sources of 
systematic error in pH measurement are well known 
and documented. Coloured impurities in indicators 
may have acid-base character, in which case the 
background colour will vary with pH. At low pH 
some indicators may separate from solution and/or 
be absorbed on the cuvette walls, and at higher 
concentrations oligomers and micelles may be formed 
and changes in ionic strength or reagent concen- 
trations cause a systematic rather than a random 
error. All statistical tests in the program are based on 
the assumption that systematic errors are absent from 
the data. 

Spectra modelling with simulated data 

Multicomponent spectral analysis programs can 
also be applied when an adequate chemical model is 
known and only resolution of the spectra by use of 
different algorithms is to be investigated. To charac- 
terize the program performance, simulated data can 
be used.” Model spectra of a mixture of acid/base 
pairs are simulated as the sum of Gaussian peaks, 
each generated from three arbitrary constants, the 
wavelength (L,,,), the molar absorptivity (emax) at 
this wavelength. and the effective band-width (6) at 
half-intensity. These constants also describe the 
degree of overlap of the spectra of the individual 
species. 

This approach allows examination of(i) the effect 
of the overall spectrophotometric error on the pre- 
cision and accuracy of parameter estimation, (ii) 
various regression algorithms, (iii) the sensitivity of 

each parameter in the model, and also allows estab- 
lishment of an optimum computational strategy for 
efficient data treatment. 

The residuals are analysedi2 to test whether the 
refined parameters adequately represent the data, and 
should be randomly distributed about the predicted 
regression curve. To analyse the residuals, the follow- 
ing statistics are compared with those of the gener- 
ated random errors to find whether both distributions 
are Gaussian in nature: the error mean m,, with the 
residual mean m,, I , the mean error 1~21 with the mean 
residual I?[, the selected standard deviation s(e) with 
that of the residuals s(r), the skewness of the error set 
m,,j with that of the residual set mr,3, the curtosis of 
the error set me,,, with that of the residual set m,,4r and 
finally the Hamilton R-factor for relative fit, R(e) 
with R(r). 

Reagents 

EXPERIMENTAL 

Analytical grade Bromocresol Green (BCG), Phenol Red 
(PR) and Thvmol Blue (TB) were used without nurification: 
chromatography on Whatman No. 2 paper with I-butanoll 
acetone-26% ammonia solution (4:3:2 v/v) showed no 
spots of coloured impurities. Each indicator was dissolved 
in dilute sodium hydroxide solution and the solution was 
titrated with 1M perchloric acid. The concentration of each 
indicator was determined by potentiometric pH-titration 
with perchloric acid and re-titration with sodium hydroxide. 
The resulting pH-titration curve was analysed by the re- 
gression program ACBA” and the concentrations of the 
indicator and acid/base impurities, and the ionization con- 
stants of the individual indicators, alone or in mixtures, 
were estimated (Table 1). A goodness of fit test was applied 
as a criterion of the reliability of refinement. The BCG was 
found to be 97.8% pure, with a small amount of a coloured 
impurity; the purities of the other two sulphonephthaleins 
were 84.7% for PR and 91.3% for TB, and the impurities 
were inorganic. The 1M sodium hydroxide was found to 
contain about 6% of carbonate, even though prepared from 
a 50% solution by dilution in the customary manner. It was 
standardized with IM perchloric acid which itself was 
standardized with mercuric oxide and potassium bicar- 
bonate, with agreement to within 0.1%. 

Instruments 
A Zeiss Spekol 21 single-beam spectrophotometer was 

equipped for spectrophotometric titration. The accuracy 
and precision of the spectrophotometric measurements were 
checked with standard solutions of potassium chromate and 
copper(H) sulphate. Reproducibility of absorbance was 
$0.0005. nhotometric linearity was better than 0.5% 
(0.1 < A 2 i .O), the wavelength accuracy was better than 1 
nm and the spectral band-width was kept at 3 nm. A IO-mm 
path-length cuvette was used. 

The pH was measured with a Radiometer PHM 4d 
nH-meter with a G202B glass electrode and K410 saturated 
calomel electrode; calibration was done with Radiometer 
standard buffers S1500, S1510 and S1316 (Da, 6.865. 7.410 
and 4.010 at 25”). 

I . . 

The titration cell was a jacketed constant-temperature 
glass vessel of 150 ml volume, closed with a bung carrying 
the glass and reference electrodes, argon inlet, thermometer, 
stirrer shaft and polyethylene capillary tip of the micro- 
burette. 

The burette was a home-made micrometer syringe burette 
of 2500 ~1 capacity. Its polyethylene capillary tip was 
immersed in the solution during addition of reagent, but 
then withdrawn from it to avoid leakage of reagent from the 
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Table 1. Determination of protonation constant and sulphonephthalein concentration, c~,_,~, by the 
regression analysis of the pH-titration curve by the ACBA program 

Initial volume, V,, ml 
Ionic strength, M 

BCG: log B,, 
CL.W ‘44 

CL&Z&. M 
Purity, % 

Bromocresol Green 

26.00 
0.042 

4.84 k 0.02 
0.00957 
0.00936 

97.8 

Phenol Red 

26.80 
0.068 

Mixture of 3 
Thymol Blue sulphonephthaleins 

25.80 26.15 
0.039 0.060 

4.88 f 0.01 
0.00962 

PR: log 81, 
CL,W M 

cL,cak, M 
Purity, % 

TB: log 81, 
CL.W M 

CL.calc ) M 
Purity, % 

s(F LO” 
Residual mean 
Mean residual 
Standard deviation 
Hamilton R-factor, % 

7.81 + 0.00 
0.00928 
0.00786 

84.7 

0.0019 0.0014 0.0027 
1.93E-4 - 2.04E-4 -1.12E-4 
0.0015 0.0097 0.0018 
0.0017 0.0013 0.0025 
0.76 0.66 0.97 

9.09 f 0.02 
0.00973 
0.00888 

91.3 

7.87 & 0.01 
0.00958 

9.12 + 0.01 
0.00975 

0.0042 
- 3.69E-5 

0.003 1 
0.0040 
0.75 

tip during the pH and spectra1 measurements. The burette 
was calibrated and found precise to kO.5 ~1. 

Spectrophotometric multiple-wavelength pH-titrations 

Figs. 2 and 3), and 5 protonation equilibrium spectra for 
each of the individual components (total n, = 33), with 
readings at 32 (=n,) wavelengths). 

The absorption spectra of the individual sulphoneph- 
thaleins and their mixtures, as a function of pH, were 
measured by means of spectrophotometric multi-wave- 
length pH-titration as described earlier.“’ 

(D) Experimentally measured spectra of a BCG + PR + 
TB mixture. The 18 spectra for the mixture in set (C) were 
used. 

(E) Experimentally measured spectra of the three individ- 
ual sulphonephthaleins. 

Spectra tested The remaining 15 spectra sets from set (C) were used. 

A number of models comprising synthetic data for mix- 
tures of three sulphonephthaleins and an azoxine impurity, 
that would provide overlapping equilibra and spectral 
bands, were constructed to test the program performance. 

Five protonation constants, one for each of the three 
sulphonephthaleins and two for the azoxine, were refined. 
The protonation equilibria involved nine variously pro- 
tonated and light-absorbing species, over the pH range from 
2 to 10, five of the species being yellow, three blue and one 
red. Figure 1 shows the strong overlap of the various 
spectra. The relevant pK, values are 3.05 (azoxine), 4.7 
(BCG), 6.9 (PR) and 9.2 (TB). A simplifying factor, how- 
ever, is that none of the species interact with each other, and 
there are no-side reactions to consider. 

Five sets of spectra were used, as follows: 

(A) Synthetic spectra of a BCG + PR + TB + azoxine 
mixture and of the individual components. 

For 37 (= n,) systems containing one or all four (n, = 4) 
of the basic components (BCG, PR, TB and azoxine) at 
selected pH values the total absorbances at 32 (= n,) 
wavelengths ranging from 380 nm (= &,,) to 690 nm 
( = A,,), were calculated and then loaded with random 
errors. Fourteen of the spectra were for the 
BCG+PR+TB+azoxine mixture, 8 for the azoxine 
alone, and 5 for each of the other three indicators. 

(B) Synthetic spectra of a BCG + PR + TB + azoxine. 
Fourteen of the-spectra were the same as those in set (A), 

and 18 for the BCG + PR + TB mixtures in various concen- 
tration ratios and over different pH ranges. 

(C) Experimentally measured spectra of a BCG + 
PR + TB mixture and of the individual components. 

The experimental spectra had a higher uncertainty than 
that with which the synthetic spectra were loaded, so testing 
was restricted to a mixture of all three sulphonephthaleins 
(n; = 3) (18 spectra from I,,,, = 380 nm to iend = 690 nm, 

Computation 
The protonation constants and molar absorptivities of the 

sulphonephthaleins were refined with two least-squares 
programs: SQUAD(84)s and PSEQUAD(83).7 The purity of 
the indicators, the acid-base impurities and the ionization 
constants were determined with the regression program 
ACBA.‘) Computations were performed with the EC 1033 
(500 K) computer in the Computing Centre, College of 
Chemical Technology, Pardubice, Czechoslovakia. 

DISCUSSION 

Analysis of synthetic data (Tables 2 and 3) 

The performance of SQUAD(84)’ and 
PSEQUAD(83)’ was first tested with data sets (A) 
and (B), which allowed systematic variation of the 
spectral, equilibrium and noise characteristics. 

The primary study was to determine the effect of 
precision of the absorbance data on the precision and 
accuracy of the estimated parameters. Higher im- 
precision of the absorbance data would be expected 
to result in a poorer fit. Estimation of the parameters 
would be inaccurate because of uncertainty in the pit 
co-ordinates, as the hyperparaboloid response- 
surface would have a broad and indefinite minimum. 
The parametric precision is related to the D- 
boundary, by the supercurve, U = LImin + s*(A). The 
standard deviation of each parameter bi defined by 
s(bi) = max [(b, - b,,,)J can be calculated as the 
maximum difference between the value for bi at any 
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36000 

90 
380 460 540 620 700 

Fig. 1. Absorption spectra (molar absorptivities) of BCG. PR, TB and axoxine impurity in the forms 
LH2-, (1) BCG, (2) PR, (3) TB, (4) axoxine; LH;, (5) axoxine; L3-, (6) BCG, (7) PR, (8) TB, (9) axoxine, 

used for simuiatian of spectral data. 

4 0.36 

0.01 
380 420 460 900 540 580 620 660 

Fig. 2. Absorption spectra of a mixture of BCG+ PR+TB for various pH values and a concen- 
tration ratio BCG:PR:TB = 0.983:0.578: 1.331 where crB = 9.89 x 10-6iW; d= 1.000 cm, I=O.OlS, 
temperature = 25”. Values of pH: (1) 9.126, (2) 8.608, (3) 8.222, (4) 7.921, (5) 7.640, (6) 7.300, (7) 6.482, 

(8) 4.873, (9) 4.054. 
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A 047 

0 24 

Xfnm) 

Fig. 3. Absorption spectra of a mixture of BCG + PR + TB for various pH values and a concentration 
ratio BCG:PR:TB = 0.739:0.827:1.000 for pH: (1) 8.949, (2) 8.023, (3) 7.622 and 0.739:0.414: 1.952 with 
pH (4) 10.019, (5) 8.893, (6) 7.855, and 1.477:0.414:1.000 for pH: (7) 9.190, (8) 5.273, (9) 4.931. 

cTs = 9.89 x 10e6M, d = 1.000 cm, I = 0.015, temperature = 25”. 

point on the D-boundary, and the value for b, at the 
minimum. As the last U\contour of the D-boundary 
is then rather a large ellipse, the parametric standard 
deviations are larger, and the precision poorer. 

SQUAD(84)5 starts with data-smoothing of the 
spectra set, followed by factor analysis FA608.2 The 
position of a break on the sJA) =f(k) curve is 
calculated, and gives k* = 9, with the corresponding 
co-ordinate s,*(A) value (for terminology see Part X5 
of this series). Five protonation constants and nine 
molar absorptivities for 32 wavelengths constitute 
293 parameters which are refined by the MR algo- 
rithm in the first run of the SQUAD program. In the 
second run, the NNLS algorithm makes the final 
refinement of all previously found parametric esti- 
mates, with all molar absorptivities kept non- 
negative. The reliability of the parametric estimates 
may be tested by use of the SQUAD(M) diagnostics. 

The first diagnostic indicates whether all para- 
metric estimates have physical meaning and realistic 
values. The accuracy of these estimates is shown as 
a systematic error calculated as the deviation from 
the true values of the parameters. The deviations for 
the pK,, values and molar absorptivities of set (A) 
were negligible: even the largest value of sins,(A), 
0.015, caused x0.01 deviation in log &, and 1.5% 
deviation in the molar absorptivities. For set (B), the 
accuracy for the pK, estimates was the same as for set 
(A) for the sulphophthaleins but not for the azoxine. 
There was a larger effect of sins,(A) for set (B) than for 
set (A). 

The second diagnostic tests whether all calculated 
free species concentrations have physical meaning, 
which proved to be the case. The low values of the 

standard deviations of all the estimated parameters 
(the third diagnostic) proved the estimates to be 
sufficiently precise. 

The fourth diagnostic (the correlation coefficients) 
proved the absence of interdependence for any pair 
of protonation constants. 

The degree-of-fit (the fifth diagnostic) proved that 
the s(A) value reached at convergence agreed with 
the absorbance precision s,,,(A), chosen for loading 
the random error, and the Hamilton R-factor 
confirmed a good degree of fit. 

PSEQUAD(83) gave the same results for the para- 
metric estimates and though PSEQUAD does not 
offer all the diagnostics that SQUAD(84) does, the 
degree-of-fit achieved proved the sufficient reliability 
of the estimates and the agreement with SQUAD(84). 

The synthetic data were also used for deter- 
mination of the statistical quantities, I?z,,,, lP(, m,,,, 
m,,4 and the R-factor, which may be used as reference 
limits in further analysis of laboratory data. For the 
selected sins,(A) value of 0.001 the R-factor of the 
residuals was 0.2%, and for sin&f) = 0.003 it was 
0.54.6%. This means that when the R-factor for 
laboratory data with a drift in pH and wavelength is 
less than l%, the degree of fit may be considered 
realistic. 

The effect (on the ability to find true parametric 
estimates) of including the spectra of the pure com- 
ponents in the absorbance matrix for the indicator 
mixture was estimated by comparing the results of 
sets (A) and (B). The estimation of well-conditioned 
protonation constants for the three sul- 
phonephthaleins in set (B) seems to be of the same 
precision and accuracy as for set (A). A slight 
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difference may be found for the ill-conditioned pro- 
tonation constants of the azoxine and a significant 
error appears in the estimated molar absorptivities 
for set (B). It may be concluded that inclusion of the 
spectra of the pure basic components increases the 
accuracy and precision of the estimated parameters. 

The programs employ different minimization 
algorithms, SQUAD(84) using conventional multiple 
regression for solving a set of overdetermined linear 
equations, which may be interchanged (during the 
program execution) with the Gauss-Newton non- 
negative least-squares algorithm which ensures that 
computed molar absorptivities are always positive. 
PSEQUAD(83) is based on the Gauss-Newton 
method. Both programs gave the same reliability and 
results, but SQUAD(84) offers more diagnostic tools 
for assessing the results and for chemical model 
building. 

Analysis of laboratory data (Table 4) 

Though both programs were proved satisfactory 
for analysis of data loaded with a random absorbance 
error, the experimental data may also suffer from 
drift in pH and observational wavelength. 

The spectra of the isolated, individual sul- 
phonephthaleins were measured first, and analysed, 
and the protonation constants and molar absorp- 
tivities c,, and cr,, were used as reference values for 
comparison with those found by analysis of the 
mixture. The precision varied from one sul- 
phonephthalein to another, being highest for Phenol 
Red and lowest for Thymol Blue. Solutions of 
Thymol Blue are alkaline and contain carbonate, so 
some drift of pH may be expected, unless precautions 
are taken to eliminate the carbonate. 

Both programs were tested with data-sets (C), (D) 
and (E). Sets (C) and (E) gave the same parametric 

estimates, which were also in good agreement with 
those for the individual sulphonephthaleins. There 
were slight differences for set(D), however, which did 
not contain the spectra of the individual components. 

Processing the laboratory data with SQUAD(84) 
indicated, through FA608, that k* = 6 and gave the 
corresponding x:(A) values. This arose because of 
the very severe overlap of the individual spectra, the 
factor analysis then not being able to distinguish 
three of the coloured species from the other six. 

The degree-of-fit test showed that the experimental 
data were less precise than the synthetic data. Never- 
theless, both programs were able to find sufficiently 
true and accurate parameter estimates, with equal 
reliability. 

I. 

2. 
3. 

8. 

9. 
10. 

11. 
12. 
13. 

14. 
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Summary-The recovery and preconcentration of Pb(II) and Bi(II1) by coupling ion-exchange and 
precomplexation with 1,2-dihydroxy-3,5benzenedisulphonic acid and 3,3’,4’-trihydroxyfuchsone-2”- 
sulphonic acid has been investigated. Metal recoveries at O.l-mg/l. concentrations are better than 99% 
in the presence of cationic, anionic and non-ionic detergents, or an organic sequestering agent such as 
NTA, and at high ionic strength. Experiments with radiotracers show total recovery even at 15-rig/l.. 
concentrations. In the light of the results the procedure is proposed as a simple and rapid analytical 
method to preconcentrate Pb(II) and Bi(III). 

Ion-exchange is one of the most useful tools in trace 
element preconcentration and metal-species distribui 
tion studies.lm3 The advantages of ion-exchange 
for removing interfering components from test 
solutions”’ and for preconcentration of metal ions 
are well known.9-‘4 The use of an anion-exchange 
resin coupled with precomplexation of metal ions 
has been investigated’S1* and this paper presents its 
application in a rapid procedure for separation and 
preconcentration of Pb(I1) and Bi(II1). 

The reaction of 1,2-dihydroxy-3,SbenzenedisuL 
phonic acid (Tiron, TI) or 3,3’,4’-trihydroxyfuch- 
sone-2”-sulphonic acid (Pyrocatechol Violet, PV) 
with Pb(I1) and/or Bi(II1) gives anionic complexes 
which are retained on an anion-exchange resin owing 
to the unto-ordinated sulphonate groups and the 
affinity of the organic moiety for the matrix of the 
exchanger. Tiron and Pyrocatechol Violet were 
chosen as complexing agents to compare their 
efficiency as a function of the difference in number of 
sulphonate groups and in the aromatic structure. 

EXPERIMENTAL 

Reagents 

Standard metal-ion solutions (Merck “Titrisol”) were 
diluted to a concentration of 1000 mg/l. The isotope 
stock solutions were obtained from Radiochemical Centre, 
Amersham, England and diluted to give a specific activity 
of 1 x 10e5 mCi/ml for *“‘Pb and 2’0Bi, corresponding to 
3 x 10e4 mg/l. Pb(II) concentration and carrier-free radi- 
ation for Bi(II1). Pyrocatechol Violet and the disodium salt 
of Tiron were reagent grade chemicals. 

The macroporous anion-exchange resin Bio-Rad AGLMP 
1, l&200 mesh, chloride form, was used after preliminary 
purification with 6.OM nitric acid. 

All solutions were prepared with demineralized water 
further purified by a Milli-Q water purification system 
(Millipore). 

All other reagents were reagent grade chemicals. Glass- 
ware, polyethylene and polypropylene laboratory vessels 
were cleaned and washed according to suggested 
procedures.” 

Apparatus 

Metal concentrations were evaluated by d.c. argon- 
plasma emission spectroscopy (DCP) (Spectraspan). Radio- 
activity measurements were made with a Packard TRI- 
CARB Model 2002 (2-channel) liquid scintillator counter. 
Insta-Gel (Packard) scintillator was added to each sample. 

Borosilicate glass tubes (8 mm bore, 30 cm long) were 
used for making resin columns (by slurry-loading). 

A rotary vacuum pump and by-pass flowmeter was used 
to ensure a constant flow within the range 5-10 ml/min. 

Procedures 

To a sample volume of lO&lOOO ml, 2.0-7.0 ml of 0.05M 
TI or PV were added, the pH was adjusted to the desired 
value, and the solution was passed through a column of 
0.5-l .O g of resin dispersed in demineralized distilled water 
(DDW). After fixation the metal was released by acidic 
elution with a known volume of eluent. The concentrations 
of the metal ions in the initial effluent and in the acid eluate 
were measured in order to evaluate the recovery efficiency. 
Blanks were periodically run by the same procedure with 
unspiked solution, and no contamination was found. Each 
experiment was conducted in triplicate. 

Measurements of radioactivity. A lO.O-ml portion of the 
metal-ion solution recovered from the column was mixed in 
a 25-ml vial with Insta-Gel scintillator to give a total volume 
of 20.0 ml and the radioactivity was then measured. This 
sample/scintillator ratio had previously been established as 
optimal. To estimate the initial activity, 5.0 ml of “‘Pb stock 
solution were mixed with 5.0 ml of scintillator solution. The 
B-activitv of *“‘Pb (0.017 MeV) was obtained with a multi- 
channel analyser. Since the energy spectrum, Fig. 1, shows 
a discrete overlap of the *loBi energy with the *‘OPb window, 
an additional series of ten experiments was performed with 
radiotracers to evaluate the *‘OPb contribution. 

835 
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Cm 

logE 

Fig. I. Spectrum of *‘oPb and *“Bi energies; arbitrary units. 

RESULTS 

Metal recouery as a function of pH 

The flow-through uptake was evaluated as a func- 
tion of pH. Samples (100.0 ml) containing 10.0 hg of 
Pb(I1) or Bi(II1) and spiked with radiotracers were 
added to 2.0 ml of 0.05M chelating agent. Tiron and 
Pyrocatechol Violet were used alternately and the 
solutions were brought to the desired pH and passed 
through the anion-exchange resin preconditioned at 
the same pH. Various eluents were then tested and 1 
and 2M nitric acid were found the most suitable for 
the recovery of Pb(I1) and Bi(III) respectively from 
the resin. The results showed that all of the lead and 
bismuth was retained by the resin and IM nitric acid 
selectively eluted only the lead, all of which was 
released by the first 10.0 ml of acid added. 

Thus a *‘*Pb solution, which originally gave a 
count of 2000 cpm (counting for 50 min), after 
elution gave a count of only 1689 i- 8 cpm (10 
replicate measurements). Since the eluate contained 
only *‘OPb, the composition of the 2’oPb solution 
(which was two years old) was examined and it was 
found that a considerable amount of *lOBi was present 
and had given an interference signal (Fig. 1) in the 
channels used for counting the lead activity of the test 
solution before the chromatography. A correction 
factor of 0.844 was therefore applied to the initial 
activity of the feed solution, and this resulted in 
satisfactory agreement between the DCP and radio- 
activity measurements (Tables 1 and 2). Thereafter all 
experiments were done with use of radiotracers, and 
blanks were run before and after every experiment. 

Preconcentrations 

Synthetic samples (1000-2000 ml) containing 10 gg 
of the metals investigated and spiked with radio- 
tracers, or radiotracers alone (at 15-rig/l.. concen- 
tration) were prepared. Preconcentrations by the 
described procedure were performed at pH 9.0, with 
excellent recovery and enrichment factors of 100-200. 

Recoveries of 97.6 +0.4% and 99.8 f0.6% for 
Pb(I1) or 100.0 &0.2% and 100.0 f 0.1% for Bi(II1) 
were obtained with Pyrocatechol Violet or Tiron 
respectively; the mean values and relative standard 
deviations were estimated from six independent de- 
terminations. 

Interfering agents 

The effectiveness of the method was tested at ionic 
strengths of the latter 0.1 or 0.5M sodium chloride 
(similar to that of sea-water) in the presence of a 
ligand able to compete with TI and PV (ni- 
trilotriacetic acid, NTA, 275-2750 mg/l.) and in the 
presence of surfactants {~tylt~methylammonium 
bromide (CTAB), poly(ethylene glycol) (POLY, 
M.W. 6000) and sodium dodecyl hydrogen sulphate 
(SDS)] at 5, 20 and 50 mg/l. ~on~ntration. Table 3 
shows the results obtained. Varying the flow-rate in 
the range S-10 ml/min did not affect the results. 

DISCUSSION AND CONCLUSIONS 

The results in Tables 1 and 2 show that Bi(II1) 
forms more stable complexes than Pb(I1). This is 
confirmed by the fact that Bi(II1) is totally recovered 
at lower pH than Pb(I1). In any case the absence of 

Table 1. Recoveries of lead at different pH values; com- 
parison of DCP and radioanalytical measurements [NO ml 

of solution, Pb(I1) 0.1 mg/l.] 

Pb(I1) recovery, % 

PI-I 

I 

z 
4 
5 

! 
8 
9 

PV 

- 
- 

4.8 kO.1 
14.8 + 0.9 
38.4 + 2.3 
55.3 + 2.0 
66.8 f 1.7 
89.6 f 0.5 
99.8 f 0.1 

I-9 

- 
4.6 f 0.5 

14.3 + 0.4 
39.6 + 1.5 
56.2 + 0.3 
67.7 + 1.5 
88.9 +_ 0.8 
99.6 f 0.7 

n* 

- 
2.2 f 0.6 
9.8 f 0.7 

61.2 f 1.9 
99.5 f 0.5 

100.3 * 0.5 
99.8 f 0.3 

100.0 f 0.6 

TV 
- 
- 

1.9 4 0.8 
10.0 * 2.2 
59.1 + 2.0 

100.4 i: 0.7 
101.1 rto.5 
99.7 + 0.5 

100.1 2 0.3 

Mean and relative standard deviation for three deter- 
minations. 

*Radioanalytical and TDCP determinations. 

Table 2. Recoveries of bismuth ion at different 
pH values; 1100 ml solution, Bi(III): 0.1 mg/l.] 

Bi(Il1) recovery, %* 

PH PV TI 

: 89.9 91.5 f f 0.9 1.6 47.2 91.6_+ + 1.1 1.1 

3 98.3 k 0.5 95.6 f 0.7 
4 100.1 &- 0.8 98.8 f 0.1 
5 99.8 + 0.4 101.0~0.2 
6 100.2 f 0.3 99.7 & 0.6 
7 100.0 + 0.4 99.8 + 0.4 
8 99.3 +_ 0.1 99.9 + 0.3 
9 100.0 + 0.2 100.1 +0.1 

*Mean and relative standard deviation for three 
determinations. 



SHORT COMMUNICATIONS 837 

Table 3. Effect of interfering agents on Pb(II) and Bi(III) recovery [ 100 ml of solution, pH 
9.0, Pb(II) and Bi(lII) each 0.1 mg/l.] 

Interferent 

CTAB 

POLY 

SDS 

NTA 

NaCl 

Concn., 
mgll. 

5.0 
20.0 
50.0 

5.0 
20.0 
50.0 

5.0 
20.0 
50.0 

275.0 
275.0 

0.1 M 
0.5 M 

Pb(II) recovery, % Bi(II1) recovery % 

PV TI PV TI 

95.7 + 1.8 99.4 + 0.1 98.1 k 0.6 99.5 + 0.1 
* 99.3 f 0.3 * 99.7 * 0.1 
* * * * 

97.3 + 0.1 100.0 + 0.1 99.3 + 0.2 99.9 + 0.1 
97.9 + 0.3 99.6 + 0.3 99.9 + 0.1 100.1 * 0.1 
98.8 + 0.3 100.3 + 0.3 100.2 * 0.3 100.0 f 0.3 

96.4 & 1.1 99.6 + 0.4 99.8 + 0.1 99.6 f 0.1 
98.2 + 0.8 99.7 f 0.1 99.9 f 0.1 99.8 & 0.1 
99.0 &- 0.4 99.8 & 0.1 99.8 + 0.2 99.8 + 0.1 

88.7 & 1.6 98.9 f 0.4 100.1 +0.1 100.0 * 0.2 
68.0 f 1.1 99.9 f 0.4 99.8 + 0.2 99.9 + 0.2 

97.9 + 0.1 99.4 f 0.1 99.5 + 0.1 100.0 + 0.2 
98.0 + 1 .O 99.9 & 0.4 98.7 f 0.3 98.8 + 0.1 

Mean and relative standard deviations for three determinations. 
*In these conditions, separation of insoluble products occurs. Code: CTAB, cetyltrimethyl- 

ammonium bromide; POLY, poly(ethylene glycol); SDS, sodium dodecyl hydrogen 
sulphate; NTA, nitrilotriacetic acid. 

the ligand in the eluates showed that the decreased and precision of metal ion detection after 
recovery of lead at lower pH cannot be attributed to preconcentration. 
a competition between the sulphonato groups of the 
ligand and the anion present in solution at these pH 
values. 

The method is an excellent means for separation of 
Pb(I1) from Bi(II1) and for its preconcentration 
[loo% recovery of 15rig/l.. Pb(II), preconcentration 
factor lOO-2001. Other methods based on X-ray 
fluorescence*’ or adsorbent*’ resins show less efficient 
recovery yields. 

The method also appears reliable in the presence of 
surfactants, whereas similar methods** do not give 
quantitative recoveries. It is of interest that SDS may 
compete in the ion-exchange through its sulphonic 
group, but the coloured metal complexes show that 
diffusion is not involved in their retention by the 
resin. 

The applicability of the method to natural systems 
such as river or sea-water was investigated with 
synthetic samples. The presence of ligands able to 
compete with TI or PV in the formation of Pb(I1) or 
Bi(II1) complexes was simulated by use of NTA 
solutions at abnormally high concentrations (275 and 
2750 mg/l.) corresponding to a 1: 1 and 10: 1 molar 
ratio of NTA to TI or PV. 

The yield obtained (100% under optimum condi- 
tions) is very satisfactory in comparison with that by 
a similar method** which results in only 46% metal 
recovery at lOO-mg/l. NTA concentration. The pro- 
posed method is also unaffected by ionic strength, 
which makes it suitable for preconcentrating trace 
metal ions in sea-water. 

The interaction of the negatively charged sul- 
phonate groups of the complexes with the anion- 
exchange resin excludes any uptake other than 
that of metals co-ordinated with TI or PV, resulting 
in good selectivity and improvement of the accuracy 

2. 
3. 
4. 
5. 

6. 

7. 
8. 
9. 

10. 
11. 
12. 

13. 

14. 

15. 

16. 

17. 

18. 
19. 

20. 

21. 
22. 

23. 
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Summary-A reversed-phase ion-pair liquid chromatography-spectrophotometric detection system for 
the separation and simultaneous determination of molybdenum, chromium and vanadium is described. 
The chelates of the metal ions with 4-(2-pyridylazo)resorcinol are separated on a Zorbax CN column with 
1 x 10e3M tetrabutylammonium iodide and O.OlM KHrPO,-NarHPO, buffer @H 7.50) in 30:7Ov/v 
methanol-water mixture as the mobile phase, at a flow-rate of l.Oml/min. The chelates are detected 
spectrophotometrically at 540 nm. 

Recently, several reports on the application of 
high-pressure liquid chromatography (HPLC) for 
separating and determining various metal chelates 
have been published.1-3 Reversed-phase HPLC with 
bonded stationary phases has been shown to be one 
of the most effective separation methods presently 
available4 and this method seems to be convenient 
for the separation and simultaneous determination of 
elements that have similar chemical properties, such 
as molybdenum, chromium and vanadium. 

4-(2-Pyridylazo)resorcinol (PAR) is one of the 
best chelating reagents for precolumn complexation 
of many metal ions, because of its sensitivity, and 
solubility in water.5 The reagent has been used for 
separation and determination of iron, cobalt, nickel, 
copper, zinc,“’ chromium,9 vanadium,” platinum 
and palladium ‘r by reversed-phase ion-pair liquid 
chromatography. We have investigated the possi- 
bilities of separation and determination of molyb- 
denum, chromium and vanadium with PAR as the 
chelating reagent in the presence of hydroxylamine 
and of tetrabutylammonium iodide (TBAI) as the 
ion-pairing reagent, on a Zorbax CN column. Com- 
plexation in the PAR-hydroxylamine system has 
been studied for molybdenum”~” and vanadium,14 
but apparently not for chromium. 

The present study demonstrates that ion-pair 
reversed-phase liquid chromatographic separation 
and determination of molybdenum, chromium and 
vanadium as PAR-chelates are feasible at the ng level. 

EXPERIMENTAL 

Apparatus 
The liouid chromatograph was a Shimadzu system LC-4A 

equipped with a modelSPD-1 spectrophotometric detector 
and a Chromatopac C-R2A(X). A Shimadzu model UV-240 
recording spectrophotometer was used for spectral measure- 

ments. A Shanghai model 721 spectrophotometer and a 
Shanghai model pH S-2 pH-meter were used. A 6-pm 
particle-size Zorbax CN column (Du Pont) (250 mm x 4.6 
mm bore) was used for all experiments. 

Reagents 
Standard solutions of Mo(V1) and Cr(VI) were prepared 

bv dissolvine ammonium molybdate. (NH,),Mo,O,~.~H,O, 
and potassium chromate, respectively, in water. The stock 
solution of V(V) was prepared by dissolving ammonium 
metavanadate, NHYO,, in 1M sodium hydroxide, then 
adding sulphuric acid until the solution was slightly acidic. 
The PAR solution was prepared by dissolving the com- 
pound in methanol. The ion-pairing reagent, TBAI, was 
analytical reagent grade from the Shanghai Chemical Co. 
The mobile phase consisted of 1 x lo-‘M TBAI and O.OlM 
KH,PO,-Na,HPO, (PH 7.50) in 30:70 v/v methanol-water 
mixture. All the other reagents were of analytical grade. 

Procedure 
To a weakly acidic solution containing Mo(VI), Cr(VI) 

and V(V), 3 ml of 5% hydroxylamine hydrochloride solu- 
tion, 2.5 ml of O.lM KH,P04-NarHPO, buffer solution 
(pH 7.50) and 2.5 ml of 2.4 x lo-‘M PAR solution were 
added. The mixture was diluted to about 20 ml with distilled 
water and heated in boiling water for 80 min. After cooling, 
the solution was diluted to volume in a 25-ml standard flask. 
The solution was filtered through a 0.45~pm membrane filter 
and a 20-~1 portion was injected into the column. The PAR 
chelates were eluted with the methanol-water mobile phase 
at a flow-rate of 1.0 ml/min and detected by the spectro- 
photometric detector at 540 nm, the sensitivity being set at 
0.01 or 0.02 absorbance for full-scale deflection. 

RESULTS AND DISCUSSION 

Selection of experimental conditions 

Eflect of hydroxylamine hydrochloride. Preliminary 
experiments demonstrated that neither Mo(V1) nor 
Cr(V1) formed a red chelate with PAR at any pH 
in the absence of hydroxylamine hydrochloride, even 
at loo”, but in the presence of hydroxylamine 
hydrochloride, both formed PAR chelates on boiling. 
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5% NH2 OH,HCk (ml ) 

Fig. 1. Effect of the concentration of hydroxylamine hydro- 
chloride. PAR 2.4 x 10m4M; Mo(V1) 6.25 x 10m6M, 7: A; 
Cr(VI) 7.7 x lo-“M, 0; V(V) 7.8 x lo-%, l ; pH 7.50 

KH,PO,-Na,HPO, buffer, 2 cm ceil, 540 nm. 

a3 

z 
= Q2 
x 

s 

4 

0.1 

0.0 
0 500 600 700 

WWdength (nm 1 

Fig. 2. Absorption spectra of metal-PAR chelates. PAR 
2.4 x 10-4M; Mo(V1) 1.25 x 10-5M; Cr(VI) 7.7 x 10w6M; 
V(V) 1.56 x 10e5M; 1 cm cell. Other ~nditions as for 

Fig. 1. 

001 
6 

I I I 

7 8 9 

PH 

Fig. 3. Effect of pH on the colour development of metal- 
PAR chelates. Other conditions and symbols as for Fig. 1. 

00 
20 40 60 80 

Time (minf 

Fig. 4. Colour development time at 100°C. Other conditions 
and symbols as for Fig. 1. 

PAR 

I A = 0.001 

I 

0 5 10 

Time (mln) 

Fig. 5. Separation of metal-PAR chelates on Zorbax CN 
column; 8 ng each of MO(W), Cr(VI) and V(V) injected, 

other conditions as for Fig. 1. 

~ydroxyl~~ne hydrochIo~de had the dual functions 

of reducing Cr(V1) to Cr(III) [which reacts with PAR 
to form the Cr(III)-PAR chelate] and accelerating 
the colour development of the Mo(VI)-PAR and 
Cr(III)-PAR chelates. The absorbance of the V(V)- 
PAR chelate decreased as hydroxylamine hydro- 
chloride was added, but reached a constant value 
when an excess of hydroxylamine hydrochloride had 
been added, as shown in Fig. 1. 

~e~e~~~~~ of detection waveZe~gt~. To choose the 
wavelength for the detection of the eluted PAR 
chelates of Mo(VI), Cr(II1) and V(V), the absorption 
spectrum of each chelate was measured under the 
conditions shown for Fig. 2. Mo(V1 )-PAR and 
Cr(III)-PAR exhibited absorption maxima at 
530 nm, and V(V)-PAR at 550 nm, and the reagent 
blank had negligible absorption at 530-550 nm. A 
wavelen~h of 540 nm was selected for detection. 

TAL. 33,,0--E 
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Table 1. Coefficients of linear regression lines for calibration of chromatographic 
detector 

Metal ion Mo(V1) Cr(V1) V(V) 

Concentration range, mg/l. O.l&l.O 0.1e1.4 0.10-2.0 
Range of amount injected, ng 2-20 2-28 2-40 
Slope, absorbance. I. mg - ’ 0.0049 0.0023 0.0056 
Intercept, ob~orb~ce -0.~8 0.0016 -0.00063 
Correlation coefficient 0.9998 0.9991 0.9996 

Table 2. Effect of foreign ions on the determination of 
Mo(VI), Cr(V1) and V(V) 

Foreign Added, 
Found, pg* 

ion !-Q Mo(V1) V(V) Cr(V1) 

A&III) 10 10.1 9.9 9.6 
100 10.2 10.3 3.6 

Mg(II) 10 9.5 10.2 10.6 
100 9.9 10.0 13.7 

Ni(II) 
1:: 

10.5 
18*7 

9.9 
9.5 4.4 

Mn(I1) 100 9.9 9:s 12.9 
W(VI) 100 9.6 9.7 11.7 
Zn(II) 10 10.4 iO.1 11.9 
Cd(I1) 10 10.4 10.2 13.1 
Hg(II) 10 9.6 10.0 14.0 
fiOI) 10 10.1 10.4 12.6 
Fe(B) 10 10.3 10.2 12.9 
Co(H) 5 10.2 10.1 19.6 

*lO.Opg each of Mo(VI), V(V) and Cr(V1) originally 
present 

E&ct of pH on colour development. The absorption 
US. pH curves for the metal-PAR chelates are shown 
in Fig. 3. A KH*PO~-Na~HPO~ solution of pH 7.5 
was chosen since it gave maximum development of all 
three chelates, and was also used in the eluent. 

Effect of PAR concentration. It was found that for 
15pg of Mo(V1) and 1Opg of Cr(V1) or V(V), 
maximal absorbance was obtained by use of not 
less than 0.3, 1.8 and 0.3 ml of 2.4 x 10e3M PAR 
respectively. A volume of 2.5 ml of 2.4 x 10m3A4 PAR 
was chosen as optimal. 

Colour d~e~opment. The coloured chelate of V(V) 
with PAR was readily formed at ambient tempera- 
ture. The colour development of the Mo(V1) complex 
was incomplete and that of the Cr(V1) complex 
hardly started at all at ambient temperature. As 
shown in Fig. 4, the mixture with Mo(V1) should be 

kept on a steam-bath for at least 30 min and that with 
Cr(V1) for at least 80 min for constant absorbance to 
be reached. High tem~ratures had a negligible effect 
on the absorbance of the V(V)-PAR chelate. 

Chromatogram and calibration graphs 

A typical chromatogram is shown in Fig. 5. The 
retention times of the PAR chelates of chromium, 
molybdenum and vanadium were 3.97, 5.50 and 
6.95 min, respectively, at a flow-rate of 1.0 ml/min. 

The slopes and intercepts of the calibration graphs 
for the simultaneous determination of molybdenum, 
chromium and vanadium calculated by linear re- 
gression analysis of the peak-height (absorbance) DS. 
metal concentration data are summarized in Table 1. 
The detection limits (at a signal to noise ratio of 2: 1) 
were 0.82 ng for molybdenum, 1.7 ng for chromium 
and 0.71 ng for vanadium (full-scale deflection = 0.01 
absorbance). Relative standard deviations calculated 
from five replicate analyses of a solution containing 
0.40mg/l. each of molybdenum, chromium and 
vanadium were 2.0, 2.0 and 3.3 %, respectively. 

Efecr of foreign ions 

The effect of the presence of other ions on the 
determination of Mo(VI), Cr(V1) and V(V) was 
examined (Table 2). When present in comparable 
concentrations to Mo(V1) and V(V), the metal ions 
examined for interference had no effect on the deter- 
mination of these ions. All the foreign ions except 
Ai(III), Mg(II) and Ni(I1) caused serious interference 
in the dete~ination of Cr(V’I). Before this HPLC 
method is applied to actual samples, therefore, these 
interfering ions must be masked or removed by 
extraction. 
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Summary-Commercial samples of Arsenazo III were found to be appreciably impure even after 
purification as the barium salt. Chromatography on silica gel followed by crystallization yielded a pure 
sample of the ethanol solvate of the free acid. The dissociation constants of the acid were determined 
potentiometrically at 25” and 2 = 0.1 (NaClO,). 

Arsenazo III [2,2’-(l,%dihydroxy-3,6-disulphonaph- 
thalene-2,7-bisazo)bisbenzenearsonic acid, HsA] (I) 
is one of the most often used azo-dyes in spec- 
trophotometry, especially for determination of lan- 
thanide and actinide ions. Its dissociation and pro- 
tonation constants have been determined, but the 
values reported differ considerably, apparently owing 
to differing purity of the reagent, which was not 
specified in the original papers. The character of the 
synthetic methods used suggests the probable pres- 
ence of various isomers and of minor impurities in the 
“purified” samples. The aim of the present work was 
to purify Arsenazo III and determine its dissociation 
constants. 

AsOs H, OH OH H,O,As 

EXPERIMENTAL 

Apparatus 

Potentiometric measurements were made at 25 f 0.1” in 
the absence of carbon dioxide. A PHM 64 pH-meter 
(Radiometer) equipped with a combined glass/saturated 
calomel electrode, type GK 2401B was used and calibrated4 
in terms of -log{H+}, with a precision better than +0.005, 
before each titration. 

Chemicals 

Sodium hydroxide solution (O.lM, free from carbonate) 
and O.lM perchloric acid were dispensed with a precision of 
better than 0.002 ml from calibrated burettes. The ionic 
strength was adjusted to 0.1 with a solution of sodium 
perchlorate which was freed from protolytic impurities by a 
recommended procedure.5 Commercial Arsenazo III (Lach- 
ema, Czechoslovakia) was purified6 by precipitation as the 
barium salt, followed by extraction of the free acid from 
0.1 M hydrochloric acid into butanol/benzene (1: 3 v/v). TLC 

on silica gel (Silufol plates, Kavalier, Czechoslovakia) with 
the solvent system, 2-propanol/l5% aqueous ammonia 
solution (1: 1 v/v) demonstrated that a few impurities were 
present, with RF = 0.055044, in addition to the main com- 
ponent with R, = 0.59. For further purification, lOO-mg 
portions of this material were chromatographed on 30 g of 
5&120 pm silica gel in a 2 x 25 cm column, with the TLC 
solvent system at a flow-rate of 1.5 ml/min. The combined 
fractions containing the pure ammonium salt with R, = 0.59 
were evaporated to dryness in uacuo at 50”, and the residue 
was dissolved in water and converted into the acid by 
passage through loo-mesh Dowex 50W 2 (hydrogen form) 
in a 2 x 20 cm column at a flow rate of 0.5 ml/min. After 
evaporation of the eluate to dryness in uacuo and dissolution 
of the residue in 25 ml of ethanol, crystallization was 
induced by addition of 50 ml of diethyl ether. Filtration, 
washing with diethyl ether and drying at 25” and a pressure 
of 0.2 kPa to constant weight yielded 40 mg of purple 
crystals. The individual portions were finally combined and 
recrystallized from ethanol/ether. TLC of the product 
yielded only a single spot with R, = 0.59, and according to 
the elemental analysis and ‘H NMR, the product was the 
bis(ethano1) solvate of the free acid of Arsenazo III: found, 
C 36.0%, H 3.5%, N 6.5%, C,H,As,N,O,,S, (m.w. 866.6) 
requires C 36&t%, H 3.49%, N 6.52%. ‘H NMR (D,O, 
TMS as internal reference): 1.18 ppm t (J = 7.5 Hz), 6H, 
CH,; 3.62 q (J = 7.5), 4H, CH,; 6.9-7.4 m, IOH, aromatics. 

RESULTS AND DISCUSSION 

Arsenazo III is an octabasic weak acid. The pro- 
tonation equilibria are described by the protonation 
constants /li = [H,AI/[H]‘[A], (i = l-8, charges are 
omitted). For their determination, an initial volume 
of 50 ml of a 0.001 or 0.002M solution of the acid was 
titrated with O.lM sodium hydroxide until 
-log{H+} = 12 was attained and then back-titrated 
with O.lM perchloric acid to -log{H+} = 2. During 
the titration, the mean number of protons bound per 
anion, fin, was calculated for each experimental point; 
further additions were adjusted so that (i) at least 15 
experimental points were accumulated between inte- 
gral values of fin and (ii) ri, reached a limiting value 
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Fig. 1. Formation curve. Experimental points (c) for ti- 
tration of 2 x W3M Arsenazo III, 0 for ret&ration of 
2 x W3M Arsenazo III, 0 for titration of 1 x IO-)M 
Arsenazo III, 0 for ret&ration of 1 x 10e3M Arsenazo III) 
are fitted by the curve calculated from the dissociation 

constants given in Table 1. 

4 6 8 10 12 

-log [H+] 

Fig. 2. Distribution diagram of Arsenazo III as a function 
of -log [H+]. 

at both ends of the titration curve. All the experi- 
mental points lay on the same formation curve within 
experimental error (Fig. 1). The acid-base equilibria 
were established rapidly and the system was found to 
be mononuclear with respect to A*-. A trial-and- 
error fitting of the formation curve yielded pre- 
liminary values of the protonation constants Ifl-&. 
which were then refined by the MINIQUAD pro- 
gram.’ The final values of log pi were log /?, = 10.99 
(0.05), log /Iz = 21.57 (0.02), log /33 = 30.36 (0.06), log 
fi4 = 37.06 (0.09), log /$ = 41.45 (O-13), log & = 43.95 
(O.l?), where the figures in brackets are the standard 
de~ations. As expected, attempted calculation of 8, 
and BS resulted in their rejection by the program. It 
can be deduced from the conditions for the rejection 

Table 1. Dissociation constants of Arsenazo III 

Constant Value Dissociation 

Previous 
results 

(ref. 1; ref. 2) 

PK, <1.3 1.89; 0.6 
PK, <I.3 > 

SO,H-+SO,- 2.96; 0.8 
pK3 2.60 > 3.64; 1.6 
PK., 4.29 AsO,H,-rAsO,H- 5.05; 3.4 
p5 6.70 > 6.77; 6.27 
p& 8.79 AsO,H- -*AsO:- 7.64; 9.05 

10.58 9.30; 11.98 
10.99 OH-O- 11.85; 15.1 

of constants’ by MINIQUAD that the values of log 
8, and log a8 are less than 45.2 and hence inaccessible 
to standard poteritiometry with a glass electrode. 

The protonation constants were converted into the 
pK values (Table 1). As the MINIQUAD statistics 
deal only with /? values, no standard deviations of the 
pK values can be given. Figure 2 shows the distribu- 
tion of the individual anions. The dissociation is 
accompanied by colour changes from reddish-purple 
to deep blue. 

On the basis of structural analogy to similar com- 
pounds, the pK values can be assigned to individual 
protonation sites of the molecule. This assignment is 
identical with that proposed by other authors’ but, in 
the absence of additional evidence must be taken as 
tentative, especially for pK, and pK,. 
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FORMATION CONSTANTS OF SOME MERCURY(I1) 
COMPLEXES DETERMINED FROM THEIR ANODIC 

POLAROGRAPHIC SIGNALS 
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Summary-The formation constants of some Hg(I1) complexes have been determined from the anodic 
polarographic signals for the oxidation of mercury in the presence of the following ligands: thiourea and 
its phenyl- and diphenyl-derivatives, thiocyanate, ethylenediamine, EDTA, methylthioacetic acid, 
2,2’-thiobisacetic acid, 3,3’-thiobispropanoic acid, 2,2’-[l,l-methandiylbis(thio)]bisacetic acid and 
2,2’-[1,2-ethandiylbis(thio)]bisacetic acid. The use of differential pulse polarography and a.c. polarography 
instead of d.c. polarography increases the accuracy and precision of the potential measurements and, as 
a consequence, of the stability constants determined. The results obtained by the different methods are 
compared. 

It is well-known that in the presence of most com- 
plexing agents, mercury from the dropping mercury 
electrode (DME) can be anodically oxidized to the 
bivalent state,’ leading to the overall electrode pro- 
cess: 

Hg+pL+HgL,+2e- (1) 

(ionic charges on the ligand and the complex are 
omitted). 

The half-wave potential of the process is related to 
the ligand concentration, [L], and to the formation 
constant of the complex, BP, by the well-known 
equation2,3 

RT 
52 = E&,+ + - In 

2(P- 1) D l/2 

2F p @‘)I’* /~,[L]‘P-I) (2) 

where D and D’ are the diffusion coefficients of the 
ligand and the complex, respectively: the ratio of 
these is usually taken as unity. The free ligand 
concentration in equilibrium with the Hg(II)-ions, 
[L], depends on the total concentration C, of ligand 
and the pH, according to the equation 

v-1 = W%,,, (3) 

where +a) is the proton side-reaction coefficient. 
Substituting [L] from equation (3) into equation (2) 
and rearranging, gives: 

(4) 

*Author for correspondence. 

When p = 1, i.e., only the HgL complex is formed, 
E,,* is independent of CL and is a function of only pH, 
as has been observed by several authors in the study 
of the Hg(I1) complexes of EDTA, DCTA, EGTA, 
DTPA4-’ and TTHA.8 Equation (4) can also be 
applied in the less common case of formation of a 
soluble Hg(1) complex. 

From equation (4) /?, values can be determined in 
two different ways. (a) From the intercept of the 
linear plot of E,,, vs. log CL at constant pH over a C,_ 
range where one particular complex predominates. 
Low pH values are to be preferred, to minimize 
complications due to formation of mercury hydroxo- 
complexes.’ If high pH values have to be employed, 
the theoretical treatment should include the ~(~~(~n) 
coefficients.’ From E,,, vs. log C, relationships a great 
number of jr values for Hg(I1) complexes have been 
determined, including those for the thiourea’&‘* and 
thiocyanate’.‘3 complexes. (b) From the intercept of 
the linear plot of El,* vs. log uLu,) at constant ligand 
concentration in a pH range where only one complex 
predominates. The main drawback of this method is 
that only a restricted pH range can be used if the 
hydroxo-complexes of mercury are to be neglected. 
The /I2 value of the Hg(en), complex’4~‘5 has been 
determined by means of this relationship. 

In the work reported here, the application of 
differential pulse polarography (dpp) and alternating 
current polarography (acp) to the determination of 
the formation constants of mercury complexes from 
the data for anodic oxidation of mercury is discussed. 
The potentials can be measured much more precisely 
by these techniques than by d.c. polarography (dcp). 

The theoretical treatment above starts from the 
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basic equations of dep.* Heath and Hefter,16 Gomez- 
Nieto et al.” and Casassas and Ariii~‘~ have shown 
that the DeFord and Hume method,i9 developed 
from dcp, is also valid when applied to experimental 
data obtained from dpp and acp. For a reversible 
diffusion-controlled process, Parry and Osteryoung20 
showed that the peak potential of a dpp peak (E,) 
and the half-wave potential of the corresponding dcp 
wave (E,,,) are related by the expression 
E, = E,,* - AE/2, where AE is the magnitude of the 
applied pulse, taken with its sign. Starting from the 
same assumptions, Smith*l and Bond** have shown 
that the values of the peak potential or the half-wave 
potential obtained by fundamental and second- 
harmonic acp (acip and ac,p), respectively, are equal 
to the E,,, values for the dcp wave. It follows that the 
shifts in the characteristic potentials in dpp, ac,p and 
ac,p will be the same as the shifts in the dcp half-wave 
potential, and that equation (4) can also be applied 
to dpp and acp data. Casassas and, Esteban took this 
approach furtheti3 and showed that dpp and acp 
could be used for the determination of stability 
constants. In particular, the quality of the dpp and 
acp signals makes it possible to determine stability 
constants for systems where the dcp waves are poorly 
developed. 

This paper describes an investigation of mercury 
complexes with thiourea and its phenyl derivatives, 
thiocyanate, ethylenediamine, EDTA and the follow- 
ing thioether carboxylic acids: methylthioacetic acid 
(MTA), 2,2’-thiobisacetic acid (TBA), 3,3’-thiobis- 
propanoic acid (TBP), 2,2’-[l,l-methandiylbis(thio)] 
bisacetic acid (MDBA) and 2,2’-[1,2-ethandiylbis- 
(thio)]bisacetic acid (EDBA). The formation con- 
stants of the predominating Hg(I1) complexes have 
been calculated from the anodic waves. 

EXPERIMENTAL 

Chemicals and instrumentation 

The ligands, all commercial chemicals of high purity, were 
used without further purification. The other reagents, and 
the instrumentation were as described previously.23 

All measurements were made at 25 + 0.1” and an ionic 
strength of O.lM (KNO,) in aqueous medium, except for 
diphenylthiourea, where the medium was ethanol/water 
50% v/v. 

Procedure 

The log & values were determined, by the different 
polarographic techniques, from the E,,, or Er US. log C, 
plots (usually for solutions with pH < 5) obtained under 
conditions chosen so that one soluble complex predom- 
inated. E,,, or Ep were determined by standard polar- 
ographic procedures. The usual instrumental parameters 
were: drop-time, 1 set; mercury height, 50 cm; pulse mag- 
nitude, f 40 mV (dpp) and 10 mV (acp). The formation of 
mercury hydroxo-complexes was neglected in the calcu- 
lations. 

RESULTS AND DISCUSSION 

Table 1 shows the log /I2 values for several Hg(I1) 
systems obtained by dcp, dpp and ac,p, compared 
with some literature values. Good agreement was 
obtained in all cases, especially by dcp and dpp, the 
latter usually yielding more precise values than the 
former. The log /I2 values obtained in the study of the 
thiourea system by ac,p were slightly lower than 
those obtained by dcp and dpp and those quoted in 
the literature. Distorted and asymmetrical ac,p peaks 
were obtained in this case, showing that the ac,p 
electrode process is not fully reversible. In contrast, 
the dcp and dpp processes are stated in the literature 
to be reversible’“‘* and this has been confirmed in the 
present study. Table 1 also shows the log /I2 values for 
the Hg(I1) complexes of phenylthiourea and diph- 
enylthiourea, for which no data could be found in the 
literature. In both cases the determinations were done 
by dpp because well-developed and precise peaks 
were obtained, whereas the dcp waves were poorly 
developed. Asymmetrical acp peaks were also ob- 
served, as a consequence of the acp process being 
somewhat irreversible. 

Table 2 shows the log /I, mean values obtained for 
the Hg(EDTA)*- complex, compared with those 
quoted in the literature. Two different sets of log /I, 
values are shown in the Table, which were determined 

Table 1. Log p2 values of Hg(II) complexes determined polarographically at 25” in O.lM potassium nitrate 

This work Literature 

Liaand Technique log 8, log 8, Conditions Reference 

Thiourea dcp 
dpp” 
acip’ 

Phenylthiourea 
Diphenylthiourea 
Thiocyanate 

dpp” 
dpp” 
dcp 
dpp” 
ac,p’ 

Ethylenediamine dpp” 
dppb 

22.43 (0.24) 
21.66 (0.20) 
21.06 (0.23) 

20.43 (0.09) 
21.34 (0.10) 
16.53 (0.59) 
16.72 (0.17) 
17.05 (0.17) 

22.92 (0.20) 
23.11 (0.20) 

22.17 f 0.6 25”, 1M 11 
22.47 25”, 1M 24 
22.1 25”, 1M 25 
21.3 30”, O.lM 26 

16.43 
16.85 
17.46 (17.12) 
16.07 + 0.03 
23.17 
23.32 
23.24 + 0.07 

25”, 0.2M 
25”, 1M 
;;I, 7; (Rr-) 

25”: O.lM 
25”, O.lM 
25”. 0.1M 

27 
28, 29 
30 
13 
14 
15 
31 

0: AE = 40 mV, b: AE = -40 mV; ‘: AE = 10 mV. 
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Table 2. Log /3, values of Hg(EDTA)2- complex determined 
polarographically at 25” in O.lM potassium nitrate 

This work 

log B1 - Literature 

Technique c1 b log Bi Conditions Reference 

dcp 19.98 22.11 22.15 25”, 0.065&f 5 
dpp 
a&p 

19.98 22.11 21.64 25”, O.lM 32 
20.19 22.25 15.7 20”, O.lM 4 

a: Value determined with the E&,,, value taken from 
Reference 11. 

b: Value determined with the E&n, value taken from 
Reference 33. 

by using two different published E&,,, values in the 
calculation. The results show that the differences 
observed between the values reported here and those 
quoted in the literature can easily be explained in 
terms of the EitirI, values taken in the different 
investigations. 

The anodic oxidation of mercury from the DME 
and the HMDE in the presence of several thioether 
carboxylic acids has been studied already. Kotek et 
aL3’ studied the anodic dc wave of TBA but reached 
no conclusion about the nature of the mercury com- 
pound formed. SuinjeviC: et al.” found that EDBA 
yielded a reversible anodic polarographic wave wrre- 
sponding to the formation of a 1:2 Hg(II)-EDBA 
complex. The anodic behaviour of MTA, TBA, TBP, 
MDBA and EDBA has been investigated system- 
atically by Casassas and co-workers.35,36 

MTA, TBA and TBP, all monothiocarboxylate 
ligands, yield first a reversible di%.rsion-controlled 
anodic signal corresponding to the formation of a 
soluble HgLz complex3’ and, at more positive poten- 
tials (above +0.4 V), a second irreversible signal 
which seems to be related to a crystallization process. 
A fuller understanding of this second process for the 
three thioether acids will require further electro- 
chemical investigation. On the other hand, MDBA 
and EDBA, dithiocarboxylate ligands, yield only one 
reversible diffusion-controlled anodic signal, corre- 
sponding to the formation of the soluble HgL, 
complex36 in agreement with the findings of SuinjeviC 
et al. for EDBA.34 

Table 3 shows the log & values for the correspond- 
ing mercury-thioether complexes. The values ob- 
tained by acp are usually higher than those obtained 
by dcp and dpp, as a consequence of weak adsorption 
phenomena. 35*36 The values obtained for EDBA are in 
better agreement with the one determined poten- 
tiometrically by Napoli37 (18.99 f 0.07 at 25” and 
p = OSM) than the one determined polar- 
ographically by SuinjeviC et aZ.34 (13.82 at 25” and 
1( = O.lM). No previous reference to the formation 
constants of the Hg(II)-MTA, Hg(II)-TBA, 
Hg(IIkTBP and Hg(II)-MDBA complexes is 
known. 

Table 3. Formation constants of several Hg(II)-thioether- 
carboxylate complexes determined polarographically at 25” 

in O.lM potassium nitrate 

Ligand Technique log 87 

CH,SCH,COOH (MTA) dcp 
dpp“ 
ac,p 
ac2p 

S(CH,COOH), (TBA) dcp 
dw” 
aw 
ac2P 

S(CH,CH,COOH), (TBP) dpp’ 
aclp 
ac,p 

(H,CSCH,COOH), (EDBA) dcp 
dpp” 
dpp’ 
aclp 
ac2p 

H,C(SCH,COOH)z (MDBA) dpp” 
ac,u 

11.93(0.18) 
11.81 (0.14) 
12.69 (0.20) 
13.51(0.25j 
13.35 (0.15) 
14.29(0.18j 
14.65 (0.17) 
14.90 (0.20) 
12.78 10.15) 
12.57 (O.lSj 
12.67 (0.20) 
18.05 (0.20) 
17.94 (0.16) 
18.08 (0.16) 
18.35 iO.26) 
18.05 (0.20) 
10.25 (0.36) 
10.20 co.351 

a: AE =40 mV; b: AE = -40 mV. 
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Summary-The dissociation constants in the ground state of benzyl2-pyridyl ketone 2-quinolylhydrazone 
(BPKQH) have been determined fluorimetrically and spectrophotometrically in aqueous ethanol medium. 
The pK, values of this compound in the excited state have also been established. The analytical properties 
of the reagent and its chromogenic reactions with some metal ions were studied. 

A detailed study of the effects of polarity on the 
electronic absorption and fluorescence spectra of 
compounds and the determination of the acidity 
constants in the ground and excited state can provide 
information as to the usefulness of the analytical 
reagents for spectrophotometric and spectrofluori- 
metric methods.‘m3 

Spectrophotometry is a simple, clean and accurate 
method for determination of dissociation constants 
of organic ligands, but when proton loss or gain 
results in little rearrangement of the ligand structure, 
the electronic spectra scarcely change. Generally, the 
same is true with regard to fluorimetry, but spectral 
changes may also result if proton’ gain or loss 
promotes ligand rigidity, or changes the solvation of 
the ligand. 

Several complications can arise from the depen- 
dence of fluorescence emission on the effect of pH 
changes on both excited-state and ground-state 
behaviour.4,5 

In this paper, we report on the effect of pH 
on the behaviour of BPKQH in the ground and 
excited state, studied by spectrophotometry and 
spectrofluorimetry. 

EXPERIMENTAL 

Reagents 

Benzyl 2-pyridyl ketone 2-quinolylhydrazone (BPKQH) 
was synthesized by the procedure of Katiyar and Tandon, 
by heating equimolar amounts of benzyl 2-pyridyl ketone 
and 2-quinolylhydrazine in ethanol, and recrystallized from 
50% aqueous ethanol. The product melted at 14Gl41”. It 
was characterized by elemental analysis and its mass and 
infrared spectra. The elemental analysis gave C 78.0%, H 
5.4%, N 16.6%; required: C 78.2%, H 5.2%, N 16.6%. 

Znsfrumentafion 

A Beckman Acta III spectrophotometer equipped with 

l-cm quartz cells was used for spectrophotometric measure- 
ments. A Perkin-Elmer MPF-43A spectrofluorimeter 
equipped with an Osram XBO 150-W xenon lamp was used. 
An ultrathermostatic Frigiterm S-382 bath was used for 
temperature control. Crison Digit 501 and Beckman 
Spandomatic SS pH-meters were used. 

Procedures 

Reaction with metal ions. In a 14 x 160 mm test-tube, 1 ml 
of ethanol, 3 drops of 0.1% ethanolic solution of the reagent 
and 2 drops of a l-g/l. solution of the metal ion were mixed, 
diluted to 2 ml with demineralized water, and adjusted to 
the desired pH by addition of dilute hydrochloric acid or 
sodium hydroxide solution. 

Acidity constants. The pK, values were determined 
spectrophotometrically with 2 x lo-‘M BPKQH in 
ethanol-water (60:40 v/v) medium. For spectrofluorimetric 
measurements, a 1 x 10m4M solution of the reagent in 40:60 
v/v ethanol-water was used. In each photometric and 
fluorimetric titration, the pH was adjusted by adding small 
amounts of dilute sodium hydroxide and hydrochloric acid. 
A constant ionic strength medium was ensured by adding 10 
ml of 1M potassium nitrate to the solutions. All measure- 
ments were made at 25”. 

RESULTS AND DISCUSSION 

Most sensitive reactions of BPKQH 

BPKQH has very little selectivity, giving numerous 
chromogenic reactions over a wide pH range. Its 
behaviour is very similar to that of other N- 
heterocyclic hydrazones; it acts as a bi- or terdentate 
chelating agent, depending on the acidity of the 
medium. In some cases, chelation is accompanied by 
elimination of the imine proton of the ligand. (The 
dissociable imine hydrogen atom of the hydrazone 
molecule is too far from the co-ordination site to be 
involved in the chelation.) 

However, the loss of a hydrogen atom and the 
redistribution of the electron-pair leads to a stable 
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resonant system which is independent of the type of 
metal ion which forms the chelate. BPKQH can lose 
its imine proton in strongly alkaline medium (>pH 
12) or at lower pH during chelation. Under these 
conditions, many metal ions form complexes with the 
anionic form of the ligand, and these are sparingly 
soluble in water, but soluble when the medium 
contains a sufficient percentage of ethanol or other 
solvent of low dielectric constant. 

Although BPKQH forms complexes with numer- 
ous ions, most of them are yellow or orange-yellow. 
However, only seven are fluorogenic, those of Zn,’ 
Cd,* Ga, In, SC, Y, and Zr. Because the polarization 
capacity of the metal ion contributes little to the 
general resonance structure, only slight differences in 
colour are observed between the different fluorescent 
chelates; all give yellow fluorescence over a wide 
range of PI-I. 

The most important chromogenic reactions are 
shown in Fig. 1. The characteristics of these com- 
plexes, formed with an excess of reagent (5 x 10-5M) 
and an ethanol content of .50%, are summarized in 
Table 1. The high molar absorptivities and the colour 
contrast of some reactions mean that BPKQH is 
suitable for use in photometric methods. 

Acidity constants in the ground and excited states 

Since BPKQH is insoluble in water but soluble in 
aqueous ethanol, the ground state pK, values were 
determined by absorptiometric and fluorimetric 
measurements in various aqueous ethanol media. 

The effect of activity on the electronic spectra of 
organic molecules has been widely studied. When the 
activity of the medium is sufficient to cause pro- 
tonation of a site in the molecule, another species 
with different properties and electronic structure is 
obtained. The protonation of free electron-pairs in a 
molecule causes the excited state to be stabilised with 
respect to the ground state, resulting in a red shift in 
the absorption spectrum. 

The ground-state dissociation constants of 
BPKQH in 60% v/v ethanol-water were determined 
by the methods of StenstrSm and Goldsmith9 and 
Sommer.‘* Table 2 shows the results. 

From the spectrophotometric measurements, only 
two protonation constants could be determined. 
However, three pK, values were expected, for the 
pyridine, quinoline and imine hydrogen atoms. As 
expected for an N-heterocyclic base, protonation of 
the free base causes a bathochromic shift, attributable 
to the intramolecular hydrogen bond between the 
azomethine nitrogen atom and the pyridinium 
N-H group, which increases electron migration and 
molecular rigidity. 

The problem of determining p& is solved by use 
of fluorescence spectrometry, which can be applied in 
the same way as absorption spectrometry for deter- 
mination of dissociation constant of acids and bases 
in the ground state, even though fluorimetry is a 
technique mainly concerned with measurements of 
energy transfer of molecules in the first excited-singlet 
state. 

In most cases, the method is more accurate than 
spectrophotometry, because of the better separation 
between the emission bands of the conjugate acid and 
base. 

The bathocromic shift expected for this kind of 
molecule is indeed observed in the fluorescence 
spectra when the acidity of the medium is decreased. 
A detailed fluorimetric study of a lo-“M solution 
of BPKQH in 40% v/v ethanol-water showed the 
pH-dependence of the spectra. 

To prevent any possibility of proton exchange in 
the excited state (which could result in wrong pK, 
values) the basic form (2, = 465 nm) was excited 
selectively. However, the experiments designed to 
determine pK: by selective excitation of the acid and 
basic forms (L = 305 nm and kXC = 420 nm, respec- 
tively) showed that no proton transfer took place 
during the lifetime of the excited state. 

Table 1. Most sensitive reactions of BPKQH 

Metal Concentration, 
ion M 

Co(H) 1 x lo-5 
Ni(II) 1 x 10-S 
H&II) 8 x lO-6 
Cu(I1) 1.5 x 10-s 
Cu(I1) 1.5 x 10-S 

*Al = Lx(comp,cx, - L~ascnc,. 

PH 

6.0 
10.2 
9.0 
7.3 

10.7 

1 ll!RX, 
nm 

512 
480 
475 
500 
47.5 

AL*, 
nm 

137 
105 
100 
125 
100 

%nax* 
1041.mole-‘.cm-’ Colour 

red :.: 
pink 

62 yellow-orange 
5.8 yellow 
7.0 orange 

Method 

Table 2. pK, values of BPKQH by spectrophotometric methods 

1, nm Mean 
value 

DK. 315 345 365 375 390 & std. devn. 

Stenstrijm PK, 1.43 1.47 1.39 1.52 1.45 1.45 * 0.04 
and Goldsmith PK2 4.87 4.85 4.83 4.86 4.83 4.85 f 0.01 
Sommer PK, 1.43 1.46 1.52 1.62 1.45 1.49 + 0.07 

pK2 4.88 4.79 4.83 4.81 4.70 4.80 f 0.60 
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H 

- pK3 

C=N-N - 
N -8 

\, ==E 

N 
9.61 

The excitation and emission spectra at various pH 
values in the neighbourhood of pK, are shown in 
Fig. 2. 

The fluorescence emission continues to increase as 
the pH is decreased from 12 to 4, corresponding to 
protonation of both heterocyclic nitrogen atoms. 
Also, the expected bathochromic shift of the emission 
spectrum is observed (N 10 nm). Below pH 4, the 
fluorescence is quenched, as the result of protonation 
of an azomethine nitrogen atom, which is favoured 
by a medium of low polarity. 

The protonation equilibria of BPKQH are given in 
Fig. 3. Three pK, values for BPKQH (pKr = 1.26 + 
0.05; pK, = 5.14 + 0.08 and pK, = 9.61 If: 0.17) were 
calculated from five points of the fluorimetric titra- 
tion by application of the equation recommended by 
Rosenberg et ~1.~ The p& values determined by the 
two techniques are in good agreement, and the pK, 
value is as expected. 

Thus, fluorimetry appears to be a viable method 
for the determination of pK, values of the electronic 
ground state with an accuracy as good as that of 
absorption spectrophotometry. 

Table 3. PK. values of BPKOH bv Forster-cvcle calculations 

Fluorimetrv Absorntiometrv 

C=N-NH 
N 

Fig. 3. The dissociation scheme for BPKQH. 

To determine the excited state pK* values, since no 
proton transfer occurred during the excited-state 
lifetime, Fiirster cycle calculations” were used. The 
results are given in Table 3. The values are lower than 
those for the ground state, which indicates that the 
compound is a weaker base in the excited state than 
in the ground state. 

It should be stressed however, that the pK, values 
reported are all for apparent constants, valid only for 
the media used for the determinations, no corrections 
having been applied for the effect of the media on the 
pH measurements. 
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ANNOTATION 

DETERMINATION OF STABILITY CONSTANTS 
OF COMPLEXES FROM THE TITRATION CURVE 

BY THE MAXIMUM LIKELIHOOD PRINCIPLE 
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Summary-The numerical methods used to determine stability constants from titration data are analysed. 
A new method based on the maximum likelihood principle is proposed. 

Calculation of stability constants from titration data 
by a fitting procedure is a widespread technique, 
and numerous algorithms are available.‘~iO Unl 
fortunately, they use many simplifying assumptions, 
which although often necessary from the com- 
putational point of view, influence the results in an 
unpredictable way. Since there has been no system- 
atic discussion of these methods, the choice of a 
particular algorithm is rather arbitrary. The aim of 
this paper’ is to review the reported methods, empha- 
sizing both statistical rigour and numerical con- 
venience. It is shown that the conclusions drawn from 
this analysis can be helpful in creation of new and 
more accurate algorithms. 

Recently, after the first draft of this paper had been 
prepared, May et al.” published an article discussing 
the validity of simplifications of models for deter- 
mination of stability constants. Although their paper 
takes into consideration more factors than ours does 
(electrode equation, electrode selectivity and liquid- 
junction potential), their analysis was only qualitative 
and totally omitted the statistical aspects of the 
problem. 

DETERMINATION OF STABILITY CONSTANTS 

Let an experiment give a set of values of measured 

parameters designated as the vector i for each mea- 
surement (experimental point). If these parameters 
are inter-related by a known function (model equa- 
tion F,), i.e., 

F,,,(r, K) = 0 (1) 

the vector of unknown model constants K may be 
determined by an algorithm usually referred to as the 
curve-fitting technique. Note that since equation (1) 
concerns the true values of measured parameters, the 
sign * denoting the experimental value is omitted. 

In the titrimetric determination of stability con- 
stants, vector r contains the volume of added titrant, 
initial analytical concentrations of the reactants, free 
concentration of at least one component (usually the 

hydrogen ion), and the initial volume of the system, 
while K becomes a vector of the stability constants. 

Any fully developed method for finding the model 
constants K must specify the following, practically 

independent, items: (i) definition of the model equa- 
tion; (ii) form of the objective function, i.e., the 
function to be minimized to determine the values of 
the parameters sought, and (iii) the optimization 
algorithm used to find this minimum. Derivation 
of the stability constants will be further discussed 
according to this scheme. 

Model equation 

The model equation results from the mass balance 
for each reactant. If it is assumed that a system 
contains n reactants and I)( complexes, and the initial 
analytical concentrations of the reactants (cp) are 
known, their final analytical concentrations (c,*) can 
be expressed as 

+ f (v&)X; i a;;“‘; i=l,2,...,n (2) 
j-l k=l 

where ai, J; designate the activity and activity 
coefficient, respectively, for either a reactant or a 
complex (indicated by superscript c), vii is the stoi- 
chiometric coefficient of component i in complex j; 
V” and V denote the initial volume of the system and 
the volume of titrant added, and the stability con- 
stant of thejth complex (K,) is defined as 

(3) 

During the titration, the free concentration of at least 
one component (ci = ai/‘) must be monitored. Usu- 
ally it is the concentration of hydrogen ions which is 
measured potentiometrically for each experimental 
point. In that case the analytical concentration of 
protons (c:) may be calculated from 

cB = (PC; - Vco,J/(V” + I’) + K&z&~ (4) 
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For clarity, subscripts H and OH are used to desig- 
nate protons and hydroxide ions: K, denotes the ionic 
product of water and con is the concentration of 
titrant (a strong base). The initial analytical concen- 
tration of hydrogen ions (ci?J refers to the sum of 
both free and bound but displaceable protons and is 
the sum of those connected with the ligand and those 
supplied by any strong acid added before the 
titration. Combining equations (2) and (4) for i = H 
leads to 

V = V(ci?, - cfi + K,Ja&,) 

(con + ci? - KJanfon) 

where ci!, is given by 

(5) 

c$ = aH/fH + t (v&f~)Kjai$” fi aP 
j=l k=2 

(6) 

The activities a, of the remaining reactants may be 
obtained by solving equation (2) for k = 2,3, . . . , II. 

The relations (2), (5) and (6) constitute the full 
model equation which describes the titration curve. 
Although the expressions derived are strictly rig- 
orous, some simplifications are necessary to make 
calculation of the activity coefficients possible. The 
Debye-Htickel equation is commonly used for this 
purpose, z.e., 

-log,& = Az~Z”~/(I + Bail”‘) (7) 

where Z and z denote the ionic strength and the ionic 
charge, respectively, and A, B and a,! are constants 
dependent on the temperature and the solvent prop- 
erties. At 25” and for water as the solvent, equation 
(7) becomes 

-log,& = 0.512~~1”~/(1 + l.6Z”2) (8) 

Objective function 

Since the minimum of the objective function deter- 
mines the values of the desired model constants, it is 
desirable to define the function in a way which agrees 
with the principles of statistics. In particular, the 
optimization should give the most probable values of 
the unknown constants. According to the maximum 
likelihood principle (MLP),‘2~‘3 when the experi- 
mental errors are normally distributed and there are 
no systematic deviations, the objective function 
which ensures derivation of the most credible con- 
stants can be expressed as 

F(K) = 1 (i - r)T V; ’ (f - r)i (9) 

Summation is performed over all experimental 
points, i and r refer to the vectors of the measured 
and estimated (or calculated) values of the parame- 
ters and V-’ is the inverse of the variance-covariance 
matrix V, i.e., the matrix which contains the covar- 
iances of the measured variables: 

Vi, = cov(r,, rj) (10) 

When there is no coupling between determinations of 

different parameters, the variance-covariance matrix 
is diagonal. 

From the numerical point of view, finding the 
minimum of function (9) is rather complicated. The 
model equations are not used directly but are in- 
cluded as the constraints of equation (9), and the 
estimated values of parameters are treated as addi- 
tional adjustable values. Therefore a few simplifi- 
cations which make the calculations less tedious are 
widely applied. In the first simplification (version Al) 
measured variables are divided into two groups- 
dependent (r) and independent (r*). Only the re- 
siduals between the former are considered in equation 
(9). The independent variables are fixed and equal to 
their measured values, but their experimental errors 
are taken into account by the additional term in 
calculating the covariances for the dependent param- 
eters. Since this is done by means of the error- 
propagation law, the validity of the following 
first-order approximation must be assumedi 

cov(r,, rj) = T (y(g) ar* (8r,*)2 for i #j (lla) 

and 

cov(rj,r,) = (Sri>’ + T ( > $ ’ (~3rd)~ 

where 6rj denotes the estimated experimental error of 
parameter rj and the summation is taken over all 
independent variables. The main purpose of such a 
reformulation is to obtain the residuals (i - r) in 
equation (9) merely as a function of the model 
constants (K) and the measured values of the par- 
ameters. Thus searching for the minimum of function 
(9) may be limited to only the determination of the 
stability constants. The parameters r do not have to 
be directly measurable, but they must be functions 
of the dependent variables. If only one dependent 
parameter is selected, this version of the MLP is 
equivalent to the weighted least-squares method with 
the weights calculated according to the error propa- 
gation law as given by equation (11 b). The second 
simplication (version A2), still keeping the division 
into dependent and independent parameters, consid- 
erably eases calculation of the variance-covariance 
matrix. Either the matrix is estimated from the 
experimental uncertainties of the dependent variables 
only or it is assumed to equal the identity matrix. In 
the latter case the MLP reduces to the unweighted 
least-squares method. 

Optimization technique 

Generally, each correctly adopted optimization 
procedure should give practically the same values of 
the stability constants if the same objective functions 
are minimized. This means that the definition of the 
objective function (with the model equation included) 
is the only characteristic feature of a well-defined 
method. Small differences between results obtained 
by means of various optimization algorithms are 
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usually caused both by the different convergence 
criteria used and different ways of approaching the 
minima. However, when the current values of model 
parameters converge to the minimum while opti- 
mization continues, the residuals between estimates 
resulting from the different methods gradually disap- 
pear. Thus, in the limit, all optimization techniques 
become equivalent from the point of view of the final 
results provided. With carefully adjusted values of the 
convergence parameters the differences between algo- 
rithms may be meaningless even for a finite number 
of iterations. However, for comparison of various 
methods of determining the, stability constants the 
same optimization procedures should be used if small 
differences are to be monitored. 

The optimization techniques adopted for stability- 
constant dete~inations are listed in Table 1. The 
methods which use the gradient to define the search 
direction must calculate its values either analytically 
or nume~~lly. Since the latter procedure assumes 
certain simplifications which may influence the final 
result, the accuracy of the gradient estimation will be 
discussed in the next section of this paper. 

ANALYSIS OF EXISTING METHODS 

Brief information concerning the methods reported 
in the literature is collected in Table 1. The validity 
of each method depends on the simplifications in- 
volved. These may be grouped as follows: (i) those 
accepted during creation of the objective function, 
(ii) those in the approximations used in the activity 
coefficient calculation, and (iii) those making possible 
numerical estimation of the gradient. 

It must be emphasized that from the point of view 

of the maximum likelihood principle, almost all 
methods reported may be regarded as over- 
simplifications. Although a few of them do not 
exclude the possibility of using weighting, the calcu- 
lations presented in the original papers follow the 
unweighted least-squares method. It seems that only 
Tobias and Yasuda: and Perrin and Sayce4 used 
weights calculated according to the error- 
propagation law, but the relevant information in 
these papers is rather scanty. 

It appears that there is no si~ificant difference 
between selection of c$ or V as a dependent variable. 
Both parameters are inter-related in a simple way 
through equation (4). Choosing the analytical con- 
centrations of all reactants {LEAST, MINIQUAD) 
as the dependent variables may have some lim- 
itations. Since the volume of added titrant (V) is 
usually very small in comparison with the initial 
volume of the system (I”), the analytical concen- 
tration of a reactant other than hydrogen ions is 
practically constant and equal to its initial value, as 
equation (2) clearly states. Despite this, the algo- 
rithms mentioned provide estimated (calculated) val- 
ues of these parameters for each experimental point, 
which disagrees with the requirement of their con- 
stancy. Moreover, the additional computational 
effort resulting from an increase in the number of 
adjustable parameters is not negligible. 

Generally, the problem of handling the measurable 
parameters which are fixed for all experimental points 
(initial concentrations, concentration of titrant and 
the strong acid, and the initial volume of a system) 
is rather complicated. Since they are not strictly 
accurate, owing to experimental errors, they intro- 
duce a kind of bias which gives the deviations of the 
dependent variables a partly systematic character.’ 

Method 

Tabb 1. Comparison of the reported stability~ons~nt derivation methods 

Dependent Adjustable Activity Gradient 
variables parameters co&icients calculation 

Optimization 
t~hnique 

Silten et a/.‘~~ 
LETAGROP 
Tobias and Yasuda’ 
Per& and Sayce4 
GAUSS 

Say& 
SCOGS 

Kaden and Zuberbtihler6 
VARIAT 
Sabatini and Vacca’ 
LEAST 

Gans and Vacca’ 

Sabatini et al? 
MI~IQU~ 

Gampp et al.‘O 
MARFIT 

cd or E 
CR 

CA 

Y 

:: 
equal to 1 
equal to I 

K fixed for H+, 
otherwise equal to 1 

K fixed for H+, 
otherwise equal to 1 

K equal to 1 

K, c, equal to I 
i=2,3,...,n 

K equal to 1 

K, ci equal to 1 
i=2,3,...,n 

not used 
numericaf 

numerical Gauss-Newton 

numerical 

not used 

analytical 

numerical 

analytical 

“pit-mapping” 
Gauss-Newton 

Gauss-Newton 

direct-search 

Gauss-Newton or 
Newton-Raphson 
Davidon-Fletcher- 
Powell 
Gauss-Newton with 
optimi~tion of 
the shifts 

K not defined not defined Marquardt 

Note: c,,c:,ciW---free, analytical, and calculated analytical concentration of component i; E-potential of electrode; 
K-vector of the stability constants; Y-volume of titrant. 
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Table 2. The absolute mean deviations between calculated and true values of the stability constants pK* 

Simplifications used 

Ionic strength Assumed square 
Set constant and Proposed roots of variances 
of equal weights Equal weights algorithm for generated 

data Constant (A) (E) (C) errors (0) 

1 P&.M 0.11 0.04 0.03 uy = 0.005 ml 
P&H 0.19 0.08 0.05 = 0.01 

2 P&M 0.15 
up” 

0.13 0.09 uy = 0.015 ml 
P&,, 0.31 0.24 0.15 

3 PKLM 0.14 
0 p” = 0.03 

0.06 0.05 0” = 0.005 ml, cpH = 0.01 
P&,H 0.32 0.15 0.14 cc” = 0.08 ml; for all 

initial concentrations 
0, =0.5%x; (x = c;, c;, CO”) 

*$i$~pKp*-pK;meI; n =8 forth e rs fi t t wo sets of data and 3 for the last. 

Brauner et al.* take into account the possibility of 
treating them as additional adjustable parameters but 
there are too many of them to make such a procedure 
quite safe. It seems therefore that the requirements 
concerning accuracy of these parameters should be 
very severe. Another option is to use the MLP in a 
basic version which guarantees rigorous statistical 
treatment for this type of variables but also consid- 
erably increases the computation time. 

No method uses equation (7) to calculate activity 
coefficients. They are assumed to be unity for all 
species except hydrogen ions, for which a constant 
value corresponding to the average ionic strength of 
the system is sometimes selected. The stability con- 
stants derived in this way are related to the thermo- 
dynamic constants through multiplication by a 
coefficient which may be regarded as constant pro- 
vided that the ionic strength does not change. The 
ionic strength must always be explicitly specified, for 
the constants determined to have real physical mean- 
ing. The variation of ionic strength during the ti- 
tration is not usually taken into consideration. 

There are at least four methods for calculating the 
gradient by numerical differentiation. Although it has 
been suggested that the method may influence the 
final results,‘s9 no convincing proof was presented. 

NEW ALGORITHM AND ITS APPLICATIONS 

A new algorithm has been developed which 
takes into account the factors neglected up to now. 
It is based on the following assumptions. 

(i) The validity of the error-propagation law is 
accepted, which makes possible an application of the 
MLP in version Al. The rigorous use of the MLP is 
rejected because of its relative numerical complexity. 

(ii) The titrant volumes (V) are chosen as a de- 
pendent variable with their values calculated by 
equations (2), (5) and (6). 

*Program SCOM written in FORTRAN is available on 
request from the authors. 

(iii) The activity coefficients are expressed by 
equation (7). 

Since the program* applied can use either the usual 
least-squares method or the simpler formulae for the 
activity coefficients, an attempt was made to estimate 
the accuracy of the method and compare it with that 
obtained by means of simpler approaches. For this 
purpose simulated data were generated which closely 
corresponded to those for a real system for titration 
of EDTA and Zn2+ with a strong base.15 The com- 
plexes existing in solution were assumed to be LH3-, 
LHi-, LM’-, LMH- (L, H, M denote ligand, proton 
and metal) with the true values of their stability 
constants (pK) equal to 10, 16.5, 15 and 18, re- 
spectively; the initial analytical concentrations of 
ligand, metal and hydrogen ions were set at 0.002A4, 
0.002lM and 0.0081U, while the concentration of 
titrant, initial total volume and ionic strength were 
0.2il4, 50 ml and 0.1, respectively. 

For 50 equispaced pH values between 2 and 5, the 
corresponding titrant volumes were calculated with 
the help of equations (2) and (5)-(7). As the last step 
in creation of the simulated data, the assumed and 
calculated (true) values of measurable parameters 
were slightly changed by adding ‘&errors”, i.e., ran- 
domly generated numbers normally distributed with 
a mean value of zero and variance corresponding to 
the expected experimental errors. 

Three versions of the method were used (A-C), 
differing in the extent of the simplifications applied, 
and based on the following assumptions: 
(A) constant ionic strength and equality of weighting 
for all experimental points; (B) only equality of 
weighting; (C) the weightings were calculated ac- 
cording to the error propagation law, viz. by the new 
algorithm as defined at the beginning of this section. 
The method was used to determine the stability 
constants of two complexes, namely LM*- and 
LMH-, the true values of the protonation constants 
being assumed to be known. The comparison be- 
tween the calculated and assumed (i.e., true) values 
of the stability constants is a reliable measure of 
the accuracy of the method and the validity of 
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the simplifications made. The results are listed in 
Table 2. 

For the first two sets of data the experimental 
errors were assumed to concern only the titrant 
volumes and hydrogen-ion activities @H). In the 
third, the remaining parameters were also changed in 
accordance with the expected experimental errors. 
However, for this last case the assumption (necessary 
in MLP) that systematic deviations are absent, was 
violated. The number of data subsets (corresponding 
to the complete experiments) and stability-constant 
dete~inations were 8 for the first two data-sets and 
3 for the third. 

Discussion 

The calculations performed for one simple system 
(Table 2) indicate the importance of the ionic strength 
effect. The accuracy obtained in version B may be 
sufficient, but distinctly better results are obtained if 
a statistically more rigorous algorithm is used. The 
errors resulting from use of the proposed method 
should be attributed to the simplification implying 
validity of the error propagation law and to the 
approximate iterative solution of the mass-balance 
equation (2). The extent of the deviations shown in 
Table 2 suggests that the actual accuracies of the 
stability-constant values reported in the literature 
are considerably lower than those claimed by the 
authors. Since virtually all commonly used methods 
of determining the stability constants are equivalent 
to version A of the method, the accuracies associated 
with them are expected to be of the same order as 
those indicated by the first column of Table 2. The 
calculations performed with the third set of data 
show a significant influence of the accuracy of the 
parameters fixed for each ex~~mental point 
(V”, cp, con) on the credibility of the final results. In 
this case method C offers no improvement of accu- 
racy over that given by version B, and we attribute 
this to the already mentioned violation of the 
assumptions of the MLP. This result may suggest 
that adaptation of the full MLP to determine values 
of the stability constants is desirable. 

Two optimi~tion techniques were used to find the 
minima of the objective function, namely the 
Marquardt’& and the Rosenbrock” methods. The 
former utilizes a gradient which may be estimated 
numerically or calculated from the rigorous anal- 
ytical expression, while the latter is a direct-search 
technique. It should be emphasized that even if 
calculation of the objective function includes solution 
of the mass-balance equations, the gradient can be 
derived analytically through solution of a linear 

system of equations. Unfortunately, this system is 
ill-conditioned and special algorithms to improve its 
solution may be necessary. It was found, however, 
that the accuracy of the gradient numerical esti- 
mation was quite satisfactory. The minima obtained 
by the Marquardt method were always very close to 
those obtained by the Rosenbrock algorithm. Never- 
theless, it can be recommended to use a fast gradient 
optimization method first, and after reaching a 
minimum to employ a direct-search technique, which 
may eventually slightly improve the optimal value. 

CONCLUSIONS 

It has been shown that the computational methods 
used to evaluate stability constants from titration 
data suffer from the simplifying assumptions im- 
posed. In particular, the assumption that the ionic 
strength is kept constant is found to be unacceptable. 
This conclusion agrees with the analysis published 
recently by May et al.” On the other hand, sug- 
gestions that the errors associated with numerical 
gradient estimation may considerably influence the 
accuracy of the results, are not confirmed. 

A new, more statistically rigorous, algorithm has 
been defined. Its superiority to the older approaches 
is shown by calculations performed with simulated 
data. 
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Summary-The simultaneous determination of alkaline-earth metal ions in acid solution was studied by 
modified normal pulse polarography. Well-defined waves were recorded for calcium, strontium and 
barium, but no limiting current was found for magnesium, because of its very negative reduction potential. 
The differential mode of this method gives peak-type polarograms and is useful for the simultaneous 
determination of species for which the half-wave potentials lie close together. The interference of dissolved 
oxygen was eliminated by the use of tetramethylammonium chloride as a supporting electrolyte. 

The polarography of the alkaline-earth metal ions in 
aqueous solution has been the subject of investigation 
since the introduction of the technique.’ The d.c. 
polarographic wave of calcium has a maximum which 
is not eliminated by any suppressor. Magnesium gives 
a large reduction current, but shows no limiting 
current. In a.c. polarography, the peak current for 
barium is proportional to concentration, but the 
calibration curve for calcium is concave.2 Babrowski 
et al. reported that barium, strontium and calcium 
could be determined by oscillopolarography if a 
calibration-graph technique was usedS3 

In previous papers” we have reported on modified 
normal pulse polarography (MNPP) in which the 
electrode potential is applied in a similar manner as 
in normal pulse polarography (NPP), but the far- 
adaic current is sampled a short time after the end of 
the pulse, when material reduced during the negative- 
going pulse and deposited on the mercury drop can 
be oxidized back into solution. As any reduction 
product of an irreversible electrode reaction shows no 
wave in this method, a well-defined polarogram for 
barium in O.OlM hydrochloric acid/O.lM tetra- 
methylammonium bromide medium was obtained by 
MNPP, and no hydrogen-ion waves were observed.4 
Flow polarograms for sodium in air-saturated 
acid solutions containing sulphate as supporting 
electrolyte were obtained without interference from 
dissolved oxygen.’ 

In the study described here, the behaviour of the 
four principal alkaline-earth metal ions in MNPP and 
a differential mode of MNPP (DMNPP) was in- 
vestigated. The elimination of the interference of 
dissolved oxygen was studied with a view to finding 
a simple procedure for the determination of these 
metals. 

EXPERIMENTAL 

Apparatus 
The modified normal pulse polarograph and the other 

instruments used were those described previously.6 They 
were used for NPP, MNPP and reverse pulse polarography 
(RPP)’ in the present work. The potentiostat has a positive 
feedback circuit for compensating the iRdrop and can 
supply up to 60 mA of electrolysis current. The pulse 
potential was increased at a rate of 10 mV/sec. The flow-rate 
of the dropping mercury electrode (DME) remained con- 
stant at 0.630 mg/sec. The lifetime of the mercury drop was 
controlled by a mechanical DME-knocker with a solenoid 
and a plunger, and a lifetime of 2.0 set was chosen for all 
work. The potential pulse, with duration rr, is applied after 
an interval of r, from the start of a new drop-growth cycle. 
The pulse potential represented as E2 is equal to the sum of 
a constant initial potential, E,, and the actual pulse height. 
Negative-going pulses are added in NPP and MNPP, 
positive-going pulses in RPP. The pulse height is increased 
steadily from one pulse to the next. The current in NPP and 
RPP is sampled after an interval rr from the rise of each 
pulse, and in MNPP at t, after the fall of each pulse. In order 
to perform DMNPP, two sample-hold circuits were con- 
nected in series to the output of the polarograph.’ 

Reagents 
The standard 

made from their 
solutions of alkaline-earth metal ions were 
chlorides. prepared from hvdrochloric acid 

and the corresponding carbonates. They were standardized 
by titration with EDTA (Eriochrome Black T as indicator). 
Reagent-grade tetramethylammonium bromide and chlo- 
ride were used as supporting electrolytes without further 
purification. The sample solutions containing bromide were 
deaerated by the passage of nitrogen in the usual manner. 

RESULTS AND DISCUSSION 

Polarograms 

The three types of pulse polarogram are shown in 
Fig. 1 for strontium in neutral solution. The normal 
pulse polarogram, curve 1, has only one wave with a 
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Fig. 1. Three types of pulse polarograms for strontium 
chloride in a neutral solution: O.lM Me,NBr, 4.3 x 10m4M 
SKI,. 1, = 1.111 set, r,= 117.6 msec, r,=2.3 msec. E,: (1) 
and (3) - 1 .OO V, (2) -2.30 V. (1) NPP, (2) RPP, (3) MNPP. 

small maximum, resulting from the reduction of 
strontium. The gradual increase in current which 
appears at more negative potentials may result from 
the reduction of decomposition products of the 
tetramethylammonium ion. The effect did not occur 
for acid solutions. The reverse pulse polarogram has 
two waves because of the quasi-reversible electrode 
reaction of strontium at the mercury electrode.iO The 
half-wave potentials of the small cathodic waves in 
RPP for barium, strontium and calcium are - 1.94, 
-2.14 and -2.24 V, respectively. Ill-defined RPP 
anodic waves for oxidation of barium, strontium and 
calcium metals from the mercury drop have limiting 
current regions at potentials more positive than 
- 1.1, - 1 .O and - 0.9 V, respectively. The difference 
between the half-wave potentials of the cathodic and 
anodic waves in RPP for a given alkaline-earth metal 
depends on the reversibility of the electrode reaction, 
and decreases in the order calcium > strontium > 
barium. The potential between pulses in MNPP, 
namely the initial potential E,, must be set at a 
potential at which the anodic wave for the alkaline- 
earth metal in the mercury drop gives a limiting 
current, so E, is set at - 1 .O V for strontium. The 
MNPP for strontium has only one oxidation wave, at 
the same potential as the reduction wave in NPP. 
Since the limiting current for strontium in MNPP 
remains steady at more negative potentials it is likely 
that the gradual increase in the limiting-current 
region in NPP is due to reduction of decomposition 
products of the tetramethylammonium salt. Barium 
and calcium also give well-defined waves in MNPP, 
and under the same conditions as for strontium (Fig. 
1) the wave-heights in MNPP are proportional to the 
concentrations. Though the MNPP-waves have small 
maxima for concentrations exceeding lo-‘M, the 
maxima disappear when the duration of the pulse is 
shortened. The maxima in MNPP may possibly be 
due to the high concentration of amalgam in the 
mercury drop. 

It is well-known that magnesium exhibits a large 
d.c. polarographic current which has no limiting 
value and accompanies the evolution of hydrogen.” 

Magnesium also gives a large NP-polarographic cur- 
rent similar to that of the d.c. polarogram, and shows 
a small MNP-polarographic current in the potential 
region more negative than -2.40 V (Fig. 2). Hence 
it is considered that the cathodic current for mag- 
nesium in NPP results from reduction of magnesium 
ions and from evolution of hydrogen, and is therefore 
not useful for the determination of magnesium. Mag- 
nesium does not, however, interfere in the deter- 
mination of the other alkaline-earth metals by 
MNPP, because the potential of the anodic wave for 
magnesium is considerably more negative than that 
for the others. 

It is very difficult to obtain reproducible RP- 
polarograms for magnesium because the hydrogen 
bubbles formed in the period of the initial potential 
adhere to the DME and interfere in the precise 
measurement of the currents even in neutral solu- 
tions. The RP-polarogram for magnesium has a small 
anodic wave when the initial potential is set at - 2.50 
V, and no anodic wave when the initial potential is 
-2.30 V. As the other alkaline-earth metals give 
anodic waves in RPP when the initial potential is set 
at -2.30 V, the anodic wave of the RP-polarogram 
in Fig. 2 cannot result from the oxidation of the other 
alkaline-earth metals as impurities, so it must be 
attributable to the oxidation of amalgamated mag- 
nesium, formed at the initial potential. 

Simultaneous &termination of the alkaline-earth 
metals 

Figure 3 shows the polarograms for a solution at 
pH 3 containing barium, strontium and calcium. The 
MNP-polarograms have no hydrogen wave, even in 
O.OlM hydrochloric acid. The wave heights for these 
metals are proportional to the concentrations at 
around 10e4M. The half-wave potentials are quite 
distinct from one another, so these metals can be 
determined simultaneously. The determination of 
these three alkaline-earth metals by NPP suffers 
interference from the large hydrogen-ion reduction 
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Fig. 2. Three types of pulse polarograms for magnesium 
chloride in a neutral solution: O.lM Me,NBr, 3.9 x 10e4M 
MgCl,. r,= 1.111 set, r,=117.6 msec, r,=2.3 msec. E,: 
(1) and (3) -0.80 V, (2) M--2& V. (1) NPP, (2) RPP, (3) 
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Fig. 3. NP- and MNP-polarograms for chlorides of barium, 
strontium and calcium in a pH-3 solution: O.lM Me,NBr, 
1 x 10-3M HCl, 4.1 x 10m4M BaCl,, 4.3 x 10m4M %Cl,, 
4.2 x 10e4M CaCl,. E, = -0.90 V. t, = 1.111 set, t, = 23.2 

msec, tj = 2.3 mscc. (1) NPP, (2) MNPP. 

current in the presence of magnesium, but the deter- 
mination by MNPP is not affected. Alkali metals 
other than lithium interfere in the determination of 
strontium because of the closeness of their half-wave 
potentials. In such cases, it is convenient to use 
ion-exchange chromatography for a prior separation. 

Polarography without deaeration 

Polarographic measurements generally require the 
deaeration of the sample solution, because dissolved 
oxygen presents two cathodic waves and thus inter- 
feres in the determination of the analyte. If the need 
for deaeration in polarography can be avoided, then 
polarographic methods will find a wider range of 
applicability, particularly in flow systems, in which it 
is difficult to remove the dissolved oxygen satis- 
factorily. Three types of pulse polarograms were 
recorded for barium in an air-saturated acid solution 
containing tetramethylammonium chloride as sup- 
porting electrolyte (Fig. 4). The NP-polarogram has 

I 
I I I I I I I 

0.5 0.0 - 0.5 -1.0 -1.5 -2.0 -2.5 

E(V vs. SCE) 

Fig. 4. Three types of pulse polarograms for barium chloride 
in an air-saturated acid solution: O.lM Me,NCI, 1 x 10m3M 
HCI, 4.1 x 10m4M BaCl,. E,: (1) and (3) 0.04 V, (2) -2.20 
V. r,=l.lll set, ?,=57.3 msec, f,=2.3 mscc. (1) NPP, 

(2) RPP, (3) MNPP. 

four reduction waves, namely two oxygen waves, a 
hydrogen wave and a barium wave in succession at 
increasingly negative potentials. The RP-polarogram 
consists of the reduction waves of oxygen, hydrogen 
ion, and barium and also the oxidation waves of 
amalgamated barium and mercury. There is a narrow 
zero-current potential region near 0 V in the RP- 
polarogram for the blank solution which contains no 
metals. This potential region has been used for the 
elimination of the interference by dissolved oxygen in 
reverse pulse amperometry12 and flow polarography.’ 
At this potential in RPP, neither the reduction of 
dissolved oxygen nor the dissolution of mercury 
occurs but the reduced barium in the amalgam is 
oxidized back into solution (curve 2). Therefore, 
when E, in MNPP is set at this potential, only one 
oxidation wave of barium can be obtained for an 
air-saturated sample, without interference by dis- 
solved oxygen and hydrogen ions. However, the 
dissolved oxygen in unbuKered neutral solutions 
affects this method, because hydrogen peroxide 
and/or hydroxide ions which are generated during the 
time of the pulse by the reduction of dissolved oxygen 
give anodic currents even at potentials more negative 
than 0 V.’ 

When bromide is used as the supporting electro- 
lyte, there is no zero-current region, because the 
dissolution current for the mercury begins at 
potentials more negative than 0 V and overlaps the 
reduction wave of the dissolved oxygen. Though 
acetate gives a wider zero-current region, it also gives 
complicated waves for barium. Reagent grade tetra- 
methylammonium nitrate could not be used as a 
supporting electrolyte because of impurities. 

D@erential mode of MNPP 

MNPP gives a conventional sigmoid polarographic 
curve, the derivative of which can be obtained by 
recording the differences between each successive pair 
of current readings in MNPP, Ai. MNPP and 
DMNPP polarograms for a mixture of alkaline-earth 
metals are shown in Fig. 5. The heights of the three 
peaks are proportional to the metal concentrations. 
The reduction potentials for strontium and calcium 
are not far apart, but the simultaneous determination 
is easy by DMNPP. In MNPP, when the concen- 
trations of the alkaline-earth metals are the same, the 
wave heights are almost equal but the slopes of the 
waves decrease in the order barium > strontium > 
calcium because of the decrease in the reversibility of 
the electrode reaction. In that order, therefore, the 
peak heights decrease and the peak widths increase in 
DMNPP. Other factors which affect the slope of the 
MNP-polarogram, such as the electron number in an 
electrode reaction and the magnitude of the X-drop 
in the electrolytic cell, influence both the heights and 
the widths of the peaks in DMNPP. The rapid-scan 
DMNP-polarogram may be obtained accurately with 
the aid of a computer and may be applied to three- 
dimensional detection in flow systems, i.e., the succes- 
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rapid-scan square-wave voltammetryL3 and may be 
useful for liquid chromatography and flow-injection 
analysis. 

1. 

I 
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Fig. 5. MNP- and DMNP-polarograms for chlorides 
of barium, strontium and calcium in a pH-3 solution: 

conditions as for Fig. 3. (1) MNPP, (2) DMNPP. 

sive complete polarograms obtained by rapid-scan 
DMNPP give information about potential, current 
and time in a similar manner to that described for 
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Summary-Human soft tissues were analysed by inductively-coupled plasma atomic-emission spec- 
trometry (ICP-AES) for twelve elements. The tissues had been vacuum-dried for storage and were 
dry-ashed at low temperature and then digested with nitric acid prior to analysis. Accuracy and precision 
were examined by analysing NBS Standard Reference Material 1577 Bovine Liver. For P, K, Na, Mg, 
Ca, Fe, Cu, Zn and Cd, the concentrations obtained were within 4% of the certified or informational 
values. It was found that cerebrum, cerebellum, heart, kidney, liver, pancreas, spleen and muscle samples 
in portions of less than 1 g dry weight could be conveniently analysed for these elements. 

Knowledge of the stable-element contents of human 
organs and tissues and the distribution of elements in 
the body is important not only for studies of nutrition 
but also for estimating internal radiation due to 
artificial radionuclides released to the environment.‘” 
Data for Japanese are scarce because tissue samples 
are difficult to obtain for both religious and cultural 
reasons. Moreover, most studies have been confined 
to small numbers of elements and have been done by 
limited analytical methods. Normal Japanese tissues 
have been analysed for ten heavy metals by spectro- 
photometry and flame and flameless atomic- 
absorption spectroscopy by Sumino et ~1.~ for studies 
of environment pollution. The distributions of 
twenty-four elements in normal males and metal 
workers have been compared by Teraoka.’ Analysis 
for trace elements in human organs by neutron- 
activation analysis was reported by Yukawa et a1.a 

Although ICP-IES has recently been used for 
simultaneous multielement analysis of biological ma- 
terials,“’ its application to human tissue samples has 
not been found in the literature. In this paper, 
sequential determination of elements by a scanning 
emission spectrometer is described. Preliminary ana- 
lytical results for the concentrations of twelve ele- 
ments, (potassium, phosphorus, sodium, magnesium, 
calcium, iron, zinc, copper, cadmium, manganese, 
strontium and yttrium) in seven types of tissue are 
described. 

Apparatus 
EXPERIMENTAL 

An internal Plasma Corporation 1101 plasma instrument 
was used for low-temperature dry-ashing. A Shimadzu 
ICPQ-1012W inductively-coupled plasma emission spectro- 
meter was used. Operating conditions are summarized in 
Table 1. 

*Author for correspondence. 

Reagents 
Purified water was prepared from tap water with a 

Bamstead D-2794 outfit. Nitric and hydrochloric acids 
“for trace element analysis” were obtained from Wako 
Chemicals, Tokyo. “Specpure” materials containing Ca, 
Mg, K, Na, Fe, Zn, Cu, Mn or Sr were obtained from 
Johnson Matthey Chemicals, Royston. Phosphorus, cad- 
mium and yttrium compounds were obtained from Spex 
Industries, Metuchen, NJ, Research Chemicals, Phoenix, 
AZ and Kishida Chemicals, Osaka, respectively. Stock 
solutions (1000 pg/ml) were prepared by dissolving these 
standard materials as previously described.i2 

Sample preparation 
Japanese tissue samples from donors suffering sudden 

death by heart failure, accidents, etc., were collected in 
the region of Tokyo from 1975 to 1978. The samples were 
vacuum-dried by an apparatus designed specifically for trace 
element determination in human tissue samples and were 
kept in a large plastic desiccator until required for chemical 
processing prior to analysis. 

The sample preparation was done in a semi-clean room 
(better than Class 100,000). Portions, weighing approxi- 
mately 1 g. were taken from the dried tissue samples and 
placed in fused silica boats with plastic forceps and/or 
Teflon-coated stainless-steel forceps and redried at 80” in a 
vacuum oven. The samples were transferred to chambers of 
the low-temperature dry asher and ashed for 2&30 hr at 150 
W RF output with a 150-ml/min oxygen flow. In a chemical 
clean hood (Class lOO), the ashed material was dissolved in 
concentrated nitric acid (approximately 2 ml) and the 
resultant solution was transferred to a borosilicate glass 
beaker (50 ml). The beaker was covered with a borosilicate 
watch-glass and heated on a Thermolyne HP 114 15 ceramic 
hot-plate at 150” in the chemical clean hood. The digested 
clear solution was then evaporated to dryness. The residue 
was taken up in acid and transferred to a 25-ml borosilicate 
glass standard flask and diluted to volume so that the final 
acid concentration was O.lM. For most of the tissues the 
residue was completely soluble in l.OM nitric acid, but for 
the residue from liver and spleen samples 0.5M hydrochloric 
acid had to be used. 

Standard reference material 
Bovine Liver SRM 1577 was analysed for eleven elements. 

The bovine liver (approximately 0.7 g) was weighed and 
treated as above. Six replicate analyses were done. 
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Table 1. Operating conditions 

Operating frequency 
Operating power 
Argon flow-rate, carrier 

coolant 
plasma 

Nebulizer 
Observation height above load coil 
Sample uptake rate 
Polychromator 

Grating 
Mount 

Reciprocal linear dispersion 
Entrance slit width 
Exit slit width 

Integration time 
Data acquisition system 

Processor 
Program 

27.120 MHz 
1.2 kW 
1.0 l./min 
11.5 l./min 
1.5 I./mm 
Concentric 
1.5 cm (nominal) 
2.5 ml/min (demineralized water) 

Holographic, 2700 grooves/mm 
Paschen-Runge 
1.0 m focal length 
0.37 nm/mm 
20 pm 
50 pm 
20 set 

MELCOM 70/L 
QC-SD 

Determination of jive major elements 
The sample solutions of human liver and spleen as well 

as NBS Bovine Liver were diluted before analysis. Cali- 
bration curves for each analyte were made by using four 
different standard solutions (including 0 pg/ml). The ana- 
lytical lines used were potassium (I) 766.49 nm, phosphorus 
(I) 213.62 nm (second order), sodium (I) 589.00 nm, mag- 
nesium (I) 383.83 nm and calcium (I) 422.67 nm. 

Determination of minor and trace elements 
Interference effects of major elements in the ICP-AES 

measurement were tested for at four levels (0, 250, 500 and 
1000 pg/ml) in solutions containing each of the 7 minor 
elements at I-pg/ml concentration. 

Calibration curves were prepared from measurements 
with different standard solutions (including 0 yg/ml). The 
analytical lines were as follows: iron (II) 259.94 nm, zinc 
202.55 nm, copper (I) 324.75 nm, cadmium (II) 226.50 nm, 
manganese (II) 257.61 nm, strontium (II) 407.77 nm and 
yttrium (II) 371.03 nm. 

Seven minor and trace elements in both the NBS Bovine 
Liver and human tissue samples were determined without 
dilution. 

RESULTS AND DISCUSSION 

Determination of major elements 

It is considered that the analysis for the five major 
elements was not subject to chemical interference.13 

Table 2. Analytical results for NBS Bovine Liver 1577 

Concentration @g/g dry wt) 

Element Present result* 

P 11340 f 60 
K 9890 f 100 
Na 2340 & 8 
Mg 604&2 
Ca 120+8 
Fe 264+4 
cu 191 f 2 
Zn 128+ 1 
Mn 9.95 f 0.09 
Cd 0.26 f 0.05 
Sr 0.14 f 0.02 

*Mean of six determinations. 
tNot certified. 

Certified values 

(1looO)t 
9700 f 60 
2340 f 130 
604*9 
124k6 
268 f 8 
193 + 10 
130 f 13 

10.3 f 1.0 
0.27 f 0.04 

(0.14)t 

These major elements in various human tissues and 
NBS Bovine Liver were determined prior to the 
analysis for the seven minor elements. Analytical 
results for NBS Bovine Liver are shown in Table 2. 
For all these elements good (within 4%) agreement 
was obtained with the certified or non-certified 
values. 

Determination of minor and trace elements 

Results of the interference study with the model 
solutions are shown in Table 3. Recoveries of most of 
the elements (Fe, Cd, Mn and Y) decreased as the 
concentrations of calcium and magnesium increased. 
This decrease may be caused mainly by physical 
interference. Potassium and phosphorus showed little 
influence on the determination of these elements. 

The practical concentrations of the five major 
elements in the human sample solutions measured in 
this study were as follows: potassium 1 lo-670 pg/ml, 
phosphorus 86-650 pg/ml, sodium 72425 pg/ml, 
magnesium 5-38 pg/ml, and calcium 2-43 pg/ml. 
Since the concentrations of magnesium and calcium 
in the sample solutions prepared were lower than 
about 40 pg/ml, the minor and trace elements can be 
determined without interference by Mg and Ca. 
Interferences are, however, expected to increase when 
the analyte concentration is lower than the I-pg/ml 
level in our synthetic sample solution. 

To check for interferences attributed to the major 
elements, a recovery test was made with another 
solution, which was a mixture consisting of equal 
portions of seven kinds of organ sample solutions. 
The concentration increments were 0.25-0.5 pg/ml. 
All the minor and trace elements, Fe, Zn, Cu, Cd, 
Mn, Sr and Y, showed good recoveries, ranging from 
99 to 105%. 

For NBS Bovine Liver 1577 the results for six 
minor elements showed good agreement with the five 
certified values and the one tentative value, with 
relative errors of ~4% (Table 2). 
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Table 3. Effects of matrix elements on 1 pg/ml of minor and trace elements 

Matrix Relative concentration found* 
element, 
ogled Fe Zn Cu Cd Mn Sr Y 

Ca 0 100.0 100.0 100.0 100.0 100.0 loo.0 100.0 
250 96.9 96.1 100.5 97.6 96.7 98.4 97.7 
500 95.2 93.9 102.3 97.4 95.2 99.0 96.8 

1000 94.2 93.0 104.4 96.2 93.9 loo.0 95.7 

Mg 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
250 98.3 101.9 99.0 100.0 99.1 98.1 99.0 
500 95.6 102.1 97.6 97.6 95.8 96.1 97.3 

1000 95.0 104.0 95.3 95.4 95.9 92.8 94.1 

P 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
250 100.1 99.9 101.2 100.5 99.7 101.1 100.9 
500 99.6 99.6 100.8 99.3 98.8 100.6 100.7 

1000 101.0 99.3 101.1 99.9 99.8 101.0 100.8 

K 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
250 101.0 99.0 97.6 99.8 100.2 98.0 99.4 
500 98.4 98.9 97.0 99.6 98.3 97.7 99.3 

loo0 100.3 100.2 96.7 100.7 100.2 97.2 99.2 

Na 0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
250 100.1 100.0 96.5 100.0 100.1 97.2 98.0 
500 99.7 99.8 98.2 100.0 99.5 98.7 99.5 

1000 98.0 99.3 94.7 99.1 97.8 94.4 96.0 

*Mean of three determinations. 

Concentrations of major elements in tissues 

Although variation in the level of some elements 
with age’ and sex6 has been reported, it was not 
considered in this work because of the small number 
of samples. The water contents’4 of the tissues were 
as fol’tows: cerebrum 77.5%, cerebellum 80.0%, heart 
72.0%, kidney 77.4%, liver 72.2%, muscle 78.5%, 
pancreas 71.0% and spleen 77.7%. Results for the 
human tissue samples are shown in Tables 4, 5 
and 7-9. 

Potassium concentrations in the various tissues 
were in the narrow range of 2.2-3.5 m&g wet weight. 
Relatively wide ranges were found for pancreas and 
muscle. In other tissues much smaller variations were 
obtained. 

Phosphorus con~ntrations in the tissues were in 
the range 1.3-3.2 mg(g. Phosphorus concentrations 
in cerebrum and cerebellum showed a small variation 
between subjects. Relatively wide ranges were found 
for pancreas and spleen. 

Sodium concentrations in the tissues were in the 

range 1.2-1.9 mg/g, except in muscle. The concen- 
tration in muscle was between a quarter and a half of 
the levels in the other samples. Wide ranges were 
found in liver, pancreas and spleen. 

Calcium concentrations in kidney and pancreas 
showed high values, which were two or three times 
those in other tissues. The concentration in muscle 
was rather low. Concentrations in the other five 
organs were in the range 38-57 pg/g. Wide ranges 
were found in liver, pancreas and spleen. The 
tissue calcium concentration varied considerably, 
depending on the tissues. 

magnesium con~ntrations in the tissues were uni- 
formly distributed, ranging from 130 to 190 pg/g, but 
wide ranges were found in muscle, pancreas, and 
spleen. 

Relative concentrations of major elements 

Table 6 shows the relative concentrations of the 
elements with respect to magnesium, which had the 
narrowest range of concentration in the various 

Table 4. Concentrations of notassium. phosphorus and sodium in various human tissues* 

Organ and tissue 

Cerebrum 
Cerebellum 
Heart 
Kidney 
Liver 
Muscle 
Pancreas 

Potassium 

Mean Range nt 

2.85 2.W3.48 7 
3.26 2.95-3.54 6 
2.95 2.29-3.54 7 
2.20 1.44-2.65 6 
2.84 2.37-3.33 7 
2.37 1.55-3.51 6 
2.91 1.65-4.21 5 

Phosphorus 

Mean Range n 

3.22 3.16-3.31 3.15 2.94-3.26 : 
1.86 1.47-2.19 7 
1.81 1.01-2.21 6 
3.08 2.52-3.60 7 
1.25 0.85-1.79 7 
2.59 1.7@4.29 5 

Sodium 

Mean Range n 

1.72 1.61-2.02 7 
1.68 1.36-2.04 6 
1.20 0.91-1.71 7 
I,89 1.45-2.44 6 
1.56 0.X-2.24 7 
0.47 0.39-0.61 6 
1.39 0.52-2.84 6 

Spleen 3.47 2.95-4.55 7 2.42 1.59-3.53 7 1.19 0.69-1.74 7 

*mg/g wet sample. 
?Number of samples. 
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Table 5. Concentrations of calcium and magnesium in 
various human tissues* 

Organ and 
Calcium Magnesium 

tissue Mean Range nt Mean Range n 

Cerebrum 50.5 34.tiO.l 7 126 109-143 7 
Cerebellum 49.1 40.658.0 6 134 120-140 6 
Heart 44.9 34.3-55.6 7 193 145-227 7 
Kidney 168 124228 5 125 69-157 6 
Liver 38.4 20.5-51.9 7 145 110-189 7 
Muscle 22.1 16.5-27.2 6 131 8&208 7 
Pancreas 117 63-167 6 173 9Ck237 5 
Spleen 57.1 31.2-90.1 7 117 64-190 7 

*pg/g wet sample. 
tNumber of samples. 

tissues. The elemental ratios in the cerebrum and 
cerebellum were very similar. Another set of similar 
ratios was obtained in heart and muscle. In the case 
of liver, pancreas and spleen, the ratios showed 
similar trends, but each organ had characteristic 
concentrations of some elements. For example, liver 
had a lower calcium to magnesium ratio than the 
other organs. Pancreas had lower phosphorus and 
sodium ratios than the others. Spleen had the highest 
potassium ratio. Kidney seemed to be different in 
type from the other tissues. 

Concentrations of minor and trace elements in tissues 

Iron concentrations in the tissues had a wide range 
of 3&260 pg/g (Table 7). High iron concentrations 
were found in liver and spleen. Low values were 

found in muscle, pancreas and cerebellum. Wide 
ranges in most of the tissues may be attributed to 
variations in blood content during sampling. 

Zinc concentrations in the tissues had a relatively 
narrow range of 1 l-64 pg/g (Table 7), but wide 
ranges in kidney, liver and pancreas were found. The 
highest zinc content was found in liver. 

Copper concentrations in the tissues were in the 
range 0.610 pg/g (Table 7). Wide ranges in heart and 
liver were found. The high values were found in liver, 
cerebellum and cerebrum. 

Markedly high concentrations of cadmium (Table 
8) were found in kidney, liver and pancreas, 10-100 
times those in other tissues. Larger variations in each 
tissue were also found, compared with the other 
elements. 

Manganese concentrations in the tissues (Table 8) 
were in the wide range of 0.05-1.6 pg/g. High con- 
centrations of manganese were found in liver and 
kidney, and low concentrations in muscle and spleen. 
Relatively wide ranges in each tissue were found. 

Strontium concentrations in the tissues were in the 
relatively narrow range of 0.013-0.090 pg/g (Table 
9). The concentrations in kidney and pancreas were 
several times higher than in other tissues. Relatively 
wide ranges in each tissue were found. 

Yttrium was uniformly distributed in all the tis- 
sues, with concentrations ranging from 0.002 to 0.005 
pg/g (Table 9). It is suggested that yttrium might be 
used as an internal standard element for the analysis 
of human samples by ICP-AES. 

Table 6. Relative w/w concentrations of five major elements in human tissues 

Element* 

Organ and tissue Calcium Magnesium Phosphorus Potassium Sodium 

Cerebrum 
Cerebellum 
Heart 
Kidney 
Liver 
Muscle 
Pancreas 
Svleen 

40 

:: 
134 
27 
17 
68 
49 

100 2560 2260 1260 
100 2350 2430 1250 
100 960 1530 620 
100 1450 1760 1510 
100 2120 1960 1080 
100 950 1810 360 
100 1500 1680 800 
100 2070 2970 1010 

*Values were based on magnesium concentrations in each organ and tissue. 

Table 7. Concentrations of iron, zinc and covver in various human tissues* 

Organ and tissue Mean 

Cerebrum 49.1 

Iron 

Range nt 

28.4-83.1 7 

Mean 

9.97 

Zinc Copper 

Range n Mean Range n 

6.7-10.8 7 5.01 2.42-6.79 7 
Cerebellum 38.4 
Heart 63.2 
Kidney 86.7 
Liver 212 
Muscle 25.0 
Pancreas 37.1 
Spleen 260 

*pg/g wet sample. 
tNumber of samples. 

33.147.7 6 10.9 9.3-l 1.6 6 7.35 6.52-8.81 6 
31.1-135 7 23.9 14.5-34.0 7 3.39 1.39-6.52 7 
64.6100 6 39.6 21.1-56.9 6 2.39 1.263.70 6 
11&331 7 63.8 34.9-99.3 7 10.3 4.9c20.2 7 

10.4-38.0 7 35.2 23.4-50.6 7 0.64 0.32-0.80 7 
22.8-53.6 5 30.6 15.4-41.3 5 1.53 0.77-2.22 5 
146346 7 13.5 9.7-16.0 7 1.11 0.9c1.61 7 
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Table 8. Concentrations of cadmium and manganese in various human tissues* 

Cadmium Manganese 

Organ and tissue Mean Range nt Mean Range n 

Cerebrum 0.110 0.033-0.269 I 0.231 0.12&0.494 7 
Cerebellum 0.183 0.055-0.308 6 0.307 0.2734.335 6 
Heart 0.154 0.066-0.216 7 0.262 0.122-0.747 7 
Kidney 18.8 7.2-32.6 6 0.757 0.389-1.08 6 
Liver 9.69 1.37-25.8 7 1.58 1.02-2.21 7 
Muscle 0.278 0.042-0.606 7 0.046 0.007~. 145 7 
Pancreas 5.41 0.61-12.8 6 0.150 0,652-l .62 5 
Spleen 0.463 0.049-1.05 7 0.051 0.028-0.085 7 

*pg/g wet sample. 
TNumber of samples. 

Table 9. Concentrations of strontium and yttrium in various human tissues* 

Strontium Yttrium 

Organ and tissue Mean Range nt Mean Range n 

Cerebrum 0.0210 0.009-0.033 7 0.0043 0.0024.008 7 
Cerebellum 0.0190 0.012-0.025 6 0.0045 0.0040.006 6 
Heart 0.0321 0.018+051 7 0.0034 0.002-0.005 7 
Kidney 0.0907 0.042&O. 117 6 0.0053 0.002-0.007 7 
Liver 0.0199 0.0134.032 7 0.0059 0.001-0.018 7 
Muscle 0.0134 0.0084).020 : 0.0023 0.001~.004 7 
Pancreas 0.0786 0.0534.108 0.0048 0.002-0.006 6 
Spleen 0.0294 0.013-0.048 7 0.0039 0.00220.005 7 

l pg/g wet sample. 
tNumber of samples. 

The cadmium concentrations in most of the tissues 
were found to be different from the literature values. 
Lower values than those of the ICRP’ were found in 
cerebrum, cerebellum, muscle and heart. Similar low 
levels for Japanese have been reported elsewhere.6 
High values were found for the pancreas and liver.15 
This tendency for Japanese has also been reported in 
detail.16 Although the average zinc concentrations in 
muscle and kidney seem to be lower than those for 
Europeans, is the ranges were almost the same. Mean 
iron and copper concentrations in liver were slightly 
higher than those for Europeans, but the differences 
were not significant. Some other differences are ap- 
parent between our results and the literature values, 
including those for major elements (K, P, Na, Ca and 
Mg), but this preliminary report cannot adequately 
deal with this problem, owing to the small number of 
samples analysed. 

In conclusion, five major elements and seven minor 
elements in various human tissues can be determined 
simultaneously and easily by use of ICP-AES. Al- 
though major and minor elements were separately 
determined in this report, it is possible to measure all 
twelve elements at the same time. 

Acknowledgemenr-The authors wish to express gratitude 
to Miss Masako Ouchi for her help in processing the data. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
8. 

9. 

10. 

11. 
12. 

13. 
14. 

15. 
16. 

REFERENCES 

ICRP Task Group of Committee 2, Report of the Task 
Group on Reference Man, ICRF’ Publication 23, 
Pergamon Press, Oxford, 1975. 
G. Tanaka, A. Tomikawa, H. Kawamura and Y. 
Ohyagi, Nippon Kagaku Zasshi, 1968, 89, 175. 
G. Tanaka, A. Tomikawa and H. Kawamura, Bull. 
Chem. Sot. Japan, 1977, 50, 2310. 
G. Tanaka, H. Kawamura and E. Nomura, Health 
Phys., 1981, 40, 601. 
H. Kawamura, G. Tanaka and K. Shiraishi, ibid., 1986, 
50, 159. 
K. Sumino, K. Hayakawa, T. Shibata and S. Kitamura. 
Arch. Environ. Health, 1975, 30, 487. 
H. Teraoka, ibid., 1981, 36, 155. 
M. Yukawa, M. Suzuki-Yasumoto, K. Amano and 
M. Terai, ibid., 1980, 35, 36. 
J. L. M. de Bore and F. J. M. J. Maessen, Spectrochim. 
Acta, 1983, 38B, 739. 
K. A. Wolnik, J. I. Rader, C. M. Gaston and F. C. 
Frick, ibid., 1985, 4OB, 245. 
A. A. Verbcek, ibid., 1984, 39B, 599. 
K. Shiraishi, H. Kawamura and G. Tanaka, Anal. Sci., 
1985, 1, 321. 
V. A. Fassel, Science, 1978, 202, 183. 
G. Tanaka, Reference Japanese Man, in Report of 
Committee on the Application of ICRP Reference Man 
to Japanese, S. Takahashi (ed.) (in Japanese), Japan 
Radiological Society, April 1980. 
J. Versieck, CRC Crit. Rev. Clin. Lab. Sci., 1985, 22,97. 
K. Tsuchiya, Cadmium Studies in Japan: A Review, 
p. 37. Kodansha Shuppan, Tokyo, 1979. 



Tafonta, Vol. 33, No. II, pp. 867-870, 1986 0039-9140/86 $3.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright 0 1986 Pergamon Journals Ltd 

FIBRE-OPTIC TITRATIONS-IV 
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Summary-The end-point of the direct complexometric titration of Al’+ in pH 4.6 solution can be 
determined by monitoring the fluorescence intensity of the aluminium-morin complex, by use of a 
bifurcated fibre-optic light guide. The method allows the determination of aluminium in the l-800 ppm 
range with good precision. The procedure is applicable even when the solutions are strongly coloured or 
turbid, but because of the slow complexation kinetics requires a titration time of about 20 min. 

Complexomettic titration of Al’+ is usually per- 
formed at room temperature by addition of excess 
of chelating agent such as EDTA or DCTA 
(diaminocyclohexanetetra-acetic acid), followed by 
back-titration with zinc’ or lead* with dithizone or 
Xylenol Orange as indicator at pH 4-6. This pro- 
cedure is necessary because the complexation is slow, 
owing to the presence of polymeric aluminium spe- 
cies. DCTA gives a more rapid reaction, but titration 
of heated solutions is often recommended. 

Fluorescent indicators such as morin* are well 
known, but have found application only in qual- 
itative analysis and in microanalysis.4 Thermometric, 
amperometric, conductometric, or radiometric end- 
point detection can be used for complexometric de- 
termination of aluminium, with various degrees of 
precision.5 

Fluorometry appears to be one of the most 
sensitive techniques and several methods have been 
published in which morin or a related flavone-type 
reagent is employed.4 The aluminium-morin complex 
has been studied in great detaips’ with respect to pH 
effects and interferences resulting from beryllium, 
zirconium, etc. Though these ions also form com- 
plexes with morin, the pH at which they do so is 
mostly different from that ideal for the aluminium 
reaction. 

Saari and Seitz’,’ have immobilized morin at the 
end of a bifurcated optical fibre to obtain a sensor 
that responds linearly and reversibly to aluminium in 
the l-lOO@V concentration range. The detection 
limit is 1pM. In subsequent work9 another type of 

aluminium sensor was obtained by electrostatic im- 
mobilization of %hydroxyquinoline-S-sulphonic acid. 
Both sensors display similar characteristics. 

However, because of the limited linearity between 
analyte concentration and optical signal, and the 
relatively long response time (- 1 min or more) these 
sensors are considered not to be ideal for titration 
purposes. Moreover, they suffer from another type 
of interference in that the immobilized ligand also 
forms complexes with transition metal ions such as 
iron(II1). Although the complex thus formed is itself 
non-fluorescent, there is an interference because of 
the binding of immobilized morin which otherwise 
would be available for complexation with aluminium. 

In continuation of studies’,” on the potential 
utility of fibre-optic light guides in place of electrodes 
for end-point determination in titrimetry we have 
attempted to solve the old problem of direct complex- 
ometric determination of aluminium, by using morin 
as a fluorogenic indicator. The use of fibre optics, an 
off-shoot of the communications industry, offers the 
advantages that the fibres are inexpensive, robust, 
and allow the determination of ions for which elec- 
trodes are not available. Unlike electrodes, fibre 
sensors are not affected by surface potential and do 
not have a liquid-liquid junction, which is known to 
be the most delicate part of potentiometric electrodes. 
In addition, use of fibre optics allows analyses to be 
performed in hostile environments and at sites quite 
remote from the operator. The feasibility of per- 
forming optical analyses over distances as great as 1 
km has been demonstrated.” 

*The IUPAC name for morin is 2-(2,4-dihydroxyphenyl)- 
3,5,7-trihydroxy-4H-benzopyran-4-one. The trivial name 
is used throughout this paper. 

EXPERIMENTAL 

The experimental arrangement is shown in Fig. 1. It 
consists of a 250-W xenon arc lamp as a light-source (L), 
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input 
bundle 

M, Lz Ll LS 

BiFO 

s 

Fig. 1. Experimental arrangement for performing fibre-optic 
titrations. 

and light-collecting lenses L, and L, . After passing through 
monochromator M, , the excitation light is guided through 
the input bundle of a bifurcated fibre optic (BiFO) into the 
titration beaker (B) containing the analyte solution and 
morin. The fluorescence of the aluminium-morin complex is 
guided by the output bundle to the photomultiplier (PM) 
after passage through monochromator M,. The signal is 
amplified in A and displayed on D. 

A 1 SO-cm long bifurcated fibre-optic light-guide of 4 mm 
internal diameter made of poly(methy1 methacrylate) was 
used, with statistically mixed fibre bundles (Faseroptik 
Henning, 8501 Allersburg, FRG). In some experiments, a 
15O-cm silica light-guide (internal diameter 2 mm; Moritex 
Corp., Tokyo) was used. The excitation wavelength was 420 
nm and the emission was monitored at 500 nm, with both 
band-passes set at 8 nm. 

It should be noted that the instrumentation, which in this 
work was part of an Aminco SPF 500 spectrofluorimeter, 
may be considerably simplified. The light-source can be 
an inexpensive halogen lamp or a blue light-emitting 
diode (LED), the monochromators may be replaced by 
optical filters, and the photodetector may be a rather cheap 
photodiode. 

For performing titrations, an aliquot of the aluminium 
solution was transferred into a black beaker, adjusted to pH 
4.6 with acetate buffer after addition of the indicator 
solution, and made up to 50 ml. The fibre and the jet of a 
lO-ml burette were introduced into the beaker through holes 
in the black cover, the fibre being immersed in the solution, 
which was continuously stirred. 

The DCTA monohydrate (Titriplex IV, Merck) and 
morin (Sigma) used were of analytical purity. The DCTA 
solution was standardized by titration with zinc sulphate 
(Titrisol, Merck) with Eriochrome Black T as indicator 
in alkaline solution. A standard lOOO-pg/ml aluminium 
solution (Titrisol, Merck) was used for titrations and the 
preparation of a dilution series. All operations were 
performed at room temperature. 

RESULTS 

To find out the optimum morin concentration, a 
lo-pg/ml aluminium solution was titrated with 
DCTA in the presence of morin in the O.l-100puM 
concentration range. The end-point, characterized 
by a drop in fluorescence intensity to a low and 
constant level (Figs. 2 and 3) was sharpest when the 
morin concentration was 1OpM, but its position 

8 +-+. 
+x+ 

(a) 

‘t \ 
4 t 

\ 

u” I 
50 

+i _+ 

:: 
1 2 

?! 

E 
: BI-+-t_l_t Cc) 
d -+y> 

4 t 

I____ 

\ 

‘k-t 

0 1 2 

0 1 2 

ml DCTA (O.OlM) 

Fig. 2. Typical graphs obtained in the fibre-optic titration of 
0.50 mg of ahuninium(III) with O.OlM DCTA, and varied 
morin concentration: (a) O.lmM mot-in; (b) 10~M morin; (c) 
1pMmorin; (d) O.lpMmorin. The end-point is independent 

of the indicator concentration. 

was not affected by the indicator concentration 
(Fig. 2). This is also the case for other aluminium 
concentrations. 

Aluminium was titrated in the l-800 pgg/ml range 
at constant morin concentration. The lower limit was 
taken as that corresponding to consumption of 2 ml 
of O.OOlM DCTA, though the end-point could still be 
recognized even at lower concentrations (see Fig. 3). 
Lower aluminium levels are better determined by one 
of the conventional fluorimetric methods4 or by 
using a fibre-optic sensor8*9 working in the l-100pM 
(0.027-2.7 pg/ml) aluminium range, or should first be 
preconcentrated.12 Typical titration graphs are shown 

A- R- 
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d+ 

I ‘\ 
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4 1. 4 1 

Y-+. 
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ml DCTA (O.OOlM) 
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Fig. 3. Typical graphs obtained in the fibre-optic titration of 
various amounts of aluminium(II1) with DCTA. Morin 
concentration 10/N. (a) 0.050 mg Al’+ with O.OOlM 
DCTA; (b) 0.50 mg of AP+ with O.OlM DCTA; (c) 5.00 mg 
of Als+ with O.lM DCTA; (d) 40.0 mg of A13+ with O.lM 

DCTA. 
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in Fig. 3. Initially, the fluorescence is strong since all 
the morin is present as the highly fluorescent metal 
complex. With increasing addition of DCTA the 
fluorescence decreases and drops most distinctly at 
the very end. The final signal, which remains constant 
even after further addition of DCTA, results from 
some stray light from the light-source and any exter- 
nal light passing into the beaker. The experimental 
results obtained in the complexometric titration of 
aluminium with DCTA are summarized in Table 1. 

In the initial experiments, EDTA was used as the 
titrant but proved unsuitable, giving a premature 
end-point and very slow complexation kinetics. 
DCTA, in contrast, gives a correct end-point even at 
room temperature and forms the complex fairly 
quickly, although a single titration still requires about 
20 min. 

Procedure 

Take an aliquot of sample solution containing 
O.O5+l mg of aluminium and adjust to pH 4.6 with 
acetate buffer (0. 1M for ~25 mg of aluminium, 1M 
for ~25 mg). Add 0.5 ml of 0.03% aqueous solution 
of morin, dilute to -50 ml with water, and titrate 
with O.lM DCTA for > 25 mg of aluminium, O.OlM 
DCTA for 2.5-25 mg, or O.OOlM DCTA for x2.5 
mg, using the fibre-optic titrator (Fig. 1) at analytical 
wavelengths 420 nm (excitation) and 500 nm (emis- 
sion). Calculate the amount of aluminium in the 
aliquot titrated, from Al = 26.99 Vx mg, where V is 
the volume (ml) of XM DCTA consumed. 

DISCUSSION 

Morin was chosen as indicator since it is itself 
essentially non-fluorescent, but forms a strongly 
fluorescent chelate with aluminium. Both the ex- 
citation (420 nm) and emission maxima (500 nm) of 
the complex are in the visible part of the spectrum. 
This is advantageous because it allows the use of 
inexpensive plastic fibre-optics having spectral cut-off 
at around 380-400 nm, instead of the much more 
expensive and less flexible silica fibres. 

Table 1. Experimental results obtained in the fibre-optic 
titration of 50 ml of aluminium(II1) solutions with DCTA 

DCTA consumed, ml 
Al taken, Al found, 

WI 0.1M O.OlM O.OOlM mg 

40.0 14.82 40.0 
30.0 11.17 30.2 
20.0 7.38 19.9 
10.0 3.74 10.1 
5.00 1.84 4.97 
3.00 1.12 3.03 
2.00 7.51 2.02 
1.00 3.75 1.01 
0.50 1.86 0.50 
0.30 1.12 0.30 
0.20 7.54 0.20, 
0.10 3.77 0.10, 
0.05 1.83 0.049 

! :‘v;+ -T’i 

0 1 2 0 1 2 

ml DCTA (O.lM) 

Fig. 4. Fibre-optic titration of 50 ml of 5.0 mg of alu- 
minium(III) in (a) the presence of 20 pg/ml Methylene Blue 
and (b) a turbid solution produced by adding 50 mg of 
AgNO, and 50 mg of KCl. Morin concentration 10 ptM. 

A major advantage over conventional calorimetric 
methods is the possibility of performing the titrations 
in strongly coloured as well as turbid solutions. 
Figure 4 shows the titration curves obtained in the 
presence of 20+g/ml Methylene Blue. This dye was 
chosen because of its intense colour and its known 
adverse effect on potentiometric electrodes. Although 
the solution is quite dark and not transparent, 
the end-point is easily detected. The result for a 
100~pg/ml aluminium solution was 99.3 pg/ml, the 
same value as that obtained in the absence of the dye. 
In order to produce a turbid solution, silver chloride 
was precipitated in the test solution, and again the 
end-point was recognizable without difficulty (Fig. 4), 
and the result for a 100~pg/ml aluminium solution 
was 100.4 pg/ml, the difference being accountable for 
as the error in burette-reading. 

The major advantage of this technique results from 
the minute size of the fibres, which can be as thin as 
50 pm per single strand. As shown for acid-base 
titrations,” this enables the titration of very small 
sample volumes (typically 20&500 ~1) with micro- 
syringe burettes), conditions in which electrodes can 
be employed only with difficulty. Since fibres are not 
affected by high radiation doses, titrations in a highly 
radioactive environment may be performed and fol- 
lowed by remote sensing. 

In comparison to the slow-responding aluminium 
sensors which, in principle, may also be utilized for 
titration purposes, we note the great versatility of the 
method presented here. The aluminium sensors are 
comparatively restricted in scope, whereas the experi- 
mental arrangement described here is suitable.for a 
variety of titrations: it is only the indicator and the 
analytical wavelengths that have to be changed. The 
indicator is added to the solution in the usual way 
and the titration is monitored with a plastic fibre. 

The method is, of course, not limited to morin 
as an indicator. Other fluorogenic reagents, uiz. 
8-hydroxyquinoline-5-sulphonic acid, 2-hydroxy- 
naphthoic acid, Lumogallion, Pontachrome Blue- 
Black R, Solochrome Red ERS, and various othersI 
are also known to form fluorescent aluminium 
chelates. The fluorescences range from green to yel- 
low and red. These dyes offer a variety of analytical 



870 OTTO S. WOLFBEIS et al. 

wavelengths for use when the background fluor- 
escence is too strong for the wavelength combination 
used in this work, and can also offer selectivity 
advantages over morin, which at pH 4.6 is complexed 
by Be2+, Zr4+, T i4+, Th4+, and many lanthanides. 

Other cations can interfere if (a) they form DCTA 
complexes with conditional stability constants (/?‘) 
greater than 10T3 x &_oorA, or (b) are present in 
concentrations greater than that of the morin and can 
form complexes with it that are more stable than the 
Al-morin complex and “block” the indicator. 

Metal ions such as Fe’+, Cu2+ and, to a lesser 
extent, Co’+, can cause fluorescence quenching.s 
These ions can seriously interfere when direct- 
response aluminium sensors are used because with 
these sensors it is the absolute fluorescence intensity 
that is related to the analyte concentration; in the 
titrimetric procedures, however, it is the relative 

changes in fluorescence intensity that are exploited 
for recognizing the end-point, so these ions do not 
have an adverse effect, provided a sufficient amount 
of indicator is added and the interfering ions can be 
masked [e.g., by reduction of iron(II1) to iron( 
addition of thiourea or thiosulphate to complex 

cowA. 
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Summary-The fluorescence properties of Rhodamine B in thin liquid films, formed from a number of 
anionic, cationic and non-ionic surfactant solutions, were investigated. Laser excitation was used and the 
emission was monitored over a period of time. Drainage profiles with light and dark fluorescence fringes 
were recorded with plane-polarized radiation. Change of polarization caused profound changes in the 
appearance of the profiles. The distribution of dye molecules between surfaces of the film and its interior 
was assessed and found to be related to the speed of film drainage. Expressions were established for the 
relation between fluorescence fringes and film thickness at different orientations of the film surface to the 
emission measurement direction. 

Optical studies on thin liquid films (soap lamellae) 
have dealt mainly with reflectance measurements 
for the purpose of film-thickness determinations.‘-’ 
Fluorescence of such systems was first reported in 
1964,4 but has not been studied extensively since then. 
The scope of that investigation was also limited to 
average film-thickness determination. More recently, 
Fromheiz and Kotulla’ have published a funda- 
mental study on the use of fluorescent dyes as probes 
of electrical potential in soap lamellae. 

The present paper describes further phenomena 
associated with fluorophores in thin liquid films. 
Rhodamine B was dissolved in solutions of anionic, 
cationic and non-ionic surfactants and thin films were 
formed with these solutions. The films were illu- 
minated with the 514.5 nm line of an argon-ion laser 
to excite the dye molecules and the fluorescence was 
measured after dispersion by a double mono- 
chromator. 

Material3 
EXPERIMENTAL 

The following surfactants were used to form thin films: 
sodium lauryl sulphate (SLS) (Fisher Scientific), cetyl- 
pyridinium chloride (CPC) (Sigma), tetradecyltrimethyl- 
ammonium bromide (TMAB) (Sigma), Brij 56 [poly- 
(oxyethylene ether)] (Sigma) and Brij 99 [poly(oxyethylene 
20 oleyl ether)] (Sigma). Glycerol was purchased from 
Mallinckrodt and Rhodamine B (laser grade) from East- 
man. Demineralized water, treated with a Barnstead multi- 
stage water purification system, was used for making all 
solutions. The surfactant solutions prepared were: 1.7% w/v 
TMAB, 1.0% CPC, 1.4% SLS, 1% Brij 99 and 0.2% Brij 
56. All solutions contained Rhodamine B at 5.6 x 10e5M 
concentration. 

Laser 

Fluorescence was excited with an argon-ion laser 
(Spectra-Physics 171), mode-locked (80 MHz) on the 514.5 
nm line. A Spex 1680 0.22-m double-grating mono- 
chromator, controlled by a CDZA Compudrive module, was 

*On leave from Department of Chemistry, University of the 
Witwatersrand, Johannesburg, South Africa. 

TAuthor to whom reprint requests should be sent. 

used for wavelength isolation. The polarization of the laser 
beam was adjusted with two Glan-Thompson polarizers 
(Melles Griot) and a Soleil-Babinet compensator (Karl 
Lambrecht). The system lay-lout is shown in Fig. 1. 

The fragility of the thin film placed a limit on the laser 
power that could be used for excitation. It was found that 
powers in the range 20&600 mW did not unduly shorten the 
film life. 

Sample ceil 

A diagram of the sample cell is shown in Fig. 2. The cell 
consists of an upper measurement compartment with two 
windows and a lower drain compartment. A manually 
operated valve connects the two compartments. The device 
is made of brass, painted to a non-reflecting black finish. 
The thin film is formed in a circular frame attached to the 
lid of the upper compartment and projecting vertically into 
it. The frame is a seamless circle 20 mm in diameter and 2 
mm thick, milled from stainless steel. A magnetic mech- 
anism is used to open a valve between the two cell compart- 
ments; it enters the cell through the lid and is operated from 
above. The lid is made of Teflon and provides an airtight 
seal. 

a T 
Fig. 1. Diagram of instrument lay-out for thin-film 
fluorescence nieasurements; (a) argon-ion laser; (b) right- 
angle prism; (c) flat mirror; (d) polarizer; (e) compensator; 
(f) cell compartment with film; (g) double monochromator: 

(h) photomultiplier tube; (i) recorder. 
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Fig. 2. Diagram of sample cell; (a) drain hole with ball- 
bearing. 

The cell is prepared for measurement by first placing a 
steel ball-bearing in the tapered drain hole and filling the 
upper compartment with the surfactant solution. The lid is 
then closed and the cell is placed in the laser light-path. The 
ball-bearing is lifted by means of the magnet and the 
solution drains from the upper cell compartment, leaving a 
thin film in the frame. This process ensures a minimum of 
disturbance and allows reproducible film formation. Com- 
pletion of the film takes from 2 to 4 set and optical 
measurements are made virtually from the instant of film 
formation. Extensive temperature controls are not included 
in the cell design; temperatures were always in the range 
23-25” and no significant variations were observed. The film 
frame is constru&d so as to have two possible orientations 
with respect to the excitation and emission directions (Fig. 
3a); the frame is placed in one of these two positions by 
means of a notch-and-hole locator in the lid. For vertical 
illumination (“down” into the film), a frame incorporating 
the excitation source in its periphery was constructed (light- 
in-frame) as shown in Fig. 3b. The laser light is brought into 
the frame by a 600~pm silica optic fibre. Viscosity mea- 
surements were made with a Brookfield Synchro-Lectric 
viscometer. 

Fig. 3. (a) Measurement orientation of thin film; (b) light- 
in-frame structure for film formation. 

RESULTS AND DISCUSSION 

Fluorescence of films 

It has been noted by other workers’ that 
fluorescence from thin liquid films exhibits inter- 
ference effects, which is ascribed to accumulation of 
dye molecules at the two film surfaces and the 
interference of the emissions from these two surfaces. 
The results is a pattern of light and dark fluorescence 
fringes, varying with the thickness of the film. 

In this investigation, the film was illuminated with 
a laser beam of approximately 1 mm2 cross-sectional 
area, at a point near the centre of the circular film. 
The fluorescence emission was monitored at 580 nm 
for periods of time up to 2 hr. As the film thinned 
through vertical drainage, light and dark fringes 
appeared. This was because most of the fluorescence 
emanated from the two surfaces; as the distance 
between the front and back surfaces decreased with 
time, the emissions interfered alternately construc- 
tively (bright fringe) and destructively (dark fringe). 
Figure 4 shows the fringe pattern (drainage profile) 
for Rhodamine B in a number of surfactant solu- 
tions. The 45145 orientation (see Fig. 3) was used. 

It is noted in Fig. 4 that the fringes get broader and 
more widely spaced with time. This arises because the 
drainage is most rapid at the beginning of film 
formation and slows down progressively. A similar 
effect is observed with reflectance fringes. There is, 
however, an important difference in the appearance 
of reflectance and fluorescence fringes; the former 
usually increase in intensity with time (before black 
film formation), while the latter decrease. This indi- 
cates that despite significant localization of dye mol- 
ecules in the surfaces, they are not strongly held there 
and flow out as the film drains. The intensities of the 
dark fringes give an indication of the fluorescence 
emanating from the region between the film surfaces. 
The depths of the valleys in the drainage profiles 
increase with time, suggesting that the fluorophores 
in the interior of the film drain more rapidly than 
those contained in the surfaces. This is further borne 
out by measurements made with the light-in-frame 
system (Fig. 5). The radiation is incident vertically 
into the film, so fluorescence will mainly be excited in 
the central portion of the film. Interference fringes are 
clearly absent and the fluorescence intensity decreases 
rapidly, as would be expected for molecules not 
primarily located at the surfaces. 

Polarization effects 

The measurements described above were made 
with use of exciting radiation that was vertically 
polarized relative to the (horizontal) fringes in the 
film. No significant differences were observed be- 
tween results obtained with different surfactants. 
However, when the direction of polarization was 
changed to horizontal, no interference fringes were 
found in the drainage profile of the CPC solution 
(Fig. 5). The TMAB solution gave weak fringes, the 
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Fig. 4. Drainage profile of Rhodamine B in (a) SLS, (b) 
TMAB and (c) CPC solutions. 

SLS solution slightly stronger ones, and those of the 
Brij 99 solution were virtually indistinguishable from 
the ones obtained with vertically polarized excitation. 
This suggests that the Rhodamine B molecules have 
very specific anisotropic orientations in the surfaces, 
especially in the case of the CPC film. This orien- 
tation is such that they are excited only by vertically 
polarized radiation. Horizontal polarization excites 
only the randomly oriented molecules in the inner 
portion of the film; the resulting emission decreases 
rapidly with time (Fig. 5), because the inner film 
drains quickly. It is noteworthy that the anionic and 
cationic surfactants all show this effect to some 
extent, whereas non-ionic Brij 99 does not. 

Speed of drainage 

Relative speeds of drainage of thin liquid film can 
be assessed by the number of fringes “passing” a fixed 
excitation point in a given period of time. Figure 6a 
shows the first 30 set in the existence of an SLS film. 
In this period, 11 fringes are counted, reproducible 
to +2 fringes. The viscosity of the solution is 3.8 cp. 

When a similar solution, prepared with 1:2 v/v 
glycerol: water solvent (viscosity 6.2 cp), was used, 
the drainage rate increased to 23 fringes in 30 SAC 

(Fig. 6b). Despite this approximately 2-fold greater 

initial drainage rate, the glycerol-containing film had 
remarkable stability and could be kept for hours.6 

The “short exposure” representations in Fig. 6 
show another interesting effect; up to 10 set of film 
life, the fringes on the SLS/water film increase in 
intensity, while those on the SLS/water/glycerol film 
only decrease in amplitude. This effect can be as- 
cribed to differences in the speed of film drainage; in 
the SLS/water film, there is probably a net movement 
of fluorophore from the film interior to the surfaces 
during the first seconds of film life. After this, drain- 
age becomes prevalent. In the SLS/water/glycerol 
film, initial drainage is too fast to allow for observ- 
able surface enrichment by the fluorophore. This is 
further indicated by the relative shallowness of the 
fringe pattern; a large proportion of the fluorophore 
content of the film stays in the interior during the 
rapid drainage. 

All films with sufficiently long lifetimes reached a 
stage at which fluorescence intensities became very 
low and relatively invariant with time (Fig. 7). This 
condition resembles the “black film”’ found in 
reflectance measurements on thin films, but has a 
different origin. The black film arises because the film 
thickness has become so small that virtually all 
optical interference is destructive, whereas the 

b 

C 

Time (min 1 
Fig. 5. Fluorescence response in thin films; (a) SLS, verti- 
cally polarized, 45/45; (b) SLS, light-in-frame; (c) CPC, 

horizontally polarized, 45/45. 
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6. Rhodamine B fluorescence fringes during initial 
stages of lilm life; (a) SLS solution in water; (b) SLS solution 

in 1: 2 glycerol : water. 

fluorescent film emits weakly at the later stages 
primarily because most of the fluorescent molecules 
have drained out of it. 

Film thickness 

Geometric considerations allow for the estimation 
of film thickness from time-resolved measurements of 
fluorescent fringes. When the film is inclined at 45” to 
both the excitation and emission directions (45/45), 
constructive interference (a bright fringe) is obtained 
when 

where k = fringe number, A = emission wavelength, 
t = film thickness and n = refractive index of the film. 

0 10 20 30 40 50 60 

Time (min 1 

Fig. 7. Extended-period drainage profile of Rhodamine B in -_- _ . 
SLS solution. 7. 

b 

0 1 2 3 4 

Time (min 1 

Drainage profile of Rhodamine B in CPC solution; 
(a) 45/45 orientation; (b) 45/135 orientation. 

If n is taken as approximately 1.33 and Iz = 600 nm, 
then t = 407k. This means that the fringes are ap- 
proximately 407 nm apart. When the film is inclined 
at 135” to the emission direction (45/135), the equa- 
tion becomes 

so under the previous conditions t = 676k. Therefore, 
fringes measured at 135” are 676/407 = 1.66 times 
farther apart than those measured at 45”. The experi- 
mental results are in reasonable agreement with this 
(Fig. 8). When the film surface was inclined at 90” to 
the exciting beam, interference fringes were observed, 
but they were of irregular shape and could not be 
interpreted. 
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Sumtnar-A low-power helium microwave-induced plasma, sustained in a cylindrical TM,,, cavity, has 
been used with sample introduction from a graphite furnace. An end-on optical configuration was 
employed to monitor both atomic and ionic emission from Cl, I, S and P. The operating parameters were 
optimized with respect to the nature of the plasma background response, the limits of detection, and the 
shapes and linearity ranges of the log-log analytical working curves. Possible applications were evaluated 
by determining iodine in milk and analysing a multi-component mixture of sulphur compounds. 

Microwave-induced plasmas [MIPS] possess a num- 
ber of advantages as excitation sources in emission 
spectrometry.’ Chief among these is the high plasma- 
excitation temperature, which makes the MIP more 
suitable than thermal excitation sources for deter- 
mining non-metals. Moreover, the power required for 
the MIP is relatively low, typically 100 W or less, so 
the need for cooling is minimal and the support-gas 
flow-rate can be 1 l./min or less. By comparison, the 
inductively-coupled plasma (ICP) uses power levels 
greater than 1000 W and large amounts of support 
gas for cooling.2 

In addition, the MIP can be operated with helium 
which, because of its high excitation potential, en- 
ables halogens and other non-metals not readily 
amenable to ICP detection to be excited efficiently 
and detected with adequate sensitivity. 

The low power requirements of the MIP produce 
low background emission. However, the low power 
also results in a relatively low gas temperature 
(around 2000 K),* limiting the capacity of the plasma 
to volatilize solid or liquid samples or to atomize the 
analyte species. This fact, together with the sensitivity 
of the plasma to changes in impedance when small 
amounts of foreign material are introduced, causes 
fundamental problems with sample introduction. 

Many of the problems of sample introduction can 
be circumvented if the sample can be presented in the 
form of a gas or vapour to the plasma. For this 
reason, the most extensive use of MIPS has been in 
combination with gas chromatography as an 
element-selective detector, especially in the deter- 
mination of non-metals. This aspect of MIP applica- 
tions has been reviewed recently.* 

*Present address: Department of Chemistry, Indiana Uni- 
versity, Bloomington, Indiana 47405, U.S.A. 

The use of an MIP for the determination of 
non-metals in involatile substances has received rela- 
tively little attention. It was only with the intro- 
duction of the cylindrical TM,,,, cavity by Beenakke9 
that plasmas could be sustained at atmospheric pres- 
sure and therefore combined simply with electro- 
thermal (ET) atomizers. ET atomizers provide the 
necessary thermal energy to convert liquid or solid 
samples into atoms, requiring the MIP only to excite 
the analyte atoms. This approach has already been 
taken by several authors to determine sulphur, chlo- 
rine and bromine in samples volatilized from a graph- 
ite cord atomizer,4 chlorine, bromine, iodine and 
sulphur by using a tantalum furnace’ and halogens in 
organic compounds with carbon-cup or tantalum- 
boat sample-introduction6 Recently, the deter- 
mination of chloride in aqueous solutions by direct 
nebulization into an atmospheric-pressure helium 
MIP has been described.’ Compared with ET sample 
introduction, the direct-nebulization approach neces- 
sitates far higher power levels, typically approaching 
500 w. 

We have combined a minifurnace-based ET atom- 
izer with an atmospheric-pressure helium MIP for the 
determination of chlorine, iodine, phosphorus and 
sulphur. The plasma discharge is viewed end-on to 
avoid problems of variable signal-attenuation by the 
walls of the silica discharge tube. In order to evaluate 
the potential of the MIP technique for speciation 
studies, a preliminary investigation with some 
sulphur-containing compounds has been made. 

EXPERIMENTAL 

Instrumentation 
A Varian Techtron AA-5 atomic-absorption spectrometer 

equipped with an RCA lP28 photomultiplier tube was 
operated in the emission mode by placing a chopper 
(285 Hz) in the light-path to give an ac signal for 
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Fig. 1. Diagram of the experimental arrangement, showing coupling of the graphite atomizer with the 
helium MIP and the end-on viewing configuration employed. A further perspective of this apparatus is 

shown in Fig. 1 of ref. 8. 

amplification. Signals were displayed on a National VP- 
6541A chart recorder or, for faster time-resolved mea- 
surements, the emission signals were recorded with a Tracer 
Northern TN-I 505 signal averager. To achieve fast-remonse 
detection, the signai from the photomultiplier was fed 
directly into the signal averager after processing by a simple 
current amplifier with an RC time-constant of 10msec. 

The helium MIP was sustained within a Beenakker 
cylindrical cavity’ by use of microwave circuitry based on 
the Electromedical Supplies Microtron Mark II microwave 
generator, as described previously.s Samples were volatilized 
into the plasma from a modified Varian Techtron CBA-63 
ET atomizer after being introduced through a small hole 
drilled along the axis of one of the graphite support rods.* 
The helium plasma, maintained in silica tubing of 3-mm 
internal diameter, was confined to the inside of the cavity at 
all incident power levels. The silica tube was subject to rapid 
devitrification, which precluded viewing through its walls. 
Hence, an end-on optical configuration was employed, as 
shown schematically in Fig. 1. The arrangement contained 
a Teflon joint to enable quick and convenient replacement 
of the discharge tubing, and the ET atomizer was mounted 
slightly off-axis to prevent the continuum radiation emitted 
by the incandescent furnace from entering the optical sys- 
tem. 

Furnace temperatures below 1000” were measured with a 
chromel-alumel thermocouple, and those above it were 
monitored with an Ircon series 6000 radiation thermometer 
capable of covering a temperature range of lOOO-3ooo”. 

Reagents 
All reagent solutions were prepared from high-purity 

chemicals. Nitric acid was distilled in an all-Teflon infrared- 
heated two-bottle still. Ultrapure water was obtained by 
passing distilled water through a Mini-Q ion-exchange and 
membrane-filtration system. 

Procedure 
Standard solutions of metal ions were prepared in 1% v/v 

nitric acid and stored in high-density polyethylene contain- 
ers. A 5-~1 syringe with a Teflon capillary-tip extension was 
used to apply sample volumes of l-2 ~1 to the inner wall of 
the furnace. Typically, the heating programme consisted of 
drying for 40 set at 120”, and atomization for 2.5 set with 
a temperature ramp up to 2000”. 

Industrial-grade helium was purified by passage through 
a type 4A molecular sieve in liquid nitrogen. 

RESULTS AND DISCUSSION 

Optimization of microwave power and gas flow-rate 

The emission intensity for I(I), S(I), I(I1) and Cl(I1) 
lines was found to increase steadily with applied 
microwave power between 50 and 100 W. This result 
is in contrast to earlier results for spatially resolved 
measurements with an argon MIP,’ possibly as a 
consequence of the end-on viewing configuration now 
used and due to the fact that the helium plasma is 
confined to the inside of the cavity. With the plasma 
located inside the cavity, deposition effects are min- 
imized as the analyte is readily introduced into the 
most intense region of the plasma. The greatest 
sensitivity has generally been obtained with the high- 
est possible input power, but devitrification of the 
silica discharge tube means that input powers higher 
than 100 W are not practicable. 

For each of the P(I), I(I), I(I1) and Cl(I1) lines 
observed with a range of helium flow-rates between 
0.5 and 3.5 l./min, the maximum emission response 
occurs at flow-rates around 1.7-2.1 l./min. The opti- 
mum flow-rates thus obtained for the range of micro- 
wave powers studied are considerably higher than 
those published for similar furnace-MIP devices,5*9 

which are generally in the range 0.2-0.5 l./min. 

Analytical signal measurement 

In contrast to the argon plasma, for which a 
negative background peak is usually observed during 
the heating of the graphite furnace,” the helium MIP 
commonly gives a positive background response. 
Figure 2 illustrates the broad-band nature of the 
background signal in the helium-supported plasma, 
with the example of I(1) emission signals at the 
206.24 nm line and at 0.2 nm either side of this line. 
Closer inspection of the wavelength-dependent be- 
haviour of the background in the vicinity of 200 nm 
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Fig. 2. Time-resolved emission signals for 1.4pg of iodine 
(as KI) at the analytical line and at 0.2 nm either side of it: 
A, 206.24 nm; B, 206.04 nm; C, 206.44 nm. Arrows denote 

I(I) emission. 

revealed a spectrum readily identified with molecular 
emission from the A ix - X ‘Z vibronic transitions of 
carbon monoxide by comparison with the data of 
Pearse and Gaydon. ii This gas is produced by reac- 
tion of the heated graphite with impurity levels of 
oxygen in the support gas. In the vicinity of 500 nm, 
on the other hand, the background signal is made up 
of the A )rrg - X 3x, vibronic transitions of the Cr 
Swan system,” owing to carbon being vaporized into 
the plasma during the atomization cycle. It is evident, 
therefore, that the wavelengths selected to detect a 
given element will determine whether a background 
signal, either negative or positive, is observed. In both 

I I I I c 

0.0 1.0 2.0 

TIME (set) 

Fig. 3. Time-resolved emission signals at 479.45 nm: A, 
35 ng of chlorine (as LiCI); B, blank firing of the graphite 

furnace. 

instances the background emission intensity is a 
sensitive function of the vaporization temperature 
and may become so large that it prohibits the de- 
tection of the atomic signal for less volatile elements. 

From these comments concerning variation of 
background during vaporization of the analyte, it is 
clear that a dynamic means of background cor- 
rection, such as wavelength modulation, would be 
advantageous for the graphite furnace-MIP system. 
However, even though instrumentation with wave- 
length modulation was unavailable during the course 
of this work, good detectability could still be ob- 
tained, as seen in the following section. 

Limits of detection 

The detection limits shown in Table 1 represent the 
quantity of analyte equivalent to twice the standard 
deviation of the baseline noise of an analytical signal 
for a concentration close to the detection limit. The 
signal for Cl(I1) (as LiCl) at 479.45 mn for a concen- 
tration approximately five times the detection limit is 
illustrated in Fig. 3. 

The strongest emission from chlorine and bromine 
is from the ionic lines at 479.45 nm and 470.49 nm, 
respectively. Ionic emission from S at 545.39 nm was 
also observed but, contrary to the table of relative 
intensities published by Tanabe et al.,” was not as 

Table 1. Detection limits and log-log calibration slopes 

Element Form 
Analysis line, 

nm 

Detection Log-log 
limit,* calibration 

nz slope 

I KI 206.24 1.0 1.57 
Cl LiCl 479.45 6.2 1.38 
s MgSD., 527.86/527.89 13.0 0.94 
S Thiourea 527.861527.89 12.0 1.13 

*Represents the quantity of analyte equivalent to twice the standard 
deviation of the baseline noise for an amount of analyte close to the 
detection limit. 
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Fig. 4. Log-log analytical working curves for I(1) as KI (at 206.24 nm) and Cl(I1) as LiCl (at 479.45 nm). 
The MIP was operated at 100 W and a helium flow-rate of 1.7 l./min. 

intense as the S(1) emission at 217.05 or 675.71 nm or 
at the unresolved doublet at 527.86 and 527.89 nm. 
The 217.05 nm line is ordinarily the most intense 
emission line for sulphur at wavelengths longer than 
200 nm but is accompanied by a large background 
signal which leads to a poor signal-to-background 
ratio. However, a favourable signal-to-background 
ratio has been found at the 527.86/527.89 nm 
doublet. The 675.71 nm line proves unsuitable for the 
detection of sulphur in thiourea, owing, apparently, 
to second-order interference from NH band emission 
produced during the decomposition of the (NH&X 
The detection limits obtained here for chlorine 
and sulphur are comparable to those reported by 
Beenakker et uI.,~ but are considerably better than 
those reported more recently by van Dalen et al.’ For 
instance, the latter authors obtained detection limits 
of 0.80 pg for chlorine, 4.0 pg for iodine and 3.0 pg 
for sulphur, which are 2-3 orders of magnitude 
higher than those reported here (Table l), pre- 
sumably because van Dalen et aL5 did not use the 
optimum analytical lines in their work. Atomic emis- 
sion from phosphorus (added as NaH,PO,) at the 
unresolved doublet at 213.62 and 213.55 nm and 
from fluorine (added as KF) at 685.60 nm has also 
been observed in the helium MIP. On the other 
hand, atomic emission from nitrogen and oxygen at 
746.88 and 777.19 nm, respectively could not be 
detected from the vaporization of nitrates, such as 
potassium nitrate. However, NO y-band emission 
at 237.0 nm was observed during vaporization of 
solutions containing potassium nitrate. 

AnalyticaI working curves 

Log(emission intensity) versus log(concentration) 

calibration curves for some of the non-metals studied 
are illustrated in Figs. 4 and 5. The linear dynamic 
range of response appears to be limited to 2-3 orders 
of magnitude by self-absorption effects, which can be 
expected to be more severe in an end-on optical 
arrangement than in a side-on configuration because 
of the greater optical path traversed by the emitted 
radiation. Sample overloading and partial quenching 
of the plasma also contribute to non-linearity at 
higher concentrations. When solutions of potassium 
iodide were investigated, sample loadings of more 
than 1 pg were observed to produce distortion in the 
time-resolved signal shapes, which was not observed 
at lower concentrations, as seen in Fig. 6. The iodine 
206.24 nm emission at the 1.4~pg iodine level was 
observed to increase initially, then rapidly decrease 
before reappearing once more (trace A in Fig. 6). This 
behaviour for high concentrations of iodine (as KI) 
is consistent with a quenching of I(1) emission during 
the period in which potassium is coincidentally 
present with the iodine in large amounts (the effect of 
large amounts of easily ionized elements has been 
discussed recently13). Similar overloading effects may 
also account for curvature in the high concentration 
range of the log-log plots for other elements shown 
in Figs. 4 and 5. Consequently, the susceptibility of 
the MIP to sample overloading is a limitation of this 
technique. 

An unusual feature of these log-log calibration 
curves is that the slopes are generally greater than 
unity (see Table 1). Only for sulphur does the slope 
approach unity. In general, the slope of log-log plots 
in the linear region should be 1 .O within experimental 
error, indicating that the instrumental response is a 
simple function of concentration. However, for the 
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Fig. 5. Log-log analytical working curves for sulphur as MgSO, and thiourea at the doublet 
527.86/527.89 nm. MIP conditions as for Fig. 4. 

MIP technique such a simple relationship does not 
appear to hold. The possibility that these effects could 
be due to instrumental factors was investigated with 
the aid of a source of constant line emission (hollow- 
cathode lamp) and a set of neutral density filters to 
vary the emission output by several orders of mag- 
nitude. This instrumental calibration demonstrated 
that the detector/amplifier system was not responsible 
for the anomalously high slope of the log-log plots. 

\ 
A 

TIME tsecl 

Fig. 6. Time-resolved emission signals for iodine as KI 
measured at 206.24nm: A, 1.4pg; B, 0.42pg; C, 0.14pg. 

MIP conditions as for Fig. 4. 
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The results obtained here therefore appear to indicate 
that there is a complicated relationship between the 
concentration of the analyte and the emission in- 
tensity output when this MIP source is used. 

Though the slopes > 1 present difficulties in under- 
standing the nature of the excitation processes in the 
MIP, they do not lead to major practical difficulties 
in the use of the MIP for chemical analysis. In fact, 

20 set 
t i 

B 

A 

TIME - 

Fig. 7. Time-resolved emission signals for the ramp vapor- 
ization of 1.4 ~1 of untreated milk, measured at 206.24 nm: 
A, spiked wtih 0.46 pg of iodine (as KI); B, untreated milk 

only. The arrow denotes III) emission. 
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a slope of more than 1.0 increases the precision of 
measurement for a given concentration. It should 
also be mentioned that log-log plots with slopes 
differing significantly from unity have been reported 
by several authors. w’* Much disagreement exists 
from laboratory to laboratory, however, and slopes 
of unity for log-log working curves have been ob- 
tained in some instances.4,g 

Potential applications 

TO assess further the capability of the graphite 
fumace_MIP technique for the determination of non- 
metals in different matrices, the determination of 
iodine in milk and the speciation of a multi- 
component mixture of sulphur compounds have been 
investigated. These studies were chosen to illustrate 
possible areas of application and so are preliminary 
in nature. 

Iodine is a normal component of cow’s milk at 
levels up to 100 pg/l. However, the use of iodine- 
containing detergents as germicidal agents has be- 
come widespread for various cleaning tasks in the 
dairy industry and has led to the risk of iodine 
contamination of milk supplies. Because of the possi- 
bility of iodine-induced thyrotoxicosis, rapid and 
reliable methods of iodine determination are neces- 
sary for quality control. Most available methodsi 
suffer from the disadvantage of either not being 
sufficiently sensitive or being time-consuming and so 
difficult to apply to a large throughput of samples. 
Ion-selective electrode methods are adequately sensi- 
tive and are suitable for the analysis of large batches 
of samples, but interferences from chloride and thiol 
groups in heat-treated milk, long response times and 
signal drift have been reported.ig In addition, a 
separation step is usually necessary to remove milk- 
fats which otherwise poison the electrode. 

Samples of powdered milk were made up to full 
strength and spiked with potassium iodide but were 
otherwise untreated. Aliquots of 1.4 ~1 (containing 
0.46 pg of added iodine) were applied to the atom- 
izer, dried and vaporized into the helium MIP with 
a slow heating ramp. As can be seen from Fig. 7, the 
iodine signal was readily detected but was accom- 
panied by a large background signal due to band 
emission produced by species such as carbon monox- 
ide from decomposition of the organic material. 
Better results were obtained by ashing the sample in 
situ with potassium nitrate at approximately 500” to 
remove the organic material whilst retaining the 
iodine as potassium iodide. However, the back- 
ground signal was still not diminished sufficiently to 
allow the detection of iodine at the low levels nor- 
mally found in milk. The use of sample volumes 
greater than 2 ~1 produced difficulties in maintaining 
a stable discharge during vaporization of the sample, 
owing to the large quantities of organic material 
present. Sufficient discrimination between the back- 
ground signal and the iodine signal to facilitate 
detection at the low levels in milk may be possible by 
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Fig. 8. Time-resolved emission signals for sulphur com- 
pounds measured at 527.86/527.89 nm and vaporized sepa- 
rately: A, MgSO,; B, sulphanilic acid; C, thiourea. Amount 
of sulphur added is 1.4 pg in each case. MIP conditions as 
for Fig. 4. The correspondence between furnace temperature 

and time is shown on the accompanying diagram. 

using wavelength-modulated detection, which was 
not available for this study. 

In a second example, the MIP technique was 
applied to the analysis of a mixture of sulphur- 
containing compounds. The approach adopted em- 
ploys the helium MIP as an evolved-gas detector 
which measures the emission signal of the volatilized 
analyte as a function of temperature. 

A three-component mixture of magnesium sul- 
phate, thiourea and sulphanilic acid @- 
aminobenzenesulphonic acid) was selected for in- 
vestigation. The unresolved S(1) doublet at 527.86 
and 527.89 nm was used as the analysis line. A slow 
heating ramp was applied to the sample in order to 
achieve maximum resolution of the peaks. Figure 8 
shows the time-resolved profiles for the three sulphur- 
containing compounds vaporized separately into the 
helium MIP. For magnesium sulphate and thiourea 
a single peak is observed, but for sulphanilic acid two 
peaks are found. The first sulphanilic acid peak (trace 
B in Fig. 8) proved to be broad-band in nature and 
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Fig. 9. Time-resolved emission signals for sulphur com- 
pounds measured under the conditions of Fig. 8 but vapor- 

ized as a mixture. 

is likely to be due to C2 Swan band emission, which 
is known to be weakly present in this spectral region. 
If this hypothesis is correct then the first peak in the 
sulphanilic acid trace (trace B in Fig. 8) should be 
indicative of the decomposition of the benzene-ring 
part of the sulphanilic acid. Figure 9 shows the 
time-resolved profiles obtained for a mixture contain- 
ing the three components, equivalent to 1.4 pg of 
sulphur in each case. Four emission peaks can be 
clearly identified, corresponding to the pattern for the 
individual components seen in Fig. 8. However, the 
first peak for sulphanilic acid (which does not corre- 
spond to emission by sulphur) is reduced in intensity 
in this trace. 

So far, we have demonstrated that it is possible to 
resolve analytical signals from sulphur in different 
molecular environments. The time-resolution in this 
instance results from the fact that the different sul- 
phur compounds possess different volatilization or 
decomposition temperatures, thus releasing the 
sulphur-containing analyte species into the plasma 
gradually. This concept may be extended to obtain 
discrimination between different atoms of the same 
element in a single molecular form, provided that the 
atoms are bonded differently. For example, sodium 
thiosulphate, Na, S,O,, is known to disproportionate 
on heating, generating a mixture of sulphur- 

1 1 I I I I 1 I I 
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Fig. 10. Time-resolved emission signal for Na,S,O, (0.9 pg 
of sulphur) measured at 527.86/527.89 nm. MIP conditions 

as for Fig. 4. 

containing products. The time-resolved trace in Fig. 
10 is consistent with such a process, the two emission 
peaks being taken to correspond to sulphur atoms 
from different environments within the SrO:- anion, 
released in a two-step decomposition reaction. 

CONCLUSIONS 

The present investigations confirm that the 
atmospheric-pressure helium MIP is capable of de- 
tecting non-metals with appreciable sensitivity and 
without the need to use resonance emission lines in 
the vacuum-ultraviolet region. Complications associ- 
ated with vacuum monochromators and non- 
absorbing optics, necessary with ICP non-metal de- 
tection,’ are thus avoided. The MIP approach is less 
suitable for the determination of metals, since the 
detection limits lie in the range 10-lOOpg.‘” Poten- 
tially, however, simultaneous determination of both 
metals and non-metals is possible. 

Substantial improvement in the detection capabil- 
ity of the helium MIP system is expected to arise from 
the use of wavelength modulation. The wavelength- 
modulation technique can discriminate between 
atomic-emission signals and continuum or band- 
structure background by a factor of more than 100 in 
intensity. 2032’ Judging from the improvement in de- 
tection limits reported when wavelength modulation 
is applied to ET atomic-emission spectrometry 
(namely, two orders of magnitude),22 similar im- 



882 JAROSLAV P. MATOUSEK et al. 

provement may realistically be expected with the MIP 6. 

technique. I. 

Our short evaluation of potential applications has 
demonstrated that the graphite furnace-MIP ap- 
proach may play a useful role in the determination of 
chemical form or species. In this regard, the strength 
of the technique depends on its two-step character: by 
separately controlling the conditions in the graphite 
furnace and in the MIP itself, it is possible to 
optimize the circumstances under which different 
chemical species may be distinguished. The variety of 
experimental parameters and their standardization is 
an inherent complication, but this is offset by the 
compactness of the apparatus and its low cost com- 
pared to ICP and other techniques. So far, liquid 
samples have been employed but it should also be 
possible to examine solid samples. 
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Summary-The use of a single-point calibration in flow potentiometric stripping analysis has been 
evaluated. For a number of sample matrices, the results obtained by caIibration methods agree with those 
obtained by using standard addition. The most serious source of systematic error is inhibition in the 
deposition step, caused by organic surfactants and chelating agents in the sample matrix. Consequently, 
the use of the calibration method should be restricted to samples which have been totally mineralized. 
It is shown that most sources of systematic error in the calibration method will result in underestimation 
of the analyte concentration. 

The application of flow-cells and medium-exchange 
facilities in conjunction with potentiometric stripping 
analysis (PSA)‘,* has two distinct advantages:3:4 first, 
by replacement of the sample solution with a suitable 
medium prior to the stripping step, strict control of 
the oxidant concentration in the stripping medium 
can be achieved.’ Hence inter-sample variations in 
oxidant con~ntration do not influence the sensitivity 
obtained. The second advantage is that the selectivity 
can be controlled by introduction of suitable eom- 
plexing agents in the stripping medium. 

Recently, in studies of mineralized sediments and 
biological materials,3” it was demonstrated that the 
flow technique permits determination of trace anal- 
ytes by use of a single calibration. From the practical 
point of view, the vibration approach makes the 
dete~nation easier: with the conven~onal type of 
flow-cells, each portion of the sample is analysed once 
and cannot be recovered, and this makes the standard 
addition method--commonly used in batch 
analysis---cumbersome in flow PSA because it re- 
quires the preparation, exchange and analysis of 
several batches of unspiked and spiked sample. With 
the calibration approach, however, a quantitative 
result can be obtained from two measurements: one 
on the sample, and one on the standard solution. 

The calibration method is, however, only valid if 
the preconcentration eficiencies are the same for the 
sample and the calibration solution. Although the 
major-component composition of the sample and 
thus the chemical form of the analyte can be con- 
trolled to a large extent by the addition of a matrix- 
modifying solution,3 the rate of deposition may still 
be affected by non-analyte species in the sample. 
Furthermore, surface-active compounds accumulated 
on the electrode during deposition may have a pro- 
nounced effect on the stripping process in spite of the 
medium exchange. 

At present, however, no info~ation is available on 
the general utility of the direct calibration approach. 
It is the purpose of the present work to identify the 
most probable causes of systematic error in it and to 
point out the practical measures available for miti- 
gating them. The discussion is based on results 
obtained in a study in which a number of substances 
were examined by PSA and the trace metals were 
determined by both direct calibration and standard- 
addition methods. 

EXPERIMENTAL 

~nstr~e~tat~o~~ frow system and electrodes 

A computerized instrument5 was used for data acquisition 
and experimental control. During the stripping phase in the 
PSA, the potential of the working electrode was sampled at 
constant frequency, 6.7 kHz, and recorded as a potential 
distribution, the stripping of an amalgamated analyte apm 
pearing as a peak. In most cases, the capacitance component 
of the primary stripping pot~tiog~m was corrected for by 
subtraction of a background potentiogram obtained in a 
separate deposition/stripping cycle.6 The deposition time 
chosen in this cycle was sufficiently short (2 see) for analyte 
accumulation to be neglected. In a few cases, however 
{signal/background <4), a numerical correction-assuming 
that capacitance was a linear function of potential-was 
employed. The net signal amplitudes obtained in this man- 
ner did not deviate significantly from those obtained by 
using the experimental correction. The standard deviations, 
however, were generally lower. 

The Row-cell employed was of thin-layer type and consis- 
ted of a PTFE bottom and a Perspex top, separated by a cell 
spacer.7.8 The working electrode and the counter-electrode, 
both fabricated from 3-mm glassy-carbon rods, were placed 
in the bottom part with the cotter-ei~trode downstream 
from the working electrode. The top part contained the 
solution inlet and outlet ports as well as the reference 
electrode, which was placed in a separate ~ompa~ment in 
the solution outlet. The reference electrode was a Radiom- 
eter K401 saturated calomel electrode. The flow channel was 
0.15 mm deep, 3.5 mm wide and 25 mm long. Solution 
exchange was provided by means of a &way pneumatic 
valve (Rheodyne SO1 IP) under microcomputer control. 
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Table 1. Comnosition of media emoloyed in the flow PSA 

Step Inlet no. Medium composition 

Film removal 1 lMNa1, lmM1, 
Rinsing 2 50% v/v ethanol in O.lM HCl 
Mercury plating 3 400 pg/g Hg(I1) in 0.W HCl 
Rinsing 4 same as for inlet no. 2 
Deposition 5 sample 
Stripping 6 2.5fi CaCI,, 20 rg/g Hg(II)* 

*In the determination of tin in tomato juice, 1M acetate buffer spiked with 
20 pg/g Hg(I1) was used as stripping medium. 

Gravitational solution flow was obtained by placing the 
sample and reagent flasks about 55 cm above the flow-cell. 
The flow-rates were 1.9 and 1.7 ml/min for sample solutions 
modified with 0.5M hydrochloric acid and 1M acetate 
buffer, respectively, and the flow-rate of the 2.5M calcium 
chloride was 1.1 ml/min. 

Chemicals, laboratory equipment and samples 

Triply distilled water and analytical-grade chemicals were 
used except for the mineral acids, sodium acetate and 
calcium chloride, which were of Suprapur grade (Merck). 
Most stock solutions of the analytes (4 g/l.) were prepared 
by diluting commercial standards (Merck, Titrisol) with 
water. The tin standard, however, was prepared by dis- 
solution of tin(H) chloride in 0.5M hvdrochloric acid. Dilute 
solutions of the standards were prepared daily. Polyethylene 
vessels were used throughout, except for the volumetric 
glassware needed in the final dilution of decomposed 
samples. All containers, and the flow-cell, were rinsed 
thoroughly with 0.5M hydrochloric acid before use. 
Schleicher & Schiill ashless filters were used. 

The food samples investigated were purchased in local 
supermarkets. The tinned mussels originated from the Lim- 
fjord in Denmark, and the canned tomato juice was pro- 
duced in Italy. The standard kale was obtained from Dr. H. 
J. M. Bowen and the certified coal fly-ash (SRM 1633a) 
was obtained from the U.S. National Bureau of Standards. 
The urine samples originated from three members of the 
laboratory staff and were acidified immediately after 
sampling. 

Composition of media and potential/time sequence employed 
inflow PSA 

Table 1 gives the composition of the media in the cell 
during each step of the measurement cycle. In the first step, 
the old mercury film was removed in an iodide medium 
which allowed oxidation of mercury at a potential where the 

supporting glassy-carbon electrode is not affected.‘O After 
the rinsing step, a new mercury film was plated onto the 
electrode, and the usual deposition/stripping procedure was 
started. Table 2 lists the potential-time programme used 
during the analytical cycle. 

Decomposition and pretreatment of samples 

Tinned mussels. Approximately 2 g of wet mussel was 
digested with 2 ml of concentrated nitric acid, 2 ml of water 
and 0.125 ml of octanol in essentially the same manner as 
previously described,” except that the final decomposition 
took place in a PTFE-lined oressure bomb left overnieht at 
lOO”.~Finally, the digest was diluted to 50 ml with Gater. 
This procedure yielded a slight mineral residue. 

Standard kale. One g of dried kale was decomposed with 
8 ml of concentrated nitric acid in the PTFE-lined pressure 
bomb, left overnight at 100”. After decomposition, the 
sample was diluted to 50ml with water. 

NBS coalfly-ash. The decomposition procedure was that 
previously described.r2 Thus, approximately 1 g of dried ash 
was fused with 2 g of a 66 + 34 mixture of lithium tetra- 
borate and lithium metaborate (Spectromelt A12, Merck) at 
900-1000” and subsequently dissolved in hydrochloric acid 
(1 + 3) and diluted to a final volume of 100 ml with the same 
acid. 

Red wine and urine. A 2.5-ml sample was acidified with 
7.5ml of O.SM hydrochloric acid and analysed without 
further treatment. The urine samples were not analysed 
quantitatively as the content of lead and cadmium was not 
significantly higher than the reagent blanks. However, this 
sample type was included in the study because of the high 
content of surface-active substances in the matrix. 

Tomato juice. A 2-ml portion of juice was mixed with 
18 ml of 0.5M hydrochloric acid. The mixture was filtered 
because suspended organic matter in the juice tended to 
block the flow system. Owing to the high content of the 
analyte determined (tin), it was necessary to dilute the 

Table 2. Potential-time sequence emploved in the flow PSA 

Step Inlet no. Time, set 
Potential, 

mV vs. SCE 

Film removal 
Rinsing 
Mercury plating 
Mercury plating 
Rinsing 
Sample inlet 
Deposition 
Stripping solution inlet 
Recording of 

primary signal 
Rest period 
Deposition for 

background signal 
Recording of 

6 
6 

6 

7.5 0 
7.5 0 

10 -450 
20 -750 

7.5 0 
10 0 
* * 
t t 

2 0 
2 t 

background signal 

*Dependent on sample analysed. 
tSame potential as deposition potential. 



Single-point calibration 885 

Table 3. Instrumental narameters for the flow PSA determinations 

Sample 

Mussel 
Standard kale 
Fly-ash 
Red wine 
Tomato juice 

Stripping 
Deposition solution 

Element(s) potential, Deposition inlet time, 
determined mV vs. SCE time, set see 

Pb, Cd -1000 120 20 
Pb, Cd -1000 90 20 
Pb -1000 60 20 
Pb -1000 60 15 
Sn -1200 30 15 

filtered solution tenfold with 0.5M hydrochloric acid to 
avoid saturation of the mercury film electrode. 

Before the PSA, the decomposed samples (mussel, kale 
and coal fly-ash) were buffered with a medium prepared by 
adjusting 1M sodium acetate to pH 4.8 with concentrated 
hydrochloric acid. The mussel and kale digests were diluted 
fivefold (i.e., 1 + 4) with the buffer, whereas the fly-ash 
solution, the most acidic sample studied, was diluted ten- 
fold. One portion of each substance was decomposed and 
replicate analyses were done on aqueous subsamples drawn 
from the same digest. 

General analytical procedure 
The instrumental parameters used for each type of sample 

are given in Table 3. Most calibration solutions were 
prepared in the same manner as the sample solutions, with 
water instead of the sample, except for the red wine analysis, 
where the sample was replaced by a 12% v/v ethanol 
solution corresponding to the alcohol content of the wine. 
The concentration of analyte in the calibration solution was 
chosen so that the calibration and the analytical signals were 
of similar magnitude. In each analysis, to check the validity 
of the calibration scheme, two standard additions were 
made, chosen so that the final signal was about three times 
the analytical signal. All PSA measurements were made in 
triplicate. 

RESULTS 

The results obtained for lead, cadmium and tin in 
the samples investigated are given in Table 4. Gener- 
ally, the concentrations obtained by standard- 
addition and direct calibration agree well. Apart from 
the cadmium determination in the mussel sample, the 
difference between the concentrations found by the 
two methods is less than the standard deviation of 
either value. The results have been corrected for the 
blank values obtained for the decomposition pro- 

cedures, which in all cases were less than 5% of the 
analyte concentrations found. The reagent blanks of 
the buffers used for the final preparation of samples 
and standards were frequently checked and found to 
be negligible except for the acetate buffer used in the 
analysis of the standard kale, which showed blank 
values corresponding to 20 and lo%, respectively, of 
the cadmium and lead concentrations in the kale. 
Both the sample signal and the calibration signal were 
corrected for the background values. The results for 
the standard materials agree with the certified (or 
recommended) values within experimental error. 

DISCUSSION 

During the preliminary optimization of the experi- 
mental parameters, it was found that when there was 
a difference in sensitivity between the sample and the 
calibration solution, the latter always gave the higher 
sensitivity. In addition, it was observed that equality 
of sensitivity for the sample and standard was only 
achievable by empirical optimization of the experi- 
mental conditions. The major factors found to affect 
the accuracy of the calibration approach are dis- 
cussed below. 

Eflects of chelating agents and surface-active com- 
pounds in the sample 

Although the major-ion composition of both the 
sample and the calibration solutions may be con- 
trolled by the addition of a matrix-modifying solu- 
tion, the plating efficiency of the sample may also be 
affected by chelating agents or surface-active organic 
compounds, particularly if untreated samples are 

Sample 

Table 4. Analytical results of flow PSA determinations. 

Concentration found,* pgcglg Certified or 
recommended value, 

Analyte Standard addition Calibration /Kg/g 

Tinned 
mussels 

Standard 
kale 

Coal fly-ash 
Red wine 
Canned 

tomato iuice 

Pb 1.1 (0.2) 1.06 (0.05) 
Cd 0.61 (0.04) 0.55 (0.02) 
Pb 2.1 (0.2) 2.0 (0.2) 2.6 (1.63.8)t 
Cd 0.9 (0.1) 0.86 (0.05) 0.8 (0.38-1.06)t 
Pb 78 (8) 76 (7) 72.4 (0.4)5 
Pb 0.062 (0.003) 0.060 (0.003) 
Sn 167 (6) 162 (4) 

*Mean and standard deviation based on four determinations. 
tBest mean value and range reported by Bowen.’ 
@Certified value and estimated uncertainty (NBS certificate). 
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Fig. 1. Stripping signal of lead as function of deposition 
potential E,, for (A) acid digest of standard kale, (B) red 
wine, (C) urine. Samples were spiked with (A) 0.2 pg/g, (B) 
0.2pg/g and (C) 0.1 pg/g lead(B): (0) signal measured in 
sample solution, ( x ) signal measured in calibration solu- 
tion spiked with same concentration of lead(B) as the 
samples. The lead signal of the calibration solutions at 
EP = - 1200 mV us. SCE is set to 100. The lead content of 
samples prior to spiking and the effect of ethanol in the red 
wine sample (see text) have been corrected for in the figure. 

Deposition for 30 sec. 

analysed. To determine whether such effects were 
operative, pseudo-polarograms of lead (i.e., plots of 
stripping signal as a function of deposition potential) 
were recorded for three of the sample types in- 
vestigated (Fig. 1). The experimental conditions were 
identical to those employed in the quantitative anal- 
ysis of the samples. Apart from a slight cathodic shift, 
the pseudo-polarograms of the standard kale digest 
(Fig. 1A) and of the red wine sample (Fig. 1 B) closely 
resemble those of the calibration solutions and show 
plateaux due to limited mass-transport rate. Con 
sequently, moderate deposition overpotentials are 
sufficient to achieve almost identical pre-electrolysis 
efficiencies for the samples and the standards. How- 
ever, for the urine sample (Fig. lC), there are kinetic 
complications, as the shape of the pseudo- 

polarogram for this sample differs from that of the 
standard solution and, unless a very high plating 
overpotential (Ep = - 1200 mV us. SCE) is applied, 
the sensitivity obtained for lead in the sample is lower 
than that obtained for the calibration solution. On 
the basis of the present data, it is not possible to 
determine whether the decreased reversibility of the 
amalgamation process during plating is caused by 
chelation of the analyte or by adsorption of surface- 
active compounds on the electrode surface. If the 
electro-deposition of trace metals from a multi-ligand 
system is regarded as dissociation of the metal com- 
plexes followed by reduction of the free metal ion, it 
can be shown theoreticallyI that the general shape of 
the stripping pseudo-polarogram is independent of 
the nature of the ligands. Clearly, the stripping 
pseudo-polarogram of urine is much more drawn out 
than those of digested kale and of red wine. Thus, a 
possible explanation of this feature is that the lead in 
the urine sample, in spite of the acidification, is 
retained in non-labile complexes, but that direct 
reduction of the metal from these complexes takes 
place at very negative deposition potentials.i4 

Strong adsorption effects were observed in the 
analysis of the urine samples, as omission of the 
film-renewal procedure led to gradual fouling of the 
electrode surface during consecutive plating/stripping 
cycles. In the examination of all three urine samples, 
a very high plating overpotential (E, = - 1200 mV us. 
SCE) was required in order to obtain equal sensi- 
tivities for lead in the sample and the calibration 
solution. However, even though equal sensitivities 
could eventually be achieved, it cannot be concluded 
that the calibration approach will work for all un- 
treated urine samples, as the composition of this 
sample type varies greatly and spurious interferences 
in its PSA have been reported, usually associated with 
a high protein content.ls 

Mixed-solvent samples 

The plating efficiency is generally dependent on the 
composition of the solvent system, and, if solvents 
miscible with water are present in the sample matrix, 

100 Signal 

h 

oI__lhanoI 0 10 20 30 O0 

Fig. 2. Effect of ethanol content on the lead signal measured 
in 0.3M hydrochloric acid spiked with 0.1 pg/g lead(I1). 
Deposition for 45 set at -850 mV vs. SCE. The signal is 

scaled to a reference value of 100 at 0% ethanol. 
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the calibration solution must be modified accord- 
ingly. As an example, the sensitivity for lead in 
hydrochloric acid-ethanol mixtures was recorded as 
a function of the ethanol content (Fig. 2). At the 
ethanol concentration corresponding to the acidified 
red wine sample (3% v/v), the sensitivity for lead 
decreased by 7%, and the inclusion of a correspond- 
ing amount of ethanol in the calibration solution was 
necessary. 

Intermetallic compounds 

A calibration procedure will generally be inaccu- 
rate if intermetallic effects occur in the analysis of the 
sample, since no corresponding intermetallic- 
compound formation will take place when the analyte 
signal of a synthetic standard is measured. Although 
standard-addition may partially compensate for the 
interference effect,r6 it also is likely to fail because the 
analytical signal is no longer selective. Reliable re- 
sults can be expected only if the interference is 
eliminated by one of the various strategies available 
for this purpose. I6 The flow approach facilitates 
implementation of some of the elimination methods. 
In particular, between the plating/stripping cycles, it 
is possible to remove the electrode film completely 
and to generate a fresh one under well-defined condi- 
tions. In this manner it is possible to control the film 
thickness and hence the degree of association of 
plated metals. Furthermore, when the film is always 
renewed in this way, noble metals and inert inter- 
metallic compounds are not accumulated on the 
working electrode. 

Intermetallic-compound formation usually causes 
a depression of the analytical signal,16 and the analyte 
concentration will consequently be underestimated 
by a calibration procedure. In the present study, it is 
probably the formation of one or more of the 
cadmium<opper intermetallic compounds” which 
causes the discrepancy between the cadmium values 
found by calibration and by standard-addition for 
the mussel digest. Indeed, this sample contained a 
very high ratio of copper to cadmium. 

Samples with high concentrations of oxidants 

For full control of the re-oxidation rate in the 
stripping step, the fraction of sample solution remain- 
ing in the flow-cell must be negligible when regis- 
tration of the stripping signal begins. In practice, 
however, the required degree of completeness of 
sample flushing is strongly dependent on the com- 
position of the sample matrix. In particular, there is 
a risk of memory effects when samples with high 
oxidant concentrations are analysed, and the time 
required for medium exchange is longer than in the 
analysis of other samples. For example, in the anal- 
ysis of the red wine sample, the analytical signal 
reached its limiting value 10 set after inlet of the 
stripping solution, whereas an exchange time of 
15 set was necessary in the analysis of the fly-ash 
sample. According to the certificate, this material 

contains 9.4% iron, which is present as iron(III) after 
the decomposition step. In practice, it is always 
advisable to keep the medium exchange-time well 
above the minimum required. 

CONCLUSIONS 

The most serious risk of systematic error in the 
calibration method is from the inhibition of the 
deposition reaction by surfactant and chelating 
agents present in the sample matrix. These inter- 
ference effects are mostly observed in the analysis of 
samples with an organic matrix that are not subjected 
to a decomposition procedure. In the present study, 
sample acidification and renewal of the mercury film 
between each scan did not eliminate the organic 
interferences, and equal sensitivity for the sample and 
calibration solutions could only be achieved by the 
use of a very high plating potential. However, this 
measure severely reduces the selectivity of PSA, since 
elements causing peak overlap or intermetallic inter- 
ferences with the analytes may be co-plated. The 
attainment of equal sensitivity for a particular sample 
and the calibration solution does not necessarily 
mean that the conditions used will be generally 
applicable to samples of the same type, since vari- 
ations in the content of adsorbable species may give 
rise to considerable variations in analyte deposition 
efficiency. 

In the analysis of samples containing organic sol- 
vents (e.g., alcoholic beverages), the preparation of 
the calibration solution requires prior knowledge of 
the content of the organic solvent. Consequently, the 
calibration approach is of limited utility for such 
analyses. 

In conclusion, future attempts to exploit a cali- 
bration approach in PSA should be restricted to 
samples which are totally mineralized. 

When applicable, the calibration approach initially 
requires some effort in searching for appropriate 
experimental conditions and a suitable composition 
of the matrix-modifying solution. However, once the 
optimum conditions have been established, sub- 
sequent analyses can be done much more rapidly, and 
the consumption of sample, solvents and reagents will 
be considerably reduced. 

The drawbacks of the calibration approach are 
mostly associated with the necessity for addition of 
concentrated matrix-modifying solution to the 
sample. In ultratrace analysis, this addition may be a 
serious source of contamination. 
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Summary-A flow-injection analysis (FIA) method for simultaneous determination of silicate and 
phosphate, based on the different rates of formation of their molybdate heteropoly acids is suggested. The 
fluorimetrically monitored product is thiochrome, formed by oxidation of thiamine by the heteropoly acid. 
The FIA configurations designed allow performance of two measurements at different times on each 
sample injected. The method permits the determination of these anions in the range 30-600 ng/ml in ratios 
from 1:lO to IO:1 and can be applied to samples of running and bottled water with good results. The 
sampling frequency achievable is 60/hr. 

Flow-injection analysis, FIA, has been used for deter- 
mination of silicate or phosphate by formation of 
their heteropoly acids with molybdate and photo- 
metric detection of molybdenum blue”’ or voltam- 
metric detection.‘“” The analysis of mixtures of 
both anions has been based on the use of separation 
(e.g., by precipitation,” or extraction”)), masking 
agents, 20,21 and differential kinetics.22*23 The sensitivity 
of these methods is low, however, and the methods 
involving separation are rather slow and laborious. 
Only one FIA method (based on heteropoly acid 
formation and voltammetric detection) has been pro- 
posed for the determination of silicate and phos- 
phate; it was applied to determination of total phos- 
phate and soluble silicate in commercial washing 
powders, and used a different sample treatment for 
determination of each anion (an unhydrolysed sam- 
ple for silicate and a hydrolysed one for phosphate).4 

The method suggested in this paper for the simul- 
taneous determination of silicate and phosphate is 
based on the formation rate of the phosphate hetero- 
poly acid being higher than that of the silicate 
product. The heteropoly acid is detected by means of 
its oxidation of thiamine to thiochrome, which is 
fluorimetrically monitored. The use of a single de- 
tection point, which simplifies the instrumentation 
needed, calls for the design of FIA configurations 
allowing measurements to be performed at two 
different residence times. Two such configurations 
have been used: a manifold with a single injection, 
and splitting and confluence points before the de- 
tector,“.25 and a manifold with dual injection, and 
confluence before the detection system.26 

EXPERIMENTAL 

Reagents 

Stock aqueous solutions of 0.06M ammonium hepta- 
molybdate, 1 x lo-*M silicate, 1 x lo-‘M phosphate and 

1 g/l. EDTA. Aqueous thiamine solutions of a suitable 
concentration were prepared daily. The buffer solution was 
made by dissolving 3.814 g of borax and 37 ml of concen- 
trated ammonia solution in 100 ml of distilled water, and 
adjusting to the desired pH with concentrated hydrochloric 
acid. 

Apparatus 

A Perkin-Elmer LS-1 LC fluorescence detector with 4-pl 
flow-cell, and a Perkin-Elmer 56 recorder; Gilson Minipuls- 
2 and Ismatec S-840 peristaltic pumps; Tecator LlOO-1 and 
dual home-made injection valves; a Tecator TM III “Chem- 
ifold” and a Selecta S-382 thermostat. 

RESULTS AND DISCUSSION 

Preliminary studies 

The method for simultaneous determination re- 
quires knowledge of the behaviour of each individual 
system: SiO$-/Moo:-/thiamine and PO:-/MOO:-/ 
thiamine. The former was described in a recent 
paper,28 and the study of the latter constituted a 
preliminary step in development of the simultaneous 
determination. The FIA configuration used in both 
cases is shown in Fig. 1, and Tables 1 and 2 sum- 
marize the optimum values of the chemical, physico- 
chemical and FIA variables and the features of the 
methods for the individual determination of these 
species, respectively. Both systems were optimized by 
the Modified Simplex Method, MSM. The most 
outstanding features of these studies are discussed 
below. 

The excitation and emission wavelengths of the 
monitored product-thiochrome-are 375 and 440 
nm, respectively. 

Whilst the SiO:-/MoOi-/thiamine system is dra- 
matically affected by temperature, this variable exerts 
almost no influence on the phosphate system. 

Nitric acid is the most suitable medium for the 
phosphate system (in this medium the signal provided 
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Sample 

R, 

b 

% 

Fig. 1. Manifold for individual determination of silicate and phosphate. 

by silicate is only 30% of that corresponding to the 
same concentration of phosphate) whereas silico- 
molybdic acid is best formed in perchloric acid 
medium (in which the signal for phosphate is 54% of 
that for the same concentration of silicate). A mixture 
of both acids provides optimum signals for both ions. 

Characteristics common to both methods are the 
low determination limit, wide linear range of cali- 
bration, small relative standard deviation (r.s.d.) 
values and good sampling frequency (Table 2). 

Only phosphate and sulphide interfere at the same 
concentration level as the analyte in the deter- 
mination of silicate. Hypochlorite and iodide are 
tolerated in 5: 1 and 15: 1 ratio to silicate, respectively. 
Arsenite and sulphite are tolerated in 5O:l ratio to 
analyte. Up to 30 common ions2’ (acetate, citrate, 
oxalate, tartrate, EDTA, Cl-, CO:-, CrO:-, NO;, 
NO;, SO:-, Br-, F-, NH:, Na+, K+, A13+ Ca2+ 

Mg’+, Cd2+, Cr3+, Ni2+, Zn2+, Hg2+, Pb2+: Co2+: 
Cu2+, Fe2+, Fe’+) are tolerated in at least 100: 1 ratio 
to silicate, though some of them, such as Co*+, Fe2+, 
Fe’+ and Cu2+ , must be masked with EDTA. It is 
worthy of note that EDTA is tolerated in at least 
5000: 1 ratio. 

Table 1. Optimum values of variables for individual deter- 
mination 

Variable 

L,, cm 
L cm 
L,, cm 
vi* pcl 
4,, mllmin 

i;3;],M” 

[HC&, M 
[Thiamine], M 
PH 

SiOj- PO:- 

150 12 
10 18 
5 5 

71.6 71.6 
4.0 4.7 

45 30 
0.0136 0.0290 

1.33 
0.34 
0.03 0.04 

10.8 11.0 

Sulphide and copper(I1) interfere with the deter- 
mination of phosphate when present at the same level 
as the analyte; SiOi-, Fe2+ and Fe’+ are tolerated in 
a 1: 1 ratio and ClO- and CO:- in 25: 1 ratio to 
phosphate. Twenty-six common ions (acetate, citrate, 
oxalate, tartrate, EDTA, AsO:-, Cl-, CrO:-, II, 
Br-, F-, NO;, NO;, NH:, Na+, K+, A13+, Ca’+, 
Mg*+, Cd2+, Zn2+, Ni2+, Pb2+, Co2+, Hg2+) are 
tolerated at ratios above 1OO:l to phosphate, but 
Co2+ and Hg2+ require the presence of EDTA. All 
the tolerances above are expressed as w/w ratios. 

Optimization of variables for the simultaneous deter- 
mination 

Measurement of the two analytical signals at two 
different times, the basis of the kinetic determination, 
was achieved with the two slightly different con- 
figurations shown in Fig. 2. Two peaks are obtained 
per injection in both cases. Since phosphomolybdic 
acid is formed faster than silicomolybdic acid, the 
optimization aimed at achieving complete formation 
of the former with minimum formation of the latter 
for the first peak measured and noticeable develop- 
ment of the silicomolybdic acid for the second peak. 
The optimization was done by examination of the 
results obtained by injecting each anion separately 
into the manifolds illustrated in Fig. 2. The response 
function, F,, selected for optimization by the MSM 
was: 

F =(h;-ha (h?-hs’) 
r (h;-hs’) 

where hy and h! denote the height of the first and 
second peaks obtained on injecting phosphate and hy 
and h: the corresponding heights for the injection of 
silicate. The higher h: and the lower h! (complete 
development during the first residence time and high 
dispersion during the second), the larger is F,. The 

Table 2. Features of the individual determinations 

SiO]- PO!- 

Equation* h = -6.2 + 2.56 x 10’ [SiOz-] h = 6.0 + 1.40 x 10’ [PO]-] 
Range, ng/ml 30-600 20-1000 
Regression coefficient 0.999 0.999 
r.s.d.t, % 0.25 0.70 
Samples/hr 120 270 

*h = analytical signal, mm; concentrations in mole/l. 
tFor [SiO:-] = 4 x IOe6M; [PO:-] = 6 x IO-‘A4 (11 samples). 
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(A) 
ml /min 

,----------- 
3.0 L,‘20 &‘0.3 

Sample 
0.02 M Moo:- 
0.48 M HNOx 2.2 

0.24 M HCl04 

5M NH3 

0.1 M Borax 
pH = 10.96 
0.03 M 
Thiamine 

(B) 
ml /min 

Sample 3.0 
------ ---_ 

I 
I 

0.02 M MOO:- 0.48 M HNO, 2.2 I A,,= 375nm 

0.24 M HCl04 - Lj’l5 A,,= 400 nm 

+,=0.5 ' 
1 

5M NH3 I W 

0.1 M Borax 1.1 I 

pti = 10.96 I 

0.03 M 1.1 I 
Thiamine , L___---____I 

45*c 

Fig. 2. Manifolds for the simultaneous determination of silicate and phosphate. (A) With splitting and 
confluence points and single injection. (B) With dual sample injection and confluence point before the 

detector. L (reactor length) and 0 (inner diameter) are expressed in cm and mm, respectively. 

situation is the opposite for silicate (i.e., F, is fa- 
voured by minimal degree of reaction for the first 
peak and high degree of reaction for the second), 
which is reflected in the numerator of the function. 

Configuration with single injection and splitting and 
confluence of the $0~ before the detector (Fig. 2A). 
The MSM was applied to optimization of the chem- 
ical (Moo:-, HN03 and HClO, concentrations and 
sample pH) and FIA variables (reactor diameter and 
length, injected volume and overall flow-rate). The 
optimum values found for the variables are those 
given in Fig. 2A. 

The reproducibility of the splitting is appreciably 
increased by addition of glycerine to increase the 
viscosity of the sample (optimum concentration 2 g 
per 100 ml). 

Configuration with dual injection and confltence 
before the detector (Fig. 2B). This configuration has 
two advantages over the other: (1) the absence of a 
splitting point, which makes the addition of glycerine 
unnecessary; (2) the sample volume for each channel 
is easy to optimize by changing the loops in each 
valve. As the other variables were optimized in the 
study of the first configuration, only these loop-sizes 
remained to be optimized. The optimum values found 
are those given in Fig. 2B. 

Simultaneous determination of silicate and phosphate 

Calibration is done by injecting various standard 
solutions of silicate and phosphate separately into 
each configuration, to obtain two calibration graphs 
for each of the two peaks. Table 3 shows the equa- 
tions of the linear range of these graphs, and other 
characteristics of the determination. The values of the 
corresponding blanks, HF and Hi, obtained by injec- 
ting distilled water at the same pH into each man- 
ifold, are also shown. 

The analysis of mixtures of both anions is per- 
formed with the aid of a system of equations derived 
from the calibration equations, as shown in Table 3, 
where Hy and H,” denote the heights of peaks 1 and 
2 for a mixture. Results obtained for mixtures by use 
of both configurations are listed in Table 4. The 
sampling rate is 60 per hr in both cases. 

Application of the method to real samples 

To confirm the performance given by the method, 
configuration B was applied to the determination of 
silicate and phosphate in water samples collected 
from several places in the province of Cbrdoba, and 
in a mineral water marketed in plastic and glass 
bottles. Various sample dilutions were necessary to fit 
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Table 3. Features of the simultaneous determination of SiO:- and PO- (h and H in mm) 

Regr. r.s.d.*, 
Configuration Analyte Equations coeff. % 

A SiO:- hy = 13.0 + 1.36 x lo6 [SiO$-] 0.999 kO.8 
h~=110+737x106[SiO~-] 

PO:- hi = 12:o + 7:47 x 106 Ipo:-] 
0.999 kO.6 
0.999 k1.0 

h, = 5.0 + 3.63 x lo6 [PO:-] 0.996 k1.8 
SiO:- + PO]- Hy = 25.0 + 1.36 x lo6 [SiO:-] + 7.47 x lo6 [PO]-] 

Hy = 16.0 + 7.37 x 106[Siq-] + 3.63 x 106[pOj-] 
blank h? = 16.0 

B SiO:- 

PO:- 

SiO:- + PO:- 

blank 

hi = 15.0 
hy=30+367x . . 106[SiO:-] 
h: = 10 0 + 6 00 x 106[SiO:-] 
h; = 4.d + 1.&l x lo6 [PO]-] 
h: = 0.0 + 2.64 x 106[pO:-] 

Hy = 7.0 + 3.67 x 106[Siq-] + 1.04 x 106[pOj-] 
H$’ = 10.0 + 6.00 x lO”[SiOz-] + 2.64 x 106[pOj-] 
Hy = 17.0 
h: = 25.0 

0.999 +1.0 
0.999 +1.0 
0.999 kO.4 
0.999 kO.5 

*For [SiO$-] = [PO!-] = 5 x 10e6M (11 samples). 

the analytical signals within the linear range of the that of other differential-kinetic procedures, but the 
calibration equations. The results are given in Table method has certain advantages over earlier methods: 
5 along with recoveries obtained. (a) the fluorimetric detection gives a lower deter- 

mination limit than that of the other methods;‘g23 (b) 
determination of both species in a single injection; (c) 

CONCLUSIONS freedom from interferences, which allows its applica- 
The precision of the proposed method is similar to tion to real samples. 

Table 4. Analysis of SiO:- and PO:- mixtures 

Added, M Found, configuration A, M Found, configuration B, M 

PO:- SiO:- PO;- SiO:- Po- SiO:- 

1.00 x 10-S 1.00 x 1o-5 1.02 x 10-r 1.02 x 10-r 1.03 x 10-r 1.02 x 1o-s 
5.00 x 10-6 1.00 x 10-S 5.06 x 1O-6 1.04 x 10-r 4.96 x 1O-6 1.03 x 10-s 
1.00 x 10-S 5.00 x 1o-6 1.04 x 10-r 5.03 x 10-C 1.03 x 10-5 5.00 x 10-G 
5.00 x 10-e 5.00 x 10-G 5.01 x 1o-6 4.97 x 10-6 5.08 x 1O-6 5.11 x 10-h 
5.00 x 10-6 1.00 x 1o-6 4.91 x 10-G 0.97 x 10-e 5.09 x 1o-6 0.99 x 10-G 
1.00 x 10-e 5.00 x 1o-6 0.97 x 1o-6 4.95 x 10-6 0.96 x 1O-6 4.95 x 10-e 
1.00 x 10-s 1.00 x 1o-6 0.98 x lo-’ 0.98 x 1O-6 1.05 x 1o-5 0.99 x 10-e 
1.00 x 10-b 1.00 x 1o-5 1.06 x 1O-6 1.03 x 10-S 0.96 x 1O-6 0.98 x 1O-5 
5.00 x 10-e 5.00 x lo-’ 5.13 x 10-6 4.65 x lo-’ 5.04 x 10-e 5.08 x lo-’ 
5.00 x 10-7 5.00 x 1o-6 4.79 x 10-r 4.64 x 10-6 5.22 x lo-’ 5.28 x lo-” 
5.00 x 10-7 5.00 x lo-’ 5.12 x lo-’ 4.94 x 10-l 5.04 x lo-’ 5.23 x lo-’ 
1.00 x 10-e 1.00 x 1o-6 1.02 x 10-G 0.99 x 10-e 1.04 x lo-6 0.99 x 10-e 

Sample 

Table 5. Determination of SiO:- and PO:- in water samples 

Added, pgglml Found, fig/ml 

Dilution PO:- SiO:- PO- SiO:- 

La Rambla 

Sta. Eufemia 

Lucena 

well (Cbrdoba) 

tap (Cordoba) 

mineral water 
(glass bottle) 

mineral water 
(plastic bottle) 

1:25 0.14 0.48 
0.47 0.30 0.62 0.79 

2:25 0.06 0.12 
0.47 0.30 0.55 0.45 

1:25 0.12 0.21 
0.47 0.30 0.60 0.53 

1:50 0.20 0.31 
0.47 0.30 0.70 0.61 

1:25 0.13 0.21 
0.47 0.30 0.64 0.53 

1:25 0.43 0.74 
0.47 0.30 0.89 1.06 

1:25 0.36 0.53 
0.47 0.30 0.82 0.85 
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Summary-A metal-ion extractant, prepared by chemical binding of 2-pyridinecarboxaldehyde phenyl- 
hydrazone on a silica support, is described and shown to be effective for use in separation and 
determination of trace amounts of iron, cobalt, nickel, and copper. Metal-ion sorption conforms to the 
Langmuir isotherm. The relative orders of the Langmuir constants K and the column retention-capacity 
factors k’ for the four transition-metal ions are the same as the natural order of the stabilities predicted 
for their metal chelates: Fe(B) < Co(I1) < Ni(I1) < Cu(I1). 

Use of immobilized ligands on solid supports to 
separate metal ions has received considerable atten- 
tion in recent years.lmS Advantageous applications 
include enrichment of trace concentrations of metal 
ions to enable more effective measurement, purifi- 
cation of reagents to decrease reagent blanks, and 
providing the means for attaining greater selectivities 
in multicomponent determinations. 

Our interests in both the chelation properties of 
N-heterocyclic hydrazones and applications of im- 
mobilized ligands led us to undertake the present 
investigation to explore the chelation properties of 
a surface-bonded pyridylhydrazone ligand and its 
application to metal-ion separations. 

EXPERIMENTAL 

Apparatus 

Absorbances were measured with either a Varian Model 
2290 or a Beckman Model DU spectrophotometer, and 
l.OO-cm micro or regular size silica cells. All pH measure- 
ments and potentiometric titrations were performed with an 
Orion Ionalyzer pH-meter equipped with a combination 
pH-SCE electrode. Solutions were agitated at 25” in a 
constant temperature bath. A mini pump (Milton Roy 
Model 396) and a fraction collector (Model 328, Instrumen- 
tation Specialties Co., Lincoln, NE) were used for column 
separations. 

Reagents and materials 

Controlled-pore glass (CPG) (Pierce Chemical Co.) was 
pretreated by immersing 7 g in 100 ml of a 1: 1 mixture of 
concentrated nitric and sulphuric acids, briefly applying a 
vacuum and ultrasonic agitation to fill the pores, and then 
refluxing for 2 hr at atmospheric pressure. After rinsing with 
demineralized water until the pH of the filtrate was the same 
as that of the water used, the CPG was dried overnight at 
120”. 

The aminophenyltrimethoxysilane (Petrarch System, Inc., 
Bristol, PA) used contained both the o- and p-isomers. It 
was vacuum distilled twice and stored in a sealed container 
under refrigeration before use. The 2-pyridinecarbox- 
aldehyde (Aldrich Chemical Co.) was used as received. The 
2,2’-dipyridyl ketone 2-pyridylhydrazone (DPPH) was pre- 
pared by the procedure of Case.’ 

Buffer solutions of pH between 3 and 5 were prepared by 
addition of glacial acetic acid to 1M sodium acetate until the 
desired pH was attained. The pH-4.5 eluent solution was 
prepared by adding acetic acid to O.OlOM sodium acetate to 
adjust the pH, and the pH-3 eluent by adding O.lM nitric 
acid to O.lM potassium hydrogen phthalate. The sodium 
acetate solutions were prepared from a stock solution 
treated to remove trace metal contamination.8 

Analytical-reagent grade chemicals were employed in the 
preparation of all solutions. Stock solutions of metal ions 
were prepared from the sulphates. 

Synthesis of CPG-PAPH 

A mixture of 5 g of the dry CPG and 20 ml of a 10% 
solution of aminophenyltrimethyloxysilane in dry toluene 
was refluxed for 4 hr, filtered under suction through a 
sintered-glass funnel, rinsed with toluene followed by 
2-propanol, and dried in an oven at 80” for 8-12 hr. This 
arylamine-silica product was then treated with 100 ml of 2% 
sodium nitrite solution in 2M hydrochloric acid at 0” for 30 
min to obtain the diazonium hydrochloride-silica, which 
was filtered off and quickly washed with three 25-ml por- 
tions of cold water. While the diazotization reaction was 
taking place, a sodium sulphite solution was prepared by 
dissolving 1.53 g of sodium hydroxide in 100 ml of distilled 
water and then slowly adding 4.28 g of sodium meta- 
bisulphite (Na,S,O,); the resulting solution was cooled to 
approximately 5”. The freshly prepared and washed 
diazonium hydrochloride-CPG was then added to the cold 
solution of sodium sulphite, and the temperature of the 
mixture was slowly raised to 6&70% in a water-bath and 
maintained at this temperature for 1 hr. The resulting 
phenylhydrazone-CPG product was filtered off while still 
warm, washed with 250 ml of O.lM hydrochloric acid, 
followed by 250 ml of distilled water, and then added to 100 
ml of 2% 2-pyridinecarboxaldehyde solution in ethanol and 
left to stand for 30 min. The resulting silica-immobilized 
picolinaldehyde phenylhydrazone (denoted as CPG-PAPH) 
was collected by filration and washed with ethanol, then 
0.1 M hydrochloric acid, and finally water. This material was 
then air-dried and stored in a desiccator over anhydrous 
magnesium perchlorate. 

Chelation capacity of CPG-PAPH 

The amount of ligand immobilized on the silica surface 
(mole/g) was determined by titration with acid and also 
by using copper(I1) as a metal-ion probe. Potentiometric 
acid-base titrations in glacial acetic acid medium were 
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performed on the materials obtained from each major step 
in the synthesis of CPG-PAPH, including the uncoated 
controlled-pore glass. For this purpose a 0.20-g sample was 
added to 25 ml of glacial acetic acid and titrated with 
standardized O.lM perchloric acid in glacial acetic acid. The 
amounts of immobilized aniline and/or PAPH were found 
from the volumes of standard acid corresponding to the 
equivalence points evident in each titration curve. Measure- 
ments with copper(B) as a metal-ion probe were made as 
follows. Into 50-ml conical flasks equipped with ground- 
glass stoppers and containing an accurately weighed quan- 
tity (0.15 g) of either CPG-PAPH or untreated CPG were 
added 20-ml portions of 2.OOmM solutions of copper(I1) 
buffered at pH 3, 4 or 5. After stoppering and sealing with 
paraffin wax, the flasks were agitated for 3 hr at 25” in a 
shaker/water-bath. To deduce the amount of copper taken 
up per g of solid, the initial and final copper concentrations 
were determined spectrophotometrically with DPPH as 
chromogenic reagent. For confirmation, the copper content 
of the solid was recovered by agitating the washed solid with 
10.0 ml of O.lM hydrochloric acid for 30 min to extract 
the copper( which was then measured spectrophoto- 
metrically with DPPH. 

The stability of the CPG-PAPH towards hydrolysis over 
the pH range from 0 to 11 was evaluated by measuring the 
copper-ion sorption capacities before and after prolonged 
treatment with various buffer solutions. 

Copper was determined in the various solutions as fol- 
lows. A 5.00-ml aliquot was pipetted into a standard flask 
(100 or 250 ml) and treated with 2 ml of O.OlM DPPH in 
ethanol, 20 ml of distilled water and sufficient 2M sodium 
hydroxide to adjust the pH to 12. After dilution of the 
solution to volume the absorbance at 448 nm was measured 
and compared with the values for standards treated in the 
same way. 

Sorpiion isotherms 
The amount of metal ion taken up by CPG-PAPH as a 

function of metal-ion concentration was determined for 
various metal ions as follows. Solutions of different concen- 
trations, buffered at pH 4.5, were pipetted (25.00 ml) into 
a series of 50-ml glass-stoppered flasks, each containing an 
accurately weighed amount (50 mg) of CPG-PAPH. After 
agitation for 3 hr at 25” the metal-ion concentration of the 
solution in equilibrium with the CPG-PAPH was deter- 
mined spectrophotometrically with DPPH. 

Separations 
A stainless-steel column (250 mm long, 4.6 mm bore) was 

washed sequentially with O.lM nitric acid, chloroform, 
detergent solution, -and water. It was then oven-dried and 
drv-nacked with CPG-PAPH bv the nrocedure described bv < - - _ 
Snyder and Kirkland.’ After each use the column was 
flushed with O.lM nitric acid, followed by demineralized 
water, to remove any uneluted metal contaminant. Before 
any sample injection, the column was conditioned by 
passage of 5&60 ml of the appropriate eluent at a flow-rate 
of 1 ml/min. Samples were injected by means of a 20-pl 
injection loop. Concentrations of metal-ion solutions injec- 
ted ranged from 1.0 to 5.OmM. The following stepwise 
elutions were performed to achieve separations: iron(I1) and 
cobalt(I1) were eluted with pH 4.5 acetate buffer at a 
flow-rate of 0.4 ml/min, nickel was eluted with pH-3 potas- 
sium hydrogen phthalate/nitric acid buffer at 1 ml/min, and 
copper(I1) with O.lM nitric acid at 1 ml/min. The eluates 
were collected by an automatic fraction collector in in- 
crements of 5 drops (0.27 ml) per tube. In some special cases, 
separations were sufficiently complete to permit larger frac- 
tions (50 or even 300 drops) to be collected. The metal-ion 
concentration of each fraction was determined spectro- 
photometrically with DPPH at pH 12 and appropriate 

wavelengths (586 and 490 nm for simultaneous deter- 
mination of iron and cobalt, 440 nm for nickel or copper). 

The overall void volume was determined by injecting 20 
~1 of O.lM magnesium chloride and monitoring each drop 
of eluate for magnesium by adding Eriochrome Black T 
indicator and for chloride by treatment with silver nitrate 
solution. 

RESULTS AND DISCUSSION 

Synthesis and characterization of CPG-PAPH 

The four-step sequence of reactions employed to 
synthesize 2-pyridinecarboxaldehyde phenylhydra- 
zone (PAPH) covalently bonded to controlled-pore 
glass (CPG) proved successful but low in yield. 
Analysis of both the silylated product and the final 
product revealed that only about 60% of the aryl- 
amine immobilized in the silylation step was con- 
verted into hydrazone groups. Non-aqueous acid- 
base titrimetry indicated the presence of 250 f 10 
pmoles of basic groups per g of CPG-arylamine 
before conversion into the hydrazone. Titration of 
the final CPG-PAPH product yielded a titration 
curve with two distinct breaks, indicating the pres- 
ence of a total of 251 f 10 pmoles of two different 
basic groups per g of CPG-PAPH. The first of these 
corresponded to 93 pmoles/g of a weak base and 
probably represents the number of hydrazine groups 
that did not or could not condense with the 
2-pyridinecarboxaldehyde to form the hydrazone in 
the final step. The difference between the first and 
second titration breaks indicated the presence of 158 
pmoles of a very weak base per g of CPG-PAPH, 
believed to correspond to the number of bound 
hydrazone groups. Undoubtedly a greater yield of 
hydrazone could have been attained were it not for 
the fact that the aminophenyltrimethoxysilane con- 
tained both o- and p-isomers. The o-isomer should 
give rise to a diazonium salt which for steric reasons 
would be expected not to react with 2-pyridine- 
carboxaldehyde. 

Although decidedly yellow in colour, the CPG- 
PAPH product did not yield any significant infrared 
or NMR spectra. Considering the relatively small 
number of organic groups bonded per g of CPG this 
is perhaps not surprising. The fact that titrimetric 
determination of the basic groups proved impractical 
in aqueous medium but satisfactory in glacial acetic 
acid solutions is consistent with the conclusion that 
the CPG-PAPH possesses weakly basic phenyl- 
hydrazine and very weakly basic hydrazone groups. 
A schematic structure for CPG-PAPH is depicted as 
follows: 



Separation of transition-metal ions 897 

The silica surface also contains some phenyl- 
hydrazine and possibly aniline bonded as follows: 

N2H3 

Copper(I1) was selected as a probe to determine the 
number of bound pyridylhydrazone groups available 
for metal-ion chelation. The results were surprising. 
Only 25 f 2 pmoles of copper(I1) were taken up 
per g of CPG-PAPH at pH 5. This amount was 
confirmed by determination of the bound copper 
recovered by extraction with dilute acid. Sorption of 
copper(I1) decreased on decreasing the pH: 19 
pmoles/g at pH 4 and 7 pmoles/g at pH 3. Untreated 
CPG did not sorb any detectable amount of copper 
over the pH range 3-5. Above pH 5 copper can be 
adsorbed by the silanol groups of CPG and glass 
vessels. 

The stability of covalently bound PAPH on CPG 
towards hydrolysis proved to be good over the pH 
range O-7, as evidenced by measurements of cop- 
per(I1) sorption capacities before and after 48-hr 
equilibrations with aqueous solutions of various 
pH values. At pH 9 and 11 discoloration of the 
CPG-PAPH and the development of a faint yellow- 
orange colour in the solution was observed after a 
few minutes. A faint yellow colour was also observed 
in solutions of pH 0 and 1 after 48 hr, indicating some 
loss of PAPH from the silica substrate. Numerical 
results are given in Table 1. Storage stability proved 
excellent in the dry state, with no measurable change 
in copper sorption capacity over a period of 4 
months. 

Sorption isotherms and chelation of metal ions by 

CPG-PAPH 

The ability of covalently bonded PAPH to extract 
various metal ions from aqueous solution at pH 4.5 
was evaluated by measuring the sorption isotherms. 
Data treatment revealed that the sorption conformed 
to the Langmuir rather than the Freundlich isotherm. 
The isotherms and Langmuir plots are shown in Figs. 
1 and 2 for the sorption of iron, cobalt, nickel and 
copper ions. Langmuir behaviour is reasonable be- 
cause there is a limited number of chelation sites 

Table 1. Stability of CPG-PAPH towards 
hydrolysis (original capacity 25 pmole/g) 

Fraction of original capacity, 
PH % 

0 95 
1 101 
3 98 
5 100 
7 98 
9 82 

11 75 
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Fig. 1. Isotherms for sorption of metal ions from pH-4.5 
aqueous solution on CPG-PAPH at 25”. n = Fe(U); 

V = Co(U); l = Ni(I1); A = Cu(I1). 

available for metal ions. Evaluation of the slopes and 
ordinate intercepts of the l/q us. l/C plots provided 
values for the Langmuir parameters K and 6, which 
are compiled in Table 2. In general, the capacities and 
equilibrium sorption constants of the metal ions 
increase with atomic number of the metal. The trend 
in K-values is thus consistent with the natural 
order”‘* of stabilities of the metal(I1) complexes with 
the same ligand, oiz. Fe < Co < Ni < Cu. The ratio- 
nale for the trend observed in b, the number of moles 
of chelation or sorption sites per g of solid, is less 
obvious. One explanation centres on the evidence 
that both uncoupled phenylhydrazine and PAPH are 
present on the silica surface. Thus, since copper(I1) 
can readily form complexes with either species the 
substrate should have a higher capacity for copper(I1) 

Y I I I I I I 

5 10 15 20 25 30 

l/C x lo3 C I./gmole) 

Fig. 2. Langmuir treatment of sorption isotherms of Fig. 1 
(same symbols used for the metal ions); q = amount sorbed 

per g of sorbent; C = concentration in solution. 
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Table 2. Langmuir parameters for metal- 
ion sorution 

Metal ion 
b, 

pmole Ig 
K 

i./wole 

Cu(II) 27 0.040 
Ni(II) 15 0.036 
Co(H) 13 0.025 
Fe(H) 8 0.023 

than for other metal ions. Also, as the stability of a 
metal-ion complex decreases, the amount of that 
metal ion extractable by complex formation also 
decreases, which may explain the metal-sorptipn 
capacities of CPG-PAPH decreasing in the order 
Ni(I1) > Co(I1) > Fe(I1). 

Comparison of the number of PAPH ligands 
present, as evidenced by acid-base titration, with 
that found for the Langmuir b-value for copper( 
indicates that only approximately 20% of the immo- 
bilized ligands are available for chelation, based on 
a metal to ligand ratio and 1: 1. Formation of 
complexes with higher ligand to metal ratios is 
very unlikely, because the immobilized ligands are 
relatively far apart, being relatively few in number per 
unit area. 

Separations 

The elution behaviour of each metal ion of interest 
was evaluated by determining its column capacity 
factor k’. Results obtained with O.OSM sodium ace- 
tate, adjusted to pH 3 with acetic acid, as eluent are 
compiled in Table 3, together with a description of 
the column characteristics. As expected, the relative 

Table 3. Retention of metal ions by CPG-PAPH column* 

Metal ion 
pH-3 elution, 

k’ 
Stepwise elutiont 
V,; ml k’ 

Fe(I1) 0.84 4.9 0.5 
Co(I1) 0.93 7.1 1.2 
Ni(I1) 1.18 32.2 9.1 
Cu(I1) (retained) 54.8 16.1 

*Column characteristics: 1.79 g of CPG-PAPH (37-74 pm 
particle size, 130 m2/g surface area, 240 A pore diameter, 
142 pmole/g bonded phase, 1.09 pmole/m* surface 
coverage); 250 x 4.6 (mm) column; 3.22 ml void-volume; 
0.4 ml/min flow-rate. 

tcorresponding to elution procedure described for Fig. 3. 

12 

t i . 

IpH 4.5 buffer) (pH 3 buffer) (0.1 M HNO,) 

Total elution volume (ml) 

Fig. 3. Resolution of a 20-p 1 sample of a solution which was 
1 .OOmM each in Fe(II), Co(II), Ni(I1) and Cu(II), developed 
by stepwise elution: pH-4.5 buffer at 0.4 ml/min, followed 
by pH-3 phthalate buffer at 1 ml/min, and O.lM nitric acid 

at 1 ml/min. 

order of the capacity factors of the four metal ions is 
the same as that of their Langmuir K-values, which 
is that of the natural order’“‘* of stabilities of their 
complexes. An attempt to resolve a mixture of the 
four metal ions on the column by using an eluent 
buffered at pH 3 proved ineffective, owing to co- 
elution of iron and cobalt, closely followed by elution 
of nickel; copper(I1) was strongly retained at pH 3 
and not eluted. 

Study of the effect of pH on the elution behaviour 
of the four metal ions revealed that a stepwise 
decrease in pH provided the means for resolving their 
mixtures. Iron(I1) and cobalt(I1) were eluted at pH 
4.5 with partially overlapped bands, but simultaneous 
spectrophotometric monitoring at two wavelengths 
provided good resolution. Nickel(I1) was eluted next 
with pH-3 buffer, and copper last with O.lM nitric 
acid. Typical separation obtained in this manner is 
shown in Fig. 3. 

It is pertinent to note that cobalt(I1) and nickel(II), 
which could not be completely resolved by a Porasil- 
Shydroxyquinoline co1umn,4 were successfully re- 
solved on the CPG-PAPH column described here. It 
is also interesting that neither O.OSM sulphate nor 
0.1 OM nitrate had any significant effect on the elution 
behaviour. 

Table 4. Analysis of metal-ion solutions 

Taken, pmole 

Solution Fe Co Ni Cu Fe 

Found’, mole 

co Ni cu 

1 30 30 30 30 30 28 30 20 
2 - 100 100 - - 93 101 - 
3 100 - - 100 99 - - 96 
4 20.0 20.0 - - 20 f 0.4 20 kO.6 - - 
5 30.0 30.0 - - 30 f 0.9 29f0.9 - - 
6 -- 20.0 20.0 - - 20 f 0.4 21 f 0.6 
7 -- 30.0 30.0 - - 29 f 0.9 30 f 0.9 

*Data for solutions 4-7 are averages of three separate runs with *average deviations specified. 
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Various metal ion mixtures were quantitatively 
analysed with spectrophotometric determination of 
each metal ion in separate fractions. The results listed 
in Table 4 show good agreement between the 
amounts of metal ion taken and found. The relative 
average deviations are reasonable. CPG-PAPH thus 
appears to be a promising stationary phase for metal 
ion separations and merits further study. 

The retention behaviour of other transition metal 
ions was examined to learn what other mixtures 
might be successfully resolved on CPG-PAPH with 
pH-4.5 acetate buffer as eluent. Zinc(II), cadmium(I1) 
and lead(I1) were found to be eluted after iron(I1) but 
before cobalt(H), and could not be resolved from one 
another. Manganese(II), however, was eluted before 
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THE ACID STRENGTHS OF FLUORESCEIN AS 
SHOWN BY POTENTIOMETRIC TITRATION 
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Summary-Potentiometric back-titration of yellow solid fluorescein (H,Fl) and of red solid fluorescein in 
alkali with acid yielded titration curves that were practically identical in shape and position. The 
end-points at pH 8.5, 5.40 and 3.3 corresponded, respectively, to titration of the excess of standard alkali, 
and the successive protonations F12- + H+ = HFl- and HFl- + H+ = H,Fl. The pH at the mid-point of 
the first protonation yielded a value of 6.36 for pKHFl (ionic strength 0.10). Because of precipitation of 
yellow fluorescein during the second protonation step, a value for pKHIF, could not be obtained. The total 
concentration of fluorescein at the first appearance of the precipitate fell on the curve for the solubility 
of yellow fluorescein as a function of pH. The titrations and the pK values found for the three acid groups 
of protonated fluorescein (H3Fl+) have been interpreted on the basis that in water fluorescein exists in 
only one structural form the yellow zwitterion. Similar back-titrations of alkalinized solutions of yellow 
or red fluorescein in 50% aqueous ethanol showed that in this medium fluorescein is present in only one 
form, presumably the quinonoid structure, with much weaker apparent acid functions, pK; = 6.38 and 
pK; = 7.16 (ionic strength 0.10). 

The potentiometric titrations of yellow and red solid 
fluorescein reported in our earlier paper’ were for the 
purpose of assay only, such a titration having been 
used earlier, but in ethanolic medium, by Dolinsky 
and Jones’ for the assay of yellow fluorescein. The 
results confirmed Bayer’s early observation’ that 
fluorescein is dibasic, and revealed that both acid 
functions are moderately weak. The second proton 
comes from a phenol group which would normally be 
too weakly acidic to give a titration end-point in 
aqueous medium. We now report titrations of yellow 
and red fluorescein in water and in 50% aqueous 
ethanol, done in the hope of evaluating the two pK 
values and correlating them with structure. Because 
of the low solubility of both fluoresceins, the ti- 
trations were done by dissolving the materials in 
excess of standard alkali and back-titrating with acid, 
at ionic strength 0.10, in aqueous medium and in 
50% aqueous ethanol (at constant ethanol content). 
The aqueous titrations yielded a value for KHFl and a 
very provisional value for pKH2FI and these values and 
the characteristics of the titration curves were related 
to our earlier work4 on the solubility of fluorescein as 
a function of pH. The properties of fluorescein in 
50% aqueous ethanol proved quite different from 
those of fluorescein in water and required a different 
interpretation. 

Earlier, we proposed that in purely aqueous 
medium fluorescein exists in only one structural form, 
the yellow zwitterion, with the positive charge distrib- 

Part II--Tulunfa, 1985, 32, 159. 

uted over the oxygen-bearing ring. The titrations in 
aqueous media now reported are in conformity with 
this, but those done in aqueous ethanol indicate that 
in this medium fluorescein is in a different structural 
form with much lower acid strength. To interpret 
these phenomena we draw on supplementary infor- 
mation on the acid-base properties of the related 
compounds phenolphthalein, dihydroxydimethyl- 
xanthine, and colourless fluorescein. 

The symbolism used is the same as in the earlier 
paper.4 

H,Fl++H+ + H,Fl KHjFl = [H+][H,Fl]/[H,Fl] (1) 

H,Fl+H+ + HFl- KHIF, = [H+][HFl-]/[H,Fl] (2) 

HFl-+H+ + F12- KHF, = [H+][F12-]/[HFl-] (3) 

EXPERIMENTAL 

Reagents 

Diacetylfluorescein, yellow fluorescein and red fluorescein 
were prepared as described earlier.’ 

Apparatus 

A Beckman Zeromatic pH-meter was used in conjunction 
with a Beckman high-alkalinity glass electrode and an 
S.C.E. The pH-meter was calibrated with at least two 
standard NBS buffers. 

Procedure 

A weighed amount, generally -0.40 g, of the material to 
be titrated was placed in a beaker containing 45.00 ml of 
O.lM sodium hydroxide. The mixture was warmed gently 
and stirred (magnetic stirring bar) until all the material was 
dissolved. The solution was removed from the heat-source 
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Fig. 1. Back-titration of yellow fluorescein in water, ionic 
strength -0.08; 0.4051 g of yellow fluorescein, 45.00 ml of 
0.1024&f sodium hydroxide, 100.0 ml of O.lOM potassium 
chloride, back-titrated with 0.1075M hydrochloric acid. The 
titration curve for red fluorescein is the same as that for 

yellow fluorescein. 

and 100.0 ml of O.lOOM potassium chloride were added. 
Throughout the back-titration with O.lM hydrochloric acid 
the solution was stirred mechanically and the pH was 
recorded as soon as equilibrium was attained. 

In one series of titrations the quantity of yellow 
fluorescein titrated was varied from 0.1 to 1.2 g, and the 
volume of O.lOOM potassium chloride added was altered so 
that the total volume at the end of the titration was between 
170 and 250 ml. All volumes were carefully recorded so that 
the total concentration of fluorescein could be calculated for 
each stage in the titration. 

For the titrations in 50% aqueous ethanol (O.lOOM in 
potassium chloride), the O.lM sodium hydroxide and 0.M 
hydrochloric acid used were made up in the same solvent. 

RESULTS AND DISCUSSION 

The undissolved fluorescein present during the 
early part of direct titration (with alkali) of sus- 
pensions of fluorescein in water, made the readings of 
pH unstable; the titration curves were not smooth, 
and indicated only that both red and yellow 
fluorescein are dibasic acids that are sufficiently 
strong for both protons to be titratable in water. The 
greater solubility of the fluoresceins in 50% aqueous 
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Fig. 2. Back-titration of yellow fluorescein in 50% aqueous 
ethanol; 0.4056 g of yellow fluorescein; 45.00 ml of 0.0989M 
sodium hydroxide, 100.0 ml of O.lOOM potassium chloride, 
back-titrated with 0.0860M hydrochloric acid; all solutions 

contained 50% v/v ethanol. 

ethanol made the curves for titration in that solvent 
a little smoother, but only one end-point was found, 
at two equivalents of base per mole of fluorescein, 
starting with either the yellow or red form, 

The back-titration curves for the two fluoresceins 
in aqueous potassium chloride medium, Fig. 1, were 
identical in shape but differed slightly in position, 
They were characterized by three breaks (end-points) 
with the appearance of a yellow precipitate in the 
neighbourhood of the second. The first end-point, at 
pH 8.5, corresponded to titration of the excess of 
sodium hydroxide, the second (at pH 5.4) corre- 
sponded to apparent completion of the reaction 
F12- + H+ = HFl-, and the third (at pH 3.3), to 
completion of HFl- + H+ = H,Fl. The curves for 
back-titration of yellow and red fluorescein in 50% 
aqueous ethanol were identical, Fig. 2, but no precipi- 
tate appeared and there were only two end-points, 
one for neutralization of excess of sodium hydroxide, 
and the other (at apparent pH 4.5) corresponding to 
F12- + 2H+ = H2F1. The characteristics of the ti- 
tration curves are detailed in Table 1. Although these 

Table 1. Characteristics of the back-titrations of fluorescein (w = weight of fluorescein titrated; A, = pH, _ ,,2s - pH, = ,,75 ; 
V = total volume at n = 1.0; C = total concentration of fluorescein at a = 1.0; Cld = pH at which cloudiness aoueared; 

Ppte = pH at which permanent precipitate appeared; A2 = PH., ,,i, - pH, _ ,,,& - - 

No. W, g A, PI-I, _o.5 PI-L, ,.,, V, ml C, 1W4M Cld Pnte A2 
P&I 

PH, = 1.5 PH, = 2.0 [equation (4)l 

0. 1OOOM Potassium chloride, yellow fluorescein 
1 0.1036 0.88 6.38 5.50 152.4 20.5 5.10 4.92 0.55 4.80 3.80 4.62 
2 0.2034 0.94 6.40 5.45 160.5 38.1 5.62 5.22 0.52 4.90 3.55 4.50 
3 0.4051 0.93 6.35 5.40 176.4 69.1 5.65 5.32 0.48 5.10 3.60 4.45 
4 0.4033 0.90 6.35 5.45 177.4 68.4 5.35 5.12 0.53 4.82 3.00 4.55 
5 0.8040 0.92 6.50 5.60 212.6 113.8 5.78 5.60 0.34 5.28 3.80 4.70 
6 1.2055 1.02 6.65 5.80 228.0 159.1 5.88 5.72 0.40 5.45 3.70 4.95 

O.lOOOM Potassium chloride, red fluorescein 
7 0.4101 0.97 6.30 5.35 176.9 69.8 5.42 5.35 0.50 5.10 3.20 4.40 

50% ethanol, O.lOOOM potassium chloride, yellow fluorescein 
8 0.4056 0.75 7.30 6.70 182.3 67.0 - - 0.75 6.25 4.48 - 

50% ethanol, O.lOOOM potassium chloride, red fluorescein 
9 0.4048 0.62 7.31 6.78 182.3 67.0 - - 0.78 6.25 4.48 - 
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titrations were performed as protonation titrations, samples 3 and 4. This error will be increased by the 
they will be discussed in terms of the dissociation effect of the precipitation on the pH vs. a relationship. 
constants of fluorescein as defined by equations In principle,8 the equilibrium in reaction (2) will be 
(l)-(3). For simplicity, the titration of the excess of shifted to the left because [H,FI] will be determined 
alkali will be ignored, and the protonation titration by the intrinsic solubility (S,) of H,Fl, which sets a 
of F12- will be treated as starting from the first maximum value for it during the back-titration from 
end-point, and will be analysed in terms of the degree u = 1 + fi’i to about a = 1.5 + Si (where protonation 
of titration a, where II is the molar ratio of protons of H2Fl begins to set in) and to a first approximation 
added to base (Fl*-) initially present. we can write 

Titrations in aqueous medium 

It is obvious that the titration curve from a = 0.25 
to a = 0.75 can be treated as that for a monobasic 
acid (ApH = 0.93 for yellow fluorescein, 0.97 for red, 
Table 1, close to the theoretical valuesv6 of 0.95), and 
pK,,,- is therefore given by the pH at a = 0.5, viz. 
6.36 from results 1, 3, 3, 4 and 7 in Table 1, in 
agreement with that obtained in the earlier solubility 
work4 and again later by fluorimetric measurements.’ 
Treatment of the curve from a = 1.25 to a = 1.75 is 
more problematic since it is complicated by the 
precipitation of undissociated fluorescein, H,Fl, 
which begins soon after a = 1.0. 

K HzFI = [H + I WI - I/W,FU 

= W’lh - l)cH,F,/& (5) 

where Cn,, is the total concentration of fluorescein. 
For a = 1.5 this calculation gives pKH,n values rang- 
ing from 3.8 to 4.3 for the first six results in Table 1. 

Theoretically, the pH at II = 1.0 for a diacidic base 
is given by the mean of the pK values of the conjugate 
acid: 

P&=1 =f(pK, +PK2) (4) 

This relationship can be used to estimate pKuzr, from 
pH,,, and pK,,-, and gives the values listed in 
Table 1. From the nature of the calculation the 
biggest error will arise from measurement of pH, _ , , 
since it will be doubled. This is clearly shown for 

The pH of appearance of the precipitate. In the first 
six titrations in Table 1, in which the amount of 
fluorescein titrated was varied, the pH at which a 
definite precipitate appeared shifted to higher pH 
with increasing concentration of fluorescein in the 
system. A cloudiness appeared slightly earlier than 
the first permanent precipitate, presumably because 
of local precipitation where the drop of hydrochloric 
acid struck the solution, and slow redissolution. 
From the record of the volumes added, the concen- 
tration of fluorescein at the pH of first cloudiness was 
calculated and found to fall on the solubility curve4 
for yellow fluorescein (Fig. 3) confirming that the pH 
during this protonation step is governed by the 
solubility of fluorescein as well as the volume of acid 
added. 

Titrations in aqueous ethanol. The conditional pH 
vs. a curves for back-titration of both yellow and red 
fluorescein in 50% aqueous ethanol were almost 
identical, with one end-point (at a = 2), indicating 
that the fluorescein is behaving as a dibasic acid with 
only a small difference between its two dissociation 
constants. As a first approximation we took the 
conditional dissociation constants as equal to the 
pH values at a = 0.5 and a = 1.5, which gave 
pKkzFI = 6.25 and pK;IFI = 7.31. 
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Fig. 3. Solubility of yellow fluorescein: -t, as measured by 
Diehl and Markuszewskii4 0. as indicated bv the aooear- 
ante of a cloudiness in the b&-titration of flumew& + , 

pH at the “first equivalence-point”. 

To evaluate the results more accurately, we used 
Yan’s method9 as adapted for high-precision cou- 
lometric titrations” and applied with the Iowa State 
University VAX (Digital Equipment Corporation) 
system and the Minitab” statistical system. From the 
volumes of acid needed to reach the two end-points, 
22.35 and 51.63 ml of 0.0860M hydrochloric acid 
(0.4048 g of fluorescein, 45.0 ml of 0.0989M sodium 
hydroxide, all media O.lM potassium chloride in 
50% v/v ethanol aqueous), the average number of 
hydrogen ions nexp added per molecule of fluorescein 
was calculated from 

ncxp = 2[(ml,,, - 22.35 m1)/29.28 ml] 

Sixty-one sets of data were entered, and the principal 
values obtained were 

n =P 

PH’ 

0 0.50 1.0 1.5 2.0 
10.60 7.31 6.78 6.25 4.48 
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The theoretical value of n (in the absence of 
protonation to H3Fl+) is 

2[H,Fl] + [HFl-] 

’ = [H,Fl] + [HFI-] + [F12-] (6) 

which on substitution from equations (l)-(3) and 
rearrangement yields 

The quantity n was then calculated with pKkF, = 7.31 
and pKhIF, made successively 6.15, 6.25, 6.35, 6.45, 
6.55 and 6.65. The difference An = nexp -n at each 
data point was then calculated and plotted vs. nexp, 
and as criteria of fit the standard deviation, ad, and 
the sum of squares, (SSQ)&, were calculated. Well- 
defined minima for these criteria gave the best value 
of pK&, as 6.35. This value was then used in a 
similar refinement of pKh,, by giving it the values 
7.02, 7.07, 7.214, 7.18, 7.26 and 7.31, the best value 
found being 7.19. Iterative refinement was applied in 
this way to the sum of the pK’ values kept constant 
at 13.54, twice the pH value corresponding to 
nsxp = 1.000, in accordance with equation (4). 
The final values found were pK& = 6.38 and 
pK&, = 7.16. The drop in conditional pH from 
a = 0.5 to a = 1.5 was 7.31 - 6.25 = 1.06. Setting n 
at 0.50 and 1.50 in equation (7), and using 
the two conditional dissociation constants gives 
pK:,o,s = 7.30 and pH;,, = 6.25 in agreement with 
the values observed. The ratio of the two dissociation 
constants is only 6 (ApK’ = 0.78), which is so low 
that no break at a = 1.0 would be expected.’ 

It should be noted that the effect of the medium on 
the hydrogen activity measurements will affect both 
dissociation constants equally so the difference be- 
tween the ratios of the constants found for the 
aqueous and ethanolic systems must be attributed to 
the solubility effect and/or the effect of the change 
in environment on the structure of the fluorescein 
species in solution. 

Nature of the acid groups in Jluorescein 

Colourless fluorescein, once dissolved in alkaline 
water or 50% aqueous ethanol behaves on titration 
identically with yellow fluorescein. Upon dissolution 
the lactone ring is opened immediately, as evidenced 
by the formation of the yellow colour and the behav- 
iour as a dibasic acid on titration. 

In our earlier paper4 on the solubility of yellow and 
red fluorescein in water as a function of pH, we 
pointed out that the two solids are in equilibrium 
with the same dissolved species, the yellow zwitterion 
form with the positive charge distributed over the 
central, oxygen-bearing ring. The potentiometric ti- 
trations in water further bear this out; in 50% 
aqueous ethanol, however, the situation is distinctly 
different and presumably the quinonoid structure is 
present. 

Because the yellow, amphoteric, zwitterion struc- 
ture is present throughout the potentiometric ti- 
trations in water (direct or reverse titration, starting 
with either yellow or red fluorescein), it is the two 
phenolic groups that are involved in titration. The 
extraordinary acidity of the carboxyl group and these 
two phenolic groups, (K, values 2.13, and 4.44, 6.36 
respectively) is a consequence of the strong electron- 
withdrawing power of the positive charge on the 
central oxygen-bearing ring, and will presumably be 
due in part to the entropy effect of charge-spreading 
in the fluoresceinate anions. 

Fluorescein dissolved in water, i.e., in the zwit- 
terion form, is thus remarkably different from the 
closely related compound, phenolphthalein (oxygen 
bridge missing). Our attempts to titrate phenolphtha- 
lein with sodium hydroxide in both water and ethanol 
were unsuccessful. On addition of the first increment 
of base the solution became purple and the pH rose 
into the alkaline region. Back-titrations, both in 
water and in 50% aqueous ethanol, were dis- 
tinguishable from titration of sodium hydroxide 
alone but had no features which could be used to 
characterize the phenolphthalein, other than that the 
two phenol groups are both very weak and non- 
titratable acids. These experiences are quite at odds 
with the findings of others. Dehn” claimed that 
phenolphthalein can be titrated with up to one equiv- 
alent of base without becoming coloured and that 
only at the start of the addition of the second 
equivalent of base does the colour arise. Rosenstein” 
reported the two protons to be typical phenolic 
protons with pK, values of 9.64-9.96. It is not quite 
clear whether the two protons can be differentiated by 
their dissociation constants; Lalanne,14 for example, 
gives one pK value, 9.95, without specifying to which 
proton it refers. 

Attempts to titrate 9,9_dimethylxanthene, syn- 
thesized in a pure form by Markuszewski, with 
sodium hydroxide and with tetrabutylammonium 
hydroxide in water, 50% aqueous ethanol, ace- 
tonitrile, or dimethyl sulphoxide were all un- 
successful. Back-titration in water and 50% aqueous 
ethanol was also unsuccessful. 

The acid character of fluorescein in 50% aqueous 
ethanol, with conditional pK’ values of 6.35 and 7.19, 
indicates the presence of two acid groups that are 
barely strong enough to be titratable. Presumably the 
fluorescein is then present in the quinonoid structure 
and the titratable groups are the carboxylic acid 
group and one phenol group. 

Note regarding interconversion of the yellow and red 
forms of Jluorescein 

Yellow solid fluorescein passes into the red solid 
form on heating. In a capillary tube this occurs by 
sublimation but the very small red crystals formed are 
so highly twinned as to be useless for an X-ray crystal 
structure study. 
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A revealing interconversion was observed during a 
back-titration in water at a temperature just below 
the boiling point. The titration curve followed that at 
room temperature to about a = 1.5, then the yellow 
solid which had precipitated was suddenly converted 
into the red form and the pH rose abruptly from 5.0 
to 6.5. 

As a confirmatory experiment, a suspension of 0.5 
g of yellow fluorescein was boiled for 2 hr; the pH 
changed from 4.42 before heating to 5.30 after cool- 
ing back to room temperature. This behaviour is 
explicable on the basis that in conversion of the 
strong acid (zwitterion structure) into the weaker acid 
(red quinoinoid structure), hydrogen ions are taken 

up. 
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MISE EN EVIDENCE DE DEUX NOUVEAUX 
INDICATEURS ACIDE-BASE DANS 

L’ACIDE ACETIQUE ANHYDRE 

M. SARBAR, S. M. GOLABI et M. H. POURNAGHI-AZAR 
Laboratoire de chimie analytique, Faculte des Sciences, UniversitC de Tabriz, Tabriz, Iran 

(Rqu le 9 mai 1985. R&is4 k 17 mai 1986. Accept; le 28 juin 1986) 

R&an&En traGant les courbes de A = f(A) pour les deux composts organiques. l,S-di- 
[2-fury11 1,Cpentaditn 3-one (DFPO) et 1,5-di[2-thienyl] 1,4-pentadikn 3-one (DTPO) dans l’acide acetique 
anhydre et en prksence de diffkrentes concentrations d’acide perchlorique, on a montrt que ces compois 
peuvent fonctionner comme les indicateurs acide-base dans ce milieu. Les valeurs de pk?, des rtactions 
I + HClO,$IH+ClO; sont d&term&es par la m6thode spectrophotom&rique. L’efficacitB de ces 
indicateurs dans la dttection visuelle et colorimCtrique des points finaux a it& confirm&e en les utilisant 
dans les titrages acide-base. 

Summary-The behaviour of two organic compounds, 1,5-di[2-furyl]-l,4-pentadien-3-one (DFPO) and 
1,5-di[2-thienyl]-l,4-pentadien-3-one (DTPO), as acid-base indicators has heen studied by plotting the 
curves A =f(I.) in the presence of various concentrations of perchloric acid, in anhydrous acetic acid 
medium. The values of pK, HC’o4 have been determined by spectrophotometry. The efficiency of these 
indicators in visual and calorimetric detection of the end-points of acid-base titrations has been examined. 

Depuis longtemps, l’acide acktique anhydre a ttC 
utilisk comme un solvant convenable dans la rkal- 
isation des rkactions chimiques et ilectrochimiques.‘-’ 
L’emploi de ce solvant au tours des titrages 
acide-base prksente de nombreux avantages, dus B 
son caractkre acide par rapport A l’eau. 11 en rksulte 
une augmentation de la force des bases qui sont t&s 
faibles dans l’eau et un accroissement remarquable de 
la prkcision de leurs titrages acidimitriques.4J7 

La dktection visuelle et colorimttrique des points 
finaux, relatifs aux titrages acidimttriques des bases 
faibles dans l’acide adtique anhydre, exige l’emploi 
des indicateurs color& seulement sensibles aux acides 
forts, tel que l’acide perchlorique. 

Au cows de ce travail, nous avons CtudiC d’abord 
le comportement acido-basique de deux composks 
organiques dans l’acide acktique anhydre en utilisant 
une mtthode spectrophotomttrique. Ensuite, nous 
avons montrk la possibilitk de l’emploi de ces deux 
composks comme indicateurs color&s dans les titrages 
colorimktriques des bases qui sont trb faibles ou 
insolubles dans I’eau. 

RPactifs 

PARTIE EXPERIMENTALE 

Les composbs’ 6tudiCs sont les suivants: 

(a) 1,5-di[2-fury11 1,4-pentad& 3-one (DFPO): 

CH=CH-C-CH=CH 

*Ces composts sont synthetisbs dans la laboratoire de 
chimie organique, Facultk des Sciences, Tabriz. 

(b) I-5-di[2-thitnyl] 1,Cpentaditn 3-one (DTPO): 

c-J-- l \ CH=CH -C -CH =CH 
S 

a 

Ces compo&s, en solution lo-‘M dans l’acide a&ique 
anhydre, se dtcomposent rapidement B la lumikre de jour. 
Ainsi, il est indispensable de les conserver $ l’abris de la 
lumibre et dans des flacons de verre color&. 

Le solvant utilise est l’acide acttique anhydre 100%. 
Acide perchlorique 0,lOM dans l’acide acbtique anhydre 

est prCpart I partir d’une solution 70% d’acide perchlorique 
et par addition d’une quantitt ntcessaire d’anhydride ad- 
tique comme dtshydratant. Afin d’bviter une influence dt- 
favorable de la dilution sur l’activitC de l’indicateur au tours 
de titrages, une concentration 10-4M de ce dernier a ttt 
ajoute B la solution d’acide perchlorique. 

Solution 0,lOM de biphtalate de potassium deshvdratt 
dans l’acide acttique anhydre contenant une concentration 
10m4M de l’indicateur. Cette solution est servi B la correction 
du titre de la solution d’acide perchlorique. 

Solution lO-)M de I’indicateur dans I’acide acttique 
anhydre: 1,l ml de cette solution ajoutC $ 10 ml de la 
solution de base B titrer, constitue un milange contenant 
une concentration 10m4M de I’indicateur. 

Solution 1,OOM de perchlorate de sodium dans l’acide 
acktique anhydre contentant l’indicateur B 10e4M concen- 
tration. Cette solution est servi pour la fixation de la force 
ionique. 

Tous les produits chimiques sont de fabrication Merck, 
grade P.A. 

Appareillage 

Une spectrophotomtitre UV-Visible Perkin-Elmer, mod- 
tYe 402 a 6tt servi pour tracer les courbes A = f(1). Le track 
des courbes de Wage A = f(V,,,,) a Bd rkalid i l’aide 
d’un titrateur I filtre d’EEL (Evans Electroselenium Ltd., 
Angleterre). 



908 M. SARBAR et al. 

A 0.6- 

1.2 - 

1.4- 

I I I I I I I 
300 350 400 450 500 550 600 650 

X (nm) 

A 
0.8 - 

1 .o - 

1.2- 

1.4, 
300 350 400 450 500 550 600 650 

Xtnm) 

@I 

Fig. 1. Les courbes A = f(l) correspondantes B une concentration 5 x 10-SM de: (a) DFPO; (b) DTPO, 
en presence de diffkrentes concentrations d’acide perchlorique (O,OO-O,SOM). 

RESULTATS ET DISCUSSION l’indicateur en presence d’acide perchlorique: 

Determination de p K, des indicateurs I + HC104$HI+C10; 

L’existence dun tquilibre simple entre les deux 
formes protonees et non proton&es des indicateurs a 

Ki = [I][HClO~]/[HI+CIO~] 

CtC revC1C par le tract des courbes A = f(A) (Fig. 1).8 d’oti: 
Pour determiner les valeurs de pKi, nous examinons 
l’equilibre reliant les deux formes acide et base de pHClO4 = pKi + lOg([I]/[HI+ClO~]) 
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La presentation des variations de 
log([I]/[HI+ClO;]) en fonction de pHC104 est une 
droite dont l’ordonnee a l’origine conduit a la valeur 
de pK,. Pour tracer cette droite, nous avons applique 
la methode spectrophotometrique en utilisant dix 
series de solutions pour chacun des indicateurs. Ces 
solutions contiennent des concentrations variables 
d’acide perchlorique (de 0,OO a 0,SOM) et une concen- 
tration constante de 2 x lo-‘M de l’indicateur. La 
force ionique des solutions a Cte ajustee a 0,SOM par 
NaCIO, 1 ,OOM. 

La concentration maximale d’acide perchlorique 
dans l’acide acetique anhydre est limit&e a 0,5OM, car: 

(a) une concentration superieure provoque une 
deterioration progressive du solvant et l’apparition 
d’une coloration brune; 

(b) l’indicateur se trouve presque totalement sous 
forme d’acide, lorsque la concentration d’acide 
perchlorique atteint 0,50M; 

(c) la stabilite de l’indicateur decroit lorsque la 
concentration en HClO, d&passe 0,50M. 

A l’appui des mithodes statistiques, nous avons 
trouve les valeurs suivantes pour les pKi: DFPO 
2,26 + O,Ol, DTPO 2,09 + 0,Ol. 

Application de DFPO et DTPO dans les titrages 
acide-base 

Dktection des points jnaux de titrages acidi- 
mktriques des bases faibles. Les bases avec un pK, de 
l’ordre de 2 dans l’eau (PK,, = pK, - pK,) ont CtC 
deja titrees avec une precision suffisante dans I’acide 
acktique anhydre. 4s,9~10 Les points finaux de ces ti- 
trages sont detect&s par les mithodes 
potentiomttriques”,‘2 ou photometriques en presence 
des indicateurs colores.‘3~14 Les indicateurs DFPO et 
DTPO &ant presque analogues a Sudan III, nous les 
avons utilisi pour tracer les courbes de titrages 
colorimetriques dun certain nombre de bases or- 
ganiques et inorganiques rassemblees dans le tableau 
1, en prenant l’acide perchlorique 0,lOM comme 
reactif titrant. Les courbes de titrages stlectionnks 
sont representees dans Fig. 2. Pour determiner le 
point final, nous avons pro&de par l’une des mtth- 

Tableau 1 

Bases a titrer 

/3-Picoline 
N-Methylaniline 
Aniline 
Acetate de sodium 
Fluorure de sodium 
Nitrate de lithium 
Chlorure de lithium 
Urke 
Cafeine 
Diphenylamine 
p-Nitroaniline 
Antipyrine (phenazone) 

*Ref. 4, p. 81. 
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Fig. 2. Courbes de titrages colorimetriques des bases or- 
ganiques et inorganiques de concentration 0,lM environ, 
par une solution titree d’acide perchlorique dans I’acide 
acktique anhydre, en utilisant le DTPO comme l’indicateur 
color& (a): (1) B-picoline, (2) N-methylaniline, (3) aniline, 
(4) acetate de sodium, (5) nitrate de lithium, (6) fluorure de 
sodium; (b): (1) chlorure de lithium, (2) uree, (3) cafeine, (4) 

diphenylamine, (5) p-nitroaniline, (6) antipyrine. 

odes d&rites par Rumeaur5 ou Higuchi et al.,12 selon 
l’allure des courbes de titrages obtenues. 

Detection des points jinaux de titrages alc- 
alimhtriques des acides forts. Nous avons essaye le 
titrage des acides forts en presence des acides faibles 
dans I’acide acetique anhydre. Ainsi nous avons 
montre la possibilite de titrage d’acide perchlorique 
en presence d’acides nitrique, chlorhydrique et 
fluorhydrique en utilisant une solution titree da&ate 
de sodium ou biphtalate de potassium dans I’acide 
acetique anhydre. La detection du point final peut 
&re r&alike visuellement par un virage de rouge au 
jaune-pale de l’indicateur. La courbe colorimitrique 
correspondante a ce titrage a Cte present&z dans 
Fig. 3. 

Le titrage colorimetrique a Cte effectd sur une 
prise de 5 ml dune solution acetique de concentration 
0,lOM des acides perchlorique et chlorhydrique. La 
solution acetique a et8 obtenue par le traitement 
dune aliquote de 5 ml de solution aqueuse contenant 
de 50 mmoles de chacun des acides pour 32 ml 
d’anhydride acetique et amen& a 50 ml par I’acide 
acktique. 

Conclusion 

DFPO et DTPO sont deux &ones conjugutes qui 
apparaissent sous forme (I) des bases tres faibles dans 
l’acide acktiaue anhvdre. En nresence d’un acide fort. 
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Fig. 3. Courbc de titrage colorimetrique de HClO, 0, IM en 
presence de HCl O,lM, par une solution da&ate 0,lOM 
dans l’acide a&ique anhydre avec 10e4M DTPO comme 

l’indicateur. 

comme HCIOl, ces formes basiques colorees en 
jaune-pale se transforment aux formes acides 
(HI+ClO;) rouges. La determination des pKi de ces 
deux indicateurs et la comparaison des valeurs ob- 
tenues avec celles des indicateurs Sudan III et Sudan 
IV montre qu’on peut les regrouper sous ces derniers 
dans le tableau des indicateurs de Higuchi et al.‘* 

Parmi ces deux indicateurs ttudib, le DTPO est le 
plus stable; ainsi nous l’avons utilist dans les titrages 
acide-base. Nous avons Cvalui l’efficacite de cet 
indicateur dans la determination des points finaux des 
titrages colorimetriques des bases faibles par une 
solution titree d’acide perchlorique, selon les reac- 
tions suivantes: 

-pour les bases de la forme B: 

B + HClO.,z$BH+ClOi, Kf”“= 
PI W%l 
[BH+ClO;] 

-pour les bases de la forme MB: 

MB + HClO,,=HB + MClO,, 

KHC,O, _ [MB1 [HCW 
A - [HB] [MC104] 

A partir des travaux de Rumeau,15 toutes les bases 
ayant un PKA HC'o4 Cgal ou superieur a I et une 

concentration de l’ordre de O,lOM, entrent dans une 
reaction quantitative avec HClO,(K,/C,, d 10-3 et 
en presence de DTPO (KJ(K, Cbaae)L'2 2 lo*) mon- 
trent une courbe de titrage dont le point final se 
caracterise par un point angulaire (les courbes 1 a 6, 
Fig. 2a). Alors que les bases plus faibles (pKA N 4-5) 
avec une concentration environ 0,lOM font appar- 
aitre des courbes de titrage de l’allure S symetrique ou 
asymetrique (courbes 1 a 6, Fig. 2b), dont les points 
finaux seront determines par les methodes 
graphique@ ou celles d&rites par Rehm et Higuchi.‘4 

Nous avons utilise ces dew indicateurs dans le 
dosage d’acide perchlorique en presence de differents 
acides faibles. Le point final peut Etre ditecte vis- 
uellement par le virage de l’indicateur de rouge a 
jaune-pdle, L’application de la colorimetrie augmente 
la precision de la detection du point final. 
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SHORT COMMUNICATIONS 

COMPARISON OF INORGANIC FILMS AND 
POLY(4-VINYLPYRIDINE) COATINGS AS ELECTRODE 

MODIFIERS FOR FLOW-INJECTION SYSTEMS 
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Summary-A glassy-carbon electrode modified with a ruthenium-containing inorganic film was used for 
the flow-injection determination of As(III). The linear working range was S-100&4, and the detection 
limit was 300 pg. The response was reproducible for periods of several days. A glassy-carbon electrode 
modified by adsorption of a quatemized poly(4-vinylpyridine) film impregnated with hexachloroiridate(I1 
and III) was used for the oxidation of nitrite. The calibration graphs were non-linear and varied from 
day to day, and the peak widths were broad. Nitrite determination at a platinum electrode modified by 
adsorption of iodine gave results analogous to the As(II1) study; however, an overlayer of quaternized 
poly(4-vinylpyridine) decreased the sensitivity. 

Amperometric detection is commonly used in 
flow-injection systems, but the range of analytes and 
sample types is limited because many compounds 
cause poisoning of the indicator electrode surface. 
Such problems have been extensively documented in 
investigations on voltammetry in static solutions. For 
example, the oxidation of nitrite at clean platinum 
electrodes is characterized by a gradual loss of sensi- 
tivity, whereas coating the platinum with the mono- 
layer of iodine produces a stable indicator elec- 
trode.‘,* The oxidation of As(II1) at a platinum 
electrode depends on the presence of an oxide layer 
on the electrode surface;3,4 the oxidation does not 
occur at a bare carbon electrode.’ The determination 
of nitrite with a flow-injection system employing a 
glassy-carbon indicator electrode was found to be 
limited because several ionic species poisoned the 
electrode; for example, the presence of thiocyanate in 
a sample resulted in electrode passivation in the first 
run6 

Modification of electrode surfaces provides a 
means of extending the range of amperometric de- 
tection in flow-injection systems, both by alleviating 
some of the problems associated with stability of the 
electrode surface and by providing a catalytic surface 
to increase the number of analytes that can be 
determined. Electrolysis systems may also be made 
more selective by use of a coating that passivates the 
electrode surface towards all but a few species.’ 

Although modified electrodes have frequently been 
used for voltammetric determinations in static solu- 
tions, few applications to flow systems have been 
reported. Sittampalam and Wilson’ demonstrated 
that in the liquid chromatographic determination of 

*Author for correspondence. 

hydrogen peroxide the interference caused by ad- 
sorption of protein or oxidation of ascorbate could 
be eliminated by coating the electrode with cellulose 
acetate. This is consistent with our report that the 
effect of surfactants on the transport of analytes 
through membranes is significantly less than the effect 
of surfactants on electrode reactions.’ Hydrolysis of 
the cellulose acetate changes the permeability of the 
film but protection is still provided against proteins 
in flow-injection determinations.iO 

The first electrocatalytic modified electrode used in 
a flow-injection system and liquid chromatography 
was a carbon-paste electrode containing metallo- 
phthalocyanine, and was applied in the determination 
of hydrazine.” 

In the present study, we have employed modified 
electrodes, developed initially for static systems, in 
flow-injection systems. One type was prepared by 
anchoring hexacyanoruthenate(I1) to glassy carbon 
by electrochemical deposition from a mixture of 
ruthenium(II1) chloride and potassium hexa- 
cyanoruthenate(II).5 Because these two species do not 
react rapidly in solution, the deposit is probably not 
a true analogue of Prussian Blue, but a highly stable 
deposit is formed. Arsenic(II1) can be oxidized at this 
modified glassy-carbon electrode whereas it is not 
electroactive at the uncoated electrode. 

A more common means of modifying electrodes is 
to coat the substrate with an ion-exchange polymer 
and subsequently impregnate it with a redox media- 
tor. We have demonstrated that platinum or glassy 
carbon which has been coated with 
poly(4-vinylpyridine), PVP, in acid solution, or with 
quaternized PVP over a range of pH, can be used for 
the oxidative determination of nitrite in static solu- 
tion when the polymer is impregnated with hexa- 
chloroiridate(I1, III).‘* Modification of the platinum 



912 SHORT COMMUNICATIONS 

electrode by adsorption of iodine’,2v’3 also provides an 
electrode suitable for the oxidation of nitrite. 

Our goal was to compare these rather diverse 
modified electrodes in terms of their suitability for 
flow-injection systems. The factors of primary con- 
cern were the response time and the stability. 

EXPERIMENTAL 

Apparatus 
The flow-injection system comprised a Cole Parmer Mas- 

ter Flex peristaltic pump, a Rheodyne 7010 six-port injec- 
tion valve with a 209~1 sample loop, a home-made pulse 
dampener, and an electrochemical cell which was assembled 
from Bioanalytical Systems TLSA-glassy carbon and 
TLlOA-Pt transducer cells. An IBM EC/230 system served 
as the potentiostat. 

Electrodes 
The electrodes were modified as previously reported. The 

transducer cell was dismantled and immersed in a static 
solution for this step. The Ru-containing film was prepared 
by cycling a clean glassy-carbon electrode between 0.35 and 
0.85 V us. SCE at 50 mV/sec in a fresh mixture of 2mM 
ruthenium(W) chloride, 2mM potassium hexa- 
cyanoruthenate(II), and 0.5M sodium chloride at pH 2 for 
25 min.5 The clean platinum electrode was modified by 
dipping it in deaerated 2mM sodium iodide.‘,2 In some cases 
it was then treated with three drops of a 0.4% methanol 
solution of quatemized PVP (total of 0.12 mg of polymer), 
in a manner described elsewhere.13 Clean glassy carbon was 
coated with quatemized PVP in the same manner. Further 
modification by impregnating the polymer with hexa- 
chloroiridate(I1, III) was accomplished by cycling the 
polymer-coated electrode in 2mM potassium hexa- 
chloroiridate(I1) in pH-4.6 phosphate buffer between 0.4 
and 0.85 V us. SCE for 1 hr.‘* 

A Kelgraf electrode was prepared as previously re- 
ported. ‘W A 1 + 3 mixture of Ultra Carbon spectroscopic 
graphite powder and 32-mesh Kel-F powder (3M Co.) was 
dispersed in absolute ethanol, the ethanol was evaporated, 
and the residue was pressed into a rod at 250” and 1000 psig. 
The rod was sealed into a Plexiglas block with epoxy resin. 
The block was machined to fit the electrochemical cell. 

Reagents 
The quaternized PVP was prepared by letting 50 ml of 

0.4% methanol solution of PVP (Aldrich) and 5 ml of 
benzyl chloride react overnight. The water used was distilled 
and then further treated by passage through a Bamstead 
Nanopure II system. 

RESULTS AND DISCUSSION 

Arsenic(II1) was determined in a carrier stream of 
0.5M sodium chloride acidified to pH 2; the flow-rate 
was 1.0 ml/min. A seven-point calibration graph 
prepared over the range 5.0 x IO-‘-2.0 x 10m4M 
As(II1) was linear. Five consecutive injections of 
3.0 x lo-‘M As(II1) yielded a relative standard devi- 
ation of 0.5%. The experiments were repeated daily 
for one week. The average of the seven slopes was 
7.4 f 0.4 PA. 1. mmole - ’ ; the correlation coefficient 
and intercept calculated on the basis of all data in 
that range were 0.9999 and - 1.5 nA, respectively. 
The detection limit, expressed as the concentration 
equivalent to a signal three times the standard devi- 
ation of a blank, was 300 pg of As(II1) in 20 ~1. The 

detectability was limited by the rather high level of 
fluctuation caused by the pump used. The width of 
the peak at half-height was 22 set for a concentration 
that yielded a 38-PA peak height. Up to 90 samples 
per hour could be determined, with return of recorder 
signal to the baseline between samples. The 
ruthenium-containing inorganic film therefore pro- 
vides a suitable electrode for the flow-injection 
determination of As(II1). 

A modest improvement in the detection limit is 
achieved by using the modified Kelgraf electrode. 
Because the active surface resembles a disordered 
array of microelectrodes, depletion effects are then 
not as significant. I6 Hence, the decrease in active 
surface area does not cause a concomitant loss of 
signal. The estimated geometric area of the electrode 
is 25% of that of the glassy-carbon electrode, and the 
slope of the calibration graph is 30% of that for the 
glassy-carbon system. If smaller Kel-F particles had 
been used, the decrease in sensitivity undoubtedly 
would have been less. Because the noise level is 
significantly less at the modified Kelgraf surface, the 
detection limit is improved to 200 pg of As(II1) in 20 
~1 even though the sensitivity is poorer, as mentioned 
above. 

For the determination of nitrite, various bare and 
modified electrodes were examined. Because of the 
well known passivation that occurs when nitrite is 
oxidized at bare electrodes, especially platinum, the 
effect of consecutive injections on the response of the 
electrode was first determined. The results are sum- 
marized in Table 1. 

As expected, the modified electrodes gave more 
constant sensitivity, but certain other factors must be 
considered. The nitrite concentrations were about 
10e4M; the passivation effect on the bare electrode 
will be less pronounced at trace levels. It is also 
important to note that the electrodes with a qua- 
ternized PVP coating are not easily renovated since 
the cell must be dismantled for the purpose; this point 
is particularly significant, because these electrodes do 
not have good day-to-day stability. 

Table 1. Stability of various electrodes* during the ox- 
idation of consecutive nitrite samples? 

Current, nA 

Injection ClqPVP, 
number Pt C Pt/I Pt/I/qPVP IrCl:-3 ‘- 

1 60 52 69 44 35 
2 58 52 70 44 36 
3 55 51 68 44 35 
4 52 48 68 43 35 
5 51 48 66 43 35 

*Electrodes: Pt = clean platinum; C = glassy carbon; 
Pt/I = platinum modified with NaI; Pt/I/qPVP = Pt/I 
electrode treated with quaternized PVP: C/qPVP, 
IrCl;t-s3- = glassy carbon treated with quaternized PVP 
and hexachloroiridate (II, III). 

tThe oxidations were at 0.9 V us. Ag/AgCl in pH-4.6 
phosphate buffer. 

The buffer, flowing at 1.0 ml/min, was the carrier solvent. 
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Fig. I. Effect of time on the oxidation of nitrite at a 
platinum electrode coated with a quatemized PVP film 
containing hexachloroiridate(I1, III), A, days 1 and 2; 

B, day 3. 

A glassy-carbon electrode modified with a qua- 
ternized PVP film containing hexachloroiridate(I1, 
III) was used to prepare nine-point calibration graphs 
on three consecutive days, for nitrite in the range 
10-s-10-3M in a pH-4.6 phosphate buffer. The plots 
were non-linear; the first two days yielded convex 
curves and the third day a concave curve (Fig. 1). 
The initial slopes were 0.45, 0.48 and 0.86 
pA.l.mmole-‘. The detection limit with a freshly 
modified glassy-carbon electrode is 1.4 ng of nitrite in 
a 2091 injection. 

The non-linearity resulted from the fact that the 
current-limiting step included a contribution from 
diffusion of nitrite in the polymer instead of being 
exclusively controlled by mass transport in the solu- 
tion.rz The change of slope with time is attributed to 
loss of the quatemized PVP. As the film became 
thinner, some oxidation probably occurred at the 
glassy-carbon substrate. 

Two facts support these hypotheses. First, the 
sensitivity with a bare glassy-carbon electrode is 
higher than that for the surface modified with qua- 
temized polymer. Secondly, quaternized PVP is 
known to be somewhat soluble in aqueous solution 
even when a counter-ion such as phosphate is present 
to act as a cross-linking agent. 

The polymer-coating causes a second problem in 
the flow-injection system that is not significant in 
static solution. The peak width is increased because 
of the effect of diffusion (in the polymer) of the nitrite 
and of the ions needed to maintain charge balance in 
the film during the electrolysis. The two-electron 
oxidation of nitrite at the iodine-coated platinum 

electrode has a peak half-width of 20 set at a I-ml/min 
flow-rate, which is comparable to the value for the 
oxidation of As(II1). The current for both of these 
electrode processes is limited by mass transport of 
nitrite in the solution of the electrode sufaces~r2 With 
the coated glassy-carbon electrode, the half-width 
was 35 sec. 

Our conclusion is that for polymer-coated elec- 
trodes to be useful for analytical determinations in 
systems that do not permit simple reconstitution of 
the surface, films more stable than the popular 
poly(4-vinylpyridine) systems will need to be em- 
ployed. Such polymers are being investigated by 
several groups, including ours. However, it will also 
be necessary for the films to be extremely thin or 
heavily loaded with mediator for them to be practical 
in a flow system. This may in turn complicate the 
problem of maintaining a constant load of the medi- 
ator couple unless the mediator is bonded to the 
polymer more strongly than by simple ion-exchange. 
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Summary-A new kinetic fluorimetric method for determination of cumene hydroperoxide, tert-butyl 
hydroperoxide and lipohydroperoxides is reported. It is based on the manganese(H)-catalysed oxidation 
of 2-hydroxynaphthaldehyde thiosemicarbazone (HNTS) by a hydroperoxide. Measurements are made 
by the initial-rate method, which allows determination of as little as 0.1 nmole of peroxide and also permits 
establishment of the differences in reactivity between the hydroperoxides assayed. The method has been 
applied to the determination of lipohydroperoxides in six commercial oil samples (grape, corn, sunflower 
seed, cod-liver and linseed). The results obtained can be expressed as meq of peroxide per kg of oil, and 
are in close agreement with those obtained by the classical iodometric method. 

Several techniques have been used to date for the 
determination of peroxides, but few have proved 
suitable or reliable when dealing with peroxides at 
concentrations as low as l-10@4.‘-3 One of the most 
sensitive uses fluorimetric detection and is based on 
the oxidation of dichlorofluorescein4 in the presence 
of haematin, which allows determination of organic 
hydroperoxides and lipohydroperoxides at a level 
of 8nM. This method is suitable for a variety of 
hydroperoxides: tert-butyl hydroperoxide, cumene 
hydroperoxide, hydroperoxylinoleate, hydroxy-Sa- 
cholesterol, hydrogen peroxide, etc. The assay is done 
at pH 7.2 and the dichlorofluorescein-hydroperoxide 
mixture is incubated in an argon atmosphere for 
50 min. 

In this work we propose a new fluorimetric kinetic 
method for determination of organic hydroperoxides 
and lipohydroperoxides, based on the manganese(II)- 
catalysed oxidation of 2-hydroxynaphthaldehyde 
thiosemicarbazone (HNTS). The oxidation product 
exhibits intense blue fluorescence (&,, = 390 nm, 
1, = 450 nm). The method has been applied to 
the determination of tert-butyl hydroperoxide and 
cumene hydroperoxide, and the lipohydroperoxide 
content in six commercial oil samples. The 
determination ranges for tert-butyl hydroperoxide 
and cumene hydroperoxide are 0.08-1.56 and 
0.13-3.3pM, respectively. The method allows the 
determination of lipohydroperoxides in small sample 
volumes (the sample is diluted 1:20000) with high 
precision. 

EXPERIMENTAL 

Reagents 

All reagents used were of analytical grade. Solutions 
(100 pg/ml) of HNTS, cumene and tert-butyl hydroperoxide 
were prepared in ethanol. These and the ammonia solution 

(concentrated solution s.g. 0.88, diluted 1 + 5 with water) 
were prepared daily. A standard manganese(H) solution (1.0 
g/l.) was made by dissolving a suitable amount of the metal 
in the minimum possible volume of hydrochloric acid 
(1 + 1) and then diluting with hydrochloric acid (1 + 9). The 
solutions of oil samples were prepared by dissolving 0.25 g 
of the oil and diluting accurately to 50 ml with absolute 
ethanol. 

Apparatus 

All spectrofluorimetric measurements (A,, = 390 nm, 
1, =450 nm) were made with an Aminco-Bowman 
spectrofluorimeter fitted for kinetic measurements; 16.5~nm 
band-pass excitation and emission slits, and an 1 I.O-nm 
photomultiplier slit were used. Under these conditions, 
O.l-pg/l. quinine sulphate solution yielded 16% full-scale 
deflection. 

Procedure for determination of tert-butyl and cumene hydro- 
peroxide, and lipohydroperoxides 

To a IO-ml standard flask were added, in the order given, 
1.5 ml of HNTS solution, various volumes of hydroperoxide 
solution (1.5mM) or up to 200 fll of oil sample, 5 ml of 
ethanol, 0.5 ml of ammonia solution, and redistilled water 
up to the mark, followed by 2.5 ~1 of manganese(H) 
solution. The ethanol and water had been preheated to 30 
in a thermostat. A portion of the sample was transferred to 
a IO-mm quartz cell maintained at 30 + 0.1, and the 
fluorescence intensity was recorded as a function of time 
after 15 sec. The blank reaction was monitored under 
similar conditions (no hydroperoxide or oil sample present). 
The reaction rate was calculated from the difference between 
the slopes of the fluorescence VS. time plots. 

RESULTS AND DISCUSSION 

HNTS is oxidized by atmospheric oxygen in 
a manganese-catalysed reaction. The addition of 
hydrogen peroxide or indeed any hydroperoxide 
significantly increases the rate of oxidation of HNTS. 
The oxidation product exhibits intense blue fluor- 
escence (A,, 390 nm, I,, 450 nm) in contrast to HNTS 
(A,, 410 nm, A,, 475 nm). 
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Fig. 1. Range of determination for cumene (l), tert-butyl(2) 
and hydrogen peroxide (3) by the initial-rate method. 

This system is used as the basis for a fast method 
of determination of organic hydroperoxides (tert- 
butyl and cumene hydroperoxides) and lipohydro- 
peroxides present in commercial oil samples. The 
method is quite simple and requires no sample pre- 
treatment. The experimental conditions for deter- 
mination of these peroxides are identical with 
those established for the determination of hydrogen 
peroxide.6 

Figure 1 shows the calibration graphs for the 
organic hydroperoxides and hydrogen peroxide. The 
slopes reveal that the reactivity decreases in the order 
hydrogen peroxide > tert-butyl hydroperoxide > 
cumene hydroperoxide. 

These differences may be attributed to steric hin- 
drance in the attack by the organic hydroperoxides 
assayed, and are in agreement with the results of 
Frew et al.,5 who found that hydrogen peroxide reacts 
more rapidly than tert-butyl or cumene hydro- 
peroxide with phenolphthalin and iodide. 

Table 1. Determination of tert-butyl and cumene peroxide 
by the initial-rate method 

Linear Sensitivity, R.s.d., 
Peroxide range, 10e6M I,.min-‘.l.mole-’ % 

Tert-butyl 0.08-l .46 6.2 x lo4 2.3 
Cumene 0.13-3.30 2.6 x lo4 2.5 

The ranges of determination found for the organic 
hydroperoxides by the initial rate method are listed in 
Table 1, which also includes the relative standard 
deviations calculated (n = 11; 95% confidence limit). 

Determination of lipohydroperoxides in oil samples 

When HNTS is added to an oil sample in the 
presence of manganese(I1) in ammoniacal medium 
the lipohydroperoxides present give rise to an ox- 
idation product of HNTS with the same spectral 
characteristics as that obtained when hydrogen per- 
oxide or indeed any hydroperoxide is added to the 
HNTS-Mn(II)-NH, system. 

Thus, by means of the HNTS/Mn(II) indicator 
system it is possible to determine the lipo- 
hydroperoxide content in oil samples: grape, corn, 
sunflower seed, olive, cod liver and linseed oil samples 
have been tested. The oil solutions are prepared (5 
mg/ml) in absolute ethanol and analysed as described 
in the experimental section. Since the oxidation 
medium contains 35% water, to avoid turbidity the 
volume of oil solution used must not exceed 200 ~1. 

In a previous work,6 the kinetic-fluorimetric deter- 
mination of hydrogen peroxide with the HNTS/ 
Mn(I1) system was described. It has also been demon- 
strated that the reactivity of hydroperoxolinoleate in 
the catalysed oxidation of HNTS is similar to that of 
hydrogen peroxide.’ Thanks to this fact, the cali- 
bration graph for hydrogen peroxide determination 
can be used for the lipohydroperoxides, the values 
being expressed as “active peroxide concentration” 
(as meq of peroxide/kg of oil), Table 2 shows the 
excellent agreement between the results obtained by 
the HNTS method and the classical iodometric 
method.* 

It also follows that hydrogen peroxide can con- 
veniently be used as the standard additive in the 
determination of low lipohydroperoxide contents in 
oil samples by the standard-additions method. No 

Table 2. Determination of the lipohydroperoxide content of oil samples 

Lipohydroperoxide content, meq/kg 

Active peroxide 
Iodometric Proposed concentration, 

Oil method method IO-‘M 

Grape 2.5, 2.6, 1.3, 
Corn 2.2, 2.1, I.09 
Sunflower seed 13.2 13.4 6.7 
Olive 2.0, 2.2, 1.13 
Cod liver 3.9‘ 4.1, 2.0, 
Linseed 15.2. 17.3- 8.7. 

1: 20000 dilutions of the oil concerned were used in every case. 
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Table 3. Lipohydroperoxide determination in oil samples by the method 
of standard additions 

H,O, added, Active peroxide Recovery, 
Oil lo-‘M concentration, lo-‘M % 

Grape - 1.3 - 
1.51 8.7 98 

10.00 11.3 100 
12.60 13.8 100 

Corn - 1.1 - 
1.51 8.8 101 

10.00 11.2 101 
12.60 14.3 104 

Sunflower seed - 6.7 - 
1.57 14.4 101 

10.00 16.6 99 
12.60 19.3 100 

Olive - 1.1 - 
7.57 8.7 100 

10.00 10.7 96 
12.60 13.5 99 

Cod liver - 2.1 - 
1.51 9.7 100 

10.00 12.0 99 
12.60 14.5 100 

Linseed - 8.7 - 
1.51 16.8 97 

10.00 18.5 99 
12.60 21.0 100 

secondary reactions occur since the initial rate is 
measured over the first three minutes. Table 3 lists the 
results obtained by this method. 

CONCLUSIONS 

The new method proposed for the determination of 
the lipohydroperoxide content in oil samples has high 
sensitivity and thus requires only very small sample 
volumes, which minimizes possible interferences. 
Even smaller samples can be used if the standard- 
additions method is used, with hydrogen peroxide as 
the added standard. 

In principle the method is also applicable to micro- 
samples of other foodstuffs, but if sample pretreat- 
ment is required (for example, chloroform extraction 
of fat from bacon, and evaporation of most of the 

chloroform to avoid emulsion formation) the method 
becomes substantially slower. 
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EFFECTS OF VACUUM ON TETRAKIS-ISOCYANIDE 
COMPLEXES OF SILVER(I) AND COPPER(I): 

IMPLICATIONS FOR SIMS ANALYSES 

LISA D. DETTER, STEVEN J. PACHUTA, R. G. COOKS* and R. A. WALTON* 
Purdue University, Chemistry Department, West Lafayette, IN 47907, U.S.A. 

(Received 20 April 1986. Accepted 27 June 1986) 

Summary-Vacuum-promoted ligand loss has been detected for the complexes [Ag(CNMe)JPF, 
(Me = methyl), [Ag(CN-t-Bu) JC104 (t-Bu = tert-butyl) and [Ag(CNCy),]CIO, (Cy = cyclohexyl). The 
analogous Cu(1) isocyanide complexes are stable under the same conditions. These conclusions are based 
on infrared spectroscopy, secondary-ion mass-spectrometry (SIMS) and weight-loss measurements. 

A series of silver and copper co-ordination complexes 
has been studied by secondary-ion mass-spectrometry 
(SIMS).’ In extensions of this work, larger samples of 
these complexes were subjected to ion bombardment 
under vacuum in an attempt to cause transformations 
of the monomeric silver(I) complexes [Ag(CNR)JX 
(where R = cyclohexyl or tert-butyl for X = ClO,, 
and methyl for X = PF,). In a similar fashion, the 

copper(I) complexes [Cu(CNR)dPF,, where 
R = methyl, tert-butyl or cyclohexyl, were examined 
and although the ion beam itself produced no de- 
tectable chemical effects under the conditions used, 
an interesting effect was observed for the silver(I) 
complexes. It appears that under vacuum the silver(I) 
complexes undergo rapid loss of up to two isocyanide 
ligands to form the bis-isocyanide Ag(1) species. 
Unlike the silver(I) complexes, the copper(I) com- 
plexes were stable under the same conditions. These 
results, and their implications for SIMS analyses, are 
discussed in this report. 

EXPERIMENTAL 

This study was undertaken in two different vacuum 
ranges. The first employed pressures of cu. 10m2 mmHg 
obtained by means of an Edwards model EDSO mechanical 
vacuum pump connected to a desiccator by a bench-top 
vacuum line. The rated pumping speed for air was 54 l./min, 
and the pressure was monitored by a Stokes McLeod gauge. 
Pressures in the 10e5 mmHg range were obtained with an 
Edwards Diffstack-100 diffusion numn backed bv an 
Edwards E2M12 mechanical pump. The air-pumping speeds 
were 320 I./set and 289 l./min, respectively, and pressures 
were monitored by a Bayard-Alpert ionization gauge. The 
sample preparation chamber of a Riber Model SQ 156L 
secondary-ion mass-spectrometer was used to perform these 
high-vacuum experiments. Typically, between 10 and 50 mg 
of complex was placed in a vial, which was then inserted in 
the preparation chamber and subjected to vacuum for 
several hr. All measurements were made under ambient 
conditions. 

*Address any correspondence to either of these authors. 

Fourier-transform infrared spectra (nujol mulls) were 
recorded over the region 48OGKlO cm-’ on an IBM IR/32 
spectrometer. Positive-ion secondary-ion mass spectra were 
obtained with the Riber instrument, which consists of an 
energy sel&tor, a quadrupole mass-filter, a channeltron 
electron-multiplier and pulse-counting electronics. A 
4.5keV argon primary-ion beam was used at primary-ion 
current densities of 10e9 A/cm2 or less. The operating 
pressure of the analysis chamber was typically less than 
1 x lo-* mmHg. Spectra were obtained at a quadrupole 
scanning-rate of 3 sec/amu. No charge compensation was 
necessary. 

The isocyanide complexes were prepared by addition of 
silver hexafluorophosphate or perchlorate to a stirred solu- 
tion of the appropriate isocyanide ligand.’ The analogous 
copper(I) complexes were prepared in a similar fashion from 
[CU(NCCH,)~PF,.~ 

RESULTS AND DISCUSSION 

Synthetic procedures are now well documented for 
the tetrakis-isocyanide complexes of Ag(1) and 
CU(I).*,~ Synthetic routes to the bis-isocyanide com- 
plexes of Ag(1) and Cu(1) are less well developed. 
Bell et al. have reported the isolation of the 
[Ag(CNCy)dC104 species,* and the [Ag(CN-t- 
Bu)dClO, complex was prepared by a similar pro- 
cedure for use in the present study. The analogous 
bis-isocyanide Cu(1) complexes have not been pre- 
pared. Data for the tert-butyl isocyanide complexes 
will be discussed first. 

The complex [Ag(CN-t-Bu),]ClO, showed a 24% 
weight loss after pumping in the SIMS instrument 
preparation chamber and a new (C = N) band at 
2245 cm-’ was observed in the infrared spectrum. 
This new band corresponds to the (C = N) stretching 
mode of [Ag(CN-t-Bu),JClO,, which is seen at 2243 
cm-’ in the spectrum of a sample of the authentic 
complex. The analogous Cu(1) compound, [Cu(CN- 
t-Bu),]PF,, showed only a 6% weight loss under 
similar conditions and its infrared spectrum remained 
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Time. 

Table 1. SIMS study of [Ag(CN-t-Bu),]ClO$ 

hr t-Bu+ t-BuNC+ Ag+ Ag(CNH)+ Ag(CNH): AgL+ AgL(CNH)+ AgL: 

0.0 100 0 78 18 10 5 5 3 
0.5 100 0 71 19 10 5 8 1 
1.0 100 0 62 14 6 3 6 2 
2.0 100 0 63 13 5 3 5 0 

*All values % relative to t-Bu+. L represents the intact isocyanide ligand. 

Time. 

Table 2. SIMS study of [Ag(CN-t-Bu)JClO: 

hr t-Bu+ t-BuNC+ Ag+ Ag(CNH)+ Ag(CNH): AgL+ AgL(CNH)+ AgL; 

0.0 79 18 100 25 7 11 17 4 
0.5 100 7 100 46 15 8 13 5 
1.0 96 2 100 45 9 5 5 1 
2.0 98 0 100 38 5 5 4 0 

*The sample was prepared bv the method of Bell et al.* All values % relative to Ag+. L represents 
the intact isocyanide ligand. 

essentially unchanged. The observation of significant 
weight losses for the Ag(1) species seems reasonable 
since both two and four co-ordinate geometries are 
known for Ag(1) compounds.4 However, copper(I) 
complexes prefer four co-ordination and might there- 
fore be more stable toward vacuum-induced ligand 
dissociation. In fact, monitoring of the pressure in the 
preparation chamber during pumping showed that it 
decreased very slowly (from 4 x 10m5 to 5 x 10m6 
mmHg in 12 hr) for the [Ag(CN-t-Bu),]ClO, tests, but 
decreased rapidly (in about 10 min for the same 
range) for the copper complexes. 

To examine vacuum-enhanced ligand dissociation 
further, a poorer vacuum was employed, namely, 
10e2 mmHg. A sample of [Ag(CN-t-Bu)4]C104 was 
placed in a desiccator and pumped at low2 mmHg for 
7 days. After 24 hr the pumping was interrupted and 
the sample examined. No significant weight loss or 
infrared spectral changes were noted. However, after 
a week, formation of the bis-isocyanide complex was 
indicated by the appearance of an infrared band at 
2243 cm-’ and a 16% weight loss. 

A SIMS study of [Ag(CN-t-Bu)4]C104 and 
[Ag(CN-t-Bu)JClO, was undertaken and spectra 
were recorded after 0.0, 0.5, 1.0 and 2.0 hr of argon 
ion-bombardment (Tables 1 and 2). The relative 
abundances of all the fragment ions after 0.5 hr are 
the same within a factor of 2 or less for both 
compounds, except for the Ag+ and Ag(CNH)+ ions. 
The higher relative abundance of the Ag+ ion from 
the [Ag(CN-t-Bu),]ClO, samples could be explained if 
small amounts of the unreacted starting reagent 
(AgC104) remained after recrystallization of the final 
product. To check this possibility, a sample of the 
bis-isocyanide complex was prepared by pumping 
[Ag(CN-t-Bu),]ClO, for 9 hr under high-vacuum 
conditions. The results of a SIMS study of this 
sample were very similar to those obtained for 
[Ag(CN-t-Bu),]ClO,. The abundance of Ag(CNH)+ 
after 30 min or more ion-bombardment was about 

three times greater for the [Ag(CN-t-Bu)JClO, sam- 
ple than for [Ag(CN-t-Bu),]ClO,, an effect we believe 
could result from a greater degree of beam damage 
experienced by the [Ag(CN-t-Bu)JClO, sample. 
Overall, the SIMS data suggest that the tetrakis 
complex rapidly loses two isocyanide ligands to form 
the bis complex. This dissociation most likely occurs 
during the 0.5 hr pump-down period in the sample 
preparation chamber before transfer into the main 
SIMS chamber. 

From the significant weight loss of the silver(I) 
complexes and from the SIMS results, it is apparent 
that these complexes are predisposed to dissociate by 
ligand loss under vacuum. The greatest extent of 
dissociation occurs within 30 min at 10m5 mmHg; 
longer periods are necessary to achieve the same 
results at 10m2 mmHg. 

Considerable weight losses were also recorded for 
the [Ag(CNCy),]ClO, (29%) and [Ag(CNMe),]PF, 
(21%) complexes, but the corresponding copper(I) 
species showed weight losses of only 2.3 and 3.9%, 
respectively. The infrared data for the silver(I) com- 
plexes after pumping showed (C = N) bands corre- 
sponding to the formation of the bis-isocyanide com- 
plexes, but these bands were weak in comparison with 
those observed for [Ag(CN-t-Bu)JClO,. The infrared 
data also showed that the copper(I) complexes were 
again unchanged under these high-vacuum condi- 
tions. 
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ANALYTICAL DATA 

SIMULTANEOUS DETERMINATION OF THE 
ACID AND BASIC IONIZATION CONSTANTS 

OF IMIDAZOLE 

M. TERESA S. D. VASCONCELOS and ADELIO A. S. C. MACHADO 
Chemistry Department, Faculty of Science, 4000 Oporto, Portugal 

(Received I May 1986. Accepted 30 June 1986) 

Summary-The acid and base ionization constants of imidazole (LH) have been determined simulta- 
neously by potentiometry. Concentration constants were obtained at 10.0, 15.0, 25.0 and 40.0” with 
I = O.lM (KNO,), the values (and standard deviations) at 25.0” being pK,,(LH:) = 7.002 f 0.006 and 
pK,(LHl) = 12.588 + 0.004. The following values were obtained for the corresponding thermodynamic 
parameters: AH, = 38 and AH, = 38 kJ/mole; AS, = -8 and AS, = - 112 J.mole-i . K-t. 

Imidazole (Im) is an amphiprotic molecule, with 
weak basic character and very weak acidic properties. 
Its basic ionization constant has been measured 
several times by potentiometry’A but the acid proper- 
ties of the compound were ignored. The acid ioniza- 
tion constant has been measured by spcctrophoto- 
metry in strongly alkaline solution,2*s.6 where the 

basic character of the substance is obscured, or by 
kinetic methods.’ In study of the complexing proper- 
ties of 1-(2-carbamylethyl)-2-alkylimidazoles,s which 
also show amphiprotic character, we determined both 
ionization constants of the compounds by a poten- 
tiometric procedure (since the study included the 
determination of the deprotonation equilibrium con- 
stants of the compounds when co-ordinated, we were 
interested in the acid constants for the purpose of 
comparison). For the same reason, we decided to 
extend the determinations to imidazole. Concen- 
tration ionization constants were obtained at several 
temperatures in solutions with ionic strength ad- 
justed to O.lM and, from the plots of log K vs. l/T, 
the thermodynamic parameters AH and AS were 
obtained. 

EXPERIMENTAL 

Reagents 

Imidazole (BDH or Koch-Light) was recrystallized twice 
from a mixture of ethanol and acetone. All other chemicals 
were of analytical grade. Potassium nitrate was re- 
crystallized three times from water. Freshly prepared solu- 
tions of this salt were used to prevent problems from the 
presence of carbon dioxide in solution. 

Apparatus 
An Orion 801A decimillivoltmeter equipped with a 

Philips GAHllO glass electrode and an Orion 90-02-00 
reference electrode (outer solution O.lM KNO,) was used 
for the potentiometric measurements. The glass electrode 
was calibrated (E us. log II-I+]) with buffers (O.OlM borax, 
phosphate [KH,PO, O.O25M/Na,HPO, 0.025M) and 0.05M 
potassium hydrogen phthalate)9 with ionic strength adjusted 
to O.lM with potassium nitrate (the second buffer requires 
no adjustment) by a procedure reported in detail else- 
where.rstO 

The titrations were done in Metrobm EA 880T double- 
walled cells under purified nitrogen, the solutions being kept 
at 25.0 k 0.1, 10.0 f 0.2, 15.0 f 0.2 or 40.0 f 0.2”. 

Grade A glassware and demineralized and doubly dis- 
tilled water (silica still) were used throughout. The water 
was boiled before preparation of the solutions (under 
nitrogen). Whenever possible, the solutions were prepared 
directly in the titration vessel. 

Procedure 

The experiments consisted of titrations of pure imidazole 
solutions with nitric acid (concentration 10e2M or less) at 
a constant ionic strength of O.lM adjusted with potassium 
nitrate. Typical conditions used in the titrations are listed in 
Table 1. Different concentrations of imidazole were used so 
as to detect any influence of the concentration on the values 
of the equilibrium constants (the data in Table 1 refer to the 
maximum and minimum values of imidazole concentration). 
The pH( = - log [H+ 1) range in the titrations was N 8.5-9.5, 
in an intermediate position between the pKvalues of the two 
acid functions of the system. 

Calculations 

Experimental data were treated by the program MINI- 
QUAD. ‘i*‘* A value of R,, = 0.0012 was calculated” for the 
type of experiments performed in the present work. Pro- 
tonation concentration constants for systems A and B are 

Table 1. Influence of the imidazole concentration on the results (25”, I = O.lM)* 

C r”, M x lo2 PH n Rx104 x2 Bi 82 

3.712 9.61-8.70 14 0.34 0.57 12.589(7) 19.581(7) 
1.594 9.49-8.64 17 0.31 2.71 12.587(5) 19.596(6) 

*LH = imidazole; n, number of points; R, x2 given by MINIQUAD; /3,(oi) logarithmic 
values (number in brackets is standard deviation, and refers to last digit of value), 
model (I). 
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Table 2. Cemparison of the fits with different models* 

Model BI or B; 82 81/f% x2 R x 104 

(1) 12.870(10) 
(II) 7.342(2) 

(I) 12.734(9) 
(II) 7.319(0.7) 

(I) 12.589(7) 
(II) 6.981(5) 

(I) 12.132(25) 
(II) 6.696(4) 

Temperature: 10.0 
20.221(10) 7.351(5) 

Temperature: 15.0 
20.055(9) 7.321(4) 

Temperature: 25.0 
19.581(7) 6.992(9) 

Temperature: 40.0 
18.839(24) 6.707(3) 

4.0 0.3 
34.4 2.5 

3.3 0.5 
16.3 1.0 

0.6 0.3 
24.6 4.2 

6.2 0.5 
30.6 4.1 

*See note in Table 1; Model (I): log (f12//?,)=pKs,(LH~); log 
/I, = pK,,(LH:); Model (II): log /?‘, = pK,,(LH:). 

defined as: 

(A) L+qH+LH, 

(B) LH + pH + LH, +P /I; = CL.,, +) /cLHcfl 

The following models were tried: 
(I) L/LH/LH, [A, log B, = pK,(LH:), log(B,lB,) = 

pK,,(LH:)], which allows for the amphiprotic character of 
imidazole; 

(II) LH/LH, [B, log /I, = pK.,(LHz)], in which only the 
basic properties of imidazole are considered. 

Typical results are presented in Table 2. Other models 
were also attempted. For instance, when imidazole was 
treated as if it were a diprotic acid and a monoprotic base, 
as might be suggested by the existence of complexes in which 
the ligand is co-ordinated at C(2) after loss of a proton” 
and by evidence that the reactivity of the same carbon atom 
in deuteration reactions is explained by a mechanism that 
includes its deprotonation, is the equilibrium constant corre- 
sponding to the second acid ionization was systematically 
rejected, yielding model (I) above. 

From /3,(aJ values (standard deviation, cri), both in 
logarithmic form, obtained in different experiments by 
computer adjustment, the final value of the equilibrium 
constant, /I, was calculated” as a weighted average, 

s = (~Biluf)/[~(llaB]. 

the standard deviation being calculated as 

d =[l/~(l,o:)l”‘. 

Tests of the procedure 
The procedure was tested at 25.0” with substances of 

known ionization constants. Boric acid, (PK, = 8.98)” and 

dipotassium hydrogen phosphate (H,PG,: pK, = 6.638 and 
pK, = 11.545)” were used because their ionization con- 
stants are close to those to be measured. Good agreement 
with the literature values was obtained for the ionization 
constants and non-existent constants were systematically 
rejected when included in the model. 

RESULTS AND DISCUSSION 

Influence of K, on the results 

In the determination of acid ionization constants 
of very weak acids, the final value obtained from 
computational refinement is strongly influenced by 
the value of the autoionization constant of water, &. 
In the present work, following a procedure adopted 
by others,” it was attempted to treat K, as an 
adjustable parameter like the other ionization con- 
stants of the system, but no convergence of iteration 
was obtained. The influence of K, on the results was 
therefore studied by another procedure, in which the 
same set of experimental data was successively ad- 
justed with several different values of &. Literature 
values for conditions similar to those used in this 
work,20*21 and the value K, = 1.398 x lo-l4 (at 25.0”) 
obtained in this work from treatment of the results of 
a titration of strong base with strong acid by Gran’s 
procedure,2***’ as well as some arbitrary larger and 
smaller values were employed (Table 3). The results 
showed that K, has no influence on the basic ioniz- 
ation constant of imidazole, but does have a marked 

Table 3. Influence of the value of K, on the ionization constants of imidazole (25.0”, 
I=O.lM)* 

K, x IO” 8, B2 82/A R x 10’ x2 Notest 

0.5 12.304(8) 19.295(7) 6.991 0.36 1.76 
1.097 12.473(16) 19.465(16) 6.992 0.35 0.56 b, R:f. 20 
1.398 12.590(7) 19.581(7) 6.991 0.34 0.57 
1.68 12.740(6) 19.732(6) 6.992 0.35 0.51 Reff 21 
2 13.020(54) 20.012(54) 6.992 0.33 0.57 
5 : 

*See note in Table 1; log @?*//I’) = pK,,(LH:); log 8, = pK,,(LH:). 
ta Arbitrarily fixed value. 
b Value at 20”. 
c This work. 
d No convergence was obtained. 
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influence on the acid ionization constant, as expected. 
Except for very low and very large values of K,, the 
goodness of fit was practically independent of R,. 
This may explain the lack of convergence when K, 
was tried as an adjustable parameter, but also pre- 
vents the choice of any of the tested values of K,,, as 
the optimum value. However, it was found that, when 
the data obtained in experiments repeated under the 
same conditions were adjusted with different values 
of K,, the dispersion of the equilibrium constants was 
smaller for the value of K, determined by us (Table 
4), so this value was used for all subsequent calcu- 
lations. At 10.0, 15.0 and 40.0” the experimental 
values of K, were respectively 0.4468 x 10-14, 
0.6310 x IO-l4 and 4.213 x 10-14. 

Ionization constants 

The present study shows that both acid-base con- 
stants of imidazole can be determined simultaneously 
by potentiometry, provided that experimental data 
are collected for a suitable range of pH. Indeed, the 
results presented in Table 2 show that the fit for 
model (I), which allows for the amphiprotic character 
of the compound, is statistically better than that for 
model (II), in which only the basic properties of 
imidazole are considered. More specifically, the value 
of the R-factor for model (I) is the lower at every 
temperature. As the R-factor is lower than Rlim for 
both models, the R-factor ratio tesP was used’3s24 to 
compare the models. For values obtained at 25.0” 

Table 4. Influence of the value of K, on the dispersion of 
the ionization constants of imidazole (25.0”, I = O.lM)* 

Experimental 

KV 1 2 3 Range 

0.5 x 10-u /3, 12.304 12.308 12.083 0.225 
19.295 19.306 19.091 0.215 

1.097 ;: 12.473 12.479 12.349 0.130 

1.398 1 
19.465 19.478 19.357 0.121 
12.590 19.600 12.587 0.013 

2 19.581 19.598 19.596 0.017 
1.68 

;; 
12.740 12.752 13.080 0.340 
19.732 19.751 19.656 0.095 

*See notes in Table 3. 

9 = RII/RL = 4.2/0.3 = 14 (Table 2), and since the 
number of points is 14 (Table 1) and model (II) 
involves one constant less than model (I), this value 
of W has to be comparedz4 with RI,,2,a [12 = degrees 
of freedom = number of points -number of con- 
stants of model (I)]. At the 99.5% significance level 
(a = 0.005) the value of this parameter is 
R 1,12,0.005 = 1.4 < 9?, which shows that there is a 99.5% 
probability that model (II) is not correct. Besides, at 
every temperature, only for model (I) does x satisfy 
the X*-test: for model (II), the X*-values are larger 
than the limiting value, 12.59 at the 95% confidence 
levellb for 6 degrees of freedom, as is the case.” 

The final values of the ionization constants, ob- 
tained as weighted averages of 3 or 4 determinations 
at each temperature, are presented in Table 5. The 
values at 25.0” can be compared with literature values 
obtained in similar conditions. The value 
pK,,(LH:) = 7.002 compares well with values re- 
ported for 25.0” and ionic strength close to the value 
used in the present work: 7.09 [I = 0.135M(KCl)]24, 
7.09(1= 0.1 lM)25 or 6.993 [Z = 0.1 35A4(KCl)].26 The 
value of pK,,(LH*+ ) = 12.588 is intermediate between 
the value found by Krishnamurthy7 by a kinetic 
method, 11.72 [I = 0.2M(NaC104)J and the older 
values obtained by spectrophotometry, for instance 
14.44,5 or 14.176, corrected to I = 0. 

Thermodynamic parameters 

Values of AH and AS for both ionization equilibria 
(Table 5) were obtained by linear-least squares ad- 
justment of log K,,{LHz) vs. l/T. Acceptable car- 
relation coefficients P were obtained (Table 5). HOW- 
ever, their statistical significance is very limited since 
the data consisted of only four points (for the same 
reason, standard deviations for the thermodynamic 
parameters calculated from the linear regression data 
are considered not to be worth reporting). 

The values of AH and AS corresponding to 
K,,(LHc) compare well with those obtained by Datta 
and Grzybowskiz7 at the same temperature and 
ionic strength, also by a potentiometric procedure 
(AH = 35 kJ/mole and AS = - 16 J.molee’.K-I), as 
well as with calorimetric data obtained under several 

Table 5. Ionization constants of imidazole* and the corresponding ther- 
modynamic parameters? (I = O.lM) 

Temp., 
“C 81 82 192/81 

10.0 12.846(5) 20.092(5) 7.350(7) 
15.0 12.724(6) 20.043(6) 7.319(8) 
25.0 12.588(4) 19.590(4) 7.002(6) 
40.0 12.160(7) 18.883(7) 6.722(10) 

AH,, kJ/mole 38 38 
ASi, J.mole-‘.K-’ -112 -8 
1 0.986 0.990 

*Weighted averages of values obtained in 3 or 4 determinations at each 
temperature; logarithmic values, model (I); log 8, = pK,,(LH$), log 
(MI,) = PK,(LH,+ ). 

tReferred to equilibria Acid C= Base + H+ ; I, correlation coefficient of 
linear least-squares adjustment. 
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different conditions:G3’ which show AH values in the 
range 36-38 kJ/mole and AS values in the range from 
- 8 to - 12 J . mole-‘. K-‘. The values corresponding 
to K,,(LHl) show poor agreement with the only set 
of values in the literature, obtained from spectro- 
photometric measurements’ (AH = 74 + 7 kJ/mole, 
AS = -29 f 21 J.mole-‘.K-‘). This may be a con- 
sequence of the inaccuracy in the values of the second 
acid constant. In both cases, since AS is obtained 
from extrapolation of experimental data (intercept at 
l/T = 0 of the straight line fitted to the points) larger 
differences in this parameter than in AH are not 
unreasonable. 
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Sunnnary-The dependence of the absorption and fluorescence spectra of I-hydroxy-2-carboxy- 
anthraquinone on pH and Hammett acidity have been studied. This compound exhibits phototautomerism 
in its uncharged and its singly-charged anionic species in aqueous media. Its ground state (PK,) and lowest 
excited singlet-state (pK:) dissociation constants have been determined by absorptiometric and 
fluorimetric titrations and the assignment of the pK, and pK,Z values to the equilibria concerned has been 
carefully considered. 

Hydroxy-derivatives of anthraquinone are well 
known as photometric and fluorimetric reagents for 
metal ions. Because of our interest in the application 
of hydroxyanthraquinones as analytical reagents and 
the photochemistry of these compounds, the present 
study of the dependence of the absorption and 
fluorescence of I-hydroxy-2-carboxyanthraquinone 
on acidity was undertaken. 

This reagent has been synthesized in our labora- 
tory, and has been proposed for the photometric 
determination of Be(II),’ Ni(II)* and C0(11)~ and for 
the fluorimetric determination of Be(IIj,4 Mg(II),’ 
Y(III),6 Al(III),’ Ga(III)* and La(III),9 in previous 
papers. However, no reference has been found to the 
values of its protolytic dissociation constants. In 
fluotimetric analysis, the spectroscopic effects of 
chemical reactions in the lowest excited singlet-state 
manifest themselves as interferences in the form of 
quenching of the fluorescence of the analyte if the 
product of the photo-reaction is non-fluorescent, or 
as displacement of the fluorescence spectrum if the 
photo-product is fluorescent. Consequently, the ana- 
lyst must be aware of the ways in which excited-state 
proton transfers can influence the fluorescence spec- 
tra of analytical reagents. 

In molecules containing electron-withdrawing and 
electron-donating groups situated ortho or peri to one 
another, phototautomerism may occur by proton 
transfer across an intramolecular hydrogen bond 
between the two groups as, for example, in salicylic 
acid.‘O,” 

*To whom requests for reprints should be addressed. 

In molecules where the electron donor and electron 
acceptor groups are widely separated, intermolecular 
phototautomerism may occur. This requires? sub- 
sequent to excitation, an extremely rapid double 
proton-transfer, to the solvent by the electron-donor 
group and from the solvent to the electron-acceptor 
group. 4-Methyl-7-hydroxycoumarin is an example 
of a molecule which displays such phototautomerism 
in the lowest excited singlet-state.” 

In these types of compounds, the gain in acidity of 
the electron-donating group and the gain in basicity 
of the electron-withdrawing group, in the same elec- 
tronically excited molecule, can be so great that the 
order of ionization of the two groups is reversed with 
respect to the normal order observed in the ground- 
state.‘&14 In the present work, it will be shown that 
I-hydroxy-2~arboxyanthraquinone demonstrates 
phototautomerism in its uncharged and its singly- 
charged anionic species in aqueous media. 

EXPERIMENTAL 

Apparatus 

Absorption spectra were recorded with a Zeiss DMR-11 
spectrophotomer. Fluorescence spectra were recorded with 
a Perkin-Elmer MPF-43 fluorescence spectrophotometer, 
equipped with an Osram BO 150-W xenon lamp, excitation 
and emission grating monochromators, an R-508 photo- 
multiplier and a Perkin-Elmer 056 recorder. A standard 
fluorescence stick (equivalent to a 3 x 10m4W solution of 
Rhodamine B) was used daily to adjust the 
spectrofluorimeter to compensate for changes in source 
intensity. No correction was made of the instrumental 
response. A thermostatic water-bath circulator Sclecta 382 
was used for temperature control. The pH-measurements 
were made on a Crison digital 74 pH-meter employing a 
glass saturated-calomel combination electrode. 

Reagents 

I-Hydroxy-2carboxyanthraquinone was synthesized by 
diazotization of I-amino-2carboxyanthraquinone, followed 
by hydrolysis, according to Scholl’s methodI and purified 
by recrystallization from glacial acetic acid. The purity was 
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Table 1. Features of absorption and fluorescence spectra of 
I-hydroxy-2carboxyanthraquinone and its corresponding 
cation and singly- and doubly-charged anions in aqueous 

media 

Long-wavelength 
absorption Fluorescence 
maxima, maxima, 

nm nm 

Cation 455 516 
Neutral molecule 400 591 
Singly-charged anion 395 593 
Doubly-charged anion 500 _ 500* 

*Practically non-fluorescent. 

checked by thin-layer chromatography. The melting point 
of 223-225” was in agreement with that reported in the 
literature.r5 

The concentrations of the solutions examined were 
2.8 x 10T5, 1.0 x 10W4 and 1.0 x 10-5M. Their pH was 
adjusted with sulphuric acid and sodium hydroxide solu- 
tion. Jorgenson and Hartter’s corrected Hammett acidity 
scaleI was employed to calibrate the sulphuric acid solu- 
tions. Doubly distilled and demineralized water was used 
throughout. 

hibits charge-transfer from the aromatic ring to the 
electron-withdrawing group in the excited state. As a 
consequence, there is a shift of the fluorescence of the 
aromatic molecule to shorter wavelengths on dis- 
sociation. Dissociation of a proton from an electron- 
donor group stabilizes the dissociated excited mole- 
cules relative to the excited undissociated molecules 
because it enhances charge-transfer from the 
electron-donor group to the aromatic ring in the 
excited state. This results in a shift of the fluorescence 
of the molecule to longer wavelengths on dis- 
sociation.is Similar arguments are generally applica- 
ble to the shifts in absorption spectra occurring on 
protolytic dissociation.i*~i9 

The long-wavelength absorption maxima as well as 
the fluorescence maxima of I-hydroxy-2-carboxy- 
anthraquinone and its corresponding cation and 
singly- and doubly-charged anions are presented in 
Table 1. 

1-Hydroxy-2-carboxyanthraquinone is capable of 
undergoing three successive protolytic dissociations 
by either of two paths: 

'OH 
(I) 

'OH 

(IV) 

0 0- 

a0 ;I 1; 
0 

/ 
WI) 

,;- 

RESULTS AND DISCUSSION When the acidity of the medium is increased, there 
is a red-shift in the absorption spectrum, due to 

Fiirster has discussed the relationship between protonation of one or other of the three basic groups 
fluorescence and the shifts occurring upon protolytic in the molecule (the quinone groups in positions 9 
dissociation and the protolytic equilibrium constants and 10 and the carboxyl group in position 2). We 
in the ground and lowest excited singlet states.” think that this protonation must occur on the qui- 
Dissociation of a proton from an electron- none group in position 10, because the other two 
withdrawing group in an aromatic molecule de- basic groups are close to electron-withdrawing 
stabilizes the dissociated excited molecules relative to groups (which diminish their basicities), and also 
the undissociated excited molecules, because it in- have electron pairs which can be involved in 
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Fig. 1. Absorbance vs. Ho for 2.8 x 10m5M I-hydroxy-2- 
carboxyanthraquinone in sulphuric acid at an analytical 

wavelength of 455 nm and temperature 20 + 0.5”. 

hydrogen-bonding with the phenolic group, which 
again diminishes their basicities. 

The first path entails dissociation of the acid 
protonated at the quinone group (I) to form the 
neutral molecule (II). This is followed by dissociation 
from the carboxyl group, to form the singly-charged 
anion (III) and then dissociation from the phenolic 
group to form the doubly-charged anion (VI). This 
pathway would be expected to be accompanied by 
two shifts to shorter wavelengths and finally to a 
longer wavelength for the long-wavelength absorp- 
tion and fluorescence bands. This is, in fact, the 
sequence of shifts observed in the long-wavelength 
absorption maxima, and indicates that these changes 
correspond to successive ionizations of the ground- 
state species. 

Fig. 2. Absorbance VS. pH for 1.0 x 10m4M I-hydroxy-2- 
carboxyanthraquinone in water at two analytical wave- 

lengths (400 and 500 nm) and 20 & 0.5”. 

I I I I I 
-9 -7 -5 -3 

% 

Fig. 3. Dependence on H,, of the fluorescence intensity for 
1.0 x lo-‘A4 I-hydroxy-2carboxyanthraquinone (at the 
emission maximum of 597 nm). Excitation at 405 nm, the 
isosbestic point in the absorption spectra of the neutral 

molecule and its cation. 

However, the sequence of fluorescence shifts is first 
to longer wavelength, then to shorter wavelengths. 
Examination of the second pathway from cation to 
doubly-charged anion (I-DIV+V+VI) indicates that 
this will produce the observed order of fluorescence 
shifts. This suggests that in the lowest excited singlet 
state the phenolic group is more acidic than either the 
protonated carbonyl or undissociated carboxylic 
groups, a situation opposite to that in the ground 
state. 

Absorptiometric titration curves for I-hydroxy-2- 
carboxyanthraquinone are shown in Figs. 1 and 2. 
The pK, of protonated 1 -hydroxy-2-carboxy- 
anthraquinone was calculated by use of an Ho acidity 
scale for the concentrated sulphuric acid solutions 
employed in the determination. 

The variations of the fluorescence intensities at the 
appropriate band maxima of I-hydroxy-2-carboxy- 
anthraquinone are shown in Figs. 3 and 4. The 
protolytic dissociation constants were calculated 
from eight points in the appropriate absorptiometric 
or fluorimetric titration, and are shown in Table 2. 

The pK, values found for the ground-state equi- 
libria between species I and II and species III and VI, 
were - 7.08 and 11.13 respectively. 

The absorption maxima of the I-hydroxy-2- 
carboxyanthraquinone shift only slightly as the 
neutral molecule is converted into the singly charged 
anion with increasing pH. The absorbance does not 
change very much with pH in the HJpH range from 
- 3 to 8. Because of this, the pK, value corresponding 
to the protolytic equilibrium between species II and 
III cannot be determined by absorption spec- 
trophotometry. Because the solubility of this com- 



I I I I I I 
-5.27 corresponds to the excited-state equilibrium 

-3 -1 1 3 5 7 between species I and IV and the pK: value of -0.97 

Ho/PH 
corresponds to the excited-state equilibrium between 
species IV and V. However, the excited-state proto- 

Fig. 4. Dependence on II,,/pH of the fluorescence intensity lytic equilibria between species V and VI is not fast 
of 1.0 x 10e5M I-hydroxy-2carboxyanthraquinone (at the 
emission maximum of 597nm). Excitation at 440nm, the 

enough for the pK: value to be determined. 

isosbestic point in the absorption spectra of the singly and 
doubly charged anions. 

Acknowledgement-We thank the Comision Asesora de 
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pound in water is rather low, a potentiometric ti- 
tration cannot be used for the calculation, but the 
value has been found by fluorimetry. We think that 
the second inflection of the fluorimetric titration plot, 
between Ho= -3 and pH = 7 (Fig. 4), can be as- 
signed to the ground-state pK, corresponding to the 
equilibrium between species II and III. 
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926 ANALYTICAL DATA 

Although the pK, data of Table 2 reflect all the 
possible ground-state equilibria represented in the 
scheme above (studied by absorptiometry and 
fluorimetry), the pK: data of Table 2 do not contain 
all possible excited-state equilibria represented in the 
scheme. The reason for this is that the ground-state 
has an infinite mean lifetime with respect to the 
acid-base equilibria, while the lowest excited singlet- 
state is often too short-lived for protolytic equi- 
librium to occur before fluorescence deactivates the 
lowest excited singlet-state. Thus, the pK: value of 

12. G. J. Yakatan, R. J. Juneau and S. G. Schulman, Anal. 
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THE pK, VALUES OF N,N,N’,N’-TETRAKIS- 
(2-HYDROXYPROPYL)ETHYLENEDIAMINE 

R. MCMAHON, M. BRENNAN and J. D. GLENNON 

Department of Chemistry, University College, Cork, Ireland 

(Received 28 April 1986. Accepted 11 July 1986) 

Summary-Aqueous solutions of the industrially important chelating agent N,N,N’,N’-tetrakis(2- 
hydroxypropyljethylenediamine exhibit basic properties. The proton dissociation constants were deter- 
mined to be 8.99 f 0.04 @K,) and 4.30 k 0.04 (PK,) by potentiometric titration at 25” in 0.15M sodium 
chloride. 

N, N, N’, N’-Tetrakis(2-hydroxypropyl)ethylenedi - 
amine (L) is described as a totally hydroxypropylated 
alkene diamine and has numerous industrial applica- 
tions as a result of its physical and chemical proper- 
ties. It is used as a complexing agent in electroplating 
and is an excellent cross-linking agent and catalyst 
for use in rigid polyurethane foams. The four hy- 
droxyl groups give multiple cross-linking sites and the 
two tertiary nitrogen atoms are responsible for the 
catalysis. 

2 3 4 5 6 7 0 9 10 

PH 

An outstanding property, however, is its remark- Fin 
able thermal stability, used with great success in 1 W’ 

1. Distribution diagram for N,N,N’,N’-tetrakis(2- 

conjunction with its sequestering of cations such as 
hydroxypropyl)ethylenediamine as a function of pH. 

Ag+, Pb*+, Hg*+, Cd2+, Co*+, Ni*+, Cu*+ and Zn*+. 
The chemical and physical properties suggest, also, calculated tin data were treated in two sections, 
possible uses as a calorimetric analytical reagent and 0 < ii,., < 1 and 1 < tin < 2; fin is related to pH and 
as a masking agent or titrant in complex-formation pK, by 
studies. As expected, its aqueous solutions exhibit 
basic properties but surprisingly the pK, values for log nH -+pH=pK, 
the protonated ligand have not been reported. As (l - iiH) 

part of our investigations into the aqueous co- A plot of iiH vs. pH showed two distinct dissociation 
ordination chemistry of the ligand, the proton dis- regions. The proton dissociations were found not to 
sociations were studied by potentiometric titration, overlap, and the refined pK, values were calculated by 
performed with a Radiometer automatic titration taking the averages of the values obtained by using 
apparatus, with pH readings recorded on a digital the equation above. The distribution diagram for the 
pH M64 research pH-meter and the base (sodium alkene diamine species as a function of pH is shown 
hydroxide) added from an ABU 13 autoburette. The in Fig. 1. The structure of the fully protonated alkene 
electrode pair consisted of a Radiometer G2040C diamine, together with the p& values obtained, is 
glass electrode and K4040 KC1 electrode..Solutions shown below. 

CH, CH, 

H G-C H-CH, 4 7H2 H--OH 
K JH+I[Ll 

I ’ [HL+] 

HG-CH-CH,-k+-CH2-CH2L&CH2-CHOH 

C I& I& CH 

K _ W+IWL+l 

H, 
*- [H2L2+] 

3 

I pK, = 8.99 + 0.04; pK2 = 4.30 + 0.04 

of the alkene diamine at a concentration of REFERENCES 

4.83 x 10-3M in 0.029M nitric acid/O.l5M sodium 
chloride were titrated at 25” and the pK, values 

1. N. Bjerrum, 2. Anorg. Chem., 192 I, 119, 179. 

determined by the use of formation functions.1V2 The 
2. H. Irving and H. Rossotti, Acta Chem. Stand., 1956, 

72, 10. 
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M A T H E M A T I C A L  T R E A T M E N T  O F  A B S O R B A N C E  

V E R S U S  pH G R A P H S  O F  P O L Y B A S I C  A C I D S  
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Summary--Mathematical relationships determining the shape of absorbance vs. pH graphs of polybasic 
acids are derived, and new graphical and numerical techniques for evaluating the acidity constants of 
two-step overlapping equilibria are examined. 

The computation of acidity constants is made easier 
by the use of molar fractions. 

For a polybasic acid H,R, if the Beer-Lambert law 
holds, the measured absorbance A at a given wave- 
length (calculated for 1-on path-length and corrected 
for absorption by the solvent and any buffering agent 
that may be present) of  a solution containing a total 
concentration 

Ca = ~ [H jR] 
jffi0 

of the acid is given by 

A = ~ ej[HjR] (1) 
jffi0 

where Ej is the molar absorptivity of  the j th  species. 
Thus, the form of a graph of A as a function of 
pH depends on the relative magnitudes of  (2n + 1) 
parameters. The relationships of the molar absorp- 
tivities vary as the wavelength is changed. 

In the following treatment, absorbances will be 
used throughout instead of molar absorptivities, since 
the cell length, and the molar concentrations at a 
given pH, are constant throughout the measure- 

ments. The ionic strength and temperature are 
regarded as fixed and constant (because molar 
absorptivity depends on the medium and the tem- 
perature), so conditional constants ~ are involved in 
the calculations. 

If the reagent is entirely in the form HjR, we can 
write Aj = ejCR. The relationship between the absorb- 
ance and composition of a given solution of the acid 
may then be written as 

A --~ ~ Aj f j  (2) 
jffi0 

wherefj = [HjR]/CR is the degree of formation s of the 
species HjR, and is also referred to as the distribution 
function 3 or the molar fraction 4 of the j th  species. It 
is related to the overall stability constant ~j by the 
equation (j = 0 . . . . .  n): 

flflHF (3) 
~ =  1 + f l , [ H ] +  . . .  +fl j[H]J+ . . .  +fi,[H]" 

with fl0 = 1 by definition and flj = [HjR]/[H]J[R], so 

fj =/~flHFf0 (4) 
The dissociation constants of the acid H.R are 

given by 

fl,-k _ [H][I-I._kR] 
K a k = f l n + l - k  [Hn+l_kR] (5) 

f o r k =  1 . . . . .  n. 
By differentiating the absorbance with respect to 

pH we have 

dA dA 
d(pH----~ = --2.303 [H] d[H---] (6) 

By combining equations (2) and (6) we get 

dA 
d(pH---~ = -2.303 [H] ~ Aj dfj (7) 

jffi0 d[H] 

Aj is constant in this differentiation since CR is 
constant. 

From equations (3) and (4) we have 

df 
dfj = j foflj[H]J_ l + flj[H]j d[H] (8) 

d[H] 

dfo fo 
- - -  (f~ + 2f2  + " "  + nfn) (9) 

d[H] = In] 

and it follows that 

d[H] = ~ ( j  - ti) (10) 

where 

n 

= y . j f ,  
jffi0 

is the proton number, 5 the average number of protons 
bound per entity R, a very useful experimental func- 
tion. 6 Equation (9) is essentially identical with that 
given by Bodl/inder? ,7,8 

d[log (1/f0) ] 
=,i  (10 d(log [H]) 
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and equation (10) with those given by Butler3 and of A as a function of pH is given by 
Souchay and Lefebvre9 dA 

d(W) _ d(lwf;) 
- = -2.303(A, - A)fi = -2.303(A - A,& 
dW-U 

d(ln [HI) d(log [HI) =j - ’ (12) 
= -2.303(A1 -A&J, (20) 

Inserting equation (10) into (7) and rearranging gives 

dA 
-= 
d(pH) 

-2.303 i jAjfi-fiA 
( j=O > 

Stationary points are given by the condition 

(13) 
dA/d@H) = 0, and correspond to the trivial solutions 
A’ = A, and A’ = A,, to which the graph tends 

Equation (10) may be written in the form 

df I= -2.303J(j-fi) 
d(pH) 

asymptotically, at high and low pH values, re- 
spectively, and also to the case in which A, = A, = A ‘, 

(14) 
i.e., there is no change in the absorbance as pH varies. 

From equation (19) we have for a monoprotic acid 

Differentiation with respect to pH yields 

= - 2.303[H] d 
( > 

dJ;: and thus the value of the inflexion point in the 

d[Hl W-U graph of A vs. pH-which satisfies the condition 

( 

d’A/d@H)‘= O-will be given by fo=fi, and so 
= - 2.303[H] (j -PI) &-l;&) [I-I”] = K,, and the value of the absorbance at the 

> 

inflexion point of the curve will be given by 

= 2.303*& (j-A)* - i j(j - fi)f (15) 
j=O 

A,,_A~+Ao -- 

2 
(22) 

so 

Since from equation (2) 

%=j$oAj& 
d(pW 

(17) 

it follows that 

d*A 

d(pH)2= 

2.303* i A&j - ii)* - f: Aj_tJ i j(j - A)& (18) 
j-0 j-0 j-0 > 

and taking into account equation (2) we finally get 

d*A 

d(pH)2= 

2.303* f: A,&( j - ii)* - A i j (j - ii)& 
> 

(19) 
j=O j-0 

Expressions (13) and (19) have the advantages of 
being compact and suitable for programming. The 
data treatment suggested here in terms of molar 
fractions is different from, and rather simpler than, 
the conventional treatment, e.g., that by Irving et al.” 

To serve as a practical example, the theory devel- 
oped above has been applied to monobasic and 
dibasic acids, in the following. 

Dibasic acid 

For a diprotic acid we have the equilibria 
H,ReH + HR, and HReH + R. These equilibria 
have the acidity constants 

K [W-W 
-- 

” - [H,R] 
and Ka2 = g (23a,b) 

The relationship between absorbance and the com- 
position of a given solution of the acid becomes 

A = Aofo + A& + A& 

(24) 

and from equations (4) and (23) the following 
equation-which provides a starting point for the 
determination of acidity constants from spectral 
data-is readily derived: 

A +A !!!+A IH1* 0 
A= 

’ Ka2 * K,Ka, 

I+FJ+ WI* 
(25) 

Ka2 K&L 

The equation for dA/d(pH) becomes in this specific 
case 

dA 
- = -2.303(A,f, + 2A,f, - AA) 
d(pH) 

(26) 

Monobasic acid 
The derivative dA/d@H) is always negative if 

A, > A, > A, and positive if A, c A, < A, since A 
For a monobasic acid we have the equilibrium cannot (from its definition) ever be either negative or 

H + ReHR with acidity constant k, = [H][R]/[HR]. imaginary. The expression (26) is zero for infinitely 
In this case, n = 1, PI =j,, f. +fi = 1, A = Aofo + large or small values of [HI, which correspond to the 
A,f,, and from equation (13), the slope of the graph limiting values A0 and A*, to which the graph of A vs. 
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pH tends asymptotically. In cases other than these 
trivial solutions, the absorbance reaches a maximum 
(or minimum) at a certain value of pH if the following 
condition is satisfied: A,, < A, > A, (or A,, > A, < A,). 

Equation (26) is especially useful because it can be 
utilized to deduce several relationships. Maximum or 
minimum absorbance will occur when dA/d(pH) = 0, 
whence 

On rearrangement, this expression gives 

(28) 

and taking into account (23a) and fi: = [Hi RI/C,: 

(29) 

Also, since the sum of the molar fractions is unity, 
from equation (27) we get 

f; A’-A, _=-- 
f; A’-A,, 

(30) 

so 

(31) 

From equation (29) 

A I =A’+2[H’l(A’-A ) 
&I 

2 (32) 

After introduction of (32) into (25), a simple alge- 
braic rearrangement leads to the following form 

Ka2 + $ {(A - A,)[H] - 2[H’](A’ - A,)} 
al 

=A’-A (33) 

Taking into account (31), which allows K,, to be 
eliminated, the following equation is readily derived: 

Ka2 = WI 
A’-A 

A_A +(A-A2)r2-Z(A’-A2)r (34) 
0 b 

where for clarity we write 

AI-A, 
b=- 

A’-A, 

(36) 

The value of K,, can thus be evaluated from experi- 
mental data for pH and A, provided that the values 
of A’, pH’, A, and A, are available. Once the value 
of Ka2 is known, &r is evaluated from equation (31). 
Nevertheless, it is always disadvantageous to evaluate 
an equilibrium constant from only one result.” It is 
advisable to make as full use as possible of the 
measurements. 

Equation (34) may be transformed into the more 
customary pH and pK, notation to yield the relation 

log U = pH - pK,, (37) 

U= 
A’-A 

A _A +(A -A2)r2-Z(A’-AZ) (38) 
0 

b 

A plot of log U vs. pH yields a straight line with 
unit slope and intercept on the x-axis equal to pK,,. 
All reliable points except those near to A,, A, or A’ 
are used in the calculations. 

By combining equations (34) and (31), taking 
logarithms and substituting for U we get 

log [Ur’] = pK,, - pH (39) 

Plotting the logarithmic term in brackets in equation 
(39) vs. pH gives a straight line of slope - 1, inter- 
secting the pH axis at pK,,. 

In practice, the main difficulty of the method is the 
accurate location of the maximum or minimum in the 
A-pH graph, which may not be a simple task,i2 and 
may lead to inaccurate results. A smooth curve is 
plotted through experimental values of A obtained at 
various values of H; as many points as possible are 
obtained around the maximum (or minimum) value 
before the best (pH’, A’) point is chosen. However, 
in order to increase the precision in the evaluation of 
the maximum (or minimum) in the A-pH curve, the 
ratio 

AA 4+,-A, -= 
APH PH,+ I - PH, 

(40) 

can be plotted against (pH, + , + pH,)/2, where pH, 
and A,, denote the pH and A values, respectively, for 
the nth point. The pH value for which AA/ApH = 0 
is taken as pH’. This curve is obtained by graphical 
differentiation of the A-pH curve, with use of very 
small increments in pH. 

When equation (18) is applied to a dibasic acid, we 
have 

d2A 
-= 2.3032 {Aofo(-ri)2 + A,f,(l -6)’ 
d(pH)2 

+A2f2(2-ff)2-A[(1-A)fi+2(2-A)fiJ} (41) 

Values of d2A/d(pH)’ = 0 will locate points of 
inflexion in the graph of A vs. pH, and thus, from 
equation (41), (pH = pH”): 

A,f,(l -2fi)+4A2f2(l -ii) 

- A”[6(1 -2ti)+2f,]=O (42) 

By substituting for A,fi (= A” - Aof, - A&) and 
taking into account that 

4(1 - fi) = 3 - 2ti - (2fi - 1) (43) 

we have 

A&(3 - 2fi) + A,f,(Zfi - 1) -A” 

X[~(2A-l)+f,(3-2A)1=0 (44) 
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Substituting now for 3 - 2ff and 2fi - 1: 

3-2A=3f+f,-f, 

2fi-1=-f,+f,+3f2 

ANNOTATIONS 

(45) 
0.9 

(46) 

dividing by f i and rearranging terms, we get 0.7 

(&‘4”)$3+~-$ 
0.5 

+(&-A”) -1+;+33 =o (47) 
( 

? 
0 0 > 5 0.3 

After substitution from (4), this expression can con- 0” 
veniently be rearranged to give 

= 
‘0 0.1 

- c/?:[I-I”j’ + c/!Q3~[H”13 xl 

+(3r + 3)/Y,[H”]2 + /!$[H”] - 1 = 0 (48) g-o., 

where 

AZ-A” -0.3 

c=A, (49) 

-0.5 
Equation (48) has three real roots (three points of 
inflexion) in cases where c < 0 (A, > A, > A, or 
A, < A, < A,) and two real roots (two points of 
inflexion) in systems in which A, > A, -C A, or 
A,<A,>A, (c>O). 

Another expression that can readily be derived 
from equation (47) is 

-k_ 
(A,-A’$+(A,-A”) 

x-(A2-A”){(f~-3~}+(Ao-A+3$ 

(50) 

and taking into account the expressions (4), (3 l), (35), 
(36) and (48) we get finally 

Fig. 1. Determination of pK, values of m-aminobenzoic 
acid. 

data reported by Bryson and Matthewsi for m- 
aminobenzoic acid and 3-amino-1-naphthoic acid, 
and the data reported by Angi4 for isophthalic acid 
have been used to check our proposed calculation 
procedures. Results obtained when the expressions 
(37) and (39) were applied are depicted in Figs. l-3. 
Values of [H’] were calculated in all cases from the 
zero ordinates in the graph of AA/A(pH) vs. pH, as 

2 

c4- + 1 
b 

(51) 

where 

WI 
p=[H’l (52) 

Thus, the value of K, can be calculated from the 
co-ordinates of the maximum (or minimum) and 
the inflexion points in the graph of A vs. pH. The 
inflexion points correspond to the maxima or minima 
of the graph of the derivative dA/d@H) vs. pH and 
so, in many cases, a direct plot of AA/A(pH) against 
pH allows location of the inflexion points of the 
A-pH curve. 

Applications 

The evaluation of acidity constants of two-step 
overlapping equilibria has been extensively studied. 
In spite of this, only a limited amount of absorbance Fig. 2. Determination of pK, values of 3-amino-1-naphthoic 
vs. pH experimental data has been published. The acid. 
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Fig. 3. Determination of pK, values of isophthalic acid. 

shown in Fig. 4 for m-aminobenzoic acid. The agree- 
ment between the results obtained by means of the 
logarithmic method proposed in this paper and the 
ones reported by Bryson and MatthewsI and Ang14 
(Table 1) is excellent. For the m-aminobenzoic acid 
system, the pK, values were also calculated from the 
co-ordinates of the minimum (3.85, 0.318) and the 
inflexion points (3.15, 0.400) and (4.65, 0.440). First 
equation (51) was applied, then once the value of K,, 
was known, K,, was calculated from equation (31). 
Data of the highest possible precision are necessary 
for the full benefits of the second derivative method 
to be realized, because numerical methods are very 
sensitive to the choice of points used for the calcu- 
lations. Values obtained from either the first or the 
second inflexion point (Table 1) agree well, but differ 
by 0.08 and 0.15 from the pK,, and pK,, values 
obtained by the graphical method. However, a three- 
equation method applied to the points (pH’, A’) 

(pH;, A;) and (pH;, A;) led to the values of 3.24 and 
4.52 for pK,, and pK,,. 

0.2 

. 

. . 
. 

I 
. . . . 

0.1 

I . . . 
I I I I 

2 3 -L 5 Pk 

.** . . . 
. 

-0.1 - 
. . 

. 
. . . . 

.*. . 

-0.2 - . 

. 

1 

Fig. 4. Derivative curve AA/A(pH) 0s. pH, for m-amino- 
benzoic acid. 

Conclusion 

Attention is first drawn in this paper to the math- 
ematical treatment of the absorbance us. pH graphs 
of polybasic acids. Simple expressions are deduced 
for the first and second derivatives of the A-pH 
function, which can be calculated directly with a 
programmable calculator. 

Many organic reagents of analytical importance, 
and many molecules which possess biological 
significance are derived from dibasic acids. However, 
in the evaluation of acidity constants of overlapping 
equilibria, approximations of various sorts are fre- 
quently made, and these can lead to inaccurate 
results.‘5s’6 The literature contains a diversity of 
numerical, graphical and computerized methods for 
evaluation of acidity constants of diprotic acids from 
spectrophotometric data. “J’ This problem was re- 
cently reviewed critically by Meloun and &rmik.lg 

Table 1. Acidity constants of several dibasic acid derivatives* 

Acid PK,, PK., Comments 

m-aminobenzoic 

3-amino-I-naphthoic 

isophthalic 

3.14 4.71 
3.223 + 0.006 4.694 k 0.004 

3.29 4.56 
3.31 4.54 
2.67 4.45 

2.612 k 0.009 4.316 + 0.004 
3.49 f 0.08 4.36 f 0.08 
3.51 * 0.03 4.36 f 0.08 
3.65 k 0.02 4.44 f 0.02 

3.616 k 0.012 4.492 f 0.007 

Bryson and Matthews” 
This paper; logarithmic method, pH’ = 3.85 and A’ = 0.318 
This paper; from the 1st inflexion point 
This paper; from the 2nd inflexion point 
Bryson and Matthews’” 
This paper; logarithmic method pH’ = 3.45 and A’ = 0.172 
Thamer and Voigt’* 
Ang’s methodI applied to the data of Thamer and Voigt 
Ang’s method as applied to Ang’s dataI 
This paper; logarithmic method pH’ = 3.99 and A’ = 0.414 

*The standard deviations of the pK, values in the logarithmic method have been evaluated by single linear regression 
analysis taking into account the covariance between the slope and intercept of the straight lines obtained. 
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The research field concerning spectrophotometric 
evaluation of acidity constants of two-step over- 
lapping equilibria may seem to be completely exhaus- 
ted. Nevertheless, in this report-which forms 
part of a systematic investigation of overlapping 
equilibria20~21 -the equations derived permit the eval- 
uation of acidity constants of two-step overlapping 
equilibria in cases in which the absorbance us. pH 
graphs have a maximum or a minimum in the region 
of the curve where the intermediate species (e.g., HR, 
of the diprotic acid H,R) predominates; an accurate 
knowledge of the limit absorbances of the species 
H,R and R, A2 and A,, is required. It has been shown 
that the acidity constants can be computed from the 
co-ordinates of the maximum (or minimum) and the 
inflexion points of the A-pH graph. In particular, 
the use of molar fractions in the derivation of equa- 
tions is highly desirable because this leads to more 
compact equations. 
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Summary-Equations have been derived by which the dissociation constants of a dibasic acid can be 
calculated from three points on a titration curve. The equations hold irrespective of the ratio of the 
dissociation constants, that is, irrespective of whether an end-point break appears at one equivalent of 
base added per mole of dibasic acid. Conditions have also been established, under which each dissociation 
constant can be evaluated from a single point on the titration curve. 

In the preceding paper, a report was given of the 
titration of sodium fluoresceinate in water and in 
50% aqueous ethanol. Only one end-point appeared 
in the titration curve for the ethanolic medium, 
corresponding to fluoresceinate being a diacidic base. 
The curve was linear between a = 0.5 and 1.5 
(a = molar ratio of protons added to fluoresceinate 
present), with a pH-drop of 1.06 between these 
points. For the titration in water, however, break- 
points were observed for protonation of the fluor- 
esceinate (FI*-) to HFl- and then to undissociated 
fluorescein (H,Fl); this titration was complicated by 
the formation of a precipitate of yellow fluorescein 
shortly after the first of these end-points. The prob- 
lem then was to obtain values for the dissociation 
constants of fluorescein from the data for the 
titration in aqueous ethanol. 

THEORY 

In the titration of a weak dibasic acid with a strong 
base, the average number of protons bound per mole 
of acid present, can be calculated from 

2+WW+l 
’ = 1 + K,/[H+] + K, K,/[H+12 

(1) 

where K, and K, are the first and second dissociation 
constants. 

This equation has some interesting simplified forms 
for specific values of ii. Rearrangement yields a 
quadratic: 

(ii -2)[H+12+(f -K,)[H+]+AK,K2=0 (2) 

*Part III-Tulanta, 1986, 33, 901. 

the positive root of which, 

[H+] = (EK, - K,) + [(iiK, - K,)2 + 4(E - 2)fiK, K2]"2 

2(2-g) 
(3) 

reduces for 7i = 1.0 to the well-known expression 

[H+l,=,.c,=W,K,1”2 (4) 

or in logarithmic form 

PH,=,.,=;~K,+PK,I 

For g = 0.5 equation (3) becomes 

(5) 

[H+ ]_ = = [(0.5K, )2 + 3K, K21”2 - 0.5K, 
” 05 3 

(6) 

and for 7i = 1.5 

[H+],=,.s = 0.5K, + [(0.5K,)'+ 3K,K2]"2 (7) 

Note that the discriminant, b2 = 4uc, is the same in 
equations (6) and (7). 

Of especial interest is the equation obtained by 
combining equations (5) and (7): 

[H+l,,,.,= 0.5K,+ {(0.5K,)2+3[H+]if=,.~)"2 (8) 

Algebraic manipulation yields 

0.25K: - [H+],=,,,K, + [H+]z= n 1.5 

=0.25K;+ 3[H+];i=,., (9) 

The K: terms cancel, and 

K =[H+l:=,,-3[H+l~=,, 
1 

W+l,= 1.5 
(10) 

Surprisingly, combination of equations (5) and (6) 
similarly leads to 

K =[H+l~=1.0-3[H+l:=o.s 
I IH+l.=n, 

(11) 
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Table 1. Relative errors in the assumptions K, = [H+],,= ,.5 and K, = [H+],,O.S (held constant, K, K2 = 1.0 x lo-'*; varied, 
K, and K2) 

5.2 5.0 4.8 4.6 4.4 4.2 4.0 
6.8 7.0 7.2 7.4 7.6 7.8 8.0 

40 1 x 102 1.2 x lo* 1.6 x lo2 1.0 x lo3 4.0 x IO’ 1.0 x lo4 
7.0 2.9 1.2 0.47 0.18 0.07 0.03 

-6.6 -2.8 -1.2 -0.47 -0.18 -0.07 -0.02 

PK, 6.0 5.8 5.6 5.4 
pK2 6.0 6.2 6.4 6.6 
414 1 2.5 12 16 
Rel. error 130 70.2 35.2 16.3 

in K,* 
Rel. error -56.6 -41.2 -26.0 - 14.0 

in K2f 

*Relative error (%) = lOO([H+],, ,.J - K,)/K, . 
tRelative error (%) = 100([H+],=o.s - K,)/K,. 

That is, from a pair of selected points on the titration 
curve, either pH,=o,s and pH,, ,.O, or pH,, ,,0 and 
pH,, ,,5, the first dissociation constant can be calcu- 
lated, by equations (10) or (1 l), respectively, and 
subsequently, by equation (5), the value of the second 
dissociation constant. 

APPLICATION 

ing the latter part of the titration, which renders the 
data at ii = 1.50 inappropriate. In the preceding 
paper,’ it was assumed that pKnr, was equal to the pH 
at 7i,, - - 0.50 and from the various data the value 
pKnr, = 6.36 was chosen. For PH,=,,~ = 6.36 and 
pH,, ,,0 = 5.40 equation (5) yields K,,, = 4.44, a not 
surprising result inasmuch as equation (11) is derived 
by combining equations (5) and (6). 

Titration ofjkorescein in 50% aqueous ethanol Further examination of the approximations 

The data given previously for the titration, were K,=[H+l,=,.,andK~=[H+l,=,, 

QX’UP 0 0.50 1.00 1.5 2.00 

PH 10.06 7.31 6.78 6.25 4.48 

With both equations (10) and (11) these data 
give pK, = pKng, = 6.38. Equation (5) then gives 
pK, =pKn,, = 7.18. These values for the first dis- 
sociation constant are identical with that found by 
the iteration method in the preceding paper, and that 
for the second dissociation constant is very close to 
the earlier value of pK, = 7.16. Insertion of these 
values into equations (6) and (7) yields pH, _ O,S = 7.3 1 
and pH,,,,, = 6.25, in exact agreement with the 
observed values, confirming the correctness of the 
approach. For this particular titration, in which an 
end-point break does not appear at fi = 1.0 
(KJK, = 6.3) the pK, values do not equal the pH at 
the “quarter titration” points a = 0.5 and 1.5, but fall 
closer to pH,,,,;* 

Although, as pointed out above, values for the 
dissociation constants of a dibasic acid can be ob- 
tained from two points on the titration curve, it 
becomes possible under certain conditions to obtain 
each value from a corresponding single point. By 
using equations (6) and (7) it is possible to calculate 
the approach of Kz to [H+ 1, = 0.5 and of K, to [H+], = ,.5 
as K, and K2 are varied. Table 1 gives the results of 
such a calculation for a system in which 
K,K, = 1 x lo-,*, i.e., [H+],=,,. = 1 x 10m6 and K, 
and K2 are varied over two orders of magnitude. 
Thus, for K,/K2 = 250, the relative error is about 
- 1% for K2 and + 1% for K, , corresponding to a 
difference of about 0.006 in the pK values. 

pH,, ,.5 = 7.31 pH,, ,,oo = 6.78 PH,,,,~ = 6.25 
pK, = 7.18 pK, = 6.38 

This problem is examined in more detail below. 

For KJK, = 2500, the relative error is only about 
0.1%. Thus, if the pH values for the H = 0.5 and 
Ti = 1.5 points differ by 1.2, pK2 may be taken as 
equal to PH,,,.~ and pK, equal to pH, = ,,5 with an 
error of only 1% or so in the dissociation constants. 

The same result can be obtained by setting 

Titration of fluorescein in water 

Typical data from the earlier paper, were 

gerp 0 0.50 1.00 1.50 2.00 

PH 8.50 6.35 5.40 5.10 3.60 

KJK, = b (12) 

substituting into equation (6) to remove K,, and 
getting 

P-I+ lii,_o.s = 
-0.5K2 + K2(0.5*b2 + 3b)“2 

3 (13) 

The data for iiexp equal to 0.50 and 1.00, when 
inserted into equation (1 l), yield pK,.,,, = 4.47, in fair 
agreement with PK,.,,~ = 4.44 found by the solubility 
method.2 Equation (10) is inapplicable owing to the 
precipitation of yellow undissociated fluorescein dur- 

to ii =0.5, and a =0.5 to ii - 1.5. 

then expanding the square-root term by the binomial 
theorem and reducing the algebra, which yields 

D-I+ In = 0.5 = K, - &(3/b) + K2(. . .) (14) 

For values of b so large that all terms but the first are 
negligible, 

W+l,=o.5 = K2 (15) 

For b = 100, [H+],=o,s = 0.97K2, corresponding to 
the relative error in the bottom line of Table 1 (but 

*Note that these data refer to titration of the fluorescein 
conjugate base, so a = 1.5 corresponds approximately 
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not quite identical with it because the cubic term in 
the binomial expansion was dropped). 

Similarly, equation (7) gives 

[H+],=,,5 = OSK, = K,[0.52 + (3/b)]“2 (16) 

and hence 

[H+ lit= 1.5 = K, + K,(3P) + K,(. . .) (17) 

and for very large b, 

W+l,i=,.,,=K, (18) 

For b = 100, [H+],= ,,5,, = l.O3K,, corresponding to 
the relative error in the second line from the bottom 
of Table 1. 

Slopes of the first and second parts of the titration 
curve of a dibasic acid 

Starting from equation (4), further formulae can 
similarly be derived by relating four points (Ji = 0.25, 
0.75, 1.25, 1.75) on the titration curve of a dibasic 
acid to the values of the dissociation constants and 
their ratio, and allow the calculation of the slopes of 
the mid-regions of the two parts of the titration 
curve: 

[H+],=0,25 = (1/3K, - (7/27b)K, + . . . (19) 

[H+],=0.75 = 3K, - (45/b)K, + . . . (20) 

W+lii_ 1.25 = (1/3)K, - (5/b)K, + . . . (21) 

[H+],= ,.75 = 3K, + (7/3b)K, + . . . (22) 

For values of b sufficiently large for the second and 
subsequent terms to be negligible, the hydrogen-ion 
concentrations at the four points become simple 
multiples of the dissociation constants, and the two 
slopes, as measured by the drop in pH between 
ii = 0.25 and 0.75 or 1.25 and 1.75, approach that for 
the titration of a monobasic acid: 

W+l~=o.75_3K,=~; [H+I~=1.75_~~1-g (23) 

[H+lii=o,, - $2 W+ Ii,= 1.25 f 4 

ApH = @-Ii,= 0.75 - PI% = 0.25 = PH, = 1.75 - PH, = 1.25 

= -log 9 = -0.954 (24) 

For the titration of fluorescein in water (data given 
above, pK2 = 6.36 and b = KJK, = 83), equations 
(19) and (20) yield ApH = 0.88; the experimental 
value is 0.90. Equations (21) and (22) are inapplicable 
because of the precipitation already mentioned. 
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Summary-A rapid spectrophotometric method for the determination of Pd in titanium alloys is proposed. 
It is based on the reaction of 2-(5-bromo-2-pyridyla~o)-5-(diethylamino)phenol with Pd(I1) in a sulphuric 
acid medium in the presence of ethanol. Beer’s law is obeyed up to 40 _ug of Pd. The molar absorptivity 
is 4.5 x lo4 l.mole-’ .cm-‘. The standard deviation is 0.3 pg of Pd and the coefficient of variation varies 
from 0.8 to 3.3%. The elements ordinarily present in such alloys do not interfere. High selectivity is 
achieved by using fluoroboric acid as masking agent. Improvements in the method of sample decom- 
position also contribute to the rapidity of the method. 

Palladium may be added to titanium alloys to in- 
crease stress corrosion resistance. For its spectro- 
photometric determination in such alloys only a few 
methods have been reported in the literature, and are 
all of the solvent extraction type. The biacetyldioxime 
method’ is not sensitive and the 1 -nitroso-2-naphthol 
method* is time-consuming, requiring 2 hr for full 
colour development and 15 min for layer separation 
after extraction. In this paper a new method without 
any separation is proposed. Use is made of the 
reaction of palladium with 2-(S-bromo-2-pyridyl- 
azo)-S-(diethylamino)phenol, S-Br-PADEP, in an eth- 
anolic aqueous medium of appropriate acidity. The 
proposed method is simpie, rapid and convenient, 
and gives accurate and reproducible results. Owing to 
its high selectivity it should find many practical 
applications. 

EXPERIMENTAL 

Reagents 

Analytical-reagent grade chemicals were used unless 
otherwise specified. 

F~uoroboric acid, 40%, C.P. grade. 
Sulp~uric acid, 40% u/v. 
5-jr-PADEP solution ‘in ethanol, 0.03%. 
Pd standard solution A. Dissolve 50.0mg of palladium 

powder of spectrally pure grade in a mixture of 8 ml of 
concentrated hydro~hlo~c acid and 2 ml of concentrated 
nitric acid bv warming. Then add 10 ml of 40% vlv 
sulphuric acid and hea; to strong fumes. Cool to room 
temperature, carefully add a little water and cool again. 
Transfer the solution into a 50-ml standard flask, dilute to 
volume and mix: I ml of this solution contains 1.00 mg of 
Pd. Note. Fuming with sulphuri~ acid may be dispensed 
with if nitric acid alone is used to dissolve the palladium 
metal; the presence of a little silver nitrate hastens this 
dissolution. 

*To whom correspondence and requests of reprints should 
be sent. Present address: 99 Handan Lu, 200433, 
Shanghai, People’s Republic of China. 

Pd standard solution 3. Freshly prepared before use as 
follows. Pipette 1.00 ml of Pd standard solution A into a 
lOO-ml standard Bask, add 8 ml of 40% v/v sulphuric acid, 
dilute to volume and mix; 1 ml of this solution contains 10 
/~cg of Pd. 

Procedure 

Transfer a IO-mg sample, weighed to the nearest 0.1 mg, 
into a 25-ml polyethylene beaker. Add 2 ml of fluoroboric 
acid and 3 or 4 drops of concentrated nitric acid, and warm 
in a hot water-bath until the sample has dissolved. Cool to 
room temperature and transfer the solution into a ZS-ml 
standard flask. Add successively, 3 ml of 40% v/v sulphuric 
acid, 3 ml of fluoroboric acid, 10 ml of ethanol and 1.0 ml 
of S-Br-PADEP solution. Dilute to volume and mix. After 
5 min measure the absorbance at 620 nm against water as 
reference, using l-cm cells, and read the palladium content 
from the calibration curve. 

Preparation of calibration curve 

Pipette 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 ml of Pd 
solution B into eight 25-ml standard flasks. Proceed in 
accordance with the procedure above and plot the absorb- 
ance readinr?;s vs. UR of Pd. 

Note. The p&e&re above is applicable to titanium 
alloys containing <0.4% of Pd. For those with higher 
content of Pd, an appropriate aliquot of the sample solution 
should be taken for the determination. 

RESULTS AND DISCUSSION 

Choice of chromogenic agent 

Numerous new chromogenic agents for Pd have 
been developed, but many of them still require use of 
solvent extraction.3m12 Reagents not needing use of 
extraction are more attractive for practical applica- 
tion. These may be further divided into two classes. 
One class reacts with Pd(II) in weakly acidic medium. 
Some members of this class form ternary systems 
either of mixed-ligand type’3*‘4 or with a surfac- 
tant.lsei9 Thi other class, which reacts with Pd(I1) in 
a rather acidic medium, is to be preferred, since 
hydrolysis of titanium(IV), the matrix species, is then 

939 



940 CHANG YUN PO and ZHOU NAN 

avoided. This class includes chlorosulphophenol- 
azorhodanine,20 S-allyldithizone,2’ 5-(2-hydroxy- 
3,5-dinitrophenylazo)-8-hydroxyquinoline-~-oxide,22 
and sulphochlorophenol Sz3 which require a heating 
period for colour development, and 4-(3,5-dibromo- 
pyridylazo)-1 ,3-diaminobenzene,24 which needs a 15 
min standing period for completion of the reaction. 

2-(5-Bromo-2-pyridylazo)-5-(diethylamino)phenol 
is reported by Gusev et al.25,26 to react with Pd(I1) to 
form a coloured chelate which is extractable into 
chloroform. Our preliminary experiments with it 
revealed that this reaction also takes place in a 
sulphuric acid medium, especially in the presence of 
ethanol, and goes to completion within 5 min. Hence 
this reagent would seem a promising one for the 
rapid, direct determination of Pd. 

Choice of mediuy and effect of acidity 

As chloride complexes Pd(I1) fairly strongly (log 
p4 = 13.22),27 hydrochloric acid would seem inap- 
propriate as a medium for the Pd determination. As 
Ti(IV), the matrix of the alloys to be analysed, 
hydrolyses readily in nitric or perchloric acid me- 
dium, neither of these acids is suitable either. There- 
fore sulphuric acid of appropriate concentration 
seems the only choice. The optimum concentration 
was found to be 0.75-1.5M (Table 1). 

Effect of ethanol 

Preliminary experiments revealed that the presence 
of ethanol makes the Pd spectrophotometric system 
more sensitive. The optimum concentration was 
found to be 25-40% v/v. Hence 10 ml is specified for 
use in the procedure. Ethanol also stabilizes the 
colour, the absorbance remaining virtually un- 
changed for at least 3 days in its presence but for only 
110 min in its absence (Table 2). 

Effect of S-Br-PADEP concentration 

The optimum amount of 5-Br-PADEP for the 
determination of Pd was studied and the results are 
shown in Table 3. Accordingly 0.3 mg is specified in 
the procedure. 

Characteristics of the Pd-S-Br-PADEP chelate 

The absorption spectra of 5-Br-PADEP and its 
Pd-chelate under the specified conditions are shown 
in Fig. 1. The absorption maximum of S-Br-PADEP 

Table 1. Effect of acidity 
on determination of 2Opg 
of Pd(II) with 0.3 mg of 

S-Br-PADEP 

[H2S041, 

A4 Absorbance* 

0.5 0.290 
0.75 0.300 
1.0 0.30s 
1.5 0.305 

*At 620 nm; l-cm cell. 

Table 2. Time dependence of the absorb- 
ance reading for 20 pg of Pd 

Standing time after 
colour development 

min hr 

S 
30 

110 
200 

24 
72 

168 

Absorbance* 

A B 

0.300 0.340 
0.300 0.340 
0.300 0.34s 
0.200 0.34s 

- 0.340 
- 0.34s 
- 0.33s 

*A-In the absence of ethanol; B-in the 
presence of 10 ml of ethanol. 

lies at 455 nm, and its Pd-chelate has two maxima, at 
575 and 620 nm; this is ascribed to the presence of the 
diethylamino group on the benzene ring, para to the 
azo linkage.28 Measurement at 620 nm was chosen 
because at this wavelength no absorption by 
5-Br-PADEP was found, so water may be used as the 
reference solution. 

Beer’s law is obeyed up to 40 pg of Pd and the 
molar absorptivity of this system is 4.5 x lo4 
l.mole-’ .cm-‘. The conditional formation constant 
log I(; of the Pd-chelate is calculated to be 5.65 and 
its Pd:5-Br-PADEP ratio established as 1:2 by the 
mole-ratio and slope-ratio methods. 

Ej”ect of diverse cations and Iigands 

The effect of fluoroborate, a hard Lewis base, was 
first studied (Table 4). As it does not interfere with 
the determination of Pd, a soft Lewis acid, it is used 
for masking those cationic species of the hard Lewis 
acid type, including Ti(IV), the matrix. It should be 
noted that the method uses a medium sufficiently 
acidic for only a few cationic species to interfere. No 
attempt was made to determine tolerance limits. As 
the method was intended only for analysis of ti- 
tanium alloys, the effects of those species possibly 
present in such alloys were studied and the results 
obtained are summarized in Table 4. The amounts 
added correspond to the upper limits specified by 
ASTM.’ As shown by Table 4, the presence of 
fluoroboric acid is absolutely necessary and renders 
the determination of Pd in titanium alloys highly 
selective. It is preferable to hydrofluoric acid, which 
is inconvenient to use owing to its strong tendency to 
corrode glass vessels even at room temperature. 

Table 3. Effect of S-Br-PADEP in 
the presence of ethanol; Pd(I1) 

20 pg; 1M H,SO, 

S-Br-PADEP. mp Absorbance 

0.08 0.325 
0.16 0.335 
0.24 0.340 
0.40 0.335 
0.56 0.33s 
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Wavelength (nm) 

Fig. 1. Absorption spectra of 5-Br-PADEP and its Pd-chelate (l-cm cell). Curve 1, 1.2 x lo-‘% 
5-Br-PADEP solution. Curve 2, 1.2 x 10e3% 5-Br-PADEP and 0,4pgg/ml Pd. 

Table 4. Effect of diverse cations and ligands on 
the determination of 2Opg of W(H) 

Added 

Species tested ml mg Pd found, pg 

40% HBF, 4 20.0 
5 20.0 

10 20.0 
NaCl 5 20.0 
HNO, 0.2 20.0 
Al(II1) 1 20.2 
Cr(II1) 2 20.0 
Cu(I1) 0.11 20.0 
Fe(II1) 2 20.2 
Mg(II) 0.1 20.0 
Mn(I1) 2 19.8 
Mo(V1) 0.5 20.2 
Nb(V) 0.5 20.2 
Si(IV) 0.5 19.7 
Sn(IV) 1 19.8 
Ta(V) 0.5 20.2 
Ti(IV) 10 24.0* 

10 20.0 
20 19.7 

V(IV) 2 23.0* 
2 19.7 

V(V) 2 19.7 
W(VI) 0.1 19.8 
Zr(IV) 2 20.2 

*In the absence of fluoroboric acid. 

Table 5. Determination of Pd in 
some titanium alloys 

Pd found, % 

Proposed Other 
Sample method method* 

Ti wire 0.175 0.170 
Ti plate 0.158 0.154 

*ASTM E 120-75. 

Sample decomposition 

It seems advisable to make two successive ad- 
ditions of fluoroboric acid, because the attack on 
lo-mg samples of titanium alloys by 3 or 4 drops of 
concentrated nitric acid proceeds readily in the pres- 
ence of 2 ml of fluoroboric acid on warming, but is 
slower, probably owing to the dilution of the nitric 

acid, if 5 ml of fluoroboric acid are used. 
To make the preparation of sample solutions as 

rapid as possible, the following improvements have 
been made. Fuming with sulphuric acid,* which may 
cause slightly lower results,’ is dispensed with. The 
sample weight, specified as 0.4-l g’ or even 5 g* in 
other methods, is greatly reduced, to 10 mg. 

Applications 

The proposed method has been validated by analy- 
sis of synthetic samples containing 10 mg of Ti(IV), 

2 mg each of Cr(III), Fe(III), Mn(II), V(V) and 
Zr(IV), 1 mg each of Al(II1) and Sn(IV), 0.5 mg each 
of Nb(IV), Mo(VI), Ta(V) and Si(IV) 0.11 mg of 
Cu(II), 0.1 mg each of Mg(I1) and W(V1) and 20 pg 
of Pd(I1). The standard deviation was 0.3 pg (n = 18) 
and the coefficient of variation varied from 0.8 to 

3.3%. 
Results for analysis of industrial samples are 

shown in Table 5. 
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Summary-The newly developed algorithm of evolving factor analysis has been supplemented by iterative 
refinement. It allows the completely model-free calculation of concentration profiles and spectra from 
spectrophotometric and other spectroscopic data. Not even implicit use is made of the law of mass action. 
The results are practically identical with those based on a specific chemical model and classical 
least-squares refinement. Iterative evolving factor analysis is based on applying factor analysis successively 
to the set of the first 1,2 . . M spectra of a spectrometric titration. The analysis is repeated from the 
opposite end and the eigenvalues thus calculated are combined into “concentration profiles” of completely 
abstract “species”. These “concentration profiles” are iteratively refined by normalization, calculation of 
the absorption spectra from the normalized concentrations and recalculation of the concentration profiles 
from the absorption spectra. Evolving factor analysis is not restricted to spectrometric titrations, and can 
also be applied to peak resolution in chromatography using a multiwavelength (diode array) photometric 
or mass-spectrometric detection system, or to any other ordered set of multichannel data. 

In our continuing efforts to optimize the technique 
of spectrophotometric titration’ and its numerical 
treatment24 we have recently developed a new algo- 
rithm which allows a completely model-free semi- 
quantitative description of the underlying concentra- 
tion profiles5 After assignment of stoichiometric 
coefficients to these purely abstract species by chem- 
ical reasoning, very good estimates for the corre- 
sponding equilibrium constants are obtained. Since 
this algorithm is based on factor analysis (more 
specifically, principal component analysis, PCA6) and 
determines the evolution of factors as a function of 
the progressing titration, we propose to call it evolv- 
ing factor analysis (EFA). 

Evolving factor analysis can be carried much fur- 
ther by iterative refinement, using a variant of target 
factor analysis (TFA).6 Essentially perfect descrip- 
tions can be obtained for both concentration profiles 
and absorption spectra without relying on any 
specific chemical model and, in fact, without making 
even implicit use of the law of mass action. First 
results with this iterative verstion of EFA have been 
presented in a short communication.’ Here we wish 
to describe the mathematical details of EFA and to 
discuss the scope of this powerful algorithm on the 
basis of selected experimental and model data. 

THE MATHEMATICAL CONCEPT OF 
EVOLVING FACTOR ANALYSIS 

The primary goal in the analysis of spectrometric 
titrations is to decompose the original M x W matrix 

of absorbances Y into two smaller matrices of the 
concentrations C (M x S) and the molar absorp- 
tivities A (S x W), where M, S and W are the 
numbers of measured spectra, absorbing species and 
wavelengths (channels), respectively. (An analogous 
approach can be applied to resolution of chro- 
matographic peaks.) Classically, this decomposition 
is achieved by obtaining the best non-linear least- 
squares fit for a given chemical mode1.3,4,8 Principal 
component analysis (PCA) accomplishes a related 
task, yielding an abstract M x S column matrix 
(score matrix, factor matrix) and an S x W row 
matrix (eigenvector matrix, loading matrix),6 re- 
spectively, together with a diagonal matrix of the 
eigenvalues A of the covariance matrix M = Y’Y. In 
keeping with the notation used previously,3x4 we 
designate the abstract column and row matrices by L 
and E, respectively, equation (1). An alternative 
would be 

M 

S W 

=M 

CA = Y = LE (1) 

the method of singular-value decomposition of Y 

W 

Y =M 

S 

L 

- 

W 

SEI 
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into the product of three matrices U, S and V, 
equation (2).9-‘2 

Y=USV (2) 

The two results are closely related: L = U S and 
V = E, S being a diagonal matrix with the positive 
square roots of the eigenvalues A in descending order. 
Columns of U and L, as well as rows of V and E, are 
orthogonal, equations (3) and (4). 

U’U = VV’ = EE’ = I (identity matrix) (3) 

L’L = ‘4 = S2 (4) 

Recently, several authors dealing mainly with the 
closely related (and mathematically identical) prob- 
lem of peak resolution in chromatography have tried 
a model-free decomposition of Y based on PCA and 
appropriate transformation of L and E, making use 
of the non-negativity of C and/or A and sometimes 
further restrictions based on assumptions with regard 
to the shape of the peaks. i3-‘0 Most of these methods 
seem to be confined to rather simple systems and 
apparently none has made full use of the information 
contained in the original data matrix, as we propose 
to do with EFA. 

EFA consists of two more or less independent 
parts. The first of them, which we now call primary 
EFA, has been described in the preceding paper,5 but 
has been considerably streamlined since then in order 
to speed up the algorithm. Primary EFA consists of 
the following steps. 

(i) PCA is performed on the original data matrix 
Y, equation (I), yielding S, the number of significant 
factors, L (M x S), E (S x W), and the level of 
residual noise a,(PCA), equation (5). 

R rCA = Y - L E; 

o,PW = J 5 : RiCA(i,j )/CM x W-S) (5) 
,=I,=’ 

(ii) The eigenvalues A, of the covariance matrices 
M, = LiL, (i = 1,2, . . M) are calculated succes- 
sively. The Li are i x S matrices made up of the first 
i rows of L. Note that the eigenvalues of the S x S 
matrices Mi are the same as the S largest eigenvalues 
associated with the corresponding W x W matrices 
Y:Y, constructed from the original data. The numer- 
ical effort is, however, greatly reduced, as typical 
values are 3-5 for S and 20-40 for W. In addition, 
both the construction of M, and the calculation of Ai 
have been made very efficient. Starting from the pre- 
ceding step i - 1, each element of Mi, M,(j, k) is 
simply obtained from equation (6), L(i,j) and L(i, k) 

being the jth and kth elements of row i from L. 

Mi(j, k) = Mi_,(j, k) + L&j) x L(i, k) (6) 

Also, the calculation of Ai is very fast since the 
eigenvectors of the previous step i - 1 in general 
provide excellent starting values for their refinement 
by vector iteration. 21 This part of the algorithm is 

called forward EFA. The eigenvalues ni are com- 
bined into an M x S matrix of evolving factors or 
concentrations, Cr. 

(iii) The eigenvalues thus calculated can be plotted 
as a function of the progressing titration. Since the 
eigenvalues span several orders of magnitude, their 
logarithms are more suitable for graphical represent- 
ation. The evolution of an additional significant 
factor will indicate the formation of an additional 
species. 

(iv) The analysis is repeated from the opposite 
direction, i.e., starting with the last measurement and 
proceeding to the first (backward EFA, producing 
C,). This backward evolution of new factors corre- 
sponds to the disappearance of factors (or species) 
with progressing titration. 

(u) The jth forward curve (column _j of C,) is 
merged with the backward curve number S + 1 -j 
(column S + 1 -j of Ci,, j = 1,2,. . . S), the smaller 
of the two corresponding eigenvalues always being 
retained. This combined matrix of abstract concen- 
trations C, is then normalized with respect to the 
total (analytical) concentration matrix C,,,. The nor- 
malized concentration matrix C, is obtained by 
simple linear regression, equation (7). 

c, = C,(C:, c, ) - ‘CL c,,, (7) 

Previously, the logarithms were combined instead of 
the actual eigenvalues.s 

Primary EFA fulfils the following tasks. It gives the 
number of absorbing species (as PCA) and the ranges 
of existence of the individual species (not available 
through PCA). EFA indicates the correct number of 
species through the shape of the eigenvalue plots 
(forward and backward EFA) even in cases where 
PCA would not have detected all absorbing species 
because of linear dependence.5 Finally, it yields a 
semi-quantitative description of the concentration 
profiles, which allows direct estimation of equilibrium 
constants after assignment of stoichiometric coeffi- 
cients to the so far purely abstract “species”. 

The goal of the second part, iterative EFA, is a 
quantitative calculation of the concentration profiles 
and absorption spectra, without making use of the 
law of mass action and still on a completely model- 
free basis. Essentially it performs a rotation of L and 
E into C and A, cJ equation (l), by a variant of target 
factor analysis (TFA).6,‘0,‘8-20 It does not make any 
assumptions with respect to the shape of the absorp- 
tion spectra but uses all information which is avail- 
able through primary EFA. The fundamental differ- 
ence between iterative EFA and other approaches 
using TFA lies in the availability of an M x S 
defining or discriminating matrix D containing ones 
for significant and zeros for insignificant factors 
(or abstract concentrations C,). Defining the border 
between significant and insignificant eigenvalues is to 
a certain degree arbitrary. It becomes problematic 
when a given concentration profile or spectrum can 
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be nearly represented by a linear combination of 
others and will fail completely if linear independence 
is not maintained at the level of experimental noise. 
However, normally this distinction is rather uncritical 
within reasonable limits. We have adopted the stan- 
dard procedure of using the (S + I)th eigenvalue of 
M as the discriminatory level, i.e., for the construc- 
tion of D. Iterative EFA consists of steps (vi)-(x). 

(vi) All concentration profiles are normalized to 
make their maximum concentration unity. At the end 
of the iterative process, equation (7) is applied in 
order to obtain the final concentrations. Obviously, 
this final use of equation (7) is impossible in the case 
of peak resolution in chromatography, where the 
analytical concentrations C,,, are unknown. 

(vii) The molar absorptivities are calculated from 
the simple matrix equation (8) which is obtained by 
premultiplying equation (I) by (L’C,)-IL’ and using 
C,, in the the place of the unknown concentrations C. 

A = (L”C,)-’ L’C,A 

= (LX?,)-“L’L E = (LT,)“’ A E (8) 

(uiii) The matrix of residuals R, and thus the 
sum of squares of errors, can be calculated from 
equation (9). 

R-LE-C,A=LE-C,(L’C,)-“A E 

= (L - C,(L’C,)-’ A) E (9) 

Normally, the actual residuals are not needed and 
further simplification is possible by dropping the 
eigenvector matrix E. The sum of squares Sq is then 
obtained by equation (IO). This is possible because of 
the orthono~ality of rows in E.3 

‘U s 
R’= L - C,(L’C,)-‘A; Sq = x c R”(i,j) (10) 

i=ljal 

(ix) Next, the concentrations C, are recalculated. 
This is achieved successively for each row i 

(i = 1,. . . M) by linear regression, equation (II), 
using a discriminating spectra matrix A, which con- 
tains the spectra of only those species j with a 
non-zero discriminating element D(i,j) of D. 

C,(i) = L E Ai(A,Ah)-* (11) 

Numerous test calculations have shown that the 
much faster alternative’“~‘9~20 of recalculating the en- 
tire concentration matrix directly by using the result 
of singular value decomposition, equation (2), and 
then treating insignificant concentrations as zero, 
equation (12) has much inferior converging proper- 
ties. 

C, = ULJ’C” (12) 

(x) The iterative cycle is closed by treating all 
negative concentrations obtained through equation 
(11) as zero. 

Some additional points should be noted. (a) The 
iterative cycle (t&x) is rather simple and needs about 

1 set for a data set of 28 spectra at 21 wavelengths 
for 4 absorbing species, on an HP 9000/310 desk 
computer. (b) Convergence, while normally very fast 
at the ~ginning tends to become sluggish close to the 
minims, somewhat similarly to the algorithm of 
steepest descent in least-squares calculations. The 
iterative process has been made much faster by 
calculating a shift matrix from the difference in C, in 
two successive cycles, and obtaining a stretching 
factor Sf for all shifts, by a normal Newton~auss 
algorithm with Sf as the adjustable parameter. (c) 
The algorithm described thus far occasionally tends 
to converge to secondary local minima. Surprisingly, 
this could be overcome in our calculations by re- 
jecting values below 1 for the stretching factor and 
using a relatively high value (Sf = 5-50) instead. All 
calculations to be described below were done with 
Sf = 15 in such cases. Although this iterative strategy 
may look chaotic, it turns out to be very efficient and 
quite reliable even in rather tricky cases. (d) As 
discussed above, the result of primary EFA was 
normally used as the starting set for the iterative 
refinement. This is, however, not at all critical. Con- 
vergence was equally well obtained by starting from 
the discriminating matrix D or from needle-like dis- 
tribution curvesi with the maxima of the primary 
EFA as the only non-zero concentrations. (e) If 
complexation is very strong and more than one 
species is present from the beginning, the use of fixed 
spectra can be helpful. Obviously, the spectrum of the 
uncomplexed metal ion is normally available inde- 
pendently and is an obvious candidate for the inclu- 
sion of fixed spectra. (f) Instead of the eigenvector 
representation L E and equations (8), (10) and (1 I), 
the original data matrix Y and equations (13))( 15) 
could be used directly.7J2 

A = (C;C,)-‘C;Y (13) 

R=Y-C,A (14) 

C, = Y A’(A A’)-’ (15) 

As expected, the resitlts obtained with the two algo- 
rithms are practically identical, but the second is both 
slower and more demanding on computer memory. 
Therefore, the algorithm using standard linear re- 
gression, equations (13X15), was not retained in the 
final program. 

RESULTS AND DISCUSSION 

All calculations were done on an HP 9000/3 10 desk 
top computer. The EFA algorithm has been included 
in the BASIC version of our program SPECFIT? for 
the calculation of equilibrium constants from spec- 
trophotometric data. iterative EFA has been success- 
fully tested on roughly a dozen chemical systems of 
varying complexity, and the results compared with 
those obtained by using the law of mass action.7*23 
In the present paper we specifically discuss the 
complexation of Cu2+ with 3,7_diazanonanediamide 
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Fig. 1. ESR spectra of Cu2+ complexes with DANA. Points 
calculated by using the law of mass action; x : CuL’+, n : 
CuLHr , , A: CuLH-,. - Spectra calculated by using 

EFA. 

(DANA), using s~ctrophotometric7,z4 and ESRz5 
data. 

In the first contribution, dealing with primary EFA 
only,’ ESR data for the complexation of Cu2+ by 
DANA (L) were used as one of the test systems. Four 
species, Cu2+ and the three complexes CuLz+, 
CuLH+, and CuLH_, contribute to the overall ESR 
signal. As shown in Fig. 1, the individual ESR spectra 
of CuL*+, CuLHZ, and CuLH_, calculated by iter- 
ative EFA are virtually identical with those obtained 
by a classical analysis using the law of mass action 
(LMA). For the analysis presented in Fig. 1, the 
spectrum of free Ct.?+, which of course can be 
obtained independently in the absence of ligand, was 
kept constant (entry 2 in Table 1). It may be noted 
that (i) the final standard deviation of the EFA 
residuals is less than that of the LMA result (see 
entries 1 and 2 in Table 1); (ii) there is no independent 
test to give preference to either the EFA or LMA 
results; (iii) the EFA result has been obtained not 
only in a completely model-free way, but also without 
making any use of the pH-values of the individual 
solutions. The measurement of pH is thus superfluous 
with regard to the EFA analysis, i.e., if only the ESR 
spectra, but not the equilibrium constants, are to be 
determined. 

The same kind of analysis is of course equally 
possible by use of spectrophotometric data (entries 3 
and 4 in Table l), as discussed in the first note on 
iterative EFA.’ As shown in Figs. 2 and 3, very good 
agreement between LMA and EFA results is ob- 
tained. If the spectrum of uncomplexed Cu*+ is again 
taken as that found experimentally, the two results 
become almost indistinguishable, as is also indicated 
by the relative standard deviation of only 0.7% 

I I I I 
4 6 8 10 

PH 

Fig. 2. Concentration profiles of Cu*+ complexes with DANA. Data from spectrophotometric measure- 
ments, cL = O.OOSM, cc” = 0.0045M. f: Cu2+, X : CuL’+, n : CuLH+,, A: CuLH_,. EFA results with 

fixed (--) and freely adjustable (....) spectrum for Cu*+. 
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Table I. Comparison of results obtained by using the law of mass action (LMA), principal component 
analysis (PCA) and evolving factor analysis (EFA) 

Stability constants* uy (x 104) 

B &IO II, /G-r Bll-2 PH-range I gen LMA PCA EFA gcV%t 

:: - 

i$ - 
ii: - 
7 - 
8 - 
9 - 

10 - 
11 - 
12 - 

13 - 
14 - 
15 - 
16 - 
17 - 
18 - 

19$ - 
203 - 
211 - 
22$ - 
23$ - 
24$ - 

25 - 
26 - 
27 - 
28 - 

29 - 
30 - 
31 - 

32 13.00 
33 13.00 

12.18 5.02 -3.27 
12.18 5.02 -3.27 
12.11 5.02 -3.34 
12.11 5.02 -3.34 

12.00 5.00 
12.00 5.00 

10.00 5.00 
10.00 4.70 
10.00 4.40 
10.00 4.00 
10.00 3.70 
10.00 3.40 

10.00 5.00 
10.00 5.00 
10.00 5.00 
10.00 5.00 
10.00 5.00 
10.00 5.00 

10.00 5.00 
10.00 5.00 
10.00 5.00 
10.00 5.00 
10.00 5.00 
10.00 5.00 

10.00 5.00 
10.00 5.00 
10.00 5.00 
10.00 5.00 

10.00 5.00 
10.00 5.00 
10.00 5.00 

7.30 0.00 
7.30 0.00 

-3.50 
-3.50 

-0.32 
-0.32 
-0.32 
-0.32 
-0.32 
-0.32 

-0.32 
-0.32 
-0.32 
-0.32 
-0.32 
-0.32 

-0.32 
-0.32 
-0.32 
-0.32 
-0.32 
-0.32 

2.3-8.0 0.008 
2.5-8.0 0.008 
2.8-8.0 0.008 
3.e8.0 0.008 
3.3-8.0 0.008 
3.5-8.0 0.008 

2.3-8.0 0.008 
2.5-8.0 0.008 
2.8-8.0 0.008 
3.c8.0 0.008 
3.3-8.0 0.008 
3.5-8.0 0.008 

-0.32 2.Ck8.0 0.008 
-0.32 2.G8.0 0.008 
-0.32 2.c8.0 0.008 
-0.32 2.G8.0 0.008 

-0.32 2.G8.0 0.002 
-0.32 2.0-8.0 0.004 
-0.32 2S8.0 0.016 

-8.52 2.0-l 1 .o 0.008 
-8.00 2&l 1.0 0.008 

2.&l 1.6 
2.&l 1.6 
2&l 1.2 
2.&l 1.2 

- 
- 
- 

2.&l 1.0 0.008 
2.&l 1.0 0.008 

2.G8.0 0.008 
2.Ck8.0 0.008 
2.G8.0 0.008 
2.0-8.0 0.008 
2.G8.0 0.008 
2.0-8.0 0.008 

34 13.00 7.30 0.00 -7.52 2&l 1.0 On08 3n 

2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

5.0 
10.0 
20.0 
40.0 

2.0 
2.0 
2.0 

2.0 
2.0 

54.0 
54.0 
5.6 
5.6 

3.4 
3.4 

4.0 
4.0 
3.9 
3.9 
3.9 
3.9 

4.6 
5.3 
5.5 
5.0 
4.3 
3.8 

43.3 51.8 7.1 
43.3 51.9 2.0 

3.28 3.49 1.4 
3.28 3.55 0.7 

1.71 1.77 0.8 
1.71 1.77 0.2 

1.71 1.78 0.5 
1.71 1.78 0.5 
1.71 1.80 0.8 
1.71 1.80 2.1 
1.71 1.78 3.1 
1.71 1.80 4.8 

1.71 1.77 1.1 
1.71 1.78 0.8 
1.71 1.77 1.0 
1.71 1 .I7 21.5 
1.71 2.00 20.0 
1.71 1.90 6.8 

- 

- 
- 

1.71 1.77 1.4 
1.71 1.77 1.0 
1.71 1.77 1.2 
1.71 1.81 1.4 
1.71 1.80 1.4 
1.71 1.81 2.3 

6.0 4.27 4.50 1.0 
10.2 8.53 9.00 1.2 
19.2 17.1 17.9 2.7 
37.8 34.1 85.5 2.9 

2.1 1.71 1.77 0.5 
2.6 1.71 1.77 0.5 
8.7 1.71 1.77 0.5 

3.1 
3.2 
3.4 

1.62 1.69 
1.62 1.70 
1.62 1.86 

1.7 
2.3 
3.1 

*Logarithms of overall formation constants Pm,,, = [M,L,H,]/[M]“[L]‘[H]*. 
tRelative standard deviation between concentrations based on LMA and EFA. For model data, input 

concentrations were used in place of the LMA results. 
SResults obtained with fixed spectrum for Cu*+. 

between the concentration profiles of the LMA and 
EFA treatments, respectively. As with the ESR data, 
the residuals for the EFA are smaller than for the 
LMA counterpart, which is expected because the 
former is not influenced by any errors in the pH- 
measurement. 

For a more systematic study of the scope and 
possible limitations of EFA we relied on semi- 
synthetic data (entries 5-34 in Table 1). This allows 
analysis under closely controlled conditions. More 
important, it is necessary because there are relatively 
few equilibrium systems of sufficient complexity 
(more than two or three absorbing species) for which 
the chemical model is absolutely unambiguous, and 
also these systems cannot be expected to have opti- 
mum properties for disclosure of the influence of 
specific factors such as the range of species co- 
existence, the pH-range covered by the original data, 
and experimental errors. The following strategy was 
adapted for data generation. For the spectral matrix 

A of the individual species, the spectra calculated for 
DANA by classical least-squares analysis (cJ Fig. 3) 
were taken; a concentration matrix C was calculated 
by using the LMA for the model Cu*+, CuL2+, 
CuLH?, and CuLH_, with variable sets of equi- 
librium constants at 28 equidistant pH values. From 
C and A the original absorbance matrix Yorig was 
calculated: Yorig = C A. Random errors were super- 
imposed on Y,,i, and on the pH values. The resulting 
arrays Y and pH were used as the raw data. Nor- 
mally, standard errors uy = 2 x 10m4 and cpH = 
8 x 10m3 were used, i.e., the values which correspond 
to our experimental work, excluding systematic 
errors.’ The values of the stability constants, the pH 
range, and the levels of the random errors are com- 
piled in Table 1. The results are given in the last four 
columns: the standard deviations in the absorbance 
obtained by using the law of mass action a,(LMA), 
principal component analysis a,(PCA), and evolving 
factor analysis a,(EFA), respectively, and rrc, the 
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Fig. 3. Absorption spectra of Cu2+ complexes with DANA. +: Cu*+, x: CuL*+, n : CuLHt,, A: 
CuLH_,. EFA results with fixed (-) and freely adjustable (‘...) spectrum for CU*+. 

relative standard deviation* between the concen- 
trations used for construction of the data matrix and 
those calculated by EFA. 

a,(PCA) is the lowest possible error to describe the 
data with a given number of factors, no restrictions 
being imposed on the numerical values (of L and E). 
Obviously, errors in Y and pH contribute to 
o,(LMA). a,(EFA) is not influenced at all by the 
errors in pH, but there are the restrictions of non- 
negative concentrations and of the concentration 
windows for the individual species. Therefore, 
c,(EFA) must be higher than o,(PCA), but the 
difference should be of the order of the experimental 
noise in Y alone. It is thus postulated by theory for 
a successful analysis, that the standard deviation 
a,(EFA) lies between the corresponding values of the 
LMA fit, a,(LMA), and of the principal component 
analysis, a,(PCA), as is found in most cases. It must 
be realized, however, that a low a,,(EFA) does not per 

se prove that the result gives the correct concen- 
tration profiles and spectra. In this respect, the last 
column in Table 1, crc, is more directly relevant. Most 
of the crc values are between 0.5 and 2%, indicating 
good correlation between the input and calculated 
concentration profiles. 

Entries 5 and 6 closely correspond to the spec- 
trophotometric data for DANA. Equidistant pH 
values were used and random errors superimposed on 
Yorla and pH as described, but the pH-range and the 
set of stability constants are as in the experimental 

*o, = 100 ; S, {[C(U) - C,(i,j)l/C,,,(i)}2/~ 
,=L,=l 

where C(i,j) are the concentrations based on LMA 
(experimental data) or used for construction of Y 
(model data), and v = number of degrees of freedom. 

system (entries 3 and 4). Complexation starts at 
rather low pH with DANA, so for the experimental 
data (14) as well as the model data (5 and 6) 
significant amounts of CuL*+ are present from the 
beginning of the titration. This is of no consequence 
with respect to the analysis, as far as a,(EFA) is 
concerned (compare 1, 3, 5 with 2, 4, 6). It is, 
however, important with respect to oc and thus to the 
concentration profile as well as the calculated spec- 
trum of the free metal ion, as is also evident from 
Figs. 2 and 3. 

As can be seen in Fig. 2, overlap of the concen- 
tration profiles is relatively weak for DANA. The 
problem thus was made more demanding by de- 
creasing the stability of CuL’+ and assuming de- 
protonation of the two amide groups of DANA to 
produce CuLHf, and CuLH_, at lower pH values. 
Simultaneously, the pH range was decreased to 2-8. 
As indicated by entry 7, the analysis is as successful 
as with the original set for DANA, despite consid- 
erable overlap of all the concentration profiles and 
although CuLH+, has a maximum relative concen- 
tration of 30%. Entries 8-12 show the effect of 
successively reducing the stability of CuLH+, , keep- 
ing all other parameters at the values for entry 7. 
With an essentially constant a,(EFA) of 1.8 x 10m4 
the fit in oc gets gradually poorer, but as seen in Fig. 
4 (corresponding to entry 9) even a minor species with 
a maximum relative concentration of 15% can be 
successfully identified. In fact the range of species 
existence, position of concentration maxima and 
general shape of the profiles are calculated correctly 
for all species even in the still more critical cases 
10-12. The only significant discrepancy is the height 
of the profile corresponding to CuLH?,, which is 
generally elevated. Even when the maximum relative 
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I I I 
4 6 8 

PH 

Fig, 4. Concentration profiles of model data using cL = O.OOSM, cc” = 0.0045A4, log/I,,, = 10.00, 
log /I,, _ , = 4.40, and log p,, _ 2 = -0.32. Symbols as in Fig. 2. 

concentration of CuLH!, is reduced to less than 2% 
(entry 12) EFA still finds four absorbing species and 
essentially the correct ranges of existence. 

The effect of narrowing the pH range in data 
generation is shown in entries 13-24. With the first 
cuts, the analysis is still unproblematic with either 
adjustable (13-15) or fixed (19-21) values for the 
spectrum of Cu , ‘+ but this is no longer true when the 
analysis begins at still higher pH values. When such 
data are used, CuL2+ appears to be present in high 
amounts right from the beginning, and the calculated 
concentration profiles as well as the spectra of Cu2+ 

and CuL2+ are seriously in error (16-18) unless the 
spectrum of Cu2+ is fixed at the correct value (22-24). 
Since the present iterative algorithm does not guaran- 
tee to yield the real minimum of a,(EFA), it is not yet 
clear whether the unsatisfactory results in (16-18) are 
due to divergence or to truly insufficient information 
contained in the data matrix. 

In entries 25-3 1 the effect of varying noise levels is 
analysed. The stability constants and pH range used 
correspond to the standard set 7. As expected, 
c,(EFA) closely parallels the random noise in the 
absorbances used for data generation, a,(gen), 

‘? 

*+ 

... . . . . . . . . . -I 
.i 

: 

L 

Fig. 5. Concentration profiles with model data for 5 absorbing species, cf: Table 1, entry 33. 0: CuLH3+, 
other symbols as in Fig. 2. 
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(25-28) with a less pronounced effect on gc. On the 
other hand, EFA necessarily is completely indepen- 
dent of pH errors, urn, which have an effect only on 
the LMA analysis (29-31). 

classical factor analysis would not even have given 
the correct number of species. 

A few additional calculations were done with data 
matrices based on a model with 5 absorbing species. 
CuLH3+ (&,,, = 684 nm, L,,, = 57 l.mole-‘cm-r) 
was assumed in addition to the species discussed 
above. The pH range and equilibrium constants were 
chosen so that significant overlap of the concen- 
tration profiles was obtained. As indicated by entries 
32-34 and as shown in Fig. 5, the presence of an 
additional species does not qualitatively complicate 
matters: a,(EFA) is again close to the random noise 
of the input data and cc is still acceptable in all cases. 
Ranges of species existence, shapes of concentration 
profiles, peak positions and maximum concentrations 
are all of similar quality as in the four-component 
cases and there is no reason to exclude successful 
resolution of even more complicated systems. 

There can be no doubt that EFA can be success- 
fully applied to problems rather different from the 
analysis of complex equilibria. One most promising 
field is peak resolution in chromatography, a problem 
which is extensively discussed in the recent litera- 
ture.26,27 EFA seems to be ideally suited to deal with 
this problem** since individual chromatographic 
peaks normally have rather similar concentration 
profiles, minimizing the danger of erroneous combi- 
nation of forward and backward EFA and con- 
sequent setting up of wrong ranges for non-zero 
concentrations of the individual species. This applica- 
tion of EFA may actually be more important than the 
one discussed here, because there is no other reliable 
algorithm (such as the LMA) to deal with that 
problem. 

Given the quality of the EFA calculations, equi- 
librium constants may be obtained directly from the 
abstract concentration profiles after assigning stoi- 
chiometric coefficients to the individual species by 
chemical reasoning. For the original data with 
DANA (entry 4), simple linear interpolation gives 
points of intersection at pH 2.72, 7.06 and 8.39, 
respectively. With the aid of the protonation con- 
stants of the free ligand, log KFH = 8.40 and 
log KFHZ = 6.55, equilibrium constants are calculated 
for the copper complexes: CuL*+, logp,,, = 12.10; 
CuLH’, , log &_1 = 5.04; CuLH-,, log/I,,_, = 
- 3.35. These values are virtually identical with those 
obtained by a least-squares analysis based on the 
LMA and the same protonation constants for the 
uncomplexed ligand: log PI ,0 = 12.11, log fill _ , = 
5.02 and log &, _* = -3.34. The EFA result is cer- 
tainly correct within experimental uncertainty in this 
case and the same is true for most systems included 
in Table 1. Therefore, even the final stage of data 
reduction to a set of equilibrium constants is possible 
on the basis of EFA. 

The iterative part of EFA is an application of 
target factor analysis.10~‘9~20 Similar approaches for 
iterative refinement starting from a given estimated 
concentration matrix have been discussed re- 
cently.‘9~20 None of the earlier approaches could, of 
course, make use of the information and restrictions 
resulting from primary EFA through the discrimi- 
nating matrix D, which is the decisive factor for a 
successful analysis. 
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CONCLUSIONS I. 

The calculations presented here and application of 
EFA to roughly a dozen real chemical systems5s7*23 
have convinced us that EFA is an efficient and 
reliable new method for the completely model-free 
analysis of spectrophotometric data and, in fact, 
of any two-dimensional array of ordered data with 
contiguous ranges of “species” existence along one 
dimension. The decisive part is primary EFA,S which 
defines these ranges for all species and also yields 
reasonable starting values for the concentration 
matrix. As discussed in the previous paper,5 primary 
EFA can give useful information about the formation 
of additional species, including estimates of the corre- 
sponding stability constants, even in cases where 
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Summary-An analytical scheme for determining various forms of sulphur in oil shales and associated 
rocks is presented. Acid-soluble sulphate, sulphur contained in monosulphide and in disulphide minerals, 
and organically-bound sulphur are all quantitatively recovered as separate fractions. Finely-ground 
oil-shale samples are treated in an inert atmosphere with 6M hydrochloric acid to dissolve the acid-soluble 
sulphate minerals and form H,S from the decomposition of monosulphide minerals. The acid-soluble 
sulphate is precipitated as barium sulphate and the H,S is collected and weighed as silver sulphide. 
Disulphide minerals in the solid residue from the acid treatment are reduced by an acidified Cr(II) solution 
in an inert atmosphere, releasing the sulphide as H,S. The H,S is collected as silver sulphide. An Eschka 
fusion oxidizes and solubilizes all sulphur remaining within the Cr(II)-treated residue. This sulphate 
represents organically-bound sulphur and is collected as barium sulphate. The analytical procedures have 
been verified by using “Fe Miissbauer spectroscopy. Good agreement between the chemical and 
Mdssbauer data substantiated the sequential removal of the forms of sulphur and also demonstrated the 
ability of Miissbauer spectroscopy to determine the absolute quantities of iron present in specific minerals. 

The concentrations of individual forms of sulphur in 
oil shale provide information that can be applied to 
studies of (1) the natural cycling of sulphur in oil- 
shale deposits, (2) the development potential of oil- 
shale deposits, and (3) the probable partitioning and 
the effects of sulphur compounds during oil-shale 
distillation. 

The analytical scheme reported in this paper was 
developed in order to facilitate studies of the sulphur 
geochemistry of oil shale in the Green River For- 
mation (Eocene) of Colorado, Utah, and Wyoming. 
Various chemical techniques developed by other re- 
searchers are modified and combined. The modified 
techniques are an improvement on previous versions 
because they provide for quantitative separation and 
collection of the major forms of sulphur in the oil 
shale. In addition, the scheme is readily adaptable to 
studies on sediment types (e.g., coal, marine or 
freshwater sediments). 

The analytical scheme was specifically designed to 
detect the sulphur-bearing phases of the Green River 
Formation. Concentrations of total sulphur range 
from undetectable in algal carbonates in the Uinta 
basin, Utah,’ to 5% in organic-rich marlstones from 
the saline zone in the Piceance basin, Colorado.2 The 
sulphur is known from previous work to occur as 
sulphate, monosulphide, disulphide and organically- 
bound sulphur. The abundance of sulphate in the oil 
shale is low (less than 4% of the total sulphur3,“) and 
discrete sulphate minerals have not been identified in 

the formation.’ Occurrences of monosulphides [pyr- 
rhotite (Fe, _ .S) and wurtzite (ZnS)] and disulphides 
[pyrite (cubic FeS,) and marcasite (orthorhombic 

FeS,)] have been reported.5-9 Monosulphides have 
not previously been quantified, but are considered to 
be a minor sulphur phase. Between 50 and 90% of the 
sulphur in most Green River oil shales resides in 
pyrite, with the remaining lO-50% occurring as 
organically-bound sulphur.3J0 Sulphur-containing 
organic compounds in the Green River oil shales 
include thiophenes, benzothiophenes, and polycyclic 
thiols.” 

Before this study, two different analytical schemes 

were used to quantify sulphur forms. We chose not 
to use either of these schemes, for reasons discussed 
below. One of them3 involves determination of total 
sulphur by Eschka fusion. Acid-soluble sulphates are 
dissolved with hydrochloric acid, and pyritic sulphur 
is quantified by oxidation with nitric acid and sub- 
sequent determination of the solubilized iron. Or- 
ganic sulphur concentrations are determined by 
difference. Monosulphide sulphur is not separately 
determined and there is no collection of the sulphur 
associated with the various forms. Collection of the 
separate sulphur species is a critical requirement for 
our geochemical study, because we want to measure 
the isotopic composition of the sulphur in the various 
forms. Furthermore, there is some debate regarding 
the effectiveness of nitric acid in removing pyritic 
sulphur without removing some organically-bound 
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Fig. 1. A diagrammatic representation of the analytical scheme used to separate various forms of sulphur 
in oil shales and associated rocks. 

sulphur. Pyritic sulphur could also be overestimated 
if non-pyritic iron is released during the nitric acid 
oxidation. 

The second procedure4 uses perchloric acid to 
dissolve the acid-soluble sulphates. Pyritic sulphur is 
determined by a lithium aluminium hydride (LAH) 
reduction technique. Organic sulphur is determined 
by difference or by an Eschka fusion of the residue 
from the LAH reduction. Again, monosulphide sul- 
phur is ignored. The LAH technique, although com- 
monly used in the analysis of other sedimentary 
materials, is not used in our scheme because (1) the 
reagent can be very explosive, and (2) yields for 
LAH-reduction of pure pyrite are often low. Results 
from Kuhn et al.‘* indicate that the particle size of 
the sample should be smaller than -400 mesh for 
quantitative recovery of the pyritic sulphur. 

Our analytical scheme is shown diagrammatically 
in Fig. 1. It is designed to sequentially collect and 
gravimetrically determine the sulphur species dis- 
cussed above. The sulphur associated with mono- 
sulphide and acid-soluble sulphate minerals is re- 
moved first, by treatment of the sample with 
hydrochloric acid in an inert atmosphere. Mono- 
sulphide minerals evolve H,S when treated with 
hydrochloric acid and are hence referred to as acid- 
volatile (av) sulphides (S,,). The method we employ 
in collecting and determining these two forms of 
sulphur is a modification of ASTM method D2492,13 
which is generally used in determining sulphate. The 
H,S (S,,) is collected and weighed as silver sulphide 
and the acid-soluble sulphate (S,,,) is precipitated as 
barium sulphate. 

The second step removes disulphide sulphur (S,J 
bound in the minerals pyrite and marcasite. These 
minerals are not decomposed during the hydrochloric 

acid treatment, so disulphides can be easily separated 
from the monosulphide minerals. The disulphide 
method which best fits our needs is a modification of 
a techniqueI to separate pyritic sulphur in recent 
marine sediments and rocks. The procedure uses 

chromium(I1) to reduce the disulphides to H,S, which 
is then collected as silver sulphide. 

The last step in the scheme removes organically- 
bound sulphur (S,,). Organic sulphur concentrations 
are determined as the total sulphur remaining after 
removal of the S,,,, S,,, and S,,. The method is a 
modification of ASTM method D3 1 77.13 The residue 

from the chromium(I1) treatment is fused with 
Eschka mixture (magnesium oxide and sodium car- 
bonate). The fusion product is dissolved in water and 

the organic sulphur precipitated as barium sulphate. 
Mossbauer spectroscopy of iron-containing 

phases, as well as the chemical and/or Miissbauer 

determination of the iron content of solutions and 
residues from each step within the scheme, gave the 
primary data used in validating the techniques. 
Earlier studies9~‘5~‘6 of coal and oil shales have demon- 
strated that Mijssbauer spectroscopy can identify a 
variety of iron-containing compounds in these very 
complex materials and provide quantitative values of 
the absolute abundances of such compounds.‘5*‘6 
Sulphur and iron mass-balances, standard addition 
of pure pyrite to samples, and analyses of pure and 
mixed sulphur compounds were also used to test the 
effectiveness of the analytical scheme. 

EXPERIMENTAL 

Samples 

Three samples from the Green River Formation were 
used for developing and testing the analytical scheme. The 
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dropping funnel - 
I/ 

0.1 MAgNO, 

I 
PH 4 

buffer 

from bright green to bright blue as the chromium(II1) is 
reduced to chromium(I1). The chromium(H) solution is 
unstable in air and should be prepared every few days. 

Eschka mixfure. This can be obtained commercially or 
prepared by mixing three parts by weight of magnesium 
oxide with two parts of sodium carbonate. We used the 
commercial reagent-grade mixture. 

Sulphur -separation procedure 

Introduce a sample of known weight (about 5 g) into the 
round-bottomed reaction flask (Fig. 2). If the sample con- 
tains iron(N) (see Results and Discussion section), add 
l&l5 g of tin(U) chloride. Connect up the apparatus and 
flush it for 5 min with high-purity grade nitrogen. Slowly 
introduce 80 ml of 6M deaerated hydrochloric acid through 
the dropping funnel. Deaerate the acid beforehand by 
passage of the pure nitrogen through it. Establish a slow 
flow of nitrogen through the whole system and allow the 
reaction to proceed at room temperature for 15 min. Heat 
slowly until the solution just begins to boil, reduce the heat 
and continue the reaction until the silver sulphide has 
coagulated and no H,S is detected when paper wetted with 
silver nitrate solution is held in the gas stream issuing from 
the buffer. Disconnect the apparatus, filter off the residual 
solids, wash them with water and dry them, saving the 
filtrate for sulphate (S,,) determination. Filter off, wash 
with water, and dry to constant weight the silver sulphide 
precipitate (S,,). 

Return the dried residual solid to the round-bottomed 
reaction flask and add 10 ml of ethanol. Connect up the 
apparatus and flush it with nitrogen. Add a mixture of 
50 ml of 1M chromium(II) and 20 ml of deaerated concen- 
trated hydrochloric acid through the dropping funnel. 
Establish a slow flow of nitrogen through the system and 
allow the reaction to proceed at room temperature for 15-30 
min. Heat the sample to boiling and allow the solution to 
boil slowly until H,S generation ceases. Filter off, wash with 
water, and dry the residual solids. Filter off, wash with 

- heating monrla water, and dry to constant weight the silver sulphide 

reaction vessel 

Fig. 2. Apparatus used to analyse for acid-volatile and 
disulphide sulphur. 

samples were chosen to represent different sulphur mineral 
assemblages, organic carbon contents, and particle sizes. 
Two rich oil shales from the Mahogany zone (MZ) of the 
Parachute Creek Member, Rio Blanc0 County, Colorado 
were chosen to represent organic-rich samples containing 
abundant, finely-disseminated sulphides. Sample MZ-1 was 
collected from a mine at Anvil Points, Colorado and ground 
to -65 mesh. Pyrite and small amounts of pyrrhotite had 
previously been identified in this sample.’ Sample MZ-2 was 
collected from the Rulison mine approximately 5 km from 
Anvil Points and ground to - 100 mesh. The third sample 
was collected from drill core from the Wilkins Peak Member 
(WP) in Sweetwater County, Wyoming. This sample (WP-I) 
was ground to - 100 mesh and contained low amounts of 
organic matter and abundant pyrrhotite. 

Apparatus 

Jones reducror. The Jones reductor” contains amalgam- 
ated zinc for reduction of chromium(II1) to chromium(I1). 

H,S apparatus. The decomposition of acid-volatile sul- 
phides and disulphides is done in the apparatus shown in 
Fig. 2. The H,S generated in the reaction flask passes 
through an aqueous wash solution buffered to a pH of 4.0, 
and is collected as silver sulphide by passage through 
aqueous O.lM silver nitrate. 

Reagents 

Cr(lf) solution, 1M. Dissolve 133 g of reagent-grade 
CrCl, .6H,O in 500 ml of 0.1 M hydrochloric acid. Pass the 
solution through the Jones reductor. The colour changes 

precipitate (sdi j. 
Mix the residual solids with three times their weight of 

Eschka mixture and place in a porcelain crucible. Cover the 
mixture with addditional Eschka mixture. Fuse the mixture 
in a muffle furnace at 800” for 2 hr. Remove the crucible 
from the furnace, let it cool in air, and dissolve the cake 
in distilled water (10 ml for every 0.1 g of sample). Heat 
the solution for about 30 min, filter off and discard the solid 
residue (flux plus the refractory fraction of the sample). 
Adjust the filtrate to pH ~4.0 with hydrochloric acid and 
add 10 ml of bromine-saturated distilled water. Boil the 
solution until the bromine is expelled. Add IO ml of 10% 
barium chloride solution and continue boiling for 15 min. 
Reduce the heat and allow the covered solutions to digest 
overnight. Filter off, wash with water, and dry to constant 
weight the barium sulphate precipitate (S,,,). The acid 
filtrate reserved from the acid-volatile sulphur step (Sso,) 
is treated in the same way as the solution from the Eschka 
fusion, starting with the addition of the bromine-saturated 
water. The limit of detection for all the techniques (0.01% 
S for a 5-g sample) is based on the uncertainty in weighing 
very small amounts of precipitate. 

Mtissbauer procedure 

Absorbers for transmission Miissbauer measurements 
were made from the oil-shale samples and from selected 
chemically-treated [hydrochloric acid or chromium(U)] resi- 
dues by compressing the powder into disks of accurately 
known mass per unit area, typically about 0.2 g/cm2. 
Spectra were acquired at room temperature with a con- 
ventional constant-acceleration Miissbauer system using a 
25-mCi 57Co:Rh source. Figures 3-5 show the Miissbauer 
spectra from the untreated oil shales and chemically-treated 
residues and indicate the spectral signatures of detected iron 
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Fig. 3. Mdssbauer spectra of sample MZ-1; (a) the untreated sample, (b) HCl-treated sample, (c) HCI- 
and Cr*+-treated sample. A spectrum of the untreated sample covering a larger velocity range (as in 

Fig. 5) reveals weak resonance due to troilite. See Table I for mineral abbreviations. 

minerals by stick diagrams. The computer least-squares 
deconvolution of each spectrum is aided by the known 
resonance-line shape (Lorentzian), the known relative split- 
tings and symmetric (pairwise) intensities of a six-line 
magnetic pattern (e.g., for troilite), and the assumption of 
equal intensities for both lines of a quadrupole pair (e.g., 
for pyrite and siderite). This assumption is valid for a 
powder specimen in which the iron-containing crystallites 
have a random distribution of orientations. 

These minerals were identified by comparing the Moss- 
bauer spectral parameters listed in Table 1 with literature 
values.‘8”” The sample MZ-2 series of spectra in Fig. 4 
yields the simplest iron mineralogy of the three shales 
investjgated; pyrite, ankerite and siderite are found in the 
untreated shaie, only pyrite after the hydrochlo~c acid 
treatment, and only a very small quantity of iron(III)* 
(0.01%) after the chromium(H) treatment. The latter 
iron(II1) may be present in the untreated shale and acid- 
treated residue but is not detectable because of the much 
larger concentrations of iron present as pyrite and ankerite 
(note the vertical scale difference in Fig. 4 a, b and c). The 
strong overlap of iron(II1) (e.g., in clays) and pyrite 
Mossbauer spectra presents a resolution problem, as dis- 

--. _______- .._... ~. 
*The Stock notation [iron(B) and iron( is used in the 

text in connection with both the solution chemistry 
and the Mossbauer spectroscopy, but refers solely to 
the oxidation state and does not imply the spin 
con~gurations. 

cussed by others. t&m This problem is evident in the analysis 
of the MZ-1 and WP-1 samples and will be discussed 
together with the chemical results below, 

The quantitative Mijssbauer analysis is performed ac- 
cording to the detailed procedure described by Williamson 
er a1.‘5 as the “Resonance Area Method.” Briefly, the 
integrated absorption intensity (resonance area) corre- 
sponding to each mineral, corrected for the thickness 
saturation effect and background radiation,‘s is directly 
proportional to the amount of iron present in the form of 
that mineral. Bach mineral (and each crystallographic iron 
site within a given mineral) has its own proportionality 
constant, owing to its particular recoil-less fraction, f,~s~i”‘o 
(i.e., its ability to absorb or emit gamma-rays without 
recoil). This means that the ~sonan~-area fractions 
presented in the last cotumn of Table 1 are not generally 
the fractions of iron present as the given mineral (or at a 
site within a mineral). The recoil-less fractions used in the 
analysis are: f, = 0.78 for the Rh source;*’ S y = 0.72 for 
pyrite;** fro = 0.43 for pyrrhotite, .23 f = 0.53 !or all other 
phases.is This use of differing f-values represents an im- 
provement over the usual practice of assuming the same 
f-value for all iron-containing phases. 

RESULTS AND DISCUSSION 

The chemical and Miissbauer results for the three 
Green River Formation samples are shown in Table 
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Velocity (mm/set) 

Fig. 4. MSssbauer spectra of sample MZ-2; (a) the untreated sample, (b) HCI-treated sample, (c) HCl- 
and Crz+-treated sample. See Table 1 for mineral abbreviations. 

2. The precision of the separation techniques is 
reported as the coefficient of variation (V) of replicate 
analyses and is calculated as follows: 

V% = lOOs/X 

where s is the standard deviation for n replicates 
giving a mean of X. As expected, the precisions of 
determination (V) for all the sulphur forms are 
highest at, or near, the limit of detection and decrease 
with increasing sulphur concentrations. 

Monosulphide and sulphate sulphur 

The values of V for the sulphate and acid-volatile 
sulphur were judged adequate for our procedures, 
especially considering the low concentrations of these 
sulphur forms in some of the samples. The M&s- 
bauer results for acid-volatile sulphur, obtained by 
using the change in abundances of the iron phases, 
agree very well with the chemical analyses (Table 2) 
and confirm the removal of the S,, as shown in Fig. 
5b by the disappearance of the pyrrhotite resonance. 

Two problems are inherent in this technique. First, 
the amounts of acid-volatile sulphide can be under- 
estimated if acid-soluble iron(II1) is present during 
the evolution of H,S. The iron(II1) oxidizes the H,S 

to elemental sulphur, which remains with the residue 
and is then separated with the pyritic sulphur. To 
prevent this oxidation, Pruden and Bloomfield ad- 
ded tin(I1) chloride to the sample prior to the decom- 
position of the sulphide minerals. The tin(I1) rapidly 
reduces the iron(II1) to iron(I1) and thus prevents it 
from reacting with the H,S. The first analysis of 
sample WP-1 indicated the presence of acid-volatile 
and disulphide sulphur, but the hydrochloric acid 
solution from the acid-volatile analysis was bright 
yellow [indicating the presence of acid-soluble iron- 
(III)] and contained small white floating particles 
(possibly elemental sulphur). Miissbauer data for the 
untreated and treated samples show the presence of 
iron(II1) in a site similar to that present in the clay 
illite and some of this iron is probably acid-soluble. 
The minor difference between Fig. 5b and 5c shows 
that little or no pyrite was present. Iron(II1) and 
pyrite are difficult to resolve by Miissbauer measure- 
ments on the untreated shales. For example, the 
MZ-2 and WP-1 spectra (Figs. 4a and 5a) are 
similar, yet the acid residue of MZ-2 (Fig. 4b) clearly 
contains only pyrite while that of WP-1 (Fig. 5b) 
contains little or none. Subsequent analyses of WP-1 
were done in the presence of added tin(II), which 
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Fig. 5. Miissbauer spectra from sample WP-1; (a) the untreated sample, (b) HCl-treated sample, (c) HCI- 
and Cr2+-treated sample. A larger relative range was used than those in Figs. 3 and 4, in order to 

encompass all magnetic pyrrhotite resonance. See Table 1 for mineral abbreviations. 

increased the yield of S,, and decreased the yield 
of Sdi to an undetectable amount. Chanton and 
Marten’s data25 show that a I-hr exposure to a 
boiling 20% acid tin(I1) chloride solution strips only 
0.7% of the sulphur in fine-grained pyrite. Their 
results indicate that addition of tin(I1) chloride is not 
likely to affect most analyses unless the sample 
contains a large amount of pyrite, in which case, the 
amount of monosulphide sulphur found might be in 
question. 

The second problem is only significant when acid- 
insoluble sulphates occur in the sample (e.g., barite). 
The insoluble sulphate is unreactive until the Eschka 
fusion step and, therefore, is determined as if it were 
organically-bound sulphur. Since barite is generally 
not present in Green River samples,’ no attempt was 
made to separate this sulphur phase although a 
procedure for doing so is available.26 

Disulphide sulphur 

The Mossbauer and chemical results are in excel- 
lent agreement. The V value for disulphide sulphur in 

sample MZ-2 is very low (3%) but is 23% for sample 
MZ-1. As mentioned in the sample description, MZ-1 
was ground only to -65 mesh. We believe that 
coarse-grained pyrite in this -65 mesh fraction re- 
sults in some sample inhomogeneity and possibly 
incomplete reduction of the disulphide sulphur, caus- 
ing the higher V value. This hypothesis is supported 
by (1) inconsistent chemical and Mossbauer values 
for iron removed during the chromium(II) treatment 
(Fe cr_J, 0.25 and 0.45%; the Miissbauer and chem- 
ical analyses were performed on residues from two 
separate sample splits, and (2) the presence of some 
undissolved pyrite, as indicated by the Mlissbauer 
spectrum of the chromium(II)-treatment residue (Fig. 
3~). The results for samples MZ-2 and WP-1 indicate 
that grinding samples to - 100 mesh is adequate for 
our procedures. 

Several simple chemical analyses were performed 
to confirm the Mossbauer indications that Sdi is not 
removed during the separation of S,, and Sso,, but is 
quantitatively removed on treatment with chro- 
mium(I1). Hydrochloric acid treatment of pure pyrite 
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Table 1. Miissbauer spectral parameters and phase identification: 6, isomer shift 
relative to metallic iron; A, quadrupole splitting; H, magnetic hyperfine field; r, full 
linewidth at half maximum; M, mineral as indicated by stick diagram in Figs. 3-5; 
F, fractional resonance area due to indicated minerals (corrected for thickness 
saturation, see Williamson ef al.);” untr’d, untreated sample; HCl, residue after HCl 

treatment; Cr2+, residue after HCl + Cr2+ treatment 

6, A, H, F, 
Sample mm /see mm /set tesla r M % 

MZ-1 
untr’d 0.29 (2) 

1.23 (1) 
1.17 (3) 
1.01 (3) 
0.5 (1) 

HCl 0.309 (2) 
1.22 (5) 
1.15 (2) 

crZ+ 0.32 (1) 
1.2 (1) 

1.14(4) 

MZ-2 
untr’d 0.303 (2) 

1.237 (2) 
1.22 (2) 

HCl 0.303 (1) 

CY+ 0.2 (1) 

WP-1 
untr’d 0.3 (1) 

1.23 (1) 
1.2 (2) 

0.70 (2) 
0.68 (4) 
0.69 (4) 

HCl 0.34 (4) 

1.15(2) 

Cr*+ 0.44 (4) 

0.58 (2) 
1.52 (1) 
1.77 (3) 
2.40 (3) 
0.2 (1) 

0.598 (3) 
1.67 (9) 
2.88 (3) 

0.58 (2) 
1.6 (1) 

2.83 (5) 

0 
0 
0 

30.: (5) 

0 
0 
0 

0 
0 
0 

0.29 (2) 
0.29 (2) 
0.29 (2j 
0.29 (2) 

0.4 (1) 

0.280 (4) 
0.280 (4) 
0.280 (4) 

0.38 (2) 
0.38 (2) 
0.38 (2) 

0.604 (4) 
1.502 (4) 

1.91 (4) 

0.594 (2) 

0.8 (1) 

0.262 (4) 
0.262 (4) 
0.262 (4j 

0.268 (4) 

0.4 (1) 

0.6 (1) 0 0.3 (1) 

1.50(l) 0 0.29 (1) 
2.7 (2) 0 0.3 (1) 

0.16 (3) 30.0 (2) 0.40 (3) 
0.2 (1) 25.2 (3) 0.36 (5) 
0.2 (1) 22.7 (3) 0.52 (5) 

0.55 (5) 0 0.50 (4) 

2.72 (3) 

0.58 (5) 

0 0.48 (4) 

0 0.47 (4) 
0 0.47 (4) 1.11 (2) 2.70 (3) 

P 
A 
S 
Fe*+(i) 
Tr 

P 
A+S 
Fe’+(m) 

P 
A 
Fez+(m) 

P 32 (2) 
A 61 (2) 
s 7 (2) 

P 100 

Fe’+ 100 

P+ 
Fe3+(i) 
A 
Fe*+(i) 
PO’ 
PO2 
PO’ 

P+ 
Fe3+(i) 
Fe2+(i) 

Fe3+(i) 
Fe*+(i) 

28 (3) 
48 (3) 
10 (2) 
11 (2) 
3 (1) 

92 (1) 
2(l) 
6(l) 

68 (3) 
10 (2) 
22 (3) 

15 (5) 

49 (3) 
9 (4) 

12 (2) 
7 (2) 
8 (2) 

50 (5) 

50 (5) 

43 (5) 
57 (5) 

“Uncertainties based on counting statistics and computer deconvolution are given in 
parentheses for the last significant figure. 

bP, pyrite (+marcasite); A, ankerite; S, siderite; Fe*+(i), ferrous Fe similar to that 
in illite; Tr, troilite; Fe2+(m), ferrous Fe similar to that in montmorillonite; PO’, 
ith Fe site in pyrrhotite. 

‘For magnetic phases, A is computed as [(u~-u&02 - u,)]/2 where v, (Q) is the 
lowest (highest) velocity position of the six-line pattern. 

in the absence of tin(I1) chloride produced no de- 
tectable H,S. Sulphur yields from chromium(I1) 
treatment of pure pyrite ranged from 97.8 to 100.7%. 
Standard-addition experiments with pure pyrite ad- 
ded to acid-treated MZ-2 showed complete recovery 
of the pyritic sulphur. 

limit of detection (0.01%). Only one organic-sulphur 
analysis was performed on sample MZ-1. 

Chromium(I1) will reduce elemental sulphur. If 
samples are suspected of containing elemental sul- 
phur, they should be extracted with acetone before 
treatment with chromium(I1). Prior knowledge re- 
garding sample type is helpful in assessing whether or 
not the extraction is necessary. 

Two crude oils were tested for their stability in the 
presence of the reagents used in this study. These oils 
contain sulphur-containing organic compounds simi- 
lar to those reported in the oil shale.” No H,S was 
produced when the oils were treated with hydro- 
chloric acid or chromium(I1). Our results confirm 
those of earlier workers’4,27 and show that all types of 
sulphur-containing organic compounds tested to date 
are unreactive during the acid and chromium(I1) 
treatments. 

Organic sulphur Additional tests 

V is very low (2%) for sample MZ-2. Again, V was The effectiveness of silver nitrate as an H,S- 
highest when the concentration of Sorg was near the trapping reagent was investigated by calculating the 
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Table 
MZ-2 

2. Results of chemical and Mijssbauer analyses of samples MZ-I, 
and WP-1: results are given as the mean (2) for n samples with 

coefficient of variation V; all concentrations are reported as % w/w in the 
untreated sample 

Sulphur data 

Chemical data Miissbauer Fe dataa 

Sample S,, &ii Sorg GO, WY S,(L)c S,, S dl 

MZ-1 
f, % 0.08 0.43 0.16 <O.Ol 0.67 0.68 0.05 0.51 
V, % 6 23 - - - 10 - - 
n 7 4 1 4 - 4 1 1 

MZ-2 
2, % 0.01 0.37 0.14 0.05 0.57 0.56 <0.03 0.36 
v, % 30 3 2 19 - 12 - - 
n 5 5 4 3 - 11 1 1 

WP-1 
2, % 0.80 <O.Ol 0.02 0.06 0.88 0.93 0.75 <0.05 
V,% 13 -33 I1 - 4 - - 
n 7 7 4 4 - 4 1 1 

Iron datad 

Sample 

Determined on residues’ Determined in ex. soLf 

Fe?, FeHClixr Fecrex, Fenon-exr FeHcI-cxr Fecr+, 
% % % % % % 

MZ-1 
them 2.3 1.8 0.45 0.08 1.9 0.46 
Moss 2.0 1.7 0.25 0.07 - 

MZ-2 
them 1.2 0.93 0.28 0.03 0.80 0.45 
Moss 1.2 0.93 0.28 0.01 - 

WP-1 
them 4.2 3.8 0.13 0.23 4.0 0.04 
Moss 4.1 3.9 0.07 0.16 - - 

“Sulphur values were calculated from Miissbauer pyrrhotitic and disulphide 
Fe values. 

bSummation of the means of the sulphur forms. 
‘Total sulphur as determined by Leco analysis. 
dThe iron data are for one chemical and one Mijssbauer analysis. 
‘Calculated differences between Fe in the sequentially-treated solid residues. 

Values represent concentrations of Fe removed from the sample during 
each treatment (Feat,+ represents acid-soluble Fe; Fe,,, represents Fe 
released upon treatment with HCl+ Cr2+; Fenon_ represents the Fe 
remaining in the residue after the HCl+ Cr*+ treatment, i.e. non- 
extractable Fe). Chemical (them) data represent calculated differences of 
lithium metaborate fusion/atomic-absorption analyses of the sequentially- 
treated residues and Moss represents calculated differences as determined 
by Miissbauer analysis of the sequentially-treated residues. 

‘Fe concentrations measured in the extract solutions (ex. sol.) from the 
separation analyses (see footnote e above). 

Total Fe in the untreated sample as determined by lithium metaborate 
fusion/atomic-absorption spectrometry (them) or Miissbauer spec- 
troscopy (Moss). 

sulphur yield obtained by combusting the Ag,S to 
yield SOz. The yields ranged from 95 to 104%, 
indicating that the precipitate is stoichiometric Ag,S. 
Yields (97.8-100.7%) from the pure pyrite analysis 
also confirm these results. 

Reproducibility of isotopic measurements of the 
various forms of sulphur was an important concern 
during development of the technique since isotopic 
compositions are to be used in our study. Isotope 
analyses of the Ag,S and BaSO, from duplicate 
separations indicate that the sulphur isotopic com- 

positions of the various forms of sulphur are indeed 
reproducible. 

Sulphur and iron mass-balances were used as an 
additional confirmation that the analytical scheme 
could account for all the sulphur and iron in our 
samples. The results in Table 2 indicate that the 
summation of the concentrations of the forms of 
sulphur agree with the independently determined 
total sulphur concentrations for the samples. Iron 
mass-balances indicate that the iron removed from 
the sample during each step of the analytical scheme 
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can be determined by either analysing the extract 
solutions or as the difference in the iron concen- 
trations of the sequentially-treated residues. These 
chemical data for iron show excellent agreement with 

;: 

the amounts of iron removed, as calculated from the 8. 
Mossbauer data (Table 2). This substantiates the 
ability of Miissbauer spectroscopy to determine 9. 
absolute quantities of iron. Furthermore, these re- 
sults indicate that iron concentrations determined 

10. 

either in the extract solutions or the solid residues are 
quantitative and can thus be used in geochemical 11. 
studies of iron distribution. 

12. 

CONCLUSIONS 

Separation of the forms of sulphur in three Green 
River Formation samples was efficient and quan- 
titative. Our results indicate that some of the pro- 
cedures are sensitive to the particle size of the sample. 
We also illustrate the importance of having some 
prior knowledge of the mineralogy and chemistry of 
the samples; information on the presence of acid- 
soluble iron(III), barite, or elemental sulphur is 
necessary to ensure the accuracy of results for any 
suite of rocks or sediments. 

Mijssbauer spectroscopy is nearly always used for 
relative iron analyses, e.g., for Fe’+/Fe*+ ratios. 
However, in this study, the iron contents determined 
by Mijssbauer spectroscopy agreed well with the 
chemical results, confirming the ability of Miissbauer 
spectroscopy to measure absolute quantities of iron. 
The good agreement of the data also supports the 
validity of the f-values used in the analyses (e.g., 

.&if,, = 0.60). 
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Summary-Recent advances in the paper, thin-layer, column, and high-performance liquid chro- 
matography of chlorophylls, bacteriochlorophylls, and their derivatives, with particular emphasis on 
high-pressure liquid chromatography, are discussed. 

Chlorophylls and bacteriochlorophylls comprise the these usually being 3 : 1. In contrast, most bacterial 
large group of pigments responsible for photosyn- chlorophylls [e.g., bacteriochlorophyll-a (3) and 
thesis in most plants, algae and bacteria.’ The major bacteriochlorophyll-b (4) (Scheme 2)] tend to be 
plant chlorophylls are (Scheme 1) chlorophyll-a “reduced” in both rings B and D, and so are 
(1) and chlorophyll-b (2), the proportions of nominally tetrahydroporphyrins, compared with 
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chlorophyli-a, which is reduced only in ring D.2 
However, in the strictest terms, bacteriochlorophyll-b 
is only a dihydroporphyrin, because of the tautomeric 
shift of the ring B double bond. A series of bac- 
teriochlorophylls from green sulphur bacteria, which 
have proved to be a formidable chromatographic 
problem owing to the presence of methyl, ethyl, 
propyl, isobutyl, and neopentyl side-chain hom- 
ologues, are the bacteriochlorophylls-c, -d, and -e 
[(5), (6) and (7), respectively, in Schemes 3 and 4; 
see later]. Though these co-called “Chlorobium 
chlorophylls” are bacteriochlorophylls, they are more 
akin to chlorophyll-a than to bacteriochlorophyll-a 
because they are dihydro- rather than tetrahydro- 
porphyrins.’ 

Leaf, algal, and bacterial extracts contain not only 
chlorophylls of various sorts, but also ancillary 
pigments such as carotenes and xanthophylls. Thus, 
chromatographic purification of pigment extracts 
from natural sources not only involves separation of, 
for example, chlorophyll-a from chlorophyll-b, but 
also separation of these chlorophylls from the accom- 
panying non-pyrrole pigments. A complication in the 
choice of chromatographic systems is the fact that 
chlorophylls, as a class of organic compounds, are 
labile and are thereby subject to a variety of side- 
reactions and degradative processes. For example, 
the central magnesium atom can be removed by 
treatment with the mildest of acids, and 
transesterification or hydrolysis of the phytyl (or 
other) ester can cause multiple chromatographic 
bands to be produced. Treatment with base in the 
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presence of oxygen causes a large variety of chemical 
transformations to take place, and accurate analysis 
and chemical logic was the basis for the assignment 
of unique molecular structures to the chlorophylls.4 
As with most natural-product isolation and charac- 
terization, it is important to be able to differentiate 
between truly new compounds and ones produced as 
artifacts owing to the lability of the natural systems. 

As will be seen later, selection of a particular 
technique (paper, thin-layer, column, high-pressure 
liquid chromatography etc.) will depend on the 
specific needs of the project. Various workers have 
their own individual need for information, be it 
simple detection of a chlorophyll, its determination 
for environmental purposes in various water samples, 
its purification on an analytical scale, or large scale 
isolation in milligram to gram quantities. Paper chro- 
matography, TLC, and analytical HPLC are the 
methods best suited to detection and determination 
of chlorophylls, the last of these being particularly 
simple with the advent of variable-wavelength spec- 
trophotometric and fluorimetric detectors. On the 
other hand, larger amounts of chlorophylls are re- 
quired for structure determination, or if a particular 
chlorophyll is to be used as a starting material for a 
series of chemical transformations;5 in this case, 
preparative thick layer, column, medium-pressure, or 
high-pressure liquid chromatography (using an ana- 
lytical instrument with multiple injection or a dedi- 
cated preparative instrument such as the Waters Prep 
500A) are required. It should not be forgotten that 
leaf pigments were the first to be subjected to chro- 
matographic purification in the pioneering work of 
Tsvett,6 and that these same pigments, with their 
impressive range of structures and colours, were used 
to optimize the new technique of column chro- 
matography. In this work the properties of the solid 
support as well as of the solvent were studied in 
detail. 

The importance of chromatography of chloro- 
phylls and plant pigments is emphasized by the 
existence of several reviews.7m’3 It is the objective of 
this review to update these works with more recent 
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results, particularly with regard to HPLC, which has 
been developed as a standard technique since the 
early 1970s. I4 We shall concentrate mainly on 
methods for detection, isolation and purification of 
samples from various sources, and will not deal at all 
with the rapidly expanding area of isolation and 
purification of photosynthetic reaction centres and 
other chlorophyll-protein complexes. 

Extraction of chlorophylls from natural materials 

Various methods for obtaining crude pigment mix- 
tures from plant material have been reviewed. These 
usually involve brief scalding of leaves (e.g., spinach) 
followed by extraction with acetone or methanol in 
petroleum ether.’ Alternatively, the scalding can be 
avoided if the leaves are macerated in a blender with 
cold organic solvents. Bacteria, for example those 
producing the Chlorobium chlorophylls (Chlorobium 
vibrioforme, Prosthecochloris aestuarii, ChIorobium 
phaeobacterioides) tend to liberate their photo- 

iH2 
Me 

:H, 
CO, Me 

CO,Phytyl 

(8) 

iH2 
CH 

synthetic pigments merely on washing of the collected 
(centrifuged) cells with acetone or methanol.‘>” On 
the other hand, the alga Spirulina maxima holds on 
tenaciously to its chlorophyll-a, which can only be 
efficiently liberated by freezing with “dry- 
ice”/acetone or liquid nitrogen, followed by boiling in 
acetone.5 Considerable care must be exercised to 
ensure that artifacts are not produced under such 
vigorous conditions, and particularly that the chloro- 
phyll is not contaminated with the IO-hydroxy deriv- 
ative [(8) in Scheme 51. An advantage in the use of 
Spirulina maxima is that it produces only chlorophyll- 
a, with no chlorophyll-b whatsoever. Thus, pigments 
of the “a” series can be isolated in abundance, but the 
vigorous conditions make this alga more suitable for 
preparation of methyl pheophorbide-a (9) (Scheme 
5) the metal-free methyl ester of chlorophyll-a. 

Paper chromatography 

This subject has been reviewed in detail by Sestak,7 

Y2 
Me 

Et or 

Me 

Me 
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Scheme 5. 
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Carotenes 

0 
(Yellow) 

Luteln and Zeoxanthm 

0 
IYellow) 

Vlolaxanthln 

0 
lYellowl 

Chlorophyll-b 
Neoxanthln C,~(Yellow-Green1 

Chlorophyll-a 

0 
(Green) 

Fig. 1. Two-dimensional paper chromatogram (after Strain and Svec’*) of chloroplast pigments from 
leaves. The first solvent was petroleum ether, and the second was petroleum ether + 0.6% 1-propanol. 

and more recently by Strain and Svec.‘* With the 
advent of HPLC, however, interest in paper chro- 
matography, or at least the frequency of appearance 
of papers on it, has fallen. The principal variable in 
paper chromatography is the solvent, and the tech- 
nique as a whole is limited by the small amounts of 
pigments which can be applied without overloading 
(which tends to cause serious tailing of the spots). 
Favoured solvents are petroleum ether, benzene, 
toluene, xylene, chlorobenzene, carbon tetrachloride, 
or carbon disulphide containing small amounts of 
diethyl ether or acetone or various alcohols. Figure 1 
shows a two-dimensional paper chromatogram of 
pigments from leaf chloroplasts, developed first with 
petroleum ether, and then with the same solvent 
containing 0.6% v/v I-propanol.” The coloured 
spots can then be eluted from the paper with alcohols, 
and determined spectrophotometrically. In a fluoro- 
graphic method for detection of chlorophyll and 
derivatives after paper chromatography recently 
described,” the fluorescence of the pigment spots is 
excited with blue-violet light and recorded by contact 
printing on panchromatic photographic printing 
paper. Development of the print gives grey to black 
spots on a white background, and their size and 
intensity can be used for estimation of the pigments. 

A semiquantitative method for separation of 
chlorophylls-a and -b has been used2’ to demonstrate 
contamination of chlorophyll-b with oxidation prod- 
ucts of chlorophyll-a, and a paper-chromatographic 
method for separation and quantitative deter- 
mination of chlorophyll-a and chlorophyll-c (10) 

(Scheme 5) from various algae has been reported;2’ 
the results were compared with data from spectro- 
photometry of the original mixture. 

Thin-layer chromatography 

In a detailed review in 1980, Sestak commented* 
that though this was not a “dead” subject, he believed 
there would be no future major improvements in 
TLC methods for chlorophylls, and at least up till 
1985 he seems to be correct. 

Separations similar to those obtained on paper can 
be achieved by using thin layers of adsorbents such 
as cellulose or sugar. Use of silica gel, however, often 
leads to partial loss of the magnesium atom, resulting 
in the formation of pheophytins, but this can be 
used to advantage for indirect determination of 
chlorophylls-a and -b.** 

Several papers have detailed TLC separations of 
chlorophylls and derivatives by use of reversed-phase 
adsorbents.23s24 Chlorophyll-a and -b epimersZS and 
bacteriochlorophylls formed with various esterifying 
alcohols26 have been separated on cellulose layers 
impregnated with olive oil or a triglyceride. By 
combination with reversed-phase C,, HPLC, the 
existence of seven diastereomers of bacteriochloro- 

phyll-$,,,,, (3) and bacteriochlorophyll-a,,,,,,,,,iol 
(11) (Scheme 2), and more than one diastereomer of 
bacteriochlorophyll-b (4) (Scheme 2) was demon- 
strated. 

Column chromatography 

Several types of finely packed adsorbents have 
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Et 

H,N-NH-COCH,N+(Me), 

Cl- Me.., 
Me 

(13) 

(14) 

Scheme 6 

60, Me 

R= CH= N-NH-COCH,N+(Me)x 

R= CHO 

been used in column chromatography to provide 
relatively large quantities of purified or partially 
purified pigments from plant, bacterial, or algal 
extracts. The most commonly used adsorbent is 
powdered sugar, and methods have been reported for 
preparation of efficient and reproducible columns 
with this support. Petroleum ether is usually the least 
polar solvent employed during elution. Addition of 
benzene or lower alcohols causes the chlorophylls to 
separate further from the various carotenoids and 
other ancillary pigments. 

If polyethylene is used as the adsorbent in place of 

sugar, the elution sequence is inverted. When leaf 
extracts in 80% acetone are chromatographed on 
polyethylene the carotenes and chlorophylls are 
strongly adsorbed and the xanthophylls pass through 
the column. In 90% acetone the chlorophylls-a and 
-b are poorly separated and eluted before the car- 
otenes.*’ Several workers have shown that it is advan- 
tageous to partially purify leaf extracts, before col- 
umn chromatography, by treatment with dioxan to 
form an insoluble polymeric precipitate, leaving most 
of the carotenoids still in solution;28~30 this procedure 
facilitates separation of chlorophylls-a and -b. Vari- 
ous other supports used in column chromatography 
of plant pigments include Spherasorb HP 
Ultrafine,‘i-33 Sepharose CL 6B,33m35 Bioglas,36 and 
Sephadex LH-20. 37,38 All give good purification of 
chlorophyll-b. 

Though multiple liquid-liquid partition has been 
described for separation of chlorophylls-a and -b,39x40 
a very interesting early application of liquid-liquid 
partition on Celite was reported by Purdie and 
co-workers: partition of metal-free chlorophylls 
(pheophorbides) from green sulphur bacteria on 
Celite with ether and hydrochloric acid was success- 
fully used41.42 for separation of homologous fractions 
from bacteriochlorophylls-c and -d (Chlorobium 
chlorophylls). Subsequent degradative analysis,43 
however, showed minor contamination of some 
homologues with others. Strouse and co-workers44.45 

TAL 33,12--c 

subsequently used a reversed-phase system with a 
polyethylene support and acetone as solvent for 
separation of the bacteriochlorophylls-c, and 
achieved separations not only of the bacterio- 
chlorophyll-c homologues themselves, but also of the 
various series of pigments with the farnesyl and other 
esters of the 6-propionate side-chain. 

A large scale (up to 20 grams) separation4 of 
pheophorbides or pheophytins-a and -b makes use of 
the Girard’s reagent T complex of the 3-formyl group 
in the b-series to aid chromatographic separation on 
a column. Thus, the mixture of chlorophylls-a and -b, 

or of the pheophytins or pheophorbides, is treated4’ 
with Girard’s reagent T (12) (Scheme 6) to give 
the complex (13) of the b-series, but the a-series is 
unaffected. In the subsequent large-scale column 
chromatography on alumina the a-series pheophytin 
or pheophorbide passes through the column while the 
Girard’s salt complex is retained. Use of more polar 
solvents (containing methanol) results in elution of 
the b-series Girard’s salt complex, from which the 
pheophorbide-b (14) can be regenerated. 

High -pressure liquid chromatography 

There can be no doubt that the major devel- 
opments in chromatography of chlorophylls and 
bacteriochlorophylls, in the past several years, have 
been in the area of HPLC. Separations obtained with 
reversed-phase supports, particularly commercially 
available p-Bondapak C,, columns, have been im- 
pressive with respect to both resolution and rapidity. 

A simple undergraduate laboratory project has 
been described4’ in which p-carotene and chloro- 
phylls-a and -b from collard greens are separated on 
either microPak silica or reversed-phase C,r columns, 
or even simple SepPak cartridges, and then deter- 
mined. Separations are achieved in minutes. 

Isocratic HPLC on silica gel 49 has also provided a 

powerful means for rapid preparative (20-25 mg) 
isolation of chlorophylls-a,a’, -b, and b’, and the 
corresponding pheophytins. Chlorophyll-a can also 
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be isolated” from the blue-green alga Anacystis nid- 
ulans by initial precipitation as the dioxan complex 
(see above), followed by HPLC on a p-Bondapak C,, 
column; purity of the chlorophyll-a obtained by this 
procedure is comparable with that obtained by other 
standard methods. HPLC of dioxan complexes has 
also been used5’ for determination and separation of 
chlorophylls-a and -b. 

A Cl0 reversed-phase column has been used52 for 
separation and determination of radiochemically 
labelled chlorophylls-a and -b; with the HPLC 
method minor degradation products of chloro- 

phyll-a (which follow chlorophyll-b) do not overlap 
and interfere as they do in the comparable TLC and 
paper chromatographic methods. 

Chlorophylls and their derivatives from various 
sources (sediments,53 phytoplankton,5’57 marine di- 
atoms,58 algal cultures,59m6’ and spinach62) have been 
separated and determined by reversed-phase HPLC. 
In many cases, fluorimetric detection was used to 
provide exceptional sensitivity. The detection limit 
for chlorophyll-a in one study5 was 0.1 pmole, 
whereas determination of carotenes and chlorophylls 
by spectrophotometry” required approximately 5 ng 
and 80 ng, respectively. Typically, reversed-phase 
HPLC of pigments containing chlorophylls-a and 
-b, chlorophyll isomers, pheophytins-a and -b, 
a-carotene, b-carotene, rutein, violaxanthin, lutein- 

Me 
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CHz 0 

CHz 

CO,Me (15) 
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I 
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5,6-epoxide, antheraxanthin, neoxanthin, and several 
carotenoids in a single sample were separated in one 
injection with a short analysis time, the retention- 
time reproducibility for each pigment being better 
than 1.5%. Fluorimetric determination has been 
used62 for an extremely sensitive chlorophyll-a iso- 
cratic HPLC estimation (CB column) of some 17 
pigments from a natural extract. Here, ten replicate 
measurements of a 50 pg/l. standard gave a re- 
producibility of 3% and a detection limit of 84 pg of 
chlorophyll-a. To indicate the speed that can be 
achieved in such separations, with fluorescence sensi- 
tivity in the pmole range,63s64 resolution on a reversed- 
phase column of five chlorophyll-a species and four 
pyrochlorophyll species esterified at the 7-side-chain 
with different alcohols was achieved in just 22 min in 
a single experiment. Also, the HPLC (unlike many 
other analytical methods) did not produce any arti- 
facts, and the variation in retention-time was less 
than 0.5%. 

Bacteriochlorophyll-b has been chromatographed 
without degradation by reversed-phase HPLC.65 As 
with other chlorophylls mentioned above, pigments 
differing only in the nature of their esterifying 
alcohols were resolved. 

HPLC of bacteriochlorophylls-c, -d, and -e 

As mentioned previously, Strouse and co- 

Me 

H-C-OH 

“zMe (16) 

I 
CO2 Me 

Scheme 7. 
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workers”,45 introduced preparative-scale reversed- 

phase HPLC of the bacteriochlorophyll-c series with 
use of polyethylene powder as stationary phase. 
Extremely difficult separations of the bacterio- 
chlorophyll-c homologues (5) (Scheme 3) were 
accomplished, along with significant resolution of 
bands for esters other than the farnesyl compounds. 
This method was modified by Smith and co- 
workers16,66 to achieve separations of the bac- 
teriopheophorbides (15) (Scheme 7) produced by 
methanol-sulphuric acid treatment of the chlorophyll 
pigments from Prosthecochloris aestuarii. The acid 
treatment removes the chelated magnesium ion and 
transforms the various 7-esters (mainly farnesyl) into 
methyl esters. Virtually no resolution of the six 
pheophorbide homologues (15) was obtained on a 
normal-phase microporasil column, but p-Bondapak 
C,, reversed-phase column gave (Fig. 2) quite re- 
markable separations of the homologues.16,66 Even 
diastereomeric differences between pigments (e.g., 
bands 3 and 4 in Fig. 2) were efficiently resolved on 
recycling. 

5 

150 300 

Retention volume (ml1 

Fig. 2. High-performance liquid chromatogram of the 
methyl bacteriopheophorbides-c from Prosthecochloris 
aestuarii.‘6 Numbers above the peaks represent band num- 
bers according to Holt’s nomenclature.4’~42 The Holt nomen- 
clature is based on a normal-phase elution and therefore in 
the reversed-phase system shown above, band 6 elutes first. 
Holt’s assignments, modified by Smith et a1.,16 are band 6, 
2’-(R), R4 = Et, RS = Me; band 5, 2’-(R), R4 = Et, RS = Et; 
band 4,2’-(R), R4 = n-Pr, RS = Et; band 3,2’-(S), R4 = n-Pr, 
RS = Et; band 2, 2’-(R), R4 = i-Bu, RS = Et; band 1, 2’-(S), 
R4 = i-Bu, RS = Et. Arrowed peaks emphasize contami- 
nation by methyl bacteriopheophorbides-d, also produced 
by this same bacterium. Flow-rate 3 ml/min; eluent 
methanol-water (85 : 15); two p Bondapak columns were 

used. Back-pressure was ca. 2000 psi. 

(A) 

(Cl 

I I I 8 

100 150 200 250 

Retention volume (ml) 

Fig. 3. High-performance liquid chromatograms” of (A) the 
complete mixture of methyl bacteriopheophorbides-d from 
Chlorobium vibrioforme forma thiosulfatophilum, (B) the 
5-methyl series after preseparation on a silica column, (C) 
the 5-ethyl series after the silica preseparation. A Waters 
Z-module system, equipped with a 10 nm C,, reversed-phase 
column was used: the solvent was methanol-water (85: 15). 

Similarly, the bacteriochlorophylls-d from Chloro - 
bium vibrioforme forma thiosulfatophilum can be 
separated by reversed-phase HPLC on I*-Bondapak 
C .‘5*67@ Figure 3A shows the complete mixture of 
pgophorbide-d homologues (16) (Scheme 7), which 
can be separated ‘5,67-69 by simple silica-gel thick-layer 
plates into the 5-methyl (Fig. 3B) and 5-ethyl (Fig. 
3C) series. HPLC then gives good resolution of the 
components of each series. The details presented in 
Figs. 3A and 3B/C are an excellent demonstration of 
how chromatographic properties can be altered by 
switching between normal (silica) and reversed-phase 
(C,,) systems. Remarkably, the HPLC separation 
also allowed isolation of small amounts of homol- 
ogues bearing a 4-neopentyl substituent, these being 
the first natural products bearing neopentyl substitu- 
ents ever to be isolated and characterized.68 

Finally, the bacteriopheophorbides-e (17) (Scheme 
7) from the homologous mixture of bacteriochloro- 
phylls-e (7) have been studied by HPLC.” Here, the 
homologous mixture is simpler, consisting only of the 
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L.--d 

1 

I I I 
t 25 50 

InI 
Retention volume (ml) 

Fig. 4. High-performance liquid chromatogram70 of the 
methyl bacteriopheophorbides-e from Chlorobium pheo- 
bacteroides. A Waters Z-module system equipped with a 
lo-pm C,8 reverse&phase column was used; methanol- 

water solvent. 

so-called S-ethyl series. ‘I Once again, however, clear 

resolution of the three pigments is readily achieved, 
as shown in Fig. 4.” 
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Summary-N,N’-Diphenyldithiomalonamide, (C,H, NH. CS),CH,, is found to be a very suitable gravi- 
metric reagent for nickel(H) and cobalt(H). The complexes, of composition Ni(C,,H,,N,S,), and 
Co(C,,H,,N,S,),, are stable and can be weighed after drying at 1 IO”. Separation from base metals has 
been studied, and the structural interpretation is supported by DTA, TG, infrared and NMR data. 

Thioureas,’ thiolq2v3 thio-acids and their deriva- 
tiveq4,’ thiosemicarbazone@ and other sulphur- 
containing ligands’ have been widely used for gravi- 
metric determination of nickel, and the determination 
of cobalt with such compounds has also been re- 
ported.*,g Usually nickel and cobalt are determined 
with dimethylglyoxime” and cr-nitroso-P-naphthol,” 
respectively. 

The conditions for the use of N,N’-diphenyldi- 
thiomalonamide (DPDTM) as a gravimetric reagent 
for nickel and cobalt were studied in this investi- 
gation. The procedure described below is not 
only very selective but also has good precision and 
accuracy. 

EXPERIMENTAL 

Reagents 

DPDTM was prepared according to Barnikow et al.‘* 
Sodium (0.01 mole) dissolved in dry absolute alcohol (30 ml) 
was added to acetylacetone (0.01 mole) with stirring, at 
room temperature. After 5 min 0.02 mole of phenylisothio- 
cyanate was added. The solution was kept cold for 24 hr, 
then poured into ice-cold water to give the desired com- 
pound, which is lemon yellow and sparingly soluble in 
alcohol; m.p. 152”. 

Nickel nitrate and cobalt nitrate solutions were made in 
dilute nitric acid, standardised by conventional methods”‘,” 
and diluted as desired. 

Procedures 

Nickel. An amount of stock solution containing 7.3-14.7 
mg of nickel was diluted to about 200 ml with water, and 
heated to 60-65” on a water-bath. A 60% excess of 1% 
ethanolic solution of the reagent (i.e., l&20 ml) was added 
dropwise with constant stirring and the pH was raised to 
7.0-8.0 by addition of 1M ammonia solution. After 
digestion on the water-bath for about I hr, the yellowish- 
brown precipitate was filtered off on a sintered-glass crucible 

*This work was accepted for presentation at the Inter- 
national Symposium on Metal Speciation, Separation 
and Recovery (July 1986), held in Chicago, U.S.A. 

TAuthor for correspondence. 

(porosity No. 4) washed with warm water (-60”), dried 
at 110” and weighed as Ni(C,5H,,N,S,),, which contains 
9.33% of nickel (Table 1). 

Cobalt. A solution containing 6.8-13.8 mg of cobalt was 
diluted to 200 ml with water and treated as for the nickel 
determination except that the pH was adjusted to 6.5-7.0. 
The chocolate brown precipitate is Co(C,,H,,N,S,),, which 
contains 6.44% of cobalt (Table 1). 

Nickel in steel or aluminium alloy. Dissolve the sample in 
6M hydrochloric acid with heating. Oxidize iron and car- 
bides with a few drops of concentrated nitric acid. Dilute 
with water, filter off any silica, and make the filtrate up to 
volume in a 250-ml standard flask. Take a suitable aliquot 
containing 7.c14.0 mg of nickel in a 500-ml beaker, dilute 
with water to 150 ml, and add 1 g of sodium potassium 
tartrate (dissolved in 5 ml of water) to the warm solution, 

Table 1. Individual determination of nickel and cobalt 

Taken, Weight of ppte, Metal found, 

mg mg mg 
Ni(I1) 7.30 78.1, 78.2 7.28, 7.30 

10.30 110.1, 110.2 10.28, 10.30 
14.65 155.6, 155.6 14.63, 14.63 

Co(H) 6.80 105.5, 105.3 6.80, 6.80 
9.65 150.1, 150.2 9.67, 9.67 

13.80 213.6, 213.8 13.77, 13.80 

Table 2. Determination of nickel in a steel and an alloy 

Sample composition, % Nickel found, % 

C, 0.39; Mn, 0.79; 
Ni, 7.15; Cr, 0.69 

C, 0.1; Cr, 17.51; 
Ni, 9.48; 

C, 0.06; Cr, 16.47; 
Ni, 16.47; MO, 2.7; 

Cu, 1.98; Cr, 1.05; Fe, 0.69; Mg, 0.21; 
Ni, 1.10; Si, 10.73; Zn, 0.26; 
Al, 83.98; 

Cu, 2.72; Cr, 0.09; Fe, 0.99; 
Ni, 1.50; Si, 5.56, V, 0.007; 
Zn, 1.76; Al, 87.37 

7.15 
7.14 

9.50 
9.48 

16.50 
16.57 

1.09 
1.09 

1.50 
1.51 
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Table 3. Analytical data 

Compound M C N H S 

(C,H,.NH.CS),CH,; LH Found, % - 62.4 9.7 4.8 22.4 

Theory, % - 62.9 9.8 4.9 22.4 

COL, Found, % 6.4 59.0 9.1 4.3 20.6 
Theory, % 6.4 59.1 9.2 4.3 21.0 

NiL, Found, % 9.3 56.4 8.5 4.2 19.9 
Theory, % 9.3 57.3 8.9 4.1 20.4 

Table 4. Thermal decomposition studies of Ni(DPDTM), 
and Co(DPDTM), 

Decomposition Final decomposition 
temperature, “C weight loss, % 

Compound First Final Obsvd. Calc. 

Ni(DPDTM), 160 500 88.1 88.1 
Co(DPDTM), 150 510 91.6 91.2 

followed by lCk20 ml of 1% ethanolic reagent solution, as 
appropriate. Raise the pH to ca. 7.0 with 1M ammonia 
solution and keep the mixture warm for 45 min. Filter off, 
wash, dry and weigh, as above. Copper, if present, can be 
removed by rapid precipitation with H,S from acid solution. 
A large excess of Fe(III) (> 15-fold ratio to nickel) can be 
masked with fluoride. Results for the determination of 
nickel in several samples are given in Table 2. 

RESULTS AND DISCUSSION 

Nature of the complexes 

The complexes are fairly soluble in common or- 
ganic solvents. They were analysed for nitrogen by 
the Dumas method and for sulphur by its conversion 
into sulphate. The metal contents were determined 
after oxidative decomposition of the complex. The 
results in Table 3 indicate 1: 2 complexation of nickel 
and 1: 3 complexation of cobalt. 

The magnetic susceptibilities of the complexes were 
measured on a Gouy balance; both complexes are 
diamagnetic. The diamagnetism of nickel chelate 
supports the assignment of a square-planar structure 
and low-spin arrangement of the electrons in the split 

(4 

0 n TG Sample taken 60mg 

mm /’ \ / %_ 

I I I I I I 

5 6 7 0 9 10 

PH 

Fig. 1. Variation of degree of precipitation with pH. Nickel 
-+--; cobalt -_O-. 

d-orbitals. Cobalt(I1) produces the chocolate brown 
cobalt(II1) chelate. The diamagnetism indicates an 
octahedral low-spin arrangement and also suggests 
transition from the ‘A,, ground state to ‘T,g and ‘T2, 
excited states. 

Thermogravimetric studies 

Oven-dried samples of the chelates (60 mg) were 
mixed with aluminium oxide and heated at IO”/min 
in a Metriplex Derivatograph model OD-102, with 
DTA sensitivity I/10. The first and final decom- 
positions are recorded in Table 4. The thermo- 
gravimetric curves are given in Fig. 2 and show that 
the thermal stabilities of the two chelates are similar. 
The complexes are hygroscopic but the uptake of 

taken 60mg 

10 @I 0 zoo 400 600 800 

Temperature (‘C) - 

Fig. 2. Thermal decomposition curves of (A) NiL,, (B) CoL,. 
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Table 5. Infrared spectra of reagent and its nickel(R) and cobalt(II1) complexes 

Compound Maxima, cm -I 

LH 226, 255, 310, 352, 389, 410, 436, 459, 549, 592, 618, 
850 v(C=S)+S(C-H), 1115 v(C’=S), 1525 v(C=C), 1590 v(C=S). 

NiL, 202, 230, 254, 277, 352, 387, 480 v(Ni-S)?, 484, 540 wsh, 
605, 616, 645, 790, 850 v(C=S) + s(C-H), 1115 v(C-S), 
1175, 1525 v(C=C), 1590 v(C=S). 

COL, 186, 203, 226, 254, 350, 389, 411, 437, 500, (Co-S)?, 549, 593, 617, 
850 v(C=S) + 6 (C-H), 1115 v (C’=S), 1525 v (C=C), 1590 v (C==S). 

water over a 24-hr period is too slow to be of 
significance, and the water may readily be removed 
by heating at llO”, with no decomposition of the 
complex. The decomposition starts at 130” in both 
cases. The’ final weight losses of 88.1% for nickel and 
91.6% for cobalt are in agreement with expectation 
from the formulae. The DTA curves indicate that the 
decomposition takes place in two stages, the final 
products being NiO and Co,O,. The thermogram of 
the nickel complex is slightly different from that of 
the cobalt complex, probably because of the presence 
of two isomeric forms of the nickel chelate, whereas 
cobalt forms a single compound. This was further 
evidenced by the NMR spectra. 

Mass spectra 

Owing to the easy pyrolysis of both chelates the 
mass spectra were unsatisfactory and the molecular 
ion (M+‘) peaks could not be obtained. 

Infrared spectra 

The infrared spectra of the chelates and the reagent 
in a KBr matrix possessed some interesting features, 
noted in Table 5. The metal-sulphur bond stretching 
frequency would be expected in the range 360-380 
cm-’ but was not observed in either case; it is not 
always observed, as recorded by Martin and co- 
workers.‘3,14 

NMR spectra 

The ‘H NMR spectrum of the ligand was obtained 
from a solution of the reagent in a mixture of CDCl, 
and DMSO-$. The spectra of the nickel(I1) and 
cobalt(II1) complexes were obtained from CDCl, 
solutions. The data are given in Table 6. 

The spectrum of the reagent shows the presence of 
two methylene signals at 4.4 and 4.3 ppm in ca. 9: 1 
ratio. This suggests that in solution there is a mixture 
of the tautomeric forms (I) and (II). The small broad 
signal at 11.24 ppm indicates the presence of a thiol 
proton as in tautomer (II). 

Table 6. NMR signals for the reagent and its nickel(I1) and cobalt(II1) 
complexes 

Compound 
Chemical shift, 

PPm 

No. of 
protons Assignment Structure 

LH 4.4 s 2 -CH, I 
7.3-7.8 m 10 Ar-H 

10.16 m 2 -NH-Ph 

4.3 s 
7.2-7.87 m 

11.24 

-CHr-- 
Ar-H 
-SH 

II 

NIL, 4.10 s 
6.95 t 
7.10 t 
7.59 d 

11.0 s 

-CH, 

Ar.H 

-NH-Ph(?) 

III 

5.95 s C=CH- IV 
6.75-7.10 m C==CH- 

COL, 6.10 s 1 C=CH V 

7.10 m 5 
7.25 m 5 

> 
Ar-H 

7.70 s 2 -NH-Ph(?) 
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The spectrum of the nickel complex indicates the 
presence of two forms (III) and (IV) in a ratio of ca. 
4: 1. The data suggest that the structures are as shown 
below. 

N- Ph 

Ph Ph 

cm ; 80%) 

Ph Ph 

I 
HiN\ 

H ,4- 
\ 

H\N/ 
c=s 

ih 6h 

The spectrum of the cobalt complex indicates the 
presence of only one isomer, which is considered to 
have structure (V) which is analogous to the (IV) 
isomer of the nickel complex. The singlet at 7.7 ppm 
(multiplicity 2) is tentatively assigned to the PhN-H 
protons. 

Ph 

‘ih T-C&H ‘ih 

/ 
H N-c\s, [O,s-c<N’H 

~s=C<~H/H 

i 
Ph 

HC //“\ 
I 

i’H 
Ph 

(V) 

Effect of reagent concentration and pH 

Approximately 60% excess of reagent was found 
necessary for quantitative precipitation. Nickel and 
cobalt start to precipitate at pH 5.0, the ranges for 
quantitative precipitation being 7.0-8.0 and 6.5-7.0, 
respectively. At higher pH precipitation is incom- 
plete. The effect of pH is shown in Fig. 1. 

Table 7. Tolerance limits for determination of 14.65 mg of 
Ni and 9.65 mg of Co 

Found, mg 
Diverse ion, 

mg Ni co 

Na+, 1000 14.66, 14.63 
Ca*+, 1000 

9.68, 9.65 
14.65, 14.67 

Mg2+, 1000 
9.67, 9.64 

14.66, 14.68 
Zn2+, 1200 

9.66, 9.65 
14.65, 14.65 

Cd’+, 100 
9.64, 9.63 

14.67, 14.63 
cu2+, 50 

9.65, 9.64 
14.61, 14.63 

Pb2+, 1000 
9.63, 9.67 

14.64, 14.67 9.65, 9.67 
Bi(III), 1000 14.65, 14.66 9.66, 9.68 
As(V), 1000 14.68, 14.64 9.67, 9.65 
Sb(V), 1000 14.65, 14.64 9.64, 9.63 
Sn(II), 200 14.69, 14.64 9.62, 9.63 
Fe3+*, 1400 14.64, 14.67 
Fe2+*, 1200 

9.66, 9.63 
14.65, 14.63 

Al’+, 1800 
9.65, 9.66 

14.63, 14.65 9.65, 9.67 
Zr(IV), 1000 14.65, 14.64 9.64, 9.63 
Cr’+, 1000 14.64, 14.61 
Mn*+, 1800 

9.63, 9.67 
14.68, 14.65 

vo2+, 1000 
9.65, 9.66 

14.67, 14.65 9.68, 9.65 
MOO:-, 200 14.60, 14.63 9.62, 9.63 
wo:-, 1000 14.65, 14.64 9.64, 9.64 

*In presence of fluoride. 

Effect of sequestering agents 

Reasonable amounts of tartrate, ascorbic acid, 
fluoride and triethanolamine do not hinder quan- 
titative precipitation in either case, so they can be 
used as sequestering agents, but Na,EDTA hinders 
precipitation of both metal ions. 

Effect of diverse ions 

The precipitation of nickel along with cobalt can- 
not be avoided when the procedure given above is 
used. Tests of other metal ions were made on aqueous 
solutions of the chlorides, sulphates or nitrates, con- 
taining small quantities of suitable acids to prevent 
hydrolysis. For studying the effect of tungstate or 
molybdate either the sodium or ammonium salt was 
used. Iron(II1) and iron(I1) can both be masked with 
fluoride, but a large excess of copper must be re- 
moved by precipitation of CuS with H,S from acid 
solution. The results of the tests on potential inter- 
ferents are given in Table 7. 

Precision and accuracy 

The relative standard deviations were 0.2% for 
nickel and 0.6% for cobalt. Typical 95% confidence 
limits were Ni 14.65 f 0.01 mg and Co 9.65 + 0.02 
mg (30 determinations). 
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Summary-This paper describes the preparation, mesomorphic properties and behaviour as stationary 
phases of a series of biphenylenedibenzoates. These compounds exhibit broad mesomorphic ranges with 
high solid-crystal-liquid-crystal transition temperatures, and give relatively short retention times in the 
determination of polynuclear aromatic hydrocarbons. The chromatographic selectivity for linear and 
planar structures is confirmed. 

Liquid crystals’ are interesting states of matter, inter- 

mediate between crystalline solids and isotropic 

liquids. In the liquid-crystal state, the molecules 

exhibit some degree of order in that they cannot 
rotate freely; they are normally rod-shaped and have 
to lie parallel to each other. These compounds show 
mechanical properties specific to liquids, but at the 
same time reveal the anisotropic properties of a solid 
crystal, such as birefringence. 

The ordered arrangement of liquid crystals results 
in unusual solvent properties; the more easily the 
solute molecules fit into the ordered liquid crystal 
lattice, the more easily do they dissolve. In particular, 
positional isomers exhibit different solubilities in 
mesomeric phases, owing to differences in their 
length/breadth ratios and molecular planarity. This 
selective solubility has been found useful for the gas 
chromatographic separation of many substances with 
identical or very similar boiling points (e.g., isomers), 
which are difficult to separate on conventional 
stationary phases. 

These unusual solvent properties were initially 
applied to the separation of the positional isomers of 
various disubstituted benzenes.*-’ Since then, liquid- 
crystal stationary phases have been applied success- 
fully in the separation of complex mixtures of aro- 
matic polycyclic hydrocarbons,6 steroid epimers,’ 
azaheterocyclic compounds’ and monochlorobi- 
phenyls.’ Several papers have described the synthesis 
of liquid crystals suitable for use as stationary 
phases’@‘* and commercial liquid-crystal stationary 
phases are also available. 

In our earlier paperP5 we described the synthesis 
and chromatographic properties of some naphthalene 
diesters with relatively large mesomeric ranges. In the 
present paper, we report a study on some liquid- 
crystal structures with biphenyl as the central 
group. We report the preparation and mesomorphic 
properties, together with the behaviour as stationary 

phases, of eight 4,4’-biphenylene di(para-substituted 
benzoate)s. 

EXPERIMENTAL 

Preparation of materials 

The mesomeric substances were synthesized by a method 
similar to that of Dewar.4 The acid chloride was first 
prepared by boiling the appropriatepara-substituted acid (1 
mole) with an excess of thionyl chloride (2 moles) for 8 hr. 
The excess of thionyl chloride was removed by distillation 
under reduced pressure. To the residual acid chloride (1 
mole) dissolved in anhydrous pyridine, was added dropwise 
a solution of 4,4’-dihydroxybiphenyl(O.5 mole) in pyridine, 
with stirring. The mixture was maintained at 50” for 30 min 
and then left at room temperature for 48 hr. 

The precipitate was collected and washed with pyridine, 
water and ethanol. As diesters can be soluble in pyridine, the 
filtrate (or the reaction solution, if no precipitate was 
obtained) was acidified to pH 1. The precipitate was washed 
a few times with water then stirred with 5% sodium 
carbonate solution for 1 hr and the residual diester was 
filtered off. 

The dibenzoates were recrystallized three times before the 
determination of their transition temperatures. 

The infrared spectrum of the synthesized compounds 
showed a typical absorption band of aromatic esters, with 
the C=G stretching band at 1730 cm-‘. 

Structures, yields, recrystallization solvents and transition 
temperatures of the synthesized diesters are collected in 
Table 1. 

The column packing was prepared with Chromosorb W 
(S&l00 mesh) as the inert support, and solutions of the 
mesomeric diester in the appropriate solvent, or dry mix- 
tures of support and solid diester. The characteristics of the 
columns used are listed in Table 2. The columns were heated 
to about 100” above the solid-liquid crystal transition 
temperature, before cooling to the temperature chosen for 
analysis. This heating-cooling cycle was repeated each time 
the column was used. 

The reagents and solvents used for the synthesis and 
gas-chromatographic studies were the best available and 
were used as received. 

Apparatus 

Gas chromatograms were obtained with a Carlo Erba 
Fractovap 4200 with flame ionization detector and linear 
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Table 1. Yields, recrystallization solvents and transition temperatures for diesters of the general structure (RCOOC,H,-), 

Transition temperatures,* “C 
Esterification Recrystallization 

Compounds yield, % solvent to smectic to nematic to isotropic 

III 

IV 

II CH, =CHCH2 -0 

a- 

C,H,O -@ 

%wO~ 

V 

VI 

Chloroform 188 214 386 

Ethylacetate 158 175 340t 

40 Chloroform 240 310t 

15 Chloroform 184 277 

40 

87 

78 Chlorobenzene 242 340t 

89 Pyridine 250 350t 

89 Pyridine 308 390t 

90 Chlorobenzene 254 370t 

*Determined by differential thermal analysis (DTA). 
iSuffers decomposition. 

temperature programmer; the detector output was displayed 
on a Houston Omniscribe recorder or on a C-RlA Shim- 
adzu data processor. The nitrogen carrier gas flow-rate was 
30 ml/min, that of air 250 ml/min and that of hydrogen 30 
ml/min. 

For the identification of mesomeric compounds and inter- 
mediates a Perkin-Elmer 682 infrared spectrophotometer 
was used. 

Transition temperatures were determined by differential 
scanning calorimetry (Perkin-Elmer DSC2; scan-rate: 
IO”/min). 

The texture of the mesophases was studied by use of a 
Leitz Wetzlar melting point apparatus with a viewing 
microscope and provision for observing birefringence. 

RESULTS AND DISCUSSION 

In our previous investigations on liquid-crystal 

stationary phases in gas chromatography, we studied 
the influence of naphthalene, as the central group, on 
the tendency to form mesophases and on their behav- 
iour as chromatographic solvents. To obtain a better 
understanding of the effect of the type of central 
group, we extended the study to the biphenyl group 
by preparing a series of 4,4’-biphenylenedibenzoates 
with different para-substituents on the benzoic acid. 

Thermal analysis (Table 1) shows that all the 

Table 2. Chromatographic columns* 

Column 
number 

Concentration of 
Length, Stationary stationary phase, Stationary 

in phase % phase solvent 

2 I 15 Chloroform 
2 II 
2 VI 
1 VI 
2 III 
2 III 
3 III 
2 IV 
2 VIII 

15 Chloroform 
15 Dry packing 
3 Dry packing 

15 Dry packing 
15 Chloroform 
15 Chloroform 
15 Ethylacetate 
15 Dry packing 

10 2 V 15 Dry packing 

*Stainless-steel tubing, 4 mm outer diameter. 
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compounds exhibit a nematic phase with a broad 
mesomeric range. However, the mesomorphic range 
is not completely available for chromatographic use 
because several substances begin to decompose at a 
temperature of approximately 350”. Differential scan- 
ning calorimetric (DSC) traces were reproducible, 
from cycle to cycle, provided that the sample was 
heated to a temperature no higher than 150” above 
the solid-crystal transition temperature. 

This incomplete availability of the mesomeric 
range for gas chromatographic use is not important, 
because it is known that the best chromatographic 
performances are usually obtained at the lowest 
temperatures of the mesophase or in the supercooled 
mesophase when its ordering is at its highest. 

Table 3. Chromatographic behaviour of pairs of positional 
isomers 

Column t r3 
number Compound min 8x* Rt 85 

1 

2 

3 

5 

6 

I 

8 

9 

10 

m-methyltoluate 
p-methyltoluate 
I-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
I-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
I-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
1-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
I-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
1-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
I-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
I-acetylnaphthalene 
2-acetylnaphthalene 

m-methyltoluate 
p-methyltoluate 
I-acetylnaphthalene 
2-acetylnaphthalene 

3 
3.6 

14.6 
21 

2.1 
2.8 

17.4 
29 

1.7 
2.9 
7.8 

14.3 

2.1 
2.8 
9.4 

14.6 

5.2 
6.4 

14.8 
22.8 

1.2 
10.1 
27.6 
43.4 

7.4 
9.1 

18 
25.9 

4.9 
7.9 

- 

2.6 
4.5 

1.4 

- 

1.0 

1.3 

1.7 

0.5 

1.0 

1.7 0.8 

1.8 1.0 

1.3 

1.5 

1.2 

1.0 

1.0 

1.0 

1.0 1 

1.2 0.8 

1.4 1.0 

1.7 

1.7 

1.0 

1.0 

1.0 

- 

0.9 

1.2 
1.6 

1.2 
1.2 

1.0 
1.1 

1.0 
I.0 
1.0 
1.1 

1.4 
1.8 
1.6 
1.8 

1.0 
1.0 
1.0 
1.0 

1.0 
1.2 
1.6 
1.3 

1.3 
2.5 

1.1 
3.0 

*The separation factor a was determined as the ratio of 
corrected retention times (a = tJt,,). 

tResolution was determined by the ratio of the distance 
between peak maxima and their average peak width at 
base, as R = (tr2 - t,,)/2 (IV* - w,). 

§The asymmetry factor p is measured at 10% of peak height 
as j? = B/A where A is distance from peak front to peak 
maximum and B is distance from peak maximum to 
peak tail. 

Table 4. Chromatographic parameters for column 3 

Column 3 

Column 
temperature, t,, 

Compound “C min G( R 

m-dimethoxybenzene 1.6 
p-dimethoxybenzene 200 2.0 1.2 0.4 

m-methyltoluate p-methyltoluate 190 
1.7 2.9 1.7 0.8 

m-nitrilotoluene 2.3 
p-nitrilotoluene 170 4.6 1.5 0.7 

m-methylacetophenone 200 
2.0 

p-methylacetophenone 3.0 1.5 0.9 

m-methoxyacetophenone 
p-methoxyacetophenone 200 $2 2.2 1.0 

dimethylisophthalate 415 
dimethylterephthalate 230 6.3 1.4 1.0 

I-bromonaphthalene 6.0 
2-bromonaphthalene 220 7.4 1.2 0.7 

I-acetylnaphthalene 7.8 
2-acetylnaphthalene 230 14.3 1.8 1.0 

I-methoxynaphthalene 4.1 
2-methoxynaphthalene 220 6.8 1.4 1.0 

I-ethylnaphthalene 3.3 
2-ethylnaphthalene 200 4.3 1.3 0.5 

phenanthrene 12.5 
anthracene 250 16.3 1.3 1.0 

Table 5. Chromatographic parameters for column 7 

Column 7 

Compound 

Column 
temperature, t, , 

“C min G( R 

m-dimethoxybenzene 
p-dimethoxybenzene 
m-methyltoluate 
p-methyltoluate 
m-nitrilotoluene 
p-nitrilotoluene 
m-methylacetophenone 
p-methylacetophenone 
m-methoxyacetophenone 
p-methoxyacetophenone 
m -cresol 
p-cresol 
m-methylanisole 
p-methylanisole 
m-chloroaniline 
p-chloroaniline 
dimethylisophthalate 
dimethylterephthalate 
I-bromonaphthalene 
2-bromonaphthalene 
I-acetylnaphthalene 
2-acetylnaphthalene 
I-methoxynaphthalene 
2-methoxynaphthalene 
1-ethylnaphthalene 
2-ethylnaphthalene 
I-methylnaphthalene 
2-methylnaphthalene 
I-naphthylamine 
2-naphthylamine 
naphthalene 
tetrahydronaphthalene 
decahydronaphthalene (cir) 
decahydronaphthalene (trans) 

190 

175 

175 

190 

190 

170 

170 

210 

215 

210 

200 

210 

215 

190 

225 

180 

;.; 1.3 1.0 

1;:; 1.4 1.0 

;.; 1.4 1.0 

;:; 1.4 1.0 

;;I; 2.0 1.0 

;:; 1.1 0.5 

;‘; 1.2 0.8 

;i:; 1.1 0.9 

;;.; 1.3 1.0 

;;:; 1.1 1.0 

ii’; 1.6 1.0 

;;:; 1.3 1.0 

#; 1.1 0.8 

15.2 1.0 0 - 

;;.; 1.2 1.0 

9:o 
4.2 
3.0 
2.6 
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Table 6. Chromatographic parameters for column 5 

Column 5 

Compound 

Column 
temperature, r,, 

“C min a R 

m-dimethoxybenzene 
p-dimethoxybenzene 
m-methyltoluate 
p-methyltoluate 
m-nitrilotoluene 
p-nitrilotoluene 
m-methylacetophenone 
p-methylacetophenone 
m-methoxyacetophenone 
p-methoxyacetophenone 
m-methylanisole 
p-methylanisole 
dimethylisophthalate 
dimethylterephthalate 
1-bromonaphthalene 
2-bromonaphthalene 
I-acetylnaphthol 
2-acetylnaphthol 
I-acetylnaphthalene 
2-acetylnaphthalene 
I-methoxynaphthalene 
2-methoxynaphthalene 
1 -ethylnaphthalene 
2-ethylnaphthalene 
I-methylnaphthalene 
2-methylnaphthalene 
I-naphthylamine 
2-naphthalamine 
phenanthrene 
anthracene 

180 

180 

175 

180 

190 

170 

210 

200 

220 

220 

210 

200 

190 

220 

220 

1.8 
2.2 

1.2 0.9 

2.1 
2.8 

1.3 1.0 

;.; 1.4 0.9 

2:1 
3.1 

1.5 0.9 

4.6 
8.8 

1.9 1.0 

0.7 
1.0 

1.3 0.3 

6.8 
8.3 

1.2 0.9 

1;:; 1.1 0.7 

6.6 
9.2 

1.4 1.0 

9.4 
14.6 

1.5 1.0 

5.2 
6.8 

1.3 0.9 

9.8 
11.2 

1.1 0.3 

4.0 
4.0 

1.0 0.0 

9.8 
12.0 

1.2 1.0 

19.6 
24.6 

1.3 1.0 

Table 3 lists the measured retention times, together 
with other chromatographic parameters such as reso- 
lution (R), separation factor (cc) and symmetry 
coefficient (B) for two test pairs of benzene positional 

Table 7. Chromatoaraphic parameters for column 4 

Column 4 

Compound 

Column 
temperature, 

“C 
t r, 

min 

pyrene 240 3.4 
benzo(c)phenanthrene 240 6.8 
terphenylene 240 10.4 
benzo(a)anthracene 240 14.6 
benzo(a)phenanthrene 240 18.0 
naphthacene 240 42.0 
benzo(e)pyrene 280 4.3 
benzo(akyrene 280 6.3 

isomers in columns containing the synthesized com- 
pounds as stationary phases. 

Tables 4-7 summarize the best performances of 
these stationary phases. The order of elution in all 
cases follows the same pattern, i.e., the isomer with 
the largest length/breadth ratio is retained longer. 
Thus in the separation of m- and p-disubstituted 

I I I 

34 68 104 146 180 420 

ml” 

Fig. 2. Gas chromatographic separation of isomeric poly- 
nuclear compounds on column 4 at 240°C. 

28.8 14 434 276 207 164 
,, 

43 6.3 

Fig. 1. Gas chromatograms of some isomeric pairs on 
min 

column 7; separation temperatures are reported in Table 5. Fig, 3. Separation of benzopyrenes on column 4 at 280°C. 
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I I 

/\ 

2.6 3 42 9 

nil” 

Fig. 4. Gas chromatographic separation of naphthalene and 
its hydrogenated derivatives on column 7 at 180°C. 

benzenes it is the para-isomer which is retained 
longer, while in the separation of isomeric poly- 
nuclear hydrocarbons anthracene is eluted after 
phenanthrene. In addition, there is an effect of the 
length/breadth ratio and planarity on the selectivity 
(c(). From the data presented in Table 4 for the pairs 
of m - and p-isomers of methylacetophenone, dimeth- 
oxybenzene and methoxyacetophenone (at the same 
temperature) we observe an a-value of 2.2 for the 
methoxyacetophenones (compound with the highest 
length/breadth ratio and greatest planarity) com- 
pared to a value of 1.5 for the methylacetophenones 
and 1.2 for the dimethoxybenzenes. The relatively 
low value for dimethoxybenzene isomers, which have 
a higher length/breadth ratio than methylaceto- 
phenone, can be explained by the lower planarity of 
the molecule. 

Figures l-3 show examples of chromatograms of 
polyaromatic hydrocarbons and isomeric substituted 
benzenes. 

As reported earlier for biphenylene as the central 
group in the chromatographic solvent, the best results 
are obtained with alkyloxy-groups as terminal sub- 
stituents. We have found that the p-propoxybenzoate 
diester gives the best performance in the separation of 
benzene and naphthalene positional isomers, while 
bis-p-methoxycinnamate, thanks to its higher 
solid-nematic transition temperature, permits the 
analysis of polyaromatic compounds in a relatively 
short time. 

Figure 4 clearly shows the selectivity of the meso- 
merit solvent for the planar structures in a mixture of 
decahydronaphthalenes, tetrahydronaphthalene and 
naphthalene. 

The thermal stability under normal working condi- 
tions was studied by keeping column 3 for 30 days at 
200”. It exhibited no significant loss of efficiency after 
this treatment. 
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RCsum&Un pro&de d’identification et dosage par HPLC du BHT et des produits de degradation form& 
sous I’action des rayonnements beta et des agents d’oxydation est decrit. La structure des produits de 
degradation resultant de l’irradiation et de l’oxydation du BHT est Ctablie a l’aide de la spectrometrie de 
masse. L’irradiation conduit a la formation d’un dimtre et d’un trim&e de l’antioxydant et l’oxydation 
a celle d’aryl-&tones oxydtes en position I- (alcool primaire et aldthydes). 

Summary-An HPLC method for the identification and determination of BHT (3,5-di-tertbutyl-4- 
hydroxytoluene) and the by-products obtained from it by P-ray or oxidative treatment is described. The 
chemical structure of the by-products is established by mass spectrometry. The irradiation leads to the 
dimeric and trimeric forms of the antioxidant and the oxidation to a cyclohexa-2,5-dien-l-one with 
substitution of a hydroxy and a methanol or aldehyde group at position 4. 

Le butyl-hydroxy toluene (BHT; di-tert.butyl-3,5 
hydroxy-4 toldne) est un agent antioxydant courant 
de nombreux polymeres de synthese et est Cgalement 
largement utilise dans le domaine alimentaire. La 

sttrilisation par les rayonnements beta et gamma est 
le pro&de de choix applique au materiel mtdico- 
chirurgical a usage unique. De nombreux travaux 
r&cents concernent l’etude des phtnomenes de de- 
gradation des polyolefines soumis aux traitements 
d’irradiation; d’une facon generale les alterations se 
manifestent par des modifications des proprietes phy- 
siques des materiaux en relation avec des 
modifications chimiques (reticulation en particu- 
lier).lA 

Dans le cas du polychlorure de vinyle plastifie, il 
se produit un jaunissement, une reticulation du 
materiau et une liberation de produits chlork5 La 
degradation des additifs se manifeste Cgalement par 
des alterations de couleur en particulier. Des essais 
anterieurs ont montre que certains additifs subissent 
une modification de leur structure au tours des 
traitements de sterilisation par les rayonnements beta 
et gamma. C’est ainsi que 1’Irganox Goodrite 3114 
donne lieu a la formation du di-tert.butyl-3,5 
hydroxy-4 benzaldthyde. Une precedente etude a 
permis de reveler l’existence de degradation du BHT 
dans des produits radiostCrilisCs6~’ Le BHT est egale- 
ment susceptible de s’oxyder spontanement a l’air.’ 

L’objet du present mimoire concerne 
l’identification et l’etude de la structure des derives 
formes apres irradiation et oxydation par voie chim- 
ique du BHT. 

La chromatographie liquide et la spectromttrie de 
masse ont ete appliquees en reprenant les schemas 

d’etudes decrits dans le memoire concernant le Good- 
rite 3 1 14.9 

PARTIE EXPERIMENTALE 

Rtactifs 

BHT pur pour l’analyse (Merck); Cchantillons de BHT 
irradies a 2,5, 5, et 10 Mrad; isocyanate de phbnyle R.P.; 
peroxyde d’hydrogene (30 volumes). 

Appareillage 

L’ensemble chromatographique est constitue d’une 
pompe haute pression Chromatem 320 equipte d’un pro- 
grammateur 420, d’une vanne d’injection (Rheodyne) munie 
dune boucle de 20 ul. d’un ditecteur UV-visible (Kratos). 
d’une colonne de silice’a polarite de phases inversed (C,,) de 
granulomttrie 7 pm, de 250 mm de longeur et de 4 mm de 
diamitre. La spectrometrie de masse est effectuee par un 
appareillage Nermag 10-10~. 
_ Le traitement deshonntes est effectue sur un ordinnateur 

PD-PI 1. L’ionisation a lieu par impact electronique a 20 eV 
et l’ionisation chimique par l’ammoniaque. 

Mise en Pvidence et analyse structurale des produits de 
degradation form&s par les traitements ionisants (rayons p) 

Analyse par chromatographie liquide HPLC. Les ech- 
antillons et les temoins sont en solution a raison de 
1 mg/ml dans l’acetonitrile respectivement pour le BHT 
irradie a 2,5, 5 et 10 Mrad et le BHT pur. Les conditions 
chromatographiques sont: 

-phase mobile, acetonitrile 80, eau 20; 
Airbit 2 ml/min; 
detection a 280 nm. 
Analyse srructurale par spectromktrie de masse. Ix. pro&de 

d’ionisation chimique par l’ammoniaque a et& applique; 
l’iniection est effectuee directement. L’echantillon soumis a 
l’analyse est une solution (dans l’acetonitrile) de BHT 
irradie a 10 Mrad; la solution temoin est preparee d partir 
de BHT pur. 

985 
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RESULTATS L’integration des reponses permet devaluer la 
Les chromatogrammes obtenus a partir de teneur relative du derive par rapport a la concen- 

l’analyse de solutions de BHT irradie revelent la tration initiale en BHT. Les calculs effectues mon- 
presence d’un produit de degradation. Les temps de trent que les teneurs croissent avec I’intensite du 
retention sont respectivement 7,4 et 9,7 min pour le rayonnement: 0,7, 1,7 et 2,4 pour 2,5, 5 et 10 Mrad 
BHT et le derive forme. respectivement. 

205 (I) 

456 

I 

69 236 
312 

l..,..l. I 3851 , 
I I 1 I I 1 r I 1 I I 

100 200 300 400 500 600 700 800 

OH 

(H,Cl,C CKH,), 

5orl&, ‘H&y,:““; 

520 
CEH,), CKH,), 

560 ’ 660 ’ 650 

874 (III) 

Fig. 1. Spectre de masse du BHT ttmoin (I) et irradik (II), (III). 
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Les spectres de masse (Fig. 1, I) rkvklent les pits de dans l’kchantillon irradik confirme la prksence de 
masse suivants: groupements hydroxyles dans cette mokkule. 

MC (M+ 18)’ 

Tkmoin (I.E. 20 eV) 
BHT(lO-Mtad), (I.C. NH:) 

220 - 
- 456, 674 

Les masses des produits de d&gradation sont en 
conskquence 438 et 656. Elles caractkisent un dim&e 
du BHT formis par l’irradiation de cet antioxydant 
aux rayons-@. Les ~nfigurations figurent ci-aprts. 11 
s’agit du monom~re (I), dim&-e (II) et trim&e (III) 
(Fig. I). 

ConJirmation des structures par formation d’un dtbfv2 
c~irn~q~e 

La confirmation de la structure tnoncte corres- 
pondant au dim&e du BHT a ttk Ctablie par for- 
mation d’un d&r% spkifique des groupements hy- 
droxyles; celle-ci n’a pu etre ktablie pour le trim&e 
rivClC en spectromktrie de masse, sa teneur dans 
l’bchantillon irradik ktant trop faible. 

La r&action de l’isocyanate de phknyle sur les 
gronpements hydroxyles a it& retenue pour former le 
dCrivC. La fo~ation de carbamate avec les ethers 
isocyaniques a Ctt appliquke g la stparation et au 
dosage des alcools et phkk 

Dans le cas du BHT le dkrivk obtenu est: 

‘CICH& 

Dans le cas du dim&e form& une rkaction analogue 
s’egectue sur les grou~ments hydroxyles. Les d&i&s 
form& prksentent une absorbance ii 280 nm qui 
permet leur mise en Cvidence en HPLC. 

iMode opkratoire. Prkparer une solution tkmoin 
(1 mg/ml) de BHT (irradit k 10 Mrad) dans 
I’acktonitrile. Pour la solution d’essai, introduire 
50 mg de BHT dans une fiole jaugke de 50 ml, ajouter 
0,5 ml d’isocyanate de phknyle, compkter & 50 ml 
avec de ~ac~tonitrile pur, d&wire l’exds de rkactif 
par l’addition de methanol dans les proportions 
suivantes: 4,5 ml de la solution d’essai, O.Sml de 
mkthanol. Effectuer l’analyse HPLC sur une colonne 
I polarid de phase inverde suivant la technique 
pr&Sdemment d&rite. 

Rbultats. La chromatographie de la solution de 
BHT irradit ii 10 Mrad et trait&e par l’isocyanate de 
phinyle, rkvkle les produits d&iv& du BHT et du 
dim&e ainsi que la prkence du BHT et du dim&e 
rksiduel, les temps de rktention Ctant 2,53 min pour 
le phCnylcarbamate de mkthyle (obtenu par rkaction 
du rktif en excks avec le mkthanol), 6,i 5 min pour le 
dtrivC de BHT, 6,8 min pour le BHT, 9,42 min pour 
le dim&e et 13,56 min pour le dCrivE: du dim&e. 
L’obtention d’un d&iv6 $I partir du dim&e present 

M&e en kvidence et analyse stru~tara~e des prod&s 
d’oxydation du BHT 

L’irradiation des mat&es plastiques par les ray- 
onnements /3 fait apparaitre une coloration jaune qui 
s’attkwe progressivement; ceci laisse supposer que Ies 
produits de d&gradation form& sont instables et que 
le phknomtne d’oxydation se poursuit. 

Pour cette raison, il nous est apparu interessant de 
poursu~vre cette recherche par we ~omparaison entre 
les produits d’oxydation dans un Cchantillon irradik 
et ceux obtenus apris oxydation chimique d partir 
d’un agent oxydant tel que le peroxyde d’hydrogkne. 

~oxydation d”une solution de BHT dans l’actto- 
nitrile a ktk r&alisCe par I’addition de peroxyde 
d’hydrogdne; la cin&tique de la reaction a Ct6 Ctudike 
$ tempirature ambiante et $ 60”, avec mise en 
ividence des produits form&s, par chromatographie 
en phase liquide. 

Des travaux antirieurs8 ont mis g profit cette 
reaction d’oxydation du BHT pour son dosage dans 
les polymires sans toutefois prkciser l’identitk du 
produit d’oxydation form& 

Cinktique d’oxydation. La cinktique d’oxydation du 
BHT at &tk examinke jusqu’ri oxydation compltte de 
ce dernier afin de pouvoir soumettre directement 
la solution obtenue & l’analyse par spectrom&-ie 
de masse et d’ktablir les structures des produits 
d’oxydation form& dans ces conditions. 

Conditions ophratoires. Introduire 100 mg de BHT 

dans une fiole de 100 ml, ajouter 70 ml d’adtonitrile 
et 30ml de peroxyde d’hydrog&ne d 30 volumes; 
maintenir une partie aliquote P la temperature ambi- 
ante et une partie aliquote g 60”. Analyser ces prk- 
I&ements au temps 0 et B intervalles r&uliers durant 
5 hr selon la technique d&rite pr&kiemment. 

Rksultats. Les chromatogrammes font apparaitre 
nettement des produits d’oxydation dont les concen- 

02- 

A 

Ol- 

Xfnm) 

Fig. 2. Spectre d’absorption du d&iv& d’oxydation du BHT 
(oxydation par le peroxyde d’hydrog&ne). 
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trations sont relativement faibles dam le cas de 
I’oxydation a la temperature ambiante poursuivie 
durant 4 hr. En revanche la reaction est accM& par 
I’ilevation de temperature et est totale apres 5 hr a 
60°C. 11 apparait alors deux produits d’oxydation 
formes au detriment du BHT (8 min). Un essai 
similaire a CtC effect& dans les memes conditions 
(24 hr, 60”). I1 a confirme la presence des deux 
produits d’oxydation ainsi que la disparition 
pratiquement totale du BHT. Le spectre d’absorption 
dans I’ultra-violet et I’analyse par spectrometrie de 
masse couplee a la chromatographie gaz-liquide ont 
CtC effectds stir cette solution. 

SpectromCtrie dans I’ultra-violet. Le spectre fait 
apparaitre des maxima d’absorption a 280 et 350 nm. 
Ce dernier laisse presumer une forme aryl-&tone 
(Fig. 2). 

Spectromktrie de masse (Fig. 3). La spectrometrie 
de masse a CtC realisie par couplage a la chroma- 
tographie gaz-liquide. L’ionisation a et& obtenue a 
l’aide d’ammoniac; elle a Cte appliquee a une solution 
de BHT dans I’ac~tonit~le. 

Rbultuts. La chromatographie gaz-liquide couplee 
a Ia spectrometrie de masse revele la presence de deux 
produits d’oxydation et confirme I’anaiyse chroma- 
tographique en phase liquide (HPLC). Les spectres 

I I I I I I I I I 
f:OO 2:00 3~00 4~00 5:OO 6~00 7~00 8:00 9~00 

Temps (min.sec) 

(b) 

i 

22c 
3 

~ 

205 

200 

?35 

253 

Ir:0 , %2. , , I . , , , 

150 300 350 400 450 500 550 

f 
!5 

251 

268 

288, 375 q1 
t , t 1 1 

0 300 350 400 450 500 550 

Fig. 3. Spectres de masse de produits d’oxydation du BHT par le peroxyde d’hydrogine. (a) Chroma- 
tographie gaz-liquide couplbe A la spectromttrie de mass; (b) spectre de masse du produit awe t, = 3 mn; 

(c) spectre du masse du produit avec tR = 3,s mn. 
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obtenus indiquent les pits pseudomol~culaires sui- chimique par le peroxyde ~‘~ydrog~ne semblent etre 
vants: des produits intermediaires d’oxydation du groupe- 

ment methyfe en position 1. La poursuite de 
Temps de ~oxyda~on devrait conduire a une for&on acide qui 

Produit retention, n’a pu &tre obtenue dans les conditions operatoires 
d’oxydation nuz :sec (M+f)+ (M-l-18)’ retenues, la temperature de la reaction se trouvant 

1 4:40 253 270 
limit&e par le choix du solvant. 

2 .5:39 251 268 
CONCLUSION 

Les masses de deux produits d’oxydation sont alors 
I = 252, If = 250. Ceci nous conduit $ emettre 

L’etude du comportement du BHT a ta stkriiisation 

l’hypothese de la formation de deux derives en posi- 
par les rayonnements fi et a l’oxydation par voie 

tion 4 dont pun serait oxydt en 1 (C-methyle) sous 
chimique, a conduit a la mise en evidence de produits 

forme d’alcool primaire (I) et le second (II), derive du 
de degradation, ainsi qu’a l’etablissement de leur 

precedent aurait une fonction aidehyde. 
structure. La connaissance de ces produits doit itre 
prise en compte dans fes recherches de ~OmpatibiIit~ 
~ontenant-contenu entre les formes pharmaceutiques 
et les recipients, afin d’ameliorer le contrijle de qualite 
des produits finis et assurer la securite de leur emploi. 
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DETERMINATION OF CADMIUM, LEAD AND COPPER 
IN MILK AND MILK POWDER BY MEANS OF FLOW 

POTENTIOMETRIC STRIPPING ANALYSIS 
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Department of Technical Analytical Chemistry, Chemical Center, University of Lund, P.O. Box 124, 

S-22100 Lund, Sweden 

(Received 26 April 1986. Accepted 22 Jul_v 1986) 

Summary-A flow potentiometric stripping analysis procedure for the determination of cadmium, lead 
and copper in milk and milk powder samples is described. The instrumental arrangement consists of a 
glassy-carbon thin-layer cell through which six different solutions may be drawn by means of a peristaltic 
pump and magnetically operated valves. The glassy-carbon electrode is pre-coated with a film of mercury 
which can be employed for several analytical runs. The sample, diluted five-fold with Suprapur 
hydrochloric acid, is electrolysed for 0.5-Q min prior to stripping in Suprapur hydrochloric acid. 
Pump-rate, electrolysis time and potential, opening and closing of inlet valves and digital evaluation of 
stripping times are controlled automatically by the computer. The analytical results agree satisfactorily 
with the certified values for three milk powder reference samples. The detection limit for cadmium, lead 
and copper in milk samples after 4, 1 and OS min of pre-electrolysis is 0.8, 4 and 8 pg/l., respectively. 
An analytical procedure for the dete~ination of lead in samples containing high concentrations of tin 
is described. 

Most rapid analytical methods for the determination 
of toxic trace elements in milk products have hitherto 
dealt with the determination of lead. For this element 
both spectroscopic and electroanalytical methods 
have been issued by the Association of Official Anal- 
ytical Chemists. The electroanalytical method is 
based on anodic stripping voltammetry (ASV) ap 
plied subsequent to a somewhat time-consuming dry 
ashing step.’ In a recent communication Zink et aLz 
reported a modified ASV procedure using the deeom- 
plexing reagent Metexchange@ which made it possi- 
ble to omit both the dry ashing and the sample 
deaeration steps. In a collaborative study by thirteen 
laboratories the Metexchange@ procedure proved to 
yield reliable results for the determination of lead in 
milk powder,’ but the limit of detection was 50 fig/l., 
which is a somewhat high value for lead in milk.4 

Another indication that milk can be analysed for 
lead by electroanalytical methods without prior wet 
or dry ashing is the recent study by Mannino and 
Bianco.5 These authors used a potentiometric strip- 
ping procedure6 subsequent to dilution of the milk 
sample with glacial acetic acid, but in their procedure 
it is necessary to deaerate the sample in order to 
reduce the rate of the chemical re-oxidation of the 
amalgamated lead. 

As part of a study on methods for trace metal 
determination by computerized flow potentiometric 
stripping analysis,’ the suitability of this technique 
for the determination of lead in milk and milk 
powder has been investigated. The purpose of the 
work was to design and evaluate an automated 
procedure involving a minimum of sample handling. 

Furthermore, it was considered imperative to design 
a method capable of handling samples suspected of 
containing high concentrations of tin, e.g., canned 
condensed milk. This problem does not seem to be 
solved satisfactorily by the stripping methods sug- 
gested hitherto.‘*2*5 During the course of the work 
it became apparent that the method employed for 
the determination of lead could, after minor 
modifications, also be used for the determination of 
cadmium and copper. 

A key problem in the development of a rapid 
analytical method is to find a simple procedure for 
the sample pretreatment, preferably involving only 
dissolution of the sample in a suitable medium 
modifier. The purpose of the modifier is to change all 
trace metal analytes into well-defined electro- 
chemically reducible species, e.g., chloride complexes, 
and, at the same time, to avoid precipitation of the 
sample proteins. In the Metexchange,E procedure this 
is achieved by means of competitive complexation 
with other metal ions and a suitable choice of pH. In 
this study we have used concentrated hydrochloric 
acid as medium modifier. In a parallel study’ on trace 
metal dete~inations in whole blood it was shown 
that protein precipitation can be avoided if the 
hydrochloric acid concentration is higher than ap- 
proximately 6M. Moreover, in this medium protons 
compete successfully with cadmium, lead and copper 
for the complexation sites of the organic constituents 
and, owing to the high chloride concentration, these 
metal ions are converted into their chloride com- 
plexes. Another advantage of using hydrochloric acid 
as medium modifier is that it can be purified easily or 
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obtained commercially in suprapur grade, so the 

sample pretreatment procedure does not require spe- 
cial reagents. 

EXPERIMENTAL 

instrumentation 

FIow system. The flow system consisted of a laboratory- 
constructed thin-layer cell’ into which six different solutions 
could be drawn by means of a peristaltic pump (Gilson 
Minipulse 2). Unless otherwise stated the flow-rate was 
2 mljmin. The six solution inlets were controlled by mag- 
netic valves (Angar Scientific, USA). The glassy-carbon 
working electrode (Ringsdorff, FRG) in the thin-layer cell 
had a diameter of 1 mm. A IO-mm long platinum tube with 
an inner diameter of 0.4 mm (Goodfellow, U.K.) placed 
downstream from the working electrode, served as counter- 
electrode. The calomel reference electrode (Radiometer 
K4040, Denmark) was separated from the flow-cell apart- 
ment by a ceramic plug filled with 5M hydrochloric acid. 
The length, width and thickness of the flow slit in the 
polyethylene spacer in the thin-layer cell’ were 7, 1 and 
0.2 mm, respectively. 

Computer system. The computer system consisted of an 
ABC 806 personal computer (Luxor, Sweden) equipped 
with floppy discs, printer/plotter, A/D and D/A converters 
and various relay functions. Working-electrode potential, 
pump flow-rate, and opening and closing of magnetic valves 
were under computer control. During stripping the com- 
puter registered the potential DS. time transient signal with 
g 12-bit-A/D converter at a maximum sampling f;equency 
of 16 kHz and a ootential resolution of 1 mV. Details of the 
hardware and software system will be given elsewhere.9 

Reagents 

All reagents used were of analytical grade extent the 
hydr~hlo~ic acid, which was of suprapur grade (Merck, 
ERG). Stock solutions (1000 me/l.) of cadmium. lead. 
tin&, copper(B) and mercury(& ‘were prepared from 
Titrisol (Merck, FRG) ampoules, in 1M hydrochloric acid 
and diluted further as required. 

Milk powder reference samples BCR 63, 150 and 151 were 
obtained from The Commission of the European Commu- 
nities, Community Bureau of Reference (Brussels, Belgium). 

Sample pretreatment 

Milk samples. Add a 4-ml sample of milk to 16 ml of 8M 
hydrochloric acid containing 50 mg of mercury(B) per litre. 
Add another 4-ml portion of the milk to 16 ml of 8M 
hydrochloric acid containing 50 mg of mercury(B) and 
standard additions of 2.5 pg of cadmium, 25 pg of lead and 
50 gg of copper(I1) per litre. 

Milk powder samples. Add 2 g of milk powder to 8 ml of 
doubly distilled water and mix by swirling. Treat the 
mixture as the milk samples above. 

Working-electrode pretreatment 

Polishing. Before analysis polish the glassy-carbon elec- 
trode for 1 min with 3-pm diamond paste, clean it ultra- 
sonically in ethanol for 1 min, polish with I-pm diamond 
paste for 1 min and finally clean ultrasonically in ethanol for 
2 min. 

Mercury jlm pre-coating. Before the first analytical run 
after electrode polishing pre-coat the glassy-carbon elec- 
trode with a thin film of mercury. Use 8M hydrochloric acid 
containing 200 mg of mercury(I1) per litre and a flow-rate 
of 0.4 ml/min. A suitable potential us. time sequence in the 
mercury pre-coating procedure is: -0.5 V for 5 set, +0.2 
V for 4 set, -0.6 V for 5 set, +0.2 V for 5 set, -0.6 V for 
10 see, -0.65 V for 10 set, -0.70 V for 10 set and finally 
-0.80 V for 60 sec. Once pre-coated with mercury the 
working electrode can be used for 20-50 analytical runs. The 
results of the first analytical run after the mercury pre- 

coating should be ignored, since they may often be too low, 
and the run should be repeated. When failure of the mercury 
film is indicated by increasing noise level or inadequate 
background subtraction, the polishing and mercury pre- 
coating procedures should be repeated. 

Analytical procedures 

Determination of cadmium. Allow 8M hydrochloric acid 
containing 200 mg of mercury per litre into the flow-cell 
and renew the mercury film surface by electrolysis at -0.8 
V vs. SCE for 10 sec. Care must be taken that the reducing 
potential is applied before the mercury-containing solution 
is allowed into the cell, otherwise the mercury film electrode 
will be destroyed owing to spontaneous calomel formation. 
Introduce the sample into the cell and electrolyse for 4 min 
at - 1.15 V vs. SCE, then replace the sample by 8M 
hydrochloric acid. Disconnect the potentiostat 20 set later 
and register the potential vs. time gradient at a measuring 
frequency of 16 kHz. When the stripping potential reaches 
-0.6 V vs. SCE an&v an electrolvsis note&al of - 1.15 V 
21s. SCE for I set-and register a background scan. Finally 
introduce a cleaning solution of O.lM hydrochloric acid in 
95% ethanol and apply a potential of -0.2 V us. SCE for 
IO sec. Repeat the procedure with the cadmium-spiked 
sample. 

Determination of lead. Renew the mercury film surface by 
electrolysis for 10 set at -0.8 V vs, SCE in 8M hydr~hloric 
acid containing 200 mg of mercury per litre. Introduce the 
sample and electrolyse at - 1.0 V vs. SCE for 1 min then 
switch to 8M hydrochloric acid for 20 set, registering the 
stripping curve at a measuring frequency of 16 kHz. When 
the potential reaches -0.4 V tis. SCE apply an electrolysis 
potential of - 1.0 V vs. SCE for 1 set and register the 
background with the same frequency. Clean the electrodes 
with ethanol as for cadmium. 

In samples suspected of containing more than 50 pg of tin 
per litre the procedure should be modified so that 2M 
sodium hydroxide is allowed into the cell for 10 set after the 
8M hvdrochloric acid solution has been in the flow-cell for 
20 se;, then 8M hydrochloric acid is again allowed into the 
cell for 20 see and the stripping and background curves are 
registered as above. 

Determination qf copper. Renew the mercury film surface 
as for cadmium and lead above and electrolyse the sample 
for 30 set at -0.8 V us. SCE. Switch to 8M hvdrochloric 
acid for 20 see and register the stripping transient signal at 
16 kHz in the potential interval from -0.8 to -0.3 V vs. 
SCE. Register a background curve and clean the electrodes 
as for cadmium and lead. 

Digital #a~aat~an and ~aphica~ display 

In the digital evaluation of the potentiometric stripping 
times the computer program first subtracts the background 
scan from the analytical scan. After this the program 
localizes the exact potential of the stripping peak: the 
allowed potential regions for cadmium, lead and copper 
being from -0.90 to -0.80, -0.75 to -0.65 and -0.65 to 
-0.35 V vs. SCE, respectively. The stripping time is then 
calcutated by integrating the dt/dE plot. The potential 
region used in the evaluation of the cadmium and lead 
stripping times was +50 mV around the stripping peak. 
Since copper is oxidized to copper(I) chloride complexes in 
the hydrochloric acid medium a potential interval of + 100 
mV was used. 

Finally the computer program displays the stripping 
curve, dr/dE YS. E, for each peak, on the printer/plotter 
together with the stripping time. The potential region used 
for the display was + 100 mV around the stripping peak. In 
the graphical display experimental data in consecutive 
30-mV intervals were averaged arithmetically f”filter 30 
mV’). 

All concentrations were evaluated by means of the normal 
equations for standard addition. 
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RESULTS AND DISCUSSION 

Cadmium, lead and copper in ml’ik and milk powder 
sarn~~~~; aceztracy 

The results obtained in the determination of cad- 
mium, lead and copper in the three reference samples 
are shown in Table 1 and Figs. l-3. 

Figures 4-6 show the pote~tiometric stripping 
curves obtained in the analysis of spiked and un- 
spiked Swedish milk samples containing 3% fat. The 
value obtained for copper was 3.5 itg/q. in the milk 
sample; the lead and cadmium concentrations were 
below 5 and 1 pg/l., respectively. 

As can be seen from Table 1 the experimental 
results agree satisfactorily with the certified value for 
the reference samples, the main exception being cad- 
mium in BCR 63 where the concentration in this 
sample is beIow the detection limit of the method. 

E/V vs. SCE 

Table 1. Results of analysis of three reference milk powders 

Certified Range 
co~~e~tra~on, No. of found, 

Sample Element H?tgig detns. Mitt 

BCR 63 Cd 0.0029 & 0.0012 4 0.~~~‘~8 
BCR 63 Pb 0.1045 * 0.0031 0.I2-Q.14 
BCR 63 Cu 0.544 f 0.03Q 

2 
0.49-0.58 

BCR 150 Cd 0.0218~0.~14 6 0.023-0.028 
BCR 150 Pb 1.00 f 0.04 0.9X-1.06 
BCR $50 Cu 2.23 & 0.08 d 2.1~2.45 
BCR 151 Cd 0.~0~0~0.~8 6 0.I 1-xX13 
BCR 151 Pb 2.002 + 0.026 6 2.05-2.35 
BCR 151 Cu 5.23 It 0.0s 6 5.10-5.65 

El v vs. SCE 

-0.9 6 

a b c 

Fig. I. Potentiometric stripping curves, E us. dt/dE, ob- 
tained in the determination of cadmium in reference samples 

BCR 63 (a)* BCR 1.50 (b) and BCR 1.51 (c). 

EfV vs. SCE 

I a b C 

SmZln” 
Fig. 2. Potentiometric stripping curves, E vs. dr/dE, ob- 
tained in the deter~nat~on of lead in reference samples 

BCR 63 (a), BCR 150 @) and BCR 151 (cf. 

30msecfmV 
Fig. 3. Potentiometric stripping curves, E vs. drjdE, ob 
tained in the determination of copper in reference samples 

BCR 63 (a), BCR 150 (b) and BCR 151 (c). 

E/V vs SCE 

Fig. 4. Pote~t~ometric stripping curves, E us. dt/dE, ob- 
tained in the determination of cadmium in a milk sample (a) 

and in the sample spiked with IO &i. cadmium (b). 

E/V vs. SCE 

8 mzmv 
Fig. 5. Potentiometric stripping curves, E us. dt/dE, ob- 
tained in the determination of lead in a milk sample (a) and 

in the same sample spiked with 100 pg/i. lead (b). 

E/V vs. SCE 

l---l 

30 msec /mV 

Fig. 6, Pote~i~~metric stripping curves, E vs. dt/d& ob- 
tained in the dete~~nation of copper in a milk sample (a) 
and in the same sample spiked with 200 pg/L copper (b). 
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Furthermore, the cadmium results are affected by the 
different cadmium concentrations in the different 
Suprapur acid batches used. As is apparent from 
Table 1, the lead value obtained for BCR 63 is too 
high. This may be attributed to lead contamination 
during sample handling and should be avoidable by 
working in a clean laboratory environment. Since, 
however, the purpose of this work was to develop a 
method capable of rapid identification of samples 
containing elevated trace metal concentrations, clean 
laboratory techniques were not exploited. 

No alternative analytical technique was used to 
verify the results obtained in the analysis of the milk 
samples. The results obtained are, however, in good 
agreement with those normally obtained for Swedish 
milk samples.‘O 

Linear range and sensitivity 

The linear range was investigated by spiking a milk 
sample, diluted fivefold with hydrochloric acid, with 
different amounts of cadmium, lead and copper and 
analysing by the procedures given above. The strip- 
ping signal varied linearly with metal concentration 
in the ranges investigated, 0.1-5 pg/l. for cadmium, 
I-20 gg/I. for lead and S-100 pg/I. for copper. 

The sensitivity of the potentiometric stripping pro- 
cedure varies from one glassy-carbon electrode to 
another. Sensitivity variations also occur from one 
mercury pre-coating to the next on the same glassy- 
carbon electrode. The relative variations between 
glassy-carbon electrodes are O-.50% and between 
different mercury films O-20%. As can be seen by 
comparing Figs. I-3 with Figs. 4-6 there are vari- 
ations in sensitivity between the different runs. These 
runs were, however, registered with different glassy- 
carbon electrodes and do not represent any 
significant variations in sensitivity in the analyses of 
the milk powder and the milk samples. Separate 
experiments on a cream sample containing 40% fat 
indicate that high fat concentrations do not affect the 
sensitivity significantly. 

Precision and detection limit 

The precision was investigated by means of ten 
consecutive electrolysis/stripping cycles in the spiked 
milk samples (Figs. 4-6). The relative standard devi- 
ation was 5-7% for all three elements, the major 
source of variation being the pulsation of the peri- 
staltic pump. From the precision the detection limits 
for cadmium, lead and copper in milk samples can be 
estimated as 1.0, 4 and 8 pg/l., respectively. The 
detection limits for lead and copper can be decreased 
by increasing the time of electrolysis. Electrolysis 
times of more than 4 min generally resulted in 
decreased precision and consequently no decrease in 
detection limit. 

Interferences 

Interferences in potentiometric stripping analysis 
are normally due to stripping potential overlap, 

intermetallic compound formation or surface ad- 
sorption of electroactive organic matter present in the 
sample. In the highly acidic medium used in the 
analysis no organic constituents will be adsorbed 
onto the electrode surface. The elements most likely 
to cause stripping potential overlap are tin and 
thallium. The interference with the lead stripping 
peak by tin is illustrated in Fig. 7. Figure 7(a) shows 
the potentiometric stripping curve for lead in an 
acid-diluted milk sample containing 5 pg/l. lead. 
Figures 7(b) and 7(c) show the potentiometric strip- 
ping curves for the same sample after the addition of 
0.2 and 1.0 mg of tin per htre, respectively. Finally 
Fig. 7(d) shows the potentiometric stripping curve for 
the sample with I mg/l. added tin, after removal of 
tin by 2M sodium hydroxide. As can be seen from 
Fig. 7 all the amalgamated tin is oxidized in the 
sodium hydroxide solution, owing to the formation 
of Sn(OH);. The amalgamated lead is not oxidized, 
since the lead(I1) hydroxy-complexes are consider- 
ably weaker than the corresponding tin(I1) complexes. 

The potential overlap from thallium on the strip- 
ping peaks for cadmium and lead has been in- 
vestigated by analysing a milk sample spiked with the 
three elements. The hydrochloric acid used as strip- 
ping medium resolved the three stripping peaks, 
the peak potential for thailium at -0.70 V US. SCE 
being almost equidistant from the peak poten- 
tials for lead and cadmium. Of cadmium, lead and 
copper, only copper forms strong intermetallic com- 
pounds. Those elements which form intermetallic 
compounds with copper and at the same time are 

E/V vs. SGE 

WV vs. SCE 

Fig. 7. Potentiometric stripping curves E tfs. df/dE, obtained 
in a milk sample containing (a) 5 pg/I. Pb(II) (b) S fig/f. 
Pb(I1) and 0.2 mg/l. Sn(II) (c) 5 pg/l. Pb(II) and 1.0 mgjl 
Sn(I1) and (d) same as (c) but after removal of Sn(I1) with 

2M sodium hydroxide. 
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likely to be present in milk samples are tin and zinc. 
At the electrolysis potential used in the determination 
of copper neither zinc nor tin is reduced and inter- 
ferences from intermetallic compound formation are 
thus avoided. At the electrolysis potential used for 
lead, tin is also reduced (Fig. 7). Part of the reduced 
tin forms a 1: 1 intermetallic compound with copper 
which is subsequently re-oxidized at a potential very 
close to that for copper. Consequently, as long as the 
tin concentration is lower than the copper concen- 
tration, tin will not interfere with the lead stripping 
peak. This explains why small concentrations of tin 
do not interfere in the batch ASV procedure’ nor, of 
course, in the potentiometric stripping procedure. 

Conclllsions 

Computerized flow potentiometric stripping anal- 
ysis can be used for rapid determination of, in 
particular, elevated concentrations of cadmium, Iead 
and copper in milk and milk powder samples. The 
detection limit for lead, after 1 min of electrolysis, is 
approximately a fifth of that for lead in the corre- 
sponding ASV procedure. In the flow approach, 
computerized potentiomet~c stripping analysis is ca- 
pable of a high degree of automation. If supple- 
mented with a sampler the instrumental arrangement 
is capable of running several samples unattended. 
When this is done, the graphical display of the 
printer/plotter is of considerable importance since it 

permits rapid visual inspection of several analytical 
runs. Possible malfunction of the system will be 
indicated by, e.g., broadening or absence of stripping 
peaks for the spiked samples or peak splitting due to 
the presence of thallium. inadequate rinsing of the 
electrodes between consecutive electrolysisist~pping 
runs will be indicated by continuous decrease in the 
peak heights of the spiked samples. 
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DOSAGE DES XANTHIQUES NATURELS PAR CLHP 

COMPARAISON DES METHODES ET APPLICATIONS 
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(Rep le 27 janvier 1986. R&is& le 2 juilIei 1986. Accept& le 22 jdlet 1986) 

R&nnn&-Les trois xanthiques naturels, cafeinc, th~obromine et th~ophylline, ont 6th doses par CLHP soit 
sur colonne de silice, soit sur phase greffee en C,, Pour l’application au dosage dans les boissons, c’est 
la CLHP sur silice qui a Cte retenue. La methode a aiors Bte appliquee au cafe, au the, au mate, a des 
extraits pour boissons ou aux boissons elles-memes. Pour les extraits, une comparaison a Ptt faite avec 
les autres methodes de dosage de la cafeine. La chromatographie en phase liquide sous pression semble 
une methode bien adapt&e pour doser les xanthiques dans des milieux complexes. 

Summary-The three naturat xanthines, caffeine, theobromine and theophylline, have been determined 
by HPLC on columns of silica gel or a C&bonded phase. For the determination in beverages, HPLC on 
silica gel was used. The method was applied to coffee, tea, mate, in extracts or in the drinks themselves. 
For the extracts a comparison was made with other methods for determining caffeine, HPLC seems a 
method well suited to analysis of complex matrices for the xanthines. 

DCcouverte en 18 19 par Runge, la cafeine fut decrite 
en 1821 par Pelletier et Robiquet. Par la suite, elle a 
ete mise en evidence dans differents vegetaux, no- 
tamment le the et le cafe, mais egalement dam le 
cacao, la noix de kola, le guarana et le mate. Les 
concentrations varient selon l’espece vtgetale et la 
cafeine est quelquefois accompagnee de theophylline 
(the) ou de th~obromine (cacao, guarana, kola, 
mate). Le cafe vert renferme en moyenne 1,21% de 
caftine, alors que le cafe torrefie en presente 1,40%. 
Dans le the, la proportion varie de I,5 a 4% pour Ies 
thes d’Annam et du Tonkin. Ce sont les jeunes 
feuilles qui sont les plus riches. Dans le cacao, c’est 
la thebbromine qui domine (1,5 $ 2%), alors que les 
concentrations en cafeine sont environ dix fois moin- 
dres. Pour le guarana, la cafeine est settle presente 
dans l’amande (environ 3,9%) mais la theobromine 
existe dans d’autres parties de la plante. Les graines 
de kola renferment en general plus de 2% de cafeine, 
mais egalement de la theobromine. EnfZin, le mate 
contient de la cafeine dans des proportions sensi- 
blement egales & celles du the, et un peu de theobro- 
mine. 

Les xanthines sont done presentes dans de nom- 
breux prod&s naturels servant B la preparation de 
boissons toniques, et la cafeine fait m&me partie des 
molecules les plus consommees dans Ie monde. Elle 
figure dans l’aiimentation de t&s nombreux peuples, 
quel que soit leur niveau de vie. 11 nous a done paru 
interessant de trouver une methode de dosage per- 
formante, rapide, et specifique, pour doser les bases 
xanthiques dans les boissons. La chromatographie en 
phase liquide ti haute performance (CLHP) en associ- 

ation avec un ditecteur ultra-violet nous a semble la 
methode de choix par sa selectivite et sa sensibilite. 

Deux techniques ont Cte Ctudibes: la chro- 
matographie d’adsorption ‘M et la chromatographie 
de partage en phase inversCe.G’2 Lorsqu’une bonne 
separation a et& obtenue, now avons vCrifie la re- 
productibilite des resultats et la linearite de la re- 
ponse. 

Nous avons ensuite selection& la technique 
d’adsorption pour realiser des dosages dans les ali- 
ments: cafe, the, mate, extraits pour distributeurs de 
boissons et boissons manufacturees, en particulier 
Coca-Cola et Pepsi-Cola. Ce sont en effet des 
boissons de tres grande consommation. Pres de 200 
millions de petites bouteilles sont vendues quo- 
tidiennement dans le monde.r3 

Nous avons en outre compare les resuttats de 
dosage en CLHP avec ceux obtenus en chro- 
matographie gazeuse et en spectrophotometrie ultra- 
violet. 

PARTIE ~XP~RIMENTALE 

Extmction des bases xunthiques 

Cas des tkhantillons solides (caf& the, mat&) Des prises 
d’essai de 1 g sont melangiies ii 50 g de sable de Fon- 
tainebleau. Le melange est introduit dans des cartouches 
d-extraction, le poudre est imbib&e par 20 gouttes 
d’ammoniaque dilde (20% p/v). Un tampon de coton est 
alors place sur la cartouche, qui est abandon& une nuit 
avant l’extraction de maniere a permettre le gonflement de 
la poudre. L’extraction est ensuite realisee en continu pen- 
dant 7 hr, par du chloroforme, dans un extracteur de 
Soxhlet. Au terme de l’extraction, la phase chloroformique 
est &vapor&? a sec. Le rbsidu est redissous dam lOOmI de 
solvant &ant. 
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Cas des boissons (Coca-Cola, Pepsi-Cola et guarana). Des 
volumes de boisson de SO ml sont alcalini~s jusqu’ri pH 9 
par de l’ammoniaque dilute (20% p/v). Une extraction 
iiquide-liquide est alors rkali&e par le chloroforme, dans un 
extracteur de Jalade oendant 10 hr. La nhase chloro- 
formique est &vapor& $ set, le rksidu est comme pr& 
cedemment repris par 100 ml de solvant iluant. 

CGY des extraits. Des arises d’essai de 25 ml sont addi- 
tionnkes de 25 ml d’eau d’IstiIlCe. Le mklange est ajustk B pH 
9, puis trait6 comme dans Ie cas p&&dent. 

CLHP 

Technique d’aakorption. Colonne de SphCrisorb 800, 5 
pm, remplie au laboratoire, longueur IS cm; pompe Chro- 
matem 380; dktecteur UV Pye Unicam (mesures faites $ 
273 nm); vanne d’injection B boucle (20 ~1); &ant 
dichloromkthane-m&than01 (90: 10); dkbit 1,2S ml/mn. 

Technique departage. Colonne Lichrosorb RP 18, remplie 
au laboratoire, longueur 15 cm; pompe, detecteur et vanne 
d’injection identiques $ ceux dkrits pour la technique 
d’adsorption; iluant a&ate de sodium 0,OlM ii pH 
4-ac&onitrile (90: 10); d&bit 3 ml/mn. 

O &“’ 

Le calcul des concentrations a Bd fait pour les deux 
mkthodes en mesurant la surface des pits (essais et tbmoins) 
g&e ri un int~grateur Shimadzu CR 1 B. I1 est possible 
kgalement de mesurer les hauteurs de pies. 

Ghromatographie gaz-fiquide 

Appare~i~age. Colonne OV I7 (peu polaire), $ 3% sur 
Chromosorb W-HP S&100 mesh, longueur 2 m, diamitre 
2 mm; temperatures 220” (du four), 240” (de l’injecteur), 
250” (du dttecteur); dbtecteur B ionisation de flamme. 

Pr&paration de l’~chant~lfon. Des volumes de 10 ml (pour 
l’extrait de caf6) ou de SO ml (pour les extraits de thi ou de 
cola) de solutions chlorofo~iques d’extraction sont Bvapo- 
r&s B sec. Le rCsidu est redissous dans l’acdtate d’kthyle et 
ajustk & 20 ml dans une fiole jaugke apr& ~introduction de 
1 ml de solution d’italon interne. 

Prise d’essai injectke: 2 pl. 

Absorption dam ultra-v~o~et (apr~s parl~~ation par la m&h- 
Fig. 1. MClange de cafkine (l), thkophylline (21, thkobromine 

ode AFNOR)‘4 
(3). CLHP par titchnique ~adso~tion. 

La solution chlorofo~ique d’extraction est purifiie par 
passage sur deux colonnes de Ctlite qui fixent la cafkine 
(deux colonnes successives, I’une alcaline, I’autre acide), 
l’klution Btant realide par l’ether tthylique, puis le chloro- 
forme. L’absorption est mesurCe A 276 nm, les absorptions 
avant et aprfk le pit ktant soustraites, selon 

A mm, - C424, nm + A,% .,fP 

RESULTATS 

Les chromatogrammes obtenus dans les deux tech- 
niques sont prksentks dans les figures 1 et 2. Les 
courbes d’ktalonnage correspondant aux trois bases 
xanthiques, par la technique d’adsorption, sont link- 
aires. 

H- 

Les rksultats obtenus pour les applications aux 
prod&s solides et aux diffkrentes boissons sont 
prksentks dans le tableau 1. Enfin, le tableau 2 
prksente les teneurs en cafkine obtenues pour les 
extraits par les diffkrentes mkthodes qui ont &tC 
compari?es. 

DISCUSSION 

Les deux techniques de CLHP test&es permettent 

une boune separation des trois xanthiwes, comme en Fig. 2. M&nge de thkobromine (l), thCophylline (2), cafkine 
t~moignent Ies figures 1 et 2. Les ordres de sorties (3). CLHP par tkchnique de partage. 
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Tableau I. Teneurs en cafkine de cafks, thks, mad et diffkentes boissons 

Echantillons Caf&ne Echantillons Cafkine 

Cafe Guadeloupe 1,35% Tht de Russie 3.29% 
“Nectar” 1,26% The de Chine 3,03% 
““R&gal” 1,41% ThB du Vietnam 2,99X 
CENG (a) 1,2% Th6 de Ceylan 2,58% 
CENG (b) l,i9% Coca-Cola I I4 mg/l. 
CENG (c) 1,26% Pepsi-Cola 72 mg/l. 

Mat& Pamper0 0,8% Boisson $ base de Guarana “Antartic” 96 mg/l. 

sont simplement inversks en fonction du phknomkne 
mis en jeu. 

Cependant, c’est la technique d’adsorption sur 
silk qui a Ctk st‘lectionni+e pour ies applications, car 
sa reproductibilitk et sa prkision sont meilleures. Les 
courbes d’ktalonnage sont en effet d’une excellente 
linkaritk. 

En ce qui concerne le cafit, plusieurs variCt&s ont 6th 
analyskes: 

(1) Cafk provenant de la Guadeloupe: cet Cch- 
antillon de cafk provient d’une des dernikres ex- 
ploitations de cafk des Antilles frangaises; il corre- 
spond B la variktb Arabica. 

(2) Cafks commercialisks en France: l’une des 
variCtCs est du pur Arabica, l’autre un mklange de 
cafks d’origines diverses. 

(3) Cafb cultivt? en France sous serre chauffke: en 
effet, dans l’optique d’une valorisations des rejets 
thermiques, des cultures de plantes tropicales ont it& 
entreprises au Centre d’Etudes NucICaires de Gren- 
oble (CENG), sous tunnel plastique. La source de 
chaleur est l’eau de refroidissement d’un rkacteur 
nucltaire. Celle-ci circule dans le sol de la serre selon 
le systkme du paillage radiant.” Au bout de trois ans, 
une rkcolte a pu &tre obtenue. Les biologistes re- 
sponsables de cette exptrience de culture ont it& 
intkressks par la composition de leur cafe, notamment 
par sa teneur en cafkine. Nous avons pu doser la 
cafkine dans un kchantillon correspondant $ la pre- 
m&e an&e de production (tchantillon tor&fiC) (a), 
puis E’U des kchantillons de la deuxikme an&e de 
production, pour lesquels nous avons compart la 
teneur en cafkine avant (b) et aprks torr2faction (c).‘; 

Les teneurs en cafkine des diffkents cafks torr&ks 
analysks, qui correspondent tous (un except&) B des 
variCtCs Arabica, sont tr& proches. Elles sont tout $ 
fait comparables aux valeurs publikes qui sont com- 
prises entre 0,8 et 1,6% 

Cette technique de CLHP offre l’avantage de sa 
bonne spkcificitk, ce qui n’ktait pas toujours le cas des 
techniques spectrales antbrieures, ne rkalisant pas une 
siiparation trt?s fiable avant la mesure. 

Tableau 2. Teneurs en cafiine (g/l.) determintes par 
diffkrentes mtthodes 

Echantillons CLHP UV CGL AFNOR 

Extrait de cafk 3,00 3.35 2,85 2,98 
Extrait de thi 0,446 0,445 0,440 0,456 
Extrait de cola 0,208 0,237 0,168 0,191 

Elle nous a permis de constater que le cafk cultivk 
sous serre chauffke avait la m@me teneur en cafkine 
que les cafks cultivks dans les pays producteurs. I1 y 
a done une bonne fix&k de la composition pour une 
e&e don&e et une preponderant des facteurs 
gknktiques sur les caractkistiques de la composition, 
par rapport aux facteurs climatiques. 

Pour les diffkrents thCs analysis, nos rksultats 
rejoignent tout Q fait ceux qui ont Ctk publies ant& 
rieurement.16 En effet, les taux de canine trouvks dans 
le thk sont compris entre 2,5 et 3,5% et pour le matC 
entre 0,6 et 1,6%. 

Les teneurs en cafkine du Coca-Cola et du Pepsi- 
Cola (respectivement I14 et 72 mg/l), pour des boiss- 
ons de grande consommation qui peuvent etre des- 
tin&es aux enfants, posent un probltme rkglementaire. 
Dans certains pays, la norme a ktabli un taux max- 
imal de 150 mg/l.” Pour la CEE, un texte est en 
discussion au niveau des commissions compktentes. 

La teneur en cafkine nettement plus faible dans le 
Pepsi-Cola semble une remarque gCntrale.*’ Par con- 
tre, nos chiffres sont significativement plus klev&, que 
ceux publiks par le laboratoire coopkratif,” en appli- 
cant la mkthode AFNOR.14 Les diffkrences peuvent 
s’expliquer par la non-homogknkitt? de la composition 
en fonction des lots de fabrication. 

Les extraits destinks aux distributeurs de boisson 
(cafk, thk, Coca-Cola) sont des concentrks destinks B 
ttre dilu&s B l’eau froide ou chaude selon le cas. La 
dilution est d’environ 10%. Pour ces extraits, nous 
avons non seulement reali& le dosage de la cafkine 
par CLHP mais nous avons aussi compari: les r& 
sultats moyens obtenus par diffkrentes techniques: 
CLHP, chromatographie en phase gazeuse, spectro- 
photomitrie dans l’ultra-violet directe ou aprks 
purification selon la technique AFNOR. Cette com- 
paraison figure dans le tableau 2. 

En comparant les rksultats obtenus pour l’extrait 
de cafk par les quatre mithodes, on peut constater 
qu’un dosage direct en l’ultra-violet donne un chiffre 
supkrieur $ celui des autres techniques, ce qui 
s’explique par des interfkrences dues aux autres con- 
stituants. Pour Ies trois autres techniques, les rksultats 
sont trks proches, ce qui prouve l’efficacitk du pro&d& 
de purification de la norme AFNOR I4 et l’intCr&t des 
techniques chromatographiques qui s&parent avant 
de doser et sont done plus ilectives, 

Pour l’extrait de thC, les rksultats sont extremement 
voisins. 11 ne doit pas y avoir dans ce cas de sub- 
stances interfirentes. 
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Four l’extrait de cola, les memes remarques que 
prkedemment peweat btre faites. Cependant, en ce 
qui concerne fa chromatographie gaz-liquide, les 
resuhats moyens sont nettement inferieurs. Ceci pent 
s’exphquer par le fait que b taux de cafkine de cet 
extrait est ~rticuli~rement bas, ce qui nous place trks 
pr&s des limites de detection de cette technique. 

La chromatographie en phase liquide a haute 
performance est tme technique bien adapt&z k la 
separation et au dosage sptcifique des bases xan- 
thiques. Cette methode permet de controler les taux 
de cafeine, ~~obrorn~ne ou ~~o~hy~ljne dans des 
produits solides (cafe. the, mate) ou des boissons, 
apres une simple extractian par un solvant organique, 
sans purification particuhke. Etle presente i’avantage 
dune bonne precision, alliie a une rapidite 
d’execution et a une excellente stlectivitb. 

L~ERATURE 

1. K. K. Midha, S. Sved, R. D. Hossie et 1. J. McCilveray, 
Biomed. Mos.~. Spectrom., 1977, 4, 172. 

2. D. S. Sitar, K. M. Piafsky, R. E. Rangno et R. I. 
Oailvie, C&n. Gem.. 1975. 21. 1774. 

3. AYA. ‘&I, S, M. So&n, H. S: Bada et N. N. Khanna, 
J. Anal. Toxicol., 1979, 3, 36. 

4. J. P. Sommadossi, C. Aubert, J. P. Cano, A. Durand et 
A. Viaia, J. Lig. Chrorrzatog., 1981, 4 97. 

5. W. WiIdanger, f)tsck. Lebensm. ~~~eh., 1976,72, $60. 
6. S. H. Ashoor, G. J. Seperich, W. C. Monte et J. Welty, 

J. Assoc. Ofl: Anal. Ckem., 1983, $6, 605. 
7. J. L. Blauch et S. M. J. Tarka, J. Feud Sci, 1983, $8, 

745. 
8. W. J. Craig et T. T. Nguyen, ibid., 1984, 49, 302. 
9. M. Dulitzky, E. de la Teja et H F. Lewis, J. Chro- 

matog., 1984, 317, 403. 
10. Y. Hamann, C. Tisse et J. Estienne, Ann. Fcfs. Exp. 

Ckim., 1984, 828, 271. 
11. W. J. Hurst et R. A. J. Martin, J, Liq. Chromatog., 

1982, 5, 585. 
12. H, Terada et Y. Sakabe, J. Ck~~mato~., 1984, BX, 453. 
13. J. Alary, P. Bertoin et A. Coeur, &Et. Trao. Sot. Fharm. 

Lyon, 1977, xxi, 20. 

15. A. Fourcy, A. Freychet, J. Alary, M. F. Vergnes et 6. 
Grosset, Ann. Fats. Exp. &him., 1984, 77, 393. 

f6. mantel suisse c&s denrkes a~~en~aires, S&me edition, 
Office Central Federal des imprimes et du materiel, 
Berne, 1969. 



Taiantn, Vol. 33, No. 12, pp. 1001-1007, 1986 
Printed in Great Britain. All rights reserved 

0039-9140/86 $3.00 + 0.00 
Copyright e 1986 Pergamon Journals Ltd 

DESORPTION IONIZATION/TANDEM MASS 
SPECTROMETRY WITH A CAESIUM ION SOURCE AND 
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Summary-The coupling of a caesium ion source to a triple quadrupole mass spectrometer is described. 
The potential of this combination for examining thermally labile, non-volatile molecules, such as thiamine 
hydr~hloride, is examined. Emphasis is placed on the advantages the various scanning modes of tandem 
mass spectrometry provide in ion structure elucidation and the investigation of desorption ionization 
mechanisms. Use of the caesium ion source for desorption of neutral molecules which are chemically 
ionized by an auxiliary gas is demonstrated. This procedure may be especially useful for examining 
non-volatile, non-ionic samples. 

The use of energetic primary particles to desorb 
thermally labile, high molecular-weight molecules 
from the solid or liquid phase is a well-established 
method of ionization4 The technique uses a wide 
variety of primary bombarding species, e.g., fission 
fragments in plasma desorption (PD), photons in 
laser desorption (LD), ions in secondary-ion mass 
spectrometry (SIMS), and neutral atoms in fast-atom 
bombardment (FAB). 

The combination of these desorption (DI) tech- 
niques with tandem mass spectrometry (MS/MS)’ 
adds significantly to the individual capabilities of 
both procedures. 68 DI/MS/MS has provided valu- 
able results in the analysis of a variety of classes of 
compounds.C13 Particularly noteworthy is the quality 
of the structural information available through col- 
lisional activation9~” Structurally diagnostic frag- 
ment ions often result when tandem mass spec- 
trometry is used in combination with these ionization 
methods, for example, to enhance abundances of 
sequence ions in the FAB spectra of peptides14 and 
oligosaccharides. Is DIjMS]MS has also been useful 
for lowering the detection limits for constituents in a 
complex mixture. I* For example, the combination of 
laser desorption with tandem mass spectrometry6 has 
been used successfully in a variety of studies, includ- 
ing the discovery of new quaternary alkaloids in 
complex mixtures, I6 In one study of the DI/MS~MS 
combination, Glish et al. followed the gas-phase 
chemistry of a variety of simple organic ions gener- 
ated in secondary-ion mass spectrometry (SIMS) with 
a multiple sector instrument.17 

One of the newer versions of the DI technique is 
that which employs a caesium ion source. This pri- 
mary ion source has been used for the desorption of 
a variety of biomolecules, e.g., cobalamine and pep- 
tides, particularly in Fourier-transform mass spec- 
trometers where the low gas load is an advantage.‘8,‘9 
This paper describes an interface between a triple 

quadrupole mass spectrometer and a caesium ion 
source. The device is simple and easily removed to 
allow substitution of other accessories. The main 
thrust of the paper is an exploration of the capabili- 
ties provided by this particular combination of the 
desorption ionization method and tandem mass spec- 
trometry. The rest&s presented concern (1) structural 
characterization, (2) signal-to-noise enhancement, (3) 
fragmentation paths for desorbed ions and (4) char- 
acterization of desorbed neutral molecules through 
ion-molecule reactions. 

EXPERIMENTAL 

Apparatus 

An exploded view of the caesium ion gun and the 
interface to the triple quadrupole mass spectrometer 
(Finnigan-Mat TSQ) is shown in Fig. 1. The caesium ion 
source and power s~pply~~ were purchased from Antek 
Corp. (Palo Alto, CA). The interface secures the caesium ion 
source and associated lens system in the vacuum system, 
from which it is electrically isolated, and allows the axis of 
the caesium ion beam to be oriented with respect to the mass 
spectrometer ion source. Electrical supplies to the caesium 
ion gun are provided by high-voltage feed-throughs carried 
in a flange other than that on which the caesium ion source 
is mounted. An aperture (3 mm diameter) in the ionization 
vohnne allows the caesium ion beam access to the probe on 
which the sample is loaded. The probe tips were machined 
so that the probe face was at various angles (45”, 60”, 75” 
and 90”) with respect to the primary beam. The best results 
were obtained with an angle of 75”. 

The spot size of the caesium ion beam is controlled by 
focusing lenses. The minimum spot size was ca. 2 mm in 
diameter (measured by means of the image apparent on a 
silver beam-flag) at a focal length of about 10 mm. Ion 
currents were also measured on a beam-flag, installed for 
this purpose in place of the ion volume; a Keithley Model 
417 picoammeter was used. The caesium ion current was ea. 
I ,uA in.the energy range 5-6 keV. At iower caesium ion 
energies, a large decrease in sensitivity was observed, as 
evidenced by the total ion-current plot for the desorption of 
silver nitrate in glycerol, shown in Fig. 2. All experiments 
were performed with the probe grounded. 
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Fig. 1. Exploded view of caesium ion source and interface, with typical lens voltages. 

Samples were prepared by suspending or dissolving the 
solid (I-100 pg) on the surface of a glycerol droplet (5-10 
pi) which bad been pfaeed on the probe tip. Mass spectra 
(Table 1) were obtained by scanning the third quadrupole, 
while operating the other two quadrupoles in the 
rad~ofrequen~~only mode. Daughter spectra (Table 2) were 
obtained by mass-selection of the parent ion by using the 
first quadrupole, and subjecting these ions to collision- 
induced dissociation (CID) in the second quadrupole 
operated in the radiofrequency-only mode, Parent_ scans 
were recorded by setting the third quadrupole to pass ions 
of a fixed m/z ratio and scanning the first quadrupole. 
Argon was used as co&ion gas at a pressure of ca. 
1.8 x lo-) mmHg (P~z., under multiple collision conditions). 
The collision energy, as determined from the potential 
difference between the collision quadrupole and the ion 
source (ground potential) was 20 eV. The potential of the 
third quadrupde was set at 2 V more negative than that of 
the second quadrupole. The ion source temperature was 
maintained at ea. 150”. Glycerol matrix background ions 
have not been removed from the mass spectra presented 
here; tbe typical background ions are the protonated gly- 

6kV 

Fig. 2. Plot of the total ion current of silver nitrate in a 
glycerol matrix as. accelerating voltage of the primary 

caesium ion beam. 

ceroi ohgomers, uiz. m/z 93 and 185, and their dehydration 
products, &. m/z 57, 75, 149 (which can also be due to a 
phthalate-delve ion) and 167. 

Reagent grade thiamine hydrochloride (1) and Wood- 
ward’s reagent L [Z~tert-butyl-5-methylisoxazolium per- 
chlorate, (Z)] were purchased from Fluka and used without 
further purification. Qrtho (3) and para (4) N’,N’- 
d~methyl-2-amino-N~N,~-t~methy~aniIin~um iodide were 
synthesized by standard methods. 

RESULTS AND DISCUSSION 

Initial expe~ments were aimed at evaluating the 
performance of the combination of caesium ion gun 
and triple quad~~le mass spectrometer. Particle- 
induced desorption of thiamine hydrochlo~de (1) has 
been studied by use of SIMS, liquid SIMS and 
plasma desorption,‘7*z’ making it a compound of 
choice for our investigations. The mass spectrum 
obtained by caesium ion bombardment of thiamine 
hydrochloride shows ions of m/z 26.5, 144, 123 and 
122 (relative abundances 24, 15, 40 and 100% re- 
spectively), These ions are assigned to C+, ThH+, 
PyCH:‘ and PyCH,' , respectively, where Py and Th 
represent the pyrimidine and thiazolium units and C+ 
is the intact cation. The ion at m/z 122 results from 
homolytic cleavage of the carbon-nitrogen bond 
between the rings in the intact ion, and m/z 144 
corresponds to the product of heterolytic cleavage of 
the carbon-nitrogen bond, with hydrogen transfer to 
the thiazolium ring, 

The daughter spectrum of the intact cation, 265+, 
generated by using caesium ion desorption of thi- 
amine hydrochloride, contains ions with FFZ/Z 122 and 
144 (1OO and 40% relative abundance, respe~tiv~iy~ in 
excellent agreement with previous reports on high- 
energy collision-induced dissociation experiments 
utilizing a sector instrument.‘7 The degree of simi- 
larity is striking, since the daughter spectra were 
obtained by employing two desorption methods with 
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Table 1. Summary of principal ions in mass spectra 

Compound Ions (relative abundance, %)* 

NH2 

(1) 265 (24,C+), 144 (15), 123 (40), 122 (IOO), 81 (35) 

C Y 

(2) CIO;, 
0 

+NKH3)3 

N(CH3)a I- 

140 (97, C+), 141 (6), 93 (24), 84 (loo), 75 (8), 73 (9), 57 (33), 55 (11) 

179 (100, C’) 164 (7), I33 (3). 93 (8) 74 (S), 57 (9) 

+N(CH3)3 

I- 179 (100, C’), 164 (22), 185 (12), 93 (55), 75 (14), 73 (9), 57 (17) 

*Ions with m/z 18.5, 167, 149, 93, 75, 57 in the mass spectra are typically, but not always, due to protonated glycerol 
oligomers and their dehydration products; m/z 133 is typically due to reflected caesium primary ions. C+ represents 
the intact cation. 

very different collision energies (keV us. eV) and The combination of caesium ion desorption and 
collision gas-pressures (50% US. 90% beam intensity MS/MS utilizes the strengths of both techniques. 
attenuation). Evidently, the internal energy trans- Desorption ionization methods frequently produce 
ferred when the selected ion is activated by collision intact molecular or quasi-molecular ions of non- 
is similar in the two ex~riments. volatile, thermally labile compounds, but MS/MS 

Compound 

Table 2. Summary of desorption ionization daughter spectra 

Parent ion m/z Daughter ions (relative abundance, %) 

(1) 

(2) 

(3) 

(4) 

265 
c,- I23 

122 

S 144 

ao; 

+N(CH,), 

N(CH,), I- 

+N (CH, j3 
I 
I 

Q 
c x- 

140 84 (IOO), 57 (31) 

I79 

179 

164 

122(100), 144f33) 
122 (3), 82 (54), 81 (21), 105 (6), 55 (lot)), 54 (28) 
121 (3), 81 (54), 54 (23), 42 (77), 122 (100) 
126(18), 113(100), 112(15) 

164(25), 149 (41), 134(34), 133 (60), 132 
120 (SO), 

(IOO), 
118 (32), 117 (9), 106 (30), 91 (26) 77 (8) 

164(98), 149(100), 122(22), 121 (6), 120(10), 
107 (12) 
159 (56), I22 (64) 121 (24), 120 (70), 107 (loo), 
106 (27), 79 (lo), 77 (9) 

I 
N KH, j2 
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Compound 

Table 3. Summary of desorption ionization parent spectra 

Daughter ion m/z Parent ions (relative abundance, %) 

(1) 

(2) 

(4) 

NH2 

122 265 (IOO), 266 (9), 267 (6) 
266 (23), 267 (6), 268 (S), 123 (100) 
164(72), 266 (19), 144 (100) 

84 140(100), 141 (8) 
57 140 (loo), 141 (24) 

+NfCH, I3 

x- 149 164(8), 179(100), ISO(I1) 

enhances the structural information to be gained 
through collisional activation of the parent ion. In 
addition, MS/MS is analytically useful for reducing 
chemical noise, enabling detection of minor com- 
ponents in a complex mixture. Examples are demon- 
strated below. 

Background noise due to neutrals is a common 
problem in desorption ionization experiments utiliz- 
ing liquid matrices. The selective elimination of un- 
desirable chemical noise in a DI experiment’* by 
using tandem mass spectrometry is illustrated with 
a 5O:l mixture of two salts, the ortho isomer 
of ~,~-dimethyl-2-amino-~~~,~-trimethylanilinium 
iodide (o-TMA iodide) (3) and Woodward’s reagent 
L (2). The Cs+-bombardment mass spectrum of this 
mixture in glycerol shows a signal for Woodward’s 
reagent L (m/t 140) which is lost in the background 
(less than 1% of the base peak m/z 179, which 
corresponds to the molecular ion of o-TMA, Fig. 3a). 
However, mass selection of mjz 140 from the same 
mixture, followed by collisional activation, yielded a 
daughter spectrum (Fig. 3b) which matches that of 
authentic Woodward’s reagent L [major daughter 
ions of m/z 140 are m/z 84, (100%) and 57 (23%)]. 

isomer (Fig. 5b). In addition, abundant ions of m/z 
132,133 and 134 are evident in the daughter spectrum 
of this isomer. These results for the isomers parallel 
those obtained by other authors using MS/MS but 
different ionization teehniques.22 The structures of the 
ions in the mass range 132-134 seen in the daughter 
ion spectrum of m/z 179 from o-TMA have not been 

The DI mass spectrum of this mixture contained an 
abundant 179+ molecular ion from o -TMA, but few 
structurally informative fragment ions were present. 
Similarly, the desorption mass spectrum of p-TMA 
iodide (4) also contained an abundant 179 ion and 
few fragment ions. The desorption mass spectra of 
the ortho and para isomers of TMA iodide (shown 
in Fig. 4) do not allow differentiation between 
the two compounds. However, striking differences 
are found in their respective daughter spectra (Fig. 5). 
The dominant ions in the daughter ion spectrum of 
the intact para cation (m/z 179) appear at m/z 149 
and 164, as shown in Fig. 5a. The same ions, m jz 149 
and 164, are also seen, but with different relative 
abundances, in the daughter spectrum of the ortho 

Fig. 3. (a) Desorption ionization mass spectrum of a SO: I 
mixture of Woodward’s reagent L and o-TMA; (b) daughter 
spectrum of Woodward’s reagent L intact cation, m/z 140; 
collision energy 20 eV, argon collision gas pressure 

179 
(a) 

84 
a? 
.’ 

(b) 
B 
E 

m/z 

1.8 x IO-’ mmHg. 
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(a) 

(b) 

3 

185 

L.- 

79 

1 , , , ( '20133 149'?4 i,1*5 
43 57 73 93 

Fig. 4. (a) Desorption ionization mass spectrum of p-TMA; 
(b) desorption ionization mass spectrum of o-TMA. 

determined conclusively, but are suggestive of ring- 
closure products (possible with the ortho isomer but 
not the para isomer) produced by collisional ex- 
citation of the molecular ion. A daughter spectrum of 
the proposed ring-closure fragment ion (m/z 133) 
displays a base peak at pn Jz 92 corresponding to loss 
of CH,CN. The second most abundant peak occurs 
at m/z 65. A proposed structure for m/z 133 consis- 
tent with the data is 

H 

H .4\ 
+ 6 b-i, 

I 
NH 

m/r 133 

In addition to providing structural information as 
shown above, collision-induced dissociation of gas- 
phase ions reveals details about the reaction processes 
which lead to production of the secondary ions 
recorded in a desorption ionization mass spectrum. 
The DI mass spectrum of Woodward’s reagent L 
contains a base peak at m/z 84 (probably loss of 
butene from the molecular ion), a molecular ion 
(m/z 140, 97% relative abundance, RA), and a peak 
at m/z 57 (33% RA) which most likely represents the 
tert-butyl ion. Formation of the ions with m/z 84 and 
57 could be the result of (1) the gas-phase fragmen- 
tation of an excited parent ion desocbed from the 
surface, or (2) desorbed fragment ions generated at 

(a) 
1 

149 

122 

107 

i 1 

(b) 

120 

I 

106 
9,’ I I 

I 

,4 

149 

164 

179 

I I I 

m/z 

Fig. 5.-(a) Daughter ion spectrum of m/z 179 of p-TMA; 
(b) daughter ion spectrum of m/z 179 of o-TMA; collision 

energy 20 eV, argon gas pressure 1.8 x low3 mmHg. 

the surface by the primary ions. The occurrence of the 
former process is supported by the daughter ion 
spectrum of the intact cation m/z 140. Selection of 
this ion with the first mass analyser, followed by 
coliision-induced dissociation in the second quadru- 
pole, yields fragments with m/z 57 and 84 and similar 
relative abundances to those observed in the mass 
spectrum. This adds to other evidence that gas-phase 
fragmentation of energetic secondary ions plays a 
major role in many desorption ionization experi- 
ments.*‘.” 

The formation of secondary ions in these experi- 
ments can be summarized as the result of direct 
desorption of preformed ions followed by gas-phase 
unimolecular fragmentation. In addition, caesium ion 
beams can be used to form ions by a route different 
from that discussed so far. To do this, the primary- 
ion impact region is arranged to fall within the 
enclosed ion volume, and chemical reagent gases are 
introduced above the sample surface. The primary 
ions desorb involatile sample molecules from the 
condensed phase and concurrently ionize an auxiliary 
chemical reagent gas. The resulting chemical reagent 
ions react with the desorbed neutral molecules. 
Ion-molecule reactions between FAB desorbed 
species and gaseous reagent ions created by electrons 
have previously been reported.*’ 

In a typical experiment methyl chloride was intro- 
duced as the auxiliary gas and was bombarded by 
6 keV primary caesium ions at an ion-current of 
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Table 4. Summary of DICI daughter spectra+ 

Daughter ions 
Compound Parent ion, m/z (relative abundance, %) 

OH 

(5) n / 1’ 125 110 (loo), 125 (40), 107 (22), 93 (5), 
79 (23), 77 (47), 65 (4) 

OH 140 123 (loo), 9.5 (17), 77 (?), 67 (29) 

OH 

125 I10 (MO), I25 (25), 107 (I I), 93 (5), 82 (7), 
79 (18), 77 (21), 65 (10) 

140 123 (loo), 95 (14), 77 (7), 67 (26) 65 (6) 

178 @Xl), 193 @I), 152 (7), 139 (5) 
227 (12), 218 (9), 191 (tOO), 178 (89) 

*Ionization of methyl chloride reagent gas is by Cs+. No electron ionization 
is used. 

cu. 1 pA. Predominant ions evident in the mass 
spectrum of the reagent gas occur at m/z 65 and 67 
corresponding to (CH,),CI+, at m/z 99 and 101 
corresponding to ClCH, . . . CH,CI+ and at m/z 49 
and 51 ascribed to CH,Cl+. These ions occur with the 
same relative abundance as those formed under 
standard chemical ionization (CI) conditions,26,*7 
but with lower absolute yields. The desorption 
ionization/chemical ionization (DICI) mass spectrum 
of m-dihydroxybenzene (resorcinol), obtained by 
using methyl chloride as the auxiliary gas, displays a 
variety of ions characterized as ion-molecule reaction 
products of methylation (m/z 125), halomethylation 
(m/z 1591, dimethylation (m/z 140), protonation 
(m/z 111) and charge exchange (m/z i IO). It is 
also possible that the ion at m/z 110 is the result of 
direct ionization of gaseous resorcinol by the primary 
caesium ion. 

In order to deduce the site of methylation on the 
desorbed neutral species, daughter spectra were 
obtained of both methylated (m/z 125) and dimethyl- 
ated (m/z 140) resorcinol (5) and hydroquinone (6) 
(see Table 4). Methylated resorcinol products in- 
duced by using DICI exhibited pr~ominantIy ring 
methylation26 as evidenced by the daughter spectrum 
of the parent ion, C7H&. The predominance of 
ring over substituent methylation was deduced by 
comparing the daughter spectra of the methylated 
species with that of protonated model compounds, 
viz. ,hydroxyanisoles and dihydroxytoluenes, ob- 
tained in a previous study. Specifically, the relative 
abundances of 79+ and 107+ (which suggest ring 
methylation of the model) are much higher than those 
of 65’ and 93+ (suggesting substituent methylation) 
in the daughter spectra of the methylated species, 
indicating predominantly ring methylation. Methyl- 
ation of hydroquinone occurs both in the aromatic 
ring and in the substituent, as is evident from 

the daughter spectrum of the methylated molecular 
ion (m/z 125), which reveals that ring methylation 
occurs more frequently than substituent methylation. 
Analogous results to these were obtained in standard 
chemical ionization experiments for the gas-phase 
methylation of the dihydroxybenzenes.26*z’ 

In addition to resoreinoi and hydroquinone, a 
fused-ring aromatic molecule, anthracene (?), was 
also subjected to DICI with methyl chloride as 
reagent gas. The base peak in the DICI mass spec- 
trum (Fig. 6) of anthracene occurs at m]z I93 and 
corresponds to methylated anthracene. Ionization of 
the neutral molecule (m/z 178) is the next most 
abundant process, followed by protonation (m/z 179) 
and halome~ylation (m/z 227). Collisional activation 
of 193+ resulted in fra~entation with loss of 
a methyl radical to give m/z 178 (summarized in 
Table 4) and the daughter spectrum of 227+ indicated 
loss of HCl to be the predominant process. 

178 

i 

I 

227 

229 

II 
m/z 

Fig. 6. Desorption ionization/chemical ionization of an- 
thracene. 
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CONCLUSIONS 9. D. F. Hunt, W. M. Bone, J. Shabanow~~, J. Rhodes 
and J. M. Ballard, Anal. Chem., 1981, 53, 1706. 

Counlina. of a caesium ion source to a triole 10. D. A. McCrery, D. A. Peake and M. L. Gross, ibid.. 

quad&pole mass spectrometer enhances the info&a- i985,57, 11811 

tion obtainable by using these techniques individu- 
II. W. R. Sherman, K. E. Ackerman, R. H. Bateman, B. 

ally. By utihzing the different types of scans available 
N. Green and 1. Lewis, Biomed. Mass Spectrom., 1985, 
12. 409. 

in tandem mass spectrometry (i.e., daughter and 
parent scans) information can be obtained which 
assists in isomer distinction, structure elucidation and 
studies in ion reaction mechanisms. In addition, for 
this particular apparatus, it was demonstrated that 
ion-molecule reactions can be induced between 
desorbed non-volatile neutral molecules and chemical 
reagent ions, and that this procedure also gives useful 
MS/MS spectra. 
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~umma~-~broma~e and cyanide have been determined by their ability to displace iodate from sparingly 
soluble lead iodate. The released iodate is treated with acidified iodide to give iodine, which is determined 
either by titration with thiosulphate, or spec;rophotometri~lly as its blue complex with starch. 
~bromium~II1) has been determined as chromate after its oxidation with ~roxydjsulphate. Sulphate, 
iodide, bromide, chloride, fluoride, oxalate, tartrate, phosphate and thiocyanate do not interfere. 
Thiosulphate, sulphite, sulphide, hexacyanoferrate(II) and molybdate ions vitiate the results. Silver, 
mercury, barium and iron(II1) should be masked. Mixtures of cyanide, thiocyanate and halides have been 
anaiysed by using complementary procedures that employ the iodates of lead and mercury. and bromine 
oxidimetry. It has been shown that cyanide or tbiocyanate interferes in the dete~jnatjon of iodide by 
oxidation to iodic acid, because of formation of cyanogen bromide. 

An anion can be determined by exchange for the 
anion of a sparingly soluble compound if it forms a 
still less soluble or ~~dissociated compound with the 
cation concerned. This principle has been tested with 
mercuric iodate’-4 for the determination of chloride, 
bromide, iodide, sulphide, sulphite, thiocyanate, cy- 
anide and thiosulphate, and with barium iodate’ for 
sulphate. The working procedure essentially consists 
of stirring the test solution with a sparingly soluble 
metal iodate and determining the iodate liberated, 
after filtering off the excess of solid reagent, by 
reaction with acidified iodide to yield iodine, which is 
either titrated with thiosulphate or measured spec- 
trophotolnetri~ally as its blue complex with starch. 
Since many anions are capable of displacing iodate 
from these two metal salts, the method lacks 
specificity.’ Also, strict adherence to the experimenta 
conditions is necessary to avoid excessive bIank 
values. 

The high sensitivity of the metal iodate methods led 
us to examine the analytical potential of lead iodate 
(which has not hitherto been used) for the deter- 
mination of chromate. Chromate does undergo 
anion-exchange with barium iodate, but there is 
serious interference by sulphate, which is the reduc- 
tion product of ~roxydisuiphate, comnlon~y used for 
oxidizing chromium(II1) to chromate. Severat other 
reagents have been tried for this oxidation, but 
peroxydisulphate in the presence of silver(I) has been 
found to be the most effective. Unlike other metat 
iodate methods, the determination of chromate with 
lead iodate is not subject to interference by large 
amounts of a number of ions. The blank values are 
almost negligible and not sensitive to changes in 
reaction conditions. Cyanide afso reacts quan- 

t~tatively with lead iodate, but relatively slowly, and 
can be eliminated as hydrogen cyanide from samples 
that are to be analysed for chromium. 

Reagents 

Lead iodate. Prepared by slowly adding (with constant 
stirring) a solution of2S.7 g (0.12 mole) of potassium iodate 
in 250 ml of warm water to a solution of 16.5 g (0.05 moief 
of lead nitrate in 200 ml of water, digesting the heavy 
precipitate of lead iodate on a boiling water-bath for 15 min, 
cooling to room temperature, and repeatedly washing with 
water by decant&ion, then with ethanol followed by diethyl 
ether. The product was obtained in almost theoretical yield 
(25 g), and found to be 99.6% pure by iodometric analysis. 

.Mercuric iadnte. Prepared similarly to lead iodate, by 
using 16.0 g (0.05 mole) of mercuric acetate and 25.7 g (0.12 
mole) of potassium iodate. The product was 99.8% pure as 
determined by iodometry. 

~~~r~~-~Qdjde sokkm. Made by boiling a solution of 4 g 
of cadmium iodide in 150 ml of water to remove any traces 
of iodine, then slowly adding a suspension of 5 g of soluble 
starch in SO ml of water, continuing the boiling for 10 min, 
cooling and diluting to 250 ml. only freshly prepared 
solutions were used. 

Standard solutions of test samples. Prepared by dissolving 
the stoichiometric amounts of high-purity reagents in dis- 
tilled water, and standardized, potassium chromate by 
titration with ammonium iron(H) sulphatq6 potassium cy- 
anide and ammonium thiocyanate with mercuric iodate,3 
potassium iodide by a bromine amplification method’ and 
potassium bromide and chloride by argentometry.* 

Standardsolution of chromium(Il1). Made by reducing an 
appropriate weight of analytical reagent grade potassium 
dichromate with sodium metabisulph~te in ditute suiphuric 
acid, boiling to remove sulphur dioxide, diluting the cooled 
solution to a known volume and standardizing.6 

Less concentrated test solutions were made by diluting the 
stock solutions with water. All other substances used were 
of the highest purity available. 

too9 
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Apparatus 

A Pye-Unicam SP S-100 spectrophotometer was used. 

regermination of chromate 

Tj~rarion. To a S-ml portion of test solution, contajning 
0.5-S mg of chromate, in a 20-ml beaker, add 0.5 mf of 1% 
acetic acid and about 100 mg of finely powdered lead iodate, 
then stir for 20min. Filter and wash by decantation, using 
a Whatman No. 41 filter paper and three successive washes 
with 5-ml portions of water, mix the combined filtrate and 
washings with O.Sg of potassium iodide, 2 ml of 5% 
sulphuric acid and 25 ml of water, then titrate the liberated 
iodine with O.OlM thiosulphate (if the test sample contains 
up to 2 mg of chromate) or with 0.04M titrant (for larger 
amounts), Concurrently run a blank determination with 
approximately the same amount of lead iodate (the blank 
titration is usually 0.10 ml of 0.04&f thiosulphate~. 

CrOz‘ (mg) = 9.67 AI04 

where AV is the difference in the volume (ml) of thiosulphate 
(molarity M) used in the sample and blank determinations. 

Spec~ro~ho~omeir~c determination. A standard solution of 
potassium iodate is used for construction of the cali- 
bration graph. This has the advantage that a single cali- 
bration graph can be used for the determination of diverse 
anions. 

Prepare a solution of potassium iodate containing 25.0 
mg of iodate (IO;) per litre. Mix 0.5-3.0 ml volumes of this 
solution with 2 ml of starch-iodide reagent and 1 ml of 1~44 
sulphurie acid, in a 25-ml standard flask, shake and make 
up to the mark. After 5 min read the absorbance at 580 nm 
in a i-cm ceil, against water, and plot it against the weight 
f&g) of iodate present to construct the calibration graph. 

Combine a 5-ml aliquot of test solution, ~ntaining l&30 
/Ig of chromate, with 1 drop of 1% acetic acid and 20 mg 
of lead iodate. Stir for 20 min, filter into a 25ml standard 
flask and wash the residue with three 2-ml portions of water. 
Treat the combined filtrate plus washings with 2 ml of 
starch-iodide reagent and 1 ml of 1M sulphuric acid, dilute 
to volume and measure the absorbance after 5 min at 580 
nm against a reagent blank. Reference to the calibration 
graph gives the amount of iodate liberated, which is related 
to that of chromate in the sample aliquot by the equation 

CrOj- @g) = 0.331m 

where m is the amount of iodate (gg) liberated. 

~elerrn~~a~ion of chromic (III) 

Mix a measured volume (S-10 ml) of test solution, 
containing 0.2-2 mg of chromi~(III~ for titration and 4-12 
fig for spectrophotometric determination, with 2 ml of 1M 
sulphuric acid and 1 drop of 0.1% silver nitrate solution. 
Heat on a hot-plate, while adding ammonium peroxydisul- 
phate in small portions with stirring, the amount of oxidant 
being 0.5 g for visual titration and 0.2 g for spectrophoto- 
metric measurement. Boil the solution gently for 15 min 
(adding water to compensate for evaporation), cool, neu- 
tralize the acid with 10% ammonia solution, then acidify 
with 5% acetic acid, and determine chromate as described 
before. 

CT)+ (mg) = 4.336 VM 

Cr)+ (98) = 0.1486312 

~eterrn~~u~~on of cyanide 
Stir 0.13-3 mg of cyanide and 100 mg of lead iodate (for 

titration) and 2-8 I_I~ of cyanide and 20 mg of lead iodate 
(for spedtrophotomeiric determination) in 5-10 ml of water 
for 2 hr. Filter, wash the residue with water, then analyse the 
filtrate for iodate by the titration or spectrophotometric 
procedure 

CN- (mg) = 4.33AVM 

CN- (gg) = 0.1486m 

Analysis of mixtures of cyanide with thiocyanate, chloride, 
bromide or iodide. Stir a known volume (5-10 ml) of binary 
mixture, convening not more than 0.1 mmole total of the 
determined anions, with 100 mg of lead iodate for 2 hr. 
Filter, wash with water, combine the filtrate with 0.5 g of 
potassium iodide and 2 ml of 5% sulphuric acid, then titrate 
the released iodine with 0.04M thiosulphate. Run a blank 
determination. Let the difference between the sample and 
blank titrations be V ml; then 

CN- (mgf = 4.33VM 

Combine a separate but equal volume of mixture with an 
equal voiume of 95% ethanol and 100 mg of mercuric 
iodate, stir for 30 min, filter, wash the residue with three 
5-ml portions of 50% ethanol, mix the filtrate with 0.5 mg 
of potassium iodide and 2 ml of 5% sulphuric acid, and 
titrate the liberated iodine with 0.04&f thiosulphate. Do a 
blank determination. Let the corrected titration volume be 
V’ ml. 

Co-existing anion (mgf = FM( V‘ - V) 

where the factor F is 9.67, 5.92, 13.33 and 21.16 for 
thiocyanate, chloride, bromide and iodide, respectively. 

Analysis of mixtures of cyanide, bromide and iodide. Three 
analyses are necessary on three separate but equal-sized 
samples of test solution (5-10 ml) containing a total of 
about 0.1 mmole of the determinands, each analysis accom- 
panied by the approp~ate blank. The same thiosulphate 
solution is used throughout. 

sample 1. Determine cyanide by using lead iodate 
(titration procedure) as described above; iodide and bro- 
mide do not interfere. Let the net titration volume be V ml 
of thiosulphate of molarity hf. 

.S’a&e 2. Determine the sum of the three anions by the 
mercuric iodate method. Let the net volume of thiosulphate 
be I/’ ml. 

Sampie 3. Add a saturated aqueous solution of bromine 
until the colour of free bromine persists, shake the solution 
for 5 min, add 0.5 g of sodium acetate, and the formic acid 
dropwise until the bromine colour disappears. After 2 min, 
add 1 g of potassium iodide and 5 ml of 5% suiphuric acid 
and titrate the iiberated iodine with thiosulphate. Let the 
net volume of ~iosulphate be I”’ ml. 

CN- (mg) = 4.33 VM 

I- (mg) = 21.16M(V” - Y/3) 

Br- (mg) = 13.33 M[V’ - (v” + 2V/3)] 

RESULTS AND DISCUSSION 

The anion-exchange reaction that occurs when 
chromate is stirred with a suspension of lead iodate 
is: 

CrO:- + Pb(IO~)~~PbCrO~ + 210; 

The solubiIity products (&) for the lead iodate and 
chromate are 1.2 x IO-r3 and 1.8 x IO-l4 re- 
spectively.9 The most suitable pH range for the 
exchange reaction is 4-8. The method can be used to 
analyse mixtures of chromium(II1) and chromate by 
first determining the chromate, then oxidizing chro- 
mium(II1) with persulphate (with silver as catalyst) 
and determining the total chromate, the chromium- 
(III) being obtained by difference. The deter- 
minations are not affected by the presence of as much 
as a IOO-fold molar ratio (to chromium~ of chloride, 
bromide, fluoride, iodide, phosphate, oxalate, tar- 
trate, thiocyanate or sulphate. Sulphide, sulphite or 
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cyanide, if also present with chromium(III), should 
be removed before the analysis, by boiling the test 
solution after acidification. Thiosulphate does not 
undergo anion-exchange with lead iodate but inter- 
feres in the iodometric titration. Hexacyano- 
ferrate(I1) and molybdate vitiate the analysis by 
giving analogous exchange reactions. Ammonium, 
alkali metals, zinc and manganese do not interfere. 
Iron(II1) and mercury(I1) should be masked by for- 
ming the fluoride and chloride complexes, re- 
spectively, and silver and barium by their precip- 
itation as chloride and sulphate respectively. 

The spectrophotometric determinations with mer- 
curic and barium iodates employ ethanol as a co- 
solvent to minimize the reagent blank. However, the 
absorption spectrum of the blue starch-iodine com- 
plex is critically dependent on the alcohol concen- 
tration, making necessary the construction of a cali- 
bration graph under exactly identical conditions. 
Lead iodate, being much less soluble than the mercu- 
ric and barium salts,’ gives a negligible blank in 
aqueous medium, and addition of ethanol is not 
necessary. 

The tolerance for thiocyanate, bromide, iodide and 
chloride in the lead iodate method suggested that 
their mixtures with cyanide might be analysed by 
using mercuric iodate as a complementary reagent to 
determine the sum of the anions concerned. Iodide is 
most commonly determined by oxidation with bro- 
mine to iodic acid, then iodometry after reduction of 
excess of bromine with formic acid.‘“.” Cyanide 
forms cyanogen bromide with bromine,” which is not 
reduced by formic acid and also liberates iodine on 
reaction with potassium iodide. Thus, high values for 

iodide are obtained if cyanide is an impurity. Thio- 
cyanate behaves similarly. 

SCN- + 4Br, + 4H20 

-+CNBr + SOi- + 8H+ + 7Br- 

The analysis of mixtures of iodide with cyanide or 
thiocyanate is possible by two separate deter- 
minations based on bromine oxidation and anion- 
exchange with mercuric iodate. On bromine ox- 
idation, iodide gives the same amount of iodate as 
that released in the mercuric iodate reaction, but one 
mole of cyanide or thiocyanate liberates only one 
mole of iodine instead of the three moles it gives in 
the mercuric iodate method: 

21- + Hg(I0,)2-+HgI, i- 210, 

2CN- + Hg(IO,),+Hg(CN), + 210; 

2SCN- -t Hg(IO,),+Hg(SCN), + 210; 

I- + ?Br, + 3H,O-+IO; + 6H+ + 6Br- 

CN- + Br, -XNBr + Br - 

IO, + 51- + 6H+-+312 + 3H,O 

CNBr + 21--*I, f CN- -t- Br- 

The equations used for calculation are 

SCN-(mg) = 14SM( V - V’) 

CN-(mg) = 6SM( V - V’) 

I- (mg) = 21,16M(lSV -0.55’) 

where I/ is the net volume (ml) of thiosulphate 
(molarity M) used in the mercuric iodate method, 

Table 1. Spectrophotometric and titrimetric determination of chromate, chromium(III) 
and cyanide 

Titrimetric determination Spectrophotometric determination 
-.. ~.._ ______ 

Taken, Found,* Taken,? Found,* 
Ion WZ w CV, % Pg !-@ cv, % 

Cr(VI) 0.46 0.45 0.5 9.8 9.9 1.8 
0.78 0.81 0.4 12.5 12.0 I.5 
1.60 1.63 0.4 15.6 15.9 0.9 
2.38 2.36 0.2 19.2 19.5 0.7 
3.42 3.44 0.3 25.0 24.6 1.2 
4.90 4.95 0.4 28.6 28.0 1.6 

Cr(II1) 0.18 0.20 0.6 3.9 3.7 2.0 
0.45 0.48 0.5 5.5 5.8 1.6 
I .08 1.10 0.5 8.8 8.4 1.5 
I.56 I.58 0.3 IO.6 10.2 I.5 
1.79 I.81 0.4 11.8 11,6 I.7 
2.10 2.08 0.5 12.2 12.5 1.8 

CN- 0.12 0.11 0.5 2.1 2.0 2.2 
0.32 0.33 0.5 4.5 4.2 1.9 
0.85 0.83 0.6 5.6 5.8 1.6 
1.40 1.38 0.6 6.8 6.4 1.5 
1.83 1.80 0.5 1.2 1.0 1.8 
2.55 2.58 0.6 8.4 8.1 1.9 

*Average of six determinations; CV = coefficient of variation. 
TAmount found by spectrophotometric reference methods; chromium(V1) by diph- 

enylcarbazide,13 chromium(II1) by phenylarsenazo14 and cyanide by palladium(H) 
5-phenyl~o-8-am~noquinoline.‘s 
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Table 2. Titrimetric analysis of mixtures (mean of 6 determinations CV = coefficient of 
variation) 

Taken, rng Found, mg 

I II III I cv, % II cv, % III cv, %- 

Cyanide 
0.457 
0.680 
1.22 
1.40 
0.65 

Bromide Iodide 
I.85 6.20 
2.06 5.16 
2.84 3.15 

0.461 0.5 1.88 0.8 6.17 0.5 
0.659 0.5 2.10 0.6 5.58 0.5 
1.20 0.6 2.90 0.8 3.21 0.4 
1.46 0.4 1.63 0.5 2.14 0.5 
0.63 0.6 3.09 0.6 3.36 0.6 

Chromate 
2.10 
3.42 
3.90 
4.62 

1.62 2.04 
3.05 3.25 

Chromium (III) 
1.52 
0.841 
0.636 
0.458 

2.04 0.5 1.46 0.6 
3.39 0.2 0.828 0.4 
3.85 0.3 0.650 0.4 
4.60 0.4 0.482 OS 

Cyanide Thiocyanate 
0.620 4.80 
1.20 3.52 
1.63 2.65 
2.01 1.84 

0.609 0.5 4.72 0.5 
1.22 0.4 3.48 0.4 
1.60 0.2 2.69 0.3 
2.10 0.5 1.76 0.5 

Cyanide Bromide 
0.582 5.83 
1.16 4.42 
I.52 3.56 
1.86 2.13 

0.556 0.4 5.76 0.5 
1.10 0.5 4.45 0.4 
1.48 0.5 3.61 0.5 
1.78 0.5 2.07 0.6 

Cyanide Iodide 
0.559 9.82 
1.21 6.26 
1.60 4.75 
1.95 3.00 

0.580 0.6 9.75 0.5 
1.19 0.5 6.18 0.5 
I.65 0.5 4.68 0.4 
1.90 0.4 2.95 0.5 

Cyanide Chloride 
0.656 2.95 
1.32 2.02 
1.70 1.67 
2.03 0.91 

0.672 0.6 2.90 0.4 
1.36 0.5 2.08 0.5 
1.68 0.5 1.73 0.5 
2.10 0.4 0.94 0.5 

Thiocyanate Iodide 
2.86 9.12 
3.54 8.51 
4.45 7.33 
5.21 6.41 
6.37 4.26 

2.88 0.6 9.25 0.8 
3.50 0.5 8.46 0.7 
4.51 0.5 7.23 0.6 
5.18 0.4 6.38 0.6 
6.32 0.5 4.19 0.8 

6.85 3.14 6.93 0.6 3.20 0.8 

and V’ is the net volume of thiosulphate required in 
the bromine oxidation method. 

Results given in Tables 1 and 2 for the deter- 
mination of various ions suggest that the proposed 
procedures are accurate and precise. 

Chromium occurs widely in the tervalent and 
sexivalent states in nature and in industrial waste 
waters. Chromium(II1) is an essential element to 
mammals, but chromium(W) is harmful to animals 
and plants, and microdete~inations of these oxi- 
dation states are of interest.“j.” Several reagents for 
chromium(II1) have been developed,‘* but the most 
usual method is oxidation to chromium(W) and 
either titration with iron or spectrophotometric 
determination with diphenyicarbazide.‘3 Recently, se- 
quential determinations of chromium(II1) and (VI) 
have been reported. ‘9-21 The lead iodate method given 
here has a much better stoichiometric ratio of titrant 
to analyte (by a factor of four) than iron(H) titrations 
of chromium(V1). 

Chloramine-T and dibromamine-T have been used 
as titrimetric oxidizing agents for the determination 
of cyanide.‘2 Thiocyanate also reacts quantitatively 
with these reagents. After the methyl isocyanate gas 
tragedy at Bhopal, cyanide and thiocyanate were 
detected in the local water. Such mixtures have been 
analysed by separation of the cyanide as zinc cy- 
anide,22 but bromide and iodide interfere severely. 
Ten organic aromatic haIosuIphonamides have been 
prepared and used for thiocyanate determination in 
its metal salts and complexes.23 

The reaction of halides with mercuric iodate is the 
most sensitive available method,3 but many other 
ions also react. The amplification method for iodide 
involving oxidation to iodic acid (which is iodo- 
metrically determined) with bromine’,” tolerates 
large quantities of bromide, but that using periodate 
oxidation gives higher blank values if bromide is also 
present.24,25 Determination of bromide in the presence 
of iodide seems to be troublesome, the best procedure 
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perhaps being argentometric titration with end-point 
detection by potentiometry or with adsorption indi- 
cators.’ Mixtures of iodide and bromide have recently 
been analysed by using t-iodosobenzoate, the se- 
quential oxidation to halogens being effected by 
control of pHz6 

Lead iodate is more selective in its action than 
barium and mercuric iodates, and a suitable combi- 
nation of methods using these reagents and bromine 
can profitably be employed for the analysis of mix- 
tures of ions which are otherwise troublesome to 
determine.*’ 

Ac~~owledge~e~i-Thanks are due to the Council of 
Scientific and Industrial Research, New Delhi, for a Senior 
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Summary-A computer program, CHEMEQUIL-2 (CHEMical EQUILibrium), based on interfacing an 
iterative afgorithm with the Newton-Raphson method, for calculating equiiib~~ compositions in 
aqueous mixtures of metals and ligands, is described. The program is also capable of simulating acid-base 
titrations. It has been compared with MINIQUAD, COMPLEX and MINEQL with respect to execution 
time and memory requirements. As a result of algorithm development and program design, 
CHEMEQUIL-2 offers considerable savings in both execution time (by I-2 orders of magnitude) and 
memory requirements, especially for targe problems, compared to these programs. The computational 
efficiency of CHEMEQUIL-2 makes it well suited for use in hydrogeochemical transport models. 

In a multicomponent system, metals and ligands may 
react to form complexes, and calculations of the 
concentration of free components and complexes is 
necessary in several contexts, such as analytical chem- 
istry, environmental chemistry, geochemistry, and 
biochemistry. Given the analytical concentration of 
metals and ligands and the stability constants for 
complexes, the task is to compute the concentration 
of free metals, ligands, and complexes. Various ap- 
proaches to calculation of chemical equilibria have 
heen described’ and existing computer programs have 
been reviewed.2.3 

A basic set of reactants are called components. 
These components, normally metals and ligands, may 
react to form complexes in aqueous solutions. Con- 
centrations of all species may be calculated from the 
concentrations of uncomplexed components and the 
stability constants of the compfexes. At equilibrium, 
the mass-action and mass-balance constraints that 
must hold may be stated as follows: 

Mass-action expression: 

C,=P,fiX,Ad (i=l,..*,n) 
i=l 

Mass-balance expression: 

(1) 

TOT,=X,+f AbCi (i=l,..., m) (2) ,-=-, 

where the symbols used have the following meanings 

A, Stoichiometric coefficient of component 
i in complex j 

6 Overall stability (formation) constant of 
the jth complex 

cj Concentration of complex j 
CALC, Calculated total concentration at an 

intermediate iteration (based on guesses 
for XT) 

k 

m 
n 
STEP 

TOL 
TOT, 

Xi 

The iteration number for the iterative 
algorithm 
The number of components 
The number of complexes 
The step size for varying concentration 
(in log units) of a fixed component 
Convergence tolerance parameter 
Total concentration of component i 
Concentration of free component i 

According to Brinkley’s approach,4 the mass- 
balance equations are solved subject to the con- 
straints of the equilibrium constant (mass-action) 
equations. 

Various iterative methods can be used to solve the 
system of non-linear algebraic equations obtained by 
substituting (1) in (2).‘” The Newton-Raphson 
method”” has been widely used in such calculations, 
and MINIQUADS was found to be the most efficient3 
among programs tested. In the Newton-Raphson 
method, an initial guess is made (Xp) for the concen- 
trations of the free components and corresponding C, 
values are calculated. The Xi and Cj values are 
then used to evaluate the mass-balance equations 
(CALC,). Iterations are continued until the calcu- 
lated mass-balance (CALC,) is sufficiently close to 
TOT, for all components. 

The principal disadvantage of the Newton- 
Raphson method6j9,” is that, unless the X9 values are 
close enough to the actual values for the system, the 
method may take a large number of iterations to 
converge, or may even diverge in spite of the existence 
of a unique real solution.“” The task of choosing 
a good initial guess is often difficult and is at the 
root of most of the problems encountered by the 
Newton-Raphson method. 

This paper describes an iterative algorithm 
for calculating the equilibrium concentration of 
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free components, and a FORTRAN program, 
CHEMEQUIL-2, that is based on interfacing the 
proposed algorithm with the Newton-Raphson 
method. A comparison of CHEMEQUIL-2 and some 
existing programs with respect to array requirements 
and execution times is also presented. 

ALGORITHM 

The development of the proposed iterative algo- 
rithm was influenced by the work of Ginzburg,” who 
wrote the program COMPLEX. The algorithm starts 
by setting Xp = TOT, for all components (without 
any distinction between metals and ligands), and uses 
the following iterative formula to calculate successive 
approximations: 

TOT, 
x4+‘=- I CALC! 

x: 

in which CALC, is the value of the right-hand side of 
equation (2) at Xi = Xf. 

The implementation involves the following steps. 

1. Repeat steps 2-5 for all components (except 
those that are fixed, such as pH or pC1) starting with 
the component present in the smallest number of 
complexes and ending with the one present in the 
largest number of complexes. 

2. If this is the first pass, set Xp = TOT,. 
3. Calculate the concentration of those complexes 

for which A,#O, using the updated values 
X~+‘-X~~,i and Xf-_Yi in equation (1). 

4. Evaluate CALC, by using equation (2). 
5. Compute xf”, using equation (3). 
6. Test for convergence and proceed: 

If ITOT, - CALCJ <TOT, x TOL for all com- 
ponents, stop; otherwise start again at step I. 

The specification in step 1 that the iterations begin 
with the component present in the fewest complexes 
was found to give a substantial reduction in program 
run-time. Although this method alone is sufficient for 
solving chemical equilibrium problems, the rate of 
iterative improvement becomes rather slow when the 
Xj values approach the true ones. Therefore, a hybrid 
computer program was developed in which the 
first phase uses the new algorithm and the second 
phase uses the multidimensional Newton-Raphson 
method. Phase I brings the X: values fairly close to 
the final values (TOL = OS), then in phase II the 

Newton-Raphson method is invoked to force rapid 
convergence. This approach eliminates the di~~ulties 
of the ordinary Newton-Raphson method, thus en- 
suring rapid convergence throughout. For the com- 
ponent H+, when E H + = 0 and the pH is not fixed, 
only the Newton-Raphson method is used because 
equation (3) collapses at C H+ = 0. 

THE CHEMEQUIL-2 PROGRAM 

The algorithm has been implements in 
FORTRAN. A complete description of the key 
variables, options, and input to the program is in- 
cluded in the program listing which is available on 
request (see Program availability). The program has 
built-in options for varying a fixed ligand or cation 
concentration, such as pH, and for simulating 
acid-base titrations. The program has been run on 
many different computers under various operating 
systems, including DEC-20, DEC-IO, VAX/UNIX, 
VAXjVMS and IBM 370. 

Comparison of storage requirements 

Almost all programs for equilibrium calculations 
utilize a two-dimensional array for storing the stoi- 
chiometric coefficients of the ith component in thejth 
complex (e.g., MINEQL13). Because the number of 
components in a complex seldom exceeds 5, the array 
(A} is sparse (i.e., most of the A, values are 0); its 
sparsity grows with increasing number of com- 
ponents and complexes. This can cause difficulties on 
smaller computers or for large problems, prompting 
the suggestion3 that programs such as COMPLEX or 
COMICS may be preferable to faster programs such 
as MINIQUAD when the memory is limited or the 
problem to be solved is very large. This is because 
most programs store zeros as well. Furthermore, 
storing, referencing, and multiplying by zeros during 
computation increases the “Do LOOP overhead” 
and program run-time. CHEMEQUIL-2 exploits the 
storage algorithm outlined by Tripathii4 which uses a 
data structure to store only non-zero coefficients. 
Table 1 shows the storage requirements for some 
programs. In CHEMEQUIL-2, a considerable saving 
(by up to a factor of 5.7) in storage has been achieved 
by storing only non-zero stoichiometric coefficients; 
the relative saving grows with problem size. For 
MINIQUAD and MINEQLi3 only those arrays 
required for concentration calculations were counted. 

Table 1. Array requirements for some programs as a function of the number of 
components and complexes 

Program 

No. of components x no. of complexes 

6 x 20 10x50 20x50 20 x 100 30x400 50 x 500 

CHEMEQUIL 400 880 1320 1920 6160 9240 
COMPLEX 281 825 1435 2635 13,945 27,565 
MINIQUAD 360 1010 19.50 3200 15,340 30,720 
COMICS 390 1320 2370 4620 26,170 52,770 
MINEQL 744 1328 2178 3378 15,128 30,228 
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A sample pro~~ern 

The sampfe probiem 
species distribution in 
metal-ion components 

consists of calculating the 
a system containing three 
(UO:+, Hg*+, Cd!+), six 

ligands (CO:-, SO:-, PO;-, F-, Cl-, SiO$-), and 
fifty complexes, as a function of pH. Table 2 contains 
the input data for this problem, with pH STEP = 4.0. 
A segment of output from CHEMEQUIL-2 for this 
problem is shown in Table 3. 

Comparison of run-times with MINIQUAD, 
COMPLEX and MiNEQL 

The computational efficiency of CHEMEQUIL-2 
was compared with that of MINIQUAD,3,5 
MINEQL13 and COMPLEX.‘2 For this comparison, 
the program segments responsible for output in 
MINIQUAD and COMPLEX were rewritten to 
make their output as similar as possible to that of 
CHEMEQUIL-2. For MINEQL, only TYPE I, II 
and III species were printed. Moreover, for 
MINEQL, TYPE V species were not considered 
during computation; therefore, the execution time for 
MINEQL reflects only solution-phase calculations. 
Some other modifications for MINIQUAD are de- 
scribed in the Appendix. AI! programs were run in 
single precision. The convergence tolerance (TOL or 

equivalent) was set at 1O-.-4 for all programs. 
All programs were saved as executable files, so the 

execution times do not include compilation time. 
Program testing was done on a DEC-20 computer in 
a time-sharing environment; therefore, the CPU time 
includes the time spent by the operating system in 
swapping jobs. All programs were subject to this 
overhead. However, the testing was done when few 
users were on the system and the system “load” was 
very low, so nearly all of the CPU time reflects 
execution time. 

The example described in the preceding section was 
solved for pH increments of 0.2,2.0 and 4.0, and the 
corresponding execution times shown in Table 4, 
from which it is evident that CHEMEQUTL-2 is the 
fastest for the sample problem. 

CHEMEQUIL-2 was also compared with the pro- 
grams studied by Leggett.3 Leggett evaluated seven 
computer programs on the basis of their run-times on 
six equilib~um systems (containing at most two 
metals and three ligands). Using storage require- 
ments and execution time as criteria, he observed 
the order of efficiency to be MINIQUAD > 
COMPLEX > SPECON II > MINIQUAD- > 
EQUIL 9 COMICS. Table 5 shows a comparison 
between CHEMEQUIL-2 and MINIQUAD, which 
shows the two programs take almost equal time; 
however, from Tables 4 and 5, it appears that with a 

growing number of components and complexes 

CHEM~QUIL-2 can be faster. 
To evaluate the relative efficiency of CHEM- 

EQUIL, MINIQUAD, MINEQL and COMPLEX 
for large systems, a hypothetical system containing 28 

components was designed, consisting of metal-ions 
(UO:*, Hg2+ Cd*’ Ca2” M 2+ Ba2+ Mn*+ Cu’+ g, 3 
Zn’+, Ni2+, bb2+, ‘Fe3+,‘Ag+, A13+, Co2+),‘twelve 

Table 2. Input data for the example problem 

Example run for the program CHE~EQUIL 
O.l?90E-050 
O.l5~E-030 
0. 1OOOE - 05 0 
O.loooE-020 
O.l%OE-040 
0.282OE - 03 0 
0.4990E - 03 0 
O.OOOOE + 00 1 
0. 1oOOE - 05 0 
0. IOOOE - 05 0 
0.9990E + 03 0 

uo2 co3 PO4 
- 14.000 8 

-5.780 1 
-5.630 1 

-15.650 1 
10.070 1 
16.980 1 
21.400 1 
5.100 1 
8.960 1 

11.350 I 
12.570 1 
0.240 I 
2.730 1 
4.220 1 

20.750 1 
43.260 1 
22.580 1 
44.570 1 
65.840 1 
20.530 1 
10.330 2 
16.690 2 
1.990 4 
3.180 5 

12.350 3 
19.550 3 
21.700 3 
13.110 7 
22.930 7 

-3.160 9 
-5.180 9 

-20.260 9 
2.400 9 
3.500 9 
7.270 9 

14.000 9 
14.880 9 
15.600 9 
1.600 9 
4.750 9 
3.200 10 
2.300 10 
2.000 10 
2.700 10 
2.100 10 
1.100 10 
3.900 10 

-9.000 10 
-19.100 10 
-30.400 10 
999.000 0 

01 1 

O.oOOoE $00 
0.~0~ + 00 
O.OOOOE + 00 
O.OOOOE + 00 
O.~OE + 00 
O.OOOOE + 00 
O.~E + 00 
O.lOOOE - 01 
O.OOOOE + 00 
O.OOOOE + 00 
O.OOOOE + 00 
so4 F 
-1.0 

1.0 
2.0 
3.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
I.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0.0 

8 2.000 10.000 4.000 

CL 
0 
8 
8 
8 
2 
2 
2 
5 
5 
5 
5 
6 
4 
4 
3 
3 
3 
3 
3 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
4 
4 
6 
6 
6 
6 
5 
8 

: 
6 
6 
6 
5 
3 
8 
8 
8 
0 

S103H 
0.0 

-1.0 
-2.0 
-5.0 

1.0 
2.0 
3.0 
1.0 
2.0 
3.0 
4.0 
1.0 
1.0 
2.0 
1.0 
2.0 
1.0 
2.0 
3.0 
1.0 
I.0 
2.0 
1.0 
1.0 
1.0 
2.0 
3.0 
1.0 
2.0 

-1.0 
-2.0 
-3.0 

1.0 
2.0 
1.0 
2.0 
3.0 
4.0 
1.0 

-1.0 
1.0 
1.0 
1.0 
2.0 
3.0 
1.0 
1.0 

-1.0 
-2.0 
-3.0 

0.0 

HG 
0 
0 
0 

: 
0 

:: 
0 
0 
0 
0 
0 
0 
8 
8 
8 
8 
8 
8 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
6 
0 
0 
0 
0 
0 
0 
0 
0 

: 
0 

CD 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
2.0 
2.0 
4.0 
6.0 
1.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
1.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
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Table 3. Example run for the program C~E~EQUIL 

Concentration of components 
Iteration No. 7 Newton No. 1 

ID Name X PX Tot, Differ Type 

uo2 
co3 
PO4 
SCM 
F 
CL 
SIO3 

ks 
CD 

I .2780E - 06 - s.a93sE f 00 
3.062X - 17 - 1.6514B + 01 
l.I66SE-22 -2.1933E+Ol 
5.0553E - 04 -3.29638 + 00 
9.69408 - 07 -6.013% + 00 
2.7997E - 04 - 3.5529E + 00 
5.86278 - 23 -2.2232E i-Of. 
f.OOOOE - 02 - 2.OOOOE “t- 00 
1.2719E - I3 - I .2896E + 01 
8.85alE - 07 -6.0527l.Z + 00 

I .?QOOE - 06 8.3844E - 13 0 
1. SOOOE - 04 - 2.0009E - 11 0 
1 .OOOOE - 06 2.1316E - 13 0 
I .OOOOE - 03 - 1.4552E - 11 0 
1.5800E - OS 1.5916E - 12 0 
2.82OOE - 04 25466E - f 1 0 
4.~0OE - 04 -7.276OE - 12 0 
O.OOOOE + 00 O.OOOOE + 00 1 8 

9 
10 

1 .OOOOE - 06 9S213E - 12 0 
1 .OOOOE - 06 5.2580E - 13 0 

ID Beta 
Concentration of complexes 

C Name 

- 14.00 
-5.78 
-5.63 

- 15.65 
10.07 
16.98 
21.40 

s.io 
8.96 

11.35 
12.57 
0.24 
2.73 
4.22 

20.75 
43.26 
22.58 
44.57 
65.84 
20.53 
10.33 
16.69 

1.99 
3.18 

12.35 
19.55 
21.70 
13.11 
22.93 

-3.16 
-5.18 

- 20.26 
2.40 
3.50 
7.27 

14.00 
14.88 
15.60 

1.60 
4.75 
3.20 
2.30 
2.00 
2.70 
2.10 
1.10 
3.90 

-9.00 
- 19.10 
- 30.40 

l,OOO@E-12 H -1.0 
2.0 
2.0 
3.0 
1.0 
1.0 
1.0 
1.0 
I.0 
I.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
i,O 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1B 
1.0 
t.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

H 
H 

zo3 
co3 
co3 

; 

; 
CL 
so4 
so4 
PO4 
PO4 
PO4 
PO4 
Pa4 
SIO3 
H 
H 
H 
H 

:: 
H 
H 
Ii 
H 
H 
H 
SO4 
so4 
CL 
CL 
CL 
CL 
F 
H 
co3 
SCM 
CL 
CL 
CL 

%4 
H 
H 
H 

-1.0 2.1210E - 10 uo2 
3.8289E - 14 wo2 
4.6732E - 24 wo2 

-2.0 
-s.o 

4S984E - 13 
1.14478-22 
9.2205E - 35 
1 .SS97E - 07 
1.0953E - OQ 
2.6064E - 13 
4.1932E - 18 
6.2181E - 10 
3.46975 - 07 
5.4204E - 09 
8.3835s - 10 
3.164SE- 11 
5.6679E - 10 
6.4612E - 14 
1.4035E - 18 
2.5389E - 10 
6.5475E - 09 
1.49998 - 04 
4.9402E - 04 
1.4672E - OS 
2.6115E - 12 
4.1389E -07 
S.8464E - 07 
1.5527E - 12 
4.9QOOE - 04 
8.7996E - 15 
8AO36E - 15 
6.9898E - 28 
1.6151E- 14 
1,027QE - 16 
6.6310E - 10 
9.970lE - 07 
2.1175E-09 
3.1112E- 12 
4.9087E - 18 
2.0025E - 10 
4.2994E - 20 
8.9348E - 08 
2.4aooE - 08 
3.4799E - 11 
2.4473E - 15 
1.0810E - 11 
8.2078E - 25 
8.8581s - 14 
‘7.0362s - 22 
3.5265E - 31 

uo2 
uo2 
uo2 
uo2 
UOZ 
uo2 
uo2 

1.0 
2.0 
3.0 
1.0 
2.0 
3.0 
4.0 
1.0 
1.0 
2.0 
1.0 H 1.0 
2.0 H 2.0 
I.0 H 2.0 

uo2 
uo2 
UOZ 
uo2 
I.Jo2 
uo2 
uo2 
uo2 
wo2 

2.0 H 4.0 
3.0 H 6.0 
1.0 H 1.0 
1.0 
2.0 
1.0 
1.0 
1.0 
2.0 
3.0 
1.0 
2.0 

co3 
co3 
so4 
F 
PO4 

zz 
SI03 
SI03 

Kz 
HG 

:: 
HG 
HO 

:: 
HG 
HG 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 
CD 

-1.0 
-2.0 
-3.0 

1.0 
2.0 
1.0 
2.0 
3.0 
4.0 
1.0 

-1.0 CL I.0 
1.0 
1.0 
1.0 
2.0 
3.0 
1.0 
1.0 

-1.0 
-2.0 
-3.0 

Log of cont. of the fixed camp. to be varied (H) = -2.00 
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Table 4. Execution times of some programs for the example 
problem at fixed pH (range 2.0-10.0) for different pH 

increments (ApHf 

Execution time, set 

Program AuH = 0.2 ApH = 2.0 ApH = 4.0 

CHEMEQUILO 7.55 1.28 0.96 
CHEMEQUIL’ 7.16 1.91 1.81 
MINIQUAD 10.15 3.73 3.95 
MINIQUAD-II 9.72 3.27 3.45 
COMPLEX 23.35 3.61 2.37 
MINEQL 32.70 Il.89 10.82 

CHEMEQUIL”: the iterative method and the Newton- 
Raphson method are both used at each point. 

CHEMEQUIL’: only the Newton-Raphson method is used 
after the first pH point. 

Table 5. Comparison of execution times of CHEMEQUIL 
and MINIQUAD for systems l-5 (Leggett3) 

Execution time, set 

1 2 3 4 5 

CHEMEQUIL” 1.98 1.59 1.91 2.02 2.72 
CH~MEQUIL’ 1.85 1.50 1.78 1.87 2.51 
MINIQUAD 1.79 1.43 1.81 1.91 2.76 
MINIQUAD- 1.80 1.41 1.75 I .90 2.75 

Notes. Leggett’s system 1 contained 4 components and 12 
complexes, and his most complicated system 5 contained 
6 components and 21 complexes. 

CHEMEQUIL”: the iterative method and the Newton- 
Raphson method are both used at each point. 

CHEMEQUIL’: only the Newton-Raphson method is used 
after the first pH point. 

Table 6. Comparison of execution times of some programs for a system containing 28 
components and 282 complexes at fixed pH (range 2-lo), for different pH increments 

(AoH) 

Execution time, set 

ApH = 0.2 ApH = 2.0 ApH = 4.0 pH 
- 

Program P NP P NP P NP 

CHEMEQUILO 51.78 31.8 9.68 7.2 6.41 4.9 
CHEMEQUIL’ 46.30 26.3 14.13 11.6 13.86 12.4 
MINIQUAD 254.83 234.8 155.97 153.4 156.72 155.2 
MINIQUAD-II 189.03 169.0 93.15 90.7 92.19 90.7 
COMPLEX 864.86 844.9 123.38 120.9 57.94 56.4 
MINEQL 1163.49 1143.5 416.10 413.6 366.75 365.3 

Notes: P: run time when printing was allowed. 
NP: run time when printing was suppressed. 
CHEMEQUIL’: the iterative method and the Newton-Raphson method are both used 

at each point. 
CHEMEQUIL’: only the Newton-Raphson method is used after the first pH point. 

ligands (Co:-, PO:-, SO:-, F-, Cl-, SiO:-, Br’-, I-, 
NH,, P,O:-, Pro:;, C&COO-), and H+, forming 
2X2 complexes, including hydroxo, polynuclear, and 
mixed-ligand complexes. Distribution of species in 
this system was calculated for pH 2-10 in increments 
of 0.2,2.0 and 4.0 pH units. Execution times for these 
calculations are shown in Table 6. The results indi- 
cate that CHEMEQUIL-2 is 5-25 times faster than 
MINIQUAD and 25-60 times faster than MINEQL 
for this problem. In finite-element hydrogeochemical 
transport models, results of inte~ediate iterations 
are not printed. To simulate the effectiveness of 
CHEMEQWIL as a module in such a transport 
model, all four programs were rerun for this problem 
after suppression of printing; the new run-times 
(Table 6) indicate that CHEMEQUIL-2 is 9-30 times 
faster than MINIQUAD and 44-75 times faster than 
MINEQL. From these comparisons the order of 
program efficiency appears to be CHEMEQUIL- 
2 > MINIQUAD > COMPLEX > MINEQL. 

While such large problems are rarely encountered 
in analytical chemistry, they are not uncommon in 
geochemical systems where the possible formation of 
a large number of aqueous species and minerals must 
be considered. The computational efficiency of 

CHEMEQUIL-2 makes it an ideal candidate 
for inclusion in hydrogeochemical models in which 
most of the run-time is spent in the geochemical 
module. 

Program auai~abiii~~ 

A listing of the program and examples of input and 
output are available free of charge on request. If an 
unlabelled 2400-ft (9 track) tape is supplied, the 
program will be made available, at 1600 BPI, on the 
tape either using the UNIX tar utility on a VAX 
I l/780, or as ASCII data at FIXED RECORD 
LENGTH of 80 and BLOCKSIZE OF 8000. 
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APPENDIX 

The purpose of this paper is to present a computational 
algorithm; no attempt has been made at critical selection of 
formation constants. Those used were taken mostly from 
three publications.‘3~‘s~‘6 

The original MINIQUADS was adapted for concen- 
tration calculations by Leggett3 who provided a program 
listing. For the present paper, the following additional 
modifications were made. 

1. The program was converted to single precision in order 
to be comparable to COMPLEX, MINEQL and 
CHEMEQUIL-2. 

2. Program testing was done on a DEC-20, using F- 
floating numbers on which single-precision floating-point 
numbers greater than approximately 1.7 x 103* overflow. 
For the sample problem and the 28-component problem, 
three fi values exceeded this magnitude. Because MINI- 
QUAD deals with /l rather than log /l, the attempt to 
calculate p (array BABS in MINIQUAD) caused overflow. 
Therefore, for the example problem and the 28-component 
problem these three complexes were not included in MINI- 
QUAD calculations. 

3. In Tables 4-6 MINIQUAD refers to the original 
MINIOUADj in which the initial guess for the free concen- 
tration-for all components was set-at IO-‘. MINIQUAD- 
refers to the version that included the correction suggested 
by Tripathi.i7 

For MINEQL, an initial guess of lo-’ for the concen- 
tration of free components was provided and worked suc- 
cessfully for the example problem. For the 28-component 
problem, however, this guess did not lead to convergence, 
and a message, “. . SINGULAR Z MATRIX” was 
printed. MINEQL converged with initial guesses of lO-‘O 
for free component concentrations, and produced correct 
results. 

Overflow occurred during execution of COMPLEX, but 
the final results were correct. 

With the advent of G-floating point numbers on the 
DEC-20 and VAXes, a greater dynamic range of double 
precision floating-point -numbers (approximately from 
lO-3o8 to 10”s) is available. This dvnamic ranne is also 
recommended in the proposed goat&g point standard by 
the Institute of Electrical and Electronics Engineers. To 
exploit this option dynamically, without user intervention, 
CHEMEQUIL-2 incorporates a mechanism for auto- 
matically setting machine-dependent constants (T and 
SMALL in the prosram). On the DEC-20 or the VAX it will 
be necessary to-change all real variables to double precision 
before the wide dynamic range can be utilized. 
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Summary-Mixtures of La(II1) and Mg(I1) form with purpurin (P; 1,2,4-trihydroxyanthraquinone) the 
mixed-metal complex LaMg,P,, which is extracted with methyl isobutyl ketone at pH 7.5. The molar 
absorptivity of the complex is 6.1 x lo4 1 .molec’.cm-’ at 570 nm and its conditional extraction constant 
5 x 10” 14.mole-4. Similar complexes have been found to be formed with yttrium, cerium, praseodymium, 
neodymium and samarium. The use of these complexes for the spectrophotometric determination of 
yttrium and lanthanides up to 15 pg has been investigated. 

The least studied complexes are those formed by 
two different metals and one ligand. Some of these 
are useful in photometric analysis because of their 
stability, intense colour and frequently their easy 
extractability.14 In some of these systems the molar 
absorptivity of the ternary complexes is three or four 
times greater than that of the binary complexes from 
which they are formed. 

Few of the various mixed-metal complexes con- 
taining lanthanum have been used to determine it 
photometrically,5-7 although several of them have 
been described.“-‘0 Certain anthraquinone deriva- 
tives, such as Alizarin S and Alizarin Complexone, 
have also proved to be capable of forming mixed- 
metal complexes.“-‘3 

In the present work we have studied the 
La-Mg-purpurin complex and its extraction with 
methyl isobutyl ketone, which results in notable in- 
crease in sensitivity compared with the binary 
La-purpurin complex.‘4 The spectrophotometric de- 
termination of yttrium and lanthanides by formation 
of similar complexes has also been investigated. 

Reagents 

All solutions were prepared with analytical-reagent grade 
chemicals. 

Purpurin solution (1,2,4&ihydroxyanthraquinone). A 
10m3M solution was prepared by dissolving 0.256 g of the 
Merck product and diluting to 1 litre with methyl isobutyl 
ketone (MIBK). More dilute solutions were prepared from 
this. 

Standard solutions of yttrium and lonthanide~, 5 x IF3M. 
Prepared by dissolving Y(NO,), S&O, La(NO,), .6H,O, 

*Author to whom correspondence should be sent. 

CeCl,.?H,O, Pr601,, Nd,O, and Sm,O, in dilute nitric acid 
and standardized by EDTA titration with Xylenol Orange 
as indicator. 

Stundurd magnesium solution, 0.5&f. Prepared by dissolv- 
ing Mg(N0,),.6H,O and standardized by EDTA titration. 

Buffer solutions (pH 6.5 and pH 7.5). Prepared by dis- 
solving 121 g of tris(hydroxymethyl)aminomethane (Merck) 
in 600 ml of demineralized water, adjusting to the required 
pH with hydrochloric acid and diluting to 1 litre with water. 

&Quinolinol solution, 5%. Prepared by dissolving 5.0 g of 
8-quinolinol in IO ml of glacial acetic acid and diluting to 
100 ml with water. 

Ammonium acetate solution, 3.S4. Made by dissolving 
I35 g in 500 ml of water. 

Recommended procedure 

Transfer a measured volume of sample, containing less 
than 15 pg of yttrium or lanthanide to a loo-ml separating 
funnel. Add 5 ml of a masking solution, 0.2M in potassium 
cyanide and 0.1 M in ammonium citrate, then 5 ml of 0.5M 
magnesium nitrate solution, and 5 ml of pH 6.5 buffer and 
dilute with demineralized water to 50 ml.-(Confirm that the 
PH of the solution is 7.5 + 0.2.) Shake the solution for 5 min 
with 10 ml of 10e4M purpurin’solution in MIBK. Leave the 
mixture for 10 min, separate the organic phase, then centri- 
fuge it, and measure its absorbance at 570 nm against a 
reagent blank similarly prepared. Prepare a calibration 
graph by using standard solutions of lanthanum and treat- 
ing them identically. 

RESULTS AND DISCUSSION 

Absorption spectra 

The absorption spectra of purpurin, ~g-pu~urin, 
La-purpurin and La-Mg-purpurin at pH 7.5 and 1: 1 
phase-volume ratio are shown in Fig. 1. 

The absorption spectra of purpurin and the Mg- 
purpurin complex are practically identical, which 
demonstrates the very weak interaction between mag- 
nesium and the reagent. The La-purpurin complex 
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Fig. 1. Absorption spectra at pH 7.5, Cpurpurin = 10m4M, 
C, = 10-3M, CMs = 10-ZM. (1) Purpurin, (2) Mg-purpurin 
complex, (3) La-purpurin complex, (4) ~-Mg-pu~urin 

ternary complex. 

has a moderate absorption band with a maximum at 
570 nm. By contrast, the La-Mg-purpurin complex 
has a sharp absorption maximum at 570 nm, which 
has more than three times the sum of the absorbances 
of the binary complexes for the same metal concen- 
trations, clear evidence of the existence of the mixed- 
metal La-Mg-purpurin complex. 

Among the ions that precipitate as oxalates in acid 
medium, Y, Ce(III), Pr, Nd and Sm form, with the 
Mg-pu~u~n system, mixed-metal complexes with 
absorption spectra almost identical to that of the 
La-Mg-purpurin complex. 

Effect of pH 

The effect of pH at concentrations of La(II1) and 
Mg(I1) of low5 and 0.05M respectively, and a pur- 
purin concentration of 10e4iM in MIBK was estab- 
lished. The final volume of the aqueous phase was 
always 10 ml. The phase-volume ratio was 1: 1 and 
shaking time 30 min. The absorbance increased with 
pH and was maximal over the pH range 7.3-7.8. 

In~~e~~e of purp~rin and Mg(lf) concentrut~o~s 

Investigations were made at pH 7.5, a lanthanum 
concentration of IO-‘M and various concentrations 
of purpurin and magnesium. Figure 2 shows the 
difference in absorbance between the mixed-metal 
complex and the binary La-purpurin complex as a 

extraction is complete when a purpurin concentration 
of 10e4iM and a magnesium concentration of 0.05M 
are used. A lower magnesium concentration would 
make a large increase in the purpurin concentration 
necessary for extraction to remain complete. 

Stoichiometry and extraction constant 

The stoichiometry of the binary La-purpurin com- 
plex is 1: 2 and its conditional extraction constant at 
pH 7.3 is log& = 1 1.7,14 indicating a strong complex. 
Bent and French’s method indicates that the com- 
position of the Mg-purpurin complex is I : 1. The 
conditional stability constant of this complex has 
been determined by a dilution methodI at pH 7.3 in 
a 40% (v/v) ethanol-water mixture and is 1ogK = 2.1, 
which corresponds to a weak complex. Therefore, we 
consider that the formation of the mixed-metal com- 
plex occurs in accordance with the equilibrium: 

LaI& + mPcoj + n Mg& I-aMg,P, + 2)(o) 

Mole-ratio plots showed clearly that the combining 
ratio of lanthanum to purpurin is 1: 5 (Fig. 3). The 
decreased absorbance observed at mole ratios higher 
than 1: 5 is the result of an increase in the concen- 
tration of the stronger La-purpurin complex at the 
expense of purpurin available to form the ternary 
complex. 

The value of n was determined by the equilibrium- 
shift method. The plot of logf[LaMg,P,+ &[LaP,],) 
vs. log[Mg], at a fixed purpurin concentration and pH 
7.5 gives a slope of 1.8, indicating a magnesium/ 
lanthanum ratio of 2: 1 in the mixed-metal complex 
(Fig. 4, curve 4). We conclude therefore that the 
combining ratio La: Mg: purpurin is 1: 2: 5, in accord- 
ance with the stoichiometry assigned to a similar 
complex, Er-Ca-Alizarin S.” 

0.01 n- I , I 

-4 -3 
log CP 

Fig. 2. Influence of purpurin and Mg(II) concentrations. 
c,, = 10--5.&f: (1) CM* = 5.10-4Iv, (2) IO-‘M, (3) 3 x lo-‘M 

14) lo-2M. 1% 5 x IO-ZM. function of logCDpurpunn. The results show that the ~ I , . I 
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0.1 0.2 0.3 

CL&P 
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Fig. 3. Mole-ratio plot. Cpurpurin = 10m4M, C,, = 5 x IO-*M. 

In order to confirm the value of nt, we also used the 
equilibrium-shift method at pH 7.5 and three con- 
stant concentrations of magnesium. The plot of 

log([LaMg,P,, + &‘[LaW,) 0~ h#%~ CR = 
C, - S[LaMg,P,], - Z[LaP,],), gives straight lines 
with a slope of 1.8. Hence, we conclude that m = 2, 
which ought to correspond to the two purpurin 
molecules bound to the two ma~esium ions (Fig. 4). 
The equilibrium-shift method shows only weakly 
bound ligand molecules, so we must assume that a 
third purpurin molecule is bound strongly to the 
lanthanum during the formation of the mixed-metal 
complex, an occasional occurrence in the formation 
of ternary complexes. I6 The possible structure of the 
complex is represented in Pig. 5. 

The results of the application of the equilibrium- 
shift method were used to calculate the conditional 

Fig. 4. Equilibrium-shift method. C,, =i lo-‘M. Relation- 
ship of purpurin to La: (1) C,, = 5 x 10S4M, (2) 10--3~, 
(3) 3 x lo-)M. Relationship of Mg to La: (4) 
c p”rpurin = 2 x 10-4M. A, = absorbance of mixture, 
A nlax = saturation absorbance with an excess of reagent 

present. 

Fig. 5. Postulated structure of the complex. 

extraction constant of the complex as defined by the 
equilibrium: 

LaP2(,, + 2P,,, + 2M&,, * LaMg,P,(,, 

At pH 7.5, the value of logK, was shown to be 
13.70 If 0.06. 

Spectrophotometric determination of yttrium attd 
lanthanides 

Lanthanum was chosen to represent the lan- 
thanides. The effect of phase-volume ratio was stud- 
ied for the optimal conditions: pH 7.5, C,, 0.05M 

and Cputpurin IOb4M. The absorbance of the organic 
phase was practically constant for the range 1: 1-5: 1, 
V,/V,,. We chose the 5: 1 ratio as being satisfactory, 
and found that the absorbance of the solution is 
constant within 3% over the pH range 7.3-7.8. Beer’s 
law is obeyed between 2.5 and 20 pg of lanthanum 
in 50 ml of aqueous phase. The molar absorptivity at 
570 nm is 6.1 x IO4 l.mole-‘.cm-‘. A shaking time of 
5 min is sufhcient for equilibrium to be reached. The 
absorbance of the complex is constant from 10 min 
to 8 hr after its formation. The reproducibility of the 
method was checked by means of three series of 10 
solutions having lanthanum concentrations of 0.1, 
0.2 and 0.3 ppm. We obtained relative standard 
deviations of 0.5, 0.4 and 0.3% respectively. The 
IUPAC detection limit” is 0.007 ppm for a value of 
k =3. 

Under the same operating conditions, Y, Ce(III), 
Pr, Nd and Sm ions also form mixed-metal complexes 
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Table 1. Interference af foreign species in the determination 
of 12.5 pg of lanthanum 

Tolerance ratio to 
Species LafIII), w/w 

BfIII), Rafri), Ca(IIj, citrate 
Mo(VI), oxalate, Sr(II), tartrate 

400* 

Ag(I), Cd(II), Co(II), Cu(II), 
Hg(II), Ni(II), Pd(II), Zn(I1) 

400t 

Sb(III), W(VI) 200 
Mn(I1) 20 
Al(III), Be(H) 2% 
F, V(v) 
Cr(IIf), Sn(II), Ti(IV) k 
Fe(III) 
Zr(IV) ;“: 
Th(IV), UG’I) 
Pb(IIf :$ 
PO:- 0.04 
Bi(IIIk In(III) <1 

*Maximum tested. 
tCyanide (30 mg) added. 
§Acetylacetone (100 mg) added. 
$Citrate (95 mg) added. 

which obey Beer’s law. These compounds have molar 
absorptivities almost identical to that of the 

La-Mg-purpurin complex (Table 2). 

Table 2 

Ion 

Beer’s law 
maximum, 

K? I.rnolet-;.cnr-’ 

Y 12.5 4.5 x lo4 
CefIII) 
Pr 

20 6.1 x IO4 
20 6.2 x lo4 

Nd 
Sm 

15 6.3 x to4 
15 6.2 x 104 

Effect of foreign ions 

Ion-exchange. Pass through a resin column (cation- 
exchanger Sephadex SP, 40-120 pm, sodium form), 
10 cm in length and 0.6 cm in diameter, a measured 
volume of sample containing less than 15 /*g of 
yttrium and lanthanides. Wash the resin with 100 mI 
of water and elute with three 5-ml portions of l,J 
sodium chloride acidified to pH 2. Determine yttrium 
and the lanthanides by the recommended procedure, 
with a blank consisting of an aqueous solution COR- 
taining 15 ml of JM sodium chloride as well as the 
quantities of magnesium and buffer used for the 
samples. 

The tolerance of the method to foreign ions was 8-Quinolinol-chloroform extraction. Add either to 
investigated with sohttions contai~n8 12.5 pg of the sample or to the eluate 2 ml of 5% 8-quin~~inol 
lanthanum and various amounts of foreign ions. solution, 2 ml of 3.5M ammonium acetate solution 
The concentrations indicated in Table 1 caused an {the pH of the solution should be 4.8) and shake for 

error of not more than 2% in the absorbance 
measurements. 

Ag+, AIs+, Be*+ Cd2+ Cur+ Cr 3L, Fe3+, Hg2*, 
Pd’+, Sn2+, Th4+, i:iQ+, I-J&~+, Vi+ and Zr4+ interfere 
by the formation of lakes and by mixed-metal com- 
plex adsorption, while Co2+, N?+, Pb2+ and Zn2+ 
cause interference by forming binary coloured com- 
plexes. The tolerance ratio for many of these ions can 
be raised by using cyanide, citrate or acetylacetone 
as masking agents. Bi and In ions give high values 
by forming mixed-metal complexes with the 
Mg-purpurin system. Fluoride and phosphate ions 
interfere by precipitation of lanthanum. 

The lanthanides are generally to be found in nature 
in the form of phosphates, zirconates or titanates and 
almost always in the company of uranium, thorium, 
yttrium and variable quantities of iron, aluminium, 
calcium etc. To try out the application of our 
proposed procedure, we have analysed mixtures of 
yttrium and ~anthanides together with other elements 
frequently found accompanying them. Any inter- 
ference caused by iron, aiumini~, titanium and 
vanadium was avoided by the prior extraction of the 
relevant oxinates with chloroform at pH 4.8 and of 
the phosphates by ion-exchange according to the 
following general procedure. 

Table 3. Determination of yttrium and lanthanides in the presence of other elements 

Lanthanides Other species Total lanthanides 
&g/SO ml aqueous phase) @g/SO ml aqueous phase) 

Taken, Found, 
Y La Ce Pr Nd Sm Th U Zr Fe Al V Ti PQ:- pg !-@ 

2 4 ; 4 3 IS 15.7* 
2 2 2 2 10 10&f 

1 3 4 3 4 15 15.6’ 
I 3 4 3 4 30 30 15 13*5* 
1 3 4 3 4 1s I5 15 15,2* 

2 2 2 2 2 10 20 10 9,9* 
I : t 3 4 1000 1000 1000 15 15.Zf 
1 3 4 500 500 500 I5 15.4? 

: 3 3 4 4 3 3 4 4 1000 30 1000 1000 1000 1000 1500 15 15 15.2f 14.4 

*Recommended procedure. 
t8-Quinolinol-chloroform extraction. 
$General procedure. 
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1 min with 20 ml of chloroform. Remove the organic 
phase and repeat the extraction with 1 ml of 5% 
8-quinolinol solution and 20 ml of chloroform. Wash 
the aqueous phase, shaking it with two lo-ml 
portions of chlorofo~, and neutralize the aqueous 
phase with 1.7M ammonia solution. Yttrium and 
ianthanides can then be determined by the recom- 
mended procedure, the blank in this case being 
prepared with 3.5 ml of 3SM ammonium acetate 
solution as well as the corresponding quantities of 
magnesium and buffer. 

The results obtained in the analyses (an average of 
three dete~inations) are given in Table 3. They show 
that the less well tolerated ions such as Th4+, Zr4’ 
and UOi+ may be present in amounts up to about 
twice those of the lanthanide ions. 
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Summ~-An extraction-AAS method of determination of Co, Ni, and Mn in metallurgical copper 
materials containing considerable amounts of Cu, Fe, Pb, Zn, and Al has been developed. Good selectivity 
of group separation of Co, Ni, and Mn has been achieved by (a) the use of tetrabutylammonium bromide 
to improve extractability of HTTA complexes by ion-pair formation, and (b) the masking of major 
elements with sodium thiosulphate and sulphosalicylic acid. The extracts are stable for at least 3 weeks. 

The analysis of copper ores and concentrates has 
been extensively investigated. Atomic-absorption 
methods have been published for determination of 
noble metals in copper ores,’ gold and silver in copper 
intermediates: platinum metals in Cu-Ni ores,3 
bismuth in ores4 and concentrates,5*6 cobalt, nickel, 
manganese and chromium in copper ore, concentrate 
and dust,’ silver in ore and concentrate’ or ores and 
tailings,’ selenium in copper and lead concentrate,io 
and mercury in copper concentrates.” Three AAS 
methods for silver in ores and concentrates have been 
compared.” Microamounts of arsenic and antimony 
in copper industry materials have been determined by 
flame AA&l3 and gallium in mixed copper ore by 
graphite furnace AAS,j4 without matrix separation. 

Spectrophotometric methods have been developed 
for the dete~ination of bismuth,15 arsenic,‘(’ 
selenium” and tellurium’8 in copper (and other) con- 
centrates, and germaniumI in ores and concentrates. 

Many copper ores and concentrates contain, be- 
sides copper, silica, calcium and magnesium, consid- 
erable amounts of iron, lead and zinc. 

The aim of the present work was to develop a 
group-extraction separation method for use with 
AAS determination of cobalt, nickel and manganese 
in various metall~gi~l copper materials, such as 
ores, concentrates and tailings containing consid- 
erable and varying amounts of Cu, Fe, Pb, Al, Si, Ca 
and Mg. The method was designed for 1 x lo-‘% 
and upwards of cobalt, nickel and manganese. 

Although the concentration of Co, Ni and Mn in 
some materials of this kind is relatively high, it is 
profitable to extract them into MIBK, which is a 
suitable medium for the AAS determination, and 
thus avoid the use of a solution of rather high acid 
and matrix concentration, for which the standard- 
addition technique would probably be required. 

However, the separation of traces of Co, Ni and 
Mn from major components (which are often easily 
hydrolysed and form more stable complexes with 
most chelating agents) creates serious difficulties. To 
overcome these, two different approaches were ap- 
plied simultaneously: (a) enhancement of the extrac- 
tability of the HTTA-analyte complexes by ion- 
association complex formation with a quarternary 
ammonium salt (TBA+ Br-), and (6) masking of the 
major elements. Iron was separated first by extraction 
into MIBK from 6M hydrochloric acid medium. The 
combination of a p-diketone and a tertiary amine (or 
quarternary ammonium salt) is one of the most 
frequently investigated synergic systems. Recent 
examples include extraction of manganese(I1) with 
HTTA in the presence of tribenzylamine,“*2’ co- 
balt(H) and nickel with benzoylt~fluoroacetone in 
presence of tetrabutylammonium,22 iron(II1) with 
HTTA and tri~nzylamine,23 pra~odymium with 
HTTA in the presence of Aliquat-336s and tri- 
octylamine,24 and cobalt(I1) with acetylacetone and 
various organic bases.” 

EXPERIMENTAL 

Apparatus 

A Pye Unicam SP QOA series 2 AAS spectrometer was 
used for the Co (240.7 nm), Ni (232.0 nm), and Mn (279.5 
nm) determinations. The air flow-rate was 5 l./min, acety- 
lene flow-rate 0.6 l./min, observation height 10 mm above 
the burner. 

Reagents 
Thenoyltrifluoroacetone (HTTA) solution (0.02M) in 

MIBK. Aqueous tetrabuty~ammonium bromide (TBA+Br-) 
solution (0.2&f). Sodium thiosulphate solution (3M), 10% 
sulphosalicylic acid solution, and 1M sodium hydroxide. 
Buffer solutions were made from 1?+4 acetic acid and IM 
sodium acetate. Cobalt, nickel, and manganese stock sol- 
utions were prepared by dissolving appropriate amounts of 

102-I 
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the chlorides or sulphates, and standardized. All other 
reagents were of analytical purity. 

Procedures 

Ore decomposition. Weigh 1 g of sample into a 
Teflon-lined bbmb, add 15 ml of concentrated hydroflnoric 
acid and 15 ml of concentrate nitric acid. Seal the bomb 
and heat at 150” for 4 hr. 

Cool, transfer the solution into a Teflon beaker and 
evaporate it to dryness. Add 5 ml of concentrated nitric acid 
and evaporate to dryness, and repeat this step. Add 1 ml of 
concentiated perchioric acid and evaporate to dryness 
again. Dissolve the dry residue in 40 ml of hot 6&f hydro- 
chtoric acid, cool, transfer the solution to a 50-ml standard 
flask and dilute to volume with 6&f hydrochloric acid. 

Concentrate decomposition. Weigh 0.5 g of sample into a 
Teflon-lined bomb. Add 10 ml of concentrated hydrofluoric 
acid, 10 ml of concentrated nitric acid, and 5 ml of 
concentrated sulphuric acid. Seal the bomb and heat it at 
150” for 6 hr. Cool, transfer the contents to a Teflon beaker, 
evaporate to dryness, then continue as for the decom- 
position of ores, starting with the treatment, but omitting 
the perchloric acid step. 

Extructions. Pipette IO ml of the sample solution into a 
separatory funnel and shake with two IO-ml portions of 
MIBK in succession, each for 1 min. Discard the organic 
phases. Wash the aqueous phase into a beaker and evapor- 
ate it almost to dryness. Dissolve the residue in 5 ml of 10% 
sulphosaiicylic acid solution, adjust to pH 3-3.5 with IM 
sodium hydroxide and add 2 ml of 3M sodium thiosulphate. 
Adjust to pH 5.2 + 0.1 with 1M sodium hydroxide, add 2.5 
ml of acetate buffer (PH 5.2), and dilute to -20 ml. Transfer 
the solution to a separatory funnel, rinsing the beaker with 
_ 2 ml of water. Add 3 ml of 0.2M TBA+ Br- solution, mix, 
then shake with 10 ml of 0.02M HTTA solution in MIBK 
for 10 min. 

Transfer the organic phase to a suitable standard flask 
and make up to the mark with MIBK. Measure the 
concentrations of manganese (after dilution with MIBK, if 
necessary), cobalt and nickel by AAS. 

Calibration graph. Prepare combined aqueous standard 
solutions co~tajning appropriate amo~ts of cobalt, nickel 
and manganese to cover the range O-1.2 /tg/ml, enough 
sulphosal&yfic acid solution to give a final concentration of 
2%. and adiusted to pH 5.2 with sodium hydroxide solution 
and’a~tate-buyer of pH 5.2. For each standard pipette 2.5 
ml into a separatory funnel, add 3 ml of 0.2M TBA+Br- 
solution and extract with 10 ml of 0.02M HTTA solution 
in MlBK as for the sample solutions. 

RESULTS AND DISCUSSION 

Decomposition 

According to earlier experiments in this 
laboratory” and our current results, dissolution 
under pressure in a Teflon bomb ensures complete 
decomposition of various copper ores, concentrates 
and tailings, and shortens the time required for this 
operation. The advantage of the closed system is 
especially distinct for concentrates because of the 
serious di~~ulty in open-vessel decomposition of 

organic substances present in the concentrates. De- 
compostion under pressure has been recommended 
for silicon”containing materials, iron ores and 
sulphide ores.‘? 

Musk&g 

The masking was studied by extracting synthetic 
solutions with O.lM HTTA in MIBK (without 
TEA+ Br-). 

Two masking reagents were used to prevent ex- 
taction of copper and lead, and precipitation of 
aluminium, during the chelating extraction of copper, 
nickel and manganese with HTTA: sodium thio- 
sulphate and sulphosalicylic acid. Thiosulphate is a 
powerful masking agent for Cu(I), (log pi = 10.35)zs 
and a much weaker one for Pb (log 6, = 2.42).28 
Sulphosalicylic acid forms a very stable complex with 
aluminium (Iog @, = 12.3).2q Preliminary experiments 
showed that the presence of 0.2M sodium thio- 
sulphate prevents extraction of copper (2 mg/ml) with 
O.lM HTTA in MIBK at pH 7, whereas cobalt, 
nickel, and manganese (0.1-l @g/ml) are quan- 
titatively separated under these conditions. Addition 
of I g of sulphosalicylic acid to 2.5 ml of I-mg/ml 
aluminium solution allows adjustment of the pH to 
7 without precipitation of aluminium hydroxide. 

The lowest pH for the quantitative extraction of 
manganese (which is less well extracted than cobalt or 
nickel) is 7 with O.lM HTTA as reagent but 5 for 
0.02M HTTA in the presence of 0.02J4 TBA’Br-. 
The use of TBA+Br- provides more convenient 
conditions for the extraction, thereby reducing the 
masking problems. The effect of TBA+ Br- on extrac- 
tion of Co, Ni, and Mn with 0.02M HTTA is shown 
in Fig. 1. The addition of TBA’Br- does not 
influence extraction of lead. 

The apparent recovery of 25 pg of Co, Ni and Mn 
separated at pH 5.2 with 0.02iw HTTA in MIBK 
from 25 ml of artificial sample solution containing 75 
mg of Cu(II), 25 mg of Fe(III), 25 mg of AI(II1) and 
5 mg of Pb(I1) in the presence of 1 g sulphosalicylic 
acid, 4.2 ml of 3M sodium thiosulphate and 3 ml of 
0.2MTBA+Br- was IOO-106%. Only small amounts 
of copper (N 0.0 I %) and lead (= 0.04%) were co- 
extracted. The AAS signals for the analytes in MIBK 
medium were 2-3 times as large as those for aqueous 
medium. 

The extracts are very stable. The signal for man- 
ganese remained the same for at least 20 days. 
whereas that for the Mn-HHTA complex in the same 
solvent decreased by -5% in 24 hr. 

Table I. ~termination of Co, Ni and Mn in copper ore and concentrate samples (n = 6) 

co Ni Mn 
-.-_.--- -- ~--- 

Mean, % R.s.d., % Mean, % R.s.d., % Mean, % R.s.d., % 

Ore 1.75 x 1o’-2 5.0 1.12 x 1o-2 3.1 1.66 x 10-I 4.2 
Concentrate 7.55 x 1o-2 2.6 4.17 x 10-z 3.5 1.67 x IO-’ 4.1 
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AAS after matrix-element separation by extraction.’ 
The results were in good agreement. 
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Fig. 1. Degree of extraction of Co, Ni, Mn and Pb com- 
plexes us. pH: 0.02M HTTA in MIBK~ashed lines; 0.02M 
HTTA in MIBK in the presence of 0.02M TBA+Br- in the 

aqueous phase-solid lines. 

Either sulphosalicylic acid or sodium chloride can 
be added to the standard solutions to improve the 
separation of the phases, but the former also acts as 
masking agent for aluminium. There is good separ- 
ation of the phases in the sample extraction, owing to 
the high concentration of salts. 

Analytical resulfs 

The proposed method was applied to copper ore 
and concentrate samples. Results are listed in Table 
1. Six rephcate analyses gave relative standard devi- 
ations of not more than 5% for each of the three ions. 
To check the accuracy of the separation, the samples 
were spiked with appropriate amounts of Co, Ni, and 
Mn before the acid digestion. Full recoveries were 
obtained. The amounts of Co, Ni, Mn (and Cr) in the 
same samples (and in dusts) were also determined by 
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Summary-The composition and stability of mixed complexes of cadmium or lead with hydroxide and 
mon~thanolamine have been determined polarographically at 25” in aqueous and aqueous methanol 
solutions at ionic strength O.lM. For the aqueous solutions the results agree with those of others. In 
the metbanolic systems the previously unreported complexes Cd(MEA),(OH), Pb(MEA)(OH), , 
Pb(MEA),(OH) and Pb(MEA),(OH), were detected. 

It is well known that the characteristics of complexes 
formed in solution depend to a large extent on the 
nature of the solvent. Thus in an early study of 
complexes formed by alcoholamines in aqueous alco- 
holic media Kirson and Barsily’ found the stability of 
Cu2+ complexes to increase with the concentration of 
alcohol, and similar results were obtained by Migal 
and Serova2s3 for simple complexes of Cd*+ and 
PbZ+ with monoethanolamine. It has likewise been 
reported 2-4 that co-ordination numbers vary with the 
alcohol content of the medium. This article describes 
a study contributing to the little research that has so 
far been done on such effects in the case of mixed 
hydroxo~omplexes. 

In a previous article’ we reported a study made to 
resolve a discrepancy in the literature regarding the 
existence of mixed complexes of Pb*+ with hydroxide 
and monoethanolamine (MEA) in aqueous solution, 
for which purpose we developed a regression pro- 
gram (CONSEL) which, when used in conjunction 
with non-linear optimization programs such as 
POLAG,6 eliminates the need to use graphical 
methods of data analysis. In the work now described 
the same methodology was employed to determine 
the influence of the solvent on metal-MEA-OH- 
complexes formed by Cd*+ and Pb*+ in methanol- 
water media. 

EXPERIMENTAL 

All reagents were Merck pa. grade, MEA being purified 
by standard procedures’ before use. Solutions of Cd’+ 
(2 x 10m4M) and Pb?+ (1.6 x 10-4&4) were prepared from 
the corresponding nitrates. Ionic strength was maintained at 
0. IM with potassium nitrate. 

Pofarograms were obtained with a Beckman Electroscan 
30 with an SCE reference electrode and a reaction cell kept 

*Author for correspondence. 

at 25.0 & 0.1”. Oxygen was eliminated from the sampIe 
solutions by a current of nitrogen previously passed through 
a water-methanol mixture of the same composition as the 
sample solvent. 

The pH measurements were made with a precision of 
+O.OZ with a Radiometer 26 pH-meter equipped with a 
GK24OlB electrode, calibrated*,y with buffers prepared in 
the approp~ate water-methanol mixture. The pH of the 
experimental solutions was varied by adding 0.1&f sodium 
hydroxide or nitric acid. 

Cd*+ complexes were studied for concentrations of MEA 
in the range 0. lo- 1.00&f in each of three solvents (with 10, 
30 and 50% w/w methanol) at each of six pH values (10.60, 
10.90, 11.30, 11.70, 12.10 and 12.50). For each of four 
solvents (with 16.3, 33.3, 52.1 and 68.1% w/w methanol), 
Pb*+ complexes were studied in at feast 2.5 solutions with 
MEA concentrations of 0.10-0.80~ and pH values in the 
range 10.50-12.80 (it was not necessary to maintain the pH 
constant throughout a series of experiments when the results 
were to be analysed only by the CONSEL-POLAG 
program). 

RESULTS AND DISCUSSION 

All the systems studied presented well-defined 
polarograms without peaks. In all cases, plotting E 

against log i/(ih - i) yielded straight lines with slopes 
of less than 0.034, showing a reversible two-electron 
reduction process to be involved. Plotting the limiting 
current against h “* (h being the height of the mercury 
column) afforded straight lines passing through the 
origin, showing the reactions taking place to be 
diffusion-controlled. 

To determine the composition and stability of the 
complexes formed, two methods were used to analyse 
the polarographic data. All the systems studied were 
analysed by the programs CONSEL’ and POLAG,6 
and for the Cd*+-MEA-OH- systems, which were 
studied in series of experiments in which the pH was 
kept constant while the concentration of MEA was 
varied, the graphical method of Schaap and 

TAL 73,12--G 
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I I I 

0.80 0.60 0.40 0.20 0 

-tog [MEA] 
e 

-log [OH] 

Fig. 1. AEIjz plotted against log [MEA]. A 10% MeOH, pH Fig. 2. AE,,z plotted against log [OH-]. A 10% MeOH, 
10.60; 0 30% MeOH, pH 11.70; 0 50% MeOH, pH 12.50. WEA] = OSOM; 0 30% MeOH, [MEA] = O.fiOltci; 0 50% 

MeOH, [MEA] = 0.70M. 

Table 1. Polarographic data for Pb2+-MEA-OH- systems in methanol-water media (C,,, = molar concentration of 
monoethanolamine) 

16.3 33.3 52.1 68.1 

--Ew -El@ - 42 1 -Em 

UH mV t3H mY UH mV DH mV 

0.0 - 

0.100 11.71 
0.100 11.99 
0.100 12.38 
0.100 10.56 
0.150 11.91 
0.150 11.27 
0.150 10.72 
0.150 12.46 
0.200 11.33 
0.200 10.83 
0.200 - 
0.200 - 
0.250 10.94 
0.250 11.39 
0.250 11.94 
0‘2.50 12.46 
0.300 10.95 
0.300 12.46 
0.300 Il.97 
0.300 - 
0.400 11.03 
0.400 11.49 
0.400 il.98 
0.400 12.47 
0.500 12.02 
0.500 12.40 
0.500 11.56 
0.500 11.07 
0.600 11.13 
0.600 11.56 
0.600 12.00 
0.600 - 
0.700 - 
0.700 - 
0.700 - 
0.700 - 
0.800 11.05 
0.800 11.57 
0.800 12.00 
0.800 12.51 

372 
547 
600 
630 
512 
596 
556 
524 
640 
565 
534 

544 
568 
603 
640 
545 
639 
608 

553 
584 
611 
642 
513 
641 
593 
611 
567 
590 
617 

565 
595 
618 
651 

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

11.36 
10.83 
12.12 
12.55 
IO.57 
10.93 
11.41 
12.07 
11.02 
11.48 
12.52 
12.05 
11.05 
12.04 
12.52 

- 
10.95 
11.55 
12.08 
12.51 
10.98 
12.08 
12.45 
11.58 
11.63 
12.06 
12.56 
11.00 

366 362 
- 
- 
- 
- 

11.14 
11.86 
12.56 
11.57 
11.18 
11.16 
11.96 
12.58 

529 11.26 
519 10.68 
612 12.09 
639 12.55 
519 11.28 
539 10.96 
567 12.05 
608 12.57 
548 11.35 
574 11.70 
642 12.24 
612 12.61 
554 1 I.47 
613 11.18 
644 12.17 

12.63 
550 11.48 
586 10.89 
617 12.16 
652 12.64 
555 - 
622 - 
645 - 
589 - 
59.5 11.54 
623 10.90 
655 12.15 
558 12.75 

540 
583 
630 
566 
544 
538 
591 
633 
553 
515 
595 
634 
546 
530 
597 
636 
557 
578 
614 
641 
571 
556 
613 
644 
579 
542 
616 
653 

584 
547 
622 
661 

358 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

11.23 546 
12.25 607 
12.74 638 
12.83 581 
11.30 552 
10.94 531 
12.21 605 
12.69 637 
11.38 560 
11.79 585 
12.36 617 
12.72 641 
11.51 565 
11.21 547 
12.27 614 
12.74 643 
11.51 571 
11.03 544 
12.26 615 
12.77 647 
11.55 575 
11.05 548 
12.25 617 
12.67 643 
11.54 577 
11.04 550 
12.17 616 
12.70 648 
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T&k 2. Logarithmic stability constants of complexes of Pb2+ with rno~oetha~ola~n~ and/or OH’- 
in aqueous and aqueous methanoli~ media 

M~~a~o~, % W/W 0 16.3 33.3 52.1 68.1 

Pb(MEA)(OH), 12.50 + 0.02 12.82 i 0.08 12.64 & 0.03 
Pb(MEA)(OH)~ 14.37 f 0.08 
Pb(MEA),(OH) 9.94 & 0.08 
Pb~EA)~(O~)~ 12.50 * 0.07 
Pb(QH), 11.93 f 0.06 

~cMasterst~ was also employed (as described 
previously’) and led to the same results. The terms 
&,/I,, in the Schaap and h&Masters F function was 
in all cases ne~I~g~ble. 

Ln what fohows, the charges of the complexes have 
been omitted for convenience. 

Complexes of Cd’+ 

Figures 1 and 2 show the change in half-wave 
potential as the concentration of one ligand is 
changed while that of the other is kept constant, for 
each of the three methanol concentrations tested, 
AK,, being defined as ES,2 - EG2, where E;,, and E,, 
are the haIf-wave potentials of the uncomplexed and 
complexed cadmium species respectiveiy- A singIe 
complex predominates in all the 10% methanol 
solutions, and analysis of the data shows it to be 
~(MEA~~(~~)~ with log & = 8.98 2 0.02. 

In the 30% methanoi medium there are two com- 
plexes which predominate in different pH ranges and 
differ in the number of OH- ions co-ordinated to the 
metal ion, though both contain the same number of 
MEA molecules. Analysis of the data reveals these 
complexes to be Cd(MEA), (log & = 5.85 + 0.02) 
and ~d(MEA)~(OH) (log /IA,, = 9.03 It O.Ol), the 
mixed complex predominating at pH > 10.90. The 
value obtamed for #& is similar to that found by 
others3 for 40% dcohof medium, log J34,0 = 6.4. 

In 50% methanol, two different complexes are 
again detected, Cd(MEA), (log j.& = 5.85 IO.07) 
and ~d(MEA)~(OH) (log &.r = 9.21 & 0.03), the 
mixed complex predominating at pH > 10.90. 

Complexes of Pb * + 

In studying the Pb*+ systems advantage was taken 
of the experimental flexibility allowed by the use of 
CONSEL-POLAG,’ which makes it unnecessary to 
use experiments at constant pH. The experimental 
data are given in Table 1. Analysis by CQNSEL- 
POLAC revealed the presence of the complexes listed 
in Table 2, together with their stability constants. 

The rest&s reported above may be compared 
with those obtained in experiments using aqueous 
solutions with similar ~on~ntrations of metal ion, 
alcoholami~e and OH-. The complexes of cadmium 
found in these media were ~d(M~A)~(OH)~ 
(Iog #& = 8.99 + 0.09) and Cd(MEA),(OH) (Iog 
&, = 8.11 f O.OZ), the latter also being found in 10 
and 50% water-methanol solutions, but with higher 
stability constants (Table 3). The value found for 
log jIz,z is similar to the value 8.65 obtained by 
Subrahmanya,~’ who also reported the presence of 
Cd(M~A)~(OH)~ (but not the corresponding stability 
constant). The only Pb*+ complex found in water 
in the present study was Pb(MEA)(OH)~, log 
jI1,? = 12.50 f 0.02, ~ompatibIe with the value 
log & = 11.83 found by Subrahmanya at an ionic 
strength of l.OM. 

DISCUSSION 

The results obtained for aqueous solutions are 
similar to those reported by others.” In the 
water--methanol mixtures the previously unreported 
complexes Cd(M~A)~(OH)~, Pb(MEA)(OH) and 
Pb(MEA)~(OH)~ have been detected. 

As the concentration of alcohol in the medium 
rises, the half-wave potential of the un~omplexed 
metal ion shifts to less negative values. This has been 
interpreted as indicating that the energy necessary 
for the electron-transfer reaction is less in alcoholic 
media than in water because of sob&ion effects.2 
The general tendency for the number of Iigands 
co-ordinated to the metal ion to increase with the 
proportion of alcohol present also suggests that it is 
easier for incoming ligands to displace methanol 
molecules than water molecules because the former 
must have less capacity for solvation than the latter 
(the exceptional behaviour in media containing ap- 
proximately 50% of methanol would appear to be 
due” to the interaction of the two solvents being 

Table 3. Logarithmic stability constants of complexes of Cd*+ with mono&an& 
amine and/or OH- in aqueous and aqueous methanolic media 

Methanol, % w !w 0 10 30 50 

Cd(MEA)2(0W), 8.99 & 0.09 
Cd(MEA), 5.85 + 0.07 
Cd(MEA),(OW 8.11 rt: 0.02 8.96 + 0.01 9.21 & 0.03 
Cd(MEA), 5.85 h 0.02 
Cd(MEA),(OH) 9.03 & 0.01 



1034 ANALYTICAL DATA 

maximal at these concentrations, as witnessed by the 2. P. K. Migal and 0. F. Serova, Russ. J. Inorg. Chem., 

peak values attained in this region by physical prop 1962, 7, 825. 

ertics such as viscosity). Finally, the stability con- 3. He??& ibid,, 1965, IO, X366. 

stants of those complexes detected in more than 
4. P. K. Migal and V. A, Tsiplyakwa, ibid., 1964, 9, 333. 

one af the media emptoyed ~~b~~~A~~~~~~ and 
5. 1. S. Santabaila, C. Hanco, F. Arce and J. Casad,o, 

T&?Hn, 1985, 32, 931. 

~~C~Q~le~gernent-We are grateful to F, Rey for his Wp 9. R. G. Ifat&, M. Paa& a&d R. Robins&, 2. P&w_ 

with this work. CJrrem.., 1963,67, 1833. 
20. W. B. Schaapand D. L. McMasters,f. Am. Chem. SW.. 

Il. R. S. Subrsham~~ya, Advances in P#i~r~gr~ph~~ Vol. 2, 
REFERENCES Pergamon Press, London, 1960. 

12. R. Andreoli, 0, Battistuzzi Gavioli, G. Brandi and 
1. B, Kirson and L, Barsily, Bull, Sot Chim. ~~~~~~ 19.59, P. G. 3en~~tti, J. Eieectrocmai. Chem. ~~terf~~~~i 

1226. E~~c~oc~~rn~~ 1973, 4t, 439. 



Talanra, Vol. 33, No. 12, pp. 1035-1038, 1986 
Printed in Great Britain 

~39-9140/86 %3.00 + 0.00 
Pergamon Journals Ltd 

ANNOTATION 

ACTION DE L’ACIDE CITRIQUE SUR L’ANHYDRIDE 
ACETIQUE ET LA PYRIDINE 

DETERMINATION DU MECANISME REACTIONNEL ET DE LA 
STRUCTURE DU COMPOSE FORME 

D. BAYLOCQ, C. MAJCHERCZYK et F. PELLERIN 
Laboratoire de Chimie Analytique, Centre d’Etudes Pharmaceutiques, Universit6 de Paris XI, 

Rue J. B. Cl&m&t, F 92290 Chatenay-Malabry, France 

(Recu le 9 mai 1985. RPvisP le 14 juin 1986. Awe@ le 11 juillet 1986) 

RkUette etude met en evidence la structure du derive color6 obtenu par l’action de l’acide citrique 
SW la pyridine, en presence d’anhydride acktique. Les methodes utilisees sont la resonance magnetique 
du i3C, la spectrophotometrie infra-rouge, et la spectrometrie de masse. Le schema reactionnel propose 
conduit $ I’aconitate de py~dinium, dont la structure est confirm6e par la spectrom&rie de masse. 

Summary-This study outlines the structure of the coloured by-product obtained by the action of citric 
acid on acetic anhydride and pyridine. The methods used are i3C nuclear magnetic resonance, infrared 
spectrometry and mass spectrometry. The reaction scheme proposed indicates that the compound is 
pyridinium aconitate. The chemical structure is corroborated by mass spectrometry. 

La rkaction de l’acide citrique sur les amines tertiaires 
en p&ewe d’anhydride adtique a fait I’objet de 
quelques applications analytiques. Chambon a fond6 
sur cette reaction le dosage de l’acide citrique dans Ies 
medicaments et les produits d’origine biologique.’ 
Kalnin* a poursuivi ~application de la reaction par 
le dosage des amines tertiaires en presence d’acide 
citrique; Feigl a repris cette reaction sous la forme 
dun “Spot test”‘.3 

Pesez et Bartos ont mis cette reaction a profit dans 
la mesure de la fluorescence verte qui apparait dans 
la reaction des amines tertiaires sur l’anhydride ace- 
tique; ces auteurs ont aussi dose differents types de 
composes; cette reaction qui est specifique des amines 
tertiaires,3 peut s’appliquer en particulier d 
~identification de la cafeine, de la cinchonine, de la 
pilocarpine, de la vitamine Bl, de l’acide nicotinique, 
de la dimethylauiline, etc. 

Le mecanisme reactionnel et la structure du pro- 
duit forme n’ont pas it& d&its. L’objet du present 
memoire est la proposition d’un schema reactionnel 
confirmc par l’analyse structural du produit obtenu, 
par les techniques spectrales (spectrophotometrie 
infra-rouge et de masse). 

PARTIE EXPERIMENTALE 

Mode opkatoire 
I.&s conditions opkratoires de la m&ode de dosage selon 

Chambon ont et6 adapt&es en vue d’obtenir une quantitt 
suffisante de produit, compatible avec les differentes tech- 
niques analytiques appliquees. 

Dans une fiole, introduire 25 mg d’acide citrique et 25 ml 

de pyridine, agiter dam un bain de glace durant 15 min, 
ajouter en agitant 1 I4 ml d’anhydride acktique et laisser la 
coloration se developper a la temperature ambiante. 

RESULTATS 

Spectrophatam~tr~e @..a-rouge 

Le spectre infra-rouge du compose obtenu (pastilie 
de bromure de potassium) fait apparaitre une large 
bande a 1800-1680 cm-’ (Fig. 1) suggerant une 
fonction anhydride cyclique; ii revele une fonction 
hydroxyle a 35OOcm-“. Toutefois la faible intensite 
des bandes rend l’interpretation delicate; elle est like 
a la nature pateuse du compose form& et A la difficulti 
rencontree dans le pastillage de l’echantillon. 

Caracttristiques spectrales 

Le compose obtenu s’avere instable et sa 
purification par evaporation sous vide des reactifs en 
exces (pyridine, anhydride acktique, acide acktique), 
entraine une degradation du produit, se traduisant 
par la disparition des bandes d’absorption carac- 
tiristiques (I,,, 413 et 395 nm, El% 64 et 70). 

R&mance magn~tique nuclkaire da “C 

Le trace du spectre de resonance magn~tique nucli- 
aire du r3C, effectue extemporanement, apres Cvapo- 
ration des rcactifs en excts, revele le groupement 
anhydride cyclique qui presente les deplacements 
chimiques du carbone suivants: 167,1, 1688 et 172,2 
ppm. La mise en evidence du groupement anhydride 
cyclique nous a conduits a formuler le mecanisme 
reactionnel suivant: 

1035 
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0 

yH,COOH 
\ 

. . ..C-CHI 

HO-&-COOH + OY*’ - CH-COOH 

(a) +-CO,, 
+ 2CH,COOH \ 

C-CH, 
// 

0 CHzCOO~ 

III I II 

Dans un premier temps en milieu anhydride ace- 
tique, l’acide citrique conduit a l’acide aconitique 
(III), puis a I’acide of- ~-anhydroaconitique (IV), 
selon la structure proposee par Groth et Dalhen.s 

COOH 

IV 

Dans un deuxieme temps il se forme en presence de 
pyridine un sel, dont la formule proposee (V) est un 
aconitate de pyridinium. En effet, la pyridine en 
milieu acide se protonne et conduit a I’ion pyri- 
dinium. 

[o&i] ,-OOC-zj" ] 
\ 

bH 

V 

Spectrom&trie de masse 

L’analyse structurale a CtC effect&e sur un spec- 
trophotom~tre NERMAG 10-10~. Le traitement des 
donnees est realise sur un ordinateur PD-Pll. Les 
prockdcs d’ionisation utilisb sont i’impact efectro- 
nique a 75 eV et l’ionisation chimique par le methane; 
I’injection a Ctc affect&e directement par le procede 
“flash” permettant l’elimination spontani: des 
solvants. 

Le pit de masse obtenu correspond a m/z = 233, 
dans le cas de l’ionisation par impact ilectronique; le 
pit de mass obtenu par l’ionisation chimique par le 
methane, correspond a (m + 1)/z = 234. La masse du 
compose V correspondant a la formule proposie est 
235. 

60 - 

40 - 

zo- 

I I I I i I I I I I 
2000 1600 1600 1400 1200 1000 800 600 400 200 

Fig. I. Spectre infra-rouge du compost color&. 
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Base spectrum =I90 (1896448) 

ANNOTATION 

RI = 0.0 
TIC = 23861760 
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Scan = 39 - 26 

1259, 273 290 300 312 405 

/ I / I I I I 1 I I 
260 260 300 320 340 360 380 400 420 440 

Fig. 2. Spectre de masse obtenu apres ionisation chimique par le mtthane. 

11 apparait en consequence un deficit de 2 protons 
pour le pit de masse m/z = 233 par rapport a la 
formule V. Le pit de masse 233 peut alors Ctre 
consider6 comme un pit p~udomol~culaire. Le 
deficit de 2 protons peut s’expliquer par la mobilite 
des ions hydrogene, sit&s sur le cycle lactonique, lit 
a i’environnement BlectronCgatif. 

Le pit pseudomoleculaire de masse m/z = 233 
pourrait avoir la structure suivante (VI): 

L’analyse fragmentaire (Figs. 2 et 3) conduit aux 
observations suivantes: le pit de masse 190 corre- 
spond ri m - 44, soit ii une perte de masse Cquivalente 
4 CC&, le pit de masse 111 correspond au cycle 
lactonique. I1 apparait que l’analyse fragmentaire du 
spectre de masse obtenu par impact ilectronique et 
par ionisation chimique revele des ions moleculaires 
constitutifs de la structure proposee (V). 

Cependant, les procedes d’ionisation appliquks ne 
font pas apparaitre le pit de masse M +, mais un pit 
pseudomol~cuIaire attribuable a une fragmentation 
ionique de la molecule, en rapport avec la distribu- 
tion des charges Clectroniques. 

Alternativement, peut etre, peut-on envisager une 
migration en position 2 ou 4 de la pyridine, donnant 
avec R = C,H,O,: 

100% = 2269696 RT~00:23.0 RI= 0.0 
Base sDectrum=79 12269696) TIC = 14133248 

Scan-47-28 

60 60 100 120 140 160 160 200 220 240 

Fig. 3. Spectre de masse obtenu apres impact electronique B 75 eV. 
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Compte tenu des nombreuses possibilites de redis- 
tributions dans la phase gazeuse, il apparait difficile 
d’aboutir a une conclusion definitive. 

Les resuitats de la s~trom~trie de masse ne 
permettent pas de verifier completement l’hypothese 
de la formation du compok (VI). Ce compose est en 
effet thermolabile et dans les conditions operatoires 
du procede de dtsorption, le prod& est susceptible 
de se d&composer dans la source d’ionisation. Le 
compose de masse 233 pourrait alors correspondre a 
un rearrangement a partir des fragments form&. La 
poursuite de cette etude pourrait aboutir I la 
verification de cette hypothese. 

Conclusion 

La mise en evidence de la configuration chimique 
du composk color6 obtenu par I’action de l’acide 

citrique sur I’anhydride adtique et la pyridine a pu 
itre realise a l’aide de la spectrometrie de masse, 
~~ettant par le prodde d’injection “flash”, de 
parvenir directement a l’analyse du produit, dont 
I’instabilitt n’autorise pas la purification par les 
methodes traditionnelles. 

La spectrometrie infra-rouge, ainsi que la RMN du 
i3C apportent des elements de confirmation I la 
structure Ctablie. 

La connaissan~ du m~~nisme rkactionnel ren- 
force la validite du procede de dosage fond& sur cette 
reaction, et peut permettre d’envisager d’autres appli- 
cations aux composes organiques. 
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PRELI~~ARY COMMUNICATION 

NOVEL FLUORESCENCE REACTION FOR MALONONITRILE 

HARVEY W. YUROW 

U.S. Army Chemical Research, Development and Engineering Center, 

Aberdeen Proving Ground, Maryland 21010-5423, U.S.A. 

(Received 8 September 1986. Accepted 12 October 1986) 

Although fluorimetric techniques are inherently more sensitive than calorimetric ones, they 

are utilized far less commonly in analytical chemistry. One reason for this is that when 

new reactions are investigated, colcur is readily discerned, but unless samples are examined 

routinely under ultraviolet light (even in the presence of colour) the existence of a flug*r- 

escent species will not be noted. A case in point is the riot-control agent g-chloro- 

benzylidene malononitrile (CS), which decomposes rapidly at pH >lO to give o-chlorobenzalde- - 

hyde and malonitrile. Because the latter compound has an active methylene group, it is 

capable of condensation with various reagents to give highly coloured products. We have 

observed that reaction of 2-pyridinecarboxaldehyde with malononitrile in aqueous acidic 

solution gives a magenta colour (Xmax 510 nm), with a detection limit of 'Xl.1 ng/ml, 

appreciably higher than that with benzofurazan oxide ' (0.025 l&ml). However, when viewed 

under long-wave ultraviolet light, the reaction mixture produces an intense yellow-green 

fluorescence, measurable down to a nitrile concentration of 0.01 ngfml. The optimum 

conditions are pH 2.0 (phosphate buffer), reagent concentration 5 x IO 
-4 
M, and heating for 

5 min at 100". The fluorescence spectrum has an excitation maximum at 395 nm and emission 

peaks at 490 and 590 nm. Because the intensity ratio of product to reagent blank is great- 

er at the longer emission wavelength, the 590 nm peak is selected for use. 

The reaction is not given by two other active cyano-compounds, &. ethyl cyanoacetate 

and l,l-dicyanoethyl acetate, or by methylene dithiocyanate, and appears to be relatively 

specific for the test compound. No colour or fluorescence is produced by reaction of 

malononitrile with the 3- and 4-pyridinecarboxaldehyde isomers, but a blue colour of 

moderate intensity is given by 2-acetylpyridine. 

In acidic solution, 2-pyridinecarboxaldehyde can exist as equilibrium mixtures of three 

forms:2 the unhydrated species, the hydrated aldehyde with the nitrogen atom protonated, 

and the zwitterion (by loss of a proton from the hydrated aldehyde moiety). At pH 2, the 

optimum for the condensation reaction with malononitrile, the protonated aldehyde is almost 

exclusively present, while at pH 6, at which only the other two forms exist, the fl.uor- 

escence intensity is negligible. Consequently, it may be assumed that the reactive species 

is the protonated one. In this connection it should be noted that the intensity of the 

magenta colour produced by reaction of a~onium ion, formaldehyde, and Z-pyridinecarbox- 

aldehyde is also strongly pH-dependent. 
3 
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A number of analytically useful and highly sensitive reactions involving the isomeric 

pyridinecarboxaldehydes have been reviewed,4 indicating the versatility of these reagents. 

Though most of the applications are based on use of the derivatives, a significant number 

utilize direct condensation with the aldehyde moiety. 
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spectroscopy: M. DE LA GUARDIA, J. E. TRONCH, J. L. CARRION and A. AU~EJO. (23 June 1986) 
Electromigration of carrier-free radionuclide ions: Bismuth complexes in aqueous solutions of oxalic, fumaric and succinic acids 
F. R~SCH, TRAN KIM HUNG, M. MILANOV and V. A. KHALKIN. (23 June 1986) 
The effect of inorganic particulates on the ASV signals of Cd, Pb and Cu: T. U. AUALII~A and W. F. PICKERING. (23 June 
1986) 
Simultaneous determination of arsenlc(II1) and arsenic(V) in metallurgical processing media by ion chromatography: LIANG 
K. TAN and JOHN E. DLJTRIZAC. (24 June 1986) 
Simultaneous determination of histidine and histamine by second-derivative synchronous fluorescence spectroscopy: M. C. 
GUTIERREZ, S. Rusro, A. GOMEZ-HENS and M. VALCARCEL. (24 June 1986) 
Liquid-liqud extraction of metal ions by the 6-membered N-containing macrocycle hexacyclen: S. ARPADJAN, M. MITEWA 
and P. R. BONTCHEV. (26 June 1986) 
A graphite-tube furnace for lasersxcited atomic-fluorescence: D. G~FORTH and J. D. WINEFORDNER. (30 June 1986) 
Chemical and electrochemical behaviour of nltrlc and nitrous acids in sulpbolane: A. B~UGHIUET and M. WARTEL. (30 June 
1986) 
Spec&ophotometrlc determination of grlseofulvin in raw materials and tablets: EZZAT M. ABDEL-MOET~ and AZZA A. 
MOUSTAPA. (30 June 1986) 
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Pharmacokinetics and the analytical chemist: ANIL C. MEHTA. (2 May 1986) 
Determination of iodine-bromine numbers of some edible oils with two N-bromoimides: C. MOHANA DAS and P. INDRASENAN. 
(6 May 1986) 
Spektralphotometrishe Restlnunung organischer Verbindungen durch temiire Komplexbildung I: Das Chelat 
Fey-(H,Y = EDTA) als aoalytlsch funktlonelle Gruppe iilr Phenole: S. KOCH and G. ACKERMANN. (6 May 1986) 
An algorithm and a FORTRAN program CHEMEQUIL-2 for calculation of complex equilibria: VIJAY S. TRIPATHI. 
(6 May 1986) 
Separation of iron(II1) and iron(D) by polyurethane foam extraction: K. LEPLA and A. CHOW. (6 May 1986) 
Accurate spectrophotometric determination of arsenic in zinc concentrates and other lead-zinc smelter roasted products: 
R. RAGHAVAN, S. S. MURTI and C. S. RAO. (7 May 1986) 
Mod&d normal pulse polarography and ita differential mode for determination of alkaline-earth metal ions in acid solutions: 
MINORU HARA and NO~RU NOMIJRA. (7 May 1986) 
Simple colorlmetrlc methods for the determination of enfenamic acid in pharmaceutical preparations: R. T. SANE, U. A. 
GHORPADE and S. J. ACHARYA. (7 May 1986) 
A simultaneous colorlmetric method for the determlnatlon of dlloxanlde furoate and tlaidazole ln combined dosage forms: R. 
T. SANE, R. S. SAMANT and V. G. NAYAK. (7 May 1986) 
Simultaneous determination of the acid and basic ionization constants of bnidazole: M. TERES, S. D. VA~~NCELOS and ADELIO 
A. S. C. MACHADO. (7 May 1986) 
Physico-chemical properties of Mn(II)-1-(2quinolylazo)-2,4,5-trihydroxybenzene and spectrophotometrlc determination of 
micro amounts of manganese(H) in food&ifs and chemical reagents: ABDULHAMEED A. R. LAILA. (7 May 1986) 
Effects of vacuum on tetrakls-llyanlde complexes of silver(I) and copper(I): Implications for SIMS analyses: LISA D. DETTER, 
STEVEN J. PACHLJTA, R. G. CONKS and R. A. WALTON. (20 April 1986) 
Hydrogen enthalpimetry-L Methods and apparatus: D. W. ROGERS and B. J. SIEDMAN. (11 April 1986) 
Derivative spectrophotometric determination of micro amounts of zirconium in rocks and ores with arsenazo III: CHANG-FA 
WANG. (24 April 1986) 
Potentiometric titration of aqueous solutions of (NI-I,hTiO,F, and determination of its acid-base constants: J. HERNANDEZ 
MENDEZ, L. POLO DIEZ and M. J. ALMENDRAL PARRA. (12 May 1986) 
Speetrophotometic studies on the ion-association complex of palladhun-tin(H) chloridtirystal Violet ln the presence of 
poly(vinyl alcohol): MINZHENG ZHAO and SHENGWEN Hu. (14 May 1986) 
Simple spectrophotometric method for determination of Cu(I1) in pbarmaceutlcal raw materials and in lotions, with saUcyUc 
acid aa colour developer: U. SAHA, A. K. SEN, J. GANGULY and K. BAKSHI. (14 May 1986) 
KlwtIc determination of iodide, based on the chlorpromazine-bromate reaction: P. VITAS, M. HERNANDEZ CORDOBA and C. 
SANCHEZ-PEDRERo. (16 May 1986) 
Electron transfer in the systems Cu(II)/Cu(I) and I,/ZI- as the basis of an oxidlmetrlc analytical method: T. KOPE~ and W. 
RZE~ZIJTKO. (16 May 1986) 
Separation of some transition metal ions on slllca-immobilized 2-pyridinecarboxaldehyde phenylhydrazone: SURA~AK 
WATANESK and A. A. SCHILT. (14 May 1986) 
Fire-assay collection of gold and silver by copper: A. DIAMANTATOG. (21 May 1986) 
Pretreatment for extractiouspectrophotometrlc determination of vanadium in pond sediment: SADANOBU INOUE, SUWARU 
HOSHI and MUT~IJYA MATSUBARA. (21 May 1986) 
A new chelating ion-exchanger containing p-bromophenyl-substituted hydroxamic acid functional groups-IV: Column 
separations on a hydroxamic acid resin: AJAY SHAH and SUREKHA DEVI. (21 May 1986) 
Determination of trace manganese through the manganese-catalysed periodate-formaldehyde reaction, monitored by a 
perlodate ion-selective electrode: Ru-QIN Yu, YA-PING FENG, WEI-WEN HUANG and ZHEN-YAN Guo. (22 May 1986) 
Direct determination of trace organophosphates in chlorine-containing water by an enzymic method: TINFA Du and SHIGUANG 
ZHOU. (22 May 1986) 
Determination of germanium by graphite-furnace atomic-absorption spectrometry: Y~~HIKI SOHRIN, KANJI ISSHIKI, TOORU 
KUWAMOTO and EIICHIRO NAKAYAMA. (22 May 1986) 
Application of Fourier transform technique to simultaneous resolution enhancement and smoothing of noisy spectra: SISKO V. 
PIHLAJAM~~KI. (22 May 1986) 
Determination of tbe association of trace metals with naturally occurring colloids: H. E. BJWNSTAD and B. SALBU. 
(22 May 1986) 
Separation of selenlum(IV) and tellurlmn(IV) from mixturea by extraction chromatography with trloctylphosphine oxide: 
R. B. HEDDIJR and S. M. KHOPKAR. (22 May 1986) 
Spectrophotometrlc determination of nickel in copper-base alloy with 2-(2-thiazolylazo)-p-cresol (TAC): SERGIO LUIS C%TA 
FERREIRA. (22 May 1986) 
Solvent extraction of lithium and sodium with 4-benzoyl or 4-periluoroacyl-5-pyrazolonc and TOPO: SHIGEO UMETANI, KOHJI 
MAEDA, S~RIN KIHARA and MASAKAZU MATSUI. (26 May 1986) 
Determination of stability constants for alkaline-earth and alkali-metal ion complexes of glycine by spectrophotometry: LEO 
HARJU. (26 May 1986) 
Spectrophotometrlc determination of tryptophan by a nitrosation reaction: KRISHNA K. VERMA and ARCHANA JAIN. 
(28 May 1986) 
Determination of ultratrace amounts of cobalt by the catalysis of the Tlron-hydrogen peroxide reaction, with an improved 
continuous-flow analysis system: KENJI ISSHIKI and EIICHIRO NAKAYAMA. (28 May 1986) 
Fluorescence in thin liquid films: R. VON WANDRUSZKA and J. D. WINEFORDNER. (28 May 1986) 

i 
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Preparation, mesomorphic properties and behaviour as gas-cbromatographic solvents of 4,4’-bis-biphenylene benzoates: 
GIUSEPPE CHIAVARI, LUCIANA PASTORELLI and GEORGIOS PERRAKIS. (27 March 1986) 
Stability constants and molar absorptivities for complexes of copper(H) with N-methyldiethanolamine, l&bit+ 
(2-hydroxypropyl)-2-methylpiperazine, and 2-amino-2-methyl-1-propanol: JOSEPH R. SIEFKER and ROD~LFO V. AROC. 
(31 March 1986) 
Slope estimations from limited data: G. L. SILVER. (2 April 1986) 
Stability order of the lanthanide chelates of two disubstltuted 3-hydrox-W-pyran&nes in aqueous solution: RAIJA PETROLA, 
PAULA LAM&N and SEPPO LINDROOS. (2 April 1986) 
New methods for detection and spectrophotometric determination of submicrogram amounts of copper through redox reactions 
of the cyanocuprate(1) complex: AMIR BESADA. (7 April 1986) 
Simultaneous multielement analysis of various human tissues by inductively<oupled plasma atomic+mission spectrometry: 
KUNIO SHIRAISHI, GI-ITHIRO TANAKA and HISAO KAWAMURA. (7 April 1986) 
Synthesis of 2-(3,5dichloro-2-pyridylazo)-5-dimethylami~phenol and its application to tbe determination of cobalt by 
spectrophotometry: MASAAKI NAKAMURA, YUTAKA SAKANASHI, HIROAKI CHIKUSHI, FUMIAKI KAI, SHIGEYA SATO, TOSHIE 
SATE and SUMIO UCHIKAWA. (9 April 1986) 
Measurement of the diffusion coefficients of Zr(IV) in aqueous and non-aqueous solutions by use of an analytical ultracentrifuge: 
V. FRIEHMELT. CH. FRYDRYCH, M.-L- YE and G. MARX. (24 February 1986) 
142-Quinolylazo)-2,4,%trihydroxybenzene as a spectropbotometric reagent for cobalt(I1) and copper(I1) determination: 
ABDULHAMEED A. LAILA. (10 April 1986) 
Colour changes of redox and screened indicators for direct titration of ascorbic acid with Ce(IV): J. MARTINEZ CALATAYUD, 
R. MARIN SAEZ and M. PASCUAL MARTI. (14 April 1986) 
Determination of protonation constants by coulometric titration: STANIZAW GE~B, ELZBIETA SKRZYDLEWSKA and ADAM 
HULANICKI. (14 April 1986) 
All-solid-state trimethoprim ion-selective electrode: SHOU-ZHOU YAO, JING SHIAO and LI-HUA NIE. (21 March 1986) 
o-Dianisidine as a calorimetric reagent for vanadium: L. P. PANDEY, B. SINGH and K. K. PADHI. (18 April 1986) 
Detection methods in flow-injection analysis---a review: DAVID J. PASS, S. MARK TROTMAN and JAMES AVRAAMIDES. (18 April 
19861 
‘I’ber&dynamics of the formation of Mn(II), Fe(U), Co(II), Ni(II), Cu(II) and Zn(II) complexes wltb 2,3dihydroxy- 
naphthalene and chromotropic acid: J. K. NEPAL and S. N. DUBEY. (26 ADril 1986) 
E&action and spectrophoiometric determination of molybdenum(W) with Malacite Green and p-chloromandelic acid: 
SHIGEYA SATO, MARI IWAMOTO and SLJMIO UCHIKAWA. (26 April 1986) 
Dosage des acides faibles en milieu ammonium quatemaire concenti D. BAYLOCQ, W. KAYATA and F. PELLERIN. (26 April 
1986) 
Studies on synthesis of a new colour reagent bromophosphonazo-pSN-BPA-pSn) and its colour reactions with rare-earth 
elements: BIN-CAI Wu, Yu-XIN Qu, HENG-CHLJAN LIIJ, CHENG Wu and XING-QIOG ZHU. (26 April 1986) 
Determination of cadmium, lead and copper in milk and milk powder by means of flow potentiometric stripping analysis: 
L. ALMESTRAND, D. JAGNER and L. RENMAN. (26 April 1986) 
pK, values of iV,N,N’,N’-tetrakis(2-hydroxypropyl)ethylenedlami~: R. MCMAHON, M. BRENNAN and J. D. GLENNON. 
(28 April 1986) 
Some ion-exchange resins for anion chromatography: ALI S. AL-OMAIR and SAMUEL J. LYLE. (28 April 1986) 
Continuous-flow determination of chloride in the non-linear respome region by using a tubular chloride ion-selective electrode: 
HIROKAZU HARA, YOSHIKI WAKIZAKA and SATOSHI OKAZAKI. (28 April 1986) 
Anionexchange enrichment and spectrophotometric determination of uranium in sea-water: ROKURO K~RODA, KOICHI 
OGUMA, NORIKO MUKAI and MASATOSHI IWAMOTO. (28 April 1986) 
A vancomycin determination by coulometric generation of copper ions: D. ANDRE, J. CHASTANG, C. CHABENAT, 
D. BLANC-C• NTINSOUZA and P. B~UCLY. (26 April 1986) 
Simultaneous determination of uranimn(IV) and hydrazine-a novel technique: N. S. B. SINGH, S. V. MOHAN, P. J. UPADHYAYA 
and G. R. BALASUBRAMANIAN. (28 April 1986) 
Polarographic behaviour of 3-(2’-thIazolylazo)-2,6diaminopyrIdine: Effect of a new surfactaat: ALI Z. ABU ZUHRI, 
SH. M. ZQURB and J. SHALABI. (28 April 1986) 
Ultratrace molybdenum determinations in biological samples by graphite-furnace atomic-absorption spectrometry: SCOT-T P. 
ERICSON, MICHAEL L. MCHALSKY and BRUNO JASELSKIS. (28 April 1986) 
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Characterisation of interferences in analytical methods-I: Computation and application of non-specific coeillcients as 
correction factors: B. S. FERNANDEZ BAND, E. RUBIO and A. L. ALLAN. (7 March 1986) 
Characteriuation of interferences in analytical methods-II: Experimental verification on a spectrophotometric direct methodz 
B. S. FERNANDEZ BAND, E. RUBIO and A. L. ALLAN. (7 March 1986) 
Stabilities of bivalent metal complexes with biologicaiiy active ulydroxy-1&napbthoquinone monosemicarbasone (HNQS) in 
dioxan-water mixtures: RAKFX-I KUMAR SHARMA and SHARWAN KUMAR SINDHWANI. (12 March 1986) 
Electrodeless reduction and colorhnetric determination of silver, copper and nickel: G~ZI AL-JABARI and BRLINO JASELSKIS. 
(12 March 1986) 
Evaluation of the calibration approach to quantitlcation in Bow potentlometric stripping analysis: Boy HDYER and LARS 
KRYGER. (12 March 1986) 
Fuzzy liwar-weight transformation simplex method and its appiication in analytical chemistry: CHEN GUONAN. (17 March 
1986) 
Studies of hydrodynamic voltammetry at tubuiar electrode-III: Determination of trace amounts of bismuth by 
differential-puise anodic+tripping voltammetry at glassy-carbon tubular electrodes with in sitv mercury plating: WAN ZHEN 
and CHEN QUNG. (18 March 1986) 
Spectrometric analysis of non-metals introduced from a graphite furnace into a microwave-htduced plasma: JAROSLAV P. 
MATOUSEK, BRIAN J. ORR and MARK SELBY. (18 March 1986) 
Trece measurements of the et~tineeplestic agent methetrexate by adserptive stripPing voltemmetry: JOSEPH WANG, PENG 
TUZHI, MENG-SHAN LIN and TIM TAPIA. (18 March 1986) 
Rapid solvent extraction and separation of gellimn, indium and thaBhtm with a-octylaniliw: SHASHIKANT R. KUCHEKAR and 
MANOHAR B. CHAVAN. (18 March 1986) 
A study of bright Pt electrodes as pH electrodes: J. M. FERNANDEZ ALVAREZ, A. COSTA GARCIA and P. TYSON BLANCO. 
(21 March 1986) 
Etfect of speciation on uptake end toxicity of cedmhtm te Crangon-craugop I shrimps: M. L. S. SIMOPS G~NCALVES, F. M. 
C. VILHENA, L. M. V. F. MACHAW, C. M. R. PJXX~A and M. LEGRAND DE MOURA. (21 March 1986) 
Detesmio~tion of suiphadrugs with all-solid-state sulphadrug seasitlve electrodes: SHOU-ZHOU YAO, JING S~yro and LI-HUA 
NIE. (21 March 1986) 
Fh~~rimetric sod ahsetptiometric determinatien of disseciation constents end chromogenic nectiens of benxyl-2-pyridyl ketom 
2qtmiloylhydrexew: F. GARCIA SANCHEZ, C. CRUCE~ BLANCO and J. MEDINILLA. (21 March 1986) 
SpeetrePhetometric evaluation of acidity constants: Can a dlprotic add be treated as a monoprotk one?: A. G. ASUERO and 
A. G. GONZALEZ. (21 March 1986) 
TBA+Br--HTTA/MIBK extraction for AAS determination of cobalt, nickel, and manganese in copper ore and concemratez 
BARBARA R&A~SKA and ELWIRA LACHOWICZ. 
Direct fleme atomic-absorption determination of minor elements in argiiiites: E. KLAOS, R. TALKOP and V. ODINETS. (24 March 
1986) 
Direct determination of metals in miliigram amounts and microlltre volumes by direct-cwrent argot~plasma emission- 
spectrometry with sample introduction by electrothermal vaporization: PETER G. MITCHELL and JOSEPH SNEDDON. (26 March 
1986) 
Spectrophotometric determination of organic matter ln solis, plants and organic manures by the dichromate ntethodz YIN 
TIAN-SHOU and CHIAO MING-LWEN. (26 March 1986) 
Kinetic-speebophotemetric determination of nanogem levels of mmtgenese by use of salicylaldebyde gwoyB~ydrazew- 
hydre8en peroxide system: F. SALINAS, J. J. BERZA~ NEVAIXJ and P. VALIE~ GONWEZ. (26 March 1986) 
Spectrophotometric reaction-rate method for the determination of nitrite ln waters with pyridiw->aldehyde Zpyridylhy- 
draxone: R. MONTD and J. J. LASERNA. (26 March 1986) 
Identlilcation of twelve 1&hensodiampines by a combhmtion of gas-chromatography and high-performance liquid chro- 
matography: M. BAKAVOLI and M. M. HERAVI. (26 March 1985) 
Ion-pair extraction study of strontium (2.2.2) cryptate with Erythrosin B: Spectrophotometric determination of St(D): BERNARD 
JUSKOWIAK. (26 March 1986) 
A wet chemical method for the estimation of carbon in uranium carbides: V. CHANDRAMOULI, R. B. YADAV and P. R. 
VASIJDEVA RAO. (26 March 1986) 
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S~~ophotometri~ determination of some insecticides with 3-methyl-Z-~nzothiazolino~ hydrazoue hyd~hlo~de: C. S. P. 
SASTRY and D. VUAYA. (I3 February 1986) 
Comparison of inorganic films and ~ly(4-vi~ylpyridine) coatings as electrode modifiers for flow-inj~tion systems. JAMES A. 
Cox and KRISHNAJI R. KULKARNI. (17 February 1986) 
Solvent extraction of rare-earth elements with hexa-~a-18~rown-6 and ~rythr~in A: WALENTY SZCZEPANIAK, WANDA 
CISZEWSKA and BERNARD JSUKOWIAK. (17 February 1986) 
S~~ophotome~i~ determination of the light rare earths with a new reagent, arsenazo-DC% F. YIN, L. P. Hu, Y. R. ZHU 
and G. W. ZHAO. (18 February 1986) 
A new chemiluminescence system EtOH-H,O,-Co(II~KOH and its analytical applicatian to cobalt: M. G. Lu, M. F. LING, 
H. GUI and F. YIN. (18 February 1986) 
Determination of trace amounts of the flotation collectors ethylxanthate and diethyldithiophosphate in aqueous solutions by 
cathodic stripping voltammetry: ARI IVASKA and JAAKK~ LEPPINEN. (21 February 1986) 
Differential-pulse polarographic determination of thiol collector and sulphide ions: JAAKKO LEPPINEN and SUSANNA VAHTILA. 
(21 February 1986) 
Chelex 100 for preconcentration of bismuth from sulphide ores, concentrates, metals and alloys: J. S. ADSUL, C. C. DIAS, 
S. G. IYER and CH. VENKATESWARLU. (21 February 1986) 
Potentiometric study of silver ion co-ordinmtion with azo dyes: J. KATONA-BALAZS, G. MOLX~R, Zs. NEMES-VET&Y and K. 
BURGER. (21 February 1986) 
The utility of charge-transfer complexation in the s~ctrophotometric dete~ination of some monosaccharides through their 
osazones: MAGMA AYAD, SAEED BELAL, AFAF ABOU EL KHE~R and SOBHI EL ADL. (21 February f986) 
Spectrophotometric determination of iron by extra&Ion of the iron(II~5,5dimethyl-I,t,3-cyclohexanetrione-l,2~ioxime-3- 
thiosemicarbazone complex: Determination of iron in water: F. SALINAS, T. GALEANO DIAZ and J. C. JIMENEZ SANCHEZ. (21 
February 1986) 
The electrochemical generation of small amounts of hydrogen cyanide: ZUZANA TOCKSTEINOVA and FRANTISEK OPEKAR. (24 
February 1986) 
Chromatography of chlorophylls and bacteriochlorophylls: JOSE A. S. CAVALEIRO and KEVIN M. SMITH. (24 February 1986) 
Determination of trace amounts of nickel by atomic-absorption spectrometry after carbonyl generation: J. ALARY, J. VANDAELE, 
C. ESCRIEUT and R. HARAN. (25 February 1986) 
Effect of temperature on the determination of aromatic nitro compounds by coulometrically generated chromium(D): ISMAIL 
M. AL-DAIIER and BYRON KRATOCHVIL, (25 February 1986) 
Spectrophotometric determination of arsenic from an organic phase: E. N. VASANTA. (2.5 February 1986) 
Oxidizing and masking agents in volatile covalent hydride-atomic-absorption spectrometry (VCH-AAS): Determination of lead 
in blood: J. R. CASTILLO. J. M. MIR, C. MARTINEZ and M. C. RAMIREZ. (26 February 1986) 
Two-phase titration of eationic surfactants in alkaline solution: MASAHIRO TSUBOUCHI, YOKO NITTA and TAKAHIRQ 
KUMAMARU. (27 February 1986) 
Dissociation constants of arsenazo III: IRENA NEMCOVA, BOREK METAL and JARO~LAV PODLAHA. (27 February 1986) 
How to measure heavy-atom kinetic isotope effects: PIOTR PANETH. (4 March 1986) 
Micellar modification of the fluorescence spectral, intensity and lifetime characteristics of fluorescein-lahelled phenobarbital: 
TERESA L. KEIMIG and LINDA B. MCGOWN. (19 February 1986) 
Analytical applications of the technique of solid-liquid separation after liquid-liquid extraction: B. K. PURI, M. KATYAL and 
M. SATAKE. (4 March 1986) 
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Non-aqueous titration of hydrochlorides of phenothiazine derivatives, with silver perchlorate: N. A. ZAKHARI, S. M. AHMED 
and M. I. WALASH. (10 January 1986) 
Sensitive spectrophotometric determination of nitrogen: QIU XING-CHU and ZHU YINZ-QUAN. (10 January 1986) 
Fluorimetric determination of pyrimethamine in pharmaceutical preparations: PYARE PARIMOO. (10 January 1986) 
4,5-Dibromo-o-nitrophenylfluorone, a new reagent for the spectrophotometric determination of micro amounts of tantalum in 
the presence of niobium: WV ZHENG, Yu CHAO-SHENG and JIA XI-PING. (10 January 1986) 
Four-component computing systems for analysis by infrared spectroscopy: LONG-BIAO YING and YI-YING LIU. (13 January 
1986) 
Dosage colorimCtrique des ions cyanures par formation du complexe mixte bis(bathophenanthroline)dicyano fer(II): M. 
MARIAUD and P. LEVILLAIN. (15 January 1986) 
Les possihilit& reactionnelles de la dichloro-2,6 quinone chlorimine (DC-QCFI: ConsidLrations theoriques sur la rCaction de 
Gibbs: BRUNO BADER, JOSYANE LACROIX, ROGER LACROIX and CLAUDE VIEL. (13 January 1986) 
Les possibilitbs reactionnelles de la dichloro-2,6 quinone chlorimine (DC-QC)--II: Les colorants d’indoph&ol et les applications 
de la reaction de Gibbs: BRUNO BADER, JOSYANE LACROIX, ROGER LACROIX and CLAUDE VIEL. (13 January 1986) 
Nitrate-selective electrode based on his(triphenylphosphine)iminium salts: G. WERNER, I. KOLOWOS and J. SENK$%. (13 
January 1986) 
Construction of a perrhenate ion-selective electrode: K. BENESOVA, J. SENK*R, I. KOLOWOS and G. WERNER. (13 January 1986) 
Direct potentiometric determination of manganese in water by means of a permanganate-selective electrode: K. BENESOVA, J. 
SENKLR, Z. GLATZ, M. VRCHLABSKY, I. KOLOWOS and G. WERNER. (13 January 1986) 
Oxydation Clectrochimique de la khelline et de I’amikhelline: Etude par voltammetrie cyclique: J. M. KAUFFMANN, G. J. 
PATRIARCHE, M. CHATEAU-G• SSELIN and B. L. GALLO-HERMOSA. (13 January 1986) 
Diffusion coefficients and complex equilibria in solution--V: Limitations to the validity of the diffusion equations: D. R. CROW. 
(13 January 1986) 
Use of N-benzyl-2-naphthohydroxamic acid as a highly selective reagent for solvent extraction and spectrophotometric 
determination of vanadium(V): BASANT SAHU and USHA TANDON. (17 January 1986) 
Evaluation of coupled transport across a liquid membrane as an analytical preconcentration technique: JAMES A. Cox, ATUL 
BHATNAGAR and ROBERT W. FRANCIS JR. (22 January 1986) 
Rapid distillation of boron in steel as methyl borate for ICP atomic emission spectrometric determination: MINORU HOSYA, 
K~ICHI TOZAWA and KUNIO TAKADA. (22 January 1986) 
Microdetermination of copper in brass and water on tIn(IV) antimonophosphate by ion-exchanger calorimetry: P. S. THIND 
and S. K. MITTAL. (21 January 1986) 
Determination of molybdenum, chromium and vanadium by ion-pair high-pressure liquid chromatography based on precohnnn 
chelation with 4-(2-pyridylazo)resorcinol: ZHANG XIAO-SONG, ZHU XIANG-PING and LIN CHANG-SHAN. (24 January 1986) 
Interference by ahnninium species in fluoride ion determinations: Competing equilibria effects: W. F. PICKERING. (27 January 
1986) 
Dosage des xanthiques naturels par C.L.H.P.: Comparaison des methodes et applications: M. F. VERGNES and J. ALARY. (27 
January 1986) 
Non-aqueous fluorimetric determination of scandium in silicate rocks: F. GARCIA SANCHEZ, C. CRUCES BLANCO and A. 
HEREDIA BAYONA. (27 January 1986) 
Design and evaluation of an electrochemical sensor for dissolved oxygen determination in water: S. QUINTAR DE GUZMAN, 
0. M. BAUDINO and V. A. CORTINEZ. (27 January 1986) 
A computer-based flow-injection analysis system for continuous monitoring of trace and macroconcentrations: LUIS A. 
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Physical aad Chemicai ~a~~e~a~on of I~i~idual Airborae Part&s: edited by K. R. SPURNY. Ellis Horwood, 
Chichester, 1986. Pages 418. E55. 

The recent Chernobyl disaster and the acid rain problem have focused attention on the need for quick and accurate 
methods of characterizing airborne particles. The publication of a book on the current developments in particle 
characterization is welcome. 

The book is true to its title. It is a compilation of chapters (23 contributors) each dealing with some aspect 
of particle characterization. The first three chapters deal with the physics and chemistry of aerosols, physical 
characterization and sampling. Chapter 4 is a short article on deposition in human airways and sets the background 
for Chapter 12-Particles and fib& in human lungs. 

One of the most oromisina recent develooments is laser-micronrobe mass analysis-LAMMA. Probably because 
of its promise three chapter-(13-15) are devoted to it. There are-descriptions of the apparatus and techniques, and 
also included are a large number of results. The next 5 chapters are all very similar in construction-a small amount 
of theory, a description of the apparatus, some applications and results. 

The methods covered are 

Particle induced X-ray emission analysis (PIXE) 
Secondary-ion mass spectroscopy (SIMS) 
X-Ray photoelectron spectroscopy (XPS or ESCA) 
Micro Raman spectroscopy (MRS) 
Mass spectrometry in situ. 

The classical methods of light scattering, optical microscopy, electron microscopy and chemical analyses have not 
been neglected and modern aspects (laser light scattering, TEM, SEM, EPMA) are treated in Chapters 5-11. 

In my view, the editor has compiled a useful, timely and up-to-date book on current developments in particle 
characterization. 

W. A. J. BRYCE 

Atmospheric Chemistry: B. J. FINLAYSON-PITTS and J. N. POTTS JR., Wiley, New York, 1986. Pages xxviii + 1098. $57.45. 

This book of some 1100 pages by two experienced workers in their field-placed in the best or worst environment 
depending upon your point of view!-represents a veritable mine of information with very up-to-date references. These 
are mainly American and are inevitably somewhat subjective. The book derives greatly from two previous 
monographs-“Photochemistry of Air Pollution” by Leighton and “Photochemistry” by Calvert and Pitts. Although 
there are extensive sections on analysis, the main emphasis of this book is on photochemical kinetics and modelling 
of mechanisms. One might add that the thermochemistry for reactions is not given as much attention as it deserves. 

The authors show that they have a fme sense of history. They start with an overview of the natural and polluted 
atmosphere (troposphere). In particular they emphasize meteorolo~~al effects such as temperature inversion which 
can lead to local high concentrations of pollutants. Just about enough fundamental aspects of photochemistry, 
spectroscopy and gas kinetics are reviewed. Since many unimolecular and bimolecular reactions are precut-de~ndent 
under atmospheric conditions, this includes the Troe fo~ulation of RRKM theory for these processes. This has 
distinct advantages over the full treatment although some ad hoc assumptions have to be made. In respect of these 
three topics some effort has been made to define units of concentration, photolysis rate constant etc., which clarifies 
some confusion in the literature. However in terms of a “fast” or “slow” reaction is would have been desirable 
to differentiate clearly between rate and rate constant. Condensed phases are also considered. A thorough review 
of solar radiation is given, once again clearly defining such items as actinic radiation, zenith angle etc. Unfortunately 
only variations as a function of latitude in the Northern Hemisphere are considered. A critical review is given of 
monitoring techniques for detecting species responsible for air pollution, such as CO, NO,, 0,, SO, and hydrocarbons 
other than methane. In particular it is concluded that 0, (‘Ag) and N,O, are not important and the source of HONO 
is unknown. H,SO, and HNO, fo~ation in acid rain and fogs is dealt with in some depth. The complex mechanism 
for the conversion of SO, into H,SO, is shown still to be not fully understood. Effects on health, lung cancer in 
particular, are also considered. 

Interaction of the troposphere with the stratosphere is considered in a short chapter. Concentrations of intermediates 
here would have been useful. There are very useful tables in the appendices. 

The test would be useful for a course on atmospheric chemistry although most students would find the cost 
prohibitive. The authors clearly had in mind beginners and readers with peripheral knowledge. Altogether a very 
useful book for workers in this important field, with relatively few typographical errors. The hardest thing to do 
was to cut this review down to size because of the wealth of information. 

L. B/,n 
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Auger Electron Spectroscopy: M. THOMPSON, M. D. BAKER, A. CHRISTIE and J. F. TYSON, Wiley, New York, 1985. Pages 
vii + 394. E95.00. 

The great success of the mass spectrometric technique over the past three decades encouraged basic research in the 
manipulation of charged particles in vacuum systems and physicists were able to develop sophisticated techniques for the 
generation and measurement of energy distribution in electron beams. As a result of this increasing sophistication several 
spectroscopic techniques were transformed from methods for research experiments into routine analytical tools; this family 
of techniques, which includes electron and photoelectron spectroscopy, as well as Auger spectroscopy, is described in the 
first chapter of this book. Subsequent chapters deal with the fundamentals of the Auger effect and with the instrumentation 
required to apply it in the examination of surface properties. 

Although the main application of the techniques is in the study of surface chemistry, where it often complements the 
evidence obtained by X-ray photoelectron spectroscopy, there is a chapter devoted to a discussion of the Auger effect in 
gases. Because of the large difference in the energies of electrons ejected from different elements and the measurable shifts 
of these energies caused by the molecular environment, there is considerable potential for the exploitation of the Auger 
effect in the gas phase for both qualitative and quantitative analysis, and many examples of atomic and molecular spectra 
are provided. 

Subsequent chapters are devoted to the more familiar applications of Auger spectroscopy in metallurgy and materials 
science where accurate descriptions of surface properties are of fundamental importance, While interest in the past has 
tended to be largely restricted to these areas, the book is recommended to all practising analytical chemists, who may find 
in it solutions to future problems in general analysis. 

J. R. MAJER 
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CLUE: A Microcomputer Program for Hierarchical Clustering: A. THIELEMANS, M. P. DERDE and D. L. MASSART, Elsevier 
Scientific Software, Amsterdam, 1986. $295/Dfl.975/&245; manual only %30/Dfl. lOO/f25. The introductory part of the 
manual is available free. 

Available for: 
IBM-PC, -XT, -AT with PC-DOS 2.x or 3.0 and PC-BASIC, 180/36OK 5.25-in disc drive, 128K RAM. 
Apple II, II+, IIe, IIc with DOS 3.3, Applesoft BASIC, 140K 5.25-in disc drive, 48K RAM (interpreter), 64K RAM 
(compiled). 
The version tested for this review was for the IBM-PC, and the machine used for testing was an IBM-PC-AT, with 
PC-DOS 3.0 

This microcomputer software package is an implementation of a divisive hierarchical method of clustering, originally 
proposed by MacNaughton-Smith et al. (Nature, 1964, 202, 1034). This particular method of clustering is suitable for 
implementation on a microcomputer because it operates by starting with all the objects to be clustered, then divides them 
into two groups, then divides each of these into two more groups, and so on, until each object is in a separate group. 

The first part of the package deals with data input and transformation; the data input routines are well protected from 
crashes that would otherwise be caused by mistypes such as the letter 0 instead of the figure 0. The second part contains 
the calculation of the dissimilarity matrix (it can use either the Euclidian distance between objects or the correlation as 
a measure of dissimilarity) and the clustering algorithm itself. The third part allows display and/or printing of previously 
stored clustering results. 

The package is easy to learn to use, and, overall, it works very well in a way that is friendly to the user. Both compiled 
and interpreted versions were supplied on the disc: the compiled version was much faster, but otherwise they appeared 
identical. The manual, too, is nicely produced in a loose-leaf format (to allow updates to be added, presumably), though 
I did find it rather unwieldy for working with at the computer. The sections are Introduction, User Guide, Scientific 
Background, and Program Listings. (These listings are not provided if a manual is purchased on its own.) 

However, the program is not entirely free from bugs. The manual explains that the initial setting-up program can only 
be used with a disc that is not write-protected; in fact, none of the package will run with a write-protected disc. If the package 
is set up for a 2-drive system, the data files on the disc in drive B are saved and loaded without trouble in the first and 
second parts of the package, but in the third part, files are reported as “not found” (because the machine is trying to read 
from drive A) unless the filename is preceded by “B:“. This problem arises with both the compiled and interpreted versions 
of the program. Another, rather puzzling, error occurred in the printing of data matrices after a log transformation, in 
that just two or three spurious data values were printed out, e.g., 9.99 instead of 0.103. The data in memory and on disc 
did not contain these errors, but they occurred every time the data were printed. 

The manual lists some errors trapped by the program, but I found some that were not, and which caused the program 
to crash, leaving the system in BASIC. The authors did not mention this possibility, and did not give instructions on 
restarting from within BASIC. This would cause little bother to a user familiar with the machine, but a computer novice 
wanting just to use the package would be baffled-and the manual does otherwise seem to be aimed at a complete novice. 

Despite these problems, I rather liked the package. It offers an easy introduction to clustering methods for the many 
analytical chemists who have not yet tried them. It is sad and unfortunate that the price is so excessive. Until the advent 
of microcomputers, programs like this were published in the open scientific literature, and freely exchanged among any 
workers interested. Is the price so high because IBM customers expect software to be in this price bracket? Many comparable 
packages for the Acorn BBC microcomputer can be had for f3WO. The only redeeming feature is that the purchaser is 
permitted to make four copies of the disc for use within the purchasing organization or institution. 

MARY R. MA~.WN 

Chromatographic Methods, 4th Ed. A. BRAITHWAITE and F. J. SMITH, Chapman & Hall, London, 1985. Pages x + 414. 
Hardback f29.00. Paperback f 12.95. 

This fourth and extended version of “Chromatographic Methods” is the result of the rich experience of both authors. The 
first two chapters are devoted to fundamental concepts and theories of chromatography, including also a short and 
interesting historical survey. 

Plane (planar) Chromatography, Liquid Phase Chromatography in Open Columns, Gas Chromatography and High 
Performance Liquid Chromatography make up the main body of the book and are dealt with in four subsequent chapters. 
The modern approach to the treatment of the material is an outstanding feature of the four chapters. 

Chapter 7 deals with procedures which have been developed for identifying compounds separated from a mixture. This 
chapter covers the coupling of chromatography with infrared and ultraviolet-visible spectrophotometry, mass spectrometry 
and atomic spectrometry. 

Chapter 8 covers important new developments such as computerized data-handling and is devoted to methods of 
recording the chromatographic signal and data processing. 

In the final chapter the authors give a number of examples of model experiments in chromatographic techniques. 
In my opinion, the sub-chapter Electrophoresis included in Chapter 3 (Planar Chromatography) does not meaningfully 

fit into the concept of Chromatography but, on the other hand, it does fit into a book dealing with separation methods. 
Once there, however, it should be supplemented with further essential electromigration techniques, e.g., isotachophoresis. 

Each chapter is abundantly illustrated with figures, diagrams and tables and is concluded with a list of references that 
is ample though still kept within reasonable limits. 

The book can be heartily recommended to all chemists who are interested in analytical chemistry, ranging from research 
workersin certain branches to biochemists and environmentalists. Chemistry students will also find the book a useful 
introductory text and a valuable source of information. J. CHU~~EEK 
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IBM-PC, -XT, -AT with PC-DOS 2.x or 3.0 and PC-BASIC, 180/36OK 5.25-in disc drive, 128K RAM. 
Apple II, II+, IIe, IIc with DOS 3.3, Applesoft BASIC, 140K 5.25-in disc drive, 48K RAM (interpreter), 64K RAM 
(compiled). 
The version tested for this review was for the IBM-PC, and the machine used for testing was an IBM-PC-AT, with 
PC-DOS 3.0 

This microcomputer software package is an implementation of a divisive hierarchical method of clustering, originally 
proposed by MacNaughton-Smith et al. (Nature, 1964, 202, 1034). This particular method of clustering is suitable for 
implementation on a microcomputer because it operates by starting with all the objects to be clustered, then divides them 
into two groups, then divides each of these into two more groups, and so on, until each object is in a separate group. 

The first part of the package deals with data input and transformation; the data input routines are well protected from 
crashes that would otherwise be caused by mistypes such as the letter 0 instead of the figure 0. The second part contains 
the calculation of the dissimilarity matrix (it can use either the Euclidian distance between objects or the correlation as 
a measure of dissimilarity) and the clustering algorithm itself. The third part allows display and/or printing of previously 
stored clustering results. 

The package is easy to learn to use, and, overall, it works very well in a way that is friendly to the user. Both compiled 
and interpreted versions were supplied on the disc: the compiled version was much faster, but otherwise they appeared 
identical. The manual, too, is nicely produced in a loose-leaf format (to allow updates to be added, presumably), though 
I did find it rather unwieldy for working with at the computer. The sections are Introduction, User Guide, Scientific 
Background, and Program Listings. (These listings are not provided if a manual is purchased on its own.) 

However, the program is not entirely free from bugs. The manual explains that the initial setting-up program can only 
be used with a disc that is not write-protected; in fact, none of the package will run with a write-protected disc. If the package 
is set up for a 2-drive system, the data files on the disc in drive B are saved and loaded without trouble in the first and 
second parts of the package, but in the third part, files are reported as “not found” (because the machine is trying to read 
from drive A) unless the filename is preceded by “B:“. This problem arises with both the compiled and interpreted versions 
of the program. Another, rather puzzling, error occurred in the printing of data matrices after a log transformation, in 
that just two or three spurious data values were printed out, e.g., 9.99 instead of 0.103. The data in memory and on disc 
did not contain these errors, but they occurred every time the data were printed. 

The manual lists some errors trapped by the program, but I found some that were not, and which caused the program 
to crash, leaving the system in BASIC. The authors did not mention this possibility, and did not give instructions on 
restarting from within BASIC. This would cause little bother to a user familiar with the machine, but a computer novice 
wanting just to use the package would be baffled-and the manual does otherwise seem to be aimed at a complete novice. 

Despite these problems, I rather liked the package. It offers an easy introduction to clustering methods for the many 
analytical chemists who have not yet tried them. It is sad and unfortunate that the price is so excessive. Until the advent 
of microcomputers, programs like this were published in the open scientific literature, and freely exchanged among any 
workers interested. Is the price so high because IBM customers expect software to be in this price bracket? Many comparable 
packages for the Acorn BBC microcomputer can be had for f3WO. The only redeeming feature is that the purchaser is 
permitted to make four copies of the disc for use within the purchasing organization or institution. 

MARY R. MA~.WN 

Chromatographic Methods, 4th Ed. A. BRAITHWAITE and F. J. SMITH, Chapman & Hall, London, 1985. Pages x + 414. 
Hardback f29.00. Paperback f 12.95. 

This fourth and extended version of “Chromatographic Methods” is the result of the rich experience of both authors. The 
first two chapters are devoted to fundamental concepts and theories of chromatography, including also a short and 
interesting historical survey. 

Plane (planar) Chromatography, Liquid Phase Chromatography in Open Columns, Gas Chromatography and High 
Performance Liquid Chromatography make up the main body of the book and are dealt with in four subsequent chapters. 
The modern approach to the treatment of the material is an outstanding feature of the four chapters. 

Chapter 7 deals with procedures which have been developed for identifying compounds separated from a mixture. This 
chapter covers the coupling of chromatography with infrared and ultraviolet-visible spectrophotometry, mass spectrometry 
and atomic spectrometry. 

Chapter 8 covers important new developments such as computerized data-handling and is devoted to methods of 
recording the chromatographic signal and data processing. 

In the final chapter the authors give a number of examples of model experiments in chromatographic techniques. 
In my opinion, the sub-chapter Electrophoresis included in Chapter 3 (Planar Chromatography) does not meaningfully 

fit into the concept of Chromatography but, on the other hand, it does fit into a book dealing with separation methods. 
Once there, however, it should be supplemented with further essential electromigration techniques, e.g., isotachophoresis. 

Each chapter is abundantly illustrated with figures, diagrams and tables and is concluded with a list of references that 
is ample though still kept within reasonable limits. 

The book can be heartily recommended to all chemists who are interested in analytical chemistry, ranging from research 
workersin certain branches to biochemists and environmentalists. Chemistry students will also find the book a useful 
introductory text and a valuable source of information. J. CHU~~EEK 
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Modern Practice of Gas Chromatography: edited by R. B. GROB, 2nd Ed., Wiley, New York, 1985. Pages xix + 897. f75.20. 

This is the best general book on gas chromatography I have read. There is no skimping of detail yet the text is never obscure 
or cluttered and is always literate and sometimes amusing. The individualistic styles add liveliness and authority to the 
chapters, all of which are of very high quality. There is a remarkable, almost a missionary, zeal evident in the work of 
several of the authors-an eagerness to communicate information in depth along with caution, guidance, views, 
encouragement and excitement. The authors are good teachers who pass on their experience of handling techniques, the 
need for care when interpreting results, and detailed instruction, and helpful hints on how to improve methods by attention 
to the multitudinous factors. This is not an elementary text, neither is it one which swamps the reader with its copious 
detail. All of the information is in well-digested form. Major points about CC are discussed in many books and articles 
but the “what do you do when” and “I found” points are generally by-passed because wrongly regarded as too trivial. 
Some of the “minor” comments throughout this book are particularly helpful and illuminating in such areas. The authors 
are not only good expositors but are, likewise, enthusiastic, and highly experienced bench partners. The driving force is 
clearly that of Grob but there was also the dynamic of the Chromatography Forum of Delaware Valley behind the creation 
of the book and the assembly of the team. The illustrations, figures and tables are well chosen. The book will be invaluable 
to those already experienced in the art of chromatography who are turning this ever-expanding subject even more into a 
science. 

The book is divided into three sections, with the first two, on Theory and Basics and on Techniques and Instrumentation 
occupying the first half, and the section of Applications the remainder. The introductory chapters by the editor are models 
of compression, clarity and comprehensiveness. They deal with principles of separation methods in general, and provide 
a useful GC glossary, before concentrating on the theory. W. R. Supina then guides the reader faced with the problems 
of selecting, using, and preparing packed columns and considers factors affecting the separation of peaks. M. A. Kaiser 
extends the description and discussion to cover GC on capillary columns. The first section of the book concludes with a 
chapter by M. S. Klee on optimizing separations by chromatography, taking into account the selection of columns and 
the ability to resolve overlapping peaks, The second section is introduced by a highly detailed chapter on detectors by 
M. J. O’Brien. R. Schill and R. R. Freeman deal with sample inlet systems, column ovens, carrier gas systems, detectors, 
and with data handling. F. J. Debbrecht is concerned with qualitative and quantitative analysis and gives a salutary reminder 
to all that “the ‘weakest link’ concept is (nowhere) more pronounced than it is in quantitative CC”. G. R. Umbreit deals 
with trace analysis and the relevant techniques of sample preparation. In the final section there are chapters on applications 
of GC to environmental analysis (R. L. Grob), analysis of foods (R. A. Barford and P. Magidman), physicochemical 
measurements (M. A. Kaiser and C. Dybowski), petrochemical analysis (E. E. Smith and K. E. Paulsen), polymer analysis 
(J. F. Sullivan) and drug analysis (E. J. McGonigle and F. Bigley) and on clinical applications of GC (J. C. Touchstone 
and M. F. Dobbins). 

This summary of the contents provides an idea of the territory exposed to view and review but attention should focus 
less on this summary than on the high and worthwhile achievement of all the authors who have contributed to making 
this such a splendid book. The price is modest compared to the cost of a single capillary column, which in any case, with 
the aid of this book will be selected with greater skill, be used with enhanced expertise, and have the results interpreted 
with more intelligence. 

K. C. B. WILKIE 

Affinity Chromatography: Template Chromatography of Nucleic Acids and Proteins: H. SCHOTT, Dekker, New York, 1984. 
Pages x + 234. US $59.25 ($49.50 U.S. and Canada). 

There has been a revolution in the scientists’ and technologists’ abilities to separate natural and synthetic biopolymers of 
highly complex structures by selectively abstracting them from solutions containing other compounds of like kind but 
different sequences of constituent building unit or having different biological functionalities. There are now many elegant, 
and practical, variations on techniques for immobilizing, say, molecules as diverse in size as nucleotides and nucleic acid, 
or amino-acids and proteins or peptides, on solid or gel supports such as cellulose, Sephadexes and Sephacryls. Thereafter 
chromatographic use can be made of the ability of the immobilized ligands to recognize solute molecules, including the 
many classes of nucleic acids, proteins and their lower molecular-weight chemical counterparts. Such recognition involves 
the formation of weak, reversible, conformationally possible hydrogen-bonds, leading to the highly selective abstraction 
of complementary solutes from mixed populations of chemically and biologically similar compounds, including those in 
dilute solutions. The separated species, after immobilization, could be used in turn to selectively abstract solute molecules 
having some chemical similarity to those originally employed as immobilized ligands. 

The book is concerned with the techniques for immobilizing nucleoside phosphates, nucleosides, oligonucleotides, nucleic 
acids, and proteins and peptides and with the use of immobilized ligands to separate, characterize, or diagnose the various 
classes which have complementary bonding relationships with these ligands. It is also a practical guide and deals with what 
has been achieved and attempted in the field of immobilization chemistry applied to this highly specific field of adsorption 
chromatography. The technology of immobilizing nucleic acid and protein ligands, and their monomeric or oligomeric 
constituent units, is thoroughly documented. The author has given a very useful guide through the literature, most of which 
was published within the past ten years and much, indeed, within the past few years. The book should encourage many 
to use not only the methods already successfully employed but to develop others of like type to solve problems peculiar 
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to those already experienced in the art of chromatography who are turning this ever-expanding subject even more into a 
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The book is divided into three sections, with the first two, on Theory and Basics and on Techniques and Instrumentation 
occupying the first half, and the section of Applications the remainder. The introductory chapters by the editor are models 
of compression, clarity and comprehensiveness. They deal with principles of separation methods in general, and provide 
a useful GC glossary, before concentrating on the theory. W. R. Supina then guides the reader faced with the problems 
of selecting, using, and preparing packed columns and considers factors affecting the separation of peaks. M. A. Kaiser 
extends the description and discussion to cover GC on capillary columns. The first section of the book concludes with a 
chapter by M. S. Klee on optimizing separations by chromatography, taking into account the selection of columns and 
the ability to resolve overlapping peaks, The second section is introduced by a highly detailed chapter on detectors by 
M. J. O’Brien. R. Schill and R. R. Freeman deal with sample inlet systems, column ovens, carrier gas systems, detectors, 
and with data handling. F. J. Debbrecht is concerned with qualitative and quantitative analysis and gives a salutary reminder 
to all that “the ‘weakest link’ concept is (nowhere) more pronounced than it is in quantitative CC”. G. R. Umbreit deals 
with trace analysis and the relevant techniques of sample preparation. In the final section there are chapters on applications 
of GC to environmental analysis (R. L. Grob), analysis of foods (R. A. Barford and P. Magidman), physicochemical 
measurements (M. A. Kaiser and C. Dybowski), petrochemical analysis (E. E. Smith and K. E. Paulsen), polymer analysis 
(J. F. Sullivan) and drug analysis (E. J. McGonigle and F. Bigley) and on clinical applications of GC (J. C. Touchstone 
and M. F. Dobbins). 

This summary of the contents provides an idea of the territory exposed to view and review but attention should focus 
less on this summary than on the high and worthwhile achievement of all the authors who have contributed to making 
this such a splendid book. The price is modest compared to the cost of a single capillary column, which in any case, with 
the aid of this book will be selected with greater skill, be used with enhanced expertise, and have the results interpreted 
with more intelligence. 
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Affinity Chromatography: Template Chromatography of Nucleic Acids and Proteins: H. SCHOTT, Dekker, New York, 1984. 
Pages x + 234. US $59.25 ($49.50 U.S. and Canada). 

There has been a revolution in the scientists’ and technologists’ abilities to separate natural and synthetic biopolymers of 
highly complex structures by selectively abstracting them from solutions containing other compounds of like kind but 
different sequences of constituent building unit or having different biological functionalities. There are now many elegant, 
and practical, variations on techniques for immobilizing, say, molecules as diverse in size as nucleotides and nucleic acid, 
or amino-acids and proteins or peptides, on solid or gel supports such as cellulose, Sephadexes and Sephacryls. Thereafter 
chromatographic use can be made of the ability of the immobilized ligands to recognize solute molecules, including the 
many classes of nucleic acids, proteins and their lower molecular-weight chemical counterparts. Such recognition involves 
the formation of weak, reversible, conformationally possible hydrogen-bonds, leading to the highly selective abstraction 
of complementary solutes from mixed populations of chemically and biologically similar compounds, including those in 
dilute solutions. The separated species, after immobilization, could be used in turn to selectively abstract solute molecules 
having some chemical similarity to those originally employed as immobilized ligands. 

The book is concerned with the techniques for immobilizing nucleoside phosphates, nucleosides, oligonucleotides, nucleic 
acids, and proteins and peptides and with the use of immobilized ligands to separate, characterize, or diagnose the various 
classes which have complementary bonding relationships with these ligands. It is also a practical guide and deals with what 
has been achieved and attempted in the field of immobilization chemistry applied to this highly specific field of adsorption 
chromatography. The technology of immobilizing nucleic acid and protein ligands, and their monomeric or oligomeric 
constituent units, is thoroughly documented. The author has given a very useful guide through the literature, most of which 
was published within the past ten years and much, indeed, within the past few years. The book should encourage many 
to use not only the methods already successfully employed but to develop others of like type to solve problems peculiar 
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to their own needs. The tcchniqucs described in this book may reasonably be expected rapidly to supersede athcrs which 
are much less sensitive and selective. The family of techniques had enormous potential not only in genetic engineering, and 
molecular biology but in chemical studios of structures by USC of compounds af known structure as investigative tools. The 
roles in biochemical investigations and, by a change of scale. in biotechnological and other industrial operations may at 
present seem to be in the realm of scicnee fiction- hut note the word seem. 

K. c. B. WILKE 

Microcolumn Separations: edited hy M. V. NOVOTNY and D. ISHII, Elsevier, Amsterdam, 1985. Pages xi + 336. $64.75 
(U.S.A. & Canada), DR 175.00 (rest of world). 

This book originated out of a restricted seminar on microcolumn separation techniques held in Hawaii in 1982. A number 
of participants were asked to provide a survey-type contribution in their area of expertise and these contributions are in 
this book. Articles were updated to the end of 1983. The contributions are divided into four sections. namely column studies, 
rninjaturi~~ instrumentation and new techniques, spectroscopic detection and electrochemical detection. 

It is stated in the preface that microcolumn techniques offer the following advantages over the commonly used HPLC. 
(u) increased separation efficiencies, (6) the ability to use expensive mobile phases because of extremely low volumetric 
flow-rates. (c) increased mass sensitivities with the connection-sensitive detectors. and (d) opportunities for novel detection 
modes. 

Contributions in column studies cover open-tubular micro-HPLC, packed capillary columns, microcolumn size-exclusion 
HPLC and reversed-phase LC with a packed glass micro-capillary column. The section on miniaturized systems includes 
articles on sources of extra-column band-broadening in microcolumn LC. component miniaturization in HPLC. microbore 
HPLC, capillary supercritical fluid chromatography and capillary zone electrophoresis. Under spectroscopic detection the 
following are considered: optical detectors for microcolumn LC. laser-based chromatographic detectors, micro-HPLC 
combined with IR spectroscopy, flame-based detection in microcolumn LC. and LC- and micro X-mass spectrometry. 
Finally under electrochemical detection, miniaturized ion-chromatography and miniaturized potentiometric and volta- 
mmetric detectors are considered. 

This is a good book. The articles are well-written and there is a nit’ blend of theory, instrumentation and applications. 
All those interested in miniaturized SepaEitiOn systems will benefit from these surveys. Each article is well-referenced and 
there is a useful subject index, 

J. B. HEADRIDGE 

~~~ta~nal Methods for the Dete~inatjoR of Formation Constants: DAVID J. LEGGEIT, editor, Plenum Publishing 
Corporation, New York, 1985. Pages xvi + 478. S75.00 in USA and Canada, $90.00 elsewhere. 

The distinguished list of contributors to this volume (Avdeef, Havel, Leggett, May, Meloun, Nagypril, Per&, Sabatini, 
Stunzi, Vacca, Williams and Zekiny) gives an indication of the quality to be expected. Dave Leggett has assembled a 
comprehensive collection of the most useful computer programs for evaluation of stability constants from experimental 
potentiometric and spcctrophotometric experimental data. and for elucidation of the equilibrium model. An introductory 
chapter gives an overview of the problems to be solved by the computer in order to evaluate constants, and of the various 
possible ways in which solutions may be obtained. The second chapter describes the possible experimental strategies for 
investigating complex equilibria. and gives a brief treatment of the graphical methods of data treatment which, before the 
use of computers, were the only way to obtain stability constants, and which are still very useful for preliminary evaluations. 
The other chapters describe particular programs or suites of programs; in each, there is first a discussion of the theory behind 
the program, followed by details of the implementation, suggestions for applications, and detailed instructions for 
operation. The programs themselves are also included, and these listings should be accurate. since they have been 
reproduced photographi~lly from listings of working versions of the programs produced by use of a high quality 
daisy-wheel printer. Anyone who has struggled to type in programs from inferior listings will appreciate the trouble that 
has been taken here. The programs included are MAGEC, SCOGS2, MINIQUAD, MIQUV. SQUAD, ABLET and related 
programs, PSEQUAD and STBLTY. 

MARY MASON 

Pyrolysis and CC In Polymer Analysis: S. A. LIERMAN and E. J. LEVY, editors, Dekker, New York, 1985. Pages x + 557. 
$89.75 (U.S.A. and Canada). $107.50 or SFr. 269 (all other countries). 

This monograph is a highly specialized contribution to polymer research. It is entirely devoted to pyrolytic analysis of 
natural and synthetic polymers by modern techniques for characterization of pyrolytic products. The opening chapter is 
an introduction to polymer characterization, followed by a study of basic analytical pyrolysis instrumental methods, 
including Pyrolysis Gas Chromatography (PGC) which is a rapidly growing area of GC. Subsequent discussions are focused 
on advanced pyrolysis instrumentation, There is an extensive coverage of GC columns, types of packing materiaIs, and 
CC detectors. Gther combined characterization techniques such as spectrometry (Mass Spcctrometry and Fourier 
Transform Infrared) have also been undertaken. Discussion is centred on programmed pyrolysis methods and on the 
mechanism of thermal degradation of organic polymers. The authors have also included a discussion on the microstructure 
of synthetic polymers, which plays an important role in understanding the mechanism of pyrolysis of polymers. 

Analytical PGC has also been used in analysis of biopolymers, e.g., amino-acids, peptides, proteins, carbohydrates and 
micro-organisms’ An interesting inclusion is the forensic aspects of analytical pyrolysis. Thr combination of pyrolysis and 
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OBITUARY 

PRQFESOR J. M. OTTAWAY 

1939-1986 

It came as a profound shock to hear on Monday 20 October that John ~ttaway had suffered a brain 
haemorrhage during the week-end, and later that he had died that night. Born in 1939, John had a brilliant 
career and was at the height of his powers when stricken down. He obtained his B.Sc. (1961), Ph.D. 
(1965) and DSc. (1976) from the University of Exeter, and was elected a Fellow of the Royal Society 
of Edinburgh in 1982. After three years as an Assistant LReturer at Exeter, he transferred to the University 
of Strathclyde, where he was successively Lecturer, Reader, and Professor, and was Head of the Chemistry 
department at the time of his death. His research work was originally in the field of kinetic methods 
of analysis, but at Strathclyde he turned his attention to spectroscopic analysis, and rapidly gained an 
international reputation for his inventiveness in the field of atomic-absorption spectrometry. His distinction 
in this field was recognized by the award of the Silver Medal of the Society for Analytical Chemistry 
(19’74) and the Gold Medal (1984) of the Analytical Division of the Royal Society of Chemistry. He also 
won a Royal Society of Chemistry Sponsored Award in 1983. A long-standing member of these two 
societies, he served on their Councils and many of their committees, notably the Edito~al boards of The 
Analyst, Ana~~t~~~~ ~rocee~~n~s and ~ournul of A~aiyt~c~~ Atomic ~~e~trosc~~y. He also served on the 
Advisory or Editorial Boards of several other journals, including Tu~un~u, ~~ectrQ~hi~icu Acta B, Progress 
in Analytical Spectroscopy and ~~~roch~~~~a Acta. A talented, lucid and witty speaker, he was invited 
to lecture in many countries throughout the world. A man of many interests, full of fun, good-humoured 
and friendiy, he was universally liked and respected. His going at such an early age, full of promise for 
the future, is a grievous loss to analytical chemistry, his family, and all his many friends, whose memories 
of him will always be happy and cherished ones. 

R. A. CHAL;MERS 
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TALANTA MEDAL 

PROFESSOR ERNd PUNGOR 

The Publisher and Editorial Board of Tulunta take pleasure in announcing that, with the approval of the 
Advisory Board, the Eleventh Award of the Talanta Medal has been made to Professor Em6 Pungor, of the 
Institute for General and Analytical Chemistry, Technical University of Budapest. 

Professor Pungor has published some 300 papers and written or edited several books in a wide variety of 
fields in analytical chemistry, including indicator theory and applications, gravimetric analysis, heteropoly acid 
chemistry, high-frequency titrimetry, flame photometry, atomic-absorption spectrometry, non-aqueous 
titrimetry, voltammetry, polarography, potentiometric titration, gas analysis, chromatography, continuous- 
flow analysis, and, above all, ion-selective electrodes. In addition, he has built up a very effective research 
team and teaching institute, which is exceptionally well equipped, and for many years has played a leading 
role in the Federation of European Chemical Societies and especially its Working Party on Analytical 
Chemistry. He is internationally recognized as an authority and innovator in several fields of analytical 
chemistry, and has played an outstanding role in the development of the subject in Hungary. 

The previous winners of the Talanta Medal are as follows: 

1961 F. FEIGL 1971 R. PRIBIL 
1963 G. SCHWARZENBACH 1974 B. V. L’VOV 
1965 I. P. ALIMARIN 1977 R. BELCHER 
1967 E. STAHL 1981 J. RU&CKA 
1969 A. WALSH 1983 T. FUJINAGA 

III 



Taianto, Vol. 33, No. IO, pp. iii-iv, 1986 
Pergamon Journals Ltd. Printed in Great Britain 

NOTICES 

SYMPOSIUM ON IMMUNOASSAYS 

PRESENT STATUS AND FUTURE PERSPECTIVES 

Swedish Academy of Pharmaceutical Sciences 

STOCKHOLM, 1 l-13 NOVEMBER 1986 

The aim of the Symposium is to increase our understanding of the possibilities presented by immunoassay 
techniques for more efficient applications to future scientific and practical work. 

The Symposium will be organized in sessions covering the following main areas: 

1. General Immunolo~ 
2. Radioimmunoassays 
3. Enzyme Immunoassays 
4. Fluorescence and Luminescence Immunoassays 
5. Particle-Based Systems 
6. New Trends 
7. Aspects of Immunoassays for Drug Quantification 

In addition, ample scope for presentation of posters will be available. All participants are invited to submit 
a title or titles with the registration form. 

The Proceedings of the Symposium will be published in a Special Issue of the Journal of Pharmaceutical 
and Biomedical Analysis. The cost of the Proceedings of the Symposium is included in the participation fee, 
so all participants will receive their copy automati~lly. Persons who are unable to attend the S~~siurn 
can obtain further information about the Proceedings on request. Authors of Posters are invited to submit 
their manuscripts to one of the Editors-in-Chief of the Journal of Pharmaceutical and Biomedical Analysis for 
publication in a consolidated issue. 

The Symposium will be held at the SAS Arlandia Hotel, adjacent to Arlanda Airport, 40 km north of 
Stockholm, and will begin with an informal reception at 7p.m. on Monday IO November. The Scientific 
Programme will start at 9 a.m. on 11 November and end at 2 p.m. on 13 November. 

The official language will be English. 
Further information and application forms may be obtained by writing to: “Symposium on Immunoassays”, 
The Swedish Academy of Pharmaceutical Sciences, P.O. Box 1136, S-11 81 Stockholm, Sweden. 

6TH INTERNATIONAL CONFERENCE 

CHEMISTRY FOR PROTECTION OF THE ENVIRONMENT 

15-l 8 September 1987 

TORINO, ITALY 

This Conference follows those held in Poland (1976, 1979, 1981), France (1983) and Belgium (1985). The 
Conference will be sponsored by: University of Torino, The Division of Analytical Chemistry of The Italian 
Chemical Society, EPA U.S., and among others by the Federation of European Chemical Societies. This 
Conference will provide an international forum for scientists, all chemists, chemical engineers, biologists etc., 
involved in environmental protection activities. The Conference proceedings will be published by Elsevier. 

. . . 
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THE LOUIS GORDON MEMORIAL AWARD 

B. S. FRECISER 

The Editorial Board and Publisher of Talanta take great pleasure in announcing that the Louis Gordon 
Memorial Award for 1985 (for the paper judged to be the best written of those appearing in Tulunta during 
the year) will be made to Professor Ben S. Freiser, of Purdue University, for his paper “Investigation of 
reactions of metal ions and their clusters in the gas phase by laser-ionization Fourier-transform mass 
spectrometry” (Tuhta, 1985, 32, 697). 
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ERRATUM 

Table 1 was accidentally omitted from the paper by Izquierdo, Compailo and Bars, Talunta, 1986, 33, 463, 

and is printed below. 

Table 1. Characteristics of the spectrophotometric deter- 
mination of zinc with 5,7-dichloro-2-methyl-8-hydroxy- 

quinoline 

Lx 
Colour stability 
pH range of maximum 

absorbance 
Reagent concentration 
Beer’s law range 
Molar absorptivity 
Precision 
Detection limitz6 

405mn 
5 hr 
6.e9.5 

2.4 x 1O-4 - 2.0 x IO-*ML 
1 .O-23 pg/ml* 
5.9 x 10’ l.mole-‘.cn-i 
+0.6% 
0.05 fig/ml 

*Higher concentrations were not investigated. 

. . . 
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Selected Methods of Trace Metal Analysis: Biological and Environmental Samples: JON C. VAN LOON, Wiley-Interscience, 
New York, 1985. Pages xix + 357. f.56.25. 

This book is volume 80 in Chemical Andysis, a series of monographs on analytical chemistry and its applications, edited 
by 3. D. Winefordner and the late P. J. Elving. This is in many ways a personal book, even though the author relies heavily 
on the work of other people. The bulk of the book consists of a detailed reproduction of a large number of previously 
published analytical procedures, given mostly in the words of the original authors. The description of reagents and 
equipment (with figures) is also included; the emphasis is on the practical aspects of each procedure. To have all this 
information in a single volume is very convenient for the practising analytical chemist. 

Only procedures employing atomic-absorption of ICP emission spectrometry have been included. However, some very 
useful preconcentration techniques are also dealt with throughout the text. The emphasis is on the analysis of real samples, 
with a preference for standard reference materials. 

After introductory chapters on instrumentation and methods of sample decomposition, the chapters are organized 
according to sample type, covering botanical, zoological, food, clinical, water, air and soil samples. A separate chapter has 
been devoted to the determination of metal species, i.e., the chemical form of an element, in the various types of samples 
mentioned above. This chapter contains many interesting examples of the combination of chromatography with atomic 
absorption s~tromctry. 

The selection of procedures must necessarily be subjective. However, the book has broad scope, and it is up to date, 
with references up to 1984, so it should be very useful for a large number of analytical chemists. Thus, 1 discovered some 
references that I was not aware of, although I should have been! Further with a book like this the reader may learn a few 
tricks that can be carried over from one sample type to another. 

I could have wished a more thorough discussion of the relative merits of the different procedure given for each type of 
sample. Also, a colleague of mine was a bit disappointed because his procedures for methylmercury in fish by GC-AAS, 
which is given in the book, was incorrectly ascribed to someone else, but I suppose that a few misprints are unavoidable. 

Everyone who is interested in real trace and ultratrace determinations of metals will like this book. At least I do. 

. . . 
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THE RONALD BELCHER MEMORIAL AWARD 

The candidates for the first Ronald Belcher Memorial Award were all of very high calibre, which made the 
task of the selection committee particularly difficult. A great many factors had to be taken into account, and 
it was finally decided to make the award of as much help as possible by dividing it between two of the younger 
candidates, Lesiey MacDonald and Carmen Cruces Blanco. 

L. MACDONALD 

Miss MacDonald, from Glasgow, Scotland, has been working on automation of surfactant analysis, which 
involved her in using a wide variety of anaiytical techniques, both classical and instrumental. in close 
collaboration with an industrial laboratory. 

C. CRUCFS BLANCO 

Miss Cruces Blanco, from Malaga, Spain, has been working on synchronous and derivative spectro- 
fluorimetry, with special reference to determination of pesticides and their metabolites in the environment. 

III 
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LOUIS GORDON MEMORIAL AWARD 

Presentation of the Louis Gordon Memorial Award for 1984, to Dr. Lilly Gustafsson, University of Uppsala 
(see Tulanta, 1985, No. 3, page V). From left to right, the photograph shows Dr. Ake Olin, Dr. Lilly 
Gustafsson, Professor Folke Ingman (joint first winner of the Award, with Dr. Ebbe Still, in 1966), Professor 
Folke Nydahl (winner of the Award in 1976), Dr. Yngve Hermondsson and Professor Bengt Nygbrd. 
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to their own needs. The tcchniqucs described in this book may reasonably be expected rapidly to supersede athcrs which 
are much less sensitive and selective. The family of techniques had enormous potential not only in genetic engineering, and 
molecular biology but in chemical studios of structures by USC of compounds af known structure as investigative tools. The 
roles in biochemical investigations and, by a change of scale. in biotechnological and other industrial operations may at 
present seem to be in the realm of scicnee fiction- hut note the word seem. 

K. c. B. WILKE 

Microcolumn Separations: edited hy M. V. NOVOTNY and D. ISHII, Elsevier, Amsterdam, 1985. Pages xi + 336. $64.75 
(U.S.A. & Canada), DR 175.00 (rest of world). 

This book originated out of a restricted seminar on microcolumn separation techniques held in Hawaii in 1982. A number 
of participants were asked to provide a survey-type contribution in their area of expertise and these contributions are in 
this book. Articles were updated to the end of 1983. The contributions are divided into four sections. namely column studies, 
rninjaturi~~ instrumentation and new techniques, spectroscopic detection and electrochemical detection. 

It is stated in the preface that microcolumn techniques offer the following advantages over the commonly used HPLC. 
(u) increased separation efficiencies, (6) the ability to use expensive mobile phases because of extremely low volumetric 
flow-rates. (c) increased mass sensitivities with the connection-sensitive detectors. and (d) opportunities for novel detection 
modes. 

Contributions in column studies cover open-tubular micro-HPLC, packed capillary columns, microcolumn size-exclusion 
HPLC and reversed-phase LC with a packed glass micro-capillary column. The section on miniaturized systems includes 
articles on sources of extra-column band-broadening in microcolumn LC. component miniaturization in HPLC. microbore 
HPLC, capillary supercritical fluid chromatography and capillary zone electrophoresis. Under spectroscopic detection the 
following are considered: optical detectors for microcolumn LC. laser-based chromatographic detectors, micro-HPLC 
combined with IR spectroscopy, flame-based detection in microcolumn LC. and LC- and micro X-mass spectrometry. 
Finally under electrochemical detection, miniaturized ion-chromatography and miniaturized potentiometric and volta- 
mmetric detectors are considered. 

This is a good book. The articles are well-written and there is a nit’ blend of theory, instrumentation and applications. 
All those interested in miniaturized SepaEitiOn systems will benefit from these surveys. Each article is well-referenced and 
there is a useful subject index, 

J. B. HEADRIDGE 

~~~ta~nal Methods for the Dete~inatjoR of Formation Constants: DAVID J. LEGGEIT, editor, Plenum Publishing 
Corporation, New York, 1985. Pages xvi + 478. S75.00 in USA and Canada, $90.00 elsewhere. 

The distinguished list of contributors to this volume (Avdeef, Havel, Leggett, May, Meloun, Nagypril, Per&, Sabatini, 
Stunzi, Vacca, Williams and Zekiny) gives an indication of the quality to be expected. Dave Leggett has assembled a 
comprehensive collection of the most useful computer programs for evaluation of stability constants from experimental 
potentiometric and spcctrophotometric experimental data. and for elucidation of the equilibrium model. An introductory 
chapter gives an overview of the problems to be solved by the computer in order to evaluate constants, and of the various 
possible ways in which solutions may be obtained. The second chapter describes the possible experimental strategies for 
investigating complex equilibria. and gives a brief treatment of the graphical methods of data treatment which, before the 
use of computers, were the only way to obtain stability constants, and which are still very useful for preliminary evaluations. 
The other chapters describe particular programs or suites of programs; in each, there is first a discussion of the theory behind 
the program, followed by details of the implementation, suggestions for applications, and detailed instructions for 
operation. The programs themselves are also included, and these listings should be accurate. since they have been 
reproduced photographi~lly from listings of working versions of the programs produced by use of a high quality 
daisy-wheel printer. Anyone who has struggled to type in programs from inferior listings will appreciate the trouble that 
has been taken here. The programs included are MAGEC, SCOGS2, MINIQUAD, MIQUV. SQUAD, ABLET and related 
programs, PSEQUAD and STBLTY. 

MARY MASON 

Pyrolysis and CC In Polymer Analysis: S. A. LIERMAN and E. J. LEVY, editors, Dekker, New York, 1985. Pages x + 557. 
$89.75 (U.S.A. and Canada). $107.50 or SFr. 269 (all other countries). 

This monograph is a highly specialized contribution to polymer research. It is entirely devoted to pyrolytic analysis of 
natural and synthetic polymers by modern techniques for characterization of pyrolytic products. The opening chapter is 
an introduction to polymer characterization, followed by a study of basic analytical pyrolysis instrumental methods, 
including Pyrolysis Gas Chromatography (PGC) which is a rapidly growing area of GC. Subsequent discussions are focused 
on advanced pyrolysis instrumentation, There is an extensive coverage of GC columns, types of packing materiaIs, and 
CC detectors. Gther combined characterization techniques such as spectrometry (Mass Spcctrometry and Fourier 
Transform Infrared) have also been undertaken. Discussion is centred on programmed pyrolysis methods and on the 
mechanism of thermal degradation of organic polymers. The authors have also included a discussion on the microstructure 
of synthetic polymers, which plays an important role in understanding the mechanism of pyrolysis of polymers. 

Analytical PGC has also been used in analysis of biopolymers, e.g., amino-acids, peptides, proteins, carbohydrates and 
micro-organisms’ An interesting inclusion is the forensic aspects of analytical pyrolysis. Thr combination of pyrolysis and 
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Evaluation of Analytical Methods in Biological Systems, Part B: Hazardous Metals in Human Toxicology: edited by A. 
VERCRUYSSE, Elsevier, Amsterdam, 1984. Pages x + 338. $73.00; Dfl. 190.00 

This book, arising from the increasing need for understanding the metabolic fate of a number of toxic metals, illustrates 
the tools available at present to reach that goal. It starts from the fact that reliable analytical data are a prerequisite for 
the correctness of conclusions about “toxicity” and “essentiality”. The book addresses the issue of identifying the right 
indices for short and long term exposure of the human body to toxic metals and their monitoring. In a very comprehensive, 
yet concise, summary of literature data, Singerman covers the principles of monitoring biological effects, cautions about 
uncritical interpretation of data and describes current knowledge on exposure indices for Pb, Hg, Cd, Cr, As, Se, Te, Th, 
Ni. 

A chapter on principles underlying instrumental analytical techniques, as well as general discussion of instrumentation 
and performance of modern techniques concludes the general introductory first half of the book. The second part is 
dedicated to an in-depth discussion of the analytical assessment of the individual metals Pb, Hg, Cd, As, Th, Cr, Ni, Se 
and Te. 

The great merit of this book lies not only in the internationally recognized expertise of each of the contributing authors, 
but in the well balanced and most professional and uniform construction of the chapters. The specific properties of the 
element are summarized in an introduction along with a brief enumeration of analytical challenges and possible solutions. 
Sampling, sample-handling and storage of biological materials with respect to each of the target elements receive due 
attention in each chapter. A critical overview of available methods updates the reader on current beliefs and experience 
both in terms of analytical performance, potentials and limitations and cost-benefit considerations. Much to the help of 
the user, attention is paid to aspects of standardization, quality-control and calibration, and not least to interpretation of 
the data obtained. 

The scrutiny of the problems and the systematic approach taken render this book one of the better works of reference 
for the analyst who needs to decide which techniques to set up for routine analyses. Each of the chapters could exist as 
a monograph by itself and provides the user with a comprehensive compilation of references to start from. The reader does 
not get lost in too detailed descriptions. 

This book is warmly recommended to everyone involved in biochemical, toxicological or analytical research on trace 
“elements”, be they toxic and/or essential. 

MARLEEN VERLINDEN 

Characterisation of Spilled Oil Samples: edited by J. A. BUTT, D. F. DUCKWORTH and S. G. PERRY, Wiley, New York, 1985. 
Pages ix + 95. f17.50. 

This book is a relatively broad-based treatise on the analytical and social implications inherent in the qualitative assessment 
of the source of marine oil spillages. As an update of a previous Institute of Petroleum issue (“Marine pollution by oil”) 
with an expanded discussion on the use of modern analytical approaches, it will prove of interest to both analyst and layman 
alike. 

The first two chapters give a brief insight into the wider aspects of oil pollution. The analyst’s role in assessing potential 
environmental impact and spillage clean-up and the legal dilemmas posed in validating evidence based on the probability 
matching of samples (i.e., on a “like” or “not like” basis) are examined. 

The analytical problem is then outlined in two chapters dealing with the effects of “weathering” on different types of 
spilled oils and the subsequent sampling of these oils at different types of spill sites. The exposure of spilled oils to prevailing 
climatic conditions necessarily results in samples which are adulterations of the original “suspect” source oils, while sample 
“clean-up” prior to presentation for analysis is difficult to standardize. 

The next two chapters deal, first, with the particular constituents of crude oils which lend themselves to easiest comparison 
between different oils and, secondly, with their detection and quantification. Distinguishing between crude oils, residual 
oils, distillate oils and vegetable oils is easily achieved by measuring physical properties and non-hydrocarbon contents (e.g., 
density, viscosity, sulphur and trace metal contents, infrared spectra etc.). The distinguishability of different types of crude 
oil is, however, much more affected by sample weathering and, where such weathering is extensive, comparisons can be 
based on the differing contents of “biological markers” such as steranes, isoprenoids and triterpanes or heavy aromatic 
species. High and low resolution GLC, computerized CC/MS and ultraviolet fluorescence methods are presented as “front 
line” instrumental analysis techniques for the identification of oils, and the interpretation of data produced from these 
methods is discussed. The potential application of other techniques, including TLC, HPLC, ‘“C NMR and soft-ionization 
MS is also presented. 

Where feasible, characterization of oils is best achieved by correlation of results from as many of these analysis techniques 
as are available and, due to the abundance of numerical data provided by some techniques, the need for statistical 
interpretation rather than visual “matching” in the identification of the source of marine oil spillages is expected to increase. 

D. A. EDWARDS 
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Analytical Measurement and Information; Advances in the Information Theoretic Approach to Chemical Analyses: 
K. ECKSCHLAGER and V. ~!ZPANEK, Research Studies Press, Letchworth, Hertfordshire, England; Wiley, New York, 1985. 
Pp. xii + 140. f25. 

This sequel to hformation Theory as Applied to Chemical Analysis (the same authors, Wiley, New York, 1979) enlarges 
on all trends and recent developments of this new discipline. In a condensed form it provides the essential theoretical 
background and reference material for those who want an introduction to this promising field of theoretical thought. 
Information theory is regarded by some workers as a useful tool to assess experiments, and moreover, this discipline is 
supposed to become a philosophy much needed to unify various diverging lines of modern analytical chemistry. As can 
be seen from the literature, which is covered to about 1983, Eckschlager and Stlrpinek have published in recent years many 
original contributions to analytical applications of information theory and so they further develop ideas based upon their 
own work. 

After a brief introductory account of analytical procedures and systems as sources of information, Chapter 2 deals with 
information measures (Brillouin and Shannon concepts) and also illustrates the divergence measure of the information 
content of analytical determinations. In Chapter 3 the main topics of the monograph are discussed, namely the theoretical 
approaches to various analytical procedures (identification of a component, one- and multicomponent determinations, trace 
analysis). Chapter 4 is aimed more towards the future. The use of information theory in investigation of analytical systems 
is considered from various aspects (description of analytical systems; mathematical expression of accuracy, selectivity or 
specificity of a method; sources of uncertainty and their implications in chemical analysis; sampling). In this chapter an 
interesting treatment of calibration procedures is also given. Various concepts of entropy as amount of information are 
discussed in the Appendix. The text reflects the present status of information theory in analytical chemistry. The 
achievements have been mapped and the blank spaces shown for future endeavour. The theoretical approaches outlined 
are illustrated by solved problems; for some of them the conclusions are more or less evident from the data given. The 
reader can thus form his own opinion of the feasibility and utility of theoretical calculation. The condensed style and 
abstract presentation of generally formulated problems require attentive reading and active co-operation of the reader. It 
is advisable to study the earlier monograph first and to have it at hand. The fundamental concepts of probability calculus 
and information theory are given there in more detail. The authors refer quite often to this text and a useful list of symbols 
can also be found there. Reading of the present book is not at all easy and in some places the text is difficult to understand, 
owing to the style and many special terms (a glossary on terminology may be of great help). The standard of the book 
could have been much improved by more careful editing of the text, by elimination of mistakes in typing (pp. 54 and 64, 
values of absorbencies/values of absorbance) and perhaps by the use of typographical setting which allows use of italics 
for symbols. Let us not forget the tired eyes and weary mind of many of those who want up-to-date information and advice 
on new developments of science. 

STANISLAV KOTRL+ 

Standard Potentials in Aqueous Solution: A. J. BARD, R. PARSONS and J. JORDAN (eds.), Dekker, New York, 1985. Pages 
xii + 834. $29.95. 

Most analytical chemists must at some time have had occasion to refer to Wendell M. Latimer’s Oxidation Potentials. This 
new book aims to provide a text similar to Latimer’s (which was last revised in 1952), but using current notation and 
conventions, and incorporating all the new data now available. The task of producing such a book is now much too great 
for a single author, so instead, under the auspices of IUPAC Commissions I.3 (Electrochemistry) and V.5 (Electroanalytical 
Chemistry), chapters were commissioned from specialists in particular fields, then reviewed by named referees. The 
potentials given are critically selected wherever possible, or at least they are the best estimates available. The potentials 
are discussed for the elements arranged in periodic-table groups-as in Latimer’s book-and many thermodynamic data 
are included. An enormous amount of valuable information has been collected, and it is presented together with much 
valuable discussion and background information on industrial processes, etc. Also as in Latimer, an Appendix provides 
two tables, one for acid and one for basic solutions, of selected half-reaction potentials listed in order of increasingly positive 
values-a most useful feature. Some 60 authors contributed material, so the editors are to be congratulated on achieving 
such a remarkably consistent volume. The book has been produced to a very high standard, and at the currently advertised 
price of $29.95, it offers outstanding value: buy it as soon as possible-the price is said to be subject to change without 
notice. 

MARY MASS,~N 
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Analytical Solution Calorimetry: J. K. GRIME (editor), Wiley-Interscience, Chichester, 1985. Pages 417. f69.40, $79.80. 

The editor accurately summarizes the aim of this book as “providing a guide to the application of calorimetry to analytical 
chemistry and the determination of thermodynamic parameters”. He is responsible for the brief introductory chapter on 
thermodynamics. thermochemistry and calorimetry, and for the detailed reviews, in the last two chapters, of applications 
of solution calorimetry to inorganic, organic. environmental, pharmaceutical, blochemlcal and clinical analysis. In the last 
two fields, the technique has considerable promise because the robust, inert, easily miniaturized and highly sensitive, 
thermistor probes have advantages over alternative devices, particularly for the study of proteins and enzyme-catalysed 
processes. 

The fundamentals of the techniques are considered in detail by the recognized authority on solution calorimetry, Professor 
Jordan, and his colleague Dr. Stahl. 

Instrumentation, data reduction and the determination of AH and Keq values, with practical examples, are covered by 
the research group at Brigham Young University, who have been responsible for the development of modern instrumen- 
tation and Its use in obtainmg industrial analytIca data and measuring thermodynamic parameters. The industrially- 
important analytical flow systems based on calorimetric measurement are reviewed by Dr. Schifreen of the DuPont 
Company 

In analytical solution calorimetry, since temperature IS the dependent variable, selectivity is achieved by choice of the 
analytical reaction. The book, m explaining this approach, can be consldered to be the definitive reference text for workers 
in the field. It makes the case for further evaluation of this relatively neglected analytical technique which, with the 
mstrumentation now avallable, should find a wider more general use. 

The book should find a place m the libraries of research and educational establishments concerned with analytical science. 
but its price restricts Its use as a student text book. 

E. J. GREENHOW 

Photometric Methods in Inorganic Trace Analysis: E. UFQR, M. MOHAI and GY. NOVAK (Wilson and Wilson’s 
Comprehensive Analytical Chemistry, edited by G. Svehla, Vol. XX), Elsevier, Amsterdam, 1985. Pages XIII + 404. $111.00 
(U.S.A. and Canada), Dfl. 300.00 (elsewhere). 

Though quite strong in its treatment of analysis of “practical samples”, and rich in passing on the personal experience of 
the authors, this book is certainly not comprehensive, since the coverage of methods for certain elements is rather eclectic 
and many key references to the background chemistry are omitted. Moreover, the literature coverage does not seem to get 
beyond very early 1983. There are some curious statements, such as that on page 34 about iron(I1) complexes; the informed 
reader will know what was meant, but the words used are misleading. In a book written and edited by Hungarian chemists, 
It IS surprising that accents are given on journal titles, but not on authors’ names, and is particularly unfortunate since 
the omission is equivalent to a mis-spelling of an accentless name, and in some languages can result in a name having a 
rude meaning. Sometimes useful information is buried in the text and is not traceable from the index; an example is the 
interference caused by formation of a heteronuclear ligand-bridged complex (pages 31 and 34). The index is, in fact, not 
much more informative than the contents list; it also has some spelling errors (or undetected printer’s errors). On the whole, 
the book is rather disappointing, and certainly expensive, though useful as a guide to reliable methods. 

R. A. CHALMERS 
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To the busy industrial or academic analyst receiving a telephone call that begins “I wonder whether you could help me 
with this problem I have with a water supply (cement, metal, foodstuff, drug, stain. . .)“, this book will come as a godsend, 
being a well-organized, well-indexed mine of information, complete with practical details, on rapid screening of clinical, 
forensic, geochemical, air, water, sod, plant tissue and food samples. Not cheap, but well worth the price for the time it 
can save (but the reader should be warned that in the references to Chapter 9, it appears that “See ref. 49” means “See 
ref. 16”. and “See ref. 58” means “See ref. 59”, etc.). Should be in all works or university libraries, and will take its place 
alongside “Feigl”. 
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NOTICES 

SYMPOSIUM ON IMMUNOASSAYS 

PRESENT STATUS AND FUTURE PERSPECTIVES 

Swedish Academy of Pharmaceutical Sciences 

STOCKHOLM, 1 l-13 NOVEMBER 1986 

The aim of the Symposium is to increase our understanding of the possibilities presented by immunoassay 
techniques for more efficient applications to future scientific and practical work. 

The Symposium will be organized in sessions covering the following main areas: 

1. General Immunolo~ 
2. Radioimmunoassays 
3. Enzyme Immunoassays 
4. Fluorescence and Luminescence Immunoassays 
5. Particle-Based Systems 
6. New Trends 
7. Aspects of Immunoassays for Drug Quantification 

In addition, ample scope for presentation of posters will be available. All participants are invited to submit 
a title or titles with the registration form. 

The Proceedings of the Symposium will be published in a Special Issue of the Journal of Pharmaceutical 
and Biomedical Analysis. The cost of the Proceedings of the Symposium is included in the participation fee, 
so all participants will receive their copy automati~lly. Persons who are unable to attend the S~~siurn 
can obtain further information about the Proceedings on request. Authors of Posters are invited to submit 
their manuscripts to one of the Editors-in-Chief of the Journal of Pharmaceutical and Biomedical Analysis for 
publication in a consolidated issue. 

The Symposium will be held at the SAS Arlandia Hotel, adjacent to Arlanda Airport, 40 km north of 
Stockholm, and will begin with an informal reception at 7p.m. on Monday IO November. The Scientific 
Programme will start at 9 a.m. on 11 November and end at 2 p.m. on 13 November. 

The official language will be English. 
Further information and application forms may be obtained by writing to: “Symposium on Immunoassays”, 
The Swedish Academy of Pharmaceutical Sciences, P.O. Box 1136, S-11 81 Stockholm, Sweden. 

6TH INTERNATIONAL CONFERENCE 

CHEMISTRY FOR PROTECTION OF THE ENVIRONMENT 

15-l 8 September 1987 

TORINO, ITALY 

This Conference follows those held in Poland (1976, 1979, 1981), France (1983) and Belgium (1985). The 
Conference will be sponsored by: University of Torino, The Division of Analytical Chemistry of The Italian 
Chemical Society, EPA U.S., and among others by the Federation of European Chemical Societies. This 
Conference will provide an international forum for scientists, all chemists, chemical engineers, biologists etc., 
involved in environmental protection activities. The Conference proceedings will be published by Elsevier. 

. . . 
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iV NOTICES 

TOPICS 

The general theme of the topics will be the physicochemical processes and aspects of chemistry and chemical 
engineering in the science of the aquatic environment. Papers on microbiological aspects or air pollution and 
solid waste will be considered as well. The sessions will deal more specifically with: 
-advanced physicochemical treatment; 
-the interaction of biological and physicochemical (sub) precesses in combined treatment processes; 
-the origin, transfer, fate and effects of chemical pollutants in the environment; 
-plants for treatment of effluents; 
-methods for the removal of hazardous hydrocarbons and organic materials from aqueous environments; 
-advances in environmental monitoring and analytical chemistry. 

SUBMISSION OF PAPERS 

Papers and abstracts must be in English. They must contain original material not published elsewhere. 
Papers will be selected on the basis of extended abstracts. A compilation of these abstracts (together with 

the full invited papers) will be handed out at the Conference. Beside an introduction they should describe 
methods, results and conclusions, and must be submitted before 31 October 1986 in a form enabling direct 
reproduction by the photo-offset process. An abstract should contain -600 words and one or two figures 
and/or tables (2-4 pages). It should be single-spaced on DIN A4 format (210-297 mm), white paper with a 
12 pitch Gothic or similar letter type and leaving 30 mm margins. Title, name of author(s) and address 
should be typed within an additional 70mm spaced at the head of the first page. 

SECRETARIAT 

All correspondence concerning the Conference should be addressed to: 

6th Int. Conference Chemistry for Protection of the Environment 
Prof. C. SARZANINI 
Dipartimento di Chimica Analitica 
Via P. Giuria 5 Tel. (natl.) 01 l/657272 
10125 TORINO (ITALY) Tel. (internatl.) /39/l l/657272 

INTERNATIONAL SYMPOSIUM ON PHARMACEUTICAL 
AND BIOMEDICAL ANALYSIS 

Barcelona Congress Centre, Spain 
23-25 September 1987 

The aim of the meeting is to present and evaluate new trends and developments in, and applications of, 
analytical methods for the analysis of drugs and endogenous components of human metabolism in biological 
samples. 

The scientific programme will cover, as special topics, Anticancer Drugs, Computer-Aided Analysis 
(including Robotics), Psychoactive Drugs and New Developments and Applications. These topics as well as 
any others of interest in the field of Pharmaceutical and Biomedical Analysis will be discussed in invited 
plenary and keynote lectures, invited and submitted research contributions, and poster presentations. The 
Proceedings of the Symposium will be published by the Journal of Pharmaceutical and Biomedical Analysis. 
If interested, please provide tentative title(s) for contributed paper(s). 

The Symposium will precede the International Symposium on Applied Mass Spectrometry in the Health 
Sciences, to be held on 28-30 September 1987, also in the Barcelona Congress Centre, which will cover 
complementary analytical approaches exclusively centred on the application of Mass Spectrometric 
Techniques. 

Exhibition space will be available for manufacturers. 
For further information on registration and instrument exhibition facilities please contact: 

DR. EMIL10 GELPI, Chairman, Organizing Committee, International Symposium on Pharmaceutical and 
Biomedical Analysis, PALACIO DE CONGRESOS, Avda. Reina Ma Cristina, s/n., 08004 Barcelona, Spain 
Phone 325.30.00-223.99.40 
Telex 53.117 FOIMB-E 



to their own needs. The tcchniqucs described in this book may reasonably be expected rapidly to supersede athcrs which 
are much less sensitive and selective. The family of techniques had enormous potential not only in genetic engineering, and 
molecular biology but in chemical studios of structures by USC of compounds af known structure as investigative tools. The 
roles in biochemical investigations and, by a change of scale. in biotechnological and other industrial operations may at 
present seem to be in the realm of scicnee fiction- hut note the word seem. 

K. c. B. WILKE 

Microcolumn Separations: edited hy M. V. NOVOTNY and D. ISHII, Elsevier, Amsterdam, 1985. Pages xi + 336. $64.75 
(U.S.A. & Canada), DR 175.00 (rest of world). 

This book originated out of a restricted seminar on microcolumn separation techniques held in Hawaii in 1982. A number 
of participants were asked to provide a survey-type contribution in their area of expertise and these contributions are in 
this book. Articles were updated to the end of 1983. The contributions are divided into four sections. namely column studies, 
rninjaturi~~ instrumentation and new techniques, spectroscopic detection and electrochemical detection. 

It is stated in the preface that microcolumn techniques offer the following advantages over the commonly used HPLC. 
(u) increased separation efficiencies, (6) the ability to use expensive mobile phases because of extremely low volumetric 
flow-rates. (c) increased mass sensitivities with the connection-sensitive detectors. and (d) opportunities for novel detection 
modes. 

Contributions in column studies cover open-tubular micro-HPLC, packed capillary columns, microcolumn size-exclusion 
HPLC and reversed-phase LC with a packed glass micro-capillary column. The section on miniaturized systems includes 
articles on sources of extra-column band-broadening in microcolumn LC. component miniaturization in HPLC. microbore 
HPLC, capillary supercritical fluid chromatography and capillary zone electrophoresis. Under spectroscopic detection the 
following are considered: optical detectors for microcolumn LC. laser-based chromatographic detectors, micro-HPLC 
combined with IR spectroscopy, flame-based detection in microcolumn LC. and LC- and micro X-mass spectrometry. 
Finally under electrochemical detection, miniaturized ion-chromatography and miniaturized potentiometric and volta- 
mmetric detectors are considered. 

This is a good book. The articles are well-written and there is a nit’ blend of theory, instrumentation and applications. 
All those interested in miniaturized SepaEitiOn systems will benefit from these surveys. Each article is well-referenced and 
there is a useful subject index, 

J. B. HEADRIDGE 

~~~ta~nal Methods for the Dete~inatjoR of Formation Constants: DAVID J. LEGGEIT, editor, Plenum Publishing 
Corporation, New York, 1985. Pages xvi + 478. S75.00 in USA and Canada, $90.00 elsewhere. 

The distinguished list of contributors to this volume (Avdeef, Havel, Leggett, May, Meloun, Nagypril, Per&, Sabatini, 
Stunzi, Vacca, Williams and Zekiny) gives an indication of the quality to be expected. Dave Leggett has assembled a 
comprehensive collection of the most useful computer programs for evaluation of stability constants from experimental 
potentiometric and spcctrophotometric experimental data. and for elucidation of the equilibrium model. An introductory 
chapter gives an overview of the problems to be solved by the computer in order to evaluate constants, and of the various 
possible ways in which solutions may be obtained. The second chapter describes the possible experimental strategies for 
investigating complex equilibria. and gives a brief treatment of the graphical methods of data treatment which, before the 
use of computers, were the only way to obtain stability constants, and which are still very useful for preliminary evaluations. 
The other chapters describe particular programs or suites of programs; in each, there is first a discussion of the theory behind 
the program, followed by details of the implementation, suggestions for applications, and detailed instructions for 
operation. The programs themselves are also included, and these listings should be accurate. since they have been 
reproduced photographi~lly from listings of working versions of the programs produced by use of a high quality 
daisy-wheel printer. Anyone who has struggled to type in programs from inferior listings will appreciate the trouble that 
has been taken here. The programs included are MAGEC, SCOGS2, MINIQUAD, MIQUV. SQUAD, ABLET and related 
programs, PSEQUAD and STBLTY. 

MARY MASON 

Pyrolysis and CC In Polymer Analysis: S. A. LIERMAN and E. J. LEVY, editors, Dekker, New York, 1985. Pages x + 557. 
$89.75 (U.S.A. and Canada). $107.50 or SFr. 269 (all other countries). 

This monograph is a highly specialized contribution to polymer research. It is entirely devoted to pyrolytic analysis of 
natural and synthetic polymers by modern techniques for characterization of pyrolytic products. The opening chapter is 
an introduction to polymer characterization, followed by a study of basic analytical pyrolysis instrumental methods, 
including Pyrolysis Gas Chromatography (PGC) which is a rapidly growing area of GC. Subsequent discussions are focused 
on advanced pyrolysis instrumentation, There is an extensive coverage of GC columns, types of packing materiaIs, and 
CC detectors. Gther combined characterization techniques such as spectrometry (Mass Spcctrometry and Fourier 
Transform Infrared) have also been undertaken. Discussion is centred on programmed pyrolysis methods and on the 
mechanism of thermal degradation of organic polymers. The authors have also included a discussion on the microstructure 
of synthetic polymers, which plays an important role in understanding the mechanism of pyrolysis of polymers. 

Analytical PGC has also been used in analysis of biopolymers, e.g., amino-acids, peptides, proteins, carbohydrates and 
micro-organisms’ An interesting inclusion is the forensic aspects of analytical pyrolysis. Thr combination of pyrolysis and 
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GC is a powerful and sensitive analytical method used for identifying paint marks, fibres and other type of trace evidence 
necessary in forensic work. 

The last chapter is devoted to the theory and application of inverse GC, which is a study of the stationary phase and 
an important aspect of physical polymer chemistry. Polymer solution thermodynamics is also been reviewed in this chapter. 

This volume has brought together experts’ contributions in pyrolysis, GC and polymer chemistry. The book is well 
presented with detailed and helpful indexing and is a significant contribution in the field. 

M. YouNcs QURESHI 

Interfacing Your BBC Microcomputer: R. MORGAN, W. MCCLEAN and J. ROSELL, Prentice-Hall International, London, 
1985. Pages ix + 179. f8.95. 

I have read many books on interfacing the BBC Microcomputer, but this is the most useful I have seen, because it combines 
coverage of the programming techniques required, with descriptions of electronic circuits. The main distinction from other 
texts is that the circuits are explained and discussed in terms that can be readily understood by a reader who is not an 
electronics specialist (i.e., someone who can usually read a circuit diagram, but not understand it). As a result, the reader 
has a chance of being able to adapt circuits to fit a particular situation, and of understanding some of the circuits given 
in other books. The main topics covered include digital input and output, analogue input and output, and control systems. 
Direct-addressing techniques are used in the early part of the book, but the “official” OSBYTE routines are introduced 
later, as are assembler code techniques. Construction projects include driving a lamp and motors, burglar alarms, 
measurement of light levels, measurement of temperature, controlling the temperature of an enclosure, a light pen, and 
an external ADC. Highly recommended. 

MARY MASON 

The BBC Microcomputer in Control: P. BEVERLEY, N. EAMES and G. OSBORNE, Prenti~-Hall Inte~ational, London, 1985. 
Pages xi + 150. f7.95. 

This is an interesting collection of “Interfacing Projects for Beginners”, to quote the sub-title. The book is nicely produced, 
and is indeed very helpful to a beginner, who may never have assembled an electronic circuit previously. Thus, Appendix 
I describes the necessary const~ctiona~ techniques, incfuding soldering, strip board and printed circuit board construction, 
gives colour codes for resistors and capacitors, and explains how to connect diodes, transistors etc. The topics covered 
include power switching, digital input, use of the analogue-to-digital converter for voltage measurement, resistance 
measurement, as a logic probe, and for timing, e.g., of a pendulum. Computer communications via the RS423 (Acorn’s 
RS232) serial interface are also discussed. 

MARY MASSON 
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OBITUARIES 

RUDOLF P~BIL, D.Sc. 
(19104986) 

We have learned with deep regret that Dr. Rudolf Pribil died suddenly on 2 February 1986. This is a great 
loss to the international chemical community, of a renowned analytical chemist, a pioneer in complexometry 
and a friend to many analysts throughout the world. 

Dr. PEbil was born on 23 July 1910, in Prague. He studied chemistry, mathematics and physics at the 
Faculty of Natural Sciences, Charles University in Prague. During his university years, in 1930, he became 
a demonstrator at the Department of Analytical Chemistry under Professor Oldiich TomiEek and since then 
analytical chemistry was his main interest. In 1933 he graduated with an RNDr. degree (M.Sc.) in natural 
sciences. He spent short periods as a temporary teacher of chemistry, physics and mathematics at various 
secondary schools in Prague, but mostly worked with Professor TomiEek at the Department of Analytical 
Chemistry of his Alma Mater, first as a demonstrator and later as a lecturer, until all the Czech universities 
were closed by the Germans in 1939. He spent the years of the second world war as an analyst for chemical 
companies in Pardubice-Rybitvi and in Prague. 

At the end of the war, in May 1945, he returned to the very badly damaged laboratories of Charles 
University and devoted all his energy to rapid recommencement of the courses in analytical chemistry that 
were impatiently awaited by hundreds of students who were deprived of university education during the war. 
In 1946 he became an associate professor in analytical chemistry and worked as deputy to the head of the 
Department, Professor Tomicek. In 1948-1950 he acted as the head of the Department of Inorganic and 
Forensic Chemistry, simultaneously retaining all his teaching duties at the Department of Analytical 
Chemistry. 

In 1950, Dr. Pi;ibil left the University and worked for five years as the head of the Analytical Chemistry 
Section of the Research Institute of Pharmacy and Biochemistry. In 1955 he moved to the then Polarographic 
Institute of the Czechoslovak Academy of Sciences where he headed the Analytical Laboratory until his 
retirement at the end of 1978. 

The scientific work of Dr. Pfibil is contained in some 350 original and review papers in renowned journals 
and 25 monographs written in Czech, English, Bulgarian, German, Russian and Rumanian. His early research 
before the second world war was influenced by Professor TomiEek and dealt mainly with potentiometric 
titrations, especially cerimetry. After the war, he was one of the first people in the world to recognize the 
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enormous analytical potential of the class of compounds termed “complexones”, introduced by Professor G. 
Schwarzenbach. With dozens of his pupils he developed numerous practical analytical methods involving the 
use of EDTA and related compounds, first as masking agents, later mainly as titrants. With his co-workers 
he introduced a number of new metallochromic indicators, such as Xylenol Orange, Methylthymol Blue, 
Thymolphthaleincomplexone and Fluoresceincomplexone. These works have had a great impact on analytical 
chemistry throughout the world. In Czechoslovakia, his outstanding contribution to analytical chemistry was 
recognized in 1953 by the award of the State Prize and in 1958 by the degree of D.Sc. He was awarded the 
Talanta Gold Medal in 1971. 

Dr. Piibil did much to disseminate knowledge in his excellent lectures, that were renowned for their wit 
and for his inimitable skill in practical demonstrations. The lecture theatres were always packed by students, 
as well as practising analysts, who came to listen to him. He was a fanatic at work, with an unerring sense 
for practical usefulness and with countless original ideas. He asked much of his students, but did not spare 
himself or his time in helping them. Even after his retirement, he went to work in the analytical laboratory 
of the Geological Institute, Charles University, until poor health finally prevented him from doing so. 

He was a great story-teller and it was a delight listening to him. He made lots of friends in all the continents 
of the world, with whom he maintained friendly contacts until the end of his life. His many years of service 
to Tdanta, as a regional editor, should also not be forgotten. 

One of the last classical chemists in the world, a unique personality with a very broad background, has 
died. He will be greatly missed by all his pupils, friends and other people associated with analytical chemistry. 

KAREL STUL~K 

RUDOLF PRIBIL-THE MAN 

I first met Rudolf Piibil in 1959 when he came to Aberdeen to give a lecture. An immediate rapport was 
established and we rapidly became good friends. In the years that followed I came to know him well, as a 
person as well as a chemist. He had a warm, extrovert and generous personality, and many unsuspected 
talents. As a young man he had a reputation as a tennis player, but in much later life revealed an unexpected 
skill at billiards (presumably dating from student days). He was renowned for his sense of humour and very 
ready wit. During a demonstration lecture in Aberdeen, finding no spatula had been provided, he broke up 
a firmly caked chemical in a reagent bottle with what he immediately referred to as an “analytically pure 
finger”, a term that at once passed into daily use among students. When asked whether a certain lecture might 
not be terminated after about 90 minutes of exposition, he replied “Why? My plane doesn’t leave till next 
week”. All who have heard him give a lecture in English will recall his habitual opening remark “Please forget 
all rules of English grammar!“, followed by what may best be described as a fluid use of the language in giving 
a clear and always fascinating account of his newest ideas, illustrated by elegant demonstrations performed 
with remarkable dexterity. 

His extensive travels in the course of lecturing on complexometric analysis led to a fund of stories about 
his adventures, ranging from breaking light bulbs with his head in Japanese hotel rooms (“I am too tall for 
Japan”) to being marooned for a week in Moscow because of fog at the airport, and a plane missed through 
a misunderstanding. Like the late Professor Belcher, he seemed to attract problems and happenings when 
travelling, so that travel with him was always full of surprises. 

By those who knew him well he will be remembered with warmth and great affection, for his friendship 
and the something extra he brought into their lives. 

R. A. CHALMERS 
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The Editorial Board and the Publisher of Talantu take great pleasure in welcoming two new members of the 
Advisory Board: 

M. VALCARCEL H. FALK 

and wish them long and fruitful service on it. 
At the same time, they are very sorry to be losing the services of Mr. Howard J. Francis, Jr., as Regional 

Editor in the U,S.A. and as the Editorial Board representative of the Regional Editors, a position he has filled 
with assiduous care and attention since his appointment as successor to Professor Louis Gordon in 1966. For 
twenty years Mr. Howard has served the journal well, and has played a considerable part in its success, and 
it is with regret that his retirement from chemistry and the Board must be accepted. The Board and Publisher 
wish him a long and happy retirement, and are sure his many interests will keep him fully occupied for many 
years to come. 

H. J. FRANCIS 

MIGUEL VALCARCEL is Professor of Analytical Chemistry at the University of Cordoba (Spain). He was born 
in 1946 in Barcelona and graduated in Chemistry at the University of Seville, from which he received his Ph.D. 
in Chemical Sciences in 1971. He became professor in 1976. His fields of activity and interest are automatic 
methods, with emphasis on unsegmented flow alternatives, simultaneous determinations involving no 
separation, continuous liquid-liquid extraction, indirect atomic-absorption methods, kinetic methods of 
analysis, and modem molecular fluorescence spectroscopic techniques. He has written or co-authored about 
150 papers and is author of three analytical textbooks published in Spanish, co-author of the monograph 
“Flow Injection Analysis: Principles and Applications” (currently in press) and co-editor of another 
monograph, “Kinetic Methods of Analysis”, published in Spanish. Since July 1985 Professor Valcarcel has 
been the President of the Spanish Society of Analytical Chemistry. 

M VALCARCEL 
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H. FALK 

PROFESSOR HEINZ FALK obtained his Diploma in Physics in 1961 and the degrees of Dr. rer. nat. in Physics 
(1966) and Dr. sci. nat. in Physics (1976) from the Humboldt University of Berlin, and worked as Scientific 
Assistant and Lecturer in the Physical Institute of that university from 1961 to 1964, then successively as 
Scientific Assistant (until 1969), Head of the Department of Spectroscopy (until 1980) and Head of the Section 
of Spectroscopy at the Central Institute for Optics and Spectroscopy of the Academy of Sciences of the 
German Democratic Republic, where he was appointed Professor of Physics in 1980. His main research 
interests have been the theoretical and experimental basis of the analytical application of atomic spectroscopy, 
with special attention to the physical possibilities and limitations of different atomic spectroscopic methods, 
such as atomic emission, absorption and fluorescence, including the application of tunable lasers. He has also 
studied the elementary processes in radiation sources used in atomic emission and absorption methods, and 
has made contributions to the analytical use of the short wavelength spectral range, including development 
and application of electron-impact excitation sources and photon counters for this range. His research group 
has developed and applied a novel emission method based on electrothermal atomization in combination with 
non-thermal excitation. Special attention has been paid to investigation of basic processes in electrothermal 
atomizers. Besides his involvement in this research in atomic spectroscopy, which has led to 31 publications 
and 40 lectures at international conferences, Professor Falk has been concerned for several years in the 
development of spectrometers (especially of Fourier transform type) for space research. 

With profound sorrow we record the 
sudden and untimely death of a valued 

member of the Advisory Board 

PROFESSOR LADO KOSTA 

on 13 January 1986 at Ljubljana, Yugoslavia. 
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A. Izquierdo, R. Compaii6 and E. Bars 463 Solvent extraction of zinc with 5.7-dichloro-2-methyl-Ghydroxyquinoline 
into chloroform 

Papers Received i 

Publications Receitled ii 

Quessrionnaire: Soffware Survey Section V 
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JUNE 

Louis Gordon Memorial Award 

N. ZhnovP, I. N&nec and J. Zima 

Antonio Braibanti, Claudia Bruschi, 
Emilin Fisicaro and Marzia Pasquali 

C. H.-Siegfried, W. Weinert, 
Franz W. E. Stre4ow and 
Reihrd G. Bilhmer 

Kurt Kalcher 

Paul R. Klock and Paul J. Lamothe 

Robert Fournaise et Christian Petitfaux 499 

Milan Meloun, Milan Jatirek and 
Josef Have1 

Josef Have1 and Milan Meloun 525 

A. G. Asuero, J. L. Jimenez-Trill0 
and M. J. Navas 

Short Communications 
F. HemPndez HemLndez, 

J. Medina Escriche and 
M. T. Gasco Andreu 

J. M. Mir and C. Martinez 

Sarala Raoot and K. N. Raoot 

T. D. Yerian, T. P. Hadjiioannou 
and G. D. Christian 

Doddaballapur K. Padma 

Papers Received 

Questionnaire: Software Survey Section 

The Ronald Be&r Memorial Award 

D. R. Crow 

R. S. Young 

M. C. Gut%rrez, A. Gomez-Hem 
and M. Valcircel 

Jouko J. Kankare and Roger Stephens 

Etsuro Iwamoto, Chaa-Huan Chung, 
Manabu Yamamoto 
and Yuroku Yamamoto 

III 

467 

471 

481 

489 

495 

513 

531 

537 

541 

544 

547 

550 

i 
. . . 
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III 

553 

561 

567 

571 

577 

Determination of chlorpromazine and thioridazine by differential pulse 
voltammetry in acetonitrile medium 

Analysis of variance in determinations of equivalence volume and of the 
ionic product of water in potentiometric titrations 

The influence of thiourea on the cation-exchange behaviour of various 
elements in dilute nitric and hydrochloric acids 

A new method for the voltammetric determination of nitrite 

Determination of ammonium in a buddingtonite sample by ion- 
chromatography 

Etude de la formation des complexes en solution aqueueI. Mithode 
protom&rique inform&& de dktermination des concentrations des ions 
libres en solution (mkthode CILS) et d’estimation des constantes de 
stabilitd des complexes: choix critique des modalit& d’application $ partir 
d’un exemple simult 

Multiparametric curve fitting-X. A structural classification of programs 
for analysing multicomponent spectra and their use in equilibrium-model 
determination 

Multiparametric curve fitting-XI. POLET computer program for 
estimation of formation constants and stoichiometric indices from 
normalized potentiometric data 

Spectrophotometric methods for the evaluation of acidity constants-II. 
Numerical methods for two-step overlapping equilibria 

Enhancement of the fluorescence of the zinc-morin complex by a 
non-ionic surfactant 

Fluorimetric determination of boron at microgram level 

Selective complexometric determination of palladium with thiosulphate 
as masking agent 

Flow-injection analysis with the iron-induced perbromate-iodide reac- 
tion: spectrophotometric determination of iron 

A gravimetric procedure for the determination of wet precipitated 
sulphur, dissolved sulphur, soluble sulphides and hydrogen sulphide 

JULY 

Diffusion coefficients and complex equilibria in solution-V. Limitations 
to the validity of the diffusion equations 

The analysis of ferroalloys 

Selective kinetic fluorimetric determination of copper at the ng/ml level 

The influence of optical design on the signal to noise characteristics of 
polarimeters 

Arsenic determination with graphite-cloth ribbon in graphite-furnace 
atomic-absorption spectrometry 

VU, 



M. Bos 583 Kalman filtering for the evaluation of the current-time function in d.c. 
polarography 

R. Mpez N&z, M. Callej60 Moch60 587 Extraction and spectrophotometric determination of titanium(W) with 
and A. Guirairm P&z alizarin and fluoride 

I. T. Uraaa and A. M. O’ReiBy 593 The application of direct current plasma spectrometry to the study of the 
fractionation of iron and phosphorus in surface waters 

J. G. Crock, F. E. Lie&e, G. 0. Riddle 
and c. L. Beech 

601 Separation and preconcentration of the rare-earth elements and yttrium 
from geological materials by ion-exchange and sequential acid elution 

Daniel Resales, Isabel Mill&n 
and Jo& L. G6mez Arizn 

607 Spectrophotometric determination of indium in nickel alloys and zinc ores 
with 1-(2-pyridylmethylideneamine)-3-(saiicylideneamine)thiourea 

Short Communications 
Sadanobu Inoue, SllW9N Hoshi 

and Mutsuyn Matsubara 
611 Extraction-spectrophotometric determination of vanadium with N-m- 

tolyl-N-phenylhydroxylamine and its application to coal and coal fly-ash 

Toahio Matsuda and Toyoshi Nagai 614 Degradation of nitrilotriacetic acid (NTA) by oxidation with lead dioxide 
suspension 

A. Varada Reddy and Y. Krishna Reddy 617 Sequential extraction and determination of copper and nickel with 
2,4-dihydroxyacetophenone thiosemicarbazone 

M. C. Gennaro, E. Mentasti 
and C. Sarzanini 

620 Binding properties of aminopolycarboxylato ligands bound to cellulose 

Zaofan Zbao, Xiaohua Cai, Peibiao Li 
and Handong Yang 

623 Polarographic determination of trace amounts of thorium 

Analytical Data 
M. Callejbn MocMn, 

M. Centeno Gallego 
and A. G&hum Perez 

627 Salicylaldehyde-I-phthalazinohydrazone as an analytical reagent 

J. E. Kountourellis, F. A. Underwood, 
P. P. Georgakopoulos 
and A. Raptouli 

631 X-ray diffraction data for six analgesics 

Papers Received 

Publications Received 

Notice 

i 
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V 

Questionnaire: Software Survey Section vii 

S. Rubio, A. G6mez-Hens and 
M. Valclrcel 

Krzysztof Ren and Anna Ren-Kurt 

P. Damiani and G. Burini 

Teresa L. Keimig and 
Linda B. McGown 

Thomas M. Schmitt, 
Robert J. Ziegler, 
Ead S. Muzher, 
Robert J. Doyle and 
James L. Freers 

W. F. Pickering 

Tsutomu Matsuo, 
Yoshitaka Masuda and 
Eiichi Sekido 

AUGUST 

633 Analytical applications of synchronous fluorescence spectroscopy 

641 A new numerical method of finding potentiometric titration end-points 
by use of rational spline functions 

649 Fluorometric determination of nitrite 

653 Micellar modification of the spectral, intensity and lifetime characteristics 
of the fluorescence of fluorescein-labelled phenobarbital 

657 Analysis of anthranilic acid by liquid chromatography 

661 The effect of hydrolysed aluminium species in fluoride ion determinations 

665 Acid-base and chelatometric photo-titrations with photosensors and 
membrane photosensors 

ix 



Barry Chiswell and 
Mazlin B. Mokhtar 

669 The speciation of manganese in freshwaters 

Saad S. M. Hassan and 
M. M. Elsnied 

Short Communications 

J. Martinez Calatayud and 
Campins Falco 

Zuzana Tocksteinovi and 
Fran&k Opekar 

Minoru Hosoya, Kfiichi Tozawa 
and Kunio Takada 

Wen-bin Qi and Li-zhong Zhu 

M. C. Garcia Alvarez-Coque, 
R. M. Villanueva Camatias. 
M. C. Martinez Vayi, 
G. Ramis Ramos and 
C. Mongay Femindez 

Colin D. Chriswell, 
Richard G. Richardson 
and Richard Markuszewski 

B. C. Verma, S. Chauhan, 
Neelam Sharma, Usha Sharma, 
D. K. Sharma and Anila Sood 

Annotation 

Ragnar Bye 

Papers Received 

Publications Received 

Questionnaire: Software 
Survey Section 

The Louis Gordon Memorial 
Award 

Joseph Wang, Peng Tuzhi, 
Meng-Shan Lin and Tii Tapia 

James A. Cox, Atui Bhatnagar 
and Robert W. Francis Jr. 

Suresh K. Srivastava, 
Satish Kumar, 
Chakresh K. Jain and 
Surender Kumar 

Elisabetb Suet et 
And& Laoubn 

Shoji Motomizu, Hiroski Mikasa 
and Kyoji T8ei 

J. M. Kauffmann, 
G. J. Patrtarche, 
M. Chateau-Gosselin et 
B. Gallo Hermosa 

Andrzej Lewemtarn, Ari Ivaska 
and Erkki Wgnninen 

679 A new liquid-membrane electrode for selective determination of 
perchlorate 

685 Determination of levamisole hydrochloride with HgI:- by a turbidimetric 
method and flow-injection analysis 

688 The electrochemical generation of small amounts of hydrogen cyanide 

691 Rapid technique for distillation of methyl borate for ICP atomic- 
emission spectrometric determination of boron in steel 

694 Spectrophotometric determination of chromium in waste water and soil 

697 Spectrophotometric determination of mercury(I1) and silver(I) with 
copper(H) and diethyldithiocarbamate in the presence of Triton X-100 

700 Spectrophotometric determination of iron in process samples from the 
chemical cleaning of coal 

703 Analytical applications of the amine-carbon disulphide reaction in 
acetonitrile 

705 Interferences from bivalent cations in the determination of selenium by 
hydride-generation and atomic-absorption spectromrtry. A discussion of 
the claim that the metal ions are reduced to the metallic state by sodium 
borohydride 

ii 

. . . 
III 

SEPTEMBER 

III 

707 Trace measurements of the antineoplastic agent methotrexate by ad- 
sorptive stripping voltammetry 

713 Evaluation of coupled transport across a liquid membrane as an analytical 
preconcentration technique 

717 Studies with an inorganic ion-exchange membrane exhibiting selectivity 
for Pb(I1) ions 

721 Etude de l’interaction ion-ammonium tttramines cycliques par poten- 
tiomCtrie et RMN P l’aide du programme MICMAC 

729 Fluorometric determination of nitrite in natural waters with 3-amino- 
naphthalene- 1,5-disulphonie acid by flow-injection analysis 

733 Oxydation Clectrochimique de la khelline et de l’amikhelline: 6tude par 
voltammbtrie cyclique 

739 Single-point titration of metal ions and ligands by measuring change in pH 

X 



Short Communications 
Snlwn Rizk El-Shabouri 

P. Yafiez-Sedeiio and 
L. M. Polo Diez 

J. Alary, J. Vandaele, 
C. Eserieut and 
R. Haran 

lsmail M. Al-Daher and 
Byron Kratochvil 

Kohji Hayase, 
Kiminori Shitashima and 
Hiroyuki Tsubota 

J. V. Gimeno Adelantado 
and F. Bosch Reig 

Giovanna Bertocchi 

Analytical Data 
Santi Capone, 

Alessandro De Robertis, 
Concetta De Stefano 
and Silvio Sammartano 

Joseph R. Siefker and 
Rodolfo V. Aroc 

Wiiwa Zaborska and 
Ma&j Leszko 

Annotation 
Tong Shen-yang and Li Ke-an 

Papers Received 

Publications Received 

Erratum 

Notice 

Notes for Authors 

Questionnaire 

Talanta Medal 

A. M. Afonso, J. J. Santana and 
F. Garcia Montelongo 

F. Garcia SPnchez and 
M. Hernhdez Mpez 

Aytekin Temizer 

Jaakko Leppinen and Susanna Vahtila 

Ari Ivaska and Jaakko Leppinen 

Kevin J. West and Ronald T. PIbum 

743 Spectrophotometric determination of nitrazepam in tablets 

745 Spectrophotometric determination of Paraquat with BiI; in the presence 
of gum arabic 

748 Determination of trace amounts of nickel by atomic-absorption spec- 
trometry after carbonyl generation 

751 Effect of temperature on the determination of aromatic nitro-compounds 
by coulometrically generated chromium(H) 

754 Determination of organically-associated trace metals in estuarine sea- 
water by solvent extraction and atomic-absorption spectrometry 

757 Mineralization of some organic sulphur compounds by fusion with molten 
alkali 

760 Determination of optical purity in partially racemized samples of 
L-aspartic acid by means of liquid crystals 

763 Formation and stability of zinc(H) and cadmium(H) citrate complexes in 
aqueous solution at various temperatures 

768 Stability constants and molar absorptivities for complexes of copper 
with N-methyldiethanolamine, 1,4-bis(2-hydroxypropyl)-2-methylpiper- 
azine and 2-amino-2-methyl-I-propanol 

769 The extraction of Zn(II), Cd(H) and Pb(I1) from hydrochloric acid media 
by Amberlite LA-2 hydrochloride dissolved in I ,2-dichloroethane 

775 The distribution of chromium(W) species in solution as a function of pH 
and concentration 

ii 

. 
Ill 

iv 

V 

vii 

OCTOBER 

III 

779 Kinetic spectrofluorimetric determination of silver, based on its catalytic 
effect on the oxidation of pyrocatechol-l-aldehyde 2-pyridylhydrazone by 
peroxodisulphate in the presence of l,lO-phenanthroline as activator 

785 Trace zinc determination by synchronous derivative fluorimetry 

791 Electroanalytical determination of vinca alkaloids used in cancer 
chemotherapy 

795 Differential pulse polarographic determination of thiol flotation collectors 
and sulphide in waters 

801 Determination of trace amounts of the flotation collectors ethyl xanthate 
and diethyl dithiophosphate in aqueous solutions by cathodic stripping 
voltammetry 

807 Spectrophotometric and spectrofluorometric determination of zinc and 
cadmium with 2,2’-pyridil bis(2-quinolylhydrazone) 

xi 



Jifi Barek, Antoain Berkr, 
Zuzana Tocksteinovi and Jifi Zbna 

MaIgorzata Ciiowska and 
Zbigniew Stojek 

Milan Meioun, Milan Javirek and 
Aiena HynkovP 

Short Communications 
Corrado Sarzanini, Edoardo Mentasti, 

Maria Carla Gennaro, Valerio Porta 
and Paolo Voipe 

Zhang Xiao-song, Zhu Xiang-ping and 
Lin Chang-shan 

Analyrical Data 
Irene NemcovL, Borek Metal and 

Jarosiav Podiaha 

M. Esteban, E. Casassas and 
L. Femandez 

F. Garcia Slnchez, C. Cruces Blanc0 
and J. MedinilIa 

Annorarion 
Tadeusz Hofman and 

Malgorzata Ktzyinowska 

Papers Received 

Notices 

Questionnaire: SoJware Survey Section 

Miaoru Hara and Noboru Nomura 

Kunio Shiraishi, Gi-ichiro Tanaka 
and Hisao Kawamura 

Otto s. wolfbeis, 
Bernhard P. H. Schaffar and 
R. A. Chalmers 

R. von Wandruszka and 
J. D. Winefordner 

Jaroslav P. Matousek, 
Brian J. Orr and Mark Seiby 

Boy Meyer and Lars Kryger 

P. Linares, M. D. Luque de Castro 
and M. Valc6rcei 

Surasak Watanesk and A. A. Schiit 

Harvey Diehl, 
Naomi Horchak-Morris, 
Alta J. HeBey, Linda F. Munson 
and Richard Markuszewski 

811 

817 

825 

835 

838 

841 

843 

847 

851 

i 

111 

V 

Voltammetric determination of benzidine and its derivatives, at a giassy- 
carbon electrode 

Determination of traces of EDTA, EGTA and DCTA by adsorptive 
accumulation of their complexes with Hg(II) followed by cathodic 
stripping 

Multiparametric curve fitting-XII. Resolution capability of two pro- 
grams for anaiysing multicomponent spectra, SQUAD(84) and 
PSEQUAD(83) 

Preconcentration and determination of ultratraces of lead and bismuth 

Determination of molybdenum, chromium and vanadium by ion-pair 
high-pressure liquid chromatography based on precolumn chelation with 
4-(2-pyridylazo)resorcinol 

Dissociation constants of arsenazo III 

Formation constants of some mercury(I1) complexes determined from 
their anodic polarographic signals 

Fluorimetric and absorptiometric determination of dissociation constants 
and chromogenic reactions of benzyl 2-pyridyl ketone 
2-quinolylhydrazone 

Determination of stability constants of complexes from the titration curve 
by the maximum likelihood principle 

NOVEMBER 

857 Application of modified normal pulse polarography and its differential 
mode to alkaline-earth metal ions in acid solutions 

861 Simultaneous multielement analysis of various human tissues by 
inductively-coupled plasma atomic-emission spectrometry 

867 Fibre-optic titrations-IV. Direct compiexometric titration of aiu- 
minium(II1) with DCTA 

871 Fluorescence in thin liquid films 

875 Spectrometric analysis of non-metals introduced from a graphite furnace 
into a microwave-induced plasma 

883 Evaluation of single-point calibration in flow potentiometric stripping 
analysis 

889 Fluorimetric differential-kinetic determination of silicate and phosphate in 
waters by flow-injection analysis 

895 Separation of some transition-metal ions on silica-immobilized 
2-pyridinecarboxaldehyde phenylhydrazone 

901 Studies on fluorescein-III. The acid strengths of fluorescein as shown by 
potentiometric titration 

xii 



M. Sarbu, S. M. Golabi et 907 Mise en kvidence de deux nouveaux indicateurs acide-base dans l’acide 
M. H. Pournagbi-Azar a&tique anhydre 

Short Communications 
James A. Cox and 

Krishnaji R. Kulkami 
911 Comparison of inorganic films and poly(4-vinylpyridine) coatings as 

electrode modifiers for flow-injection systems 

J. Peinado, F. Toribio 
and D. P&z-Bendito 

914 Kinetic fluorimetric determination of organic peroxides and lipo- 
hydroperoxides at the nanomole level 

Lisa D. Detter, Steven J. Pachuta, 
R. G. Cooks and R. A. Walton 

917 Effects of vacuum on tetrakis-isocyanide complexes of silver(I) and 
copper(I): implications for SIMS analyses 

Analytical Data 
M. Teresa S. D. Vasconcelos 

and Adetio A. S. C. Machado 
919 Simultaneous determination of the acid and basic ionization constants of 

imidazole 

F. Sallnas, A. MutIoz de la PetIn 
and J. A. Murlllo 

923 Phototautomerism in the lowest excited singlet state of I-hydroxy-2- 
carboxyanthraquinone 

R. McMahon, M. Brennan and 
J. D. Glennon 

927 The pK, values of N,N,N’,N’-tetrakis-(2-hydroxypropyl)ethylenediamine 

Annotarions 
A. G. Asuero, J. L. Jimenez-Trill0 

and M. J. Navas 
929 Mathematical treatment of absorbance versus pH graphs of polybasic 

acids 

Harvey Diehl 935 Studies on fluorescein-IV. Notes on obtaining acid dissociation constants 
from the titration curves of dibasic acids 

Papers ReceiLjed 

Questionnaire: Software Survey Section iii 

DECEMBER 

Obituary 

Chang Yun PO and Zhou Nan 

III 

939 Rapid spectrophotometric determination of palladium in titanium alloys 
with 2-(S-bromo-2-pyridylazo)-5-(diethylamino)phenol 

Harald Gampp, Marcel Maeder, 
Charles J. Meyer and 
Andreas D. Zuherbilhler 

943 Calculation of equilibrium constants from multiwavelength spectroscopic 
data--IV. Model-free least-squares refinement by use of evolving factor 
analysis 

M. L. Tuttle, M. B. Goldhaber 
and D. L. Williamson 

Joti A. S. Cavaleiro and 
Kevin M. Smith 

953 An analytical scheme for determining forms of sulphur in oil shales and 
associated rocks 

963 Chromatography of chlorophylls and bacteriochlorophylls 

T. Pal, A. Ganguly, D. S. Maity and 973 N,N’-Diphenyldithiomalonamide as a gravimetric reagent for nickel and 
Stanley E. Livingstone cobalt 

Giuseppe Chiavari, Luciana Pastorelli 979 Preparation, mesomorphic properties and behaviour of 4,4’-biphenylene- 
and Georgios Perrakis dibenzoates as stationary phases in gas chromatography 

C. Majcherczyk, P. Polge, 985 Action des rayonnements beta et des oxydants sur le di-tert.butyl-3,5 
D. Baylocq et F. Pellerin hydroxy-4 tolutne 

L. Almestrand, D. Jagner 991 Determination of cadmium, lead and copper in milk and milk powder 
and L. Renman by means of flow potentiometric stripping analysis 

M. F. Vergnes et J. Alary 997 Dosage des xanthiques naturels par CLHP. Comparaison des mtthodes 
et applications 

W. B. Emary, I. Isern-Flecha, 
K. V. Wood, T. Y. Ridley 
and R. G. Cooks 

1001 Desorption ionization/tandem mass spectrometry with a caesium ion 
source and a triple quadrupole mass spectrometer 

Krishna K. Verma, Pramila Tyagi 
and Mary Grace Pushpa Ekka 

1009 Determination of chromate and cyanide by anion-exchange with lead 
iodate, and the analysis of mixtures of cyanide, thiocyanate and halides 

XIII 



Vijay S. Trlpathi 1015 An algorithm and a FORTRAN program (CHEMEQUIL-2) for 
calculation of complex equilibria 

A. Arrebola Ramirez, 1021 Study of the mixed-metal lanthanum-magnesium-purpurin complex: 
C. Jimenez Linares, spectrophotometric determination of yttrium and lanthanides 
F. Ales Barrero and M. Roman Ceba 

Short Communication 
Barbara R6iaBska and 

Elwira Lachowicz 
1027 Tetrabutylammonium bromide/thenoyltrifluoroacetone/MIBK extraction 

for AAS determination of cobalt, nickel, and manganese in copper ores 
and concentrates 

Analytical Data 
F. Arce, C. Blanc0 and J. Caaado 1031 Polarographic studies of mixed hydroxy-complexes of mono- 

ethanolamine with cadmium and with lead 

Annorafion 
D. Baylocq, C. Majcherczyk 

et F. Pellerin 
1035 Action de l’acide citrique sur l’anhydride acbtique et la pyridine. 

Determination du mecanisme rtactionnel et de la structure du compose 
forme 

Preliminary Communicalion 
Harvey W. Yurow 1039 Novel fluorescence reaction for malononitrile 

Papers Received i 

Publications Received ii 

Questionnaire: Software Survey Section “’ III 
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iV NOTICES 

TOPICS 

The general theme of the topics will be the physicochemical processes and aspects of chemistry and chemical 
engineering in the science of the aquatic environment. Papers on microbiological aspects or air pollution and 
solid waste will be considered as well. The sessions will deal more specifically with: 
-advanced physicochemical treatment; 
-the interaction of biological and physicochemical (sub) precesses in combined treatment processes; 
-the origin, transfer, fate and effects of chemical pollutants in the environment; 
-plants for treatment of effluents; 
-methods for the removal of hazardous hydrocarbons and organic materials from aqueous environments; 
-advances in environmental monitoring and analytical chemistry. 

SUBMISSION OF PAPERS 

Papers and abstracts must be in English. They must contain original material not published elsewhere. 
Papers will be selected on the basis of extended abstracts. A compilation of these abstracts (together with 

the full invited papers) will be handed out at the Conference. Beside an introduction they should describe 
methods, results and conclusions, and must be submitted before 31 October 1986 in a form enabling direct 
reproduction by the photo-offset process. An abstract should contain -600 words and one or two figures 
and/or tables (2-4 pages). It should be single-spaced on DIN A4 format (210-297 mm), white paper with a 
12 pitch Gothic or similar letter type and leaving 30 mm margins. Title, name of author(s) and address 
should be typed within an additional 70mm spaced at the head of the first page. 

SECRETARIAT 

All correspondence concerning the Conference should be addressed to: 

6th Int. Conference Chemistry for Protection of the Environment 
Prof. C. SARZANINI 
Dipartimento di Chimica Analitica 
Via P. Giuria 5 Tel. (natl.) 01 l/657272 
10125 TORINO (ITALY) Tel. (internatl.) /39/l l/657272 

INTERNATIONAL SYMPOSIUM ON PHARMACEUTICAL 
AND BIOMEDICAL ANALYSIS 

Barcelona Congress Centre, Spain 
23-25 September 1987 

The aim of the meeting is to present and evaluate new trends and developments in, and applications of, 
analytical methods for the analysis of drugs and endogenous components of human metabolism in biological 
samples. 

The scientific programme will cover, as special topics, Anticancer Drugs, Computer-Aided Analysis 
(including Robotics), Psychoactive Drugs and New Developments and Applications. These topics as well as 
any others of interest in the field of Pharmaceutical and Biomedical Analysis will be discussed in invited 
plenary and keynote lectures, invited and submitted research contributions, and poster presentations. The 
Proceedings of the Symposium will be published by the Journal of Pharmaceutical and Biomedical Analysis. 
If interested, please provide tentative title(s) for contributed paper(s). 

The Symposium will precede the International Symposium on Applied Mass Spectrometry in the Health 
Sciences, to be held on 28-30 September 1987, also in the Barcelona Congress Centre, which will cover 
complementary analytical approaches exclusively centred on the application of Mass Spectrometric 
Techniques. 

Exhibition space will be available for manufacturers. 
For further information on registration and instrument exhibition facilities please contact: 

DR. EMIL10 GELPI, Chairman, Organizing Committee, International Symposium on Pharmaceutical and 
Biomedical Analysis, PALACIO DE CONGRESOS, Avda. Reina Ma Cristina, s/n., 08004 Barcelona, Spain 
Phone 325.30.00-223.99.40 
Telex 53.117 FOIMB-E 
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NOTICE 

1. 
1.1. 

1.2. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

31st IUPAC CONGRESS 

13-18 July 1987 
National Palace of Culture, Sofia, Bulgaria 
The Bulgarian Academy of Sciences will be 

responsible for the organization 
of the Congress 

The Scientific Programme will include the following Sections and Topics: 

ANALYTICAL CHEMISTRY 
Genera1 Aspects of Analytical Chemistry. 
New Theoretical Developments, New Instrumentation and Techniques in Electroanalytical Chemistry, 
Automation, Application of Microcomputers, Solubility. 
Particular Aspects of Analytical Chemistry. 
Participation in Biotechnology, Medicinal, Pharmaceutical and Food Areas. Environmental Analysis, 
Microchemical and Trace Analysis, Methods of Analysis, etc. 

EDUCATION 
Chemical Education in the Third World. Informing the Public about Chemistry. Teaching of Chemistry. 

ENGINEERING CHEMISTRY 
Chemical Technologies for Energy Production. Electrochemical Hydrogen Production. Fuel Cell 
Technology. Electrochemical Power Sources. Metal Recovery, including Solvent Extraction, Ion 
Exchange and Electra-winning. Extraction with Dense Gases. 

INDUSTRIAL CHEMISTRY 
Agrochemistry, Herbicides, Pesticides, Biotechnology. Essential Oils. Pharmaceutical Chemistry. 

INORGANIC CHEMISTRY 
Heterogeneous and Homogeneous Catalysts, including Catalyst Characterization. p-Block Element 
Chemistry. Semiconductors. Solid State Chemistry. Ultrapure Elements. 

ORGANIC CHEMISTRY 
Asymmetric Synthesis. Bioorganic Chemistry and Biosynthesis. Computer-aided Synthesis and 
Computer-graphics. Gas Phase Reactions. New Synthons for Organic Reactions. 

PHYSICAL CHEMISTRY 
Electrochemistry: Electrocatalysis, Liquid/Liquid Interfaces, Chemically Modified Electrodes, Spec- 
troscopic Methods in Electrochemistry. Elementary Steps in Kinetic Processes. Liquid Crystals. Surface 
Science, including Long-range Forces, Colloidal Systems, and Liquid Films. 

POLYMERS 
Biopolymers. Electrically Conducting Organic Polymers. Polymers in Medicine. 

CLINICAL CHEMISTRY 
Congress Circulars containing further details are available from the Secretariat of the 31st IUPAC 
Congress 

c/o Dr R. Vlahov 
Institute of Organic Chemistry 
Bulgarian Academy of Sciences 
1113 Sofia, Bulgaria 
Telex: 22729 ECHBAN BG 

iv 



iv PUBLICATIONS RECEIVED 

GC is a powerful and sensitive analytical method used for identifying paint marks, fibres and other type of trace evidence 
necessary in forensic work. 

The last chapter is devoted to the theory and application of inverse GC, which is a study of the stationary phase and 
an important aspect of physical polymer chemistry. Polymer solution thermodynamics is also been reviewed in this chapter. 

This volume has brought together experts’ contributions in pyrolysis, GC and polymer chemistry. The book is well 
presented with detailed and helpful indexing and is a significant contribution in the field. 

M. YouNcs QURESHI 

Interfacing Your BBC Microcomputer: R. MORGAN, W. MCCLEAN and J. ROSELL, Prentice-Hall International, London, 
1985. Pages ix + 179. f8.95. 

I have read many books on interfacing the BBC Microcomputer, but this is the most useful I have seen, because it combines 
coverage of the programming techniques required, with descriptions of electronic circuits. The main distinction from other 
texts is that the circuits are explained and discussed in terms that can be readily understood by a reader who is not an 
electronics specialist (i.e., someone who can usually read a circuit diagram, but not understand it). As a result, the reader 
has a chance of being able to adapt circuits to fit a particular situation, and of understanding some of the circuits given 
in other books. The main topics covered include digital input and output, analogue input and output, and control systems. 
Direct-addressing techniques are used in the early part of the book, but the “official” OSBYTE routines are introduced 
later, as are assembler code techniques. Construction projects include driving a lamp and motors, burglar alarms, 
measurement of light levels, measurement of temperature, controlling the temperature of an enclosure, a light pen, and 
an external ADC. Highly recommended. 

MARY MASON 

The BBC Microcomputer in Control: P. BEVERLEY, N. EAMES and G. OSBORNE, Prenti~-Hall Inte~ational, London, 1985. 
Pages xi + 150. f7.95. 

This is an interesting collection of “Interfacing Projects for Beginners”, to quote the sub-title. The book is nicely produced, 
and is indeed very helpful to a beginner, who may never have assembled an electronic circuit previously. Thus, Appendix 
I describes the necessary const~ctiona~ techniques, incfuding soldering, strip board and printed circuit board construction, 
gives colour codes for resistors and capacitors, and explains how to connect diodes, transistors etc. The topics covered 
include power switching, digital input, use of the analogue-to-digital converter for voltage measurement, resistance 
measurement, as a logic probe, and for timing, e.g., of a pendulum. Computer communications via the RS423 (Acorn’s 
RS232) serial interface are also discussed. 

MARY MASSON 
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enormous analytical potential of the class of compounds termed “complexones”, introduced by Professor G. 
Schwarzenbach. With dozens of his pupils he developed numerous practical analytical methods involving the 
use of EDTA and related compounds, first as masking agents, later mainly as titrants. With his co-workers 
he introduced a number of new metallochromic indicators, such as Xylenol Orange, Methylthymol Blue, 
Thymolphthaleincomplexone and Fluoresceincomplexone. These works have had a great impact on analytical 
chemistry throughout the world. In Czechoslovakia, his outstanding contribution to analytical chemistry was 
recognized in 1953 by the award of the State Prize and in 1958 by the degree of D.Sc. He was awarded the 
Talanta Gold Medal in 1971. 

Dr. Piibil did much to disseminate knowledge in his excellent lectures, that were renowned for their wit 
and for his inimitable skill in practical demonstrations. The lecture theatres were always packed by students, 
as well as practising analysts, who came to listen to him. He was a fanatic at work, with an unerring sense 
for practical usefulness and with countless original ideas. He asked much of his students, but did not spare 
himself or his time in helping them. Even after his retirement, he went to work in the analytical laboratory 
of the Geological Institute, Charles University, until poor health finally prevented him from doing so. 

He was a great story-teller and it was a delight listening to him. He made lots of friends in all the continents 
of the world, with whom he maintained friendly contacts until the end of his life. His many years of service 
to Tdanta, as a regional editor, should also not be forgotten. 

One of the last classical chemists in the world, a unique personality with a very broad background, has 
died. He will be greatly missed by all his pupils, friends and other people associated with analytical chemistry. 

KAREL STUL~K 

RUDOLF PRIBIL-THE MAN 

I first met Rudolf Piibil in 1959 when he came to Aberdeen to give a lecture. An immediate rapport was 
established and we rapidly became good friends. In the years that followed I came to know him well, as a 
person as well as a chemist. He had a warm, extrovert and generous personality, and many unsuspected 
talents. As a young man he had a reputation as a tennis player, but in much later life revealed an unexpected 
skill at billiards (presumably dating from student days). He was renowned for his sense of humour and very 
ready wit. During a demonstration lecture in Aberdeen, finding no spatula had been provided, he broke up 
a firmly caked chemical in a reagent bottle with what he immediately referred to as an “analytically pure 
finger”, a term that at once passed into daily use among students. When asked whether a certain lecture might 
not be terminated after about 90 minutes of exposition, he replied “Why? My plane doesn’t leave till next 
week”. All who have heard him give a lecture in English will recall his habitual opening remark “Please forget 
all rules of English grammar!“, followed by what may best be described as a fluid use of the language in giving 
a clear and always fascinating account of his newest ideas, illustrated by elegant demonstrations performed 
with remarkable dexterity. 

His extensive travels in the course of lecturing on complexometric analysis led to a fund of stories about 
his adventures, ranging from breaking light bulbs with his head in Japanese hotel rooms (“I am too tall for 
Japan”) to being marooned for a week in Moscow because of fog at the airport, and a plane missed through 
a misunderstanding. Like the late Professor Belcher, he seemed to attract problems and happenings when 
travelling, so that travel with him was always full of surprises. 

By those who knew him well he will be remembered with warmth and great affection, for his friendship 
and the something extra he brought into their lives. 

R. A. CHALMERS 



iv PUBLICATIONS RECEIVED 

Pratique de I’Analyse Organique Colorim~trique et Fluorim%rique: J. BARTOS and M. PESEZ, Masson, Paris, 1984. Pages 
xiv + 398. 

Two very experienced and competent analytical chemists have prepared this working handbook of quantitative calorimetric 
and fluorimetric methods for determination of a wide range of organic compounds, including alcohols, phenols, alkyl and 
aryl amines, guanidines and ureas, other diverse nitrogen-containing compounds, carbonyl compounds, carboxylic acids, 
peroxides, thiols, unsaturation, heterocyclic compounds, sugars, and steroids. The methods presented are those actually 
used in the laboratories of Roussel-Uclaf: sometimes the procedures are as described in the original literature source (which 
is cited), but often the details given have been modified from the original in order to obtain optimum reproducibility and 
sensitivity. Nearly 300 methods are described. For each is given the principle, the reaction, the detailed procedure, and 
applications, with an indication of the amounts and/or concentrations of the compounds that will yield an absorbance of 
0.30 in a l-cm cell. Frequently, notes are also given on topics such as relative reactivities or sensitivities, applicability to 
related compounds, interferences, and much other relevant information. There is an admirably comprehensive index to the 
compounds determined and the reagents utilized. 

MARY MASON 

The Professional Touch: ALAN and SUE ROWLEY, Sigma, Wilmslow, Cheshire, 1985. Pages viii + 169. f7.95. 

Not very long ago, a scientist wanting to use a computer program expected to have to make some attempt to understand 
the coding, and to be fully responsible for checking the validity of the input data. The introduction of microcomputers 
in recent years has led to many new kinds of applications for computers, and to new kinds of programs. One of the main 
innovations is the “user-friendly” computer package, in which the user need never look at the coding-indeed, it is probably 
concealed to prevent stealing of ideas, or, in educational programs, cribbing of answers. The data-input operations will 
be extensively protected to stop program crashes, and error-trapping will be used to help the user and prevent loss of data 
whenever possible. The price to be paid for such user-friendliness is the much greater programming effort needed to 
incorporate all the desirable features. 

However, user-friendliness should now be much easier to accomplish with the aid of Alan and Sue Rowley’s 
well-produced and thoroughly professional guide on “how to turn your software into a robust commercial product”. Besides 
input protection, concealment of coding and data, and error-trapping, the authors (one of whom is a university lecturer 
in analytical chemistry) have included sections on Controlling the Program (by menu- or command-driving), Output to 
screen and printer, Passwords and data encryption, Filing systems, Compatibility, and Documentation. Numerous usable 
computer listings are included by way of illustration. All the topics are discussed with particular reference to the BBC 
microcomputer, and listings are presented in BBC Basic, but most of the material should also be useful to users of other 
types of microcomputer. Any scientist attempting to develop microcomputer programs for use by others should find this 
book an indispensable aid to current methods. 

MARY MASON 
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NOTICES 

CHANGE OF DATE FOR SILVER JUBILEE EASTERN 

ANALYTICAL SYMPOSIUM 

The dates of the Silver Jubilee Eastern Analytical Symposium have been changed. The new dates are 2&24 
October 1986. A recent scheduling problem at the New York Hilton Hotel, the new home of the Eastern 
Analytical Symposium, has made available to the EAS this new set of dates, which provide fewer conflicts 
with other meetings and with religious holidays. It is our hope that these new dates will also prove more 
convenient for the many thousands who attend the EAS. All other previously announced information 
pertaining to the Eastern Analytical Symposium and its Silver Jubilee celebration remains unaltered. 

1987 (10th) WORLD CHROMATOGRAPHY/ 
and (8th) WORLD SPECTROSCOPY CONFERENCE 

11-12 MAY 1987 

HILTON INTERNATIONAL HOTEL DUSSELDORF, WEST GERMANY 

CHROMATOGRAPHY 
Papers dealing with any aspect of gas chromatography, liquid chromatography, thin layer chromatography, 
HPLC, gel permeation, column chromatography, equipment and design, theory and applications, marketing, 
etc. are now being solicited. 

SPECTROSCOPY 
Papers dealing with any aspect of infrared spectroscopy, emission spectroscopy, spectrochemical analysis, 
multiplex methods in spectroscopy, molecular spectroscopy, NMR, atomic absorption spectroscopy, 
separation and vibrational spectroscopy, mass spectroscopy, X-ray spectroscopy, Raman spectroscopy, ESR 
and special analytical techniques and applications are now being solicited. 

Tentative titles must arrive before 15 October 1986. Deadline for submission of abstracts and biographical data 
of speakers, 15 January 1987. Deadline for complete papers, 15 April 1987. 

PLEASE SEND YOUR PAPERS TO: 

Dr. V. M. Bhatnagar 
Alena Enterprises of Canada 

P.O. Box 1779 
Cornwall, Ontario K6H 5V7, Canada 

iV 



NOTICES 

INTERNATIONAL SYMPOSIUM ON ELECTROANALYSIS IN 

BIOMEDICAL, ENVIRONMENTAL AND INDUSTRIAL SCIENCES 

6-9 APRIL 1987, UWIST, CARDIFF, WALES 

The Electroanalytical Group, together with the Education & Training Group of the Analytical Division of 
the Royal Society of Chemistry, is organizing an International Symposium on Electroanalysis in Biomedical, 
Environmental and Industrial Sciences, 6-9 April 1987, at UWIST, Cardiff. The First Circular, calling for 
papers and expression of interest, is now available from: 

Short Courses Section (Electroanalysis Symposium) 
UWIST 
PO Box 68 
Cardiff CFI 3XA 
Wales, UK 

10th INTERNATIONAL VACUUM 

CONGRESS (WC- IO) 

6th INTERNATIONAL CONFERENCE ON 

SOLID SURFACES (KSS-6) 
33rd NATIONAL SYMPOSIUM OF THE 

AMERICAN VACUUM SOCIETY 

27-31 OCTOBER 1986, BALTIMORE, MARYLAND, USA 

Sponsored and Organized by: The International Union for Vacuum Science, Technique and Applications 
(WVSTA) and the American Vacuum Society (AVS). 

Co-sponsor: International Union of Pure and Applied Physics (IUPAP) 
Authors are encouraged to submit papers representing original contributions in all related areas. An abstract 
of 150 words or less prepared in special format will be required for paper submission. Abstract form and 
preparation information will be included in the call for papers planned for distribution in January-February, 
1986. Abstract deadline will be 9 May 1986. Additional information may be obtained from Marion Churchill, 
Meetings Manager, American Vacuum Society, 335 East 45th Street, New York 10017 or from the programme 
chairman, Dr. Theodore E. Madey, Surface Science Division, National Bureau of Standards, Gaithersburg, 
MD 20899. 
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INTRODUCTION 

It is with great pleasure that I dedicate this issue in honour of Bob Chalmers on the occasion of his 20th 
anniversary as Editor-in-Chief of Tuhnttr and his retirement from the University of Aberdeen. 

Tdantu commenced publication in July 1958 and is today read by many thousands of readers the world 
over. I thank Bob for his continuing service in maintaining the high standards of publication and join his 
many friends and collcagues in wishing him a happy anniversary and continued good health. 

ROBERT MAXWELL 

Publisher 

IX 



ERRATUM 

Table 1 was accidentally omitted from the paper by Izquierdo, Compafio and Bars, Tulunru, 1986, 33, 463, 
and is printed below. 

Table 1. Characteristics of the spectrophotometric deter- 
mination of zinc with 5,7-dichloro-2-methyl-Shydroxy- 

auinoline 

Lx 405 nm 
Colour stability 5 hr 
pH range of maximum 6.0-9.5 

absorbance 
Reagent concentration 2.4 x lo-’ - 2.0 x 10-z A4* 
Beer’s law range 1.0-23 &ml* 
Molar absorptivity 5.9 x 10’ l.mole-’ .cm-’ 
Precision f0.6% 
Detection limitz6 0.05 pg/ml 

*Higher concentrations were not investigated. 
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NOTICE 

WORKING PARTY ON ANALYTICAL CHEMISTRY 
WPAC/FECS 

EUROPEAN ANALYTICAL COLUMN 9 

(SUMMARY OF WPAC ACTIVITIES IN 1985) 

In January 1986 the membership of WPAC remains at the same high levels as the year before (29 chemical 
societies from 23 European countries, represented by 27 delegates). Spain is now represented by the Spanish 
Society for Analytical Chemistry in addition to the Spanish Royal Society for Chemistry. Only the Society 
of Luxembourg Chemists and the Pancyprian Union of Chemists among the members of FECS are not yet 
active in the WPAC. The chemical societies of Egypt, the German Democratic Republic, Israel and Romania, 
as well as IUPAC, have observer status. 

The 16th meeting of the WPAC was held in Vienna, 24 November, 1985, and attended by 21 delegates 
(Chairman: Prof. E. Pungor). 
The following main activities of the WPAC are brought to your attention. 

1. Euroanalysis Conference series 
1.1 Euroanalysis V, 1984, Cracow, Poland. 

President: Prof. A. Hulanicki. The proceedings of this conference contain all but 1 of the 14 invited 
lectures and are now available in the series “Reviews on Analytical Chemistry” from Akademiai Kiado, 
Budapest. 

1.2 Euroanalysis VI, 7-l 1 September, 1987, Paris, France. 
Presidents: Prof. E. Roth, Prof. A. Hulanicki, Prof. H. Malissa. The first circular including information 
on selected topics and special sessions is available. Please contact Prof. Roth, or GAMS, 88, Bd. des 
Malesherbes, F-75008 Paris. 

1.3 Euroanalysis VII, 1990, Vienna, Australia. 
President: Prof. J. F. K. Huber. Host society: Austrian Society for Microchemistry and Analytical 
Chemistry. 

2. Events sponsored or supported by WPAC in 1985 
2.1 

2.2 

2.3 

2.4 

4th Scientific Session on Ion-Selective Electrodes, 1984, Matraftired, Hungary. 
Chairman: Prof. E. Pungor. Proceedings containing all plenary, keynote and discussion lectures are 
available now from Akademiai Kiado and Elsevier. 
12th International Competition in Analytical Chemistry, 13-15 May, 1985, Veszprem, Hungary. 
Chairman: Prof. J. Inczedy. Students from several European countries participated. The next competition 
will be in 1986 in Szeged. 
1st International Symposium on Philosophy and History in Analytical Chemistry, 22-23 November, 1985, 
Vienna/Schallaburg, Austria. 
Chairmen: Prof. H. Malissa (Philosophy), Prof. F. Szabadvary (History). Participants from 18 countries 
discussed, in a stimulating historic environment, the impact and importance of selected time periods and 
philosophical aspects in the development of Analytical Chemistry. The philosophical papers will be 
published (for further information please contact the secretary). 
Education in Analytical Chemistry. 
The WPAC brochure has been distributed to all 229 participating institutions; a few further copies are 
available at the secretariat. 

3. Further activities sponsored or supported by WPAC 
3.1 

3.2 

COBAC IV, 15-19 September, 1986, Graz, Austria. 
Chairmen: Doz. W. Wegscheider, Doz. K. Varmuza. 
The first circular is available, as well as detailed information on the programme. 
Symposium on Bioelectroanalysis, 68 October, 1986, Matrafiired, Hungary, organized by the Electro- 
analytical Committee of the Hungarian Academy of Sciences. 
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3.3 6th International Conference on Fourier Transform Spectroscopy, 24-28 August, 1987, Vienna, Austria. 
Chairman: Prof. G. Zerbi, Milan, Italy. Programme Chairman: Dr. G. Guelachvili, Paris. Secretary: Prof. 
R. Kellner, Technical University Vienna, Institute for Analytical Chemistry, A-1060 Wien, Getreidemarkt 
9. The first circular is available from the secretariat. 

3.4 European Conference on Molecular Spectroscopy (EUCMOS 18), 30 August4 September 1987, 
Amsterdam, The Netherlands. 
President: Prof. Orville-Thomas. The first circular has been sent out recently. Thanks to a coordinative 
effort by WPAC it is possible to link the FTS-Conference, Vienna (see 3.3), EUCMOS Amsterdam (3.4) 
and Euroanalysis VI Paris (1.2) without time clashes. 

3.5 8th European Symposium on Polymer Spectroscopy (ESOPS 8), 1988, Budapest, Hungarian Academy 
of Sciences. 

For any further information related to WPAC activities please contact the secretary, Prof. R. Kellner, Institute 
for Analytical Chemistry, Technical University Vienna, A-1060 Wien, Getreidemarkt 9. 
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PROFESSOR LADO KOSTA 

(1921-1986) 

Born in KidriEevo, near Ptuj in North East Slovenia, on 11 February 1921, the son of a tailor, Lado Kosta 
graduated in Chemistry in Ljubljana in 1944 and was awarded his doctorate at the same University in 1955. 
His first positions were as Assistant and then Head of the Toxicology Laboratory of the Institute of Legal 
Medicine of the Medical Faculty in Ljubljana. 

In 1950 he began research work at the Institute of Physics, Ljubljana, soon after renamed the “Joief Stefan” 
Institute, and joined its staff in 1952. In the next few years he galhered a wealth of experience during stays 
at the Badische Anilin und Soda Fabrik in Ludwigshafen, the University of Ghent, the Radioisotope School 
at Harwell and the Londonderry Radiochemistry Laboratory, University of Durham. In 1961 he was awarded 
an IAEA Fellowship which he spent profitably in Durham and at Hamilton in Canada. 

By 1955 Lado was lecturing in qualitative and quantitative chemistry in the Pharmaceutical Department 
of the Natural Sciences Faculty at Ljubljana, and in 1962 he became honorary Assistant Professor. From 1963 
to 1967 he worked at the IAEA Seibersdorf Laboratory near Vienna, and during this time lectured and 
organized various courses, including Isotope Schools in Tokyo and Cairo. 

After his return to Ljubljana, he became Assistant Professor at the Faculty of Science and Technology, 
and Head of the Nuclear Chemistry Section of the “J. Stefan” Institute, a position he held until 1980, 
thereafter remaining as Senior Consultant. In 1970, he was appointed to the Chair of Analytical Chemistry 
at the University of Ljubljana. 

He was frequently invited to serve on IAEA Panels and at Expert Meetings, and as an IAEA Expert worked 
in Thailand, Sofia and Jamaica. He was a long-standing member of the IUPAC Commission on Radio- 
analytical Chemistry and Nuclear Materials and the International Committee of the Modern Trends in 
Activation Analysis Symposium, and of the Advisory Boards of Talanta, Microchimica Acta, the Journal of 
Radioanalytical and Nuclear Chemistry (and its Letters Edition) and the Bulletin of the Slotlene Chemical 
Society. At the time of his death he was also President of the Union of Yugoslav Chemical Societies. 

What of his work and the man himself? Lado Kosta was above all an analytical chemist, but one with an 
exceptionally wide breadth of experience and interests, something that is becoming rarer in these days of 
specialization. His best known work is in the field of analytical techniques and radioanalytical chemistry, 
particularly activation analysis (which he was able to exploit after completion of a TRIGA Mk II reactor 
at the Institute in 1966), but he retained and developed his early interest in toxicology, became expert in 
environmental chemistry, trace element studies, the analytical chemistry of uranium and the fuel cycle, in 
electrochemical techniques, flow-injection analysis and gas chromatography, as well as mastering the field of 
quality control and reference materials. 

Lado had an exceptionally good “nose” for new trends and important developments in analytical chemistry, 
which he often set about investigating in his laboratories at the University or the Institute. He was author 
of over a hundred papers, and was in demand for plenary and contributed lectures at Conferences. 

His work was characterized by elegance and clarity, and a dislike of vagueness or irrelevant material. 
Throughout his career he was fascinated by the possibilities offered by volatilization techniques, which he 
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exploited elegantly in methods for determining mercury and selenium by neutron activation analysis, 
methylmercury by isothermal distillation in Conway dishes, and similar techniques for separation of iodine, 
fluoride and cyanide. He was stimulated by, and in turn led his co-workers to respond to, the challenge of 
determining difficult elements or species at ultralow levels, such as As, B, Cd, CN-, F, Hg, MeHg+, I, Ni, 
Se, Si, V and U. He was in the forefront of those who saw the importance of quality control and the role 
of reference materials, and in recognizing the importance of element speciation, particularly in assessing the 
role and influence of metals. 

He led many co-operative projects with International or National bodies such as the IAEA, NBS, WHO, 
the U.S. Department of Agriculture and UNEP; for the last-named he was completing a survey of mercury, 
methylmercury and selenium levels in exposed Mediterranean populations, a study which characteristically 
he had insisted should concentrate on development of accurate methodology. 

In writing papers, reports or letters, typical of his approach was the care with which he searched for the 
appropriate English expression or phrase to correspond exactly to his thoughts. As a person, he impressed 
everyone by his quiet authority and unassertive knowledge. Always polite and correct, rarely flustered, 
self-effacing, generous in all respects, he was a true gentleman. Though slight in appearance he was “wiry” 
and enjoyed relaxing with his family and friends, amongst whom his hospitality was proverbial. 

He will be greatly missed by his wide international circle of friends and colleagues in analytical and 
environmental chemistry, and at home where he made great contributions to the post-war development of 
analytical chemistry in his native Republic of Slovenia. We extend our deepest sympathy to his wife Irena 
and their three daughters. 

A. J. BYRNE 
R. A. CHALMERS 
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NOTICES 

29TH OAK RIDGE ANALYTICAL CHEMISTRY CONFERENCE 

30 SEPTEMBER-2 OCTOBER 1986, KNOXVILLE, TENNESSEE 

“Analytical Directions for the Future” will be the theme for this conference. Major session topics include 

measurement of trace constituents in hazardous waste (chemical and/or radiochemical), Fourier-transform 

mass spectrometry, laser spectroscopy, separations, robotics and automation, plasma spectroscopy, and 
artificial intelligence. Each area will be introduced by invited lecturers, and contributed papers are solicited 
that fit these categories. An exhibitors’ session and a poster session are planned. 

Co-sponsored by the U.S. Department of Energy (DOE), the conference brings together U.S. and foreign 
analytical chemists representing government laboratories, industry, and educational institutions. 

Contributors should submit an abstract of approximately 200 words no later than 10 June 1986, including 
the title of the presentation, author’s name, time required for presentation and, in the case of multiple 
authorship, the name of the speaker. Abstracts and inquiries should be directed to: W. R. Laing, Technical 
Program Chairman, Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, TN 37831. Telephone (615) 
574-4852 or FTS 624-4852. Authors will be notified of acceptance of papers by about 15 July. 

Facilities will be available to manufacturers’ representatives for exhibits on new developments in analytical 
instrumentation, equipment, and supplies. Because the theme, “Analytical Directions for the Future,” reflects 

the interests of many exhibitors, time has been set aside specifically for manufacturers’ representatives to make 
presentations. Information on availability and rates for exhibit space may be obtained from A. L. Harrod, 
Oak Ridge National Laboratory (615) 576-7582. 

1987 (8th) EUROPEAN CONFERENCE ON ENVIRONMENTAL 
POLLUTION 
13-14 MAY 1987 

HILTON HOTEL 

DUSSELDORF. WEST GERMANY 

1987 (9th) INTERNATIONAL SYMPOSIUM ON ENVIRONMENTAL 
POLLUTION 

11-12 JUNE 1987 

TORONTO, CANADA 

Papers dealing with any aspect of the environmental field, e.g., basic concepts and current developments which 
relate to equipment, materials, design, engineering and construction services, air/water and environmental 
pollution control, analyses and instrumentation, operation and quality control, noise control, solid waste 
disposal, industrial waste water, absorbents, catalysts, filter aids, water and waste treatment chemicals, 
regulations and standards, detoxification or neutralization of residues and wastes, remote sensing, controlled- 
release energy, protective materials, safe design of plant, etc., are now being solicited. 

Also, papers dealing with medical topics such as health effects, risk estimation, epidemiology, mutagenesis 
and carcinogenesis, heavy metals, pesticides, short-term tests etc., are most welcome. 



vi NOTICES 

Tentative titles must arrive before 15 November 1986. Abstracts and biographical data of Speakers by 
15 February 1987. 
Deadline for complete papers by 15 March 1987: 

PLEASE SEND YOUR PAPERS TO: 

Dr. V. M. Bhatnagar 
Alena Enterprises of Canada 

P.O. Box 1779 
Cornwall, Ontario K6H 5V7, Canada 
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DR. R. A. CHALMERS 



EDITORIAL 

Dr. R. A. Chalmers has been Editor of rtrlrrrtttr for two dccadcs. Although hc retired in Scptembcr 1985 from 
his post as Reader in Analytical Chemistry at Abcrdcen University. hc will continue as Editor of Tdtntu. 

At this major point in his career. 1. like many others. wish Bob the best in his “retirement” and thank him 
for his continuatton as Editor of Tdtrntu. This Special Honour Issue is well-deserved and a small indication 
of the appreciation of many of us for his dedicated and diligent work as Editor of Tulmtu. Few. if any Editors 

in all of science take their editorial duties so seriously. Anyone who has submitted a manuscript to Tduntu 

realizes that the best review comes from the Editor. himself. Oftentimes. he repeats experiments. checks 
references, and revises major sections of the manuscript. As a result, Tdontrr has had during the past 20 years, 
great consistency of high quality scicncc and high quality writing. The international flavour and the quality 

of each issue of Tdtnto has increased since Dr. Chalmers took the reins. 

After September 1985. I am sure Dr. Chalmers will continue to spend most of his days and nights with 
Tdunta matters. However, I do hope he’ll also be able to enjoy other more personal activities. Dr. R. A. 

Chalmers, in starting your ?Ist year as Editor of Tdrrntr~ and in your retirement from Aberdeen University. 
on behalf of your friends and the scientific community. I thank you for your service to Tdnnta and to 
analytical chemistry and wish you the very best in the years to come. 

JAMES D. WINEFORDNER 

Chairman. Talanta Editorial Board 
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ANNIVERSARY GREETINGS 

This issue of Ttrhntcr is a Special Honour Issue dedicated to Dr. R. A. Chalmers, in recognition of the 
twentieth anniversary of his becoming Editor-in-Chief of the Journal. It is a Special Honour Issue and not 
an ordinary Honour Issue. because for an ordinary Honour Issue the papers would have been solicited from 
former research students and associates. This Special Honour Issue includes a brief biography. and a paper 
written by Dr. Chalmers (reprinted without his prior knowledge) in which he expresses much of his editorial 
philosophy; but apart from these two, all the papers have been submitted to Tulunta in the ordinary way, 
and have been edited and processed by Dr. Chalmers in his usual fashion. What we have been able to do 
is to manipulate the publishing schedules a little, unknown to Dr. Chalmers, so as to be able to include as 
many papers as possible written by regular Tuluntcc contributors and others closely associated with the Journal 
and Dr. Chalmers. WC invited as many as time permitted of these authors to add dedications to their papers. 

Other friends of Talanta contributed to this Special Honour Issue by sending anecdotes for inclusion in 
the biography of Dr. Chalmers. Many more people have expressed a wish to have their greetings included, 
and we are happy to give the following list of all the friends who send good wishes to Dr. Chalmers: 

I. P. Alimarin. Moscow (sends hearty congratulations, and wishes good health and luck): G. E. Baiulescu, 
Bucharest; Stuart Bark. Salford; D. (Jack) Betteridge, Sunbury-on-Thames; P. R. Bontchev. Sofia; Omortag 
Budevsky. Sofia: Margaret Campbell, Aberdeen; V. V. Covofret, Bucharest; Malcolm Cresser. Aberdeen; 
Harvey Diehl, Iowa (“Best wishes to Bob Chalmers for many happy days to come. May he thoroughly enjoy 
the freedom that relcasc from his university chores will bring. May he relish the opportunity to continue the 
writing and editing hc does so superlatively well.“); A. C. Docherty, Stockton-on-Tees: Elsie M. Donaldson, 

Ottawa: Mahmoud Farooqi, Lahore (“I hope you will get some time to look for the molybdenum reference 
you lost 30 years ago”); Arnold Fogg, Loughborough; Nancy and Howard Francis, Pennsylvania: R. Gijbels, 
Antwerp; J. Inczedy, Veszprem; Toshitaka Hori, Kyoto; Lado Kosta, Ljubljana: Stan Kotrly, Pardubice; 
J. Kragten. Amsterdam: Larry J. Kricka, Birmingham; Herbert A. Laitinen, Florida; Michael Leonard, 
Belfast; Sam Lyle, Kent; John Majer, Birmingham; Zygmund Marczenko, Warsaw; Iain and Eva Marr, 
Aberdeen; Bob and Mary Masson, Aberdeen; Anil Mehta, Leeds; Wolfgang Merz, Ludwigshafen; Frank 
Miller, Aberdeen; Chrissie Miller, Edinburgh; Briony Moon, Exeter; John Ottaway, Glasgow; F. Pellerin, 
Paris-Sud; M. Pesez. Romainville; Rudolf Piibil, Prague; E. Pungor, Budapest (I hope that my friend Bob 
Chalmers will not only enjoy this celebration, but also will prepare himself for the work for the next 20 years 
and the next celebration. for which I wish him good health); Cameron Ramsay, Aberdeen; S. B. Savvin, 
Moscow; Alan G. Sinclair. New Zealand; B. Bruce Sithole, Ottawa; John Y. Steel, Pennsylvania; Karel Stulik 

and all friends at Charles University, Prague: Gyula Svehla, Belfast: G. Tiilg, Dortmund; J. D. R. Thomas, 
Cardiff (“Diolch yn fawr am 20 mlynedd o wasanaeth i’r Gemeg Dadansyddol, a Dymuniadau Da i’r 
dyfodol”); Alan Townshend. Hull: Julian and Aileen Tyson, Loughborough; Allan M. Ure, Aberdeen; David 
W. Wells, Pitlochry: J. D. Winefordner, Florida; T. S. West, Aberdeen; John Whitley, East Kilbride; MO 
Williams. Oxford; David W. Wilson, Essex; Yuri Zolotov, Moscow; A. Zuberbiihler, Basel; and the 
Committee of the Scottish Region of the Analytical Division of the Royal Society of Chemistry. 
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