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Preface

Lead has been with mankind almost from the beginning of civilization.
Throughout this long journey to the present, this metal has been both angel
and demon: in the words of John Emsley (The Elements of Murder, Oxford
University Press, Oxford, 2005), “lead is useful, surprising, unpredictable,
dangerous — and deadly”.

The technical, economic and social importance of this metal is, at the
present time, beyond all doubt. Nevertheless, over the last few decades
surprisingly little attention has been pay in specialist literature to its
behaviour (the properties and applications of its compounds, the
environmental distribution of these derivatives, and their impacts on living
creatures).

We hope that the present book will bring about a change in this
situation. The book covers both “traditional” and recent advances in the
field. It is not, strictly speaking, a comprehensive treatise dealing
exhaustively with all the topics covered; however, it offers sufficient
bibliographic guidance to allow exploration of most of these topics in
depth. It includes coverage of historical aspects, lead mining and
production, metal properties, common lead compounds, uses of lead and its
derivatives, coordination  chemistry, organometallic = chemistry,
environmental chemistry, toxicity mechanisms, and treatment strategies for
lead poisoning. Finally, it describes analytical procedures for the
determination of this metal in chemical, biological and environmental
samples. This latter topic has given rise to an almost overwhelming
literature in recent years, and the book offers a comprehensive review and
summary of the procedures available. We hope that the book’s integrated
approach will be useful for students interested in a first contact with the
chemistry of lead, but also for teachers and professionals working in
technical contexts and in need of more specific information.

We wish to thank all the co-authors for their fine work and laudable
patience throughout the process that finally crystallized in the present text.
We also thank Elsevier for publishing it, and Joan Anuels from the Elsevier
staff for her kind support. Finally, we express our gratitude to Prof. M.V.
Castafio, Prof. M.S. Garcia-Tasende and Prof. M.A. Sanchez-Gonzilez for
much helpful discussion and advice.

Santiago de Compostela, March 2006

The Editors
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Chapter 1

An overview of the historical importance, occurrence,
isolation, properties and applications of lead

José S, Casas and José Sordo

Departamento de Quimica Inorganica, Universidade de Santlago de Compostela,
15782 Santiago de Compostela, Spain.

1. HISTORICAL IMPORTANCE

Nowadays lead and its derivatives have a very widespread use and world trade
in this metal, either impure or refined, as well as in its minerals and compounds
has been ektensively developed. The large amount of the metal that is produced,
the high economic value of its trade and the fact that its production and
transformation employs a large number of people, all make lead an extremely
important material. This situation is not new and there is evidence of the use of
lead from very early times, well before the time of the Roman Empire [1]. Lead
is one of the seven metals of antiquity, it was present in all the metal ages and
has played a significant role in the progress of mankind.

The history of the element, the Latin plumbum, is largely related to the
history of éjlver because, although silver occurs in the native state, the ores from
which it was produced were lead ores from about 4000 B.C. The origin of the
Latin term; ¢ould be derived from a pre-Hellemstlc language in the Aegean area
or linked with an Iberian language, bearing in mind the abundance and ancient
use of the metal in Spain

Anclent texts show considerable confusion between lead and other
elements [J], in fact, the term plumbum was originally used to describe any
silvery white, low-melting and easily oxidized metal including lead, tin, zinc,
and occasionally antimony and bismuth and its alloys.

The confusion with other elements was particularly significant between
tin and lead. Plynium (cited in Ref. 1) refers to plumbum nigrum (lead) and
plumbum album or plumbum candidum (tin); in his Historia naturalis he writes:
The next topic is the nature of lead, of which there are two kinds, black and
white. White lead (tin) is the most valuable; the Greeks applied to it the name
cassiteros, and there was a legendary story of their going to islands of the
Atlantic Ocean to fetch it and importing it in plated vessels made of osiers and
covered with stitched hides. It is now known that it is a product of Lusitania and



Gallaecia found in the surface-strata of the ground which is sandy and of a
black colour. It is only detected by its weight, and also tiny pebbles of it
occasionally appear, especially in dry beds of torrents. Black lead does not
occur in Gallaecia, although the neighbouring country of Biscaya has large
quantities of black lead only; and white lead yields no silver, although it is
obtained from black lead. Black lead cannot be soldered with black without a
layer of white lead, nor can white be soldered to black without oil, nor can even
white lead be soldered with white without some black lead. .

The softness and lack of lustre made lead unattractive for-jewellery or
ornamental applications, but other interesting properties such as corrosion
resistance, formability, malleability and low melting point brought about the
large scale use of this metal, especially in Greek and Roman times. -

A panoramic of the historical evolution of the use of lead, as-well as some
related issues such as production and poisoning, is briefly discussed below.

1.1. Historical uses. .

Lead - either by itself or allied with other metals - was widely used [1] in
water piping, for architectural and engineering applications, for statues, figures,
weights and coins. Furthermore, compounds of lead were used in glass, glazes
and enamels, pigments and paints, cosmetics and medical applications.

Lead pipes have been used since ancient times. Very old pieces have been
recovered from Mesopotamia, Cyprus, Persia, Egypt, Greece, Rome and the
provinces of the Roman Empire. The Romans, who could have leariit about lead
plumbing technology from the Greeks, demanded large quantities of water. The
pieces recovered from aqueducts prove that the mainstay of  their water-
distribution system was lead piping. In addition to piping, the water supply
system included the use of tanks, baths or vats and several ancient examples of
these have been found. : ‘

The positive qualities that make lead useful for the plumbing industry,
such as malleability, durability and resistance to corrosion, are sharply
counterbalanced by the potential health hazards, which will be discussed later.

Lead was also used in many instances where iron wire or wooden hoops
are currently used; for example, amphorae used to store water or wine were
reinforced with bands of lead. Other examples of the use of lead in ancient
architectural practices include joining masonry, cesspool coverings, roofing,
damp-proofing of foundations, parapet walls and for openings in buildings.

Lead sheets or tablets were used for inscriptions and lead seals used to be
attached to messages and merchandise. Lead statues, statuettes and figures,
weights and coins have been found from many ancient cultures. Lead vessels
and kitchenware - already used in ancient Persia, Egypt and Greece - were
widely used during the Roman Empire.

Lead has been used since ancient times for purposes connected with the
burial of the dead. A large number of coffins and urns from the Roman period



have been found, many of them in England, which may be due to the abundance
and low vajue of lead in this area during this period.

In mest of the aforementioned applications lead was allied with other
metals. Metalhc artifacts containing lead dating from the Bronze Age were
found in Babylonia, Egypt, Greece and other areas of Europe and China.
Examples of leaded bronzes include Egyptian statues (up to 25% lead), ancient
Chinese bronzes (up to 50% or more and for the most part a ternary copper-lead-
tin alloy) and highly leaded bronzes from the late Bronze Age or Iron Age from
Iberia and the British Isles.

In Greece, copper-lead-tin alloys were quite common during the Archaic,
Classical and Hellenistic periods. The deliberate addition of lead to statuary and
coinage bronze took place during the Archaic period. The lead concentrations
varied, with the Hellenistic average lead content being over 13%, although in
specific pieces up to 30% lead has been found.

The Greek use of lead in bronze was adopted and even extended by the
Romans to produce, for example, statues and coins and also for architectural and
engineering purposes.

In addition to bronzes, pewter was also widely used. The variable
composition of this tin-lead alloy was influenced, among other factors, by the
relativé prices and the availability of the two metals and also by the usual
practice of remelting old pieces.

Another type of tin-lead alloy is solder, which is used for sealing and
joining metals. The different uses of the alloy define the composition, which
ranges from 38 to 98% lead [1].

“A number of representative examples to illustrate the wide compositional
variety of dncient bronzes, pewter and solders are shown in Table 1 (adapted
from Ref. 1).

Besides these applications of the element in its metallic form, several lead
compounds,” as mentioned above, have been used in glass, glazes, enamels,
pigments-and paints since Antiquity. Lead compounds were also used in
cosmetics ‘and medicines.

The compounds used in all of these applications could either be mineral or
manufactured because even though the manufacturing of lead compounds on a
commerc1al scale began in Greco-Roman times, lead minerals were in fact
mined, transported and used a long time before.

Galena, lead(IT) sulphide, is essential for the production of lead and silver,
but it was also used as eye paint in Egypt and in the manufacture of lead glazes
and glass as well as for medicinal purposes in Greece and Rome.

Variable proportions of red (tetragonal form, litharge) and yellow
(orthorombic form, massicot) lead(Il) oxide were identified as components of
glass and glazes from Greco-Roman times and from ancient Egypt and Assyria.



Table 1
Representative composition of ancient “bronzes”, pewter and solder

Alloy Description  Date of Issue/ Composition (wt %)

/Age Cu Pb  Sn Ag Ni

China "Bronze" Coin 770-249B.C. 383 554 1.7 1.0
China 722-481B.C. 704 193 99 0.35
China 340-325B.C. 620 1.8 0.25
Egypt 285-246 B.C. 8561 0.53 12.37
Macedonia 227-239B.C. 88.6 445 6.48 0.03
Spain 14-37 A.D. 92.1 0.15 72 010
Spain 14-37 AD. 770 152 73 010
Rome 37-41 AD. 9924 046 0.10
Egypt 117-138 AD. 63.66 30.00 6.09
Rome 308-310AD. 80 98 61 1.6
Rome Republic 72 28
Rome Republic 65 30 5
Rome Republic 92 1 6
China 1092 AD. 570 285
England Pewter Cup Roman 54.80 4538
England Coffin Roman 5531 44.97
England Coffin Roman 58.48 41.84
England Seal Roman 72.90 27.10
England Dish Roman 57.0 430
England Button Roman 0.82 99.43
England Cup Roman 273 9770
England Strip Roman 450 94.50
England Ring Roman 33.53 66.79
England Tableware Roman 37.8 622
England Tableware Roman 24, 76.
England Tableware Roman 205 795
England  Solder Early Iron Age 70.0 16.5
England Roman 73.6 253
England Roman 61.8 380

(Adapted from Ref. 1)

Lead(Il) oxide was also used to manufacture glass in ancient China
(highly leaded glass contains more than 30% Pb), where was also widely used as
make-up.

Another lead oxide, Pb;O,4 (minium or red lead), was used as a pigment
for paintings in ancient times, despite the fact that it is unstable in air and
changes to a brown colour when exposed to light. However, the most important
lead pigment was white lead or cerusse, a basic lead(Il) carbonate for which an
ideal composition would be 2PbCO;.Pb(OH),, although in reality it was a
mixture of PbCO;, Pb(OH), and PbO in variable proportions. Although lead(II)



carbonate ig a fairly common mineral known as cerussite, the basic lead
carbonate used as a pigment was manufactured by the ancient Greeks, Romans
and Chinese, who used it for painting pictures, in cosmetics and occassionally to
decorate walls,

Most of these applications of lead compounds have recently been banned
or reduced but others are still carried out today, as we shall describe later;
however, a new and important application was developed and phased out in the
20™ century, namely the use of the organolead compound tetraethyllead (TEL)
as an antiknocking agent in gasoline.

The rise and fall of this compound, from its synthesis and characterization
in European universities, to the further study and exploitation as an antiknocking
agent in the USA, was recently revised by Seiferth [2]. The great economic and
environmental importance of this compound (279000 metric tons of lead
consumption in 1970 in the manufacture of organolead antiknocking agents in
the USA [2]) deserves a specific space in this historical description, underlining
several points of Seiferth’s review.

Although TEL was isolated and characterized as a pure compound by G.
B. Buckton in 1859 by using the reaction of diethylzinc with an excess of lead
dichloride, other authors had previously synthesized the impure compound by
reacting ethyl iodide with a sodium/lead alloy. After the publication of
Buckton’s work, other authors improved both types of syntheses and further
characterized TEL, such as A. Cahours, who described the synthesis of
tetramethyllead in 1861. After the discovery of the Grignard reagents in 1900,
both compaunds were prepared by reacting the corresponding methyl- or ethyl-
Grignard reagent with lead(II) chloride in ether.

‘All of these academic efforts to synthesize and characterize TEL were
similar to those made for other organometallic compounds. But, as Seiferth
points out: It was the phenomenon of “knock” that occurred during the
operation of the gasoline engine of the automobiles in the early 20" century that
raised TEL out of the “noise” of the many known organometallic compounds of
the day to its stellar prominence as the most commercially important member of
this class. -

The knock is the detonation of a small part of the less volatile, unburned
fuel/air mixture that remains in the cylinder of an internal combustion engine
after the completion of the cycle. This phenomenon prevented the development
of more efficient and more powerful high-compression automobile engines and
so the search for an effective and practical antiknocking agent became an
industrial challenge at the beginning of the 20™ century, a time when the
development of better fuels and better engines was constantly changing.

After. a series of laborious processes, during which a lot of compounds
were tested, the strong antiknocking effect of TEL was discovered on December
9™ 1921, at the General Motors laboratories. After additional studies, the
compound was incorporated into gasoline and so the first leaded gasoline was



sold in the USA on February 1% 1923 in Dayton, OH. Afterwards the production
of TEL increased drastically and as a result the known synthetic procedures
were re-investigated and improved, as described by Seiferth [2]. The reaction of
ethyl chloride with a sodium/lead alloy was especially studied, 1mproved and
widely used to manufacture TEL.

Public concern about the toxicity and environmental effects: produced by
this additive, which will be described later, led to a 51g111ﬁcant and continuous
reduction of industrial production after 1975 [3].

In the USA the use of TEL as an antiknocking agent in gasoline for on-
road use has been prohibited, following a continuous decrease of permissible
lead levels (from 1.7 to 0.5 g/gal from 1975 to 1979 and to 0.1 g/gal by 1986). A
similar strict regulation has been adopted in the European Union and in other
countries such as Canada, Mexico, Switzerland, Brazil, Argentina, Australia,
New Zealand, Russia, Japan, China, Taiwan, Korea, Singapur and India [2].
However, the sale of leaded gasoline for this use is still permitted in several
countries in Africa, the Middle East, Asia and Latin-America and in some
countries an organolead concentrate can be purchased to add to gasohne for
specific uses.

The medicinal applications of lead and its compounds in ancxent times
were significant. Hippocrates, Galen, Dioscorides and Paracelsus described
several lead preparations that were useful in curing a variety of illnesses. This
practlce was general even though the poisonous effects of lead had been known
since ancient times. These applications were, however, progresively phased out
as knowledge of the toxicological effects increased and were .more widely
understood.

1.2. Historical productlon and resources

The d1fﬁcu1ty in providing a rigorous description of lead .resources and
production levels in ancient times was highlighted by Nriagu [1]. However,
from numismatic literature, archeological evidence and from dataon silver (a
very strongly related metal from the point of view of production) and other
precious metals, Nriagu estimated the evolution of the cumulative ‘production in
different geographical areas during ancient times [1, 4]. The: 'ﬁndmgs are
represented in Figure 1. The evolution of these production levels in some areas
warrants further comment.

In the Aegean Islands, Crete and Greece production reached a maximum
during the Bronze Age, although in the Iron Age it still remained significant. In
the Bronze Age, although lead was mined on several islands, the main
production came from the Laurion mines in southeastern Attica, Greece,
probably the principal source of lead and silver in the eastern Mediterranean.

The combined production of the Iberian Peninsula in the period from 3900
B.C. to 1000 A.D. is the largest of all the geographical areas listed in Figure 1.
Although lead, and in general the mineral resources of Portugal and Spain, was



coveted and exploited by the Phoenicians and Carthaginians, the mining activity
was also very significant under the Roman Empire. The southern and
southeastern regions in general and those areas close to Cartagena and to the
Sierra Morena mountains in Spain were particularly productive.

Other European areas also produced significant amounts of lead, albeit at
a lower level than the two regions discussed above. The exploitation of the lead-
silver resources of the British Isles during the Copper and Bronze Ages is not
well documented and it was during the Iron Age that lead metallurgy seems to
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Figure 1: Lead production in the Ancient World (Data from Ref. 1).



have become well-established. Lead production increased after -the Roman
conquest; the ores were abundant and rich and were also near the surface, a
situation that led to rapid and cheap extraction. This fact could be responsible
for the decay of the Spanish lead mining industry after the openmg of the British
mines.

The exploitation of silver-lead ores in Sardinia, prevmusly mmed by the
Phoenicians, was rare between the Carthaginian and Roman times but developed
once again under the Roman Empire; around 400 A.D. the lead from Sardinia
constituted a significant proportion of Roman lead production. These types of
ores had also been exploited in the Italian Peninsula since. ancient times.
Although the available information from the Bronze Age is limited, the Etruscan
exploitation of the mineral resources in Tuscany during the Iron Age is well
documented. Silver production in Italy fell during the Roman Empire, partly due
to the comparatively low profitability of the ores and also to several Senate
regulations limiting extraction.

The exploitation of lead-silver ores in France was 1mportant before the
Roman conquest but during the Roman Empire only limited quantities of these
elements were obtained; archeological evidence suggests that the production of
these two metals in Germany and central Europe during the Roman Empire was
not very extensive. In the Balkans the mining industry was significant in both
pre-Roman and Roman times. Examples of this exploitation include Macedonia
during the Hellenistic times and, in Roman times, all of the area that
encompasses modern Serbia, Bosnia, Rumania and Bulgaria. Productlon
decreased and was practically halted at around 400 A.D.

Asia Minor and China were other active areas in Antiquity. From 3500
B.C. lead and silver were produced in Asia Minor and exported to Mesopotamia,
where they were widely employed. In China, lead ores were widely distributed,
particularly in the southwestern provinces. The element was used in leaded
bronzes from about 1750 B.C., and was also a component of other alloys. Lead
compounds were used in applications ranging from cosmetics 'to palnts and
health care.

The total amount of world lead production during the Coppef Bronze and
Iron Ages reached levels of 1050, 8490 and 14310 thousand tons, respectively
[1], showing a marked increase with time. During the Roman Empire the
production reached 14960 thousand tons and then declined, wﬂ;h only 4250
thousand tons produced in the period 500-1000 A.D.

Settle and Patterson [5] described the evolution of world lead production
(in tons/year) throughout History, estimated on the basis of data regarding silver
production. As shown in Figure 2, the introduction of silver coinage created a
demand for silver, which resulted in an increase in global lead production. This
reached a value of about 10000 tons/year when Athens flourished. Production
increased in Roman times, giving a maximum world value of-about 80000
tons/year at the beginning of the first century A. D., a time that coincided with



Industﬁial
1750 A.D. 100000 .
: : : : Revolutgon
1600 A.D. 50000 Sﬂanish prodhction of Sﬂlver in NeV\‘? World

1000 A.D. | 10000 Siliver produc:tion in Ger:many
I I I

1AD 80000

Maximum production in
Roman :times 1

450 B.C. | 10000 Fhllorishing of Athens 3

I I

750B.C. |400 Introduction pf Silver coinage
I I I
| | |
3000 B.C. |75 Discovery of cupellation
I I I
I I I

0 20000 40000 60000 80000 100000 120000 140000

Lead production (tons/year)

Figure 2. Milestones of world lead production (Data from Ref. 5).

the maximum splendour of the Roman Empire. Thereafter, the level of lead
production slowly decreased as the Empire declined. The production of silver in
Germany around 1000 A.D. gave a new boost to lead production as did the
Spanish production of silver in the New World several centuries later. At this
point the total world production reached a value of 50000 tons/year, practically
half of the maximum level in Roman times, but the increase continued beyond
this previous maximum level and reached 100000 tons/year at the beginning of
the Industrial Revolution.

During this time lead production was strongly linked to silver production;
about 400 parts of lead were produced as a by-product for each part of silver [5].
The demand for lead during the Industrial Revolution increased sharply and lead
was not only obtained as a by-product from silver production but was
independently mined and smelted. Indeed, since the beginning of the 19"
century the metal obtained in this way has constituted a significant part of the
total lead production.

Mining production increased during the 19" and 20" centuries and
reached a level of about 3 x 10° tons in the year 2000. However, after reaching a
maximum :around 1970, lead production has undergone a slow but steady
decline. This is due in part to the fact that recycling is increasing and, as a result,
about 50% -of the 6 x 10° tons produced in the world in the year 2000 were
obtained from recycled scrap lead products [6]. This recycled lead is normally
known as secondary lead.
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The technology employed to recover lead from its ores was known by
different prehistoric cultures. Even though other sources could be used, the pre-
eminent ore was the argentiferous galena, from which lead and silver were
obtained.

Shafts and galleries were used to carry out underground extraction and
illustrative examples of these remain in Laurion [7], and in Rio Tinto [1] and
Cartagena [8], Spain. After extraction the ore was crushed, milled, sieved and
washed in order to be concentrated. After this step, which was probably
unnecessary for highly pure galena, the ore was ready for the following step,
smelting, which was performed in two stages: roasting in air and heating the
resulting lead(Il) oxide with carbon to yield impure lead.

The small amount of available evidence for these last two operations in
ancient mines suggests [7] a rough and ready undertaking that might have taken
place in a simple construction. This structure was probably temporarily erected
in elevated areas of the mining complex, and later dismantled. Similarly, in the
Andean region of South America before the arrival of Spanish, and in several
places even after, basic earthenware pots were placed on the side of the
mountains to be oxygenated by the wind and used as furnaces (huayras) [9].

The operations were relatively simple from a metallurgical point of view
because lead melts at 327 °C and its oxide can be reduced in charcoal or wood
fires at temperatures close to 800°C.

In this process a proportion of the galena is initially oxidized. Even
though lead(Il) sulphate can be formed [8, 10], lead(Il) oxide is the main
product, especially near the stronger oxidizing point:

2PbS + 30, —> 2PbO +2S0, $))
the lead(II) oxide and the unoxidized galena react to give Pb

2PbO + PbS — 3Pb + SO, 2)
and the oxide is reduced with carbon

3PbO+2C — 3Pb+CO+CO; 3)

Although the operation is simple, it does suffer from some inherent
problems. First of all, the proportion of lead recovered from the ores is low due
to the inefficiency of the process. A significant quantity of lead remains in the
slag. This meant that only ores with a very high lead content were used in
ancient times and, consequently, today some early slags are exploited using
modern methods. The other main problem is an environmental issue; the lead
that is lost as aerosol fumes and the SO, that is liberated are both pollutants.
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The impure lead obtained in this way is called lead bullion and contains
silver, gold and other metals such as copper or zinc. Pure lead was obtained
using the cupellation process; when lead bullion is melted and heated in a
shallow furnace and exposed to a blast of air at about 1000 °C, lead and the other
metals are oxidized while silver and gold remain as metals which enables the
lead to be separated. The lead oxides formed in the process are skimmed off
regularly and are used to prepare lead compounds or re-smelted to obtain lead.

The production of lead since Antiquity and the cumulative release of lead
into the air has given rise to an environmental problem [5, 11, 12]. Although
mines initially operated on a small scale, lead emissions increased through the
uncontrolled smelting of large %‘uantities of ores in open spaces, the introduction
of large furnaces during the 16" century and the development of manufacturing
during the Industrial Revolution. At the beginning of this period large amounts
of relatively coarse lead ore dusts together with lead fumes were emitted into the
atmosphere due to poor furnace designs and inefficient smelting procedures.
These designs and procedures were progressively improved and, as a
consequence, economically valuable lead aerosol smelter fumes were also
increasingly’recovered. The estimated fraction of wasted lead in ores from 1750
to 1880 may have been about 2%, between 1880 and 1920 that loss may have
been reduced to about 0.5% and in 1970 probably to 0.06% [11].

~ The Pb analysis of different environmental archives in the Northern
Hemisphere, such as polar ice in Greenland [11, 13], lake sediments in Sweden
[14, 15] and peat bogs in Spain [16], all revealed that ancient mining activity,
particularly during the Roman Empire, polluted the middle troposphere on a
hemispheric scale. This pollution occurred long before the Industrial Revolution.
The significance of lead emissions during this period and during the subsequent
global industrial development can also be determined. Analysis of the data
shows, in the latter case, a recent decrease in the Pb levels and this corresponds
to the phasing out of leaded gasoline.

Due to their location, some of these archives are better able to reveal
specific information about particular periods; for example, the results from
Swedish lake sediments [15] show an increase in lead pollution at around 1200
A.D., which corresponds to the expansion of silver mining in Europe,
particularly in Germany, after 1000 A.D.

In the Southern Hemisphere, the lower Pb content in equivalent
environmental archives, for example, in the Antarctic snow when compared with
the Arctic, is a result of the lower intensity of emissions [11]. Recent studies on
lake sediments from the Bolivian Andes [9] show the influence not only of the
Spanish but of the Tiwanaku (1000 to 1200 A.D.) and Inca peaks of production
(1400-1545 A.D.) on the Pb content of the sediment.
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1.3. The historical evolution of lead poisoning.

Lead is a normal constituent of the earth’s crust and it is harmless if
undisturbed but highly toxic once mined and transformed for human use.

The adverse health effects of this element are well known today as it is
one of the most widely studied toxic substances (Chapter 4). In spite of this, lead
poisoning is still the most common environmentally caused disease in the USA
today [17].

Lead toxicity has been recognized since Antiquity even though exposure
to the metal has varied significantly throughout history. At first, this exposure
was only a problem for the workers that directly mined or worked the metal;
later, mainly during the Roman Empire, lead was extensively used in everyday
life and this led to more widespread exposure. Later still, the cumulative process
of mining and use meant that the element became widely dispérsed in our
environment, consequently increasing the risk of exposure for all forms of life
on the planet.

The significant increase in world-wide production since the Bronze Age
was only possible because of the large number of workers employed to mine,
smelt and refine the metal. It is estimated [4] that, on average, about 80000
miners were occupationally exposed to lead each year in the Roman Empire.
This figure could reach an average of 140000 per year if one includes the
craftsmen who used lead in various diverse industries. Taking inté account that
in lead mines or metallurgy an average working life of ten years may have been
normal, Nriagu [4] suggested that over 20 million people were d¢cupationally
exposed to lead from remote antiquity to around the fall of the Roman Empire.

Despite the large number of workers in contact with the element, literary
records from Roman times do not mention any widespread  incidence of
occupational diseases during that period. Perhaps this is because the literature
has not survived or because doctors paid little attention to the people exposed to
the hazards, namely slave workers or lowly craftsmen.

The daily use of lead increased sharply during the Roma,n ‘Empire, as
mentioned above. Lead vats, tanks, cooking utensils and pots, urns and vessels
were widely used and lead pipes formed the basis for the water-catrying system
for towns and houses. During this period lead was present in people’s diet
because of the slow dissolution of water pipes or storage tanks; other sources
came from contamination or adulteration during the preparation of food and
drink by the release of the metal from lead, bronze or pewter utensils, from lead-
glazed pottery and also by the use of preservatives, colorants, cond1ments or
seasonings containing lead.

Concentrated grape syrup or sapa was probably the most significant
source of lead from this last group [18, 19]. Sapa was elaborated by boiling
unfermented grape juice until it was reduced to about a third of its original
volume in lead-coated pots. In this process, the acidity of the juice caused the
formation of lead(Il) acetate, “sugar of lead”, and other lead comipounds. Sapa
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Table 2

Estimated lead intake during the Roman Empire

Population/ - Lead level in source Daily intake Lead absorbed
/Lead source (Range) pg/day
The Aristocrat

Water 50 (50-200) pg/L 10L 5 (5-20)
Wines 300 (200-1500) pg/L 20L 180 (120-190)
Foods 0.2 (0.1-2.0) ug/g 3000 g 60 (30-600)
Miscellaneous 5

Total 250 (160-1520)
The Plebian

Water 0.5 (0.5-5) ng/LL 20L 0.1 (0.1-1.0)
Wines 50 (50-400) pg/L 10L 15 (15-120)
Foods 0.1 (0.1-1.0) ug/e 2000 g 20 (20-200)
Total 35 (35-320)
The Slave

Water 50 (50-200) pg/L 20L 5 (5-20)
Wines 5(1-10) pg/L 0.75L 1.1 (0.2-2.0)
Foods 0.05 (0.05-0.5) ug/g 1000 g 5 (5.0-50)
Miscellaneous 5

Total 15 (15-77)
(Adapted from Ref.18)

was added to wine as a preservative and was also used to sweeten foods. The
high lead concentration in sapa could have brought about a high lead
concentration in wine.

The consumption of wine by the Roman aristocracy was rather high and,
consequently, one can make a conservative estimate for the lead intake of 180
pg/day for a member of this social class; when added to a possible 60 pg/day
from contamined food and other marginal sources, including drinking water, this
gives the significant amount of 250 pg/day. Lower social classes had a poorer
diet and as a result were less affected by the metal. Estimates of daily
consumption and daily lead intake [18] by an average aristocrat, plebian and
slave during the Roman Empire (on the basis of absoption factors of 0.1, 0.3 and
0.1 for water, wine and food, respectively) are given in Table 2. Even if the
estimates are out by a factor of 2 to 5, there is strong evidence that a large
number of Roman aristocrats were poisoned by lead due to the ingestion of food
and wine. -

The aristocrats, the “masters”, suffered a wide range of symptoms
associated with lead poisoning [18, 19]. Headaches, insomnia, jaundice and
diarrhoea are typical in the early stages. Severe stomach and abdominal pains
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(colic), pains in joints (gout) and extreme, even complete, constipation caused
by the paralysis of the intestinal tract follow. Next come severe central nervous
system disorders, including deafness, blindness, paralysis and insanity.
Miscarriage and stillbirth were effects suffered by women.

During the first century A.D., Musonius (cited by Nriagu, Ref. 18) wrote:
That masters are less strong, less healthy, less able to endure labour than
servants; countrymen more strong than those who are bred in the city, those that
Jfeed meanly to those who feed daintily; and that, generally, the latter live longer
than the former. Nor are there any other persons more troubled with gouts,
dropsies, colics, and the like, than those who, condemning simple diet, live upon
prepared dainties.

This general lack of good health was normal in aristocratic circles during
this period. All of these phenomena that affected the ruling class may have
influenced the vitality of the Empire, thus increasing its internal weakness [18,
20]. Other factors including economic factors arising from overexpansion and
decentralization may also have contributed, possibly to a great extent to the
gradual transformation and decline of the Empire [17]. -

Although lead was still widely used for industrial, domestic and medicinal
purposes after the Roman Empire, lead po1sonmg is almost unheard of in
literature from the Middle Ages but reappeared in the 16™ century. [21], when
Paracelsus describes “miner’s disease”

Cases of lead pmsomng linked to the consumption of sweet wine or food
continued during the 16-18" centuries with severe epidemics in central Europe
and later in America.

In 1697 the German physician E. Gockel pubhshed a book [19] describing
a wine disease in the city of Ulm caused by sour wine sweetened with litharge.
This book linked lead with a serious and sometimes fatal colic suffered by wine
consumers. One year before the publication of the book, Gockel described his
findings to Duke Eberhard Ludwig, who issued an edict banning all lead-based
additives. As Eisinger [19] underlines, this edict may well have been the first
consumer-protection legislation targeting a specific toxin."

Forty years earlier, S. Stockhausen [19], another German ‘physician,
linked lead with a common ailment in the mining towns in the Harz Mountains
in Germany. He deduced that only those exposed to lead dust or vapours would
fall ill. Stockhausen wrote a detailed description of the symptoms and this
helped Gockel to recognize lead as the common source of both diseases.

In 1767 Sir George Baker [19, 21] published a treatise hnkmg the so-
called Devonshire colic with the contamination of cider with lead the source of
which was the weights used to crush the apples.

Ocupational lead poisoning continued during the 18", 19th and the first
half of the 20" century. Classical manifestations of clinical poisoning such as
anaemia, encephalopathy, colic, joint and muscle pain and kidney disorders
were found in lead industry workers. Additionally, miscarriage,. decreases in
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fertility, risk of stillbirth and mortality of newborn children were described as
symptoms in women working in lead industries [21].

Another source of lead poisoning was the use of lead-based cosmetics.
This use in ancient times was mentioned above and, as recently described [22],
continued until the 20" century. During the 16" century women painted their
faces with a mixture of white lead and vinegar. White lead was occasionally
mixed with mercury(Il) chloride to peel the skin while an ointment of lead
sulphate was used to remove freckles.

The use of lead-based cosmetics continued during the 17" and 18"
centuries, with lead(II) carbonate the major component of a popular face
powder. Diseases caused by lead cosmetics were well known among the medical
community and reports of lead poisoning appeared in the newspapers during this
time.

The ascent to the throne of Queen Victoria in Great Britain in 1837 marks
the beginning of a period of decline in the use of cosmetics, which were mainly
relegated to the theatre, where cases of lead poisoning were reported. In
America, in the post-civil war period the leaded white face again became
fashionable -and new cases of lead poisoning were known. However, the
introduction of new and alternative active agents significantly and progressively
reduced the use of lead-based cosmetics during the 20™ century and today they
have practigally been removed from the market.

Another source of lead poisoning comes from lead-based paints. This type
of paint was largely used in the USA when the economy of the country was
mainly agrarian and rural, with a peak during the 1920s [23]. Most lead paints
still exist as a thin mass on the walls and structures of older buildings and when
poorly maihtained, these layers can decay and release lead from their surfaces in
the form of dust. Due to its sweet taste, young children can be tempted to eat
paint chips and this can have severe health consequences. In adittion, the unsafe
removal of these materials releases a lead-containing dust, which constitutes a
significant contribution to the presence of lead in the environment.

The contribution of lead paints, although significant, can be considered a
lesser threat .than the introduction of TEL as an additive in gasoline. This new
development happened in the first half of the 20" century and had a marked
effect on the environment, converting lead poisoning into a world-wide concern.

The toxic effects of TEL were evident shortly after industrial production
started. This was in part due to General Motors’ interest in launching leaded
gasoline onfo the market as soon as possible; production started in September
1923, before proper ventilation had been installed and before safe operating
procedures had been developed, causing an occupational lead poisoning problem
which lead to several deaths and also to many illnesses in production plant
workers.

These facts, together with the negative comments in the press which
followed, led to the belief that TEL-containing gasoline itself was a health
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hazard. On May 1% 1925, the sale of leaded gasoline was suspe,nded until its
potential public health hazards could be assessed.

A committee composed of scientists, public health officials and industrial
representatives was set up to investigate the safety of the product. At a
committee meeting, R. Kehoe, who represented the industry, tried to play down
the risks, while A. Hamilton, supported by other scientists, pointed out that the
risk, if there was one, would spread to the whole population. In spite of these
concerns the meeting did not lead to any conclusion and a new committee was
created to study the problem further. As this committee concluded there was no
evidence that TEL presented a hazard to the community, in May 1926, after a
year of moratorium, leaded gasoline was back on the market [2, 21, 24, 25].

After this date, TEL production continuously increased as_ the sale of
leaded gasoline also increased. However, public concern over the introduction of
lead into gasoline continued, in particular when people began taking into
account the increasing number of automobiles and the cumulative ‘effect of the
well-known toxic lead inorganic compounds which were formed in the engine
and liberated to the environment.

The controversy between environmental and health advocates and
industry representatives iniciated in 1925 continued for several years and the
research which was being carried out to support the confronted pesitions was
essential for the evolution of the concept of lead toxicity, and also contributed to
define the concept of lead poisoning and consequently to prevent it. The debate
had two well-defined positions, based on different methods and conclusions, and
these were presented by R. Kehoe and C. Patterson [21, 24, 25].

Kehoe defined lead poisoning strictly in clinical terms, accepting the term
poisoned only when the blood lead level surpassed the 80 pg/dl, whereas a
certain concentration of lead in blood, about 20 pg/dL, was considered “natural”
and “normal” [21]. This position, shared by other researchers, was supported by
data obtained from lead-contaminated laboratories, which as a result raised the
baseline measurements of all their samples. In addition, particular 4ttention was
not paid to the control subjects selected for the studies, who in many cases had
previously been exposed to lead.

By using a very clean laboratory to study uncontammaied samples,
Patterson [26] showed that technological activity had raised the lead body
burdens of modern humans by about 100 times compared to pretechnologlcal
man. He therefore concluded that the “natural” levels should -be those of
uncontaminated prehistoric man, and that any other levels are indicative of lead
poisoning, even though this aspect was not evident from a clinical analyms The
idea that even these slight effects were unacceptable in terms of health gathered
progressive scientific support and finally led to the removal of TEL from
petroleum products.
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As mentioned above, the use of TEL was banned in the USA (this action
brought about a decline in blood lead values in children and adults by 80% [25])
and this elimination is being progressively adopted in other countries.

2. OCCURRENCE AND ISOLATION
2.1, Occurx:ence

Although lead can be found in nature as the pure element, this is
extremely tare and it is usually present as Pb(II) in deposits with different
origins. In these sources it is combined with other elements such as sulphur and
oxygen in a variety of minerals that have a wide range of compositions.

The compositions of some of these materials are shown in Table 3 [1, 17,
27] and it is clear that the presence of sulphides, in some cases incorporating
selenium, is rather relevant. Some of these minerals that contain a stoichiometric
amount of silver have been widely used since ancient times to coproduce silver
an lead, e.g., plumbojarosite in Spain [1, 9], whereas other minerals incorporate
silver in varying amounts, ranging from 0.5 to 5 mg/g [1]. In particular, galena
(Fig. 3), by far the most important lead mineral, commonly contains microscopic
bodies of silver-rich minerals that can give a silver concentration of 8 mg/g; this
phenomenon could also explain the use of this mineral in the production of
silver since ancient times.

B,esidgs galena and other associated mixed sulphides, there are several
minerals such as cerussite (PbCOs), anglesite (PbSQy), litharge/massicot (PbO)
and minium (Pb;O4), that are regularly used in the production of lead. Some of
the most common impurities found in lead minerals are zinc, copper, arsenic,
tin, antimony, silver, gold and bismuth.

Figure 3. Argentiferous galena (Courtesy of the Luis Iglesias Museum from the
' University of Santiago de Compostela, Spain).
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Table 3
Representative lead minerals
Mineral Composition Mineral Composition
Sulphides Others
Galena Pbs Clausthalite PbSe
Geocronite Pbs(Sb,As),S; Altaite PbTe
Beegerite PbsBi;Sg Penroseite (Ni,Cu,Pb),Se,
Bournonite PbCuSbS, Litharge PbO
Meneghinite CuPb38b;S,, Massicot PbO
Boulangerite Pby.s8by 4S54y Minium Pb,0,
Cosalite Pb,Bi,85 Cerussite PbCO;,
Selenocosalite Pb,Biy(8,Se)s Anglesite PbSO,
Kobellite Pb,(Bi,Sb),Ss Wallenite PbMoO,
Selenokobellite Pb,(B1,8b),(8,Se)s Crocoite PbCrOy
Franckeite PbsSn3Sh,Sy, Pyromorphite Pbs(PO,);Cl
Cylindrite Pb;Sn,Sb,8,, Vanadinite Pbs(S0,4):C1
Jamesonite Pb FeSbsS, Plumbogummite PbAI;(PO,),(OH)s"H,0
Semseyite PbySbg8y Tsumebite Pb;Cu(OH);(PO4)-3H,0
Zinkenite PbgSby484 Percyclite Pb3(CO,)Cl,
Plagionite PbsSbgS4y Phosgenite Pb,CL,CO;
Nagyagite PbsAu(Te,Sb);S5.¢ Boleite Pb(Cu,Ag)Cl,(OH),"H,0
Wittite BisPbs(5¢e,8),4 Argentiam (Pb,Ag)Fe;.4(8504);.4(OH)s.12
Benjaminite Pb{Cu,Ag)Bi,;S, plumbojarosite
Fizelyite Pb3Ag;SbgS 3 Plattnerite PbO,
Ramdohrite Pb;Ag;Sb;S;
Andorite PbAgSb;Ss
Hutchinsonite (Pb,T1),(Cu,Ag)AssS
Seligmannite PbCuAsS;
Marrite AgPbAsS,
Lengenbachite Pbg(Ag,Cu)yAsySs
Diaphorite Pb,Ag;SbeS
Freieslebenite Pb;AgsSbsS,
Owyheenite PbsAg,8beSs
Schirmerite PbAg,Bi;Sq

(Adapted from RefS. 1, 17 and 27)

These minerals are scattered in deposits that can be classified depending
on their origin [27], namely: (a) hydrothermal vein, impregnation and

replacement deposits;

(b) volcanogenic sedimentary deposits and (c)

hydrothermal or marine sedimentary deposits. As far as mined deposits are
concerned, mixed lead-zinc ores are currently the most important and are
certainly more important than those deposits that essentially contain lead ores;
the remainder are zinc, copper-zinc and other systems from which lead is
obtained as a by-product.



19

Figure 4. The Los Frailes open-pit mine (Aznalcéllar, Spain) with a design
capacity of 125000 tons/year of zinc, 48000 tons/year of lead, 4700 tons/year of
copper and 90.8 tons/year of silver (http://www.mining-technology.com).

In order to exploit these deposits the size, shape and quality of the ore
body must be determined and then the best way to mine it can be selected.

Underground mines like the previously cited are now in operation
together with surface mines like shown in Fig. 4. Unfortunately, this mine made
the headlines because of the failure of the exploitation’s tailings dam on April
25, 1998. As a result, 4-5 million cubic meters of toxic tailings slurries and
liquid were released into a nearby river. The slurry wave flooded several
thousand hectares of farmland and threatened the Dofiana National Park, a UN
World Heritage Area.

Although lead mining production today is spread all over the world, the
main producers of lead minerals are China, Australia, the USA, Peru, Canada
and Mexico, which together account for three quarters of the world’s mining
production.

Besides these natural geochemical sources, lead is widely distributed as an
environmerital pollutant due to the cumulative production and use as mentioned
previously and this aspect will be described in detail later (Chapter 4).

2.2. Production.

2.2.1. Primary production.

Lead ores in deposits are usually present with other minerals and rocks.
These ores cannot be smelted immediately after they have been mined, so the
first step in the production process is to concentrate the ore in order to obtain a
higher concentration of lead. In the past a method based on flowing water was
used to achieve this, but today the technique used is froth flotation. The ore is
first crushed and ground into fine particles and then it is suspended in water to
obtain a pulp. Frothing agents are subsequently added and air is bubbled through
the pulp under agitation; finally, a stable froth containing the lead mineral
particles rises to the surface and is skimmed off.
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The next step in the process involves extracting the lead. Detailed
descriptions of the different methods in use today can be found in references 6,
27 and 28; only some of the most essential aspects are described here. The
traditional two-stage process, which is based on roasting to obtain the oxide and
heating in a blast furnace to reduce the oxide with carbon [Eq. (1- 3)] is still used
today, even though numerous technological improvements have been
incorporated to reduce pollution and to increase the yield. The end result is
known as lead bullion, which is lead that mainly contains metallic impurities,
and this is tapped off from the bottom of the furnace and subsequently refined.

As mentioned above, lead and zinc usually occur together in ores. In this
case, the froth flotation technique is further complicated by the use of depressant
agents to stop zinc sulphide being incorporated into froth; lead and zinc ores can
then be separated and treated. The Imperial Smelting Process is an alternative
method that can be used for the simultaneous production of zinc and lead from
this type of ore. It is a variation of the blast furnace technique, but the lead-zinc
ore is directly added to the furnace and the liquid lead bullion tapped
conventionally from the bottom after reduction and the metallic zmc is distilled
off as a vapour. .

Despite the fact that technological improvements have been introduced
into the traditional two-stage method, it is still inefficient and harmful to the
environment. This drawback has brought about the introduction of a new
process based on direct smelting, in which there is only a single step from the
sulphide to the metal. This approach makes it unnecessary to produce lead oxide
in a preliminary step in order to reduce it to lead afterwards. The Kivcet process,
developed specifically in the USSR to treat lead ores with high zinc contents,
and the QSL, Isasmelt and Outokumpu processes are all examples of this
innovation; detailed descriptions of these techniques are included in references
6, 27 and 28. Together, these direct techniques and the Imperial Smelting
Process only account for 20% of lead production, with the conventional two-
stage methods accounting for 80% [6].

Lead bullion contains other elements (Cu, As, Sb, Sn, Zn, Au, Ag, Bi, ...)
that must be separated in a subsequent refining process and this can be either
pyrometallurgical or electrolytic. When pyrometallurgical methods are used,
copper is the first metal to be removed. The bullion is melted and held just
above its melting temperature, at which point the copper rises to the surface and
can be skimmed off. Sometimes sulphur is added in order to facilitate the
removal of copper.

Arsenic, antimony and tin are more reactive than lead and can be removed
by preferential oxidation. In the softening process, a name derived from the fact
that these elements are standard hardeners for lead, lead is meltéd and stirred
with a blast of air. The impurities are oxidized and form a molten slag, which is
then skimmed off. In the alternative Harris process, a molten flux of sodium
hydroxide and sodium nitrate is employed; after the molten bullion and the flux
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are stirred,’ the impurities are incorporated into the alkali flux as sodium
antimonate, arsenate and stannate, and if zinc is present it is also incorporated as
zinc oxide. The flux and lead can then be separated and the elements extracted
from the flux.

Silver and gold were separated in ancient times by cupellation; modern
methods such as the Parker process or Port Prize Process extract these metals
from lead melted with zinc. The silver and gold form a floating alloy with zinc
and this camn be separated. The zinc can then be removed by vacuum distillation.
This technique is also used to remove trazes of zinc still present in lead.

Bismuth, the remaining element, can be removed by adding a calcium-
magnesium alloy to the molten lead; this alloy incorporates bismuth and rises to
the top of the melt where it can be skimmed off. However, bismuth is normally
separated by electrolytic refining using the Betts process, which was developed
at the beginning of the 20" century. In this process large cast anodes of bullion
and thin cathodes of high purity lead are used in a cell containing acid lead
fluosilicate as the electrolyte. When an electric current is applied, the anodes of
impure lead are dissolved and pure lead is deposited on the cathode. The use of a
sulphamate electrolyte as an alternative was proposed in Italy in 1950 and seems
to be equally efficient.

The selection of a complete and appropiate refining scheme enables the
production of bulk quantities of lead of 99.99% purity and, for special purposes,
additional processing can give lead of 99.9999% purity.

2.2.2. Secondary production.

A significant proportion of the lead produced in the world each year has
been recycled and is known as secondary lead. Most of this lead comes from
scrap lead*acid batteries and, to a lesser degree, lead pipe, sheet and cable
sheathing. ‘Whereas these latter sources are clean and can be easily re-melted
and if necessary refined, a meticulous sequential process is required to obtain
lead from batteries.

Once the acid has been collected, the batteries are broken open and the
case fragmients, metal grids and poles are separated to be independently
recycled. The paste inside each unit, which contains lead oxide, hydroxide,
carbonate and sulphate, is usually treated to remove the suphur and smelted with
coke in a blast furnace, although today rotary furnaces or furnaces working on a
semi-continuous basis are alternatives to the blast furnace.

‘The lead recovered from batteries is generally used to produce new
battery alloys, although it can also be refined to give lead that is suitable for any
application by using the techniques outlined above.

The production of secondary lead is now significant in several countries,
for the most part in highly industrialized countries. The top lead producers and
recyclers of 2003 are shown in Table 4 [6]. Note the difference between these
countries and the producers of lead minerals mentioned above. Countries not
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Table 4
Largest lead producers and recyclers in the year 2003
Producers Recyclers

(Thousand tons) (Thousand tons)

China 1533

USA 1338 1098

Germany 352 222

UK 338 176

Australia 304

Japan 190

Italy 153

(Data from Ref. 6)

endowed with mineral deposits must import ore, impure lead or scrap lead to
produce refined lead, which can also be produced from their own scrap.

From a global perspective, the importance of secondary lead production is
increasing progressively whereas mining production is slowly decreasing. The
evolution of world-wide lead production compared to mining production over
recent years is shown in Figure 5 [6].

The geographical distribution of world-wide lead production is changing.
The evolution of production during the last few years in the five big
geographical areas can be seen in Figure 6 [29, 30]; note the decreasing trend for
production in Europe and, to a lesser extent, America, and the increasing trend
for production in Asia.
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Figure 5. Recent evalion of theglobal total and mined lead
production (Adapted from Ref. 6).
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Figure 6. Evolution of the geographical distribution of world production in
recent years. (Data from Refs. 29 and 30).



24

3. PROPERTIES

The element is a bluish-white lustrous heavy metal from group 14 of the
Periodic Table. Lead crystals are face-centered cubic and have a short lead-lead
distance of 3.49 A.

3.1. Atomic properties :

The main atomic properties of lead [31, 32] are shown in Table 5.

The element has four common stable isotopes (2°4Pb, 206py,, 207pp, 20%pp)
and several radioactive isotopes. The most significant data for the stable isotopes
and the radioactive isotopes that have half-lives longer than 10 hours are shown
in Table 6.

The isotopes 2*°Pb, *’Pb and ***Pb are the stable end products of natural
radioactive decay sequences and the ratio of these isotopes is different for each
source in the environment depending [17] on the radioactive source from which
the lead was derived and the relative decay rates of the radioactive elements:
206p comes from **U (ty, = 4.5 x 10° years); *”’Pb comes from “°U (t;, = 0.70
x 10° ;rears) and *®Pb comes from *Th (t,, = 1.40 x 10" years). The
26pp/27ph [15, 16] and the **’Pb/%Pb [11, 26] ratios have been used to
determine lead in environmental archives.

Of these stable isotopes 2”Pb is the only magnetically active. The
characteristics of this isotope [17, 33] (spin I = ', a fairly natural abundance of
22.6%, an appreciably high NMR receptivity 11.9 times greater than that of '*C)
are the basis of *’Pb NMR spectroscopy, which has become a valuable and
routine tool in many fields of lead chemistry.

Table 5
Atomic properties of lead
Atomic number C 82
Electronic structure [Xe] 4" 5310 65 6p°
Relative atomic mass® 207.2
Ionization energy®/kJ mol™ I 7154
" 11 11450.0
" III 3080.7
" v 4082.3
Atomic radius®/pm 175
Pauling Electronegativity” 2.33
Allred Electronegativity” 1.55
Absolute Electronegativity®/eV . 390
*Ref. [32] '

b Ref. [31]



25

In the-specific field of lead(Il) coordination compounds, the Pb chemical
shift provides an excellent measure of the type of donor atom bound to lead
[17]. The lead resonance tends to shift upfield as the electronegativity of the
ligand donor atom increases. Such a change is observed, for example, on
changing from S to N or O, with equivalent donor atoms being sensitive to the
lead coordination number [17]. Indirect detection methods such as HMQC
'H”Pb can be applied [34] to study dilute aqueous solutions and could be
useful to characterize lead-binding sites in complex systems.

The environment of the Pb atom in diorgano or triorganoderivatives of
Pb (IV) in solution was also investigated using this technique [35, 36]. A
number of examples of the contribution of this technique to the structural
knowledge of lead organoderivatives are outlined in Chapter 3.

Solid, state ’Pb NMR spectra can be obtained for static samples or by
MAS and CP MAS techniques. In general, the spectra are characterized by large
chemical shift anisotropies and by large distributions of chemical shifts due to
the strong effects that even small changes in bond angles and distances in the Pb
environment can have on the chemical shifts [33, 37].

3.2. Physical properties

Lead has physical properties common to other metals: it has a metallic
lustre with shiny freshly cut surfaces, a high density, a low melting point, it is a
conductor of electricity and heat and is soft, ductile and malleable.

Table 6

The stable and radioactive® isotopes of lead”
Nuclide =~ Atomic mass Natural abundance Nuclear spin Half-life
; %) (tin)

204pp° 203.973 020 1.4 0+
26ph  205.974 440 24.1 0+
07py  206.975 872 22.1 1/2-
*%Pb,  207.976 627 52.4 0+
2%ph.  199.971 790 0+ 21.5h
0pp. 201972134 0+ 53000y
2pp . 202.973 265 5/2- 2.162d
Mpp  204.974 458 5/2- 1.51x107y
Hopy 209.984 163 0+ 226y
Mpp  211.991 871 0+ 10.64h
24pp  213.999 798 0+ 27 m

# half'life longer than 10 hours
® Ref. [32].
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Table 7

Physical properties of lead

Density® /g-cm™ 11.34
Melting point® / °C 327.5
Boiling point* /°C 1750
AH gygign” / kJ.mol™ 5.121
AH v,/ kJ.mol™ 1794
Thermal conductivity® (300K) / W m™'k™! 35.2
Coefficient of linear thermal expansion® / K™ 29.1x 10%
Electrical resistivity” (293K) / Ohmm 20.648 x 10°*
Young's modulus® / GPa 16.1
Rigidity modulus® / GPa 5.59
Poisson’s ratio® / Gpa 0.44

® Ref. [28]

b Ref, [32]

Some significant physical data [28, 32] for the element are shown in Table
7. The particularly high density is a result of a high relative atomic mass and the
face-centred cubic structure with a short lead-lead distance in which it
crystallizes.

3.3. Chemical properties

3.3.1. The element

The freshly cut metal rapidly loses it metallic shiny lustre in moist air due
to the formation of a layer of lead(Il) oxide on the surface. The oxide can further
react with carbon dioxide to form lead(I) carbonate. Under normal conditions
this surface layer protects the bulk of the metal against further attack. At high
temperatures lead also reacts with sulphur and the halogens.

Even though pure deareated water does not attack lead, the element is
oxidized by the joint action of oxygen and water to give Pb(II). The metal
dissolves:

Pb(s) — Pb*q+2¢

and the electrons are consumed in reactions such as:
Yo Ogaq + HaOgy + 26— 20H 5y

or

2H;0%qq + 26— Hye + H;0

in aereated water or acid media, respectively.
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This corrosion reaction could produce disolution in water, which in
practice is very slow and is often controlled by the reaction products, Pb(II)
salts. Such salts, in general have low water solubility and can act as protective
layers, a phenomenon that will be discussed later. The pH and the presence of
other species can affect the solubility of these salts and therefore the solubility
of lead is conditioned by the exact composition of the water.

For example, when Pb is attacked at a basic pH, the formation of PbO and
Pb;0; is more likely. In the presence of CO,, these oxides are relatively soluble
but are also readily converted to the less soluble lead (II) carbonate or to the
basic carbonate 2PbCQO;.Pb(OH);. A high concentration of carbonate ions in
water, as in the case of hard water, leads to the formation of solid lead(II)
carbonate, which precipitates on the inner walls of the pipes and prevents further
lead corrosion. In contrast, soft water with a pH < 6.5 has a much greater
corrosive effect on lead pipes. This effect can be limited by adding phosphate to
the water supply to decrease lead solubility and to protect the internal walls of
lead pipes.

This reaction is important if lead pipes are used to carry drinking water,
because although this slow attack brings about a low concentration of Pb(Il}), it
is enough to produce chronic intoxication when the water is consumed.

In strongly acidic media, the overpotential for the discharge of hydrogen
and the formation of insoluble salts as a protective layer makes lead resistant to
attack by sulphuric (lead can be used for handling concentrated sulphuric acid),
phosphoric and chromic acids. Acetic acid in the presence of oxygen rapidly
attacks lead and produces the very soluble lead(II) acetate, which precludes the
use of Pb te process or store wine or fruit juices. Hydrochloric acid produces
slow attack and the oxidizing nitric acid reacts quite rapidly to give the very
soluble lead(II) nitrate.

3.3.2. Oxidation states

The element has two common oxidation states, Pb(I) (electronic
structure: [Xe] 4f* 5d' 65%) and Pb(IV) (electronic structure: [Xe] 4f'* 5d'7).
The former dominates the inorganic chemistry of lead while organolead
chemistry is dominated by the latter. In water lead is easily oxidized to Pb(II),
£°(Pb(II)/Pb) = -0.1251 V, and Pb(IV) compounds are strong oxidizing agents,
&’ (Pb(IV)/Pb(I)) = 1.69 V, that are reduced to Pb(II). This last oxidation state is
the inorganic form that is predominant in the environment and the most
significant from a toxicological point of view.

The preference of lead by the oxidation state (II) in its inorganic
chemistry has been traditionally attributed to the effect of the “inert electron
pair”, a concept introduced by Sidgwick [38] to explain the tendency of the post-
lanthanide-elements (T1, Pb and Bi) to adopt oxidation states two units below the
state usually adopted by the light elements of their respective groups. Thus, in
Group 14 of the periodic table, carbon chemistry is dominated by the oxidation
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Figure 7. a) Experimental ns? —ns' ionization potentials for Group 14;
b) Experimental ns® —ns'np' excitation energies for Group 14.
(Adapted from Ref. 39).

state (IV) but lead chemistry by the state (II). A certain degree of “inertia”
associated with the 6s electron pair of lead(Il) is supported to some extent by
certain atomic parameters. It can be seen in Figure 7 that there is an increase in
both the sequence of the first ionization potentials (although not shown, the
sequence is very similar for the second) and the s-p orbital energy gap when one
moves from the 5™ (Sn) to the 6™ (Pb) period. These increases are due to a
relativistic effect [39].

However, this explanation for the stabilization of the oxidation state (II) in
lead chemistry, when exclusively supported in terms of an intrinsic atomic
property of the metal, is not completely satisfactory. The atoms bound to lead
must play a role that can dominate the relativistic stabilization of its 6s* electron
pair, leading to Pb(IV) compounds in which the 6s pair is involved in the bond.
Thus, as mentioned above, PbR, organolead compounds (Chapter 3) are usually
more stable than PbR, ones. Furthermore, theoretical studies on relatively
simple molecules reduce the relative importance of the relativistic stabilization
and suggest that the 6s° pair can be involved to some extent in the bonds even in
Pb(II) compounds [39, 40].

The term “inert”, as applied to the 6s* electrons, should therefore be
avoided and replaced when necessary in the context of the Pb(I) chemistry by
“lone”, which is a more neutral term. As described in Chapter 2, this pair can
become a stereochemically active lone electron pair (SALEP) in lead(Il)
compounds and sometimes has a decisive influence on the arrangement of the
atoms bound to the metal. The explanation for this phenomenon is, however, not
without controversy (see Chapter 2).
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33.2.1. Pb(ID)

In water, Pb(Il) is mainly present as Pb2+(aq). A recent theoretical treatment
[41] has provided a detailed picture of the hydrated structure, with a flexible first
hydration shell of nine water ligands and a second shell in which the
coordination number varies from 18 to 28 water ligands (average value: 24.6).

The water-exchange rate constant, which is a measure of the rate of
substitution of the inner-sphere water ligands, is 7.5 x 10° M's” and this is
towards the- higher values for common cations [42], suggesting that exchange
rates for other monodentate ligands in aqueous solution are also expected to be
rapid.

The pKy (K, = hydrolysis constant) of 7.71 [42] is indicative of a certain
degree of hydrolysis. For example, a 0.1 M Pb(NO;), solution shows a native
pH of 2.4, .indicating that 4.0% of the Pb(II) ions are hydrolysed. A recent study
[43] of the Pb(II)YOH system in NaClO, media at 25°C reveals that at [Pb] <
10puM and [OH] < 5M the hydroxo species present are [Pb(OH)]", Pb(OH),,
[Pb(OH);] and [Pb(OH),]*. At higher Pb(II) concentrations, polycations such as
[Pb;(OH),]**, [Pby(OH),]** (which could be formed by the association of
[Pb(OH)]* [37]), [Pbs(OH)s]*" and [PbsO(OH)s]** have been reported.

The structure of the [Pby(OH)4]*" cluster present in [Pbs(OH),](NO;), was
determined by X-ray diffraction and consists of four Pb atoms at the corner of a
slightly irregular tetrahedron, with all the faces capped by hydroxide O atoms
[44]. The cation [PbgO(OH)]*" was identified [44] in solution at pH ~ 8.5-11.2.
The crystal structure of [PbsO(OH)s](ClO4)s.H,O [45] shows that the cation
consists of a central distorted Pb, tetrahedron, with an O atom at the center, and
the two remaining Pb atoms capping two faces of this tetrahedron, thus defining
two external tetrahedra. The six remaining O atoms from the hydroxide groups
are located over the six external faces of these two tetrahedra.

Although the mononuclear ions seem to be the only significant hydrolysis
products of Pb(II) under typical environmental and biological conditions, the
importance of the polynuclear cations can be relevant under certain conditions
[44].

Although “the organometallic and coordination compounds will be
discussed in later chapters, some of the more significant aspects of the simple
inorganic lead compounds [31, 46] will be briefly covered below.

Lead(Tl) oxide, PbO. This is the oxide formed when lead is heated in air,
and it is manufactured by blowing air into molten lead. Two crystal forms of the
oxide are known, the red tetragonal form (a-PbO, litharge), which is stable at
room temperature, and the yellow orthorhombic form (5-PbO, massicot), which
is stable above 489°C,

The crystalline red form has a layered structure. Within each layer the O
atoms form-a square planar arrangement. Each four O atoms constitute the base
of a square ‘pyramid with the Pb atom (or a SALEP) at the apex (Fig. 8a); these
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Figure 8. Structure of red tetragonal PbO (litharge) showmg a) a smgle
square-based pyramid and b) the arrangement in layers

pyramids are alternately arranged with the Pb atoms above and‘ below the O
plane (Fig. 8b). The structure of massicot is similar to that of litharge, but the
four equal Pb-O bond distances present in litharge are replaced in massicot by
two shorter and two longer lengths.

Lead(IT) oxide dissolves readily in acids and is only slightly soluble in
NaOH solutions, except when they are very concentrated. The addition of alkali
metal hydroxide solutions to solutions of Pb(II) salts leads to the formation of a
white hydrate PbO.xH,O (x<1) as a precipitate. When this precipitate is heated
to 100 °C it is converted into red PbO or yellow PbO if heated at lower
temperatures. A pure Pb(OH), hydroxide has not yet been prepared.-

Lead(Il) sulphide, PbS. This compound is found in nature as the mineral
galena and precipitates as a black powder from solutions of Pb(II) salts when
they are saturated with H,S. It may be synthesized in a crystalline form by
adding thiourea to a sodium plumbite solution.

PbS adopts the cubic NaCl-type structure, with the Pb atom in an
octahedral environment. This situation is in contrast to that dlscusged previously
for this atom in the tetragonal form as adopted by PbO at room temperature. A
recent analysis [47] of the electron density, density of states and crystal orbital
overlap populations suggests that the different symmetry of the electron density
of Pb(Il) in both structures is a direct result of the differenf anion-cation
interaction. In PbO, the asymmetric electron density on Pb(Il) is a result of the
interaction of the antibonding combination of the Pb 6s and O 2p orbitals with
the unfilled Pb 6p orbital. The higher energy of the S 3p orbital compared to the
O 2p orbital leads to a weaker anion-cation interaction and also to the absence of
coupling between the eqmvalent antibonding combination and the Pb 6p orbital.

Lead(Il) sulphide is insoluble in deareated water but can be attacked by
oxygenated water, This fact, together with the oxidation of this material by
oxygen, led to the partial evolution of galena deposits in nature to form lead(II)
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sulphate and sulphuric acid. The solubility of PbS increases in acidic media and
an additional route of attack on galena can occur in highly acidic waters. In
contrast, insoluble lead(Il) carbonate complexes are formed in alkaline media.

This compound is an intrinsic semiconductor and can have n-type or p-
type properties depending on the stoichiometry (p-type semiconductor when S
rich and n-type semiconductor when Pb rich) and/or the level of impurities.

Lead(1l) selenide, PbSe. This compound is found in nature as the mineral
clausthalite and is isomorphous with galena. PbSe is synthesized by reacting the
two elements, by the action of H,Se upon lead salts or by adding selenourea to a
solution of lead(II) acetate in the presence of hydrazine. This compound adopts
the NaCl structure and behaves as a semiconductor.

Lead(Il) telluride, PbTe. This compound is found in nature as the mineral
altaite. It can be prepared by reacting the elements together or by adding
tellurium powder to a boiling solution of a lead(Il) salt. The material behaves as
a semiconductor and is a photoconductor at low temperatures.

Lead(Il) fluoride, PbF,. This is a colourless solid and it can be prepared
by dissolving lead(Il) carbonate in hydrofluoric acid followed by decomposition
of the resulting hydrofluoride. PbF, has the rhombic PbCl, structure below 316
°C and the cubic CaF; structure above this temperature.

Lead(Il) chloride, PbCl,. This compound is prepared by reacting lead(II)
oxide, acetate or carbonate with hydrochloric acid. In crystalline PbCl; each Pb
atom is coordinated by nine Cl atoms, six of which lie at the apices of a trigonal
prism and the remaining three beyond the centres of the three prism faces (Fig.
9a). Each Cl is coordinated by four or five Pb atoms (Fig. 9b).
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Upon exposure to air lead(I) chloride readily forms basic chlorides such
as, for example, PbCl,.Pb(OH),, which is used as a pigment.

Lead(Il) bromide, PbBr; This compound can be prepared by the same
procedure as for the chloride, but using hydrobromic acid. The material has the
PbCly-type structure and decomposes slowly when exposed to light, producing
lead.

Lead(1l) iodide, PbI,. This can be prepared by reacting a- water—soluble
Pb(1I) salt with hydroiodic acid or with a soluble metal iodide. The compound
has the CdI, structure.

All the halides are sparingly soluble in cold water but thelr solubility
increases on heating.

Lead(1l) carbonate, PbCQ; This compound occurs in nature as the
mineral cerussite. It is prepared by passing CO, through a SOlUthl’l of cold dilute
lead(IT) acetate.

A basic lead(Il) carbonate, 2PbCO;.Pb(OH),, known as white lead and
found in nature as hydrocerussite, can be prepared by reacting lead(Il) acetate
with carbon dioxide in the presence of air.

Lead(Il) nitrate, Pb(NQj3),. This compound is prepared by dissolving Pb
or PbO in hot dilute nitric acid. The material is very soluble in water and is
widely used to prepare other Pb(Il) compounds. It decomposes on heating to
give PbO, NO, and O, and it is used as an oxidant in ignition mixtures.

Lead(1l) sulphate, PbSO,. This salt is precipitated from Pb(II) solutions
by adding dilute sulphuric acid or a soluble sulphate. As the compound is
practically insoluble in water it is used as a reagent for the detection of Pb(II) in
gravimetric analysis. The compound is considerably more - soluble in
concentrated sulphuric acid, which suggests the formation-of sulphate
complexes. It also dissolves in concentrated alkali solutions.

Lead(Il) chromate, PbCrQOy. This compound is found in nature as the
mineral crocoite and is prepared by reacting solutions of lead(II) acetate and
potassium dichromate in acid media.

Lead(Il) acetate, Pb(CH;COQ),. This is a white crystalline solid that is
prepared by dissolving lead(Il) oxide or lead(IT) carbonate in concentrated acetic
acid. The compound is very soluble in water and its solutions are often used to
prepare other compounds. A trihydrate, also called “sugar of lead” because of its
sweet taste, can be prepared by dissolving lead(II) oxide in hot dilute acetic acid.
The trihydrate is the most common commercial form of lead(Il) acetate.

Some significant physical properties [48] for these lead(II) compounds are
summarized in Table 8.

3.3.2.2. Pb(IV)

Only non-organometallic compounds will be discussed’ here Pb(IV)
compounds with Pb-C bonds will be described in Chapter 3.
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Table 8

Some significant physical data for Pb(II) compounds
Name/Chemical CAS Mol.  Density Mp Solubility
formula number mass }‘g.o::m'3 °C
Lead(IT) oxide/ PbO 1317-36-8 2232 935 888 i H0,EtOH;
(litharge) s dil HNO;
Lead(Il) oxide/ PbO 1317-36-8 2232 9.64 stab>489 1 H,O,EtOH
(massicot) s dil HNO;
Lead(II) sulphide/ PbS 1314-87-0 2393 7.60 1118 i H,0; s acid
Lead(lI) selenide/ PbSe 12069-00-0 2862 8.1 1078 1 H;0; s HNO;
Lead(II) telluride/ PbTe 1314-91-6 3348 8.164 924 i1 Hy0; i acid
Lead(IT) fluoride/ PbF, 7783-46-2 2452 8.44 830 sl H,O
Lead(II) chloride/ PbCl, 7758-95-4 2781 598 501 sl HoO; s alk
Lead(II) bromide/ PbBr, 100312-22-8 367.0 6.69 371 sl Hy0; i EtOH
Lead(II) iodide/ Pbl, 10191-63-0 461.0 6.16 410 sl H,0; i EtOH

Lead(Il) carbonate/ PbCO;  598-63-0 2672 6.6 dec =315 iHO
Lead(Il) nitrate/ Pb(NO3),  10099-74-8 3312  4.53 470 vs HO; s1 EtOH
Lead(Il) sulphate/ PbSOs  7446-14-2 3033  6.29 1087 i H0, acid; sl alk

Lead(Il) chromate/ PbCrO, 7758-97-6 3232 6.12 844 i HyO; s alk,dil acid
Lead(1l) acetate/ 301-04-2 3253 325 280 vs H,O
/ Pb(CH;CO0),

Abbreviations:. Acid, acid solutions; alk, alkaline solutions; dil, dilute; EtOH, ethanol
1, insoluble in; s, soluble in; sl, slightly soluble in; vs, very soluble in
{Adapted from Ref. 48)

Lead(IV) halides

The fluoride PbF, can be prepared as tetragonal and significantly stable
needles by reacting PbF; with F, above 250 °C. The chloride PbCl, is prepared
by passing chlorine gas into a suspension of PbCl, in hydrochloric acid at 0 °C,
with  the resulting chlorocomplex  precipitated as ammonium
hexachloroplumbate and then decomposed by adding it to cold sulphuric acid to
render the free chloride,

Lead(IV) oxide, PbO,. Present in nature as the somewhat rare mineral
platinerite, this compound can be prepared by the electrolytic or chemical
oxidation of Pb(II) salts. Practically insoluble in water, it is somewhat soluble in
acids and forms Pb(IV) salts. On heating above 550 °C this compound gives
PbO and O,. As a strong oxidizing agent it is used in the chemical industry and
is an essential component of lead-acid batteries.
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Figure 10. Structure of red lead Pb;O, (minium) showing octahedra of Pb" O
and pyramids of Pb Os.

Pb30,, also called minium or red lead, is a brilliant orange-red pigment
that is obtained by heating lead(Il) oxide in air at 450-500 °C. This compound
decomposes above 550 °C to give PbO and O,. This material contains Pb(IV)
and Pb(Il) in a structure that is composed of chains of Pb(IV)Og octahedra
joined by their opposite edges; the chains are linked by Pb(II) ioris coordinated
in a pyramidal environment by three oxygen atoms. A fragment of the structure
is shown in Fig. 10.
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Table 9

Some significant physical data for Pb(IV) compounds

Name/Chemical CAS Mol. Density Mp Solubility

formula number mass /gem®  /°C

Lead(IV) fluoride/ PbF4 7783-59-7 2832 6.7 =600

Lead(IV) chloride/ PbCly 13463-30-4  349.0 -15

Lead(IV) oxide/ PbO, 1309-60-0 2392 9.64 290 dec

Lead(ILILIV) oxide/ PbsOs  1314-41-6  685.6 8.92 830 i H;0, EtOH;
s hot HC1

Lead(IV) acetate/ 546-67-8 4434 223 =175  reac HyO, EtOH;

/ P(CH3C0O0)4 s bz, chl

Abbreviations: bz, benzene; chl, chloroform; EtOH, ethanol; i, insoluble in; reac, reacts with;
s, soluble in.
(Adapted from Ref. 48)

The action of warm glacial acetic acid on Pb;O, followed by cooling of
the resulting solution gives lead(I¥V) acetate. This compound is a solid that is
very sensitive to moisture and is widely used as an oxydizing agent in organic
synthesis.

The significant physical properties [48] of these Pb(IV) compounds are
summarized in Table 9.

4. APPLICATIONS

Lead is currently used for lead-acid storage batteries, for construction purposes
(as sheets and pipes), for cable sheathing, radiation shielding, in alloys and other
minor applications. Lead compounds are also present in batteries, PVC
additives, pigments and other paint additives, glass, glazes and enamels and
functional ceramics [6, 28].

4.1 Lead metal

The greatest use for lead today is in Lead-acid batteries (in 2004, 71% of
the total world lead consumption was for this use [29]). Automotive batteries for
starting, lighting and ignition (SLI batteries) are largely used. Furthermore,
traction batteries are used to power electric vehicles and stationary batteries are
used in systems and installations for which instant emergency back up power is
required in case of power failure, such as computers, telecommunication
systems and scientific instrumentation.

A storage battery or accumulator like this is a device that stores electrical
energy as chemical potential energy. The electric energy in the “charge” step
produces a chemical reaction that gives products that behave as an energy
reservoir; this energy is then released as an electric current in the “discharge”
step.
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The simplest description of the battery is a tank of dilute sulphuric acid
(2.4-4 M; density 1.15-1.22 g.cm™) into which two electrodes are introduced.
The negative electrode is made of a grid of spongy metallic lead (antimony,
calcium or tin are added to increase the strength, lifetime and resistance to
fatigue) and the positive terminal is a grid filled with PbO,. When the two
electrodes are connected by an electric conductor the chemical reaction that
occurs can be represented schematically as follows:

Pb+8S0,” €—— PbSO,+2¢

PbO, + 4 H + SO,* + 26 &———* PbSO, + 2H,0

discharg_e‘
Pb02 +Pb+2 HzSO4 im;-— 2 PbSO4 + 2H20

As the discharge gets under way, the cell produces a voltage of 2V,
sulphuric acid is consumed and both electrodes are covered by insoluble lead
sulphate. To recharge the battery an external source of more than 2V must be
applied in a reverse sense, converting the lead sulphate into lead and lead
dioxide.

Even though these batteries are heavy, bulky and store only a limited
amount of energy, they are currently the most economic way to store energy.
Other alternatives, such as nickel/cadmium batteries, are useful only for specific
applications or are still being tested.

Extruded lead is widely used; in fact, the manufacture of lead sheet is,
after batteries, the second most important use of metallic lead. Most lead sheet is
used in the building and construction industry, where typical applications are
flashings and weatherings, complete roofing systems and vertical wall cladding.
The characteristics of lead sheet, such as durability, low maintenance, recyclable
nature and low energy requirement for conversion, still make this material useful
in comparison to other, often cheaper, alternatives. However, although the
demand in the UK is constant, probably due to the style of buildings, climatic
conditions and its traditional usage, some of these alternatives based on
aluminium, steel, zinc, copper or polymers are widely used in other countries.

To a lesser degree lead sheet is used for radiation shielding. The high
density and atomic number of lead makes it useful to provide protection against
gamma and X-ray radiation. This protection is necessary in medical installations
and in the nuclear power industry.

The use of lead pipes for domestic water supplies, which has been a
general application since Roman times, has reduced considerably; the
replacement materials are copper or PVC. However, for specific industrial
applications the corrosion resistant lead pipe is still used.
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Lead is also used as a sheathing material for power cables in the
petrochemical industry and undersea, as well as for high voltage underground
cables. Lead is impervious to water, has good corrosion resistance, can be
extruded in very long lengths, can be easily joined by soldering and can be
applied to the cable core at moderate temperatures; despite these interesting
characteristics, it is now being replaced in some applications by aluminium
sheets or foil although replacement is still difficult for undersea cables.

Other examples of lead products include lead shot and other munitions,
for which steel can be an alternative, or lead weights, with stainless steel or
plastic coated iron as alternatives. Other historical uses include figures,
ornaments and seals; in these cases lead has been replaced by other metals or
plastic.

Lead metal in powder form is a component of paints, pigments and pastes
when mixed with lead(IT) oxide.

The use of lead in alloys constitutes another significant application
because the addition of lead to other metals improves the properties of the
resulting alloy. Tin-lead alloys were used as solders in ancient times (Table 1)
and are still the most widely used today; their low melting points (the lowest
melting point is 183 °C for a 38% lead/72% tin composition [28]), good flow
characteristics and low price make them highly suitable for many applications
particularly in the electronics industry, in which 10% of the lead consumed in
the USA in 2000 was used [49].

Even though the USA government has not yet introduced regulations
against the use of lead in electronics production, Japan required all new
electronic products to be lead-free as of 2005 and the European Union will ban
lead from these products in 2006 [49].

In response to this new legislation, lead-free alloys and electrically
conductive adhesives are being tested as alternatives [49]. These alloys contain
tin as a primary element plus silver, copper, bismuth, zinc, indium or nickel,
with tin/silver/copper appearing to be the most promising. With respect to the
adhesives, they still suffer from significant drawbacks for high-power devices
due to conductivity fatigue in reliability tests, limited current carrying capability
and poor impact strength.

Pewter and lead-tin alloys for ornaments and tableware are no longer
manufactured in significant quantities. Lead-tin alloys and bronzes with a
content of up to 20% lead are still used for bearings and small amounts of lead
are added to modern copper, aluminium, bronze and steel alloys to improve
machinability.
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4.2. Lead compounds

The addition of lead(Il) oxide to glass has been known since Antiquity
and was discussed above. This addition not only causes a dramatic reduction in
the melting temperature of glass, making it softer and easier to cut, but also
increases the refractive index, making the glass not only more attractive but
giving it excellent optical properties. These properties together with its high
density make leaded glass useful for radiation shielding, in applications ranging
from the manufacture of cathode ray tubes or fluorescent tubes to electric glass.
Leaded glass is also used to protect people from the danger of radiation from X-
ray equipment or radioactive materials in hospitals, laboratories and nuclear
power stations.

The incorporation of lead compounds into PVC gives good stability to
heat and UV light, good electrical and mechanical properties and good
processing behaviour. These reasons make lead salts, for example lead(II)
carbonate and a basic sulphate of composition 3PbO.PbSO,4.H,0, the most cost-
effective stabilizers and these are nowadays widely used for rigid PVC products.

The ancient use of lead compounds in glazes and enamels is in steady
decline, although for specific products litharge is still used. In addition, some
compounds such as lead(Il) cyanamide, lead(Il) oxide (litharge), the basic
lead(II) carbonate 2PbCO;.Pb(OH),, Pb;O4 and lead(Il) chromate are still used
for specific paints and pigments. In particular, Pb;O, (or minium) is widely used
as a protective agent to prevent iron or steel from rusting in a moist atmosphere.

As a photoconductor, lead(Il) sulphide is used in photographic light-
meters and photoelectric cells and as a radio receptor it was widely used in early
crystal radio receivers.

Ceramics containing lead(II) zirconate or lead(I) titanate have
piezoelectric properties and have a limited use.

Apart from this wide range of uses [6, 28], several of the lead compounds
mentioned above, as well as other lead(Il) and lead(IV) compounds, have
specific applications in laboratories or in industry. A detailed overview of these
applications can be found in references 27 and 50.
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Chapter 2

Lead(II) coordination chemistry in the solid state
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15782 Santiago de Compostela, Spain

1. INTRODUCTION

Most of the inorganic chemistry of lead is associated with the (II) oxidation
state. The few compounds containing Pb(IV) that have been well characterized
are all strong oxidizing agents. The opposite is true in organolead chemistry.
This rather striking division has been traditionally associated with the “inert-pair
effect” [1] and, more recently, to the differences in the radial extension of s- and
p-orbitals when electronegative substituents are bound to the metal. If these
differences increase, then the sp” hybridization becomes more unfavourable, the
Pb—X bonds become weaker and the (IV) oxidation state becomes more unstable
[2].

This chapter deals with the coordination chemistry of Pb(Il) in the solid
state, a particularly fascinating field that has experienced a clear resurgence in
the last few decades. The numerous applications of the metal in technology (see
Chapter 1), its widespread occurrence in the environment and public concern
about its toxic effects (see Chapter 3) have markedly increased the attention paid
to its interaction with both natural and non-natural ligands.

It must be noted that Pb(Il) is a rather large ion (see Table 1) and behaves
as a borderline acid according to the HSAB principle of Pearson [3]. These
properties permit a broad range of coordination numbers (CN) in its complexes
and make the selection of the donor atoms flexible. In accordance with this,
Pb(II) complexes exhibit CNs from quasi-one to twelve, while O, N, S, P, Cl, Br
or I donor atoms are common in its coordination sphere.

There are some additional problems that make lead coordination
chemistry more complicated. In many cases the distances between the lead and
the donor atoms of its ligands are widely spread, making it very difficult to
establish the exact coordination number of the metal. Although the sum of the
van der Waals radii is normally a good criterion to fix an upper limit for the
distances belonging to secondary metal-to-ligand interactions, the more widely
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accepted value for ryuw in the case of Pb(Il) (2.00 A, Table 1) may be
underestimated [4].

Table 1.

Radii of Pb(II) (A)

Tonic radius Cov. radius v. d. W. radius
1.32° 1.54° 2.00°

1. Emsley, The Elements, Oxford Univ. Press, N.Y., 1998
®) E. Huheey, E.A. Keiter and R.L. Keiter, Inorganic Chemistry, Fourth
Edition, Harper Collins, 1993.

The use of the aforementioned criterion therefore does not always
contribute to define the coordination number in lead complexes. In such
situations, some authors accept as significant contacts those that, although
longer than the “normal” bond distances, are much shorter than the next most
distant contact.

Another aspect is that Pb(II) stereochemistry is conditioned by the
structural effect of the 6s® electron pair. Whether or not this electron pair is
“stereochemically active” has a very significant influence on the geometry of
Pb(IT) coordination compounds (vide infra).

All of these factors contribute to a particularly fascinating coordination
chemistry with relevance in many areas of knowledge, extending from
theoretical chemistry to the fields of ecology and toxicology.

This Chapter is based on the reviews published by Harrison [5, 6], Parr [7,
8], Holloway and Melnik [9], Glusker et al. [10] and Godwin et al. [11]. All of
this information was updated using a structural search of the Cambridge
Structural Database (CSD) [12] and a SciFinder® Scholar survey of the recent
literature.

Readers interested in the coordination chemistry of lead(Il) in solution —
namely the kinetics and thermodynamics of the lead/ligand interactions — are
referred to the work of Godwin et al. [11] for a recent discussion of this topic.

2. THE STRUCTURAL RELEVANCE OF THE LEAD(II) 65’ LONE
PAIR

Pb(Il) has an electronic structure [Xe]4f'*5d'°6s”. Due to relativistic effects,
which are maximum at Au(I) but also operative in other close 6p metals such as
lead, the 6s orbital is contracted and stabilized. As mentioned above, this
stabilized 6s pair reduces its participation in the chemistry of the element
(becoming an “inert-pair”) and this explains why inorganic Pb forms compounds
in a lower oxidation state (less by two) than would be expected from its group
number (see 3.3.2 in Chapter 1).
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Figure 1. Stereochemical influence of the 6s pair (D = donor atom of a ligand)
(Adapted from Ref. 10).

The apparent reticence of the 6s electrons to play a role in the chemistry
of the element may also affect the stereochemistry of Pb(Il) complexes. This
influence can be understood in terms of simple hybridization or valence shell
electron-pair repulsion arguments (an alternative approach to this topic has
recently been published [13]). On using the former approach, it seems that the 6s
orbital, in spite of its stabilization, can hybridize with the 6p orbitals to give a
“stereochemically active” 6s electron pair (or stereochemically active lone
electron pair, SALEP) occupying one position in the coordination sphere of the
metal. Because the pair is not directly detectable, its presence is normally
identified by a void in the distribution of the coordination bonds (hemidirected
coordination, see Fig. 1).

If hybridization does not occur and the pair has only s character, then it is
“stereochemically inactive” and the complex does not show a gap or void in the
bond distribution (holodirected coordination, see Fig. 1) [10].

In this respect, some regularity was observed in the CSD search carried
out by Glusker et al. [10]. For low CN values (from 2 to 5) all Pb(IT) compounds
show hemidirected geometries. One recent example is the derivative of the
tetrakis(imidazolyl)borate anion [Pb{B(Im)}]NO;(xH,0) (x = 0-1.5) prepared
by reacting an H,O/EtOH solution of Na{B(Im),} and aqueous Pb(NO;), [14].
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Figure 2. Hemidirected centre in [Pb{B(Im)s} INO; (Adapted from Ref. 14).

In this complex each Pb(Il) atom is coordinated by four imidazole rings
from different borates, giving rise to a hemidirected centre (see Fig. 2).

It was also concluded that structures with coordination numbers 9 and 10
are all holodirected, although it was pointed out that relatively few structures
with these high coordination numbers were included in CSD when the database
was reviewed [10]. Finally, for intermediate coordination numbers (6-8), both
hemidirected and holodirected coordination geometries occur [10].

There are several factors that can “favor (but not rigorously determine)”
[10] the adoption of a hemi- or holodirected structure by a complex. These
factors can be summarized with the following “rules” (i) low coordination
numbers, hard ligands (O or/and N donor atoms) and attractive interactions
between them (e.g. chelate or multidentate ligands) all favour a hemidirected
stereochemistry; (ii) high coordination numbers, soft ligands (e.g. CI', Br and
I') and repulsive interactions between them lead to holodirected structures [10].
Although these two “rules” are not infallible, they can be useful in the aprioristic
design of lead(IT) complexes with specific structural characteristics.

A very good illustration of the relationship between the low CNs with the
hemidirected situation and the higher CNs with the holodirected one is provided
by the apatite-related compound Pbs(SiO4)(VO,), [15]. The structure of this
compound has two non-equivalent Pb(Il) centres, as shown in Fig. 3. Pb(1) is
coordinated to six O ligands, which are positioned at the vertices of a pentagonal
pyramid. The void in the coordination sphere of the metal is clearly observable
and strongly suggests a SALEP. The Pb(2) metal centre, in turn, has a CN 9 with
a distorted coordination but, nevertheless, without an obvious gap in the
coordination sphere. So Pb(1l) has a hemidirected coordination and Pb(2) a
holodirected one.

However, the situation is not always as clear as this. In fact, the
association of higher CNs with holodirected structures does have some
exceptions,



Figure 3. The two non-equivalent Pb(II) centres in Pbs(SiO4)(VOs), [15].

For example, the complex [Pb(BzImH),py(H,0)>(NOs),]:(BzImH),py-
‘H,0, prepared by reacting aqueous lead(Il) nitrate with an alcoholic solution of
the 2,6-bis(2-benzimidazolyl)pyridine ligand, contains the metal -centre
coordinated to the three nitrogen atoms of the organic ligand, to the four oxygen
atoms of the nitrate anions and to the two oxygen atoms of the water molecules,
resulting in a nine-coordinated lead(Il) structure. In spite of this high
coordination number, the arrangement of the donor atoms suggests the presence
of a gap, as occurs when the 6s pair is stereochemically active [16]. Several
additional examples will be discussed in Section 3.5.

In case of doubt, it can be useful to use some complementary rules to
ascertain the presence of a SALEP [17]. It seems that the presence of such a pair
leads to: (i) a shortening of the Pb—D bond(s) (see Fig. 1) opposite to the
hypothetical site occupied by the lone pair, a situation that leads to unusually
short distances for a bond of that type, and (ii) a progressive lengthening of the
other Pb—D bonds in the hemidirected stereochemistry as one moves toward the
lone pair site.

The application of these rules also supports the proposed hemidirected
coordination in the complex [Pb(BzImH),py(H,0),(NO;),](BzImH),py-H,0O. In
this compound, the Pb—O bond distance (2.542 A) associated with the water
molecule opposite to the putative stereochemically active lone pair is clearly
shorter than the Pb—O bond distance to the water molecule located near the gap
(2.859 A) [16].

A more elaborate way to assess the structural distortion induced by the 6s
electron pair is to plot the Pb—D bond length against the lone-pair—Pb—D angle
[17]. The location of the lone pair in a structure can be determined as follows: (i)
if there is a rotational axis of symmetry, the pair should lie on this axis, which
will be the only symmetry axis, and a gap in the coordination sphere of the metal
or very long Pb—D bonds should be observable at the position of the lone pair;
(ii) if there is no axis of symmetry in the complex, the lone pair can be located
by looking for unusually short Pb—D bonds that, as mentioned above, should be
located opposite the pair. When there are two short bonds, then the axis passing
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through the lone pair should bisect the angle between these bonds. In complexes
where three short bonds are present, the axis through the lone pair should pass
through the centre of the triangle defined by the three bonds, etc.

As shown in Fig. 4, the plot associated with a holodirected structure is a
line parallel to the abscissa axis, which means that there is no variation in the
Pb-D bond lengths when one moves around the coordination sphere. The
structures with increasing hemidirected distortion produce curves that
progressively separate from the holodirected line [17].

4.5

highly distorted

3.5

weakly distorted

// T ——
no distortion \

2.3 : :
0 80 180

lone-pair - Pb - D angle (deg)

Pb-D bond length(A)

3.0+

Figure 4. Plot of Pb-D bond length versus lone-pair-Pb-D angle for
holodirected and hemidirected complexes (Adapted from Ref. 17).

Even with the aid of these complementary rules, sometimes it is not a
straightforward task to classify a structure as hemidirected or holodirected due
to the problems in establishing unambiguously the exact identity of the lead
coordination sphere. A good example of this type of situation is found when the
structure of the lead(Il) carboxyethylphosphonate [Pb3(O,CCH,CH,PO3),] is
analyzed. This complex has a structure consisting of three crystallographically
independent Pb(II) centres with different coordination numbers that were
formerly defined as 3, 4 and 5. At the same time each centre has a SALEP,
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which occupies the fourth, fifth and sixth coordination positions, respectively
[18]. Such hemidirected coordination spheres were apparently established by
assuming an upper limit for the Pb—O bonds of 2.75 A. However, if the cut-off
distance that defines such bonds is increased to 2.9 A, then the coordination
numbers of the Pb(Il) centres become 5, 6 and 7 [19a] and Pb(3) probably
reaches a holodirected coordination (see Fig. 5). It is worth noting that in these
examples both limits for Pb—O bond lengths are longer than the sum of the
covalent radii (2.28 A) but clearly shorter than the sum of the van der Waals
radii (3.50 A) (see Table 1 and references therein). This suggests that even the
longest bonds close to 2.9 A can be considered as significant bonding
interactions. Another interesting example has recently been discussed by
Harrowfield [19b].

Analysis of Pb-O bond distances in the CSD points to the same
conclusion because there are many examples of structures containing Pb—-O
bond lengths equal to or greater than 2.9 (see Fig. 6), despite the fact that the
mean value for this distance is 2.613 A and the number of structures with bond
distances longer than 2.7 included in the database diminishes quickly.

(b)
Figure 5. Coordination geometry for the Pb(3) centre in the
[Pb3(O,CCH,CH,POs),] complex (CSD Ref. DINDUZ, [18]) when an upper
limit of 2.75 (a) or 2.9 A (b) for the Pb—O bond distance is considered.
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Figure 6. Histogram showing the number of bonds (N) versus the Pb—O bond
distance (DISTANCE) for the complexes included in the CSD [12]. The
minimum, maximum and mean values in the X-axis are 2.100, 3.413 and 2.613
A, respectively.

The appropriateness of a careful analysis of all the short contacts between
the Pb(Il) centre and the surrounding donor atoms, even including the
intermolecular interactions, before establishing whether the coordination is holo-
or hemidirected, is clearly illustrated by the complex [Pb(DBM),] (HDBM =
1,3-diphenylpropane-1,3-dione) [20]. At first sight, the lattice of this compound
comprises centrosymmetric dimeric units Pb,(DBM), with two apparently
hemidirected {PbOs} kernels. However, a closer look at the structure indicates
the possible presence of a n°> Pb--C interaction with a phenyl group for each
metallic centre. Furthermore, there is long-standing evidence that lead can
interact with phenyl rings to give hexahapto (n°) contacts [see, e.g., Ref. 21]. In
the present case, if the intermolecular approach between dimeric units is
considered, then a n® Pb--C interaction between each Pb(II) and a phenyl group
from a neighbouring unit also becomes apparent. All of these contacts lead to a
“new” irregular but holodirected {PbOsCg} kernel [20].

The last intermolecular hexahapto interaction brings to the fore an
interesting issue. Can Pb(II) behave as a Lewis base, as Sn(II) does, through the
6s lone pair? Can the hexahapto interaction be a bond involving this lone pair,
with the aromatic ring depleted in electron density acting as the acceptor?
Unfortunately, this question does not have an easy answer because the opposite
interpretation, with the metal behaving as a Lewis acid, is also possible.
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Figure 7. (a) The ligand DOTAM and (b) the structure of one of the two cations
[Pb(DOTAM)]2+ (CSD Ref. AYOSIQ, [17]) and the orientation of the water
molecule.

This issue — albeit in a different context — has been addressed recently by
Hancock et al. [17]. They prepared the complex [Pb(DOTAM)](Cl1O4),4.5H,0,
where DOTAM is a tretraaza macrocycle with amide pendant arms (see Fig. 7).

According to an X-ray diffraction study, the complex contains two distinct
[Pb(DOTAM)]** cations, both with a hemidirected structure and the metal
coordinated to four N-donors from the macrocycle and four O-donors from the
pendant arms. These cations differ in the identity of the atoms located a long
distance above the gap in the coordination sphere: a water molecule in one case
and the amide nitrogen in the other. In the former case, the oxygen atom of the
water molecule is 3.52 A above the putative site of the lone pair (see Fig. 7).

Although locating H atoms near a heavy Pb atom in an X-ray study is not
an easy task, careful analysis of the data led to the conclusion that one of the
hydrogens of the water molecule is close to the surface of the Pb(Il) ion,
possibly giving rise to a hydrogen bond that involves the stereochemically active
lone pair (i.e., a Pb-lone-pair--H-O hydrogen bond). Nevertheless, it was
concluded [17] that there is no H-bond, but that the presence of the lone pair
allows a closer approach between the hydrogen and the metal centre than would
be possible in the absence of the lone pair.

A final, unsuspected role for the 6s lone pair has recently been proposed.
It is related with the toxic effects of lead compounds, a problem that will be
discussed in detail in Chapter 4. Briefly, lead poisoning causes anaemia because
it interferes with heme synthesis; heme is the prosthetic group of haemoglobin
and other biomolecules. This interference in the heme biosynthesis pathway is
related to the capacity of lead to behave as an inhibitor of the
coproporphyrinogen oxidase, ferrochelatase and 5-aminolaevulinic acid
dehydratase (ALAD) enzymes, with the effect being more marked on the latter
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system (see Chapter 4, 5.2.1). ALAD (which is also known as porphobilinogen
synthase) in animals, fungi, archaea and some bacteria contains an essential
catalytic site with zinc [22]. This site has a rather unusual amino acid
composition for a catalytic zinc, namely three cysteine ligands. The metal is
essential for binding one of the substrate molecules (8-aminolevulinic acid)
through the carbonyl oxygen and the amino nitrogen atoms [22].

In the presence of lead, the zinc is displaced from ALAD and the catalytic
centre is occupied by the lead. Although the lead maintains the three bonds with
the cysteine ligands (see Fig. 8), unlike the native metal, it has a SALEP that
tempers the electrophilicity of the catalytic centre, eventually leading to enzyme
inhibition [23].

This may not be an isolated example of the differences between lead(II)
and zinc(II) coordination behaviour in biological systems. As pointed out
recently [24], in cases of lead poisoning the preference of lead(Il) for Pb(II)-S;
coordination instead of Pb(II)-S,; could also be responsible for the improper
folding of the transcription factors that contain cysteine-rich (Cys,) zinc-binding
domains, thus reducing or preventing their binding to DNA. This phenomenon
could be one of the molecular mechanisms that contributes to the toxic effects of
lead(11).

Figure 8. Pb(Cys); centre in yeast 4-aminolaevulinic acid dehydratase lead
complex (1QNV, Protein Data Bank).
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3. STRUCTURAL CHARACTERISTICS OF THE COORDINATION
COMPOUNDS OF LEADI) IN THE SOLID STATE: SOME
RELEVANT EXAMPLES

In this section, the more relevant aspects of the coordination of lead(Il) in the
solid state will be discussed. This discussion is not comprehensive, comprising
only some interesting examples that are ordered by increasing coordination
numbers of the metal. The reader may refer to more specialized works for more
complete coverage of this rather large field [5-9, 11]. The examples selected
throughout this section will exclude compounds with C—Pb bonds because these
systems are considered at length in Chapter 3. Only occasionally is one of these
compounds included and this is due to its particular relevance to the matter
under discussion. If the specific structure of a complex is alluded to, then the
corresponding figure caption will include its CSD reference, as in the previous
section.

3.1. Coordination numbers lower than four

Examples of “inorganic” lead(Il) complexes with a coordination number
lower than two are not known. The only compound with quasi-one-coordinate
Pb(I]) is an organometallic derivative containing a strong C-Pb(Il) bond as well
as a weak interaction with a solvent molecule (Fig. 9). This interaction is with a
toluene molecule but only involves two of the carbon atoms from the toluene
ring and, as such, can be described as being of the n2 type [25].

The compound was prepared using the steric influence of the bulky
monodentate terphenyl ligands. This type of ligand (see Fig. 9a) wraps around
the metal centre and hinders the approach of additional coordination entities — a
situation that leads to very low coordination numbers and some interesting
chemistry [26].

The synthesis of the quasi-one-coordinate lead complex was achieved by
reacting (2,6-Trip,-CsHs)-Pb-Me with one equivalent of B(C¢Fs); in toluene:

toluene
(2,6-Trip2-C6H3)-Pb-Me + B(C6F5)3

[Pb(2,6-Trip,-C¢Hj)(toluene)][B(C4Fs);Me] (1)
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(a) : (b)

Fig. 9. (a) The bulky monodentate ligand (2,6-Trip,-C¢H;) bound to a metal M
showing the steric impediment; (b) structure of the [Pb(2,6-Trip,-
C¢Hs)(toluene)]” cation of the [Pb(2,6-Trip,-CsHs)(toluene)][B(CeFs)sMe]
complex (BEWKAQ, [25]) showing the n*-bound toluene molecule at the
bottom.

The terphenyl ligand is bound to the metal centre through a strong C(1)—
Pb bond [2.250(7) A] (Fig. 9b), which is marginally shorter than the same bond
in (2,6-Trip,-CsH;)-Pb-Me [2.272(9) A]. Additionally, the lead(Il) interacts
weakly with a molecule of toluene that is also included in the lattice. Analysis of
the distances between the metal and the toluene ring suggests that the weak
interaction is of the n> Pb~C type and involves the C(37) and C(42) carbon
atoms, which are located at distances of 2.832(10) and 2.907(9) A from the
lead(II), respectively. Thus, the coordination number of the metal centre is not
strictly one. Nevertheless, this very low coordination number is due not only to
the bulkiness of the ligand but also to the low basicity of the tetraorganoborate
counterion [see Eq. (1)]. In fact, the same ligand does allow the approach of
some other bulky groups to the lead atom, as will be seen below.

A review of the literature during the period 1995-1996 was carried out by
Holloway and Melnik [9] and includes eleven examples of lead(Il) compounds
with the coordination number two. Of these eleven, four are organometallic
compounds, several also include additional metal-to-ligand secondary
interactions and some do have such interactions although they are not
specifically mentioned by the authors. A survey of the Cambridge Structural
Database, focussed on the structures published between 1996 and 2004, detected
two more examples, one of which contains Pb-M bonds.
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Figure 10. Structure of (a) [Pb{N(SiMe;),},] (BUGRUQ, [27]) and (b)
[Pb{Si(SiMes);}2] (ZAHTIL, [28]). The hydrogen atoms have been omitted for
clarity.

As occurs with the coordination number quasi-one, genuine lead(Il)
compounds with a coordination number two arise when very bulky ligands are
present and in these cases the stereochemistry is always angular — with the only
exception containing Pb—M bonds. The first example is the stable lead(Il)
bis(trimethylsilyl)amide [Pb{N(SiMes),},], which was studied by X-ray
diffraction in the solid state (Fig. 10a) and by electron diffraction in the gas-
phase [27].

The average value of the Pb—N distance is slightly longer in the crystal
[2.24(2) A] than in the gas-phase [2.20(2) A] but the difference in the N-Pb-N
angle is bigger [103.6(7)° and 91(2)°, respectively]. Although the solid state
angle is consistent with sp* hybridization for the metal atom with a SALEP at
one of the hybrid orbitals, the angle in the gas-phase would be compatible with
the absence of hybridisation and the involvement of pure 6p orbitals in the Pb—N
bonds. However, Fjeldberg et al. [27] relate the difference in the angles to the
fact that packing the molecules in the lattice gives rise to close intramolecular
contacts, meaning that the NPbN angle opens and ensures the relief of steric
strain.

This compound is a good starting point for the preparation of other
complexes with two-coordinated lead(II). For example, reaction of the complex
with the [tris(trimethylsilyl)silyl] derivative of a heavy alkali metal in n-pentane
at —60 °C affords [Pb{Si(SiMes);},] (Fig. 10b) [28]. Reaction with silylene 1
gives the bis(silyl)lead(II) compound 2 [29]:
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Np

N
Q ‘;Si + Pb[N(SiMes),] .
N

Np
1 (Np = CH,'Bu)

(Me;;SI)zN N(SIM93)2

/NNp | )

Both [Pb{Si(SiMe;);},] and 2 are angular complexes, with Si-Pb-Si bond
angles of 113.56(10)° and 105.8(1)°, respectively, and their structures are
therefore compatible with the presence of a SALEP. In accordance with this
situation, a reaction pathway involving an intermediate was suggested for the
process in Eq. (2), in which [Pb{N(SiMe;),}] behaves both as a Lewis base and
as a Lewis acid [29].

A very different situation has been observed in the complex
[Pd(Pyphen);Pb](ClOy),, where P,phen is 2,9-bis(diphenylphosphino)-1,10-
phenanthroline [30]. Each of the P,phen bismonodentate ligands in the structure
bridges the two Pd(0) centres, which thus become three-coordinated. These two
trigonal centres behave as if they are metallophilic, each forming a bond with
the lead(IT) ion (Fig. 11a). The “box-like” Pd,(P,phen); moiety formally behaves
as a host while Pb(Il) is the guest ion.

The Pb-Pd bond distances are almost identical [2.7095(6) and 2.6902(6)
A] and the kernel Pd-Pb-Pd (Fig. 11b) is practically linear [178.75(1)],
indicating a stereochemically inactive 6s lone pair on the lead. In fact, Catalano
et al. [30] rationalized the metal-metal interaction using a qualitative MO
diagram that combines the 6s lead orbital with the 4d,* palladium orbital, both of
which are filled, and the empty 6p, lead orbital with the empty 5p, palladium
orbital. The result of this combination is a stabilization of the filled orbitals
relative to the unfilled ones, a situation that leads to a bonding interaction
between the three metals. So, in this complex and according to this proposal, the
6s pair is involved in the bond. An earlier Pt—Pb complex showed the same type
of metallic arrangement (a linear Pt—Pb-Pt fragment) but it also contained eight
relatively strong F---Pb interactions [31].
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Fig. 11. (a) General arrangement of the cation [Pd,(Pophen);Pb]*" (QAZGIH,
[30]) and (b) the coordination sphere of the two types of metal in the cation.

Interestingly, the quasi-one-coordinate lead(Il) complex cation [Pb(2,6-
Trip,-CsH3)]" (see Fig. 9a), despite the constraint produced by the bulky
terphenyl ligand, is able to form a Pb-Mo triple bond when [Pb(2,6-Trip,-
C¢H;)Br], reacts with the dinitrogen complex cis-[Mo(N,),(PMe;)4] in toluene at
room temperature [32a]. Similar reactions occur when [Pb(2,6-Trip,-CsH3)X],
(X = Br, I) complexes interact with [W(N,),(PMe;),] in the same solvent at 100
°C [32b].

(a) (b)

Figure 12. (a) Scheme of the [Br(PMes)sMo=Pb(2,6-Trip,-C¢H;)] complex and
(b) view of the Pb(II) centre and the surrounding atoms in the complex
(BEQYEC, [32a]). The methyl groups of the phosphines and the isopropyl
groups of Trip have been omitted for clarity.
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The Mo complex (Fig. 12a) has a very short Mo-Pb bond [2.5495(8) A],
as one would expect for a bond multiplicity of three, and the Mo—Pb—C fragment
is practically linear [Mo—Pb—C bond angle is 177.8(2)°] (see Fig. 12b). The two
W complexes have very similar structures [32b]. All of these compounds, which
are formally analogous to the Fisher-type carbynes (i.e., they are
plumbylidynes), are the first derivatives that contain a triply bonded main group
element of the sixth row of the periodic table.

As one might expect, the number of complexes containing three-
coordinate lead(Il) is higher than the the number of compounds with the two-
coordinate metal. Indeed, Holloway and Melnik [9] cited eight complexes with
CN = 3, while our own search of structures incorporated in recent years to the
CSD revealed around twenty additional compounds of lead(Il) with this
coordination number (if the derivatives including metal-metal bonds are also
considered). In most of the examples available, the lead coordination sphere is
pyramidally configured and displays a stereo-active lone pair.

This low CN is again induced by bulky ligands that, once bound, reduce
the coordination volume available around the metal ion and consequently hinder
the incorporation of additional donor atoms. The use of the aforementioned
bis(trimethylsilyl)amide derivative, [Pb{N(SiMes),},] (Fig. 10a), as a stable
starting material also opens up synthetic routes for the preparation of
compounds with CN = 3.

A representative example is the reaction of this compound with
tris(methylsilyl)methanethiol diethyl ether, which affords the dinuclear complex
[Pb(NR2)(u~-SCR3)]» (R = SiMe;) shown in Fig. 13a [33].

@ (b)

Figure 13. Kernel of (a) [Pb(NR,)(u-SCR3)], (DEWTIL, [33]) and (b)
[Pb(NR;)(p-OR)}; (VAGKIX, [34]) showing the pyramidal arrangement of the
two lead(II) ions (R = 8iMe;). The methyl groups have been omitted for clarity.
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In addition, the metathesis of [Pb{N(SiMe;),},] with tert-butyl isocyanate
produces [Pb(NR,)(1-OR)], [Eq. (3)], which is also a dimeric complex with
three-coordinated lead(Il) in a trigonal pyramidal environment (Fig. 13b) [34].

-Me;SiN=C=N'Bu

Pb{N(SiM +'BuN=C=0 >

— > 1/2 [Pb{N(SiMe;),} {O(SiMe3)} ] A3)

Mononuclear complexes can be prepared by reacting the potassium salts
of the tridentate bis(1-azaallyl) ligands (Scheme 1, a) with PbCl, in THF.

Scheme 1

Crystallization of this complex from Et,O afforded crystals of b (Scheme
1) with the metal coordinated through the three nitrogen atoms of the ligand.
Despite the constraints of the ligand, the geometry at the metal centre is trigonal
pyramidal with a SALEP [35].

An exception to this pyramidal stereochemistry can be found in another
complex of the ligand (2,6-Trip,-C¢Hj) (see Fig. 9(a)). The complex [Pb(2,6-
Trip,-C¢H;)Br], was again the starting material and was reacted with W(CO); in
THF/hexane solution. The orange solid [{W(CO),}(u-Br){u-Pb(2,6-Trip,-
CeHs)}] was isolated in low yield (ca. 7%) and was studied by X-ray diffraction
(Fig. 14) [36].
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Figure 14. Structure of the complex [{W(CO),}2(u-Br){u-Pb(2,6-Trip,-C¢Hs)} ]
(YEWGIQ), [36]) showing the trigonal coordination of lead(Il). The Trip, part of
the aromatic ligand has been omitted for clarity.

This study showed that the molecule has a plane of symmetry that
includes the {PbW,Br} kernel. The trigonal geometry around the lead ion is
very distorted, with two wide W-Pb-C angles (150.04° and 139.78°) and an
acute W(1)}-Pb(1)-W(2) angle [70.117(8)°].

A final example that displays the more common pyramidal trigonal
coordination, but has additional relevance for modelling the Pb(II)-ALAD
interaction (see Fig. 8), is the lead(Il) complex formed by the tris(2-mercapto-1-
phenylimidazolyl)hydroborate ligand {Tm™} (see Fig. 15). The {Tm™}Li
derivative reacts with Pb(Cl0,);xH,0 in acetonitrile to give [{Tm™}Pb]CIO,.
The Pb(II) in the complex cation is only coordinated to the three sulfur donors of
the hydroborate ligand, with the closest interaction being with the perchlorate
counterion, which is at a distance of about 3 A [23]. It is worth noting that not
only is the stereochemistry of the metal centre similar to that of Pb-ALAD (Fig.
8), but the average Pb-S bond lengths are also very close to each other (2.7 A for
the { TmPh} complex and 2.8 A for the protein derivative).

However, the preference of {Tm"™}* and ALAD to bind lead(II) over
zinc(II) (the native metal in the enzyme) is rather different (~500:1 in the first
case and ~25:1 in the second), possibly showing the importance of the
apoenzyme in this issue.
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Figure 15. Structure of the [{Tm""}Pb]" cation (see text) of the [{Tmph}Pb]ClO4
complex (EBEXEOQ, [23]) showing the pyramidal trigonal coordination of the
metal.

3.2. Coordination number four

Complexes with this coordination number are all hemidirected with two
possible ideal stereochemistries: (i) square-pyramidal with the lead ion (or the
stereochemically active lone pair) at the apex (Scheme 2, sp) and (ii)
pseudotrigonal-bipyramidal with the electron pair hypothetically at one of the
equatorial positions (Scheme 2, tp).

(X1 ) Il_1
Ly ppyiLy 2 bp
L |
Lo Ls L,
Sp Ip

Scheme 2
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Figure 16. (a) Monoanion L™ derived from the deprotonation of 2,2,6,6-
tetramethylheptane-3,5-dione. (b) Structure of the complex [PbL,] (RIMHAW,
[37]) showing the square-pyramidal arrangement of the metal and oxygen
atoms.

Lead(II) B-diketonates are good representative examples to illustrate PbOy,
kernels. These complexes have recently attracted renewed attention because they
can be used as precursors for the development of lead-containing films using
metallorganic chemical vapour deposition (MOCVD). Some of these
compounds have intermolecular bonding interactions in addition to the four Pb—
O bonds formed by the two chelated f-diketonates and therefore have CNs
higher than four. However, when the diketonates have bulky substituents, their
large volume hinders the formation of such intermolecular contacts and real
four-coordinate compounds are formed.

This occurs with the ligand fert-butyl B-diketonate (Fig. 16a), which
forms a complex with Pb(II) that is described as a square pyramid with the four
O atoms at the base and the metal atom (or the SALEP) located at the apex (Fig.
16b) [37]. The Pb—O bond distances (2.30-2.32 A) are at the lower limit of this
parameter in the histogram in Fig. 6.

Lead(II) porphyrinates are good examples of {PbN,} kernels with a
distorted square pyramidal stereochemistry. One interesting example is the
complex (5,10,15,20-tetrakis-triisopropylsilylethynylporphynato)lead(II), which
is prepared by heating a mixture of the porphyrin ligand and Pb(OAc),-3H,0O
under reflux in DMF [38]. The crystal has three independent molecules in the
asymmetric unit and these have slightly different structural parameters. As
shown in Fig. 17a, in one of the molecules the lead(II) ion and the four nitrogen
atoms, which belong to the macrocycle ring, form a distorted square pyramid
with the metal atom in an apical position and the N atoms located at the corners
of the basal plane. The pyramidal arrangement is more obvious in Fig. 17b,
where the peripheral part of the ligand has been omitted for clarity.
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Figure 17. X-ray structure of the (5,10,15,20-tetrakis-
triisopropylsilylethynylporphinato)lead(Il) complex (YIXQEB, [38]) showing
(a) one of the three molecules of the asymmetric unit of the crystal and (b) a
lateral view of the porphinato-lead(Il) kernel.

The Pb—N bond distances vary between 2.388(8) and 2.449(8) A and are
in the range of the shorter distances for this type of bond in coordination
compounds (see Fig. 18). The distance between Pb(II) and the least-squares
plane through the four basal N atoms is in the range 1.233(4)-1.274(4) A. The
lattice of this solid is built up by the packing of a structural motif consisting of
three molecules with a metal-over-metal stack and with the mean planes of the
porphyrin rings parallel to one another [38]. The Pb---Pb distance in the same
stack is rather long, which rules out metal-metal interaction. The closest Pb-"N
contacts within a stack (3.15, 3.35 A) lie in the range of the longest values in the
Pb—N bond distance histogram (Fig. 18) but they are shorter than the sum of the
van der Waals radii (3.55 A).

An example of a complex with trigonal-bipyramidal stereochemistry is the
phosphorylthiolate complex [Pb{2-(Ph,P(O)CH,)CsH,S},] prepared by reacting
2-(Ph,P(O)CH,)C¢H,SH with lead(II) acetate in methanol [39]. The structure
consists of discrete molecules with the two anionic ligands coordinated to the
metal through the O and S atoms, each giving a seven-membered chelate ring.
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Figure 18. Histogram showing a plot of the number of bonds (N) versus the Pb—
N bond distance (DISTANCE) for the complexes included in the CSD [12]. The
minimum, maximum and mean values in the X-axis are 2.075, 3.531 and 2.577
A, respectively.

As shown in Fig. 19a, the two oxygen atoms occupy the axial positions
and the two sulphur atoms and presumably a SALEP the equatorial sites. The
main distortion of the trigonal geometry occurs at the S—Pb—S angle, which is
94.8° rather than the ideal value of 120°, supporting the presence of the lone pair
in the equatorial plane. The VSEPR mode! indicates that the repulsion between
the electron pair follows the sequence:

lone-pair-bonding pair > bonding pair-bonding pair

and so one can expect some narrowing of the S—Pb—S angle to occur under the
influence of the SALEP. Additional intra- or intermolecular interactions were
not detected.

Recently, particular attention has been paid to sulphur compounds with
{PbS,} kernels in the search for single-source precursors for the growth of lead
chalcogenide thin films. PbS is an unusual semiconductor and its polycrystalline
layers can be used in photoconductive infrared detectors [40]. In some cases,
lead(Il) dithiocarbamates {Pb(dtc),} were selected as precursors and this led to
an increase in the number of structural studies into these compounds (see ref. 38
and refs. therein). However, [Pb(dtc),] are not strictly four-coordinate lead(II)
compounds. Although both dtc™ ligands are bidentate (usually anisobidentate)
and form four strong Pb-S bonds with a distorted square-pyramidal
arrangement, there are also additional weak intermolecular Pb--'S interactions
that increase the CN up to six.
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Figure 19. Molecular structure of (a) [Pb{2-(Ph,P(O)CH,)C¢H,4S},] (MAWNIH,
[39]) and (b) bis[N-(diisopropoxythiophosphoryl)thiobenzamido-S,S ]lead(IT)
(WITQOF, [41]). The SALEP is presumably above the metal centre pointing

toward the observer.

True examples of lead(Il) complexes with {PbS,} kernels are scarce and
this peculiarity has been considered a possible reason for the interference of lead
in the biological chemistry of zinc (see Section 2 and Ref. 24). Nevertheless, a
genuine {PbS,} kernel occurs in the bis[ N-
(diisopropoxythiophosphoryl)thiobenzamido-S§,S")lead(II) complex shown in
Fig. 19b [41].

Once again, the coordination polyhedron of Pb(II) may be defined as a
distorted trigonal-bipyramid with the stereochemically active pair occupying one
of the equatorial positions. This all-sulphur coordination sphere permits, in this
case, an easy comparative analysis of the equatorial and axial Pb—S bond
distances. The axial Pb—S bonds [Pb—-S(2) and Pb-S(4) in Fig. 19b], with an
average distance of 2.92 A, are longer than the equatorial ones [Pb—S(1) and Pb—
S(3), Fig. 19b, average 2.70 A] although both are well within the range for this
type of bond in lead(II)-sulphur complexes (see Fig. 20). This axial elongation is
common in trigonal-bipyramidal complexes of non-transition elements [41].

In the preceding examples the corresponding geometries are easily
defined, but very often the deformation of the coordination sphere makes the
stereochemistry of this coordination number hard to describe briefly and
precisely. Expressions such as “strongly distorted” trigonal-bipyramid, square-
pyramid or tetrahedral are used in these cases, although these terms are not
always correctly applied. Structures in which the widest X-Pb-Y bond angle is
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less than 140° are probably best described as square-pyramidal with a certain
degree of distortion.

N
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Figure 20, Histogram showing a plot of the number of bonds (N) versus the Pb—

S bond distance (DISTANCE) for the complexes included in the CSD [12]. The

minimum, maximum and mean values in the X-axis are 2.511, 3.805 and 2.916
A, respectively.

3.3. Coordination number five

There are not many complexes with this coordination number and all the
known examples have hemidirected coordination geometries. In cases where
there are six electron pairs around an atom (one lone pair and five bonding), the
VSEPR model predicts an octahedral distribution that produces an apparent
square-based pyramidal shape (Scheme 3).

L
Ls s, P|b{\ L,
|—4/ .o Lg
Scheme 3

The SALEP occupies a greater volume than the bonding pairs and this
means that the L1-Pb-L, (n=2, 3, 4 and 5) angles are usually narrower than the
ideal 90° angle and the pyramid always shows some distortion.

Some examples of mononuclear complexes with this type of coordination
have been prepared and their structures fully identified. For example, Reger et
al. worked on a series of lead(IT) derivatives of tris(pyrazolyl)methane {HC(3,5-
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Me,pz);} and tris(pyrazolyl)borate {HB(3,5-Me,pz);} (pz = pyrazolyl ring)
ligands and prepared the complex [Pb{HB(3,5-Me;pz);}{HC(3,5-
Me,pz);}1(BF,) [42]. The structure of the [Pb{HB(3,5-Me;pz);}{HC(3,5-
Me,pz);}]" monocation (see Fig. 21a) shows that the lead(Il) ion is five-
coordinate with a tridentate {HB(3,5-Me,pz);} anion and a bidentate {HC(3,5-
Me;pz);} neutral ligand.

The distorted square-based pyramid has two nitrogen atoms from each
ligand [N(1), N(5) from the HB(3,5-Me,pz); ligand and N(7), N(10) from the
HC(3,5-Me;,pz); ligand] occupying the basal positions and the N(3) atom of the
tris(pyrazolyl)borate ligand at the apex [42]. The remaining nitrogen donor atom
of the tris(pyrazolyl)methane ligand is 3.19 A away from the lead(II) centre,
suggesting either a very weak interaction with the metal (see Fig. 18) or simply
demonstrating the structural rigidity of the HC(3,5-Me,pz); ligand. As one
would expect in the presence of a SALEP, the length of the bond trans to this
pair [Pb(1)-N(3), 2.375(7) A] is shorter than those of the bonds located closer to
the void where the pair hypothetically occurs [Pb(1)-N(X), X =1, 5, 7, 10, dpp_n
=2.430(7)-2.827(7) A).

The [Pb{B(Im),}INO;(xH,0) complex (see Section 2 and Fig. 2), when
suspended in an aqueous solution of Nal, exchanges nitrate for iodide and
affords [Pb{B(Im),}I] crystals. Unlike the nitrate complex, iodide coordinates to
the metal to give a Pb—I bond. This bond increases the coordination number
from four (Fig. 2) to five (Fig. 21b) even though the stereochemistry of the
iodide complex remains hemidirected.

Figure 21. Structure of the (a) [Pb{HB(3,5-Me,pz);} {HC(3,5-Me;pz);}]" cation
(RIBSUQ, [42]) and (b) [Pb{B(im),}1] (im = imidazolyl ring) complex
(IQOBIZ, [14]) showing the five-coordinate lead(I]) ion with a distorted square-
pyramidal coordination sphere. In (a) the methyl groups of the ligand have been
omitted for clarity.



66

Figure 22. The complex of Pb(Il) with 2,6-diacetylpyridine bis(4-N-
methylthiosemicarbazone) showing (a) the N3S,-coordination of the ligand and
(b) the “umbrella-like” distorted pentagonal coordination geometry. Hydrogen

atoms have been omitted for clarity [43b].

Two complexes with an alternative stereochemistry have recently been
isolated and structurally characterized [43]. Both are compounds of the 2,6-
diacetylpyridine bis(thiosemicarbazone) ligand or its 4-N-methyl derivative.

The crystal structure of the latter complex consists of discrete molecules
(Fig. 22a). The complex has a distorted “umbrella-like” pentagonal pyramidal
structure with the N3S,-donor set of the ligand at the base and the metal (or the
SALEP) at the apex. The lead(Il) ion is located 1.10 A above the least-squares
plane through the five basal atoms (Fig. 22b). Curiously, the diorganolead(IV)
complexes of 2,6-diacetylpyridine bis(thiosemicarbazone) have the metal
practically inside the void of the ligand (only 0.0027 A above the least-squares
plane through the NS, atoms) [43a]. It remains to be seen whether this change
is due to the presence of a SALEP in the lead(Il) complex or to the smaller size
of the metal centre in the lead(IV) derivative.

3.4. Coordination number six

In all the preceding CNs the complexes found in the literature all proved
to have hemidirected geometries, which is consistent with the previous findings
of Glusker et al. [10]. As indicated before, CN 6 (like CN 7 and 8) allows both
holodirected and hemidirected structures. Nevertheless, a search of the CSD
shows that the number of complexes with a holodirected arrangement of ligands
is far greater than the hemidirected examples (69% and 31%, respectively, for
lead(II) complexes with this CN [10]).

Only fifteen mononuclear non-polymeric complexes of Pb(II) with CN 6
were included in the review by Holloway and Melnik [9]. The literature that has
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appeared since 1996 (the last year that was partially included in the
aforementioned review) has contained more than thirty further compounds of
this type and these mainly include macrocyclic or bulky ligands. The halide and
carboxylate derivatives with this CN very often adopt polymeric arrangements.

It is well known that complexes with this coordination number and six
bonding pairs usually adopt a more or less distorted octahedral geometry
(Scheme 4).
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Scheme 4

The structures in which the ligands lie at the vertices of a trigonal prism
are much less common. In fact, examples of holodirected lead(II) complexes
with the latter geometry were not found in the literature.

There are, however, numerous holodirected compounds with an
octahedral geometry, with the most regular structures probably being those
exhibited by the isolated hexahaloplumbate(II) anions [PbX4]*". For example,
the [PbClg]* ion in Cs,[PbClg] is an almost regular octahedron, with Pb—Cl
distances ranging from 2.882(3) to 2.889(3) A and bond angles differing from
the ideal value (90°) by less than 0.42° [9]. In the alkylammonium salt
(CICH,CH,NH3;),[PbClg]-2(CICH,CH,NH,-HCI), the discrete centrosymmetric
[PbCl]* anion is octahedral with a small distortion due to the presence of
hydrogen bonds involving the Cl ligands and the ammonium cation. These
interactions cause a slight modification of the Pb—Cl bond lengths and the Cl-
Pb—Cl bond angles [44]. It is worth noting that that these holodirected
arrangements are consistent with rule (7) discussed above (see Section 2).

Octahedral holodirected haloplumbate(Il) arrangements are also present in
extended chains with one, two or three bridging halides, or in two- or three-
dimensional networks, which are found in certain mixed organic-inorganic
perovskites that have interesting optical properties. For example, the 3D
perovskite organic-inorganic hybrids, APbX;, consist of an extended three-
dimensional arrangement of the all-corner-sharing PbXs octahedra with the
cation A" (a monoammonium organic cation) filling the holes between the
octahedra [45].
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(@) (b)

Figure 23. Two holodirected octahedral complexes: (a) [PbBry(bipy)la
(XEGRAC, [46]) and (b) [Pb{2,6-(Ph,P(S)CH,),CsH1S},] (MAWPABOI, [39,
47)).

Regular holodirected octahedral polymeric structures also occur in some
adducts of lead(II) halides with organic bases. One example is the [PbBry(bipy)]
complex formed by the digestion of Pb(OOCCH;),, NaBr and 4,4'-bipyridine
(bipy) in water at 393 K in a digestion bomb. According to an X-ray study [46],
this compound has an octahedrally coordinated metal centre, with four bridging
Br ligands and two bridging bipy molecules (see Fig. 23a), giving a two-
dimensional layer in the bc plane. The octahedral coordination is basically
distorted by the difference between the Pb—Br bond distance [2.9992(18) A] and
that of the trans Pb—N bonds [2.659(14) A].

Holodirected six-coordination can also be achieved when lead(Il) is
coordinated to polydentate ligands but in these cases the complexes are usually
far from octahedral symmetry because of the constraints imposed by the ligand
geometry. The molecular structure of the complex [Pb{2,6-
(Ph,P(S)CH,),C¢H;S},] is shown in Fig. 23b and it can be seen that each
monodeprotonated tridentate ligand coordinates to the metal through the thiolate
sulphur and the two P=S groups [39]. If both strong and weak bonding
interactions are taken into account, this compound can be considered an example
of severely distorted holodirected octahedral stereochemistry. There are three
types of Pb—S bonds: (i) the shortest ones (2.675 A) comprise the S atoms of the
deprotonated thiolate groups [S(3) and S(3a), Fig. 23b]; (ii) the medium ones
(2.987 A) involve the S atoms of two of the P=S groups [P=S(1) and P=S(1a)];
and (iii) the longest ones (3.378 A) correspond to the secondary interactions
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between the metal centre and the remaining two P=S groups [P=S(2) and
P=S(2a)]. The latter distance is rather long but is significantly shorter than the
sum of the van der Waals radii (3.80 A). The structural distortion also affects the
bond angles, which range from approximately 72 to 98° [47] and are
significantly different from the ideal value (90°). It is worth noting that, as in the
preceding cases, the donor atoms are also soft and so rule (i7) (see Section 2)
applies (holodirected stereochemistry). However, in this case the connectivity
between the donor atoms (tridentate ligand) should favour a hemidirected
arrangement [rule (7), Section 2].

If the 6s pair is stereochemically active, then the six-coordinate complexes
have seven electron pairs — six of which are bonding pairs — and so three
stereochemical arrangements can be expected with similar stabilities: a
pentagonal bipyramid (pb), a capped octahedron (co) and a capped trigonal
prism (ctp) (see Scheme 5). There are some clear examples of hemidirected six-
coordinate lead(Il) complexes that adopt the first two stereochemistries but
many compounds with a CN of 6 also exist with a highly irregular distribution
of ligands and these are not easily identifiable with any usual stereochemistry.
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Scheme 5

An example of a lead(Il) centre with the pb coordination and a SALEP
has been discussed above in relation to the structure of the compound

A derivative of 2,6-diacetylpyridine bis(semicarbazone) (DAPSC),
namely [PbCI(DAPSC)|NO;, is another complex with a pb structure that was
identified early on. An X-ray diffraction study on this complex showed that the
DAPSC molecule is pentadentate and its set of {N;O,} donor atoms occupy the
equatorial plane of a hypothetical pentagonal bipyramidal coordination sphere
with the chloro ligand and the metal pair at the axial positions (Fig. 24) [48].
The Pb—Cl bond distance [2.707(4) A] is significantly shorter than in Cs,[PbClg]
(ca. 2.9 A, vide supra), as one would expect if this bond in the present complex
is trans to the stereochemically active lone pair.
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Figure 24. Structure of the [PbCI(DAPSC)]" cation of the complex
[PECI(DAPSC)]NO; [48].

It is worth noting that DAPSC is closely related to 2,6-diacetylpyridine
bis(4-N-methylthiosemicarbazone) (see Fig. 22) although, in the present
complex, there is one additional chloro ligand. It is also noteworthy that, even
though one ligand is soft (Cl7), because DAPSC is a multidentate coordination
entity with five hard donor atoms, the final stereochemistry of the complex is
hemidirected.

It is also interesting to observe that the distances from the lead(II) ion to
the closest O atoms of the nitrate counterion (2.973 and 3.095 A) are very long
but are less than the sum of the van der Waals radii (3.50 A). Taking these weak
interactions into account, the coordination number of Pb(Il) in the complex
increases to eight, with the weaker bonds, as usual, close to the void in the
coordination sphere, where the SALEP is supposed to occur.

In the search for systems that mimic the bimetallic cores of phosphatase
enzymes, some bimetallic complexes containing Zn(II) and Pb(Il) ions have
been prepared [49]. In order to achieve the best mimetic behaviour, a
compartmental ligand L> with two non-equivalent metal-binding sites was
selected. This ligand (Fig. 25a) has two phenol groups linking one “salen”-like
fragment (left side of the L* formula in Fig. 25a) and one “saldien”-like
fragment (right side of the formula in the figure) [salen = NN-
ethylenedisalicylideneaminate and saldien = N,N'-1,5-(3-
azapentylene)disalicylidencaminate].

One of the synthesized complexes, [ZnPbL(OH)]CIO,, has a dimeric
structure formed by two dinuclear {ZnPbL(OH)}" units, which are bridged by
the hydroxo oxygens O(3) and O(3)* (Fig. 25b; note that, in order to give a
clearer understanding of the dimeric arrangement, the unit {ZnPbL(OH)}" is
shown along with one p~OH group and the two metal centres belonging to the
other unit). In each {ZnPbL(OH)}" unit the Zn(IT) and Pb(II) ions are bridged by
the phenolic oxygens and the first metal resides in the “salen” site, while the
second one occupies the “saldien” fragment. As a result, Pb(II) is coordinated to
the {N3;0,} set of donor atoms from this fragment and to the O atom of the
bridging hydroxide. It can be seen from Fig. 25b that the geometry around the
Pb(II) centre is best described as a pentagonal pyramid with the O of the u-OH
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group axial and the L donor atoms basal. The bond distance of the Pb—O(3)
bond [2.276(5) A] is significantly shorter than the Pb-L bonds [2.551(8)-
2.636(6) A], as one would expect from the position of these bonds in relation to
the SALEP; Pb—O(3) is trans to this pair and the Pb-L bonds are closer to the
void. Both the hard character of the donor atoms and the multidentate behaviour
of L* favour the adopted hemidirected stereochemistry.
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Figure 25. (a) Formula of the macrocyclic ligand L*” and (b) partial
representation of the [ZnPbL(OH)],*" cation of the [ZnPbL(OH)]ClO, complex
(JUJQIO, [49)).

The capacity of this type of compound to hydrolyze tris(p-nitrophenyl)
diphosphate into bis(p-nitrophenyl) phosphate in dimethyl sulfoxide was
explored using P NMR and visible spectroscopy. It was concluded that the
{Zn(OH)Pb} core is essential for efficient hydrolysis [49].

Other characteristics of the ligand, in addition to the nature of the donor
atoms, can also influence the choice of a holo- or hemidirected stereochemistry.
This situation is well illustrated by the complexes [Pb{HB(pz);},] and
[Pb{HB(3,5-Me;pz);},], where HB(pz;)" is the anion tris(pyrazolyl)borate and
HB(3,5-Me;pz);~ is its 3,5-dimethylpyrazolyl analogue [50a] (see also 3.3.). In
the former complex, and according to the rules discussed previously, the
presence of connected N donor atoms should lead to complexes with a SALEP.
In fact, this is the situation in [Pb{HB(pz);},], in which the coordination
geometry around the metal centre can be described as a capped octahedron, with
the active electron pair located over the capped triangular face, which is
delimited by the atoms N(3), N(5) and N(11) (see Fig. 26a). The Pb—N bond
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distances in this face (average 2.726 A) are, as expected, longer than the other
three (average 2.487 A) due to the proximity of the former to the pair position.

The replacement of this ligand by a bulkier one with two methyl groups at
the 3,5-positions of each pyrazolyl ring, gives the complex [Pb{HB(3,5-
Me;pz);}2], which also has a six-coordinate lead(IT) ion. However, in this case
the complex has an octahedral trigonally distorted geometry (Fig. 26b). The
metal sits on a centre of inversion and the lone pair is stereochemically inactive
even though the set of donor atoms is very similar to that in [Pb{HB(pz);}.].
This structural difference has been attributed to steric effects introduced by the
methyl substituents present in the HB(3,5-Me,pz); ligand. Similar results were
obtained on using tris(pyrazolyl)methane molecules as ligands [50b].

It is clear that the application of aprioristic arguments, such as those
derived from the aforementioned rules, should be used carefully because several
influential factors can be working simultaneously, easily leading to incorrect
conclusions. These difficulties are clearly greater when the ligand has both soft
and hard donor atoms, and it is precisely this type of ligand that is relevant
because lead(II) is a borderline acid according to the HSAB principle.

Although the hemidirected structures mentioned above can be structurally
identified with one of the archetypical models, bp or co (see above), this is not
always the case. As pointed out before, many structures with CN 6 and a SALEP
have a rather irregular arrangement of the atoms in the coordination sphere,
making it difficult to describe them as anything but “irregular”.

(a) (®)

Figﬁre 26. X-ray structure of the tris(pyrazolylborate) complexes (a)
[Pb{HB(pz)3}] (VOTVUV) and (b) [Pb{HB(3,5-Me,pz);},] (VOTWAC)
showing the hemi- and holodirected arrangement of the ligands, respectively
[50a].
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3.5. Coordination numbers higher than six

In lead(II) coordination chemistry there are many examples of complexes
with coordination numbers from seven up to twelve. In this section only a few
representative complexes have been selected for discussion. Interested readers
who require a more detailed treatment of this topic are referred to more
comprehensive literature [5-11].

As already mentioned, CN seven includes complexes with holo- and
hemidirected structures and these mainly contain O and N donor atoms in the
coordination sphere — although in some cases they also contain halide anions.
Surprisingly, the proportion of hemidirected versus holodirected arrangements
of ligands increases for this CN with respect to CN 6. More specifically, three
out of four lead(Il) seven-coordinate complexes adopt the hemidirected
arrangement [10], although one would expect the opposite to happen; [note that
higher CNs should lead to higher inter-ligand repulsion, making the
stereochemical activity of the 6s pair more difficult according to rule (ii)].

In theory, holodirected coordination complexes with CN 7 would, in the
absence of steric restrictions, probably adopt a more or less distorted pentagonal
bipyramidal or monocapped octahedral arrangement of ligands around the
lead(IT) centre. For hemidirected derivatives, the hexagonal pyramidal
distribution should be compatible with the presence of a SALEP opposite the
apical position of the pyramid. In fact, Holloway and Melnik mainly found these
arrangements in their review of lead(Il) seven-coordinate complexes [9]. Several
variations on these geometries are also possible and these are illustrated by the
examples described below.

The reaction of the tripodal Schiff base ligand tris[2-(3-
methoxysalicylideneamino)ethyl]amine (H;L) with lead(Il) chloride and
triethylamine in refluxing methanol afforded [Pb,L]Cl in good yield [see Eq.
(4)]. This complex was transformed by anion metathesis into [Pb,L.]JC10,, which
was studied by X-ray diffraction [S1].

A4\

N N=—
MeOH AgCIO,
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Figure 27. Structure of the [Pb,L]" cation of the [Pb,L]C10, complex (JIQLUQ,
[51]) (H3L = tris[2-(3-methoxysalicylideneamino)ethyl]amine).

The [Pb,L]" cation contains two lead(IT) centres {Pb(1) and Pb(2)} with
dissimilar coordination arrangements. Pb(2) is bound to the L*" ligand through
the three phenolate oxygen atoms [O(1), O(3) and O(5)] and these form a
trigonal pyramidal coordination sphere, possibly with a SALEP (Fig. 27). The
donor atom arrangement around the seven-coordinate Pb(1) is best described as
a distorted monocapped octahedron in which the presence of the lone pair is not
evident.

Another seven-coordinate complex, [Pb(CgHNO,),(H,0)] (CsHNO,4 = o-
nitrobenzoate), was recently prepared by heating lead acetate, o-nitrobenzoic
acid and water under hydrothermal conditions [52]. The two carboxylate anions
chelate to the lead(Il) ion and one of them also bridges between the metal
centres to form 1-D coordination polymers. The water molecule [O(9)] is also
coordinated and is 2.676 A from the lead ion. If one considers all of the Pb-O
bonds with a bond distance below 2.8 A, the complex has CN 7 (see Fig. 28a)
and a coordination sphere with an evident void and a grossly distorted edge-
capped pentagonal pyramidal geometry. This geometry is shown in Fig. 28b,
with the apex selected on the assumption that the stereochemically active lone
pair is located below the base defined by O(1c*), O(2c*), O(5), O(6) and O(9).
If this is the case, then the Pb—O bond distance opposite to it, i.e., [Pb—O(1)],
should be the shortest bond distance, which was found to be the case [2.421(4)
Al.
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Figure 28. (a) Pb(Il) coordination environment in the complex
[Pb(CsH4NOy),(H,0)] (CsH4NO, = o-nitrobenzoate) (QOZBOW, [52]); (b)
detail of the coordination sphere showing the distorted edge-capped pentagonal
pyramidal geometry.

Lead(Il) complexes with coordination number 8 also exhibit holo- and
hemidirected geometries. Although an earlier review of the CSD [10] indicated a
predominance of the former system (ca. 88% of the eight-coordinate lead(II)
compounds included in the database at that time), the recent literature contains a
significant number of complexes with a hemidirected stereochemistry.

The two most important eight-coordinate geometries in metal complexes
are square antiprismatic (Scheme 6, sa) and trigonal dodecahedral (Scheme 6,
td), probably because these two arrangements alleviate the repulsion between
the donor atoms. Nevertheless, other geometries, such as cubic, bicapped
trigonal prismatic or hexagonal pyramidal, are also possible, although they are
less frequent.

sa td

Scheme 6



76

All of these geometrical arrangements of ligands have been found in
lead(II) complexes and other arrangements have also been observed, such as a
capped pentagonal pyramid [53] or a tricapped square pyramid [54].

A few examples of close-to-cubic holodirected stereochemistries have
been observed [55]. One of these examples [55a] is the lead(Il) complex
[PbL](SCN),-H,O-EtOH, where L is a macrocycle derived from 4,13-diaza-18-
crown-6. The structure shown in Fig. 29a is the [PbL]*" cation containing the
lead(Il) centre coordinated to the [O4N,] donor set of the lariat ether (a crown
ether macrocycle with side-arms appended to the macro-ring, which in this case
are two 2-aminobenzyl groups that also coordinate to the metal).

The coordination polyhedron (Fig. 29b) can indeed be described as a
distorted cube, with significant differences in the lengths of the edges and with
the mean deviation from planarity of the six faces in the range 0.1061-0.1849 A
[55a].

Other examples of this highly regular eight-coordination are the two
cationic complexes that contain a derivative of p-tert-butyl calix[4]arene as a
ligand. In these cases, the [Og]-coordination sphere forms the corners of a
distorted cube that is tetragonally compressed along the calixarene axis [S5b].
The chelating ligand 3-(2-pyridyl)pyrazole (L) also forms two eight-coordinated
complexes with lead(II), [PbL4]{(MeQO),PO,}-H,O and [PbL,](PF¢),. The former
has a square prismatic geometry while the latter has a similar structure but is
distorted towards a square antiprismatic arrangement. The difference appears to
be associated with the stabilization of the former complex through hydrogen
bonding between L and the dimethylphosphate anion [55¢].

(a) (b)

Figure 29. (a) Structure of the [PbL]** cation of the [PbL](SCN),-H,0O-EtOH
complex (XOTFER, [55a]); (b) detail of the lead(Il) coordination sphere.
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It is worth noting that the tetradentate chelating ligand 1,3-bis[3-(2-
pyridyl)pyrazol-1-yl]propane (Scheme 7, L-Pr-L), formed by linking two 3-(2-
pyridyl)pyrazole ligands (L in the preceding example) with a flexible propyl
chain, forms the complex [Pb(L-Pr-L)(NOs),] that also contains eight-
coordinated lead(I) but shows significant stereochemical differences in
comparison to [PbL4]{(MeO),PO,}-H,O or [PbL,](PFs), [56].
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Scheme 7

Besides the four Pb-N bonds formed by the (L-Pr—L) ligand, the CN 8 is
completed by the four Pb—O bonds formed by the two chelated nitrate ligands
(Fig. 30a).

The coordination geometry of this complex (Fig. 30b) is rather irregular
but can be described as a distorted square antiprism, although one of the prism
planes [the “plane” in Fig. 30b formed by O(2), N(2), N(4) and O(6)] deviates
significantly from a planar arrangement. On the other hand, the more regular
plane [O(1), N(1), O(5), N(6)], which is closer to the metal centre, has a more
“open” atomic arrangement (the average interatomic separation between atoms
along the four edges of the plane is 3.77 A whereas it is only 3.24 A in the upper
“plane”). This situation leads to a gap in the coordination sphere that can be

(a) (b)

Figure 30. (a) Structure of [Pb(L-Pr-L)(NOs),] (GIMPUN, [56]); (b) detail of
the coordination geometry of the metal centre.
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An interesting additional example is provided by the complex
Pby(dipic),(Hydipic),(H,0)s (Hodipic = dipicolinic acid or pyridine-2,6-
dicarboxylic acid), which was obtained by the reaction under slow diffusion
conditions of a solution of lead(II) nitrate or acetate with the corresponding acid.
The structure of this complex was studied by X-ray diffraction for the first time
in 1979 [57a]. It was belive at the time that the representative formula for the
compound was [Pb,(dipic),(H,0),]-2H,dipic-:2H,0, with the lattice formed by
molecules of the dimeric complex [Pby(dipic),(H,0)s] (Fig. 31Aa) as well as
crystallization molecules of Hydipic and water (not included in the figure). The
two Pb(II) centres in the dimer are bridged by carboxylate oxygen atoms to give
rhombohedral Pb,0, arrangements (see the four bolder lines in Fig. 31Aa). The
dipic> ligands are tridentate and the coordination sphere around each metal
centre is completed to six by the bridging Pb—O bond and the oxygen atoms
[O(5) and O(6)] from two coordinated water molecules. The distances between
each lead(Il) ion and the possible donor atoms of the crystallization molecules
were considered too long to bring about any significant bonding interaction.

On the basis of this interpretation, each lead(I) ion is six-coordinate with
the donor atoms (pentagonal pyramidal geometry) hemidirected and the SALEP
occupying the position below the base of the pyramid, opposite to O(6) (see Fig.
31Ab).

(a) (b)

Figure 31A. (a) Crystal structure of the complex Pb,(dipic),(Hzdipic),(H,O)e
(PYCXPB ) according to [57a] showing the arrangement of the dimer
[Pby(dipic),(H,0)4] and the Pb,O, fragment in bolder lines (the two Hpdipic and
two H,O crystallization molecules have been omitted for clarity); (b) detail of
the coordination geometry around the metal centre.
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Figure 31B. Detail of the coordination sphere of the metal centre in the complex
Pb,(dipic)(Hydipic),(H,0)s (PYCXPBO1) according to [57b], showing the
donor atoms at a distance of less than (a) 2.8 A and (b) 3.1 A from Pb(1). The
weaker bonding interactions are represented as dashed lines.

When the structure of this complex was studied again by X-ray diffraction
in 2003 [57b] the interpretation was different. This illustrates the difficulties in
establishing the limit of the coordination sphere in some lead(IT) complexes (see
Introduction). In this recent study, it was found that the oxygen atom O(7) from
one of the water molecules and the oxygen atom [O(10)] from one of the
H,dipic molecules, both considered crystallization molecules in the former study
[57a], are in fact located near to the metal centre [3.031(5) and 3.073(5) A,
respectively]. If these distances, which are clearly shorter than the sum of the
van der Waals radii (3.50 A), are considered indicative of significant bonding
interactions, then the coordination number increases to eight (see Fig. 31Ba,
bonds in dashed lines).

It must be noted that these two new bonds do not rule out the presence of
a SALEP, because the long bond distances associated with the Pb(1)-0O(7) and
Pb(1)-O(10) bonds may be due to the presence of such a pair, which would
prevent a closer interatomic approach. Even when the “inter-dimer” stacking is
considered and a new Pb(1)-O(10b) contact (3.277 A) is taken into account,
thus increasing the CN up to nine (Fig. 31BDb), this new interaction is once again
located in the void beneath the base of the pentagonal pyramid.

Holloway and Melnik [9] found five nine-coordinate complexes in their
review of the CSD up to the end of 1995 and the major journals up to the middle
of 1996. Since then, no less than twenty five additional examples have been
added to the database. In general, the complexes with this high CN are formed
by macrocyclic (or polydentate) ligands with N or O donor atoms, although
some rare exceptions also incorporate S donor atoms. The metal-ligand bond
distances usually cover a broad range of values, the longest of which are clearly
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only indicative of weak bonding interactions. As pointed out before (see Section
2), although Glusker et al. [10] only found examples of nine-coordinate
complexes with holodirected geometries, there are at present some examples in
which hemidirected arrangements of ligands have been proposed. One of these
examples, [Pb(BzImH),py(H,0):(NOs),]-(BzImH),py-H,O [15], has already
been discussed in Section 2. Another is the complex [PbLI(N03)2], which
contains the oxo-aza-coronand 1,4,7,10-tetraoxa-13-azacyclopentadecane wh
[58].

In this complex, the lead(II) ion, which is not located above the centre of
the macrocycle but is displaced toward the N(1), O(1) and O(4) atoms, interacts
with all five of the donor centres of the coronand and with the four O atoms of
two bidentate NO;™ ions. All bond distances are below 3 A and it was suggested
that a SALEP might be located in the void that can be seen on the right-hand
side of Fig. 32. This proposal is supported by the long bond distances near the
void [namely Pb(1)-0(2), Pb(1)}-O(3), Pb(1)-0O(6) and Pb(1)-0O(9), which are in
the range 2.81-2.99 A] and the short Pb(1)-N(1) bond distance [2.465(5) A]
trans to the pair.

Figure 32. Structure of the complex [PBL'(NO;),] (L' = oxo-aza-coronand, see
text) (KUJCIB, [58]).
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Figure 33. (a) The macrocycle 5-oxa-2,8-dithia[9]-(2,9)-1,10-
phenanthrolinophane (L) and (b) the structure of its [PbL*(C104),(MeNO,)]
complex (HUPCOK, [59]).

In the similar compound [PbLY(CIO,)(MeNO,)] {L> = 5-oxa-2,8-
dithia[9]-(2,9)-1,10-phenanthrolinophane, see Fig. 33a}, the macrocycle also has
five donor atoms, but there are two ClO, anions instead of two nitrates. The
very low basicity of the ClQ, anion is a possible reason that one of the
perchlorate ions is partially displaced from the coordination sphere by a
molecule of the solvent from which the complex was recrystallized.
Consequently, the CN of nine is achieved once again, but the number of ligands
increases and the void in the coordination sphere disappears. Nevertheless, it
was suggested that a SALEP might be located in the coordination hemisphere
left empty by the macrocyclic ligand [59].

A final interesting example of a nine-coordinated lead(Il) complex is
[PL3(Otf),(H,0)], which was recently prepared by Nagayama and Kobayashi
[60] and contains a chiral crown ether ligand (L?, see Fig. 34a). The lead(IT) ion
is coordinated by the six O atoms of the macrocycle [O(1) to O(6)], the two O
atoms of the two triflate (trifluoromethanesulfonate, tfO”) anions [O(7) and
0O(10)] and the O atom of a molecule of water [O(13)] (Fig. 34b).
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(a) (b)

Figure 34. (a) The chiral crown ether L* and (b) the structure of its
[PbL3(Otf)y(H,0)] complex (BEWHEQ, [60]).

The dihedral angle between the two naphthalene rings is responsible for
the long Pb(1)-O(6) bond (3.109 A) and the asymmetrical environment around
the metal centre. This complex is a good catalyst for enantioselective aldol
reactions in aqueous media. The high selectivity of the catalyst was explained by
assuming that the water HO(13) is replaced by one of the reagents under the
reaction conditions [60].

There are more than thirty complexes identified by X-ray diffraction in
which the lead(II) ion reaches CN ten. Many incorporate macrocycles as ligands
and these mostly contain O and N as donor atoms, although some examples
containing S donor atoms are also known [61].

A representative example of a ten-coordinated lead(Il) complex is the
helicate [PbL*(C10,),4MeCN, where L* is a 34-membered macrocycle (see
Fig. 35a) obtained by the Schiff-base condensation of o,a'-bis(2-
aminophenoxy)-o-xylene and pyridine-2,6-dicarbaldehyde in the presence of
lead(IT) perchlorate trihydrate. When the solid obtained in this reaction was
dissolved in acetonitrile, slow evaporation of the saturated solution yielded
crystals that were suitable for study by X-ray diffraction [62].

The lead(Il) ion is bound to all the potential donor atoms of the
macrocycle (6N and 40 atoms), although the binding is stronger with the
nitrogen donor atoms of each pyridine-2,6-diimine unit (average Pb—N bond
distance 2.74 A) than with the four phenoxy ether oxygens (average Pb—O bond
distance 2.91 A) (Fig. 35b).



(a) (b)

Figure 35. (a) The macrocycle L* and (b) the [PbL*]*"complex cation of the
complex [PbL*}(C104),"4MeCN (ZONWII10, [62]) showing the double helical
structure and the Pb—N and Pb-O bonds. In order to better display the helical
assembly of the cation, only nine metal-to-ligand bonds are shown [the Pb—O(2)
bond is masked by the Pb—O(1b) bond].

The complex has a double helical structure derived from the twisting
induced in the ligand by metal coordination. The space-filling diagram of the
compound (not shown, see [61b]) indicates that the metal is fully encapsulated
by the ligand and this rules out the presence of a SALEP.

According to FABMS experiments the lariat crown ether 2'-
methoxyethyl-sym-dibenzo-16-crown-5 ether (L%) shows preferential
complexation with Pb(Il) instead of other singly and doubly charged metal
cations such as Zn(Il), Hg(II), Ag(I) or Cu(Il). In order to better understand this
selective behaviour, the [PbL’(NO;),] complex was isolated and studied by X-
ray diffraction.

In the {PbL’} complex moiety (see Fig. 36a) the macrocycle adopts a
twist-boat structure and the side-arm is positioned over the metal centre, thus
enclosing the metal more tightly. The Pb(1)-O bond distances extend, as usual,
over a broad range that in this case is between 2.634 A for Pb(1)-O(6) and 3.013
A for Pb(1)-O(3). If the latter value is considered as a significant bonding
interaction (a reasonable hypothesis in a complex with such a high number of
donor atoms in the coordination sphere), then all the lariat ether donor atoms are
bound to the metal to give seven Pb(1)-O bonds. The coordination of lead(Il) is
completed by two bidentate nitrate anions, which occupy the space left by the
lariat ether around the metal centre (see Fig. 36b). These four additional bonds
are shorter than those formed by the ether and range between 2.580 A for the
Pb(1)-O(11) bond and 2.742 A for the Pb(1)-O(12) bond. If we add all of the
bonding interactions, the lead(II) ion has a nominal CN of eleven. This appears
to be the only complex with this CN reported to date.
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Figure 36. Structure of the complex [PbL’(NOs),] (TASCIZ, [62]) showing (a)
the {PbL’} moiety and (b) the full coordination sphere including the two NO;
anions.

Complexes with CN twelve are also rather rare. An interesting lead(II)
derivative with a [PbO,,] kernel was prepared by Cramer et al. [63] by the
reaction of lead(Il) nitrate with the macrocycle obtained by heating thiamine
(vitamin B,) nitrate under reflux in absolute methanol [Eq. (5)]. This process
induces thiazol displacement of one thiamine molecule, which is brought about
by nucleophilic attack by the pyrimidine from a second thiamine, to give a
cyclic hexameric 24-pyrimidinium crown-6 salt [L{NOs)s] [63].

The reaction of Pb(NO;), with [L(NOs)s] afforded the complex
L[Pb(NO;)s](NO;),:6H,O, which was studied by X-ray diffraction. This
complex consists of 24-pyridinium crown-6 cations (L6+) and [Pb(N03)5]4'
anions with additional NO;~ anions to maintain its electric neutrality. These
additional nitrates, although they do not occupy the centre of the macrocycle
cavity, are closely associated with L%, The lead(II) [Pb(NO;)¢]* anionic
complex has a close-to-cuboctahedral structure (Fig. 37) and the long Pb-O
bond distances (2.906 and 2.744 A) probably reflect the high coordination
number of the metal in this complex. It is worth noting that, for a specific M—L
bond, the higher CNs are usually associated with longer bond distances.
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Figure 37. Structure of L[Pb(NO3)s](NO3),-6H,0 (PILP1J, [63]) showing the
[Pb(NO3)6]4‘ anion with the lead(Il) ion dodecacoordinated (left) and the
macrocycle L®" [right, see also Eq. (5)]. The non-coordinated nitrate counterions
and the water molecules have been omitted for clarity.
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3.6. Pb-Pb bonding interaction in lead(Il) coordination compounds

The presence of metal-metal bonds in lead(II) organometallic compounds
has been well documented (see, for example, diplumbenes in Chapter 3, Section
5) but on the other hand evidence of the formation of this type of bonding
interaction in lead(I) coordination compounds is scarce.

Recently Rossi et al. [64] have analysed this topic in [Pb"(XS,),]
complexes (XS,” = §,S-bidentate monoanionic species, such as
dithiocarbamates, xanthates, dithiophosphates; etc). These compounds often
form supramolecular arrangements in the solid state that put the metal atoms ata
short distance from each other.

One example is bis(pyrrolidinecarbodithioato)lead(Il) (see Fig. 38a) that
has a pyramidal coordination sphere, with the metal (or the SALEP) at the apex
and the four S atoms making up the base. These units are stacked along the ¢
axis placing each lead(Il) centre at a distance from the sulphur atoms of the
neighbouring unit (3.28 — 3.48 A) that is shorter than the sum of the van der
Waals radii (3.80 A) and this suggests the presence of weak (secondary)
interunit Pb-S bonds (Fig 38b).

(b)

Figure 38. (a) The pyramidal unit of bis(pyrrolidinecarbodithioato)lead(Il)
[NINDUTJ [64] and (b) packing of the units showing the short Pb---Pb distance.
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If these secondary Pb-8 interactions are taken into account, then the
coordination number is eight, the polyhedron around the metal is a distorted
square antiprism and the crystal structure is polimeric with successive antiprisms
sharing the bases (Fig 38b) [64]. This arrangement places the metal centres at a
distance [3.886(1) A] that is shorter than the sum of the van der Waals radii (4.0,
see Table 1) and not very far away from the upper limit observed in
diplumbenes (2.903-3.527 A) [65]. Furthermore, the SALEP of each Pb(II) ion
is directed toward the next Pb(II) ion in the polymer and although a complete
donation of the lone pair has been excluded, the presence of a weak metal-metal
interaction via the SALEP cannot be discarded [64]. Note that this possibility
would focus the pair along the Pb---Pb---Pb line, reducing its repulsion on the S
atoms involved in the secondary Pb-S bonds. Nevertheless, it is likely that these
last bonds are largely responsible for the proximity between the metal atoms.

A more obvious Pb-Pb bond occurs in the complex bis(u,-
bis(diphenylphosphanyl)amido)-di-lead (see scheme 8) isolated from the
reaction between lithium bis(diphenylphosphanyl)amide, LiN(PPh,), and PbCl,
in THF [66]. The Pb-Pb distance [3.041(1) A] and the large Pb,Pb coupling
constant (7708 Hz) suggest the presence of a covalent Pb-Pb bond, so the
compound is actually a lead(1+) complex.
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Scheme 8

3.7. Coordination of lead(II) with biomolecules

Only a few lead(IT) complexes with biomolecules have been structurally
identified and these will be discussed below.

The complexes with citrate and D-gluconate have multimeric structures as
well as a SALEP. The main structural characteristics of these compounds have
recently been analysed by Godwin et al. and the interested reader is referred to
this work [11].

The structures of lead(Il) complexes with some amino acids have been
published since 2000. In their pioneering work, Gasque et al. [67a] studied the
compound [Pb(Hasp)(NO;)] (Hyasp = L-aspartic acid), a polymer with a six-
coordinated metal centre. The arrangement of the coordination sphere of the
complex, namely five oxygen atoms from the carboxylic acid groups belonging
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to the aspartate ligand and one oxygen atom from the nitrate anion, leaves space
for a SALEP [67a].

In the adduct [PbBry(Hala)] (Hala = B-alanine zwitterion), the lead(II) ion
is seven-coordinated and the coordination polyhedron is formed by four Br
ligands, two O atoms from the bidentate carboxylic acid group of the Hala
ligand and by one O atom from a neighbouring (-alanine zwitterion that chelates
to another Pb(II) centre [67b]. The geometry of the coordination sphere can be
described as a severely distorted pentagonal pyramid, with the main distortion
arising from the irregular distribution of the equatorial bond angles. The
bridging Br~ ions and Pb—O bonds, as well as the hydrogen bonds, which
involve the -NH; " group, give rise to a 3D structure.

A more comprehensive analysis of the interactions between lead(Il) and
amino acids was recently undertaken using mass spectrometry (ESI-MS) in 50%
ethanolic solution [67c]. Under the experimental conditions used in this study,
lead(Il) has no preference for complexation of cysteine over other amino acids.
This work also included the isolation of the complex [Pb(val);(H,0)2(NO;),] as
well as the study of its structure by X-ray diffraction.

According to this analysis, the metal centre is eight-coordinated (see Fig.
39) via the oxygen donor atoms from a monodentate valine ligand [O(1)], from a
second chelated valine ligand [O(3), O(4)], one chelated nitrate ligand [O(8),
0(9)], another monodentate nitrate anion [O(10)*] and from two water
molecules [O(11), O(12)]. The Pb(1)-O distances range between 2.36(1)
[Pb(1)-O(3)] and 2.95(1) [Pb(1)-O(10)] A. The arrangement of these donor
atoms is rather irregular, as can be observed in Fig. 39b where the O(3), O(4),
0O(8), O(9) “plane” is highlighted in order to show the slight resemblance of the
coordination sphere to a very distorted square antiprism. Although a
holodirected geometry was proposed for the complex [67c], it is evident that a
significant void exists in the upper part of Fig. 39b.

(b)
Figure 39. (a) Structure and (b) kernel of the complex [Pb(val),(H,0),(NO3):]
(ESAPET, [67c]).
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The reaction between lead perchlorate and glycylglutamic acid (H,Gglu)
was recently explored because this dipeptide is widely found in the calcium
binding sites of EF-hand-proteins. The process was carried out in a 1:1 molar
ratio and afforded the [Pb(HGglu)}(H,O)|(ClO,) complex [68]. The structure of
this compound (see Fig. 40) again shows the good affinity of lead(Il) for the
carboxylic acid group and the tendency of this type of lead(Il) derivative to form
polymeric arrangements.

Two HGglu™ ligands chelate the metal centre and the Pb(1)-O bonds have
distances between 2.451 and 2.734 A. Another dipeptide ligand is only bound to
the lead(II) ion through one of its O atoms [O(4)c*]. This last donor atom is also
coordinated to two additional metal centres to form a 2D arrangement. The
water molecule [O(6)], which completes the coordination up to six, also bridges
two Pb(II) ions and extends the polymeric assembly to give a 3D structure. The
{PbOg} kernel is irregular.

Lead is also very often used to solve the “phase problem” in studies into
the crystal structures of proteins. Although the lead derivative used in these
experiments usually contains Pb(IV), one would expect the solved crystal
structures to give some clues concerning the bonding tendencies of the metal
when it interacts with these types of macromolecules [11]. In the calcium
binding proteins calmodulin and synaptotagmin, lead is located in coordination
sites that contain carboxylate groups — as occurs in the complexes with amino
acids described above. In synaptotagmin, lead is unable to reproduce the
calcium binding mode and this characteristic might be responsible for the
differences in the activity of the lead and calcium forms of the protein [11].

Figure 40. Structure of the complex [Pb(HGglu)(H,0)]ClO, (OHETEA, [68])
(HGglu = monodeprotonated glycylglutamic acid).
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As discussed above (see Section 2, Fig. 8 and refs. 22 and 23a), lead can
occupy the catalytic site in the ALAD enzyme instead of zinc. In lead-ALAD,
the metal is coordinated to three sulphur atoms of three cysteine (Cys) residues
in a similar way as zinc in the wild-type ALAD. However, the SALEP on the
lead centre reduces the capacity of the metal to interact with the substrate in the
muted enzyme. According to a recent study involving X-ray absorption
spectroscopy [23b], this coordination preference of lead(Il) may encompass
other cysteine-rich zinc proteins (transcription factors), even when additional
sulphur atoms are available for coordination. Unlike the trigonal coordination of
Zn(II) in ALAD, in these proteins the metal forms tetrahedral {ZnCys,} kernels,
which means that introducing lead in order to give trigonal {PbCys;} kernels,
probably results in significant differences in the folding properties of these
transcription factors. This, in turn, could be related to the toxic effects of the
lead compounds.

The structural information obtained in the solid state for the interaction
between Pb(Il) and nucleic bases, nucleosides, nucleotides and nucleic acids is
rather scarce, although studies carried out in solution indicate that the primary
binding sites for lead in a nucleic acid are probably the guanine and cytosine
nucleic bases, followed by the phosphate unit [69]. In guanine and cytosine the
expected donor centres are the N(7)/C(6)O and N(3)/C(2)O atoms, respectively,
while in guanine or hypoxanthine residues, the metal is able to interact
simultaneously with the nucleic base and the phosphate group to form
macrochelates [69a]. It was also concluded that, in solution, the Pb(II) ion has
the ability to interact strongly with two neighbouring phosphates [69b].

Although the available information regarding the interaction of lead(II)
with these biochemical ligands in the solid state is rather scarce, the existing
evidence is essentially consistent with the above statements. Thus, the Pb(II) ion
interacts with the guanine nucleoside G 1 (5'-tert-butyl-dimethylsilyl-2',3'-O-
isopropylidene guanosine, see Scheme 9) through the C(6)O group.

These types of compounds can self-assemble in a square co-planar array
of four guanine bases, in which each base is hydrogen-bonded with its
neighbours. This arrangement is termed G-quartet, guanine quartet or guanine
tetrad (Fig. 41a).

In DNA, two or more G-quartets can stack on top of one another to form
structures referred to as G-quadruplexes [70].

The extraction of Pb(Il) picrate from water into CDCl; solution by the
lipophilic G 1 and subsequent evaporation of the solvent gives a solid with the
stroichiometry [Pb(G 1)g](pic), [71]. When a single crystal of this solid was
studied by X-ray diffraction, the results showed that the unit cell contains G-
quadruplexes, each formed from two coaxial [Pb(G 1)g]** octamers.



Scheme 9

In this octamer (see Fig. 41b), the metal centre coordinates eight oxygen
atoms of the C(6)=0 group to form a coordination sphere with a geometry
intermediate between a cube and a square antiprism. The Pb—O bond distances
are normal (2.66 *+ 0.05 A) and there is a clear structural similarity with the
[K(G 1)g]" octamer, which gives rise to the possibility that the genotoxicity of
lead could be derived from it replacing potassium in nucleic acid structures [71].
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Figure 41. (a) G-quartet and (b) structure of the [Pb(G 1)s]** cation in the [Pb(G
1)s](pic), complex (G 1 = 5'-tert-butyl-dimethylsilyl-2',3'-O-isopropylidene
guanosine, pic = picrate) (GUPWIX, [71]).
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Some additional structural information regarding the interaction of Pb(II)
with RNA was obtained from the study of leadzyme, a small ribozyme (RNA
molecules with catalytic activity). These catalysts have been described as
metalloenzymes because they usually require a divalent metal ion for full
activity. The small rybozymes catalyse the cleavage of the phosphodiester
backbone of RNAs, including their own phosphorus-oxygen bonds, according to
the following mechanism (Scheme 10 adapted from [72]):
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The reaction is initiated by nucleophilic attack of a ribose 2'-hydroxyl
group on the scissile phosphodiester bond. The reaction may require activation
of the nucleophile by a general base B: and a protodonation to the leaving group
by a general acid A:H [72].

In the case of leadzyme, the catalytic process needs the presence of the
Pb(II) ion, which (in the form of the [Pb(OH)]" cation) possibly plays the role of
both B: and A:H (see mechanism above).

The crystal structure of leadzyme was determined to a resolution of 1.8 A
(using Sr*"to mimic Pb** with respect to binding) [73] and on the basis of the
results it has been proposed that, in the pre-catalytic conformation of the
enzyme, the metal located near the scissile bond binds directly to the nucleic
bases (via N and O donor atoms) and to the phosphodiester backbone. Water
molecules complete the coordination sphere, while the oxygen of the 2'-
hydroxyl group involved in the nucleophilic attack on the cleavage-site is
located 3.8 A from the metal (see Fig. 42).
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Figure 42. Proposed pre-catalytic arrangement in the Pb(II) site of the leadzyme
(Adapted from Ref. 73).

3.8. Coordination of lead(II) to chelation therapy agents

There are several chelating agents used in conventional therapeutic
treatments for lead poisoning (see Chapter 4, 7.1.1). Perhaps the most
commonly used system is the calcium disodium salt of ethylenediamine-
N,N,N',N'tetraacetic acid (CaNa,EDTA) and this is probably the reason that the
coordination chemistry of the Pb(II))EDTA system has been thoroughly studied
by X-ray diffraction [74;. Pb(II/EDTA complexes can be divided into acidic
(containing the H;EDTA™ anion) and neutral (containing the fully deprotonated
acid, namely the EDT A* anion; see Fig. 43a).

A representative example of these complexes is the acidic derivative
[Pb(H,EDTA)(H,0)]-0.5H,0. The crystal structure of this complex contains two
crystallographically inequivalent lead(II) ions, Pb(1) and Pb(2) [75]. Each metal
centre is coordinated to a hexadentate H,EDTA? anion through two O atoms
from the two deprotonated carboxylic acid groups, two O atoms from the
protonated carboxylic acid groups and the two amine N atoms (see Fig. 43b). In
the case of Pb(1), the Pb(1)-O bond distances range between 2.533 [O(3)] and
2.662 [O(1)] A. The Pb(1)-N distances are 2.578 [N(1)] and 2.624 [N(2)] A.
This primary coordination sphere is complemented by two weaker Pb(1)-O
bonds: one formed with the O(18) atom from the water molecule, which is
located 2.930 A from the metal centre, and another with the O atom from a
carbonyl group belonging to a neighbouring complex [Pb(1)-O(4*) = 2.841 A].
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Figure 43. (a) Fully deprotonated ethylenediamine-N,N,N',N'-tetraacetic acid; (b)
partial structure of [Pb(H,EDTA)(H,0)]-0.5H,O (BIYLOKO1, [75]) showing
the molecule containing Pb(1), one of the two crystallographically inequivalent
metal centres (see text).

The intermolecular interactions associate the complex into
centrosymmetric dimers (see Fig. 43b). The molecule containing Pb(2) has a
similar coordination environment, but the intermolecular Pb—O distance is
significantly longer (3.196 A) than in Pb(1) molecules — a situation that makes
the dimeric arrangement rather dubious.

When the weak bonding interactions are not considered, the {PbO4N;}
coordination polyhedron can be described as a pentagonal bipyramid with an
equatorial SALEP [74].

This mode of bonding and the stereochemical characteristics described
above can be extended to the majority of the lead(II)/EDTA complexes that have
been studied [74].

Another conventional chelating agent for lead(I) treatments is D-
Penicillamine (DPA) (see Chapter 4, 7.1.2), a sulfhydryl-containing amino acid
(3,3-dimethyl-D-cysteine, see Fig. 44a) that is used for mild lead poisoning. The
direct interaction between the Pb(II) ion and DPA was studied as early as 1974.
The reaction between lead(Il) nitrate and the chelating agent in water afforded
crystals of the complex [Pb(DPA-2H)], which were studied by X-ray diffraction
[76] (Fig. 44b). The results of this study showed that the dideprotonated amino
acid (DPA-2H) binds strongly to the metal through the S atom from the ionised
sulthydryl group, one O atom belonging to the carboxylate group and the N
atom from the amino group. These strong bonding interactions, together with a
SALEP, conform to a tetrahedral geometry around the metal centre (Fig. 452).
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Figure 44. (a) D-Penicillamine (DPA); (b) structure of the [Pb(DPA-2H)]
complex (Adapted from Ref. 76).

If the weaker intermolecular bonding interactions are taken into account,
and if we also include all the potential donor atoms that are at a distance from
lead less than the sum of the van der Waals radii, then the geometry of the
coordination sphere becomes a distorted pentagonal bipyramid with the SALEP
in an equatorial disposition (Fig. 45b).

Curiously, X-ray diffraction data are not available for the complex or
complexes formed by meso-2,3-dimercaptosuccinic acid (DMSA), which is an
effective oral chelator for lead(II) detoxification (see Chapter 4, 7.1.3), even
though the interaction of the disodium salt of meso-DMSA with lead nitrate was
explored several years ago [77].
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Figure 45. (2) Kernel of the complex [Pb(DPA-2H)] when only the strongest
bonds are considered; (b) kernel including both the weak and strong bonding
interactions [76].
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According to IR measurements, the dianion of the acid is coordinated to
the metal centre through one oxygen and one sulfur atom in the complex
isolated in the solid state, [Pb(DMSA-2H)-2H,0], (see scheme 11) [77].

SH
OH

SH O Pb

Scheme 11

Bearing in mind the range of possibilities for deprotonation and the
available donor centres in this ligand, it is clear that the Pb(I[)/DMSA system
warrants further exploration in the future.
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1. INTRODUCTION

Organolead chemistry is dominated by the tetravalent state; however, recently
fascinating chemistry of lead(Il) organometallics has been developed. The
interest for organolead compounds was stimulated by the discovery that their
thermal decomposition generates free radicals [1] and by the large scale use of
tetracthyllead as gasoline additive [2]. The chemistry of organolead compounds
(as a whole or some of its particular aspects) is covered in several books [3],
chapters in books [4], and journal reviews of various degrees of detail [5]. Some
of these are largely outdated but still interesting and useful reading, as the basics
of organolead chemistry have been long-established and are well covered in
these sources. In this chapter the emphasis will be on recent results, but the early
fundamental chemistry will not be ignored.

The lead-carbon bonds are weaker than the M-C bonds of other Group 14
metals; as a result organolead derivatives usually decompose at moderate
temperatures (100-200°C), are easily cleaved by acids and other reagents and are
readily oxidized. Quite often these properties are put to good use for synthetic
purposes. -

Lead forms homoleptic PbRs; and PbR; compounds, lead-containing
heterocyeles, e.g. RyPb(CHy),, and metallocenes PbCp, (where Cp = 1’-CsH;s
and related groups). A large number of heteroleptic compounds of lead(IV),
R,PbX,, where X = H, halogen, OH, OR, SR, NRR’ or other “anionic” groups
are known. Mono-organolead derivatives, RPbX; (X = halogen or OOCR”) are
rare. Heteroleptic derivatives of lead(Il), i.e. PbRX are also scarce. In addition,
compounds containing Pb-Pb bonds and Pb-metal bonds have been
characterized. Recent developments in organolead chemistry include the
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discovery of diplumbylenes (formally R,Pb=PbR,) and cyclotriplumbanes,
[PbR;]s, and observations of supramolecular self-assembly in several
heteroleptic organolead derivatives.

2. TETRAORGANOLEAD COMPOUNDS, PbR,

A large scale synthesis, used for the industrial preparation of lead tetraalkyls,
PbR4, R = Me or Et, which involves the reaction of lead-sodium alloy with alkyl
chlorides, was discovered as early as 1853 [6], Eq. (1). Several catalysts have
been used, e.g aluminum chloride, organoaluminum compounds, Grignard
reagents, etc.

4 NaPb + 4 RCl - PbR; +3 Pb +4 NaCl €))

This reaction is practical only at industrial scale [7].

Lead metal can serve as starting material in a direct reaction with
Na[AlEty] and EtCl for the synthesis of PbEt, [8], and in some electrochemical
syntheses with sacrificial lead electrodes, in the electrolysis of Etl with
Na[Et;AlFAIEts] as electrolyte [9] or in the electrolysis of Grignard reagents in
the presence of an alkyl halide (R = Me, Et) in the so-called NALCO process
[10].

Pb + 2 RMgX + 2 RX — PbR; + 2 MgX, )

In laboratory scale preparations the reaction of PbCl, with
organomagnesium [11], organolithium [12-14], or organoaluminum [15,16]
reagents is preferred, Egs. (3-5), although hexaorganodilead compounds can be
formed from the same reagents under slightly modified conditions [12, 17].

2 PbCl, + 4 RMgX — PbR4 + Pb + 4 MgCIX 3
2 PbCl, + 4 LiR - PbR4+ Pb +4 LiCl 4)
6 PbCl, + 4 AIR; - 3 PbR, + 3 Pb + 4 AlCl; &)

The incomplete use of lead in these reactions and the formation of a lead
metal deposit can be avoided by carrying the reaction in the presence of excess
alkyl halide, Eq. (6), M = Li or MgX [13, 18]:

PbCl, + 3 MR + RX — PbR4 +2 MCIl + MX 6)
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With aluminum alkyls the addition of alkyl halides also prevents loss of
lead metal [19], Eq. (7), R=Et.

PbCl, + AIR; + RI — PbR, + AICLI )

Heterocyclic compounds (Scheme 1) with lead heteroatoms and four Pb-C
bonds, e.g saturated R,Pb(CH,); and R,Pb(CH;)s [20] as well as the
spirobicyclic derivative (CH);Pb(CH,); [21] have been prepared from di-
Grignard reagents with R,PbCl, and PbCl,, respectively. Aromatic heterocycles
(CeHa4),PbR, have been synthesized with the aid of organolithium reagents [22].

ekes]

RZ R R2
R

Scheme 1

Tetraorganolead compounds are tetrahedral species, as demonstrated by
several X-ray diffraction analyses of PbMe, (at 150K) [23], PbPh, [24],
Pb(CeHyMe-2), [25], Pb(CetaMe-3), [26], Pb(CsHsMe-4), [27], Pb(CeFs)s [28],
and others. In aromatic derivatives functional ortho-substituents able to interact
with the metal distort the geometry. An example is the lead derivative of ortho-
thioanisole, - .(2-MeSCH,C¢H,)CH,PbPh;, in which some Pb*'S secondary
interaction is suggested by the intramolecular interatomic distance of 3.953 A,
about 10% shorter than the Van der Waals distance [29] (Scheme 2).

Me

v\\\m\

Scheme 2
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There are organolead compounds with four Pb-C bonds bearing functional
groups in the organic substituents. Among these acyl plumbanes are of note.
Contrary to the Si, Ge and Sn analogs acyl plumbanes, R;Pb-COR, are very
unstable and need kinetically stabilizing mesityl groups to be isolated and
spectroscopically and structurally characterized [30]. Related Ph;PbC(O)OEt
and PhyPbC(O)NMe, have also been reported but decompose rather easily [31].
Other functional derivatives will be mentioned below.

In a series of compounds containing four lead-carbon bonds the
organolead moiety can be regarded as a substituent. The simplest examples are
the partially or totally substituted triphenylplumbyl-methanes, e.g. H;C(PbPhs),,
HC(PbPh;); and C(PbPh;3),, prepared from triphenylplumbyllithium with
CH,Clyy (n = 0 — 2) and C(PbMe;), prepared from tr1methylplumbylsod1um and
CBry [32] (Scheme 3).

PbR, PbR; | PbR;
| l I
,I'c\
H/ “PbR, H / “PbR, R,Pb / “PbR,
H R,Pb RyPD
Scheme 3

Along these lines the substituted methane with four different substituents,
one being a PbPh; group, is of note [33]. A further chemical novelty in this arena
is the so-called catorcane molecule, C(SiMe;)(GeMe;)(SnMe;)(PbMes), in
which all heavier group 14 elements are bonded to the central carbon atom [34]
(Scheme 4).

H SiMe,
(PFO),B / “PbR, MesGe'/ “PbMe;

R‘3S 1 Me3S

Scheme 4
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An interesting compound containing four triethyllead groups is a
substituted nitrocubane derivative (Scheme 5), useful as intermediate for the
synthesis of polynitrocubanes [35].

X=N02

3. TRIORGANOLEAD SPECIES, [Pb™R;]* and [Pb"Rs]

Triorganolead(IV) cationic [Pb''R;]" species are rare, but a plumbylium cation
was reported as bis(n'm>-cyclopentenylmethyl) (ethyl)lead”, in which the
positively charged lead atoms forms additional n-bonds with the C=C double
bonds of the cyclopentenyl moieties [36]. Similar n-interactions of lead with the
C=C double bond are observed in plumbanorbornyl cations, also containing
positively charged lead [37] (Scheme 6).

Scheme 6

A triorganolead(Il) anion, [PbR;]" in which R = 2-pyridyl, has been
obtained as a lithium salt, [Pb(2-Py),Li-THF], from the reaction between Pb(n’-
CsHs), with 2-pyridyllithium [38] (Scheme 7).
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Scheme 7

A less common type of compound with three lead-carbon bonds include
the plumbylene-carbene adducts formulated as zwitter-ionic [39] (Scheme 8).

I]°ri
Me N
\® ©
C—PbM882
/
Me |T|
Pr

Scheme 8

4. POLYNUCLEAR ORGANOLEAD(IV) COMPOUNDS CONTAINING
Pb-Pb BONDS

The simplest are the hexaorganodileads, R;Pb-PbR;, of which the best known is
the hexaphenyl derivative, formed under certain conditions in the reaction of
PbCl; with PhMgBr, Eq. (8) [3b, 12, 17] or by Wurtz coupling of triorganolead
halides with sodium in liquid ammonia {Eq. (9), R = Ph} [12, 40]. Hexaalkyl di-
lead derivatives are also known, but they are only moderately stable; however,
bulky organic groups provide kinetic stability and permit crystal structure
determination [40].

3 PbCl, + 6 RMgX — R;Pb-PbR; + Pb + 6 RMgCIX (8)
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2 RyPbCl + 2 Na — RyPb-PbR; + 2 NaCl )

The interatomic Pb-Pb distance in PhsPb-PbPh; is 2.844(4) A [41], but
with the bulky (Me;Si);C (tsi) ligand, the stable hexaalkyldilead compound
(tsi)Me;Pb-PbMe;(tsi) has the longest Pb-Pb bond length recorded at 2.968(2)
A. The oligomeric tetra-lead anion [Pb(PbPh;);]” (with a trigonal pyramidal
structure, Pb-Pb distance 2.98 A, Pb-Pb-Pb angle 93°) can be isolated at low
temperature from the same reagents, Eq. (10) [42].

THF
PbBr; + PhMgBr —> [(MgBr(THF)s] [Pb(PbPhs)s] (10)

A complex magnesium salt of the related tri[tris(biphenylylplumbyl)]
plumbate anion, [(THF);Mg(u-Cl);Mg(THF);][Pb(PbBp;);] anion (Bp =
biphenylyl, ~C¢H,Ph-4) was formed along with Bp;Pb-PbBp; in the reaction of
biphenylmagnesium chloride with PbCl, [43]. A well-defined branched penta-
lead derivative, Pb(PbPh;),, has been obtained by simultaneous oxidation and
hydrolysis of Ph;PbLi [12, 44]. The reaction of PbCl, with R;PbLi also gives
Pb(PbR3), [12] (Scheme 9).

TbR3

P, b
RPb” O\ PPRs gy \ PRRs

Scheme 9

5. DIORGANOLEAD(II) COMPOUNDS, :PbR;,; (PLUMBYLENES),
DIPLUMBENES, R;PbPbR; AND CYCLOPLUMBANES [PbR;],

The PbR; species can be isolated when stabilized by bulky, sterically demanding
substituents; otherwise they are unstable and tend to disproportionate or to
oligomerize. They are formed as intermediates in the synthesis of PbAr, and
Ar;Pb-PbAr; in the reactions of Grignard reagents with lead(II) halides (Egs. 11-
12) [3¢, 17].

PbCl, + 2 ArtMgX —> PbAr, +2 MgCIX (11)
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3 PbAr, — ArsPb-PbAr; + Pb (12)

Some stable diorganolead(II) compounds, e.g. Pb[CH(SiMe;),],, could be
isolated from the reaction of PbCl, with the corresponding organolithium
reagent [45], Eq. (13).

PbCl, + 2 LiCH(SiMe;), — Pb[CH(SiMe;),]; + 2 LiCl (13)

Other kinetically stabilized plumbylenes are PbTip, (Tip = 2,4,6-
triisopropylphenyl) and PbRR’ where R and R’ are bulky substituents such as
2,4,6-tris[(bis(trimethylsilyl)methyl]phenyl,  2,4,6-tris[(trimethylsilyl)methyl]-
phenyl] and bis(trimethylsilyl)methyl. These compounds are monomeric V-
shaped molecules, as shown by X-ray diffraction [46]. Lead(Il) silylamido
derivatives can be used as starting materials for such plumbylenes, in reactions
with organolithium reagents (Scheme 10) but debromination of Tbt(R)PbBr,
with lithium-naphtalene LiC,oHgalso yields plumbylenes, PbTbt(R) [46a].

Pb[N(SIMe3)3]2 Pb[N(SIM93)3]2

LiR (R=R) LiR (R =Tht) +
R = Tip R LiR' (R’ = Ttm, Tip, Dis)
“Pb:
RI/

PPh/' LiC4oHs

R S—g R _Br
Pb | Ph_
R S/S R'/ Br
R = Tbt, R' = Ttm, Tip, Dis R=R'=Tbht

Tip = 2,4,6-tri(isopropyl)phenyl

Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]pheny!
Ttm = 2,4,6-tris[(trimethylsilyl)methyl]phenyl
Dis = bis(trimethylsilyl)methyl

Scheme 10
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Plumbylenes can be stabilized by intramolecular donor-acceptor N—>Pb
bonds as shown for dimethylaminomethyl lead(Il) derivatives of ferrocene
(Scheme 11) [47] and for some aminophosphorane derivatives [48, 49] (Scheme

12).
i
% NMe

<% %/NMQZ
NMe
2 @

(R,S)/(S,R) (R,R)/(S.S)
meso rac
Scheme 11
?iMea ?iMes SiMe; SiMe;
N N N N
7NN Ph,P” SPPh
thp/ Pb \Pth 2 \pb/ 2
SiMe; SiMe;
Scheme 12

Dinuclear plumbylenes with diplumbacyclobutane skeletons are also
stabilized by appropriate iminophosphoranyl substituents capable of
intramolecular N—>Pb coordination, as shown in Scheme 13 [50].
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SiM93 §iMe3
Measi\ Q

@lg ppn N\g’/ N%Ppi

thP / N/ 2 PN r'z
/ N /C\ /C\ /C
PPh; peip( P

PhR  Pb 2

N I

I SlMe3 SiM O

SiMe, ivies

Scheme 13

8-Quinolinyl substituents  have similar stabilizing effects through
intramolecular coordination [51] (Scheme 14).

ol

SiMe;
Scheme 14
A seven-membered cyclic plumbylene bearing trimethylsilyl groups
(Scheme 15) is protected against oligomerization by the bulky substituents. This

was the first dialkyllead(Il) compound structurally characterized by X-ray
diffraction [52].

Me3Si Pb SiMe;

Me;Si SiMe;
Me,Si SiMe,
Scheme 15

Demethylation of 2,6-Trip,C¢H;PbMe (Trip = 2,4,6-Pri3C6H;) with
B(C¢Fs); in toluene affords a quasi one-coordinate lead cation in the salt
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[2,6-Trip,CsHsPb(toluene)] [MeB(C4Fs)s] in which the metal is weakly solvated
by toluene (Scheme 16 and Fig. 9, Chapter 2). DFT calculations on model
compounds [PhPb(C¢Hg)]" and [PhPb(C¢HsCH;)]" were performed to analyze
the interaction energies in such species [53].

Scheme 16

Plumbylenes can dimerize, as shown for some heteroleptic PbR’R”
derivatives with R’ = §iMe; and R” = 2,4,6-tris(trifluormethyl)phenyl or 2-tert-
butyl-4,5,6-trimethylphenyl, to form diplumbenes with trams-bent structures
(bending angle 40.8° and 46.5°, respectively) [54, 55] (Scheme 17).

R R’
A . 4 1 “//R
‘/Pb: + .Pb\ —_— R'/?Pbl Pb
R' R R
Scheme 17

This dimerization is believed to occur through electron pair donor-
acceptor interactions between two singlet plumbylenes (Fig. 1). The Pb-Pb
distances of 3.370(1) A and 3.537(1) A are rather long compared to the
calculated values of ca. 3.0 A for H;Pb=PbH, [56].

6s2 6p
Q mnQ /M
.. Pb Pb'

m@ b

Figure 1. Dimerization of singlet plumbylenes
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On the other hand, in the diplumbene obtained from PbCl; and TipMgBr
[Tip = 2,4,6-tri(isopropyl)phenyl] the Pb-Pb bond is significantly shorter,
3.0515(3) A, and bent angles of 43.9° and 51.2° are measured. This might be a
true diplumbene, but it readily dissociates in solution to a monomeric
plumbylene [57] (Scheme 18).

A R
R.,,/szpb"R — 2 Phb:
Ve v/
R R

Scheme 18

Other diplumbenes with short Pb-Pb distances [2.903-2.9899(5) A] are
those containing Si(SiMe;); groups, which are formed by substituent
redistribution [58] (Scheme 19).

Sisyl

Ar & Sisyl
:PbR, + :PbSisyl, —> 2:Pb,{ = ,,.nPb:Pb/

. ~ Sisyl
Sisyl
i Sisyl/

Sisyl = Si(SiMe3);
Scheme 19
The cyclic oligomerization of plumbylenes is illustrated by the formation
of a cyclotriplumbane in the reaction of PbBr, with 2,4,6-triethylphenyl
magnesium bromide, Eq. (14) [Sh, 59].
3 PbBr, + 6 RMgBr —[3 PbR;] = [PbR;]; + 6 MgBr, (14)
R =2,4,6-Et;C¢H,

It is believed that the Pb; ring is not a classical homocycle, but rather a
trimer of singlet plumbylene (Fig. 2) [Sh, 59].
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Figure 2. Trimerization of singlet plumbylenes

The reduction of RPbBr (R = 2,6-Trip,Ce¢H;3) with LiAlH, yields a
compound RPbPbR with a Pb-Pb interatomic distance of 3.1881(1) A and a
trans-bent geometry with a C-Pb-Pb angle of 90° [5h, 59] (Scheme 20).

. Ar
- < \ e
2 ArPbBr SAMa_ 5 ArpbH > b—Pb + H,
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Ar= 2,6-Trip203H3

Scheme 20

This geometry suggests that the lone pairs remain in the 6s orbitals of lead
and the compound could be described as a diplumbene diradical rather than as a
diplumbyne [60] (Scheme 21).

Ar Ar

Pb——Pb

D N W

Scheme 21
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6. PLUMBOCENES AND OTHER n-COMPLEXES

Bis(n’cyclopentadienyl)lead(I) Pb(n’-CsHs),, PbCp,, (“plumbocene”) was first
prepared in 1956 from PbCl, and NaC;sH;s [61]. Interestingly, this compound was
found to display a unique polymorphism forming zig-zag chain [62], helical

chain [63] and cyclic hexameric [63, 64] supramolecular self-assembled forms
(Schemes 22-24). The compound is monomeric in the gas phase [65].

< <
Pb pp )
> S

Scheme 22

Scheme 23
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A surprising formation of plumbocene takes place in the reaction of a

SiN,Pb ring compound with cyclopentadiene; the monocyclopentadienyl
intermediate was detected only spectroscopically [66] (Scheme 25).
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Scheme 25
Unlike the unsubstituted plumbocene and methylsubstituted plumbocenes

Pb(n’>-CsH,Me), [67], and Pb((n’-CsMe,H), [68], which are bent metallocenes,
the silylaied derivative Pb(n’-CsMe,SiMe,Bu'), [69], the tris(isopropyl)
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derivative Pb(n’-CsHyPr';-1,2,4);, [70], and the pentabenzyl derivative Pb[n’-
C5s(CH,Ph)s], [71] contain parallel cyclopentadienyl rings, obviously due to
steric factors (Scheme 26). The metal-centered lone pair of electrons is
stereochemically inactive in the later.
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Scheme 26

Novel plumbocene derivatives containing phosphinoalkyl ligands such as
Pb(n’>-CsH,CMe,PMe,), are also of note, due to their ability to form metal
complexes, e.g. [Pb(n5-C5H4CMe2PMe2)2PtIZ] and organoboron derivatives of
the type [Pb{n’-CsH,CMe,PMe,B(C4Fs)s}2] [72] (Scheme 27).
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Scheme 27

Plumbocene Pb(n’-CsHs), is a reactive compound. It exchanges
cyclopentadienyl rings with K[CsMes] and [Ca(CsMes)](THF), to form
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bis(pentamethyl-cyclopentadienyl) complexes, Pb(n’-CsMes), [73]. The lability
of plumbocene Pb(n’-CsHs), is illustrated by its reaction with lithiated primary
amines, e.g. CyNHLI, leading to the formation of a cubane Pb;(NCy), formed by
loss of the n°-CsH; ligands [74]. The reaction of plumbocene with lithiated
tripodal amines also results in loss of cyclopentadienyl groups with formation of
inorganic amidoplumbate anions shown in Scheme 28 [75].
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Scheme 28

Plumbocene forms weakly bonded Lewis base adducts with bidentate
nitrogen donors, such as tetramethylethylenediamine and 4,4’-Bipy, thus
increasing the coordination number of lead and changing the molecular
geometry (Scheme 29) [76]. Other adducts of PbCp, with tetracyanoethylene,
tetracyanoquinodimethane and BF; have been reported [77].

Me,

Scheme 29

Plumbocene undergoes nucleophilic addition of CsHs anions to form
[Pb(CsHs);]” paddle-wheel anions (Scheme 30) [78, 79]. The syntheses and X-
ray structures of such complexes, [Na(PMDETA)]'[(’-CsHs);Pb]" and
[Mg(THF)g][(n’-CsHs);Pb], have been reported. The monomeric complex
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contains trigonal-planar Pb(n’-CsHs); units linked through bridging p-n’-CsHs
ligands, to [Na(PMDETA)]" cations. 4b initio MO calculations show that the
nature of these species is highly dependent on the alkali- or alkaline-earth-metal
cation solvation. Thus, whereas unsolvated [(n’-CsHs),Pb(n’-CsHs)Na] is a
loose-contact complex of Pb(C;sHs), and NaCsHs, the [Pb(nS-CsHs)g]' species is
best formulated as triorganometal anion [79].

Scheme 30

The paddle-wheel tris(cyclopentadienyl)lead anion [Pb(n’-CsHs);]
prepared from m°-CsHsPbCl and a potassium cyclopentadienyl derivative,
KCp™ (Cp™ = 2-tetrahydrofurfurylcyclopentadienyl) in its potassium salt forms
a honeycomb supramolecular structure (vide infra) [80]. The sodium salt
Na[(n’-CsH;s),PbCp™]-0.5THF also forms a two-dimensional supramolecular
structure composed of [Na(n’-CsHs),PbCp™; rings [81].

Multideckker lead-cyclopentadienyl anions, e.g. [Pby(CsHs)s]” and
[PbsCpy] are formed when the CsHs anion reacts with plumbocene in the
presence of crown ethers or cryptands, in addition to paddle wheel anions. Thus,
[CpaPb(n’-Cp)Na-(15-crown-5)],  [K(2,2,2-crypt)] [CpsPb,] “THF, [CpoPb(p-
Cp)Pb(n’-Cp)Cs(18-crown-6)] and the mixed salt 2[Li(12-crown-4),]"[Pb,Cps]
[PbsCps]” is formed from LiCs;Hs and Pb(CsHs), in the presence of the crown
ether [82]. The structures of the anions are shown schematically in Schemes
31-32.

74 S

Scheme 31
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Scheme 32

Triple-deckker cation salts [Cp*Pb(u,n’)Cp*PbCp*][B(CFs)s] (Where
Cp* = CsMes) (Scheme 33) have been prepared by reacting [PbCp*]'[B(C¢Fs)a]
with the plumbocene PbCp*, [83].

2 &N

Scheme 33

A pentanuclear complex [Pbs(CsMe;SiMe,Bu'),(O3SCF;)q] obtained from
Pb(n’-CsMe,SiMe;Bu'), with CF;SO;H, has been described as a polyionic
species formed by aggregation of four [Pb(n’-CsMe,SiMe,Bu")]* cationic
species with the anion [Pb(O3SCF3)6]4' on the basis of an X-ray diffraction
analysis [84].

Bicylic hydrocarbons containing a fused cyclopentadienyl ring can also
form lead(I) n-complexes and di[n’-bis(trimethylsilyl)indenyl] Pb[n’-
CyHs(SiMe;)s], has been reported [85].

Some 7-complexes of lead derived heterocycles can be prepared. Pyrroles
can form diazaplumbocenes and a tert-butyl substituted derivative (Scheme 34)
has been structurally characterized [86].
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Bis(1-methyl-boratabenzene)lead(Il), Pb(CsH;BMe), was obtained from
LiCsHsBMe with PbCl, and investigated by X-ray diffraction. The compound is
monomeric with a bent sandwich structure and a bending angle of 135.2(3)°. It
forms 1:1 adducts with TMEDA and Bipy, which maintains the bending of the
two m ligands; the 2,2-Bipy ligand is located in the pseudoequatorial plane [87].
Related Pb(n6-3,5-Me2C5H3BNMe2)2 and Pb[1]6-3,5-M62C5H3BN(SMC3)2]2
were obtained from PbCl, and lithium boratabenzenes. The compounds are
monomeric, bent sandwich complexes [88] (Scheme 35).

Me
B—R
s
B—R
Me R = Me, NMe;, N(SiMe3)2
Scheme 35

Phospholes can also act as 7-ligands (Scheme 36). Bis(n’-2,5-di-tert-
butylphospholyl)lead, Pb(n’-2,5-Bu,C,P),, is one such complex [89]. A n’-3,5-
di(tert-butyl)-1,2 4-triphospholyl mixed ligand complex also containing m’-
pentamethylcyclopentadienyl ~ ligands, ~ Cp*Pb(n’-Bu3C,P;) has  been
crystallographically confirmed [90]. A unique 1,3-diphospha-cyclobutadienyl
complex Cp*Pb(n*-P,C;Bu%) (Scheme 36), prepared from Pbl, with
Cp,Zr(PCBu'),, was described as a 24-electron nido-5-vertex cluster [91].
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Lead can also form © complexes with arenes as n’-ligands. Thus, the
compound [Pb(n°-CsHsMe,-1,2),][AICL], with a bent sandwich structure has
been obtained simply from PbCl,, AICl; and 1,2-xylene, and structurally
characterized by X-ray diffraction. The tetrachloroaluminate anions are
interacting with the lead atom to complete its coordination environment
(Scheme 37) [92]. A benzene complex, [(n®-CsHg)Pb(AICI,)]-C¢Hy has also
been described [93].
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The [PbX;]" (X = H, Me, Cl) cation aromatic bonding to toluene, with a
n°-connection was the subject of ab initio calculations (binding energies,
geometric structures and charge distribution), in a comparative study with
similar Si, Ge and Sn derivatives [94].
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7. ORGANOLEAD HYDRIDES

Because of the weakness of the Pb-H bonds, the organolead hydrides are
thermally very unstable compounds and can be prepared only at negative
temperatures (usually below -50°C). They are obtained by reducing organolead
halides with LiAlH, in ethereal solvents [95] or with KBH, in liquid ammonia
[96]. The organolead hydrides are also light- and air-sensitive. ’

An interesting property of organolead hydrides is their ability to undergo
addition to unsaturated compounds (hydroplumbation) [97] which. may turn out
to become useful.

8. ORGANOLEAD HALIDES

8.1. Organolead(IV) halides

The preparation methods of organolead halides are now classical. They
may differ with the nature of the halogen. Organolead(IV) chlorides and
bromides, sometimes iodides, can be prepared by strictly controlled reactions of
tetraalkyl with halogens (to avoid complete dealkylation) at low temperatures
(for the synthesis of triorgano- and diorganolead halides) {Eqgs. (15-16)} [98] or
by cleavage of hexaalkyl (or aryl) dilead compounds (to give trialkyllead
halides) {Eq. (17)} [99], and by reactions of tetraalkyllead compounds with
gaseous HCI (or HBr) in suitable solvents (to produce either R;PbCl or R,PbCl;,
excellent for aromatic compounds) {Eqgs. (18-20)} [100]. Other halogenation
reagents can be used, e.g. thionyl chloride for the synthesis of R;PbCl or
Ph,PbCl; (R = alkyl) from the corresponding tetraorganolead compounds {Eq.
(21)} [101]. The method of choice is the chlorination with ammonium
hexachloroplumbate(IV) due to high yields and more convenient handling of a
solid chlorinating agent, Eqs. (22-23) [102].

PbR4+X§—>R3PbX+RX (15)
PbR, +2 X; = RyPbX, + 2 RX (16)
R3PbPbR; + X; — 2 R;PbX 17)
PbR,+ HCI — RyPbCl + RH (18)
PbR, + 2 HCI — R,PbCl, + 2 RH (19)

RsPbPbR; + 3 HCl - R3PbCl + PbCl, + 3 RH (20)
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PbR, + SOCl, > R;PbCl + RSOCI @1
PbR,+ [NH,],[PbCls] = RsPbCl + PbCl, + RC] + 2 NH,Cl 22)
R;PbPbR; + [NH,J,[PbCls] — 2 RyPbCl + PbCl, + 2 NH,CI (23)

Organolead(IV) fluorides are best prepared from organolead hydroxides
or acetates with alcoholic solutions of HF or by metathesis of aryllead bromides
or iodides with potassium fluoride [103]. Aryllead trifluorides are obtained from
“arylplumbonic acids” RPb(O)OH, with HF [104].

Alkyllead triiodides are prepared by oxidative addition of alkyl iodides to
Pbl,, catalyzed by SbMe; [105]. Diorganolead(IV) diiodides are difficult to
obtain because they disproportionate with formation of organolead triiodides;
these are also unstable and decompose into lead(II) iodide with elimination of
alkyl iodides [106].

The monoorganolead(IV) trihalides are all unstable. Theoretical ab initio
pseudopotential computations show that tetravalent lead compounds are
destabilized by electronegative substituents, and this explains their instability
[107].

8.2. Organolead(II) halides

Organolead(IT) halides, RPbX, are relatively new organolead compounds
and can be made only with bulky organic groups which provide kinetic stability.
Thus, the reaction of LiC¢H;Trip,-2,6 with PbBr; in diethyl ether gave a lead(II)
compound associated as a dimer through bromine bridges, [2,6-Trip,C¢H;Pb(p-
Br)],, formed through secondary interactions [108] (Scheme 38).
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The compound reacts with Grlgnard reagents to give new plumbylenes,
2,6-Trip,C¢H;PbR (R = Me, Bu', Ph) and with W(CO)sTHF -to form a
plumbylyne complex, [(CO),;W(u-PbCsH;Trip,-2,6)(u-Br) [108] (see Fig. 12,
Chapter 2). With Na[CpM(CO);] (M = Cr, Mo, W) the divalent bromide gives
Cp(CO):M-PbCeH;Tip,-2,6 with bent M-Pb-C bond angles [108.6(2)-
113.58(9)°] and long Pb-M bonds [Pb-Cr 2.9092(9) A, Pb-Mo 2.9845(7) A; Pb-
W 2.9809(10) and 3.0055(6) A] suggesting single Pb-M bonding [109].

The lead(Il) compound [2,6-Trip,CsH;Pb(p-Br)], reacts with cis-
[Mo(Nz),(PMe;)] to form trams-[2,6-Trip,CsH;Pb=MoBr(PMe;),] which
contains a lead-molybdenum triple bond [2.5495(8) A] and a practically linear
Mo-Pb-C fragment [177.8(2)°, see Fig. 12, Chapter 2] [110], and with cis-
[W(N;)(PMes)4] to give a similar compound containing a Pb=W triple bond, i.e.
trans-[2,6-Trip,CsH;Pb=WBr(PMes),] [111].

The reaction of PbBr, with Li(C¢H;Trip,-2,6) and Eth L1C5H3~2 6-
(CeHy-2,6-Pr'y-4-Bu’), gave similar [ArylPb(u-Br)], dimers with very bulky
substituents and some of their interesting chemistry, like formation of new
plumbylenes and diplumbenes, has been presented [112].

The tris(trimethylsilyl)methyllead(II) chloride is a cyclic trimer,
[(Me;Si);CPbCl]s, (Scheme 39) containing a Pb;Cl; ring of boat conformation
(Pb-Cl distances in the range 2.71-2.76 A) [113], and a cyclic dimer
[Me;SiNPhC(SiMe;),CPbCl], with alternating short Pb-Cl (2.609 A) and long
Pb-+-Cl secondary bonds (3.276 A) has also been reported [114].

C(SiMe3)3
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P
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(SiMe3)3C”~ 7 N\c(siMes)s

Scheme 39

Monocyclopentadienyllead(IT) complex halides belong to the same class.
Halides CpPbX (X = CIl, Br, I) and acetate, CpPb(OAc), were prepared by
reacting plumbocene with HX and the iodide CpPbl was also obtained from
PbCp, with iodine or methyl iodide. It was suggested that the compounds are
polymeric (ie. supramolecular) with bridging X groups [115].
Cyclopentadienyllead(II) tetrafluroborate, CpPb[BF,] is a dimer with
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tetrafluoroborato bridges leading to an eight-membered ring [116], and (1,3-di-
tert-butylcyclopentadienyl) lead(Il) tetrafluoroborate is a cyclic trimer with the
same type of bridges [117] (Scheme 40).

F. F

Scheme 40

An nS-arene complex cation coordinating [AICl,]" anions both as
chelating and bridging groups is the benzene derivative n6-C5H6Pb[A1C14]2-C6H6
which forms supramolecular chains [118] (Scheme 41).

Scheme 41
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9. ORGANOLEAD COMPOUNDS CONTAINING Pb-O, Pb-S, Pb-Se, Pb-
Te BONDS

9.1. Oxygen compounds

Organolead compounds containing Pb-O bonds include hydroxides,
alkoxides, carboxylates, and derivatives of other oxo acids. A few of these have
been structurally characterized. Organolead oxides R;PbOPbR; and R,PbO have
been mentioned in the literature, but no structural characterization is available.
Triorganolead hydroxides, RsPbOH, are obtained by alkaline hydrolysis of the
chlorides [119]. The aromatic derivative Ph;PbOH is obtained by wet oxidation
of PhyPbPbPh; with potassium permanganate [120]. Dihydroxo compounds
R,Pb(OH), are probably the immediate products of hydrolysis of dichlorides,
but they dehydrate easily to ill-defined oxides, R,PbO, of unknown structure
[121]. Another class of organolead-oxygen compounds is represented by the so-
called plumbonic acids RPb(O)OH) of unknown structure (certainly
polymeric), obtained by hydrolysis of monoorganolead carboxylates [122, 123].

Organolead carboxylates are important compounds. Triorganolead
derivatives, R3PbOOCR’, and diorganolead dicarboxylates, R,Pb(OOCR’),, are
prepared by cleavage of organic groups from tetrasubstituted PbR,, with
carboxylic acids, under controlled conditions, Egs. (24-25). Numerous examples
are known [124].

PbR, + R'COOH — R;PbOOCR’ +RH (24)
PbR, + 2 R’COOH —» RyPb(OOCR’), + 2 RH (25)

Mixed aryl-methyllead(IV) trifluoroacetates, ArMePb(OOCCF;),, can be
obtained by reacting aryllead tris(trifluoroacetates), ArPb(OOCCEF;); with
tetramethylsilane and trifluoroacetic acid [124b].

Monoorganolead carboxylates, RPb(OOCR);, are limited to aryllead
derivatives, ArPb(OOCR);. Such compounds can be prepared from diaryllead
carboxylates with mercury(Il) carboxylates, Eq. (26) [125], by reaction of lead
tetracarboxylates with mercury diaryls, Eq. (27) [126], or by redistribution
between lead(IV) acetate and diphenyllead diacetate, Eq. (28), or
tetraphenyllead, Eq. (29) [127].

Ar;Pb(OOCR), + Hg(OOCR), —> ArPb(OOCR); + ArHgOOCR (26)
Pb(OOCR), + HgAr; - ArPb(OOCR); + ArHigOOCR @27

Pb(OAc), + Ph,Pb(OAc); — 2 PhPb(OAc); (28)
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3 Pb(OAc); + PbPh, — 4 PhPb(OAc); (29)

Monoaryllead(IV) carboxylates, e.g. 4-RC;HsPb(OOCMe); (R = Me, Cl)
contain seven-coordinate lead in a trigonal bipyramidal geometry with the
phenyl group in axial position [128] (Scheme 42).
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Organolead(IV) alkoxides, R,Pb(OR);,, obtained by metathesis of
organolead chlorides with sodium alkoxides or by azeotropic dehydration of
mixtures of R,Pb(OH),., with alcohols [129], are moisture sensitive compounds.

In the reaction of a lead(IT) mixed alkoxide complex [KPb(OBu');], with
n’-CsHsSnCl a transfer of the cyclopentadienyl ligand to lead occurred, with the
formation of an unusual lead-oxygen compound, 1’-CsHsPb(p-OBu'),SnOBu'
[130] (Scheme 43).
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9.2. Sulphur compounds

Bis(triphenyllead) sulfides and selenides are prepared from triphenyllead
chloride and sodium sulfide and selenide, respectively. The compounds
R;PbQPbR; (Q = S, Se) are monomeric. With diphenyllead dichloride the same
compounds are obtained following a disproportionation [131].

Diorganolead sulphides are cyclic trimers, (R;PbS); (R = Ph, 2- and 4-
MeCgH,) [132, 133] containing a six-membered Pb;S; ring with twist boat
conformation. They undergo redistribution/equilibration reactions with
diorganotin analogues (R;SnS), (n = 2, 3) to form the complete series of mixed
lead-tin-sulphfur six-membered rings RgPb;,Sn,S; (Scheme 44) [134].
Redistribution between cyclic trimers with different substituents at lead, ie.
(R;PbS); and (R’,PbS); with formation of the mixed substituent derivatives also
occurs [133]. :

Rz Rz Ry
Pb Sn Pb
s/ \SI ?/ \? sl/ \Sl
Rsz\S/Psz Rzpb\s/Psz RZSn\s/SnRz
Scheme 44

The reactions of plumbylenes with elemental sulphur are a rich source of
cyclic lead-sulphur compounds. Thus, PbTip, reacts with Sg to form three
different lead-sulphur rings, whereas PbTbtR forms only the five-membered
PbS; ring derivatives (R = Ttm, Tip and Dis) but PbTbt, forms TbtS¢Tbt and
TbtSgTbt [135] (Scheme 45).
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Scheme 45
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A careful investigation of the desulphurization of (Tbt)(Tip)PbSs with
triphenylphosphine revealed the formation of TbtPb-STbt (20%) and dimeric
[Tip,PbS], (32%), among other products (TbtSH, TbtSSTbt, TbtH, TipH and
SPPh;). The formation of these products is explained by a mechanism involving
transient monomeric (Tbt)(Tip)Pb=S plumbanethione [136] (Scheme 46).
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Scheme 46

Bicyclic organolead compounds containing Pb-S or Pb-Se bonds and
also silicon in fused five-membered rings have been prepared according
to the reactions shown in Scheme 47. The bicyclic structure of
Ph,PbS,(MeSiSiMe)S,PbPh, was confirmed by X-ray diffraction. The five-

membered rings display envelope conformation and Pb-S bonds are 2.4995(11)
and 2.4915(11) A [137].

PhzPbCl,
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Scheme 47
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Organolead thiolates, Ph;PbSR (R = Me, Ph) are monomeric [138],
contrary to expectations, since many other organolead-sulphur compounds are
self-assembled into supramolecular structures (vide infra).

Other interesting organolead compounds with lead-sulphur bonds include
dithiocarbamates [139], monothiocarboxylates, e.g. PhyPbS(O)CCsHMe-4
[140], dithiocarboxylates, Ph,Pb(S;CR)sy (n = 2 and 3) [141], and
dithiophosphates, e.g. PhsPbS,P(OEt), and Ph,Pb[S,P(OCH,Ph),], [142],
dithiophosphinates, e.g. Ph,Pb(S,PPh,); [143], and Me;Pb(S,PR;) (R = Me, Et,
Ph) [144], dithioarsinates [145], 1,3-dithiole-2-thione-4,5-dithiolates
C;3S53(S,PbPhy) [146], C;S3(SPbPhs), (Scheme 48) [147], and toluene-3,4-
dithiolates and 1,2-dimercaptobenzene derivatives [148]. Some are monomeric,
molecular compounds, others are self-assembled into supramolecular structures
via secondary Pb--S interactions.
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Heterocycles containing S-PbR,-S fragments are also known, e.g. five-
membered Ph,Pb(SCH;), [149], and eight-membered Ph,Pb(SCH,CH,),0 [150]
(Scheme 49).
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9.3. Selenium and tellurium compounds

Relatively few organolead-selenium compounds have been investigated.
Among the newest ones, the Me;PbSeC¢F;5 derivative is mentioned. It was
prepared from Me;PbCl with CgFsSeli [151].  Selenocarboxylates,
R,Pb(SeOCR),., [152], and diselenophosphates, Ph;PbSe,P(OR), [153], have
been also reported. A series of selenium- and tellurium-lead compounds
Phy;PbQOCR (Q = Se, Te; R 1-adamantanyl, 4-MeCsH,, 4-CICsH,) have been
prepared from Ph;PbCl and sodium carbotelluroates [154].
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10. ORGANOLEAD COMPOUNDS CONTAINING Pb-N, Pb-P, Pb-As
and Pb-Sb BONDS

10.1. Nitrogen compounds

Organolead compounds with lead-nitrogen bonds have been little
investigated due to their instability. The ammonolysis of triorganolead halides in
liquid ammonia with KNH, stops at one of the successive stages R;PbNH,,
R;PbNHPbR; or N(PbR3);, depending on the bulkiness of the organic group
[155]. Amino derivatives, e.g. R,Pb(NR’;)4y, can be prepared from halides by
metathesis with lithium or sodium amino derivatives [156]. Very bulky ligands
stabilize amino derivatives of organolead(Il). Thus, [ArPbNH,], with Ar =
C¢H;3-2,6-(CgH;-2,4,6-Pr'3); is formed in the reaction of ArPbBr with LiNH, in
diethyl ether. With liquid ammonia only the adduct ArPbBr(NHj3) is obtained, no
substitution taking place. These are the first organolead(II) amine complexes
[157].

The sulfonamide derivatives, R3Pb-N(80,X), (R = Me, Ph; X = Me, F),
prepared from organolead chlorides with AgN(SO.X),, are associated in the
solid state into a chain-like supramolecular structure through Pb--O
intermolecular bonds [158].

10.2. Phosphorus, arsenic and antimony compounds

Some compounds containing lead-phosphorus bonds, (Ph;Pb),PPh,.,, can
be obtained by condensation of Ph;PbCl with phosphines Ph,PH;.,, in the
presence of triethylamine, and by chlorotrimethylsilane elimination between
Ph;PbCl and Bu'PhPSiMe; or by metathesis between PhyPbCl with LiP(SnPh;),
[159]. An uncommon lead-phosphorus compound is the P; cage derivative
P;(PbMe;); [160] (Scheme 50).
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Scheme 50

Exotic arsino- and stibino derivatives, E(PbR;); and Ph;PbEPh, (E = Sb,
Bi) have been obtained from Ph;PbCl with EH3 hydrides in the presence of
triethylamine or with NaEPh; in liquid ammonia [161].
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11. ORGANOLEAD COMPOUNDS CONTAINING Pb-Si, Pb-Ge, Pb-Sn
BONDS

Organolead moieties can be connected to other Group 14 elements. A linear
compound with Pb-Si bonds, (Me;8i);Si-PbPh;PbPh,-Si(SiMe;); [162], and
triorganoplumbyl derivatives of cyclohexasilane, R3PbSisMe;; (R = Me, Ph)
have been reported [163] (Scheme 51).

PbR.
Me\ / 3

Ph Ph " _/S‘\S.M
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Scheme 51

Hexaphenyldilead is cleaved by lithium metal in THF to form a lead-
lithium bonded compound, Ph;PbLi [164], which is a useful reagent for the
synthesis of organolead-germanium and -tin compounds, PhsPb-MR; (M = Ge,
Sn) [156, 165], and M(PbPh;), (M = Ge, Sn) in metathesis reactions with metal
chlorides [12]. The molecular structures of R;Ge-Pb(CgH Me-4); (R = Ph,
Cs¢HsMe-4) and Ph;Sn-PbPh; have been determined by X-ray diffraction [165]
(Scheme 52).

PbPh,
R _Ph
R—M-Ph—Ph oM
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PhePb PbPh,
M = Ge, Sn

Scheme 52
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12. ORGANOLEAD COMPOUNDS CONTAINING Pb-M BONDS

Triorganoplumbyl derivatives of alkali metals can be prepared and are useful
starting materials for the synthesis of numerous other organolead compounds.
Some examples have already been cited above. Triphenylplumbyllithium,
LiPbPh;, is obtained by cleavage of Ph;PbPbPh; with lithium metal [166]. The
plumbyllithium compounds can be stabilized by coordination e.g. with
pentamethyldiethylenetriamine [167] (Scheme 53).

PhsPb—Li<—N—Me
MEzN

Scheme 53 '

Trialkyl- and -arylplumbylmagnesiumhalides, R;PbMgCl, are formed in
the reaction of Grignard reagents with PbCl, in THF, which proceed further to
hexaaryldilead or tetraalkyllead compounds [168]. The preparation of
tris[(trimethylsilyl)methylJplumbylmagnesium chloride, (Me;SiCH,);PbMgCl
and its use as reagent in the synthesis of several organolead compounds has been
described [169].

Triorganoplumbyl groups may act as ligands and numerous transition
metal complexes containing lead-metal bonds have been described (see
reference [170] for a recent review).

Most frequently for their synthesis is used the metathesis reaction of
organolead  halides with metal carbonyl, cyclopentadienylmetalcarbonyl and
other organometallic anions. Among the compounds of this class,
Cp; W(SnPlLi;)(PbMe,Cl) [171], PhyPbV(CO)s [172], Me;PbMn(CO)s [173],
Ph;;PbRﬂ(CO)g [1 74], M33PbCO(CO)4, CPM(CO)3PbM33 (M = CI', MO, W),
[175 -.178], CpFe(CO),PbMe;, [179, 180], [M(Ph;Pb),(PPhs),] (M = Pd, Pt)
[181] are ‘mentioned. The platinum complex cis-[(PPh;),Pt(PbPh;)Ph] was
prepared from [(PI_’h3)3Pt(n2-H2C=CH2)] with a benzo-1,3.2-diazaborolidine
triphenyllead derivative (Scheme 54) [182].
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Plumbylene donor metal complexes, e.g. chromium, molybdenum and
tungsten derivatives of an internally stabilized bis(dimethylaminomethyl-
ferrocenyl)plumbylene have been prepared and structurally characterized [183]
(Scheme 55). :

CpFe NMe,
Pb—=M(CO)s
NMe,
CpFe M = Cr, Mo, W
Scheme 55

Compounds containing a M-Pb-M trimetallic sequence are known, e.g.
(CO)sMn-PbPh,-Mn(CO)s [184] and Cp(CO);Mn-PbEt,-Mn(CO);Cp [185].

Four-membered ring compounds containing lead and iron,
[Et,PbFe(CO),], [180, 186] and clusters incorporating organolead moieties, e.g.
Ru3(CO)e(pn-CO)(PbR;) and Rus(CO)(p-CO)PbR,), [187] are only two
examples (Scheme 56) illustrating the great diversity of organolead-transition
metal compounds.

y (€O
Pb R:Pb”/ \ PbR,
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Rz \C/
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Scheme 56
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An uncommon bridging mode of a plumbylyne moiety is observed in the
tungsten complex [W(CO)4],(-Br)(pp-PbAr) obtained from W(CO)s(THF)
with [ArPbBr], (Ar = CsH;Trip;-2,6) [108] (Scheme 57).
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Scheme 57

13. HYPERVALENT ORGANOLEAD COMPOUNDS

A series of organolead complexes, containing more than four lead-element
bonds (of which some are Pb-C bonds) are described as “hypervalent”. These
are formed by coordination of additional neutral or anionic ligands to a normal
organolead derivative. Additional halide anions frequently coordinate to
organolead halide molecules to increase the coordination number of lead change
the coordination geometry with formation of “hypervalent” anionic species.

A five-coordinate anion, [Ph;PbCl]" is formed in the reaction of
PhyPb(C;Ss) with [NMe,]Cl and the trigonal bipyramidal coordination geometry
[axial Pb-Cl 2.7312(14) A, axial Cl-Pb-Cl 176(2)°, equatorial CI-Pb-C 87.8(2)-
92.1(10)°] was established by single crystal X-ray diffraction [188].

In the reactions of PhyPbCl, with [PR4]CI (R = Bu" and Ph) two different
complex anions (Scheme 58) were formed: a trigonal bipyramidal, five-
coordinate complex in the salt [PPhy][Ph;PbCl;] and an octahedral six-
coordinate ‘complex in the salt [PBu"y],[Ph,PbCl,]. In the trigonal bipyramidal
anion [Ph;PbCl,]" the phenyl groups occupy equatorial positions [cis-equatorial
C-Pb-C 113.71(17)°, 121.84(15)° and 124.39(15)°; trans-axial CI-Pb-Cl
177.70(4)° Pb-Cl.2.727(1) A] and in the distorted octahedral dianion
[PhyPbCly]* the phenyl groups are in trans-axial positions [trans CI-Pb-Cl
178.00(3)° and 179.003)°, trans C-Pb-C 177.35(13)% Pb-Cl 2.6968(9)-
2.7392(9) A] [189].
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Organolead(IV)-fluoride complexes have been investigated in solution
and their stability constants have been determined [190].

Coordination of neutral molecules is illustrated by the formation of Lewis
base complexes of alkyllead(IV) chlorides, R3;PbCl (R = Me, Et) with
tetramethylene sulfoxide, dimethylformamide and dimethylacetamide [191]
reported as early as 1964. The structures of triphenyllead(IV) bromide adduct
with triphenylphosphine oxide, Ph;PbBr-OPPh; [192], and of triphenylarsine
oxide adduct of triphenyllead chloride, Ph;PbCl-OAsPh; have been confirmed
by X-ray diffraction; both are five-coordinate, trigonal bipyramidal complexes
with Pb-X and Pb-O bonds in axial positions and the Pb-C bonds in equatorial
positions [193]. Similarly, in the five-coordinate complex Ph;PbBrL (L =
cyclopropenone) the halogen and oxygen are in axial positions [194]. Other
structurally characterized complexes are Ph;PbCI'HMPT (five-coordinate,
trigonal bipyramidal) and Ph,PbCl,-2L with L = HMPT, DMSO (octahedral)
[195]. Obviously, this class of compounds can be much extended.

Lead(Il) organometallic halide and thiophenyl derivatives, 4-Bu'-2,6-
CsHy[P(O)(OEL),],PbX (X = Cl, SPh) with intramolecular chelation from ortho-
phosphoryl groups and pseudo-trigonal bipyramidal coordination at lead
(displaying a stereochemically active lone pair) (Scheme 59) was prepared by
traditional organolithium synthesis and structurally characterized. In spite of the
apparent crowding around lead, the compounds are assembled into
supramolecular chain-like arrays through Pb-X"Pb bonds. Cationic [3+2]
coordinate, and neutral [4+2] coordinate organolead(IV) derivatives with the
same substituent have also been obtained and structurally characterized [196].
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In organolead phosphinoyl dithioformates the ligand is bidentate chelating
through sulphur and oxygen and as a result in Ph,Pb[S;CP(O)Ph;], the lead atom
is six-coordinate, with a distorted octahedral coordination geometry and in
Ph;Pb[S,CP(O)Ph;] the metal is five-coordinate, trigonal bipyramidal [197]
(Scheme 60).

Ph
PhoP= /| N —=PPh, PhoP—_ /"
Ph
Scheme 60

Six-coordination (octahedral geometry) is conveniently achieved by using
ortho-phenanthroline as bidentate chelating ligand in diorganolead halide
complexes [198] (Scheme 61).
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Intramolecular N—Pb coordination leading to cyclization of N-
dimethylamino(propyl) derivatives, Me;N(CH,);PbPh,X (X = Cl, Br, I)
increases the coordination number of lead and generates a trigonal bipyramidal
geometry as confirmed by an X-ray diffraction analysis of the iodo derivatives
and *’Pb NMR for all three halogeno derivatives [199]. In aromatic derivatives
ortho-(dimethylamino)methyl substituents have a similar effect, with the
formation of the same five-membered chelate ring [200] (Scheme 62).

NMe, R R
% J, _ph I-Pb<—NMe,
Pb_
| "Ph R = 4-MeCgH,
| R' = 4-MeOCgH,
Scheme 62

Deprotonated bis(indolylpyridine) (bip) and 2,6-bis[2’-(7-azaindolyl)]
pyridine (bap) coordinate as tridentate chelating ligands to Ph,Pb**, to form five-
coordinate distorted trigonal bipyramidal complexes Ph,Pb(bip) and Ph,Pb(bap)
with three Pb-N bonds and two phenyl groups [201] (Scheme 63).

X=NorCH

Scheme 63
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14. SUPRAMOLECULAR-SELF ASSEMBLY OF ORGANOLEAD
COMPOUNDS

In many cases organolead molecules self-assemble into “well-defined, discrete
oligomolecular species that result from the intermolecular association of a few
components” called supermolecules, or into supramolecular assemblies also
called supramolecular arrays, which are “polymolecular entities that result from
the spontaneous association of a large undefined number of components” [202].
This process frequently takes place in Main group organometallic chemistry
[203].

Some examples were already cited above, where association of some
species was mentioned. A systematization according to the bonding types
(dative coordinate or Lewis acid-base interactions, secondary bonding, hydrogen
bonds, ionic interactions, m-bond interactions) leading to supramolecular self-
assembly is attempted below.

Self-assembly through dative coordinate bomnds occurs in organolead
hydroxides, alkoxides, carboxylates and other oxygen containing anionic
ligands. Differing lead-oxygen interatomic distances are observed, with shorter
intramolecular bonds (polar covalent Pb-O) and slightly longer intermolecular
distances (dative coordinate O—Pb). Thus, triphenylleadIV) hydroxide,
Ph;PbOH, forms chain-like supramolecular arrays [204] (Scheme 64a).
Trimethyllead acetate, Me;Pb(OOCMe) forms infinite zig-zag chains in which
trigonal planar PbMe; groups are bridged by acetate groups, leading to
pentagonal bipyramidal coordination of lead (Scheme 64b), with Pb-O 2.327 A
and O—Pb 2.555 A, axial O-Pb-O 169.7° [205]. Similar self-assembly occurs in
trimethyllead furoate, Me;Pb(OOCC,H;) (with Pb-O 2.353 A and O—Pb 2.534
A; O-Pb-0 169.4°) [206].
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Scheme 64

Diphenyllead(IV) diacetate, Ph,Pb(OOCMe),, forms a chain-like
supramolecular array with one acetate group chelating and one bridging
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(Scheme 65), displaying different interatomic distances: Pb-O 2.348 A and
O—>Pb 2.547 A in the chain and 2.354 A and 3.364 A in the chelate ring [207].
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Scheme 65

A tetrameric supermolecule is formed by self-assembly of
trimethylead(IV) diphenylphosphinate, which forms a sixteen membered
macrocyclic system [Me;Pb(O,PPh,)]; with bridging diphosphinato groups
(Scheme 66). The lead atoms are in trigonal bipyramidal coordination with
equatorial Pb-Me groups and axial Pb-O bond in the range 2.373(6)-2.402(6) A,
axial O-Pb-O angles 174.7(2)-177.6(3)° [208].

Ph Me Ph
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Scheme 66

The diphenyllead(IV) phosphinates Ph,Pb(O,PR;), (R = Me, Ph) form
chain-like supramolecular arrays, with doubly bridging O-PR,-O ligands and
eight-membered Pb,0,P; rings connected in a spiro fashion [209] (Scheme 67).
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Organolead(IV) arsinates, e.g. Ph;PbO,AsMe,, and arsonates, e.g
R;PbO,As(O)Me, have also been reported [210], but no crystal structure
analysis on such compounds has been performed so far. Very likely, there is a
structural similarity with phosphinates and phosphonates.

Self-assembly through secondary bonds (or soft-soft interactions) occurs
in organolead halides. Some examples of organolead(Il) halides were cited
above. This type is observed in lead compounds containing heavier halogens or
chalcogens. Since the intermolecular interatomic distances cover rather broad
limits sometimes it is difficult to draw a line between dative coordinate and
secondary bonds, especially in the case of lead-oxygen bonds; therefore the
distinction between the two types may seem arbitrary.

Triorganolead(IV) halides with organic groups of small or moderate size
are always self-assembled into supramolecular arrays. This was first suggested
on the basis of vibrational spectra of tri- and diorganolead(I'V) halides [211] and
then confirmed by X-ray diffraction. Typically, trimethyllead iodide molecules,
Me;Pbl, are self-assembled into zig-zag chains (Scheme 68) with linear I-Pb--I
and bent Pb-I'--Pb fragments of trigonal bipyramids with the methyl groups in
equatorial positions (Pb-I 3.038 A, Pb-+13.360 A; I-Pb--I 176.25°) [212].

Me Me Me
,,,Pb/'“\,,lb/ Ve
AN
Me Me

Scheme 68

Trimethyllead(IV) chloride, Me;PbCl, also forms zig-zag chains of
distorted trigonal bipyramids (Pb-Cl 2.764 A and Pb---C12.814 A) [213]. Similar
chain structures of trigonal bipyramids have triphenyllead chloride Ph;PbCl
(axial Pb-Cl 2.706 A, Pb--Cl 2.947 A, Cl-Pb--Cl 179.5°), triphenyllead(IV)
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bromide Ph;PbBr (axial Pb-Br 2.852 A, Pb-Br 3.106 A, Br-Pb--Br 173.8°)
[214], and benzyldiphenyllead(IV) bromide (axial Pb-Br 2.885 A, Pb-Br 2.985
A, Br-PbBr 173.61°) [215]. Organolead halides with large organic groups, like
tri(mesityl)lead chloride, are monomeric, un-associated molecular compounds in
solid state [216].

Diphenyllead(IV) chloride, Ph,PbCl,, is self-assembled into chain-like
arrays with double halogen bridges, six-coordinate octahedral lead and axial
phenyl groups [217] (Scheme 69).
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Scheme 69

The self-assembly of 1-nitro-2-triphenylplumbylthiolato-benzene,
CgH,(1-NO,)(2-SPbPh3) through weak intermolecular lead-oxygen interactions
reflected in long Pb--O interatomic distances [3.180(5) A] can be described as
being due to secondary interactions; the lead atom is five-coordinate with
oxygen (of a nitro group) and sulphur in axial positions [S-Pb-+O angle
173.96(9)°] and a supramolecular chain-like array results [218].

Some sulphur-containing organolead compounds form supramolecular
structures by self-assembly through Pb~S secondary bonds. Triphenyllead(IV)
dimethyldithiophosphinate, Ph;PbS,PMe,, is one of such compounds. It forms
chain-like arrays (Scheme 70) with bridging dithiophosphinato ligands (Pb-S
2.708 A, Pb--S 3.028 A) [219] and diphenyllead(IV) bis(dibenzyldithiophos-
phate), Ph,Pb{S,P(OCH,Ph),},, was shown to dimerize through weaker Pb---S
secondary bonds (3.69 A) [142].
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The cyclic diphenyl dithiaplumbolanes, Ph,Pb(SCH,),, are self-assembled
into linear supramolecular arrays through weak secondary bonds (3.55 A) which
are still shorter than Van der Waals distances [149], and 5,5-diphenyl-1,4,6,5-
trithiaplumbocane is associated into dimeric supermolecules with intermolecular
Pb--S distances of 3.750 A, compared with intra-ring distances of 2.514 and
2.519 A [150] (Scheme 71).

Scheme 71

Some supramolecular self-assembly may occur through Pb-N secondary
bonds. Thus, chain-like arrays were found in azides, Me;PbN; and PhyPbN;
[220], cyanide MesPbCN [221], and triphenyllead(IV) pyridine-4-thiolate,
Ph;PbSCsH,N [222] (Scheme 72).

Scheme 72
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Organolead thiocyanates, e.g. R;3PbNCS (R = Me, Ph) and Ph,Pb(NCS),
were shown by infrared spectroscopy to be associated through NCS bridges
[223] but no crystal structure analysis is available so far.

Trimethyllead hexacyanometallates, [M(CN)s(PbMe;)s] (M = Fe, Ru, Co)
form tridimensional supramolecular architectures with extended channels - which
afford formation of host-guest structures [224].

Self-assembly through hydrogen bonds has been rarely reported in
organolead compounds. A nice example is the dimeric supermolecule (Scheme
73) formed by hydrogen bonds of coordinated methanol in the
[Ph,PbCl3(MeOH)]" (associated with a cationic supramolecular dimer formed

through secondary PbCl bonds, [Ph,PbCI(HPYyTSC)],, containing a
coordinated thiosemicarbazone) [225].
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Scheme 73

The bis(imidazole) complex Ph,PbCly(C;HsN,), forms two isomers, with
phenyl groups in cis- and trans-positions; both are self-assembled in the solid
state through N-H:--Cl hydrogen bonds, the cis isomer forming supramolecular
chains and the #rans isomer forming two-dimensional layers [226].

Supramolecular self-assembly through #-bonding interactions was
mentioned above in the presentation of plumbocenes Pb(nS-CsHs)z [62, 63, 64].
Another example is that of K'[PbCps]" in which the honeycomb bidimensional
supramolecular architecture [80] is formed through charge-assisted n-bonding

interactions, via alternation of potassium cations with the organolead anions
(Scheme 74).
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15. SELECTED USES

The major use of organolead compounds was as antiknock gasoline additive, the
major player being tetracthyllead. The whole dramatic story of rise and fall of
this compound, which is gradually eliminated because of environment pollution
concerns [227], is beautifully told in a two-part comprehensive review article [2]
(see also Chapter 1, 1.1 and 1.3). Other organolead compounds studied as
candidates for additives to raise the octane rating of fuels were some organolead
alkenes and alkynes [228, 229] (Scheme 75).

R3sPb_ R3Pb_ _PbR3
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H H H
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Scheme 75
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Few other major uses of organolead compounds worth mentioning.
Among these is the use of organolead compounds as reagents in organic
synthesis. Thus, organolead reagents can be used for transformation of propargyl
to allenyl derivatives [230] and this chemistry has been used as an allenyl
transfer reagent to aldehydes and ketones [231] (Scheme 76).

Ph3PbBr + CICH,—C=CH —> Ph3Pb-HC=C=CH;

chOIBF;a,l lRCHOIBFg

R,C(OH)CH,—C=CH  RCH(OH)CH,—C=CH

Scheme 76

The use of organolead(IV) triacetates in organic synthesis is also worth
mentioning. These compounds are versatile reagents for the electrophilic
arylation, vinylation and alkynylation of various carbon nucleophiles, and this
served for the synthesis of a series of natural products and medical drugs [232,
233].

16. STRUCTURAL *’Pb NMR SPECTROSCOPY.

The molecular structure determination of organolead compounds is best
served by single crystal X-ray diffraction. The solid state structures determined
by this technique have been cited above for most classes of organolead
compounds. One of the major techniques used specifically for the
characterization of organolead compounds is *’Pb NMR spectroscopy, which is
now routinely used for the solids as well as in solution state. The *”’Pb isotope is
NMR active because it has a nuclear spin of Y%, and natural abundance of 22.6
%. Because of its high abundance, it has sensitivity of about 12 times higher
than the *C NMR and 0.9 % of that of the proton. The variations in chemical
shift values for divalent and tetravalent organolead compounds are large and a
very broad chemical shift range from +11000 to -7000 ppm has been observed.
A number of reviews dealing with **”Pb NMR were appeared over the years [3e,
234]. The trends observed in “’Pb NMR broadly parallels with the trends
observed in "”Sn NMR spectra of the similar organotin compounds.
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16.1. Lead (II) compounds

The *’Pb NMR chemical shifts for divalent lead compounds exhibit
strong downfield shifts covering a wide range from 11000 to 3000 ppm
consistent with the low coordination number of the lead. The selected examples
of divalent lead compounds are provided in Table 1. There seems to be no
correlation: between the chemical shift values and structural parameters like
bond angles, bond lengths of the divalent lead compounds. An increase in
coordination number of lead from two to three which occurs upon adduct
formation with donor ligands result in large >1000 ppm upfield chemical shifts.
The effect of the incremental increase in coordination number is quite visible in
a series of low-valent compounds [53], for example, one-coordinated lead cation
Ar*Pb" (Ar* = 2,6 Trip,-C¢H;) with a resonance at 8974 ppm, is shifted 1554
ppm to the low field from its 2-coordinated precursor, Ar¥*PbMe (chemical shift
at 7420 ppm) and a further increase in coordination number to three in the
pyridine adduct of the cation Ar*Pb*(py), *“”Pb NMR 4764 ppm) results in
upfield shift of 4210 ppm from the one-coordinated cation. This trend is also
observed in plumbylene-carbene adducts. The chemical shifis of the
diplumbenes, compounds with formal Pb=Pb double bonds; in solution are in
close proximity with the plumbylenes indicating they completely dissociate into
monomeric. plumbylenes at room temperature exhibiting the weak bonding
between the lead atoms.

16.2. Lead (IV) compounds

The chemical shift values of lead(IV) compounds of the type R,PbX,., are
generally more sensitive to the chemical environment, particularly the coupling
constants, “J(Pb-C), the wide lead shift range allows a clear distinction between
the closely related species. The chemical shifts are dependent upon
concentration, the $olvent and the nature of inorganic groups X. A high field
shift occurs in donor solvents where increases in coordination number can be
expected. As the electron withdrawing power of the X increases, the lead atom
becomes .more deshielded and the chemical shifts move to low field. The
replacement of methyl groups in Me,Pb by unsaturated organic groups such as
vinyl, alkynyl or aryl groups leads to high field shift of *’Pb resonance. Few
selected examples of tetravalent lead compounds are provided in Table 2.

A series of organolead derivatives of the transition metals have been
investigated using *”’Pb NMR [175, 242]. The presence of a transition metal unit
(ML) induces a low field shift when compared to the corresponding methyl
derivative; i.e. RsML vs. RsPbMe for ML = CpFe(CO);, CpMo(CO); and
Mn(CO)s and Co(CO), and some representative examples are presented in
Table 2. Within a group of the transition metals, e.g. Cr, Mo, W, there is a
progressive shift to high field as one descends the group such that the third row
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transition metal tungsten produces a high field shift when compared to the
organolead analog. In a similar manner, increasing amounts of the metal
substituent cause a further upfield shift for W but low field shift for Mo. The
effect of solvent is small in this group of organoleads for the solvent series C¢Ds,
CH3OH and C5H5N. .

The various trends noted above parallel the related data with organotin
derivatives using '’Sn NMR with the extra feature that the range of chemical
shifts are about three times more sensitive to the metal substituent for the lead
nucleus. ' '

Table 1.
27pb NMR data for selected divalent organolead compounds
Compound Chemical shifts (ppm) | Reference
(Me3Si);SiPbCeHj3-2,6-Trip, 10745 [112]
(Me;Si);SiPbCeH3-2,6-Mes; 10510 X [46d]
Pb[C(SiMe3),SiMe,CH, ], 10050 -[52]
Pb(Tbt), 9751 [46a]
Pb[CH(SiMe3), ], 9112 [45,46d]
Pb[CeH,-2,4,6-{CH(SiMe3),}3]2 8971 ' [46a]
TbtPbTip 8888 [46a]
TbtPbCH(SiMes), 8884 [46a]
TbtPbCsH,-2,4,6-(CH2SiMes)3 8873 [46a]
Pb(CsH3-2,6-Mes), 8844 1235]
Bu'PbCgH;-2,6-Trip, 7853 [235]
MePbCgH3-2,6-Trip; 7420 [108]
Pb(CsH,-2,3,5-Me;-6-Bu'), 6927 [55]
PhPbCeH;-2,6-Trip, 6657 [108]
Mes*PbCH,CMe,C¢H;Bu', 5067 [55]
Pb[CsH>-2,4,6 (CF3)3]2 4878 [236]
Pb(CeHz-2, 4, 6-TripsNH,), 3209 [157]

Mes* = CgH,-2,4,6-Bus; Tht = CeHz-2,4,6-{CH(SiMe3 )2} 3;
Tip = C¢Hy-2,4,6-(CHMe,); Trip = -C¢H-2,4,6-Pr3
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Table 2.
27pb NMR data for selected tetravalent organolead compounds

Compound Chemical shifts (ppm) (solvent) | Reference
Me;PbCl 375 (CDCl3) [237]
Me;PbCl 216 (Pyridine) [237]
Et;PbCl 472 (CHCL) [238]
PhsPbCl 33 (CDCL) [238]
Ph;PbBr -3 (CHCL3) [238]
Ph;Pbl -131 (CHCly) [238]
PhyPb -179 (CDCl;) [239]
Me;Pb-PbMe; -281 (E;0) [239]
PhsPb-PbPhy -80 (CHCL,) [240]
PhsPbO,CMe -93 (CDCL3) [239]
Ph3Pb-GePh; -271 (CsDe) [240]
Ph;Pb-SnPhy -256 (CéDg) [240]
Me;PbSMe- 214 (Neat liquid) [238]
Mes;PbCOMe -432 (CDCly) [30]
Me;Pb-PPh, 40 (C¢He) [241]
MesPbOMe 331 (CH,CL) [237]
Me;Ph0;CMe 305 (CH;0H) [237]
Me;Pb-CH=CH, -65 (Neat liquid) [237]
Me;Pb-C=CMe -140 (CeHe) [237]
Co(CO)4PbELt; 478 (C4De) [175]
Mn(CO)sPbEt; 231 (C¢Ds) [175]
(CpFe(CO),PbMe; 246 (CeDs) [175]

| CpCr(CO);PbMe; 360 (C¢De) [175]
'CpMo(CO);PbMe; 221 (C¢De) [175]
CpW(CO);PbMe; -100 (C¢Dg) [175]
CpMo(CO);PbPh; 125 (CH,Cly) [242]
[CpMo(CO)s], PbPhy 421 (CH,Cly) [242]
CpW(CO);PbE; 25 (CH:Cly) [242]
[CPW(CO);],PbEt, -128(CH,Cly) [242]
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1. INTRODUCTION

Lead is a metal of antiquity and is detectable in practically all phases of the inert
environment and in all biological systems, having widespread industrial
applications. Lead has been mined and used in industry and in household
products for centuries. Lead's atomic number may not be 1 (it is 82) but it ranks
near the top when comes to industrial uses. The unique properties of lead-
softness, malleability, low melting point, and resistance to corrosion make it one
of the most widely used metals. Defused lead is produced from both primary and
secondary sources. Primary lead is that produced from mined ores, while
secondary lead is derived from recycled materials such as battery and lead pipes.
The dangers of lead toxicity, the clinical manifestations of which are termed
‘plumbism’, have been known since ancient times. Significant exposure to lead
is an environmental threat to optimal health and to physical development in
young children that affects all socio-economic groups [1]. Tetraethyl lead and
tetra methyl lead are used extensively as fuel additives. Both are volatile and
poorly soluble in water. Trialkyl lead compounds are formed in the environment
by the breakdown of tetra alkyl lead. These trialkyl compounds are less volatile
and more readily soluble in water. Lead is widely distributed in nature. It is
usually associated with other metals, particularly silver and zinc. Although,
mined and used for centuries, galena still remains the principal source of lead
today. Lead, a ubiquitous environmental toxin induces a broad range of
physiological, biochemical and behavioural dysfunction. Lead poisoning is thus
an environmental disease, but it’s also a disease of lifestyle. Lead is known to
affect the structure and function of various organs and tissues. The present
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chapter provides a comprehensive account of environmental lead exposure,
biochemical and toxic effects of lead, diagnosis, recent development in the
preventive and therapeutic measures etc. in human and in experimental animals.

2. LEAD IN THE ENVIRONMENT

2.1. Occurrence

The level of lead in the earth’s crust is about 20mg/kg. In the environment it
may be derived from either natural or anthropogenic sources. The human species
evolved in an essentially lead-free environment. Most of the lead present was
buried in subsurface deposits composed of a relatively inert (insoluble) form. As
a consequence humans and other living species have no known use for lead. The
amount of lead on the earth’s crust is larger than might be predicted. One reason
is that it was concentrated during the earth forming process and a second is that
it is the “sink™ for radioactive decay of uranium and thorium. Because lead has
several parent atoms it has variable mass which creates a fingerprint for various
ore bodies. A lead sulphide containing ore found at the surface of the earth’s
crust undergoes weathering to the mineral PbSO4, or anglesite. Further
weathering may result in cerussife, PbCOs. Lead and iron sulphide ore at the
interface with unweathered ore, high in clay is known as jarosite. Typically a
lead ore body consisted of surface oxidized ores: cerussite (PbCO;), anglesite
(PbSQy), litharge (oaPbO), and massicot (BPbO) below which lay plumbojarosite
[PbFes(SO4)2(OH);2], then galena (PbS). Most lead in ore bodies is in the form
of galena or cerrusite, both of which are attractive minerals. Lead has four
common isotopes: “*Pb, **Pb, *’Pb and ***Pb. The last three forms of lead
results from the radioactive decay of thorium and two different isotopes of
uranium. Lead is found with silver and due to this reason it is extensively mined.
Lead is also found in conjunction with many other trace elements, especially
with antimony [2].

2.2. Sources of lead in our environment

Although lead is ubiquitous in the environment of industrialized nations, the
contribution of natural sources of lead to concentrations in the environment is
low compared to the contribution from human activities [3]. Through human
activities such as mining, smelting, refining, manufacturing, and recycling, lead
finds its way into the air, water, and surface soil. Lead-containing manufactured
products (gasoline, paint, printing inks, lead water pipes, lead-glazed pottery,
lead-soldered cans, battery casings, etc.) also contribute to the lead burden. Lead
in contaminated soil and dust can find its way into the food and water supply.

The source of greatest concern is old housing, specifically houses once
painted with products containing lead as a pigment. The chips and dust from
peeling or cracking leaded paint remain highly toxic. Sanding, scraping or
heating painted doors, windows, stairs or fences can release leaded dust into the
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air, where children and adults may breathe it in. Even vacuuming, sweeping, or
walking can circulate the dust, which eventually gathers on the floor where it is
accessible to infants and toddlers engaging in hand-to-mouth activity [4]. Lead-
based dust from deteriorating paint can also be present in the soil around old
homes.

A second major source of lead exposure comes from soil contaminated by
lead residues from leaded gasoline and industrial processes. For many years,
lead smelters, battery plants, and automobiles released dangerous doses of lead-
infused emissions into the air and soil. Traces of lead from these sources remain
in the soil, particularly in urban areas [5].

Though the use of lead has been curtailed in many household products, the
metal can still end up in food and water, mostly from residual sources. Food
may be prepared with leaded utensils or stored in leaded pots and ceramics.
Drinking water may be transported through old pipes soldered with lead.

2.2.1 Lead based paint

Due to lead’s unique properties, it has been used as a pigment and drying
agent in primers, paints and enamels, inks, oils, resins and other surface coatings
for centuries. Throughout the 1940°s and 1950°s lead-based paint was in
widespread use. It continued to be used in lower concentrations until the mid-
1970’s [6]. Although lead-containing paint was banned for residential use but
paint on older buildings is the most frequent source of lead exposure in young
children {7]. Lead has been used to make petroleum products, glass panels,
crafts, batteries, jewelry, pencils, colored newsprints, etc. However, high lead
content is estimated to be in 74 percent of all housing built before 1980. Those
housing units containing deteriorating lead-based paints are the major concern.
Of even greater concern are these homes that have young children as occupants
[8].

Lead paint exposure accounts for as much as 90% of childhood lead
poisoning. While generally considered an inner city problem, it is, in fact, not
so. Lead paint not only directly poisons individuals, but contaminates soils and
other surfaces which can also be the cause of poisoning [9].

Lead from different sources such as from lead-paint, gasoline, and solder
may enter the body through air, food, water, dust and soil. Lead-based paint is
still available for industrial, military and marine use and occasionally ends up
being used in homes. Pica, a craving for unnatural food, is one way children are
exposed to lead when they eat tiny pieces of peeling or chipping lead-based
paint. More commonly, children ingest dust and soil contaminated with lead
from paint that re-enter that flakes or chalks as it ages. Lead-contaminated house
dust can settle on floors, walls, and furniture. Settled lead dust can re-enter the
air through cleaning, such as vacuuming or sweeping, or by movement of people
throughout the house. Lead-contaminated house dust, ingested via normal
repetitive hand-to-mouth activity, is now recognized as a major contributor to
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lead poisoning in children. Adults can also be exposed to lead in the same ways
[10].

The risk of lead poisoning is related to both the presence and the condition of
the paint. The risks of lead poisoning are greater when lead-paint has
deteriorated or when lead-based paint (even intact paint) is located on surfaces
accessible to children [11]. Lead allowed in paint is still potentially a problem
because at all levels of exposure, lead poisoning causes severe adverse health
effects in both children and adults, affecting their ability to learn and thrive, their
productivity, and their global competitiveness [12].

2.2.2 Food, drinking water and air
2.2.2.1 Food

Lead in foods may be derived from the environment in which the food is
grown or from food processing. Agricultural crops grown near heavily traveled
roads or industrial sources of lead can have significant concentrations because of
airborne lead deposited on them or in the soil. Among cases of lead poisoning
cited in the hterature, lead from ceramic glazed storage vessels, leached out by
acid foods, is the most frequently-reported source of high lead concentrations in
foods [13].

Lead contamination in food could be due to following ways:

e Soil, pesticide or zinc fertilizer containing lead may be taken up into a
root, plant or deposited on leafy plants. Lead emissions from cars or
industry may be deposited on plants grown in home or market gardens
near main roads.

e Canned foods are a source of lead which is leached from the solder in the
seams of the cans. However, exposure from this source can be reduced by
the use of seamless cans [14]. Foods or beverages, particularly acidic
foods such as pineapples, pickles and tomatoes may be packed in cans
with lead solder side seams or processed by equipment containing lead
soldering. Foods or beverages may be stored, cooked, reheated or served
in lead glazed ceramics or porcelain, cook pots tinned with a lead-tin
mixture, brass with leaching of lead, or leaded crystal or glass. Spices and
food coloring may also be contaminated with lead from petrol emissions,
lead pigments or painted storage containers.

e Some home remedies also contain lead compounds that can be the cause
of lead poisoning. As many as 5% of children have high enough lead
intake through water and food to cause health risks [15].
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2.2.2.2 Drinking water

The major source of lead contamination of drinking water is the distribution
system itself. Where lead water pipes or lead-lined cisterns are used, lead may
contaminate the water supply and contribute to increased blood levels in
children who consume the water [16]. Lead pipes for conveying drinking water
has been used for centuries because of its flexibility, durability and long life.
Water used to prepare infant formula is always a significant source of lead for
infants if it contains high lead levels [17]. Water from lead-soldered water tanks
or run-off systems from roofing with lead-based paint also pose a risk.
Especially in areas near mining and smelting sites where dust and emissions
could add to the problem.

Contamination of lead in groundwater originates from the dissolution of lead
from soil and earth crust. Lead particulate from the combustion of leaded
gasoline, fossil and ore smelting can contaminate local surface water by surface
runoff. Lead itself has minor content in the earth crust. A widely distribution of
lead in sedimentary rocks and soils are reported an average lead content of 10
mg in 1 kg (10 ppm) soil usually found in upper ground soil and lead in a range
of 7 to 12.5 ppm is found in sedimentary rock [5]. The solubility of lead controls
the lead dissolution into surrounding water. Absorption by soil and by humus
can further limit the lead concentrations in surface waters and groundwater.

Lead in drinking water is probably absorbed more completely than food.
Adult absorb 35 to 50% of the lead they drink and the absorption rate for
children may be greater than 50%.

Lead in the air comes from a variety of sources. One of the largest
contributors has been from leaded gasoline. Millions of tons of lead were added
to gas before use was limited by EPA regulations restricting the use of lead in
gasoline. Much of this lead is still present in the environment as lead in soils and
lead in dust. The atmospheric levels of lead depend on geographical location,
with major differences in lead in the atmosphere in urban and remote areas of
the world. The highest concentrations are observed near sources of lead such as
smelters. Levels range from 0.000076 pg/m® in remote areas to up to 10 pg/m’
in areas near smelters [18]. The major contribution to ambient lead originates
from the combustion of lead containing fuels used in internal combustion
engines, the combustion of lead containing coal or fuel oil, the activities in lead
mining and refining. Anthropogenic sources of atmospheric particulate include
those arising from the burning of coal (fly ash) and petroleum, smelting and
alloying processes and waste incineration. The natural concentration of lead in
soil is 2200 pg/g. There has been large number of studies concerning the
concentration of lead in natural surface waters. Concentrations of lead in natural
water are generally very low (1-3 pg/L), rising up to approximately 73 mg/L in
water draining from area of lead numeraligation [19].
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2.2.3 Domestic environment

The domestic environment, in which infants and children spend the greater
part of their time, is of particular importance as a source of lead intake. Dust in
homes could contain lead from lead painted surfaces that rub against each other.
Windows and doors are a large source of this type of lead dust. This dust has
been danger to children who play in the dust and put things in their mouth. Other
lead exposure can result from sources such as toys, furniture, and older
linoleum. It may be found in tableware as diverse as: ceramic dishes, bean pots,
crystal, pewter, brass and enamel metal-ware, certain types of glazed and pewter
dinnerware, and lead paint decorated drinking glasses. In addition to the
exposure from general environmental sources, some infants and young children,
as a result of normal, typical behavior, can receive high doses of lead through
swallowing of non-food items. Pica, the habitual ingestion of non-food
substances, which occurs among many young children, has frequently been
implicated in the etiology of lead toxicity.

2.2.4 Soil and dust in and about the home

The extent of the contribution of inhaled airborne-lead to the lead burden of
children is probably small. However, lead-containing particles that deposit from
the air can be responsible for high concentrations of lead in dust that children
ingest [20]. A study of urban and suburban infants (USA) followed from birth to
2 years of age found that the average blood lead levels highly correlated with
amounts of lead in indoor dust, top soil, and paint in their immediate
environment. Children living near high-level sources of lead such as smelters are
at high risk from lead poisoning [21]. Exhaust from vehicles using leaded
gasoline is a common source of atmospheric lead which contributes to the lead
content of dust. Data from the United States Second National Health and
Nutrition Examination Survey (NHANES II) indicate that leaded gasoline was a
more significant source of lead than previously thought. Rosner and Markowitz
[22], using data from this study, correlated major reductions in the amounts of
lead added to gasoline sold in the United States with significant reductions in
children's blood lead levels. A similar relationship between leaded gasoline sales
and umbilical cord blood lead levels was shown by Rabinowitz and Needleman
[23]. However, other studies have indicated that the influence of lead from
gasoline on blood lead levels may be relatively low. In general, lead in soil and
dust appears to be responsible for blood lead levels in children increasing above
background levels when the concentration in the soil or dust exceeds 500-1,000
ppm [21].

Lead-based paint in the home has been and continues to be the major source
of high-dose lead exposure and symptomatic lead poisoning for children, in spite
of the fact that the use of lead in interior paints has been restricted in some
countries for many years [24]. In the past, some interior paints contained 20-
30% lead and these paints remain in many older homes. Overt lead poisoning,
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when it occurs, is usually seen in children under 6 years of age who live in
deteriorated older housing [25, 26].

2.2.5 Industries

Lead inhalation and ingestion are particular hazards for workers in lead
industries including mining, smelting, battery breaking, petrol refining. Metal
repair or foundry work, chemical manufacture, ceramics and jewelry work.
Industries which use lead or lead-based products also present hazards for
workers. These include radiator and automotive repair, plumbing and
construction.

2.3, Intake

Children are more vulnerable to exposure to lead than adults because of
metabolic and behavioral differences [27]. The degree to which individual
sources of lead contribute to the intake of lead by infants and children varies
according to its availability in particular environmental circumstances. While
lead in air, food, and water generally is at lower levels than lead in paint, soil,
and dust, the former contribute to the background or baseline level which
determines how much extra lead is needed from other sources before toxicity
ensues. In most areas of the world, the intake of lead through drinking water is
low, less than 0.05 pmol/day, but intake may be higher in geographic regions
with combination of “soft” or acidous water and lead containing plumbing
system. It has been estimated that in the United States, an average two years old
child may receive 44% of his daily lead intake from dust, 40% from food, 14.6%
from water and beverages, and 1% from inhaled air [28].

2.3.1 Food

The higher food intake relative to size and the higher metabolic levels and
greater motor activity compared to adults, leads to higher dietary lead
consumption. Reported intakes of lead from food are quite variable. However,
developing a reasonable estimate of lead in the diet is a continuing problem
because of (1) methodological weaknesses in the accurate analysis for lead in
food and (2) the need for good dietary survey data.

Intake of lead from food varies within 0.5 to 0.15 pmol/day. In general
canned foods may contain more than twice the lead contents of uncanned food.
2.3.2 Air

Inhaled lead contributes little to the background body burden compared to
intake from food, water, beverages, and dust. Airborne lead, however, represents
an important source of lead exposure when deposited in dust and dirt [29].
However, different studies reach widely different assessments of the
contribution of air lead to food lead and hence body burden [29].



165

2.3.3 Dust

Dust contributes a greater proportion of lead to the background body burden
of young children than to adults and older children because of their greater
tendency for ingesting dust due to their greater hand-to-mouth activity. It has
been calculated that dust contributes only 7 to 11% of the baseline lead in adults,
but 44% in 2 years old children [30-32].

2.3.4 Intake of lead shot

Lead toxicity from gunshot wound is a rare complication. Gunshot wounds in
adults and children may lead to signs and symptom of lead toxicity. It occurs
when body fluids, especially synovial cavity fluids, dissolve lead from the
bullets, resulting in absorption and toxicity. Metabolic stress, infection, or
alcoholism can also enhance absorption Lead shot taken by birds into their
gizzards is a source of severe lead contamination. It results in high organ levels
of lead in blood, kidney, liver, and bone.

2.4. Accumulation

Lead in the environment is strongly adsorbed onto sediment and soil
particles reducing its availability to organisms. Because of the low solubility of
most of its salts, lead tends to precipitate out of complex solutions. The term
bioaccumulation indicates that organisms take up chemicals to a greater
concentration than that found in their environment or their food. Bio-
concentration factor is a quantitative way of expressing bioaccumulation: the
ratio of the concentration of the chemical in the organism to the concentration of
the chemical in the environment or food. Bio-magnification refers, in this
document, to the progressive accumulation of chemicals along a food chain.

In aquatic and aquatic/terrestrial model ecosystems, uptake by primary
producers and consumers seems to be determined by the bioavailability of the
lead. Bioavailability is generally much lower whenever organic material,
sediment, or mineral particles (e.g., clay) are present. In many organisms, it is
unclear whether lead is adsorbed onto the organism or actually taken up.
Consumers take up lead from their contaminated food, often too high
concentrations, but without bio-magnification [33]. ’

Sources and various routes by which an individual can get exposed to lead
have been summarized in Figure 1.
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SOURCES OF LEAD

Smelting, Foundries, Soldering, Battery manufacturing,
Demolition of old structures, Burning, Ceramic glaze mixing, Paint
in houses, Drinking water from pipes, Soldered cans, Folk
medicine/cosmetics, Gasoline exhaust emissions

ROUTES OF EXPOSURE
Dust, Soil, Food, Paint chips, Air, Water
Gastrointestinal: Adults
absorb 5-15%; retain
A about 5% of absorbed dose
ROUTES OF ABSORPTION _~* Children absorb about
Ingestion, Inhalation \‘ 40% and retain about 32%

of absorbed dose
Pulmonary: About 90% of
Pb particles enter the

DISTRIBUTION IN THE BODY alveoli.

Blood, soft tissues, bone

l

ELIMINATION
Urine feces, sweat, hair, nail

Figure 1. Sources and route of lead exposure
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2.4.1 Accumulation by aquatic organisms

The uptake and accumulation of lead by aquatic organisms from water and
sediment are influenced by various environmental factors such as temperature,
salinity, and pH, as well as humic and alginic acid content. In contaminated
aquatic systems, almost all of the lead is tightly bound to sediment [34]. Only a
minor fraction is dissolved in the water, even interstitial water between the
sediment particles. The lead uptake by fish reaches equilibrium only after a
number of weeks of exposure. Lead is accumulated mostly in gill, liver, kidney,
and bone. Fish eggs show increasing lead levels with increased exposure or
concentration, and there are indications that lead is present on the egg surface
but not accumulated in the embryo.

In contrast to inorganic lead compounds, tetra alkyl lead is rapidly taken up
by fish and rapidly eliminated after the end of the exposure.

2.4.2 Accumulation by terrestrial flora and fauna

In bacteria, the majority of lead is associated with the cell wall. A similar
phenomenon is also noted in higher plants. Some lead that passes into the plant
root cell can be combined with new cell wall material and subsequently removed
from the cytoplasm to the cell wall. Of the lead remaining in the root cell, there
is evidence of very little translocation to other parts of the plant because the
concentration of lead in shoot and leaf tissue is usually much lower than in root.
Foliar uptake of lead occurs, but only to a very limited extent. Deng et al.
studied the lead tolerance in six species of wetland plants and found that this
special feature in these plants could be due to the special root anatomy in
wetland plants, the alleviated metal toxicity by the reduced rooting conditions
and the relatively high innate metal tolerance in some species [35].

In animals, there is a positive correlation between tissue and dietary lead
concentrations, although tissue concentrations are almost always lower. The
distribution of lead within animals is closely associated with calcium
metabolism.

Lead shot is typically trapped in the gizzard of birds where it is slowly
ground down resulting in the release of lead [36].

The tetravalent organic form of lead is generally more toxic than the divalent,
inorganic form, and its distribution in organisms may not specifically follow
calcium metabolism.

2.4.3 Accumulation in the vicinity of highways and in urban areas

Lead concentrations are highest in soils and organisms close to roads where
traffic density is high. The lead measured is inorganic and derives almost
exclusively from alkyl lead compounds added to petrol. The lead in the soil and
in vegetation decreases exponentially with the distance from the road. Lead is
also found in the sediments of streams in the vicinity of highways. Lead
contamination increases lead levels in plants and animals in areas close to roads.
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These levels are positively correlated with traffic volume and proximity of
roads.

2.4.4 Accumulation of lead from industrial sources

Terrestrial and aquatic plants accumulate lead in industrially contaminated
environments. In aquatic plant species, lead uptake can occur from both water
and sediment, although uptake from sediment usually predominates. Lead levels
decrease with distance from the source and are lowest during the active growing
season in terrestrial plants. Mosses accumulate lead from the atmosphere and are
often used as biological monitors of airborne lead. Baptista et al. reported that
lichens are most suitable in bio-monitoring studies. The exposure of detached
lichen allows the accurate measurement of the exposed area/volume so it can be
useful to relate atmospheric deposition rates with the lichen metal content [37].

3. OCCUPATIONAL LEAD POISONING

Occupational lead poisoning has been a recognized health hazard for more than
2,000 years [38]. Characteristic features of lead toxicity, including anemia, colic,
neuropathy, nephropathy, sterility and coma, were noted by Hippocrates and
Nikander in ancient times, as well as Ramazzini and Hamilton in the modern era
[39]. Physicians have gained an extensive understanding of the causes, the
clinical presentations and the means of preventing lead poisoning. However, it
remains one of the most important occupational and environmental health
problems [40].

Lead serves no useful biologic function in the human body. Over the past
several years, concern has increased over the health effects of low-level lead
exposure and the "normal" body burden of lead. In the occupational setting, the
present "no-effect”" level for lead exposure is currently being re-evaluated as
more sensitive measures of the physiologic effects of lead are made available
through clinical investigations [41]. Based on current knowledge of the health
effects of lead in adults, the U.S. Public Health Service has declared a health
objective for the year 2000: the elimination of all exposures that result in blood
lead concentrations greater than 25 pg per dL (1.20 pmol per L) in workers [42].

Lead and lead compounds play a significant role in modern industry, with
lead being the most widely used nonferrous metal [43]. A wide variety of
industrial population is at risk of occupational exposure to lead (see Figure 2).
According to estimates made by the National Institute of Occupational Safety
and Health (NIOSH), more than 3 million workers in the United States are
potentially exposed to lead in the workplace. Occupational exposure to lead in
general industry is regulated by the 1978 Occupational Safety and Health
Administration (OSHA) Lead Standard. The general industry standard specifies
permissible limits on airborne lead exposure, as well as blood lead levels. A
construction standard, recently extended to cover workers in the construction
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industry, has slight differences in detail. However, enforcement of both
standards is inadequate, and significant occupational exposure remains
widespread [44].

Major Occupations and Industries Associated with
Lead over exposure

» Battery manufacturing
* Chemical industry

» Construction workers

* Demolition workers

» Firing-range instructors
* Foundry workers

+» Gas-station attendants
+* Gasoline additives

< Production Jewelers

+* Lead miners

» Lead smelters and
refiners

+ Pigment manufacturing

+ Pottery workers

< Printers

< Radiator repair

< Rubber industry

¢ Soldering of lead products
¢ Solid waste production

% Stained-glass makers

<+ Welders
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Figure 2. Industries and occupations associated with possible lead exposure

Any general industry worker found to have a single blood lead level of
60pg/dL or greater, or an average blood lead level of 50pg/dL or greater must be
removed from the high-exposure job (termed "medical removal protection").
The "removed" worker should subsequently receive more frequent medical
evaluation and blood testing. A worker is not allowed to return to a job with the
potential for high lead exposure until his or her blood lead level has fallen below
40 pg/dL (1.95 pmol/L) on two successive tests [44].

4. BIOLOGICAL ASPECTS

4.1. Lead Metabolism
4.1.1 Absorption

Lead may be absorbed into the body by ingestion [13, 45], inhalation [46], or
through skin [47]. The absorption of lead from different sources is dependent on
many factors, such as amount of lead presented to portals per unit time and the
physical and chemical states in which lead is presented. It is also influenced by
factors such as age and physiological status. For most individuals the major
route of absorption is the gastrointestinal tract. Studies of ingested lead indicate



170

that not more than about 10% are absorbed from the gastrointestinal tract [48]
and that most passes out in the faeces. Intestinal absorption of lead by children is
much greater than in the adults. Nutritional iron deficiency enhances lead
toxicity, thereby giving concern those pregnant women and young children may
be more susceptible to lead toxicity [49, 50]. Also vitamin D stimulates lead
absorption unlike inorganic lead compounds, lipid soluble compounds such as
tetraethyl lead and lead naphthalenate penetrate the skin to a significant degree.
Lead absorption through the skin is different from gastrointestinal lead
absorption with lead transported first into the plasma and rapidly concentrated
into the extra cellular fluid pool of sweat and saliva without significant uptake
by erythrocytes. Gastrointestinal absorption of lead is lower in adults than in
children, with an estimated 10 to 15 percent of lead in an adult's diet absorbed
gastro-intestinally. The degree of lead absorption is increased considerably with

fasting or in persons whose diet is deficient in calcium, iron, phosphorus or zinc
[43].

4.1.2 Distribution and Retention

The model most commonly relied on for the distribution and retention of lead
in man is that proposed by O'Flaherty [51], which is based on the
pharmacokinetics (PBPK) model of lead uptake and disposition in children and
adults. Blood contains lead in a non-diffusible form bound to erythrocytes and in
a diffusible form in plasma. Plasma occupies a central position in the
distribution equilibrium and would be expected to reflect the concentration of
lead in all the body tissues: Lead absorbed into the body, whether by oral
ingestion or by inhalation enters the blood stream where it rapidly becomes
attached to red blood cells or is transported to soft tissues. Subsequently, it is
transferred to bone where the reservoir is large with long half-life. In the
absence of significant previous exposure, lead within red blood cells was found
bound primarily to hemoglobin [52]. Lead in blood is primarily bound to RBC
(99%) rather than plasma [53]. Within the cell, 50% is bound to hemoglobin [4]
and other to proteins [54]. Iron deficiency is well documented to increase
susceptibility to lead intoxication [43].

The concentrations of lead in human tissues and cellular organelles have
been examined carefully. Some investigators have suggested a preference for
binding to mitochondria. Among body organs the greatest percentage of lead is
taken into the kidney followed by the liver and the other soft tissues such as
heart and brain but the lead in the skeleton, represents the major body fraction
[55, 56]. Within the skeleton, lead is incorporated into the mineral in place of
calcium. There it accounts for about 94-95% of the total body burden in adults
and about 70% in young children [57]. Lead is readily transferred across the
placenta and the concentration of lead in the blood of new-born children is
similar to that of their mothers, suggesting that lead come into equilibrium
between the mother and foetus [58] and the increased mobilisation of bone lead
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during pregnancy may also continue to increase [45, 59, 60]. Lead also crosses
the blood-brain barrier and a study by Antonio et al. [61] showed that the plasma
lead fraction is in equilibrium with that in the CSF. Assuming that the blood-
brain barrier is functioning normally, plasma lead concentration is a good
indicator of CSF lead concentration, and therefore this parameter is a reliable
index of potential lead transfer to brain tissues [61]. Studies on the immune
system reveal that orally administered inorganic lead affects the immune system
by depressing antibody response, serum IgG and decreased thymus weight.
More studies are needed to explore further details.

Number of factors are known to increase bone turnover such as pregnancy,
lactation, chemotherapy, tumour infiltration of the bone or post menopausal
osteoporosis may be associated with the mobilization of lead in stores, leading
to chronic lead toxicity. Hypothyroidism too is known to increase bone turnover,
it has rarely been implicated in the pathogenesis of lead poisoning.

4.1.3 Excretion

Inorganic lead is not metabolized and the excretion is low primarily through
urinary tract. Absorbed lead is eliminated primarily via the kidney in the urine
(about 76%) and to a lesser extent by the gastrointestinal tract (about 16%)
through biliary secretion [40]. Other routes for elimination (hair, nails, sweat
and exfoliated skin) account for approximately 8% [19]. Lead is also excreted in
milk in concentrations of upto 12 pg/L. In general, lead is excreted very slowly
from the body with its biological half-life estimated at 10 years, thus facilitating
accumulation in the body.

5. BIOCHEMICAL AND TOXICOLOGICAL EFFECTS

5.1. Lead impairment of normal metabolic pathways

Lead is distributed in all cells. The biochemical basis for lead toxicity is its
ability to bind the biologically-important molecules, thereby interfering with
their function by a number of mechanisms. Enzymes may bind lead resulting in
a adverse function. Lead binds to sulfhydryl and amide groups, frequent
components of enzymes, altering their configuration and diminishing their
activities. Lead may also compete with essential metallic cations for binding
sites, inhibiting enzyme activity, or altering the transport of essential cations
such as calcium. At the sub-cellular level, the mitochondrion appears to be the
main target organelle for toxic effects of lead in many tissues. Lead has been
shown to selectively accumulate in the mitochondria and there is evidence that it
causes structural injury to these organelles and impairs basic cellular energetic
and other mitochondrial functions [62]

Lead has been reported to impair normal metabolic pathways in children at
very low blood levels [63, 64]. At least three enzymes of the heme biosynthetic
pathway are affected by lead and at high blood lead levels the decreased heme
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synthesis which results leads to decreased synthesis of hemoglobin. Blood lead
levels as low as 10 pg/dL have been shown to interfere with one of the enzymes
of the heme pathway, 8-aminolevulinic acid dehydratase. No threshold for this
effect has been established. Alterations in the activity of the enzymes of the
heme synthetic pathway lead to accumulation of the intermediates of the
pathway [65]. There is some evidence that accumulation of one of the
intermediates, 3- aminolevulinic acid, exerts toxic effects on neural tissues
through interference with the activity of the neurotransmitter gamma-amino-
butyric acid (GABA) [66]. The reduction in heme production per se has also
been reported to adversely affect nervous tissue by reducing the activity of
tryptophan pyrollase, a heme-requiring enzyme. This results in greater
metabolism of tryptophan via a second pathway which produces high blood and
brain levels of the neurotransmitter serotonin [67]. Red cell pyrimidine-5'-
nucleotidase activity in children is inhibited at blood lead concentrations of 10-
15 pg/dL and no threshold was found even below these levels [68]. Lead
interferes with vitamin D metabolism, since it inhibits hydroxylation of 1, 25-
hydroxy-vitamin D to produce the active form of vitamin D. The effect has been
reported in children at blood levels as low as 10-15 pg/dL [69].

5.2. Target organs or systems

Lead is a poison that affects virtually every system in the body. Children are
more vulnerable to lead exposure than adults because of the frequency of pica,
hand-to-mouth activity, and a higher rate of intestinal absorption and retention.
Lead is a cumulative poison. It produces a range of effects, primarily on the
hematopoietic system, the nervous system, and the kidneys.

3.2.1 Hematopoietic System

The relationship between lead and heme pathway enzymes has been well
studied. This pathway is found in all cells. Three of the seven enzymes in the
production of heme are down regulated by lead, resulting in the dose dependent
diminished production of heme and in the accumulation of precursor molecule.
The hematological effects of lead can be attributed to the combined effect of (a)
inhibition of hemoglobin synthesis and, (b) Shortened life spans of circulating
erythrocytes. These effects may result in anaemia, which may be mild, hyper,
chronic and sometimes-microcytic anaemia. Anaemia is also associated with
shortened red blood cells life span. Basophilic stippling of RBC is a feature of
lead induced anaemia. The adverse effects of lead appear even with blood
concentration as low as 10pg/dL [69, 70].

Lead inhibits many stages in the pathway of heme synthesis (see Figure 3). 6~
aminolevulinic acid dehydratase (ALAD), which, catalyses the formation of
porphobilinogn from &-aminolevulinic acid (ALA) and ferrochelatase, which
incorporates iron into protoporphyrin [71]. It is suggested that the inhibition of
ALAD can occur at blood lead as low as 5 pg/dL. At higher concentration
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ALAD inhibition is more pronounced (90% at blood lead 55 pg/dL). ALA in
urine has been used for many years as indicator of exposure, inhibition of
hematopoiesis among industrial workers, and the diagnosis of lead poisoning. A
significant correlation coefficient between lead in blood (and lead in urine) and
ALA-U or ALA-D has been suggested [72, 73]. Ferrochelatase is the enzyme
that catalyzes the incorporation of iron into the porpohyrin ring. If as a result of
lead toxicity, the enzyme is inhibited and its pathway is interrupted, or if
adequate iron is not available, zinc is substituted for iron, and zinc
protoporphyrin concentration is increased. A dose related elevation of zinc
protoporphyrin (ZPP) in lead workers has been documented [74, 75]. Many
studies have reported the elevation of ZPP as being exponentially correlated
with blood lead levels in children peak ZPP levels lag behind peak levels of
blood lead. The critical target, however, seems to be the enzyme’s heme
synthesis, essential for the insertion of iron into the precursor, protoporphyrin
IX. The major consequences of this effect, which have been evaluated in both
adults and children, are reduction of hemoglobin and the inhibition of
cytochrome P 450-dependent phase I metabolism. Lead inhibits normal
hemoprotein function in both respects, which results in basophilic stippling of
erythrocytes related to clustering of ribosome and microcytosis. The threshold
for this effect in children is approximately 15 pg/dL [69, 76, 77]. Compared
with adults, children are especially in their first year, develop certain toxic
effects at lower blood lead levels and lead induced anaemia has been related to
age. The mechanism for shortened erythrocyte survival is not well understood.
The degree of shortening correlates with levels of anaemia, coproporphyrenuria
and blood lead. Few characteristics of the erythrocyte membrane are altered
during exposure to lead. Inhibition of erythrocyte membrane Na‘-K ATPase
with increased loss of intra cellular potassium occurs in people with only
moderately elevated lead exposure. Thus, Na'-K* ATPase suppression may be a
function of lead binding protein [78, 79].

One of the earliest observed hematological effects of lead was the occurrence
of visible dense material in the erythrocytes described as “basophilic stippling”.
It was established that these aggregates are degradation of products of
ribonucleic acid. Basophilic stippling also occurs in subjects who have generally
transmitted deficiency of pyrimidine-5-nucleotidase (Py-5-N) an enzyme
mediating the phosphorolysis of pyrimidine nucleotides. With the inhibition of
this enzyme, nucleotides accumulate in the erythrocytes. The resulting
accumulation of aggregates of incompletely degraded ribosomal materials
accounts for the phenomenon of basophilic stippling [80]. It can thus be said that
the effect of lead on Py-5-N activity is analogous to the effect on ALAD activity
in the sense that the effect is noted at levels of exposure far below those known
to have any effect on normal physiological function.
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Figure 3. Effects of lead on heme-synthesis pathway (Source: Kelada et al. Am.
J. Epidemiol., 154, 2001.

5.2.2 Renal Effects

Lead-induced chronic renal insufficiency may result in gout. A direct effect
on the kidney of long-term lead exposure is nephropathy. Impairment of
proximal tubular function manifests in aminoaciduria, glycosuria, and
hyperphosphaturia (a Fanconi-like syndrome). There is also evidence of an
association between lead exposure and hypertension, an effect that may be
mediated through renal mechanisms [81, 82]. Because of the rich blood supply
in the kidney in relation to its mass, this organ in particularly liable to damage
from toxic substances. Overt effects of lead on the kidney in man and
experimental animals, particularly the rat and mouse, begin with acute
morphological changes consisting of nuclear inclusion bodies or lead protein
complexes and ultra structural changes in organelles, particularly mitochondria.
Dysfunction of proximal renal tubules (Fanconi syndrome) as manifested by
glycosuria, aminoaciduria and hyperphosphaturia in the presence of
hypophosphataemia and rickets was first noted in acute lead poisoning [19, 83].
Long-term exposure to lead may give rise to the development of irreversible
functional and morphological renal changes. This includes intense interstitial
fibrosis, tubular atrophy and dilation and the development of functional as well
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as ultra structural changes in renal tubular mitochondria [84, 85].

The symptoms resulting from lead poisoning are subtle, and often the
patients remain asymptomatic until significant reductions of renal function have
occurred. Chronic exposure to high levels of lead results in irreversible changes
in the kidney, including interstitial fibrosis, tubular atrophy, glomerular
sclerosis, and ultimately renal failure. These changes are non-specific and
common to many other type of renal injury therefore it is essential to monitor
increased lead burden before making a diagnosis of lead nephropathy. In
general, individuals with blood lead levels of 60 pg/dL or more are at a definite
risk of developing renal failure. Although, recently it has become evident that
blood lead levels as low as 10 pg/dL, previously considered to be safe may also
be associated with renal functional abnormalities. It is still controversial whether
exposure to lead in childhood is associated with the occurrence of nephropathy
in the later life. One interesting feature of chronic renal failure is the frequent
association with gout [86]. High level of plasma urate is believed to be
underlying cause of the joint disease, and generally attributed to the lower renal
clearance of urate and increased urate reabsorption rather than impaired tubular
re-absorption [86]. The effect of acute lead exposure has also been studied in
animals principally in adult rodents, and aminoaciduria and phosphaturia have
been demonstrated at very high dose levels [87].

5.2.3 Neurological and neurobehavioral Effects

The most vulnerable target of lead poisoning is the nervous system. In
children, neurological deficits have been documented at exposure levels once
thought to cause no harmful effects. In addition to the lack of a precise
threshold, childhood lead toxicity may have permanent effects [88-90]. The
effect of lead on cognitive and behavioural development of the central nervous
system (CNS) is the critical effect on infants and children and is the focus for
current prevention strategies [1].

« Effects in children generally occur at lower blood lead levels than in

adults.

« The developing nervous system in children can be affected adversely at
blood lead levels of less than 10 pg/dL.

« Neurological deficits, as well as other effects caused by lead poisoning,

may be irreversible.

The generally recognized effect of lead on the CNS is encephalopathy.
Headache, poor attention spam, irritability, loss of memory, and dullness are the
early symptom of the effects of lead exposure on the CNS. The ability to think
and reason is extremely sensitive to lead assault. The developing nervous system
of the child is more sensitive to lead-induced impairment. The most serious
manifestation of lead poisoning is acute encephalopathy, the symptoms of which
include persistent vomiting, ataxia, seizures, pappilledema, impaired
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consciousness and coma. Survivors suffered a number of neurological
complications such as mental retardation, deafness, blindness and convulsions.
Lead encephalopathy rarely occurs at blood lead below 100 pg/dL. A chronic
form of encephalopathy has also been described [19] in which progressive
mental retardation, loss of motor skills, and behavioural disorders occur rather
than the more precipitous symptoms seen in acute encephalopathy [91, 92].

The primary effect of lead on the peripheral nervous system is reduced motor
activity, muscular weakness, especially of the exterior muscles, tremor fatigue,
and lack of muscular co-ordination. Segmental demyelination and possibly
axonal degeneration follow lead induced Schwann cell degeneration. One
common feature of lead neuropathy and one of the characteristic features of this
disorder in adults is wrist drop due to paralysis of the distal, upper extensor
muscles, which are innervated by the radial nerve [93].

Results of few longitudinal studies revealed that disturbances on early
neurobehavioral development occur at levels well below those considered safe
or even normal. To increase the analytical power of shidles reported to date,
Needleman and Gatsonis [94] performed cross sectional epidemiological studies
relating children's 1.Q. to blood lead levels at low doses. Each of the studies
controlled non-lead factors or covarialis. The result supported the hypothesis
that lead impairs children's 1.Q. at low doses. Lead has an adverse health effect
on neurobehavioral and cognitive development at blood lead levels in the 10-15
pg/dL range in infants, children and the foetus, and perhaps at even lower levels.
The magnitude of 1.Q. decrements is dose related [95]. It is suggested that
immature endothelial cells forming the capillaries of the developing brain are
less resistant to the effects of lead than capillaries from mature brains. These
cells permit fluid and cations including lead to reach newly formed components
of the brain, particularly astrocytes and neurons [96, 97]. Neurochemical studies
in experimental models have shown that lead, in the absence of morphologic
changes, produces defects in neurotransmission through inhibition of cholinergic
function, possibly by reduction of extra cellular calcium [98]. Other noted
changes in neurotransmitter function include impairment of dopamine uptake by
synaptosomes and impairment of the function of the inhibitory neurotransmitter
v- aminobutyric acid [99, 100]. The effect of lead on cholinergic system is
important because of clinical evidences of lead induced peripheral neuropathy.
Few studies indicate that exposure to lead at an early state produced no
alterations in acetylcholine (Ach) concentrations in various brain regions. The
level of its precursor, however, was shown to be reduced. Both choline and Ach
remained uninfluenced in mouse forebrain, rat cerebellum, hippocampus, mid-
brain, post-medulla, cortex and striatum. The high affinity transport of choline
has been shown to be inhibited by lead using synaptosomes prepared for mouse
forebrain, low affinity transport being unaffected. The higher brain lead level
may be associated with a reduced effect on cholinergic parameters with respect
to steady state of Ach levels, cholinesterase and release mechanisms.
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There are also some experimental evidences to suggest that the fetal brain
may have greater sensitivity to lead than the mature brain [101-103]; Rat pups
readily develop encephalopathy during the first few days of life, and resistance
to lead induced neurotoxicity occurs after 18-20 days of age. The development
of resistance to lead encephalopathy is related to the formation of lead-protein
complexes (inclusion bodies) in astrocytes, and sequesters lead away from
mitochondria [104]. Thus role of lead protein complexing is similar to that
postulated in renal tubular epithelial cells as mechanism for permitting the
kidney to excrete lead without cellular toxicity [105]. The lead protein
complexes are thought to contain a number of richly acidic proteins [106, 107].

Measure of motor activity has been shown to very sensitive to the effects of
lead [94] and thus locomotor activity may be used to assess lead-induced
behaviour toxicity. Studies have confirmed that inorganic lead is distributed
among other nuclei, in the striatum and cerebral cortex [108, 109].
Autoradiographic studies have shown a diminished evoked release of dopamine
in synaptosomal isolated from the striatum of animals exposed to lead [110].
Correa et al. [111] recently suggested that lead produces several distinct effects
on CNS and the various effects of lead may follow diverse time courses. The
effect of lead on cognitive and behavioural developments is the critical effect on
infants and children and is the focus for current prevention and intervention
strategies. An increased prevalence of symptoms associated with peripheral
nerve and visual sensory function, neuromuscular and sensory nerve functions
and other peripheral problems may affect few neuropsychological tests
especially those that call for motor speed, dexterity and visuo spatial skills. The
most sensitive indicators of adverse neurologic outcomes are psychomotor test
or mental development indices. Locomotor activity can be used to assess lead-
induced behavioural toxicity as the previous studies have supported that
measures of motor activity are sensitive to the effects of lead [108] and also that
brain areas such as cerebral cortex and basal ganglia are affected by this metal
and are involved in motor activity. Some studies have also found that lead
exposure produces vulnerability of mesolimbic dopamine systems and this can
result in motor behaviour alterations [112, 113]. Autoradiographic studies have
also provided evidences that lead exposure decreased the density of D2 receptors
in the cerebral cortex [114] and also showed a diminished release of dopamine
in synaptosomes isolated from the striatum of animals exposed to lead [110].
Adults with occupational exposure may demonstrate abnormalities in a number
of measures in neurobehavioral with cumulative exposures resulting from blood
lead levels <40 pg/dL [115]. In a number of cognitive tests performed by Payton
et al. [116], men with higher blood lead levels performed less well than men
with lower blood lead levels. They also found that men with higher blood lead
levels showed a slower response for pattern memory.

One of the important mechanisms known for lead induced neurotoxicity is
the disruption of calcium metabolism by lead (Figure 4). Calcium is a critical
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component of numerous biochemical and metabolic functions in the brain and
lead may act as a surrogate for calcium, resulting in subtle disruptions of
essential functions. It is a divalent cation just like lead. Calcium is important in
the release of neurotransmitters, regulation of some rate-limiting enzymes of
neurotransmitter synthesis, storage of transmitters in presynaptic vesicular
compartments, and regulation of hormone-sensitive cyclases. Studies have
shown that lead has an inhibitory effect on the peripheral nervous system
through stimulus-coupled or calcium-dependent release of acetylcholine. And
this inhibitory effect of lead at the neuromuscular junction and the ganglion was
similar to the effect of reducing the concentration of calcium in bathing media of
neural preparations; so it is not surprising that this inhibitory effect of lead can
be overcame by the addition of calcium. It was also noticed that micromolar
amounts of lead require millimolar increases in external calcium to counteract
this effect of lead [111]. A possible brief description for the interactions between
calcium and lead is that lead decreases the uptake of calcium by voltage-
dependent calcium channels. If the calcium concentrations inside presynaptic
terminals were decreased, calcium-dependent release of neurotransmitters would
be inhibited. Several recent investigations have suggested that Ca*/calmodulin
and cyclic nucleotide mediated synaptic events influence long term changes in
the nervous system and play an important role in the process of memory and
learning [117]. Studies have also suggested that learning selectively affects the
phosphorylation of synaptic proteins, that are crucially involved in the process
of memory and learning [111]. Eventually, Ca**/calmodulin and cAMP carry out
these functions via the action of protein kinases [118]. The calmodulin and
cAMP dependent protein kinases regulate the phosphorylation of a number of
synaptic vesicle proteins of which synapsin-I is the major one. Phosphorylation
of synapsin-1 and other synaptic vesicle proteins, facilitates neurotransmitter
release from the nerve terminals and plays an important role in
neurotransmission [119]. Therefore, any alternations in phosphorylation state
proteins may play a central role in permanent changes in neurons and may affect
processes of memory and learning [111]. Lead can activate calmodulin and can
displace calcium. Therefore, lead can interfere with calmodulin present on the
surface of synaptic vesicles affecting protein phosphorylation and hence
neurobehavior.

Although the understanding of the neurotoxicity of lead has advanced
considerably over the past several years, there are still important research issues
such as reversibility of neurotoxicity of lead exposure etc. need additional
attention and constitute important future research directions.
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Mechanisms of Lead Induced
Neurological Effects

»Increased affinity for Ca®* - modulated systems
» Disrupts Ca®* metabolism
» Substitutes Ca®* in Ca®*/Na** ATP pump

» Blocks Ca®* uptake into mitochondria and
Endoplasmic reticulum

» Impairment of cell- cell connections

» Interference with neural cell adhesion

» Alter neurotransmitters functions

» Activation of protein kinase C

» Modification of calmodulin-dependent processes
» Ca®* mediated cell death

Figure 4. Possible mechanism of lead induced neurological effects.

3.2.4 Immunological Effects

Lead affects humoral immune response, functional impairments of
lymphocytes and production of cytokines [120-122]. It has been well established
that lead also affects humoral and cell mediated immunity, and diminishes host
resistance [123, 124]. The data is limited to a few studies of immune function in
lead workers. Mishra et al. [125] studied lymphocyte proliferation, natural killer
(NK) cells cytotoxicity and interferon-y production with peripheral blood
mononuclear cells (PBMCs) of individual occupationally exposed to lead. They
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reported inhibited lymphocyte proliferation to phytohaemagglutinin (PHA)
while, no correlation between inhibition of lymphocyte proliferation and blood
lead level was found in lead exposed individual. NK cell cytotoxicity remains
unaffected in lead exposed workers. However, interferon-y (IFN-y) was
significantly elevated in T cell mitogen, PHA, stimulated PBMCs culture
supernatant of lead exposed individuals.

Alomran and Shleanmoon [126] have shown that lymphocytes from lead
exposed workers are less responsive to PHA compared to respective controls.
Kumber et al. [127] examined immune function in lead workers exposed
occupationally for 4 to 30 years and controls. There were no differences between
the workers and controls in serum concentration of IgG, IgA, or IgM and no
correlation between blood lead levels and serum immunoglobulin levels. In
addition response to the nitrogen phytohaemagglutinin (an index of T -
lymphocyte function) and natural killer cells activity were not altered in workers
compared with controls [128]. Large number of studies report effects of orally
administered inorganic lead on components of the immune system in animals
has been reviewed by the EPA [5] and in these studies marked depression of
antibody response to sheep red blood cells, decreased serum IgG, impaired
delayed hypersensitivity reactions and decreased thymus weights as compared
with controls have been observed [5].

5.2.5 Reproductive Toxicity

Lead exerts its toxic effect directly on the developing foetus after gestation
begins, and indirectly on paternal or maternal physiology before and during the
reproduction process [129, 130]. Several studies have been conducted on the
association between lead exposure and sterility, abortion, still births, and
neonatal deaths [131, 132] but little evidence is available as to whether sub-toxic
levels of lead affect fertility or cause fetal injuries in human. Several studies
suggest that lead might increase the incidence of early membrane rupture and
premature delivery and malformed berths [133]. Increase in blood lead reduces
semen volume, semen density, and counts of total, motile and viable sperm,
percentage of progressively motile sperm, levels of zinc, acid phosphatase, and
citric acid and increase the percentage of pathological sperm [134, 135].These
data suggest that male reproductive effects may also occur at PbB levels at the
30-40 pg/dL resulted in sub-clinical suppression of circulating cutinizing and
follicle-stimulating hormone and estradiol without overt effects on general
health and menstruation [133].

Abortions, miscarriages, and still births have also been reported among
women working in lead industries. Pre-natal exposure to lead has been
associated with toxic effects on the fetus. These include reduced gestational age,
birth weight, and adversely delayed cognitive development. Significantly,
sources of maternal exposure to lead may be current or the result of mobilization
from bone stores remaining from previous exposures. Recent studies have
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suggested that a significant amount of bone lead is mobilized, enters the
circulation during pregnancy and lactation, and crosses the placenta.

5.2.6 Effects on Bone

Lead in bone is of interest for two reasons. Bone is the largest depository of
the body burden of lead, and secondly, it is now recognized that lead may in
fact, have an effect on bone metabolism [136]. Current concern is that lead in
bone may be mobilised during a number of physiological and pathological
conditions such as age, endocrine status, osteoporosis, renal disease and, in
particular during pregnancy and lactation [21]. Rabinowitz [137] has suggested
that the dose/ rate of lead exposure influence location and concentration of lead
indifferent sites in bone, which may influence its availability for mobilisation.
Other factors are maternal age, gestation age, parity and race. The major
determinant for each of these factors is nutritional status, particularly dietary
calcium. Pounds and co-workers [138] have reviewed the possible mechanisms
where by lead may directly or indirectly alter several aspects of bone cell
function [139].

For practical reasons, lead exposure in infants and children is based primarily
upon measurements of lead in the blood, sometimes supplemented by
measurement of lead in urine, particularly after treatment with chelating agents.
These measurements correlate imperfectly with lead levels in the tissue or organ
where the toxic effect may be observed. Furthermore, blood lead levels reflect
only recent exposure to lead, not long-term exposure. Other methods to
determine total body burden involve measurement of lead in hair, bone, or teeth.

The use of the lead content of teeth as an index of lead exposure in the
general population has been considered an important advance, particularly in the
investigations of the neuropsychological effects of ordinary levels of lead in the
environment. This reflects lead exposure over the child's lifetime, not merely
recent exposure. However, considerable variations may occur in tooth lead
concentrations in different teeth from the same child, especially when teeth are
different types or from upper and lower jaws. Also, there is a marked variation
of lead concentration throughout the tooth. Because of these variations, there is
always a need to make suitable adjustments when using teeth for assessing lead
body burden.

The hematopoietic system is considered by many to be the most reliable and
sensitive indicator of lead toxicity. The clinical endpoint is anemia, which
apparently occurs at lower blood lead levels in children than in adults. The
elevation of erythrocyte protoporphyrin (EP) has been well studied and can be
reliably measured [1]. Among the biologic markers of lead toxicity, this method
has been the most useful in screening programs because its measurement is not
susceptible to error from lead contamination and the test can be performed on
capillary blood. However, correlation with blood lead at levels below 30 pg/dL
is poor, and there are a rather high proportion of false negative results. High EP
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values in the absence of elevated blood lead levels may indicate iron deficiency.

Possible signs and symptoms of lead exposure and changes in major organs
at different concentration of blood lead in children and adults are summarized in
Figure 5 and 6.

5.2.7 Carcinogenic effects

There are number of experimental evidences where exposure to lead has been
shown to cause renal tumors. Incidences of renal adenocarcinoma have been
reported in lead exposed animals depending upon length and severity of
exposure [140]. It is believed that males are more susceptible than females to
lead induced carcinomas. Not many epidemiological studies and no conclusive
evidences however, are available in the literature for the possible association
between lead exposure and increased incidence of cancer. One of the possible
mechanisms suggested for such effects could be related to transformation of
disordered renal epithelial cell growth to renal cyst. Cells lining cysts become
transformed and proliferate abnormally presumably in response to increased
intracystic fluid volume. It can thus be suggested that following lead induced
chronic renal failure contributes to an increase in renal adenocarcinomas.

5.2.8 Cardiovascular disorders

Lead poisoning is associated with a number of morphological and
biochemical changes in the cardiovascular system. These damaging effects
include an association with cardiovascular disease and chronic lead exposure. It
is well established that death from cerebrovascular disease has increased among
lead exposed workers. A positive association between hypertension and blood
lead has also been shown in the past. A number of factors seem to indicate that
the association is causal but doubts still exists on this point particular since
epidemiological has had major shortcomings, (i) these studies are mainly cross-
sectional and very few prospective studies available in the literature and (ii)
these studies do not provide information on a number of relevant confounders
[141]. Kidney disease, a risk factor for the development of hypertension is
known to occur in higher incidence among lead exposed individuals.
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Figure 5. Signs and symptoms during lead exposure.
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TOXIC EFFECTS OF LEAD IN ADULTS

TOXIC EFFECTS

Nervous system: Overt clinical encephalopathy

Kidney: Atrophy and interstitial nephritis

Gastrointestinal: colic

Formation of blood cells: anemia

Nervous system: Learning/ IQ disruption, sensory system deficits
Heart and blood vessels: hypertension

Biochemical: enzymes changes

Blood Pb level
(in pg/dL)

100-120
40-100
40-60
50
40
<7

3-30

TOXIC EFFECTS OF LEAD IN CHILDREN

TOXIC EFFECTS

Kidney: Atrophy and interstitial nephritis
Nervous system: Overt clinical encephalopathy
Gastrointestinal: colic

Formation of blood cells: anemia

Biochemical changes: enzymes level altered

Nervous system: Learning/IQ disruption, sensory system deficits

Blood Pb level
(in pg/dL)

80-120
80-100
60-100
20-40
<10

<10

Figure 6. Toxic effects of lead in different organs in children and adults.
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The pathophysiological mechanisms by which lead could induce vascular
diseases are not clear. However, it could be attributed to (i) inhibition of
cytochrome P-450 leading to the accumulation of lipids in vessel wall (ii)
inhibition of superoxide dismutase (SOD) resulting in the elevation of serum of
lipid peroxides levels which is a serious risk factor for heart diseases. Lipid
peroxides are also known to promote the adherence and aggregation of platelets
in the vessels of the central nervous system thereby initiating blood clotting and
(iii) lead induced carcinogenicity. Formation of an atherosclerotic plaques starts
from single mutated cell which is caused to stimulate proliferate by a stimulant.
In the present case, lead could act as stimulants accelerating the development of
atherosclerotic plaques. Goyer and Clarkson [142] also attributed lead induced
cardiovascular effects to the changes in the plasma renin and in the urinary
kallikrein, alterations in the calcium activated functions of vascular smooth
muscles cells, including contractivity by increasing Na+-K+-ATPase activity
and stimulation of Na+/Ca+ exchange pump and changes in responsiveness to
catecholamines [143, 144].

5.3. Mechanism of lead induced toxicity
5.3.1 Oxidative stress

Accumulating evidences have shown that lead causes oxidative stress by
inducing the generation of reactive oxygen species (ROS) and weakening the
antioxidant defence system of cells [145-147] (see Figure 7). Depletion of cells’
major sulfhydryl reserves seems to be an important indirect mechanism for
oxidative stress that is induced by redox-inactive metals [148, 149]. When GSH
is reduced by lead, GSH synthesizing systems start making more GSH from
cysteine via the y-glutamyl cycle. GSH is usually not effectively supplied,
however, if GSH depletion continues because of chronic exposure [150]. Several
enzymes in antioxidant defense system may protect this imbalance but they also
get inactive due to direct binding of lead to the enzymes’ active sites, if the sites
contain sulfhydryl group e.g. ALAD. Further, zinc which usually serves as a
cofactor of many enzymes could be replaced by lead, thereby making the
enzyme inactive.

The increased lipid peroxidation and inhibition of enzymes responsible to
prevent such oxidative damage have demonstrated lead induced oxidative injury
[151]. Lead induced disruption of the prooxidant/antioxidant balance could
induce injury via oxidative damage to critical biomolecules. The possible
mechanisms resulting in the formation of free radicals include generation of
superoxide ion [152]. A significant decrease in the activity of tissue superoxide
dismutase (SOD), a free radical scavenger and metalloenzyme (zinc/copper) on
lead exposure have been reported [153, 154]. This could be due to an increase in
lead concentration in these tissues and their possible reaction with this enzyme
[155] thereby, reducing the disposal of superoxide radicals. Catalase activity too
has been shown to increase in kidney.
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Figure 7. Lead induced oxidative stress and cell death.

Catalase is an efficient decomposer of H,O, and known to be susceptible to lead
toxicity [156]. Lead induced decrease in brain GPx activity may arise as a
consequence of impaired functional groups such as GSH and NADPH or
selenium mediated detoxification of toxic metals [157]. While, antioxidant
enzyme glutathione S-transferase (GST) is known to provide protection against
oxidative stress and the inhibition of this enzyme on lead exposure might be due
to the depletion in the status of tissue thiol moiety. These enzymes are important
for maintaining critical balance in the glutathione redox state. Malondialdehyde
(MDA) levels were strongly correlated with lead concentration in the tissues of
lead exposed rats [158]. The concentration of TBARS, which is a reflection of
endogenous lipid oxidation level, gets increased on lead exposure. Numerous
studies in the past have suggested that lead causes hemolysis and lipid
peroxidation [159]. Blood levels of malondialdehyde, a product of lipid
oxidation were strongly correlated with blood lead concentration higher than 35
pg/dL [160]. In pregnant women, an inverse relationship was observed between
blood lead concentration and serum level of a-tocopherol and ascorbic acid
[161]. The interaction of lead with oxyhemoglobin (oxyHb) has been suggested
as an important source of superoxide radical formation in RBCs [162]. This may
perhaps be the reason for lead induced substantial increase in the autoxidation of
hemoglobin in an in vitro liposome model. Ercal et al. [149] postulated that
antioxidant enzymes inhibited hemoglobin auto-oxidation by lead, suggesting
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0,” and H,0, were involved in this process. It can be concluded that lead
induced oxidative stress might be due to the interaction of lead with
oxyhemoglobin leading to peroxidative hemolysis in RBC membranes. -
aminolevulinic acid dehydratase (ALAD) is a sulfhydryl-containing enzyme that
catalyzes the asymmetric condensation of two §-aminolevulinic acid (ALA)
molecules yielding porphobilinogen, a heme precursor [163]. Consequently,
ALAD inhibition can impair heme biosynthesis [163] and can result in the
accumulation of ALA, which may disturb the aerobic metabolism and also have
some pro-oxidant activity. It has also been suggested that accumulation of ALA,
resulting from inhibited ALAD activity, may undergo metal catalyzed auto-
oxidization, resulting in the conversion of oxyhemoglobin to methemoglobin in
a process that appears to involve the formation of reactive oxygen species such
as superoxide and hydroperoxides [164]. Besides oxyhemoglobin,
methemoglobin and other ferric and ferrous complexes were also shown to
trigger ALA oxidation [165]. This could further be proved by the parallel
reductions of ferricytochrome ¢ and also by electron spin resonance spin
trapping experiment [146, 164]. Monteiro et al. [165] also confirmed that
ALA/oxyHb coupled oxidation results in ROS generation. ALA undergoes
enolizaton and autoxidation at pH 7.0-8.0. The conversion of ALA keto form
into the ALA enol form is shown necessary for auto-oxidation reaction because
levulinic acid, without the amino group that is thought to facilitate the
enolization, has not been found to be active in oxidation reaction [150, 165-
167]. Decrease in blood and tissue ALAD activity and GSH concentration
following lead exposure supports these hypotheses. ALAS is an enzyme which
catalyses the condensation reaction of glycine plus succinyl CoA to ALA
leading to increased ALA production and urinary excretion [168]. It is well
known that the ALAS activity, the rate limiting enzyme of the heme
biosynthesis is readily responsive to a variety of factors including lead. We
reported significant inhibition of ALAS in liver which could be in part result of
the inhibition of protein synthesis by lead [154].

Production of GSH is considered to be the first line of defense against
oxidative injury and free radical generation where GSH functions as a scavenger
and a co-factor in metabolic detoxification [169]. GSH has carboxylic groups, an
amino group, a sulthydryl group and two peptide linkages as sites for the
reaction of lead (Figure 8). Its functional group, -SH plays an important role in
lead binding. Several reports have demonstrated that GSH is decreased in the
brain, liver and eye lens of rats exposed to lead [149].

It can thus be concluded that inhibitory effect of lead on antioxidant enzymes
and glutathione appear to impair the cells’ antioxidant defenses and render them
more susceptible to oxidative attacks.
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5.3.2 Ionic mechanisms for lead toxicity

Interaction with essential elements has been assigned to be one of the
possible mechanisms of lead induced toxicity. Involvement of lead interaction
with divalent and monovalent cations such as Ca>*, Mg?*, Fe*" and Na' in the
context of neurochemical effects have been shown [170]. Following section
deals with brief description on interaction of lead with important monovalent
and divalent cations depicting its ionic mechanisms.

5.3.2.1 Calcium

Although all of lead’s toxic effects cannot be tied together by a single
unifying mechanism, lead’s ability to substitute for calcium [171] is a factor
common to many of its toxic actions. For example, lead’s ability to pass through
the blood-brain barrier (BBB) is due in large part to its ability to substitute for
calcium ions (Ca®"). Calcium is a divalent cation just like lead. It is important in
the release of neurotransmitters, regulation of some rate-limiting enzymes of
neurotransmitter synthesis, storage of transmitters in presynaptic vesicular
compartments, and regulation of hormone-sensitive cyclases. Experiments with
metabolic inhibitors suggest that back-transport of lead via the Ca-ATPase pump
plays an important role in this process [172]. More direct evidence for the role of
the Ca-ATPase pump in the transport of lead into the brain has been provided by
in vitro studies of brain capillary endothelial cells, the primary constituent of the
BBB [173, 174]. Studies have shown that lead has an inhibitory effect on the
peripheral nervous system through stimulus-coupled or calcium-dependent
release of acetylcholine [175]. This inhibitory effect of lead at the
neuromuscular junction and the ganglion was similar to the effect of reducing
the concentration of calcium in bathing media of neural preparations; so it is not



189

surprising that this inhibitory effect of lead can be overcame by the addition of
calcium.

Lead has diverse and complex action on calcium messenger system,
emphasizing the importance of this pathway as a key molecular and cellular
target of lead toxicity. Lead substitutes for calcium in affecting the activity of
second messengers. Calmodulin, activated by calcium, stimulates several protein
kinases, cyclic AMP and phosphodiesterase, and affects potassium channels
[91]. Lead at nanomolar concentrations substitutes for calcium in activating
calmodulin and at higher concentrations appears to reduce activity [175]. Lead’s
activating effects on calmodulin perturb intracellular calcium homeostasis [98],
an effect with potential disruptive influences on the multiplicity of calcium-
mediated processes intrinsic to normal cellular activity.

The hypotheses that lead acts competitively, but reversibly, with calcium are
substantiated by these studies. It was also noticed that micro molar amounts of
lead require milli molar increases in external calcium to counteract this effect of
lead. A possible brief description for the interactions between calcium and lead
is that lead decreases the uptake of calcium by voltage-dependent calcium
channels. If the calcium concentrations inside presynaptic terminals were
decreased, calcium-dependent release of neurotransmitters would be inhibited
[177].

5.3.2.2 Sodium

Lead also has its effect on sodium concentrations. The concentration gradient
of sodium in axons is responsible for the depolarization currents in excitatory
tissues. As a result, sodium fluxes affect other ion concentrations. Moreover,
high-affinity uptake of neurotransmitters and metabolic precursors are highly
sodium-stimulated. Synaptosomes prepared from rodents exposed to lead in vivo
demonstrate inhibition of sodium-dependent high-affinity uptake of choline,
dopamine, and GABA [178]. Sodium also regulates the uptake and retention of
calcium by synaptosomes and lead has been shown to affect the concentration of
calcium inside synaptosomes. Lead can increase the retention of calcium in
synaptosomes. The release of loaded calcium from these organelles was also
reduced. The interactions of lead with sodium possibly explain this decrease in
efflux of calcium since the release of loaded calcium is dependent on sodium
concentration. Addition of sodium can increase synaptosomal uptake and rapid
release of calcium.

Inhibition of an enzyme, membrane-bound Na’, K-ATPase, increases
calcium uptake by synaptosomes because the activity of this enzyme is linked to
the Na-Ca exchange process. As a result, the effect of lead on the Na, K-ATPase
was studied by measuring the activity of the enzyme and using 3H-ouabain as a
ligand for the enzyme-receptor complex. However, no effects were reported and
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the actions of lead on Na, K-ATPase to increase influx of synaptosomal calcium
are not substantiated.

5.3.3 Lead and apoptosis

Apoptosis (programmed cell death) can be induced by a variety of stimuli.
Apoptosis occurs when a cell activates an internally encoded suicide program as
a response to either intrinsic or extrinsic signals. One of the better characterized
apoptotic cascade pathways has mitochondrial dysfunction as its initiator.
Mitochondrial dysfunction initiated by the opening of the mitochondrial
transition pore leads to mitochondrial depolarization, release of cytochrome C,
activation of a variety of caspases and cleavage of downstream death effect or
proteins, and ultimately results in apoptotic cell death. While, a variety of stimuli
can trigger opening of the mitochondrial transition pore and cause apoptosis, a
sustained intracellular increase in Ca®* is one of the better-known triggers;
accumulation of lead is another. Lead disrupts calcium homeostasis, causing a
marked accumulation of calcium in lead-exposed cells [91, 171]. Lead, in
nanomolar concentrations, also induces mitochondrial release of calcium [179]
thus initiating apoptosis.

Lead-induced apoptosis has been particularly well studied in the retina.
Exposure to low to moderate g)athophysiologically relevant concentrations
(10 oM to 1 uM) of lead ions (Pb°") induced apoptosis in rod and bipolar cells
both in cell culture [180] and in developing and adult rats [181]. Exposure to low
to moderate levels of lead during development (0-21 days), resulting in blood
lead levels of 19-60 ug/dL at 21 days of age, produced selective loss of rod and
bipolar cells, the dying cells exhibiting signs of apoptosis. Similar results were
obtained from adult rats exposed to low to moderate lead levels for 6 weeks. In
all cases, the degree of cell death was age and dose-dependent, the developing
retina being particularly sensitive to lead exposure. Lead-induced retinal
degeneration also appeared to be related to rod-specific effects of Pb?* and Ca*
on rod mitochondria, suggesting that Pb*" and Ca®" bind to the internal metal-
binding site of the mitochondrial transition pore, subsequently open the
transition pore, and initiate the cytochrome C-caspase activation cascade leading
to apoptosis. These effects of lead on retinal cell apoptosis may have particular
functional significance, since long-term visual system deficits occur in humans,
monkeys and rats following low to moderate developmental exposure to lead
(20-60 pg/dL) [182].

Lead accumulation in the mitochondria can produce damage [88], the
organelles mediating cellular energy metabolism. Heme biosynthesis, a function
of normal mitochondrial activity, is affected by lead, with disruptive effects on
synaptic transmission in the brain. However, decreased mitochondrial
functioning also can transform ordinarily benign synaptic transmission mediated
by glutamate into neuron-killing excitotoxicity [183]. In addition to killing brain
cells via excitotoxicity and apoptosis, lead also causes toxic effects by oxidative
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stress and by either directly or indirectly-produced lipid peroxidation. Lead
alters lipid metabolism, inhibits superoxide dismutase and enhances lipid
peroxidation in the brains of developing rats [184-186].

Chronic administration of low doses of lead to rats, at levels similar to
environmental exposure in people, affects various parameters of energy
metabolism in adult brain nerve endings [187]. After acute lead exposure that
approximated occupational exposure (mean blood lead level 97.2 pg/dL),
oxygen consumption was increased in brain synaptosomes and levels of ATP,
creatine phosphate and creatine kinase were elevated, while the activity of
sodium—potassium-ATPase was decreased [187].

Toxic effects of lead and possible mechanisms of all such effects have been
summarized in Figure 9 and 10.
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Figure 9. Mechanism of lead toxicity.

5.4 Symptoms and biochemical indicators (Diagnosis) of lead toxicity

Lead is known to cause acute, sub-chronic and chronic toxicity. The most
commonly used biological marker is the concentration of lead in blood. The
concentration of lead in plasma is very low and thus is not recommended.

5.4.1 Acute toxicity

Acute poisoning is uncommon. It results from inhalation of large quantities
of lead due to occupational exposure among industrial workers and in children
through ingestion of large oral dose from lead based paint on toys. The clinical
symptoms of acute poisoning are characterised by metallic taste, abdominal
pain, vomiting, diarrhoea, anaemia, oliguria, collapse and coma.

Blood lead levels: Acute lead toxicity occurs at blood levels of 100-120
pg/dL in adults and 80-100 pg/dL in children.
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Figure 10. Effects of lead toxicity.

3.4.2. Chronic toxicity
This is more common and can be described in three stages of progression:

(i) The early stage is characterised by loss of appetite, weight loss,
constipation, irritability, occasional vomiting, fatigue, weakness,
gingival lining on gums and anaemia;

(1)) The second stage is marked by intermittent vomiting, irritability,
nervousness, tremors and sensory disturbances in the extremities, most
often accompanied by stippling of red blood cells; and

(iii) A severe stage of toxicity is characterised by persistent vomiting,
encephalopathy, lethargy, delirium, convulsions and coma.

Blood lead levels: Symptoms of chronic toxicity may appear in adults at
blood lead levels of 40-60 pg/dL. There are no safe levels of blood lead below
which children are not affected [16]. The free erythrocyte protoporphyrin or
zinc protoporphrin levels reflect impaired heme synthesis. These may therefore
be increased in children with increased blood lead but they can also be increased
during iron deficiency or hemolytic anaemia.

Radiological examination is not a sensitive method for diagnosis acute lead
poisoning but could be used for chronic cases of poisoning. While, nerve
conduction velocity should be considered when there are persistent symptoms or
clinical finding suggestive of the presence of peripheral neuropathy.
Neurobehavioral testing is indicated where there is persistent impairment of
cognitive function and blood lead levels are usually above 80 pg/dL. Only a
small minority of children with lead poisoning will have lead-related symptoms
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and signs. The gastro-intestinal tract and central nervous system are the most
likely areas to be involved. When blood lead concentration reaches 50 pg/dL or
higher patients may complain of abdominal pain, loss of appetite, nausea,
vomiting and constipation. These symptoms often persist for weeks before the
diagnosis is considered. Recently it was reported that these complaints could be
associated with children having blood lead levels at 20 to 45 mg/dL range as
compared with lower levels and they may occur in as many as 40% of such
children [188]. In contrast to adults, children with lead poisoning rarely show
peripheral nervous system effects, but wrist drop and foot drops may occur
particularly in patients with sickle cell disease. Central nervous system
symptoms also occur. The current thinking that lead poisoning is an
asymptomatic disease below a level of approximately 50 pg/dL needs to be re-
examined because both gastrointestinal and behavioural disturbances occur with
significant frequency at lower levels.

5.4.3 Clinical biochemical indicators

Inhibition of blood &-aminolevulinic acid dehydratase activity (3-ALAD),
increased uptake of blood lead, and enhanced urinary excretion of lead and 8-
aminolevulinic acid (6-ALA) are the most essential diagnostic tests of lead
poisoning. Other tests including blood hemoglobin, basophilic granulation of red
blood cells and blood zinc protoporphyrin can also provide some essential
information (see Figure 11). Lead in urine is less often used as an indicator of
exposure. The urinary excretion of lead increases immediately after exposure
and thus could be considered as an indicator for recent lead intake. Urinary lead
excretion depends on various factors and also varies with time besides no direct
conclusion about the pattern of exposure could be drawn from urinary lead
excretion. 95% of the absorbed lead is incorporated in the bone and skeleton.
Half time of the bone lead is more than 10 years and thus could be a useful tool
for estimating long term integrated lead exposure. However, performing bone
biopsies is difficult and thus this test is not generally used for large surveys. On
the other hand teeth are more readily available particularly from children but
also from adults and teeth lead have been used for low-level lead exposure
assessment. A positive correlation too has been shown between teeth lead and
blood lead level.

Radiological examination could be a tool for diagnosing acute lead poisoning
as it may reveal radiographic evidence of paint chip ingestion in children but this
could not be a sensitive method. Similarly nerve conduction velocity testing
might also be considered when there are persistent symptoms or clinical finding
suggestive of the presence of peripheral neuropathy. Neurobehavioral testing
could also be useful as this may reflect changes perceptual motor speed and
memory deficits which are characteristic of lead toxicity.
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5.4.4 Provocative Test/CaNa,EDTA mobilisation test

The lead mobilisation test or
provocative test is considered among the
most helpful tests for detecting an High body burden of lead is
increased lead burden. This test consists demonstrated by measuring the
of administration of a standard dose of excretion of lead in the urine after
calcium EDTA and collection of a 24-h provocation with a chelating
urine sample for the measurement of lead agent.
content. The calcium EDTA usually is
given by intravenous infusion over 1-h
period in a dose of 1 g for a 70kg adult or 25 mg/kg of body weight for children
[189]. Although, the mobilisation test is currently considered a sensitive method
of determining the mobile and potentially toxic fraction of body lead stores and
of assessing response to chelation therapy [13], its applicability for wider use in
children is limited [1], since it requires hospitalization, administration of two
intramuscular injections of CaNa,EDTA, and 24-h quantitative urine collection,
which are difficult to complete successfully in young children. In this procedure,
a single injection of Ca disodium EDTA is deemed necessary, based on the
presumption that total urinary lead excretion is proportional to either the body
burden of lead or the amount in soft tissue. A controversy was however was
raised on this test when a study performed by Cory Slechta et al. [190]
suggested that a single injection of 150 mg/kg of Ca disodium EDTA may
elevate brain lead content. This is an effect of special significance because the
single injection protocol parallels the clinical diagnostic procedure termed the
Ca disodium EDTA mobilisation test.

Figure 11. Laboratory tests to evaluate lead
intoxication
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6. PREVENTIVE MEASURES FOR LEAD TOXICITY

One of the ideal strategies for “treatment” of lead toxicity is primary prevention
of exposure. Treatment of lead toxicity has included chelation therapy for
asymptomatic patients with certain lead values and for symptomatic patients.
Simple measures to prevent lead exposure include letting tap water run two to
three minutes in the morning before drawing water for use. Also, storing or
serving food or beverages in lead container should be avoided. Home
remodelling should be done with minimal dust production and inhalation and
renovator should be aware that mechanical and or thermal methods for removing
finishes create lead particulate matter that provide the greatest risk of lead
exposure. Covering surfaces containing lead-free paints or other materials is the
preferred method for safeguarding residents from lead exposure. Use of
imported canned food or decorative serving dishes should be avoided. Such
products contain higher lead concentration than do domestic products [191].

One of the best measures to minimize lead exposure is by maintaining
nutritional health. Absorption of lead is increased in subjects with deficiencies in
iron, zinc, vitamins (like thiamine); thus maintaining good nutrition minimizes
dietary absorption of lead. For example, concomitantly iron-deficient patients
must receive appropriate iron-replacement therapy.

The best non chelation therapy is the removal of subject from the source of
lead exposure. In the following paragraphs, we have discussed the role of few
nutritional components which have been reported to have beneficial effects in
preventing lead exposure. It is however, important to evaluate the present level
of lead exposure and the quantities of dietary nutrients supplements that might
either augment or protect against the adverse effects of lead, so that multi-
faceted components contributing to safety can be incorporated in the regulatory
decision.

6.1. Role of micronutrients

Ingestion of metals like calcium, iron, zinc, copper etc. may greatly reduce
the metal toxicity, while animal raised on a diet low in these metals have much
higher metal concentration [192]. Since calcium deficiency potentially can result
in elevated lead accumulation, maintenance of adequate dietary calcium levels
appear extremely important towards minimizing susceptibility to lead toxicity?
Interaction between lead and calcium occurs at several sites in the body,
including cellular mechanisms that regulate ion transport across membrane. A
significant increase in tissue lead, urinary delta-aminolevulinic acid (ALA) and
renal intranuclear lead inclusion bodies was observed in lead exposed rats
consuming low calcium [193]. Silbergeld et al. [194] found that calcium intake
was negatively correlated with the blood lead level insignificantly, not much
epidemiological data on the relationship between dietary calcium intake and
blood lead level in normal population groups are available. Kostial et al. [195]
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presented new evidence on the effect of nutritional factors on the metabolism of
toxic metal in humans. They recommended adequate calcium especially for
pregnant and lactating women (to prevent bone resorption) and for children (to
enhance bone mass formation). The mechanism by which calcium interferes
with lead absorption is not clear however; few interesting studies using ligated
isolated loop technique suggest that calcium intake rather than calcium status of
the animals modulates lead absorption. These studies also demonstrated that at-
least in part calcium appears to inhibit lead absorption via competition for
common binding sites on intestinal binding proteins.

Iron, an essential element is involved in numerous biochemical reactions.
Iron functions mainly in the regulation of oxidative processes. It is a component
of heme compounds that transport oxygen, cytochrome that functions in the
electron transport chain and metalloprotein [196]. The influence of iron intake
on lead metabolism has been studied [192]. It was suggested that subjects
consuming low iron diet had tissue lead concentration significantly higher than
subjects consuming adequate iron. Further, excess iron uptake decrease blood,
femur and kidney lead concentration while the low iron increases the tissue lead
concentration. Very limited information of whether or not neurobehavioral
changes and cognitive impairment are more extreme in iron deficient, lead toxic
children than in either condition are available. The role of iron and lead in heme
synthesis is very well understood. Ferrochelatase activity is sensitive to both
lead and iron. Piomelli et al. [197] reported that the enzyme kinetics of
ferrochelatase in isolated human reticulocytes changes with both iron and lead
concentration [198]. Very limited information of whether or not neurobehavioral
changes and cognitive impairment are more extreme in iron deficient, lead toxic
children than in either condition, are available. The role of iron and lead in heme
synthesis is well-understood. The cellular basis for greater susceptibility of non-
iron deficient animals to lead is that limited iron in the mitochondria apparently
enhances the impairment by lead of iron utilization for heme synthesis.
Additional studies have demonstrated the capacity of MT to attenuate the lead-
induced inhibition of blood aminolevulinic acid dehydratase. Existence of MT-
like protein in erythrocyte that binds lead and possibly protects against lead
toxicity by rendering lead unavailability for retention in the target organs.

The relationship between dietary zinc and lead and its possible clinical
significance are well documented. When dietary zinc is increased over
requirement level, it reduces apparent metal absorption. Despite the strength of
this observation, it is also possible that lead and zinc are competitive at other
tissue sites, which would account for at least part of the protective effect of zinc
on lead toxicity [199, 200]. The observations that zinc reversed inhibition of the
lead sensitive zinc dependent enzyme &-aminolevulinic acid dehydratase
(ALAD) are in support of this alternate mechanism [201]. Flora et al. [202]
investigated the influence of orally supplemented zinc in preventing or treating
lead intoxication in experimental animals [202]. It was observed that oral
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administration of zinc prevents appearance of lead sensitive biochemical effects
and tissue absorption of lead. Border et al. [203] suggested that during
concomitant industrial exposure to both zinc and lead, zinc might activate the
enzyme to mask the effect of lead. Protective effect of zinc against lead toxicity
could be attributed to a decrease in metal absorption in the gastrointestinal tract.
Zinc has also been shown to have an antioxidant effect [204]. There are two
mechanisms proposed for such an effect (i) the protection of sulfydryl groups
against oxidation and prevention of reactive oxygen species (ROS) production
by transition metals and (ii) further zinc supplementation could significantly
compete for and effectively reduce the availability of binding sites for lead
uptake. Enhanced zinc intake also increases the renal and hepatic contents of
metallothionein and causes detoxification through metal binding in this form.

Selenium is an integral component of ubiquitous enzyme glutathione
peroxidase, an antioxidant enzyme. This enzyme together with superoxide
dismutase, catalase and vitamin E neutralised reactive oxygen species (ROS).
Role of selenium lead intoxication has been rather controversial. Selenium in
low dietary levels mildly protects against toxic effects of lead while, in high
levels it exaggerates the lead toxicity [147]. Flora et al. [205] suggested that
selenium could partly prevent or reduce the toxicity of lead during the course of
simultaneous administration. Thus in brief, three possible mechanisms were
proposed for the protective effect of selenium: (i) formation of an in active lead-
selenide complex, (ii) stimulating radicals scavenging by increasing removal of
the superoxide radical, and (iii) increasing the antioxidant capacity of cells
indirectly by increasing of glutathione reductase which has a major role in
maintaining a sufficient content of GSH in the reduced form [167, 206].

Copper is a component of the mitochondrial electron transport chain,
functions in iron absorption and mobilization and maintenance of
neurotransmitter levels in brain. Adequate intake of copper has been reported to
prevent lead-induced anemia, which was developed when dietary copper was
low. However, in an conflicting report animals fed low, adequate and high
copper to the lead exposed rats, exhibited a pronounced decrease in lead
contents in animals fed low calcium diet while, high copper diet produced an
increase tissue lead accumulation. Simultaneous supplementation of copper

concomitantly with lead in rats led to significant lead depletion in blood and
tissues.

6.2. Role of Vitamins

Vitamins (particularly vitamin B, C and E) too are expected to play a major
role in preventing the toxic effects of lead. Exposure to lead has been found to
decrease vitamin contents of different tissue and blood [207]. On the other hand,
supplementation of various vitamins also has been found to reduce toxic
symptoms of lead. It was concluded that dietary deficiency of various vitamins
B and nicotinamide enhances [208, 209], while their supplementation prevents
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[210] experimental lead intoxication. Fisher et al. [211] using mammalian cell
culture reported the, usefulness of vitamins in modifying the uptake, cytotoxicity
and release of lead from these cultured cells. Some of the important vitamins
that have been screened for their role in modulating lead and cadmium toxicity
are described below.

Ascorbic acid is one vitamin, which has been studied extensively in
modulating lead intoxication. Ascorbic acid (vitamin C) is known to have
number of beneficial effects against lead toxicity. It acts mainly as an
antioxidant molecule and its beneficial effects could be attributed to its ability to
complex with lead [212], Simon and Hudges [213] reported a population-based
study that indicates an inverse relation between serum ascorbic acid and blood
lead levels. The authors suggest higher intake of ascorbic acid will be effective
in preventing lead toxicity if a casual relationship is confirmed. It acts mainly as
an antioxidant molecule and its beneficial effects could be attributed to its ability
to complex with lead. Animal studies have suggested an antagonistic effect of
ascorbic acid on lead absorption and toxicity and ascorbic acid may even chelate
lead as effectively as EDTA [214]. However, studies in humans have shown
some mixed results. In a study with 78 male workers, 38 received vitamin C and
38 were given placebo [215]. They found no effect of ascorbic acid on
absorption or excretion of lead. However, 47 psychiatric patients receiving
ascorbic acid and zinc showed reduced blood lead concentration [216]. Simon
and Hudges investigated the association between ascorbic acid concentration
and the prevalence of elevated blood lead concentration in 19, 578 participants
ages 6 years and older, in National Health and Nutrition Examination Survey
1988-94 (NHANES III) [213]. The potential of ascorbic acid to counter lead
intoxication may also be attributed to its ability to in vivo reduce the disulphides
to thiol containing compounds required for the stimulation of lead inhibited
heme synthetase activity

Thiamine is one of the important vitamins which have been shown to have a
significant protective value against short-term lead intoxication. First report
concerning the beneficial effects of thiamine was published by in early eighties
by Bratton and co-authors [217] who evaluated the use of thiamine as a
protective agent against short term lead intoxication in calves and observed that
thiamine decreased mortality and lead accumulation in different organs of
calves. However, thiamine had no therapeutic effect on inhibition of blood
ALAD activity in this study. Thiamine administered subcutaneously at a dose of
100mg/calf, decreased mortality and lead accumulation in different organs of
calves [217]. However, no beneficial effect on lead sensitive biochemical
indices like blood ALAD was noted in this study. Further studies suggested that
thiamine initially facilitated absorption and increase of lead concentration in
tissues and that thiamine may also promote a rapid release of lead from tissues
[218]. Beneficial effect of dietary thiamine supplement on the tissue
accumulation of lead, urinary excretion of ALA and inhibition of blood ALAD
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activity compared to rats fed normal thiamine or thiamine deficient diet was
demonstrated by us [219]. Kim et al. [220] reported that the lead retention
increased with increase in thiamine concentration. These studies further
suggested that thiamine may also promote a rapid release of lead from tissue.
Few other studies reported that thiamine deficiency in brain might be one of the
contributing factors for the increased sensitivity to seizure in lead exposed
animals [221]. A protective mechanism, such as thiamine-lead complex
formation was proposed. It was suggested that thiamine might facilitate the
removal of lead from body fluids and other tissues by the formation of readily
excretable complexes [101, 222-224]. Despite these encouraging reports, there
are still no clinical reports available on the effect of dietary thiamine
supplementation on lead toxicity. Further, the mechanism of thiamine-lead
interaction in the body remains unclear.

Vitamin E is an important antioxidant, which is suggested to play a
physicochemical role in the stabilisation of bio-membrane by virtue of lipid-
lipid interaction between the vitamin and the unsaturated fatty acids [147]. Lead
poisoning has been shown to cause a marked anaemia in vitamin E deficient rats
indicating a possible involvement of this vitamin in the synthesis of heme
protein. Dhawan et al. [225] reported that vitamin E supplementation could
prevent inhibition of blood ALAD activity and elevation of urinary ALA
excretion and was effective in reducing the lead induced altered biogenic amines
levels in brain during the concomitant exposure to lead. Vitamin E
supplementation during concomitant lead exposure also prevented lead
deposition in liver and blood. It was assumed that vitamin E may have a
stimulatory effect on the enzymes ALAS which catalyses the condensation
reaction of glycine succinyl CoA to ALA leading to increased ALA production
and urinary excretion.It also appears that the protective effect of vitamin E in
lead toxicity is attributed mainly to its antioxidant property [226]. Vitamin E,
which is a low molecular mass antioxidant, interacts directly with the oxidizing
radicals and protects the cells from reactive oxygen species [227, 228].
Intramuscular administration of vitamin E prevented inhibition of blood ALAD
activity, elevation of urinary ALA excretion and was effective in reducing the
lead induced altered biogenic amines levels in brain during the concomitant
exposure lead [225]. Vitamin E supplementation during concomitant lead
exposure also prevented lead deposition in liver and blood. Some of the
protective effects of vitamin E also emerge directly from its antioxidant property
and some through its influence on the drug metabolising enzyme system [167,
229]. Vitamin E on the other hand, suggested playing a physicochemical role in
the stabilization of bio-membrane by virtue of lipid-lipid interaction between
vitamins and the unsaturated fatty acid.
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6.3. Role of antioxidants

Oxidative stress associated with the presence of lead in mammalian tissues
and organs (predominantly blood, liver, kidneys and brain) appears to be one of
the possible molecular mechanisms for lead toxicity that has been postulated by
researcher. Lead induced disruption of the pro-oxidant/antioxidant balance in
lead burdened tissue contributes to tissue injury via oxidative damage to critical
biochemical like lipids, proteins and DNA [230]. Significant accumulation of
malondialdehyde, a by-product of lipid peroxidation and depletion of GSH has
been observed in both lead exposed in vitro and in vivo systems. Several studies
have been reported showing how lead induced accumulation of ALA induces
reactive oxygen species (ROS) generation [172, 231]. Recently, Gurer and Ercal
[167] also summarize how ALA is involved in ROS generation. Several studies
have also reported alterations in antioxidant enzymes activities such as
superoxide dismutase, catalase and glutathione peroxidase (GPx) and changes in
the concentrations of some antioxidant molecules such as glutathione (GSH) in
lead exposed animals and humans [153, 232, 233].

Thus the lead induced oxidative stress has now been proved unequivocally,
there are however very few studies which indicate the usefulness of antioxidant
either individually or as a complimentary agent during chelation therapy. Gurer
and Ercal [167] were the first to start exploring the beneficial role of n-
acetylcysteine (NAC) in both in vitro and in vivo models. They investigated the
lead extent of oxidative injuries and the benefits of administering NAC orally to
rats. They indicated that the antioxidant action of NAC could provide some
beneficial effects in lead poisoning treatment independent of chelation [234].
Neal et al. [235] suggested a pro-oxidant effect of ALA and a protective role of
NAC in ALA exposed cells.

Another antioxidant, a-Lipoic acid (LA) was also suggested to abate few
toxic symptoms of lead [236]. This compound/antioxidant has got the distant
advantage over NAC in opposing GSH loss because a small amount of LA will
produce the same effects as by a large dose of NAC [167]. It is an excellent
antioxidant and function as a co-factor in several multi enzyme complexes. It
has got the ability to scavenge some reactive species and can generate other
antioxidant from their radical or inactive form and have metal chelating
capability [167]. The ability of LA to cross blood brain barrier is an extra
advantage. Beneficial effects of LA are independent of its ability to chelate lead
but are associated with LA's potential for bolstering thiol antioxidant capacity.

Taurine, a semi essential amino acid has been shown to have a role in
maintaining calcium homeostasis, osmoregulation, removal of hypochlorous
acid and stabilizing the membranes [237]. Some of the recent data indicate that
taurine can act as the direct antioxidant by scavenging ROS and/or as an indirect
antioxidant by preventing changes in membrane permeability due to oxidant
injury. The zwitterionic nature of taurine gives it high water solubility and low
lipophilicity. Consequently compared with carboxylic amino acids, diffusion
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through lipophillic membranes is slow for taurine [237]. In the studies
conducted by Gurer and Ercal [167], taurine was shown to have beneficial
effects in lead induced oxidative stress in Chinese Hamster Ovary (CHO) cells
and F344 rats [167]. There was an increased cell survival in taurine treated lead
exposed CHO cells while MDA levels were diminished and GSH levels were
increased. Similar effects were found in RBC and the brains and livers of lead
exposed F-344 rats. In the above study, no change in lead concentrations in the
blood, brains, livers and kidneys after taurine treatment (1.2 g/kg/d) was noted.

7. THERAPY

7.1. Chelation treatment

‘Chelation’ is the formation of a metal ion complex in which the metal ion is
associated with a charged or uncharged electron donor referred to as ligand. The
ligand may be monodenate, bidenate or multidenate, that is, it may attach or co-
ordinate using one or two or more donor atoms. Bidenate ligands form ring
structures that include the metal ion and the two-ligand atoms attached to the
metal [238]. Their efficacy depends not solely on their affinity for the metal of
interest but also on their affinity for endogenous metals, mainly calcium. An
ideal chelator should have high solubility in water, resistance to
biotransformation, ability to reach site of metal storage, ability to retain
chelating ability at the pH of body fluid and property of forming metal
complexes that are less toxic than the free metal ion.

Some common chelating agents for the treatment of lead poisoning are listed
in Figure 12 along-with their chemical structures. Although most of these
chelating agents are effective against lead toxicity but still they do not fulfil the
required characteristic for an ideal chelating agent (Figure 13). Their
pharmacological and toxicological properties are described below:

7.1.1 Calcium disodium ethylene diamine tetraacetic acid (CaNa;EDTA)

The most commonly used chelating agents that have been the forerunners in
chelation therapy belong to the polyaminocarboxylic groups. As the name
indicates, these chelators utilize the amino and the carboxylic groups to
scavenge lead from the system. In this category, calcium disodium ethylene
diamine tetra acetic acid (CaNa,EDTA) is a derivative of ethylene diamine tetra
acetic acid (EDTA); a synthetic polyamino-polycarboxylic acid and since 1950s
has been one of the main stays for the treatment of childhood lead poisoning
[239]. Another member belonging to this family is diethylene triamine
pentaacetic acid (DTPA) is a synthetic polyaminocarboxylic acid with properties
similar to EDTA [238]. CaNa,EDTA has the LDs, value of 16.4 mmol/kg in
mouse [239]. Intravenous administration of this drug results in good absorption
but very painful at the injection site. Hence intravenous injection could be given
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either by diluting in 5% dextrose or saline [239]. It has also been used
extensively as a challenge test for lead [240] in order to help make the decision
as to whether chelation therapy should be undertaken especially in children.
CaNa,EDTA is mainly distributed extra-cellularly. One of the major drawbacks
with CaNa;EDTA appears to cause redistribution of lead to the brain [190, 241].
It has been well established that administration of EDTA during pregnancy can
result in teratogenic effects especially when administered between days 11 to 14
at doses comparable to humans. 2-3% disodium EDTA when given in feed
along with 100 ppm of zinc to pregnant rats from the gestation day 6 through 21
resulted gross congenital malformations which included clubbed legs, micro or
anophthalimia, micro or agnathia, cleft palate, fused or missing digits, brain
malformation and curly, short or missing tail in the young [242]. The use of
EDTA to remove endogenous zinc appeared to offer a mechanism for studying
the effects of short-term zinc supplementation at critical periods in pregnant zinc
deficient rats. Primary source of lead mobilised by CaNa,EDTA is bone, with an
additional contribution from kidney.CaNa,EDTA not only increases the urinary
excretion of lead but because of its relative lack of specificity the excretion and
depletion of such essential metals as Zn, Cu, Fe, Co and Mn is possible.
Treatment with Ca disodium EDTA resulted in rapid decrease in plasma zinc
concentrations. Administering the sodium salt of EDTA in vivo will result in the
formation of the calcium salt, which will be excreted. This can result in an
increase in the urinary excretion of calcium and hypocalcaemia with the risk of
tetany. To overcome this hazard, CaNa,EDTA was introduced for the treatment
of lead poisoning. In this case, the lead-EDTA chelate has the higher stability
constant. Thus CaNa,EDTA chelates the lead in the body fluids, PbNa,EDTA,
which is excreted leaving Ca behind. According to a study done by Cory Slechta
et al. [190], the rise in brain lead content in response to a single injection of 150
mg/kg of CaNa,EDTA was observed in rats exposed to 25 and 50 ppm of lead
acetate. The failure of Ca disodium EDTA to produce any net loss of lead from
brain over the course of the 5-day treatment aroused further concern. 5-days
dosing regimen of Ca disodium EDTA after chronic lead exposure reported no
decline in brain lead. It should be noted that a 5-days course of treatment is the
one most often used clinically to treat elevated lead burden.

7.1.2 D-penicillamine

D-Penicillamine (DPA) is B-B-dimethylcysteine or 3-mercapto-D-valine, a
sulfhydryl containing amino acid, is as an antidote for low or mild lead
poisoning [243]. It can penetrate cell membranes and then get metabolized. It
can be absorbed through the gastro intestinal tract and thus can be administered
orally. However, the major toxic effect of DPA is antagonizing pyridoxine and
inhibiting pyridoxine dependent enzyme such as transaminases. Other toxic
effects include hypersensitive allergic reactions like fever, skin rashes,
leucopoenia and thrombocytopenia [244]. Its reported LDsy value in mouse by
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intraperitoneal route is 2.53mmol /kg. The FDA, for the treatment of Wilson's
disease, cystinuria, and severe active rheumatoid arthritis approves
penicillamine. Other toxic effects include hypersensitive allergic reactions like
fever, skin rashes, leucopoenia and thrombocytopenia. In few reports
nephrotoxic effects too have been observed along with penicillin allergic
reaction in sensitive individual due to cross reactivity. Prolonged treatment may
also lead to anorexia, nausea, vomiting in human. Apart from this, DPA is also a
well recognized teratogen and lathyrogen that causes skeletal, palatal, cutaneous
and pulmonary abnormalities [243]. The developmental toxicity of DPA is
abundant in both human and experimental animals. Since DPA chelated copper,
it was hypothesized that the drug might be teratogenic. Literature suggests that
the administration of DPA during pregnancy protects the mother from the
relapse of Wilson’s disease, while it would carry few risks to the fetus [245].
DPA have been tried safely throughout pregnancy in women with Wilson’s
disease, suggesting that the excessive copper stores improve tolerance [246].
Before the approval of DMSA penicillamine was the only available oral chelator
and has been used for the long-term treatment of children with blood lead levels
of 20-40 pg/dL. [244, 247]. D-penicillamine is a less effective chelator than
calcium disodium EDTA and its overall toxicity profile allows it be considered
as a third choice for lead toxicity treatment after CaNa,EDTA and DMSA
(Succimer).

7.1.3 Meso 2, 3-dimercaptosuccinic acid (DMSA)

The chemical derivative of dimercaprol, which has gained more and more
attention these days, is meso 2, 3-dimercaptosuccinic acid (DMSA). DMSA is
an orally active chelating agent that forms stable water-soluble complexes with
lead in vitro. DMSA contains two sulthydryl (-SH) groups and has been shown
to be an effective chelator of lead, reducing blood lead levels significantly. It has
recently been approved by US Food and Drug Administration (US FDA) for the
treatment of lead intoxication in children with blood lead levels 45 pg/dL (US
Dept. of Health and Human Services). A major advantage of DMSA is that, lead
does not appear to be redistributed to the brain and other vital organs after its
therapy in rats intoxicated with lead [241, 248]. Another advantage is that
DMSA is available in capsule form for oral administration. Animal studies
suggest that DMSA is an effective chelator of soft tissue but it is unable to
chelate lead from bones [190]. In an interesting study by Ercal et al., lead
induced biochemical variables suggestive of oxidative stress responded
moderately to treatment with DMSA while, there was a marked reduction in lead
concentration from blood, liver and brain [249]. Miller [250] suggested that the
protocol for lead toxicity is to identify and remove the environmental exposure
and use DMSA 10 mg/kg three times a day for the first five days followed by 14
days at 10 mg/kg twice a day. Studies conducted by Flora et al. [241] shows that
DMSA could significantly lower the blood, hepatic and renal burden of lead
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after 4 months lead exposure to 1000-ppm lead. CaNa,EDTA also removed lead
from liver and kidneys apart from the long bones. Not-withstanding the
significant mobilisation of lead by both DMSA and CaNa,EDTA individually,
there was a significant additive effect as well. The reason is unclear. One
possibility is that the kidneys reducing the possibility of lead redistribution to
soft tissues [190] might excrete lead mobilised from bone. Combined treatment
with DMSA and CaNa,EDTA is more effective than treatment with individual
chelating drugs for the elimination of tissue lead. Of all the organs damaged by
lead, the developing brain is particularly vulnerable to lead toxicity. As an
important brain region, the hippocampus undergoes number of development and
growth in postnatal period [179]. Zhang et al. [251] recently suggested that
hippocampus is a man target for lead accumulation and damage. Oxidative
damage caused by lead may be implicated in the induction of the cell apoptosis.
DMSA for being an antioxidant and a strong lead chelator has been shown to
deplete significantly lead from hippocampus leading to recovery in the oxidative
stress and apoptosis induced by lead [251].

DMSA is not known to cause elevations in the excretion of calcium, zinc or
iron, although zinc excretion has increased to 1.8 times base line during
treatment. Therefore, in the present circumstances treatment with both
CaNa,EDTA and DMSA seems more adequate but in addition to beneficial
effects, the increased renal burden indicates caution; and further investigation in
this area is needed before approving this treatment protocol.

7.1.4 Sodium 2, 3-dimercaptopropane-I-sulphonate (DMPS)

Sodium 2, 3-dimercaptopropane sulfonate (DMPS) is another analogue of
BAL and is mainly distributed in extra cellular space and it may enter cells by
specific transport mechanism. DMPS is rapidly eliminated from the body
through the kidneys. No major adverse effects following DMPS administration
in humans or animals have been reported [252]. A pilot study of DMPS in lead
poisoned children by Thomas and Chisolm [253] indicates less efficiency than
CaNa,EDTA and DMSA. DMPS appears to be bio-transformed in humans to
acyclic and cyclic disulphides. DMPS is distributed both in an extra-cellular and
to a small extent an intracellular manner [238]. DMPS is not the appropriate
drug as far as lead is concerned. Oral administration of DMPS also did not
adversely affects late gestation, parturition or lactation in mature mice and fetal
and neonatal development do not appear to be adversely affected. DMPS
although known for its antidotal efficacy against mercury and has also been
reported to be an effective drug for treating lead and arsenic poisoning [154,
2241, 254}.
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7.2. Limitations of current chelating agents

Most of the currently used chelating agents have serious side effects.
CaNa,EDTA is a general chelating agent that complexes a wide variety of metal
ions. It is used clinically [255]. CaNa,EDTA cannot pass through cellular
membranes and therefore its use is restricted to removing metal ions from their
complexes in the extra cellular fluid. The principal toxic effects of CaNa,EDTA
are on the kidneys [256, 257]. Renal toxicity may be related to the large amount
of chelated metals that pass through the renal tubules in a relatively short period
during therapy. Monitoring of zinc status is also recommended during therapy
because of massive diuresis of endogenous zinc [258]. Other minor problem
with CaNaEDTA includes malaise, fatigue, myalgia, anorexia, nausea and
vomiting, sneezing, glycosuria, anaemia and hypotension. Intramuscular
CalNa,EDTA is painful too.

The main disadvantage of treatment with the penicillamine as a chelating
agent is that it might cause anaphylactic reaction in-patient allergic to penicillin
[259]. Prolonged use of penicillamine may induce several cutaneous lesions,
dermatomyosites, adverse effects on collagen, dryness etc. The hematological
effects include leucopoenia, aplastic anaemia and agranulocytosis. Renal
toxicity is usually as reversible proteinuria while, elevation in liver enzymes
indicate hepatotoxicity. Children undergoing D-penicillamine therapy should be
monitored with blood counts, urinalysis and serum creatinine every 2-4 weeks.
In comparison to other chelating drugs, treatment with DMSA and DMPS has
got less adverse effects. Few adverse effects include mild and transient elevation
of SGPT and SGOT, mild abdominal disturbances and skin reaction possibly of
allergic origin. One of the major drawback with the use of DMSA is that it is
basically a soft tissue lead mobilizer and thus unable to remove lead from hard
tissues like bone. Thus, its use particularly in chronic cases of lead poisoning is
limited.

It is thus clear from above that most of the conventional chelators are
compromised with many side effects and drawbacks and there is no safe and
effective treatment available for lead poisoning. In the recent past some newer
strategies were adopted to find a solution to this problem [254]. In the following
paragraphs some of these strategies have been discussed in details and
summarized in Figure 14.

Among the effective strategies include the effects of oral co-administration of
zinc and copper supplementation on the safety and efficacy of CaNa,EDTA in
the treatment of lead poisoning in experimental animals [260-263]. However, it
was also suggested that higher dose and prolonged administration of zinc should
be avoided [264]. In the second approach, efficacy of some naturally occurring
compounds like vitamins and amino acids were tried both as potential chelating
agents' and as an adjuvant to conventional chelating agents during experimental
lead intoxication. Concomitant oral administrations of thiamine, ascorbic acid,
or methionine during experimental lead intoxication has been proved beneficial
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[265-269]. A somewhat different class of compounds the esters of
dimercaptosuccinic acid has also been investigated as agents to mobilize lead
from aged intracellular deposits [270]. The efficacy of S-adenosyl L-methionine
in the prophylaxis of lead poisoning has been demonstrated in both human and
animals [271-273]. Methionine being a ready source of sulfydryl group would
increase the bioavailability of glutathione, which would provide additional
complexing, sites for lead poisoning. It appears that dietary nutrients when given
during chelation therapy may have a beneficial role in controlling lead
poisoning. These strategies which are described below strongly support the
theory that they have a major role to play in future approach towards finding a
safe, suitable and an effective treatment for lead intoxication.

Newer strategies

h 4

l

l

Synthesis of new Combination therapy || Combination therapy
Chelating agents with antioxidants with antioxidants
e.g., NAC, Taurine,
v Captopril, a-lipoic
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* melatonin’ CaN azEDTA + DMSA,
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- Enhanced lead Benefits:
elimination - more efficient removal
- Forms non-toxic of lead
complexes - removal of lead from
intra-and extracellular
spaces

Figure 14. Newer strategies for the treatment of lead poisoning




209

7.3. Recent developments in the chelation of lead

7.3.1. Synthesis of new chelator

In the early eighties it was shown that some newer complexing agents like
DMPS and DMSA were effective against lead poisoning. When compared to
BAL these newer chelating agents were of significant lower toxicity and
moreover they could be administered orally or intravenously. In addition to their
heavy metal chelating properties, these agents have a dithiol group that may act
as an oxygen radical scavenger and thus inhibit lipid peroxidation. But still the
hydrophilic and lipophobic properties of DMSA do not allow it to cross the cell
membrane. It was recently observed that esters of DMSA might be a more
effective antidote for lead toxicity

7.3.1.1 Esters of Succimer (DMSA)

A large number of esters of DMSA have been synthesized for achieving
optimal effects of chelation compared to DMSA. These esters are mainly the
mono and dimethyl esters of DMSA that have been studied experimentally with
the aim of enhancing tissue uptake of chelating agents. In order to make the
compounds more lipophillic, the carbon chain length of the parent DMSA was
increased by controlled esterification with the corresponding alcohol (methyl,
ethyl, propyl, isopropyl, butyl, isobutyl, pentyl, isopentyl and hexyl). A large
number of esters have been synthesized and are being tried for the treatment of
metal poisoning. It has also been reported that these mono and diesters have a
better potential in mobilizing lead from the tissues in mice [274]. Singh et al.
[275] examined the efficacies of three diesters of DMSA and found that these
diesters were effective in reducing the soft organ lead concentrations when
compared to BAL. Walker et al. [274] studied the effects of seven different
monoalkyl esters of DMSA on the mobilization of lead in mice and observed
that after a single parenteral dose of the chelator DMSA there was a 52%
reduction in the lead concentrations while with the monoesters the reduction
varied from 54% to 75%.

In most of these published reports, it has been observed that the analogues of
DMSA were capable of crossing the membranes and were more effective in
reducing the lead burden in acute and sub-chronic lead intoxication. These
studies have also suggested that the monoesters are more effective in treatment
of experimentally induced lead intoxication.

7.3.1.1.1 Monoisoamyl DMSA (MiADMSA)

Among the new chelators, monoisoamyl ester of DMSA (MiADMSA; a Cs
branched chain alkyl monoester of DMSA) has been found to be the more
effective than DMSA in reducing gallium arsenide and arsenic toxicity [276,
277]. It is reported that the toxicity of DMSA with LDs; of 16 mmol/kg is much
lower than the toxicity of MIADMSA with LDs, of 3 mmol/kg but lesser than
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BAL (1.1 mmole/kg). The interaction of MiIADMSA and DMSA with essential
metals is same. Mehta and Flora [278] reported for the first time the comparison
of different chelating agents (3 amino and 4 thiol chelators) on their role on
metal redistribution, hepatotoxicity and oxidative stress in chelating agents
induced metallothionein in rats. We suggested that out of all the 7 chelators,
MiADMSA and DMSA produced the least oxidative stress and toxicity as
compared to other 5 chelators. However, no major reports are available about
the toxicity of this metal complexing agent except for its developmental toxicity.
No observed adverse effect levels (NOAELs) for maternal and developmental
toxicity of MiADMSA were 47.5 mg/kg and 95 mg/kg/day respectively
indicating that MiADMSA would not produce developmental toxicity in mice in
the absence of maternal toxicity [279]. Bosque et al. [280] reported that
administration of MiADMSA through the parenteral route to pregnant mice
during organogenesis produced maternal toxicity at a dose of 95 and 195 mg/kg
with a significant decrease in the body weight and an increase in the liver
weights. They also reported that MIADMSA caused embryo/fetotoxicity at a
dose of 190 mg/kg by significantly increasing the embryo lethality and non-
significant increase in the skeletal defects. Taubeneck et al. [281] showed that
the developmental toxicity of DMSA is mediated mainly through disturbed
copper metabolism and this may also be true for MiIADMSA. Recently, our
group was the first to report the toxicological data of MiADMSA when
administered in male and female rats through the oral as well as the intra-
peritoneal route (25, 50 and 100 mg/kg for 3 weeks). We observed that there
was no major alteration in the heme biosynthesis pathway except for a slight rise
in the zinc protoporphyrin levels suggesting mild anemia at the highest dose
[282, 283]. The oral route of administration was also seen to be better when
compared to the i.p. route based on the histopathological studies of the liver and
kidney tissues. MIADMSA was seen to be slightly more toxic in terms of copper
loss and some biochemical variable in the hepatic tissue in females as compared
to male rats. The studies concluded that the administration of MiADMSA in
female rats is confounded with side effects and may require caution during its
use. Since administration of chelating agents during pregnancy is always with
caution, we studied the effects of MIADMSA administration from day 14 of
gestation to day 21 of lactation at different doses through oral and ip routes to
examine the maternal and developmental toxicity in the pups. Results suggested
that MiIADMSA had no effect on length of gestation, litter-size, sex ratio,
viability and lactation [284]. No skeletal defects too were observed following
the administration of the chelator. However, MiADMSA administration
produced some marginal maternal oxidative stress at the higher doses
(100mg/kg and 200 mg/kg) based on thiobarbituric acid reactive substances
(TBARS) in RBCs and decrease in the §-aminolevulinic acid dehydratase
(ALAD) activity. MiIADMSA administration too caused some changes in the
essential metal concentration in the soft tissues especially the copper loss in
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lactating mothers and pups, which would be of some concern. Apart from
copper, changes too were observed in the zinc concentrations in mothers and
pups following administration of MiADMSA. The study further suggested that
the chelator could be administered during pregnancy as it does not cause any
major alteration in the mothers and the developing pups [284]. Since chelating
agents are administrable to individuals of all ages, we investigated the effect of
MiADMSA administration in different age groups of male rats (young, adult and
old rats) based on the fact that whether MiADMSA, a dithiol agent was a pro-
oxidant or an antioxidant. Results suggested that MIADMSA administration
increased in activity of ALAD in all the age groups and increased blood GSH
levels in young rats (Flora et al. unpublished report). MiADMSA also potentate
the synthesis of MT in liver and kidneys and GSH levels in liver and brain.
Apart from this it also significantly reduced the GSSG levels in tissues.
MiADMSA was found to be safe in adult rats followed by young and old rats,

A large number of reports are now available on the therapeutic efficacy of
the MiADMSA. Pande et al. [285] found that MiIADMSA was effective in
prevention and treatment of acute lead intoxication. Walker et al. [274] reported
that MiADMSA administration reduced the brain lead concentrations by 75%
when compared to 35% with DMSA whereas the ip administration reduced
kidney lead levels by 93% while oral administration reduced the kidney lead by
94%.

Despite a few drawbacks/side effects associated with MIADMSA, our studies
suggest that MiADMSA may be a future chelating drug owing to its lipophilic
character and the absence of any metal redistribution. However, significant
copper loss requires further studies. Moderate toxicity after repeated
administration of MiADMSA may be reversible after the withdrawal of the
chelating agent.

7.3.2 Combination therapy

This is a new trend in chelation therapy that is to use two chelators, which act
differently. The idea of using combined treatment is based on the assumption
that various chelating agents are likely to mobilise toxic metals from different
tissue compartments and therefore better results could be expected [241, 286].
There are four components to treatment identification and elimination of the
source of exposure, behavioural changes to diminish non-food-related hand to
mouth activity, nutritional counselling to inhibit lead absorption and chelation
therapy to increase lead excretion. The choice of treatment modalities depends
only in part on the degree of lead poisoning. It is in the interest of all children to
be in lead free environment. The very young are at a higher risk than adults.
Treatment of lead intoxication has relied primarily on the use of Ca disodium
EDTA. A new approach in chelation therapy was therefore to use both EDTA as
a bone lead mobilizer and DMSA as a soft tissue mobilizer in combined
treatment. This approach of using combined treatment also lead to a better
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recoveries in altered lead sensitive biochemical /neurological/ immunological
variables and support our earlier assumption that various chelating agents will
mobilize lead from different tissue compartments and therefore better results in
mobilizing, lead and turnover in the altered clinical variables could be expected.
The goal of chelation therapy should be to maximize lead elimination from the
body without risking redistribution to soft tissues. We observed that combined
administration of DMSA and CaNa,EDTA against chronic lead poisoning lead
to a more pronounced elimination of lead and a better recoveries in altered lead
sensitive biochemical variables beside no redistribution of lead to any other
organ was noticed [154, 241]. In these experiments we showed that the
administration of DMSA before EDTA prevents redistribution of lead to the
brain. Furthermore we also found that combined treatment to be more effective
in mobilizing lead than monotherapy with either of these chelating agents.
However, kidney concentration remained high following combined treatment
and some clinical biochemical variables showed minor alterations [241, 287].
After getting some very promising results with the combined administration of
DMSA and EDTA we determined if the use of another thiol chelating agent with
intracellular distribution like MIADMSA (an analog of DMSA) or DMPS in
combination with CaNa,EDTA might provide a better removal of toxic metal
and in providing effective reversal of altered biochemical indices compared to
the use of DMSA [154]. The effects of EDTA, DMPS and MiADMSA
monotherapy were compared with meso-DMSA plus EDTA or MiADMSA plus
EDTA by measuring lead and essential metal concentration in soft tissues,
studying various lead sensitive biochemical variables and parameters suggestive
of oxidative stress and altered heme synthesis pathway in adult rats. The results
of combined treatments with CaNa,EDTA and the two thiols were more
impressive both in terms of recovery in altered biochemical variables (oxidative
stress) and reduction of body lead burden. Thus there could be an interesting
debate about introducing combined treatment therapy for lead poisoning. The
two arguments proposed for promoting this treatment point to the fact that (i)
The inefficiency of EDTA to decrease brain lead and the ability of thiol
chelators like DMSA for their reported role in promoting soft tissue lead
mobilization including brain (ii) addition of MiIADMSA to EDTA caused not
only higher lead elimination but also better recovery in altered biochemical
variables. The present study thus represents a systematic approach to the
development of a new therapeutic protocol for the treatment of lead intoxication.
Besunder et al. [288] also recommended the administration of EDTA and
DMSA to, children hospitalized for chelation therapy instead of monotherapy
with either agent. Beside the use of the two different chelators for the combined
therapy, number of studies have been reported where a co-administration of a
dietary nutrients like a vitamins e.g. thiamine [263, 265], an essential metal viz.
zinc [261, 263, 264] or an amino acid like methionine [269] with a chelating
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agent lead to many beneficial effects like providing better clinical recoveries as
well as mobilization of lead.

As evident from the above, the most important problem concerning the
medical use of chelating agent is their low therapeutic range, which is mainly
due to the inherent toxicity of the chelators itself. Chelation is not specific to
toxic ions and is causing disturbances of all biological processes depending on a
physiological equilibrium of ions. In general, chelators with the intra-cellular
activity are more toxic and have a lower therapeutic range than those distributed
only in the extra cellular spaces.

7.3.3 Role of dietary nutrients during chelation of lead

Among the various strategies which have been suggested to minimise the
numerous problems, the use of an 'adjuvant' viz. essential metals, vitamins and
amino acids, etc is an interesting one [260]. The defense of biological system
against damage caused by activated oxygen involves a battery of interrelated
protective agencies, the micronutrients, which have come to be regarded as
antioxidant nutrients, lie functionally at the heart of this protective mechanism
and include vitamins such as a-tocopherol, ascorbic acid etc. Antioxidants
when given either alone or in combination with a chelating agent proved to be
more effective in mobilizing lead from soft as well as hard tissue. It is now well
known that lead causes their toxicity by the involvement of reactive oxygen
species (ROS). Lead binds to biological molecules and produce different free
radicals that in turn attack the building blocks of the biological systems.
Deficiency of several essential nutrients namely vitamins and essential elements,
has been shown to exacerbate the toxic effects of metals, and supplementation of
such nutrients ameliorates the toxicity. In addition to the role of micronutrients
in modifying metal toxicity, these nutritional components can also act as
complimentary chelating agents (adjuvant) increasing the efficacy of a known
chelator, or by acting independently. In the following paragraph, we discuss
some of the micronutrients/essential metal/vitamins/antioxidants, which could
be useful when administered during chelation therapy.

7.3.3.1 Essential metals

We have discussed above that micronutrients have some role in preventing
toxic metal absorption and could also be co-administered during chelation
therapy as maintenance of essential metal status during chelation treatment and
could serve dual purpose; i) to prevent possible essential metal deficiency
syndrome and ii) to accelerate lead elimination due to their own
antagonistic/biochemical/pharmacological effects [289, 290]. Beneficial role of
zinc supplementation during chelation therapy of lead has been reported [264].
A more effective removal of hepatic and renal lead and recoveries in the lead
sensitive biochemical indices may offer an answer to the problem raised with Ca
disodium EDTA (CaNa,EDTA) therapy. We however, cautioned the excess and
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prolonged use of zinc, which may not allow the chelator to bind lead and rather
zinc in preference to lead [261]. Thomas and Chisolm [253] found that oral
supplementation of zinc and copper salts during the course of CaNa,EDTA
treatment did not alter the urinary excretion of lead or zinc but reduced the fall
in plasma zinc concentration [263]. The oral supplementation of zinc during
chelation therapy has been found to be beneficial in a patient of plumbism.

Simultaneous copper supplementation although have very limited role during
chelation of lead [262].

7.3.3.2 Vitamins

Thiamine as a complementary therapeutic agent or an ‘adjuvant' to
conventional metal chelating agent has been tried [260, 291]. Thiamine
administration concomitantly with CaNa,EDTA enhanced the efficacy of
chelator to potentiate urinary lead excretion, to reduce tissue lead including
brain lead and restore lead induced biochemical alterations [265, 292]. Thus,
thiamine might be utilized to increase the passage of chelating agents through
blood -brain barrier or its effect to decorporate lead from the brain bioligand
complexes [293]. Thiamine might also be participating in chelation as it contains
a pyrimidine ring and a thiazole nucleus. The -OH group of the side chain and S
atom of the thizole nucleus from 2 moles of thiamine HCI may participate in the
chelation of lead (Figure 15) [294]. Further N atoms or NH; groups of the
pyrimidine nucleus in the thiamine molecule might also be playing a role in
chelation of lead. Thiamine supplementations during chelation only slightly
augmented lead decorporation but the depletion of brain lead was significant
following treatment with thiamine- DMSA [293, 294]. These observations
might be significant, as some of the chelators including CaNa,EDTA have been
shown to be ineffective in removing lead from the brain. Co-administration of
vitamin C and thiamine greatly enhanced the efficacy of chelating agents to
increase urinary lead excretion, to reduce tissue lead concentration including
brain, supporting the view that ascorbic acid acts as a detoxifying agent by
forming poorly ionised but soluble complex with lead (Figure 15) [212, 268].
Vitamin C is a low molecular mass antioxidant that interacts directly with the
oxidizing radicals and protects the cells from reactive oxygen species [295].
Vitamin C scavenges the aqueous reactive oxygen species (ROS) by very rapid
electron transfer that thus inhibits lipid peroxidation [295].

The protective mechanism of vitamin E against lead toxicity could be
attributed to its antioxidant property or its location in the cell membrane and its
ability to stabilize membrane by interacting with unsaturated fatty acid chain.
Flora et al [296] reported that administration of Vitamin C or vitamin E when
given in combination with succimer or its monoisoamyl derivative (MiADMSA)
produced profound recoveries in sub-chronically lead exposed rat. Although, the
group suggest that vitamin C was better in providing clinical recoveries and
Vitamin E was equally efficient in decreasing the lead burden from the tissues.
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7.3.3.3 Antioxidants

N-Acetylcysteine (NAC) is a thiol-containing antioxidant that has been used
to mitigate various conditions of oxidative stress. Its antioxidant action is
believed to originate from its ability to stimulate GSH synthesis, therefore
maintaining intracellular GSH levels and scavenging reactive oxygen species
(ROS) [167, 297]. Besides the antioxidant potential, NAC also has some
chelating properties against lead. Pande et al. [285] suggested that NAC could
be used both as preventive as well as a therapeutic agent along with
MiADMSA/DMSA in the prevention and treatment of lead intoxication in rats.
They also reported that simultaneous administration of NAC with DMSA
reversed the altered ALAD and TBARS levels, increased the reduced
glutathione levels and decreased the lead levels, apart from this the study too
highlighted the favorable response of NAC in post-exposure treatment along
with succimer [285]. A recent report suggested that co-administration of NAC
along with succimer in sub-chronically lead exposed rats, reduced oxidative
stress significantly by lowering the TBARS levels, oxidized glutathione levels
along with the decrease in the lead burden on the soft tissues especially the brain
[276].

Melatonin (N-acetyl-5-methoxy triptamine), is a hormonal product of the
pineal gland that plays many roles within the body including control of
reproductive functions, modulation of immune system activity, and limitation of
tumorigenesis and effective inhibition of oxidative stress [298]. One major
function of melatonin is to scavenge radicals formed in oxygen metabolism,
thereby potentially protecting against free radical induced damage to DNA,
proteins and membranes [298]. It has been shown that melatonin stimulates the
antioxidative enzyme GPx in the brain, thus providing indirect protection
against free radical attack [299]. Therapeutic efficacy of melatonin either
individually or in combination with succimer (DMSA) was recently studied by
us in rats [300]. We found very little role of melatonin in the mobilization of
lead but it provided significant protection to lead induced oxidative stress in
tissues of lead exposed rats. The therapeutic efficacy of melatonin has been
reported to be better than other antioxidants like glutathione and vitamin E.

a-Lipoic acid (LA) is a naturally occurring antioxidant and is able to abate
some of the toxic effects of lead [236]. It functions as a cofactor in several
multienzyme complexes. Its reduced form, dihydrolipoic acid (DHLA), has two
free sulfhydryl groups and the two forms LA/DHLA possess a great antioxidant
potential. Both LA and DHLA (i) have the ability to scavenge some reactive
species (ii) can regenerate other antioxidants (i.e. vitamins E and C and GSH)
from their radical or inactive forms, and (iii) have metal chelating activity.
Lipoic acid also have an advantage over NAC in opposing GSH loss, since LA
is effective in a micro molar range while mill molar NAC is needed for a similar
effect [301]. The capability of LA to cross the blood brain barrier is an extra




216

advantage because the brain is an important target in lead poisoning. We
provided experimental evidence of beneficial effect of combined LA-succimers
administration for treatment of sub-acute lead intoxication in rats.
Administration of LA with DMSA or MiADMSA was most effective in
reducing lead induced oxidative stress in brain compared to monotherapy [302].
LA administration however, showed no chelating properties in decreasing lead
burden from blood and soft tissues except interestingly, more pronounced
decrease in brain lead concentration in animals LA plus thiol chelators compared
to the effect of thiol chelators. The mechanism for the beneficial effect of LA
could be attributed to its ability to scavenge some reactive species, to regenerate
other antioxidant and also to some extend its moderate chelating property.

An antioxidant mechanisms rather than a chelating activity, seems to underlie
the observed effects of taurine against lead-induced oxidative stress. We recently
described the dose dependent effect of taurine, either alone or in combination
with meso 2, 3-dimercaptosuccinic acid (DMSA) in the treatment of sub-chronic
lead intoxication in male rats [303]. The results suggested beneficial role of
taurine when administered along-with DMSA in providing effective reversal of
number of lead sensitive biochemical variables in general, and parameters of
oxidative stress in particular, compared to their individual effects. We noted
significant effect of taurine when co-administered with DMSA, in depleting
blood and brain lead [303]. It is known that highest concentration of taurine is in
brain and heart. Perhaps this in part might explain the significant elimination of
lead from the brain tissues. Taurine can act as a direct antioxidant by scavenging
reactive oxygen species or as an indirect antioxidant by preventing changes in
membrane permeability due to oxidant injury. This is an interesting and
significant observation, which requires further exploration. Taurine might be
improving the antioxidant defense system via inhibiting the lipid peroxidate
process thereby mitigating the GSH consumption The results thus suggest the
beneficial role of taurine when administered along with a thiol chelator, but still
it remains to be seen if- (i) taurine is a better antioxidant than other available
antioxidants in providing significant clinical recovery; (ii) a dose dependent
study using a higher dose of taurine need to be attempted; and (iii) the exact
mechanism of action of taurine needs to be elucidated.

Use of antioxidants thus brings another novel option to the therapy i.e. the
possibility of therapeutic intervention without removing the patient from the
source of lead. Antioxidants are recognized as safe molecules and may be given
to subjects with low level lead concentrations in their blood even when it is not
possible to remove them from exposure to lead. The chemical structures of
various antioxidants are given in Figure 15.
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7.3.3.4 Role of herbal extracts

The clinical importance of the herbal drugs has recently received
considerable attention. Their role although, have mainly been limited to act as an
antioxidant and to provide better recovery in the altered biochemical variables.
None of them so far have been found to have property to chelate lead. Thus, they
have been tried mainly as supplementary agent during chelation of lead. As
numbers of synthetic antioxidants have been shown to have side effects [304,
305], thus, there has been upsurge of interest in the therapeutic potential of
medicinal plants as antioxidants in reducing free radical induced tissue injury
caused due to lead exposure [306]. Several naturally occurring dietary or non-
dietary constituents as well as part of several species of edible plants with
pharmacological activity influence the antioxidant enzymes and provide
protection against free radical induced damage. Centella asiatica (Umbelliferae)
syn Hydrocotyl asiatica has been mentioned in ancient Indian literature for its
intelligence property (Charak Sambhita). It is commonly known as Indian
Pennywort in English and Brahmi in Hindi. In a recent study, we observed that
combined treatment with a thiol chelator (DMSA and MiADMSA) and the
natural antioxidant, Centella asiatica proved to be beneficial in the recovery of
lead induced oxidative stress including the levels of biogenic amines and body
lead burden as compared with the monotherapy with the chelating agent [307].
The plant Centella asiatica contains asiaticoside, thakunoside, thankunic acid,
asiatic acid, brahmoside, brahminoside, brahmic acid, iso-brahmic acid, centoic
acid and centilic acid. Further, administration of C. asiatica during chelation
provided more pronounced effects particularly in the recovery of oxidative stress
parameters suggesting that with the removal of lead from the target tissue, this
antioxidant provides effective reversal in the altered parameters indicative of
oxidative stress. The major hypothesis behind using combination therapy of
chelating agents with naturally occurring antioxidant like C. asiatica is that: (i)
C. asiatica is reported to cross the blood brain barrier and recover the altered
neurotransmitters levels [308] and because of its ability to restore impaired pro-
oxidant/ antioxidant balance will accelerate clinical/ biochemical recoveries, and
(i) MiADMSA, because of its lipophilic nature, will have intracellular access
and hence would be more effective in the mobilization of metal out from the
body.

Crude extracts of leaves of Indian spinach (Beta vulgaris L. var. beghalensis
Hort.) was observed to modify significantly the cytotoxic effects of lead in vivo
[309]. These protective effects were attributed to antioxidant properties of
number of components of this herbal extracts like vitamins, ascorbic acid,
polyphenol and fibres. Chaurasia et al. [310] reported beneficial effects of
Withania somnifera, a subtropical under-shrub in protecting mice against lead
induced oxidative damage. There are only few such encouraging reports which
are available in literature; there are still no clinical reports available on the effect
of these herbal extracts on lead toxicity. Thus detailed studies are needed to
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study the effects of these plant extracts and to know their mechanism action in
the body.

8. CONCLUSION

Lead poisoning is an old and a significant public health problem throughout the
world. Although the incidence if occupational and adult lead poisoning has
declined in the recent past, the problem still exists. It often goes unrecognized
for long periods because of low index of suspicion compounded by incomplete
surveillance of risk population. Toxicity correlate with blood lead concentration
and progresses from biochemical and sub-clinical abnormalities at levels around
10 pg/dL to coma and death at levels over 100 pg/dL. Blood lead levels below
70 pg/dL can result in damage to the central nervous system, kidneys and
hematopoietic system. Lead toxicity is also associated with a two to three point
decrease in IQ test scores for every increase in 10 pug/dL in the blood lead level.
Elevated blood lead is also associated with neurodevelopment abnormalities
including attention deficit disorders, behavioral disturbances, learning
disabilities and deficits in fine and gross development. Studies have shown that
lead causes oxidative stress by inducing the generation of reactive oxygen
species, reducing the antioxidant defense system via depleting glutathione,
inhibiting many other enzymes and essential metals needed for antioxidant
enzyme activities. Although guidelines for the management of childhood lead
poisoning were released by the Center for Disease Control in 1985 and 1991 we
are still far away from having a safe, specific and effective chelating agent for
the treatment of lead poisoning. Besides, still further knowledge is needed in
several basic research areas within the field of in vivo chelation of metals and
call for studies on (a) Molecular mechanism of action of clinically important
chelators, (b) Intracellular and extra cellular chelation in relation to mobilization
of aged metal deposits and the possible redistribution of toxic metal to sensitive
organs as the brain, (c) Effect of metal chelators on biokinetics during continued
exposure to metal, especially possible enhancement or reduction of intestinal
metal uptake, (d) Combined chelation with lipophilic and hydrophilic chelators,
which presently has a minimal clinical role, (¢) Use of antioxidants,
micronutrients or vitamins as complimentary agents or antagonists (f)
Minimization of the mobilization of essential trace elements during long-term
chelation, and (f) Fetotoxic and teratogenic effects of chelators.
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1. LEVELS OF LEAD AND THEIR IMPLICATIONS FOR
ANALYTICAL TECHNIQUES

The average concentration of lead in the earth’s crust is approximately 15 ug/g
(ppm). In more common rocks the concentration is between 30 ppm in granite
and black stats to | ppm in sediments, basalts and igneous rocks. Marine
sediments are the final deposits of lead in the environment, their levels being
between 15 and 30 ppm [1]. The level in water depends on the type of water; in
water with little carbon dioxide and pH near to 7, the lead concentration is
normally lower than 10 pg/L. due to the combination of lead with sulfates,
carbonates and hydroxides, which form insoluble compounds. Nevertheless,
acidic waters can have higher amounts of lead. The level in river water is
between 0.1 and 100 pg/L, in lakes 0.1-50pg/L, and in sea water 0.01-10ug/L
[1].

The level of lead in blood plasma is about 0.08-0.48 pg/L, but in general
the lead concentration in erythrocytes is 16 times higher than in plasma [2] (for
this the lead is normally determined in whole blood). The concentration range in
blood is between 40 and 290 pg/L. Levels differ in males and females: some
authors [3] found 153 pg/L in adult males and 100 pg/L in adult females, while
for children below 14 years figures of 94 ug/L. (males) and 86 pg/L (females)
were observed. In a study with 8635 subjects the correlation between lead levels,
alcohol consumption and smoking was clearly supported by experimental data.
A 25% reduction of lead concentration in blood was apparent when comparing
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present values to those for the period 1979-1985 [4]. The gradual decrease in
lead levels was ascribed only in part to a decrease of the metal in gasoline, while
variations in wine consumption also had a major impact. For urine, the
concentration range is 12-30 pg/L. [4]. The variation observed in lead
concentration in human milk could be due to differences of intake related to
environmental conditions, although it cannot be excluded that at least a part of
the variation may be caused by analytical errors and contamination with
laboratory airborne dust, which is rich in this element. The values for Hungary,
The Philippines and Sweden appear to be higher than those found in Guatemala,
Nigeria and Zaire. The concentration range for milk is between 2 and 30 pg/L
[4]. In healthy persons the concentration in scalp hair is 2-5 times greater than in
bones, about 10-50 times greater than in blood and 100-500 times greater than
that excreted in urine [5,6]. The concentration range is between 0.004 and 95
pg/g [4]. In the kidneys the concentration range is 0.11-0.41 pg/g and in the
liver the levels are greater: 0.25-2.30 pg/g. The levels in lungs are very different
depending on the subject. A reference value of 0.279 ug/g (with a 10™ to a 90™
percentile range of 0.142-0.380 pg/g) was given for subjects in an industrialized
area of Italy [7]. Other authors confirm the susceptibility of the lead content in
the lungs to the pollution in living or working environments. Such reference
values vary from 10 ng/g for young people or inhabitants of non-polluted areas
to 0.5 pg/g for heavily or long-term exposed subjects [8-12]. The concentration
range obtained was 1.00-500 ng/g [4].

The level of lead present in environmental and biological samples varies
between some ppm to a few ppb; the use of very sensitive analytical techniques
is necessary. In these cases, different spectroscopic techniques such as molecular
and atomic spectroscopies, mass spectroscopy and some electroanalytical
techniques can be used for lead determination. Nevertheless, in some cases, the
sensitivity is not sufficient and the use of a preconcentration method previous to
the analytical determination will be necessary.

2. PREANALYTICAL STEPS: SAMPLING AND CONSERVATION

Due to the low level of lead present in environmental and biological samples, it
is necessary to take some precautions in the sampling procedure and in the
conservation of samples. All material used in sampling and to conserve the
samples, i.e. plastic or glassware, must be soaked for at least 48 hours in 10%
nitric acid and finally rinsed with ultrapure water before use.

The sample conservation depends on the type of sample. For water, sea
water, river or tap water, due to the low levels (a few ppb), it is necessary to
avoid contamination of the sample by the material used and losses of the lead by
precipitation or by adsorption in the container wall. To avoid this, the addition
of an acid, usually nitric acid, in a concentration of about 1% is recommended
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and to store the water samples at 4°C if the analysis is to be carried out in a few
days; but if the samples must be stored for a long period freezing at —18°C is
recommended. To control possible contamination it is very important to use
different types of blanks: transport blank, reagent blanks, etc.

For the analysis of soil, if the samples are dry they can be stored in a clean
container at room temperature. For sediments, it is preferable to dry the
sediment, normally by liofilization and store the sediment in a plastic bottle until
use. The plamust be dried by liofilization and must be ground to obtain adequate
particle size. The dry sample can be stored in a plastic bottle at room
temperature until use.

Contamination problems for biological samples occur during sampling.
The high potential for lead contamination in capillary blood samples during
collection has been known for some time. Some workers have suggested using
special steps to minimize lead contamination errors during sample collection.
These include thoroughly scrubbing the hand and the finger to be punctured with
soap and then alcohol; using dilute (0.3M) nitric acid; or using a barrier spray,
e.g. silicone, to reduce errors due to lead contamination. The collection tubes,
lancets and needles must be checked for lead contamination. The EDTA is the
recommended anticoagulant. Samples must be stored a 4°C. For the analysis of
lead in urine, if definitive data on urinary excretion of lead is required, a 24-hour
urine collection yields the preferred specimen. The urine sample must be
collected in a 1-2 L lead-free (acid leaching/washed) wide-mouthed voiding
container for direct urine collection. The addition of preservatives to urine
specimens, such as HCl or HNQOs, is not recommended as there is increased
potential for contamination. The urine samples must be stored a 4°C, or at —18°C
for long periods. For different tissues, the samples must be kept in lead-free
plastic bottles and stored at —18°C until use.

3. SOME ANALYTICAL METHODS FOR LEAD DETERMINATION
3.1. UV-VIS absorption spectrometry

3.1.1. General aspects

UV-VIS spectra are obtained by measuring the intensity of monochromatic
radiation across a range of wavelengths passing through a solution. Figure 1
represents a typical experiment where a light beam of intensity, Io, strikes a
sample consisting of a quartz or glass cell containing a solution. After passing
through the cell, the light beam has a reduced intensity, I, due to various factors:
reflection losses at the cell window, absorption in the sample and by scattering
of dispersed particles. Only the absorption losses are caused by the dissolved
sample.
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Figure 1. Losses of intensity of a light beam by reflection, scattering and
absorption

The experiment is repeated using an identical cell containing only solvent to
compensate for reflection and scattering losses. As a consequence of interaction
between the photons and absorption particles, the beam is attenuated from Io to
I. The transmittance, T, of the solution is then the fraction of incident radiation
transmitted by the solution:

T=1/Io
The absorbance, A, of a solution is defined by the equation:
A=-logT=loglo/1
The absorbance of a solution increases as the attenuation of the beam
becomes greater. The absorbance of a sample is proportional to the total amount
of material that absorbs the incident light. It is possible to show that:
A=abc (1
Where a is a constant that is a property of the material itself as well as the

wavelength of the measurement, b is the length of the path through which the
light travels in the sample, and c is the concentration of the material that absorbs
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the light. The equation (1) describes the Beer-Lambert Law, which is the
principal law in Spectrometry. When the concentration ¢ is in mol L™, b is in
cm, then the constant a is expressed in L mol™cm™ and in this case, it is given
the symbol € and is called the molar extinction coefficient or molar absorptivity.
This law is also applied to a solution containing more than one absorbing
species. If there is no interaction between the various species, the total
absorbance is given by:

Atota]=A1+A2+ ........ +An281b01+82b02+.....+8ann

where the subscript refers to absorbing components 1,2,.....,n.
The Beer-Lambert Law presents some limitations of application [13].

3.1.1.1. Real limitations

The Beer-Lambert Law is valid for describing the absorption behavior of a
dilute solution (usually < 0.01 M). At high concentrations, the distance between
the absorbing species diminishes and it is possible that one species can affect the
charge distribution of its neighbors and thus can alter the species’ ability to
absorb. The extent of this interaction depends on the concentration; this effect
causes deviations from the linear relationship between absorbance and
concentration. On the other hand, when the solution contains high
concentrations of electrolytes, a similar effect due to electrostatic interactions is
possible.

3.1.1.2. Apparent chemical deviations

When an analyte dissociates, associates, or reacts with a solvent to
produce a product with different absorption spectra from the analyte, an
apparent deviation of the Beer-Lambert Law occurs. The most common example
of this behavior is produced in the acid/base indicator which depends on the pH,
the system can present two different absorbing species, HIn (color 1) and In”
(color 2)

Hnoe H +1In
color 1 color 2

3.1.1.3. Instrumental deviations with polychromatic radiation

The Beer-Lambert Law is observed only in monochromatic radiation, but
unfortunately, the use of radiation of a single wavelength is difficult, because it
is difficult to isolate a single wavelength from a continuous source, normally an
approximately symmetrical band of wavelengths around the desired one is
obtained. Nevertheless, it is an experimental fact that these types of deviation
are not appreciable, provided the radiation used does not encompass a spectral
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region in which the absorber exhibits large changes in absorption as a function
of wavelength. It is possible to show experimentally that the absorbance
measurements at the maximum of narrow peaks, the deviations of the Beer-
Lambert Law, are not significant if the effective bandwidth of the
monochromator is less than 1/10 the half width of the absorption peak at half

height.

3.1.1.4. Instrumental deviations due to stray radiation

The radiation can be contaminated with small amounts of scattered or
stray radiation. Stray radiation usually has a different wavelength from the
principal radiation and moreover may not have passed through the sample. It is
possible to correct the absorbance value with the effects of the stray radiation,
but in modern spectrophotometers this effect is not very important.

3.1.2. Absorbing species

The absorption of radiation UV-VIS by a molecular species, M, can be
considered a two-step process; in the first step electronic excitation is produced
obtaining an electronically excited species, M*, with a very brief lifetime (10~
10 s). The second step is normally a relaxation process that involves the
conversion of the excitation energy to heat. The relaxation process produces the
decomposition of M* to form a new species or may involve fluorescent or
phosphorescent re-emission of radiation.

M+ hv— M*
M* — M + heat

The absorption of UV-VIS radiation normally produces excitation of
bonding electrons; for this the wavelengths of absorption peaks can be
correlated with the types of bond in the absorbing species. In this case,
molecular absorption spectrometry is adequate for identifying functional groups
in a molecule. Nevertheless, the most important application of UV-VIS
absorption spectrometry is quantitative determination of compounds containing
absorbing groups [13].

The absorbing species containing 7, ¢ and n electrons include organic
molecules, ions and inorganic anions. The energies for the various types of
molecular orbitals are very different. Normally, the energy level of a
nonbonding electron lies between the bonding and the antibonding n and ©
orbitals.

One electron in a bonding o orbital is excited to the antibonding orbital by
absorption of radiation. The amount of energy required to induce this transition
is large and corresponds to radiant frequencies in the vacuum ultraviolet region.
This region presents experimental difficulties due to the components of the
atmosphere absorbed in this region.
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The n—o* transitions are produced in saturated compounds containing
atoms with unshared electron pairs. These transitions require less energy than
o—0* transition and are normally produced in the region between 150 and 250
nm. The n—n* and n—=* transitions are the most important transitions for the
absorption spectroscopy for organic compounds, because these transitions are in
a convenient spectral region between 200 and 700 nm. For both transitions the
presence of an unsaturated functional group is necessary to provide the 7 orbital.
These groups are usually called chromophores. The transitions 7—n* show
bigger molar absorptivities than the n—z* transitions. On the other hand,
another difference between both transitions is the effect exerted by the solvent
on the wavelength of the peaks. The peaks of the transitions n—n* are shifted to
a shorter wavelength with increasing the solvent polarity, a blue shift, whereas
for the transitions n—n* the inverse effect is more common, a red shift,
produced when the solvent polarity is increased.

In Table 1 we can see the most common organic chromophores with their
absorption maxima. This data can be used as a guide for the identification of
functional groups but with many limitations because the positions of maxima are
affected by solvent and structural details of the molecule containing the
chromophore. Peaks are normally broad due to vibrational effects, the precise
determination of a maximum position being difficult.

Table 1
Absorption properties of some chromophores
Chromophore Example Solvent Amax (nM) Smax Type of
transition
Alkene C¢HsCH=CH, n-heptane 177 13000 a—r*
Carbonyl CH3;COCH;  n-hexane 186, 280 1000, 16 n—n* n—oc*
Carboxil CH;3;COOH Ethanol 204 41 n—q*
Amido CH3;CONH;  Water 214 60 n—m*
Nitro CH3NO, Isooctane 280 22 n—x*

An important aspect of chromophores is the effect of conjugation of
chromophores that is produced when the groups are near each other. The effect
of this delocalization is to lower the energy level of the n* orbital and the
absorption maxima is shifted to a longer wavelength. For example, 1,3-
butadiene has a strong absorption band that is displaced to a longer wavelength
in comparison with the corresponding peak for an unconjugated diene.
Moreover, the conjugation between the double bonded oxygen of aldehydes,
ketones and carboxilic acids and an olefinic double bond gives rise to similar
behavior.
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The absorption spectra of aromatic hydrocarbons are characterized by
three bands due to m—x* transitions. For benzene there is a strong absorption
peak at 184 nm, a weaker band, E; band, at 204 nm and a weaker peak, B band,
at 256 nm. All these bands are strongly affected by ring substitution; for
example the E, band is displaced to 211 nm for phenol and to 230 nm for
aniline. These groups —OH and —NH, are called auxochrome groups. An
auxochrome group is a functional group that does not itself absorb but has the
effect of shifting chromophore peaks to longer wavelengths as well as increasing
their intensities. These groups have at least one pair of n electrons that interact
with the 7 electrons of the rings, and as a consequence of this interaction a
stabilizing effect on the n* state is produced, lowering its energy and producing
a red shift.

Some inorganic anions show ultraviolet absorption peaks due to n —n*
transitions, some examples are nitrate (313 nm), carbonate (217 nm), and nitrite
(360 and 280 nm).

The lanthanide and actinide ions present absorption spectra in the
ultraviolet and visible regions with narrow, well-defined and characteristic
absorption peaks. These peaks are related to the energy levels of 4f and 5f
electrons and are not usually affected by the ligand associated with the metal
ion. Due to the inner character of these orbitals, these absorption peaks are
relatively unaffected by the nature of the solvent.

The elements of the first and second transitions-metal series present ions
and complexes with absorption spectrum in the UV and VIS range. In general,
the absorption bands are broad and are very influenced by the environment. The
most typical example is the pale blue color of the ion copper (II) in water and
the dark blue of the tetraamine copper(II) complex. The electronic configuration
of metals of the transition series is characterized by partially occupied d orbitals,
and the absorption bands are due to the electronic transitions among the various
energy levels of these orbitals. To explain the color of the transition metal-ions
and their complexes, there are two theories: the crystal-field theory and the
molecular-orbital theory. The first is simple and is adequate for a qualitative
description, whereas the second is more complex and gives a quantitative
description. When a metal forms a complex with a ligand in solution the
splitting of the d-orbital energies occurs. This is due to the differential forces of
electrostatic repulsion between the electron pair of the donor and the electrons in
the d orbitals of the central metal ion. The splitting of the d orbitals can be
different depending on the geometry of the complex; the three most common
cases are the octahedral, tetrahedral and square planar. In all cases, the d orbitals
of the metal in the presence of a ligand field are splitting in two or more orbital
groups with different energy and are possible transitions between orbitals of low
energy and orbitals of high energy. In general, these transitions correspond to
the VIS spectra.
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The complexes with charge transfer absorption are very important in
analytical chemistry because they present very high molar absorptivities (greater
than 10000) being adequate to determine absorbing species. In a charge-transfer
complex it is necessary that one of its components has electron-donor properties
(Lewis base) and the other component has electron-acceptor properties (Lewis
acid). The absorption of radiation is produced when an electron is transferred
from the donor to the acceptor. One typical example is the iron(Ill)-thiocyanate
complex. In this complex the absorption is produced when an electron is
transferred from the thiocyanate ion to an orbital associated with the iron(III).
The product is an excited species of iron(Il) and the neutral thiocyanate radical.
The organic compounds can also form charge transfer complexes, for example
the 1:1 complex between quinone and hydroquinone.

3.1.3. Spectrometers: general concepts

The instrument used to study the absorption of radiation in the UV-VIS
region is made up of five components: 1) a stable source of radiant energy; 2) a
wavelength selector to isolate a region of the spectrum; 3) a sample container; 4)
a radiation detector, to convert the radiant energy to a measurable electrical
signal; and 5) a signal processing and readout unit. Figure 2 shows the way these
components are configured.

The most common source used in UV-VIS Spectroscopy is a tungsten
filament lamp that provides a distribution of wavelengths from 320 to 2500 nm.
The tungsten/halogen lamp, which contains a small amount of iodine within the
quartz envelope that houses the filament, gives higher intensities and extends the
ranges into the UV region up to 240 nm. On the other hand, the lifetime of a
tungsten/halogen lamp is more than double that of an ordinary tungsten lamp
because the problem of the sublimation of tungsten from the filament is avoided.
Deuterium or hydrogen lamps are used to provide continuous radiation in the
UV region.

To isolate the desired wavelength band a filter or a monochromator must
be used. With the use of the filters we can select a specific band of wavelength
to perform the measurements, but with the monochromator we can vary the
wavelength to obtain the absorption spectra. Filters used for absorption
measurements are usually interference filters based on optical interferences, and
transmit radiation between 5 and 20 nm. These filters present some advantages
such as simplicity, ruggedness and low cost, but are limited in application as
they can only isolate one band of wavelengths.
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Figure 2. Components of a spectrometer

Monochromators are designed to perform spectral scanning. A
monochromator contains: 1) an entrance slit; 2) a collimating mirror or lens that
produces a parallel beam of radiation; 3) a dispersion element (a prism or a
grating that disperses the radiation into its component wavelengths); 4) a
focusing element that focuses the image of the slit on a focal plane; and 5) an
exit slit in the focal plane that isolates the desired spectral band. Today,
monochromators generally employ a diffraction grating; by rotating the grating,
different wavelengths can be made to pass through an exit slit. The output
wavelength of a monochromator is thus continuously variable over a spectral
range. The spectral bandpass of a monochromator can be less than 1 nm.

The sample container, cell or cuvette, must be transparent in the spectral
region of interest. Thus in the VIS region the cell can be plastic or silicate glass,
but for the UV region it must be made of quartz or fused silica. The most typical
cell has windows that are perpendicular to the direction of the radiation beam to
minimize reflection losses. The most common length is 1 cm although it is
possible to use longer cells. An important aspect is to take precautions in the use
of the cells. Fingerprints, grease or other residues on the walls can alter the
transmission properties of the cell. For this reason cleaning is an important
operation in order to obtain a perfectly clean cell.

The detectors used in UV-VIS spectroscopy are photon detectors and can be
phototubes, photomultiplier tubes, silicon photodiodes and photodiode arrays.
The phototube or a photomultiplier tube is based on the photoelectric effect. In
the phototube a photoemissive material emits electrons when it is irradiated with
light. The emitted photoelectrons are attracted to an anode and a photocurrent is
produced. This current is amplified and measured. The number of
photoelectrons ejected from the cathode is directly proportional to the radiant
power of the beam striking the surface. The photomultiplier tube is similar to the
phototube but is more sensitive because a series of additional electrodes called
dynodes are enclosed in the system and an electron amplification is produced.

Photodiodes are semiconductor pn junction devices that respond to
incident light by forming electron-hole pairs. Silicon photodiode detectors
respond very quickly, in nanoseconds. Although sensitivity is less than the
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photomultiplier tubes, an advantage is the possibility of its fabrication in arrays
of 1000 or more detectors and this allows simultaneous measurement at different
wavelengths.

3.1.4. Instruments

To measure absorbed radiation it is possible to use two types of
instruments: photometers and spectrophotometers. A photometer employs a
filter for wavelength selection in conjunction with a suitable detector. It has the
advantage of simplicity, ruggedness and low cost, and is normally used to study
the VIS region of the spectra. On the other hand, photometers are normally used
as detectors in other analytical techniques such as chromatography,
electrophoresis, inmunoassays or continuous flow analysis. Spectrophotometers
offer the advantage that the wavelength can be varied continuously, making it
possible to obtain absorption spectra. They usually cover the UV-VIS region and
sometimes the near-infrared region.

Both photometers and spectrophotometers can be obtained in single and
double-beam varieties. Figure 3 shows a single-beam spectrophotometer which
is designed for the visible region of the spectrum. This type of instrument is
adequate for quantitative absorption measurement at a single wavelength. The
most important advantages are the simplicity of instrumentation, low cost and
ease of maintenance.
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Figure 3. A single-beam spectrophotometer for VIS region
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Figure 4. A double beam spectrophotometer for UV-VIS region

Figure 4 shows a double-beam design for the visible and ultraviolet
regions. The radiation from the tungsten or deuterium lamp is dispersed by a
concave grating, which also focuses the beam passing through the sample and
the other passing through the reference cell. After that the beams reach a grid
mirror and then the detector.

With the use of the silicon diode arrays as detectors it is possible to design
multichannel instruments. Figure 5 shows an optical diagram of a multichannel
UV-VIS spectrophotometer. This instrument is characterized by the fact that it
presents few optical components, which means the radiation is much higher than
in traditional spectrophotometers. After passing the radiation through the cell, it
is focused on an entrance slit and then passes onto the surface of a reflection
grating. The detector is a diode array and allows simultaneous measurement at
different wavelengths. A single scan from 200-820 nm requires only about 0.1 s.
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3.1.5. Spectrophotometric determination of lead

The most important method used to perform the spectrophotometric
determination of lead is the dithizone method. The dithizone
(diphenylthiocarbazone) H,Dz presents a high capacity to form metallic
complexes acting as a monobasic acid [14]. For lead the complex has the
formula Pb(HDz), [15]. This complex is extracted in chloroform or in carbon
tetrachloride, and has a pink-red color with absorption maxima of 510-520 nm
with a molar absorptivity of 6.3.10* [16]. The Lambert-Beer Law is linear up to
26 mg/L at 510 nm and up to 0.4 mg/L at 520 nm for a cuvette of 10 cm. The pH
for a quantitative extraction must be between 8.5 and 11.5. To avoid the
precipitation of metallic oxides, the addition of tartrate or citrate and cianure is
necessary to avoid iron interference [17].

The dithizone method has been applied to lead determination in different
matrices such as water, foods, blood, urine, etc. For solid samples a previous
step of organic matter decomposition is necessary. Wet digestion procedures
with the mixture HNO;/HCIO4/H,SO; or dry procedures such as calcination are



242

used for this. The dithizone method, although a laborious procedure, allows us
to obtain precise, accurate and interference-free results. The automation of the
complex formation and extraction steps, avoiding the need for any particular
ability on the part of the operator, made the use of the method in routine analysis
possible and resulted in its widespread use for many years. However, today,
except in cases where instrumental techniques are not available, it is seldom
used due to its poor sensitivity and the possibility of interference of metals such
as thallium and cadmium that are co-extracted with lead.

In the literature it is possible to see many modifications of the dithizone
method for lead determination, e.g., a first reaction of lead with sodium
diethyldithiocarbamate, then extraction with a mixture 1:1 of pentanol-toluene.
After the organic layer is treated with HCI and the lead complex passes through
the aqueous phase, dithizone is added and the dithizone complex is extracted in
CCl, [18-21]. '

Other reagents proposed for the colorimetric determination of lead were:
azoderivative of the antranilic acid [22], 8-hydroxiquinoleine [23], blue of
methyltimol [24], 8-hidroxy-7-o(2-metoxicarbonilamylic)benzyl) quinoleina
[25] and xylenol orange [26].

3.2. Atomie absorption spectrometry (AAS)

3.2.1. General aspects

AAS is based on the absorption of radiation by free atoms, principally
atoms in their ground state. Using a wavelength for an element that corresponds
to an optical transition between atoms in the ground state and atoms in an
excited level, an absorption of radiation is produced and the value of this
absorption is related to the concentrations of atoms in the ground state, and
therefore to the element concentration.

Optical transitions used for AAS measurements are generally between the
ground state and the first excited state. Using Boltzman’s law, it is possible to
show that at the temperatures normally used to obtain free atoms, most atoms
are in the ground state, and since the absorption of radiation is proportional to
the number of atoms in the ground state, this explains why AAS is an efficient
method.

An atomic absorption spectrometer consists of a primary radiation source
which produces the radiation to be absorbed, a source of free atoms, usually
named atomizer, an optical dispersive system, a detector and electronics for data
acquisition, processing and editing. Figure 6 shows a schematic diagram of an
atomic absorption spectrometer. The most typical components of the AAS
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Figure 6. Schematic diagram of an atomic absorption spectrometer

spectrometer are the radiation source and the system used to obtain the free
atoms in the ground state, the atomizer.

The primary radiation sources can be: hollow-cathode lamps (HCL) or
electrodeless discharge lamps (EDL). The hollow cathode lamp consists of a
hollow cathode made of a metal whose spectrum is to be produced. In some
cases the cathode can be made by several metals obtaining a multi-elemental
HCL. The cathode and the anode are in a glass cylinder with a silica window
and filled with an inert gas such as argon or neon at a pressure of 1-5 torr. When
a potential of 300 V is applied across the electrodes with a current of about 5-20
mA, the ionization of the inert gas occurs. If the potential applied is sufficient,
the ions acquire enough kinetic energy to liberate some metal atoms from the
cathode surface producing an atomic cloud; this process is known as sputtering
of the atoms. The sputtered metal atoms can be excited by interaction with more
argon ions, and thus emits their characteristic radiation when they return to the
ground state. The cathode is regenerated because its cylindrical configuration
enhances the probability that redeposition will occur at the cathode rather than
on the glass walls.

For volatile elements, the energy emitted by the HCL must be relatively
low. In these cases EDL lamps are used. These lamps provide radiant intensities
one or two orders of magnitude greater than the HCL. An EDL consists of a
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sealed silica tube containing the element or salt of interest with argon gas. The
lamp has no electrode, the energy is supplied by an intense field of radio-
frequency or microwave radiation, which produces the argon ionization to give
ions with the sufficient energy to excite the atoms of the metal whose spectrum
is desired. EDLs are generally used for elements such as: As, Cd, Hg, Pb, Sb, Se
and Sn.

Boosted discharge HCLs are another intense primary radiation source also
used for volatile elements. These lamps are similar to the HCL but add a
secondary boost discharge to increase the excitation of atoms sputtered by the
cathode and to minimize self-absorption. The intensities of these lamps are 5-15
times higher than a standard HCL.

In an atomic absorption spectrometer it is necessary to eliminate the
emission of radiation by the flame in order to discriminate between the light
emitted by the primary radiation source and that emitted by the atomizer. For
this it is necessary to perform source modulation. This can be performed
mechanically by means of a rotating chopper or electronically by modulating the
HCL current using a pulsed power supply, the latter being the most common
system. The atomizer is used to convert the sample to free atoms in the ground
state. It must be located in the light path between the primary radiation source
and the dispersive system. An ideal atomizer must produce the complete sample
atomization. Two types of atomizer are commonly used for lead determination:
the flame and the electrothermal atomizer.

3.2.2. Flame atomization (FAAS)

In flame atomization the liquid sample is sprayed into a flame by means
of a nebulizer which converts the sample solution into an aerosol, with droplets
of different sizes. The most common type of nebulizer is the concentric tube
type. In this nebulizer the liquid sample is aspirated through a capillary tube by a
high-pressure stream of gas flowing around the tip of the tube. The gas at high
velocity breaks the liquid sample up into fine droplets of various sizes which are
transported to the flame. Other types of nebulizer are the cross-flow nebulizer in
which the high-pressure gas flows across a capillary tip at right angles. The
aerosol formed in the nebulizer is mixed with the fuel and the oxidant gases in a
mixing chamber. This chamber contains a series of baffles or an impact ball that
only allows the smallest droplets to pass to the flame. The majority of the
sample (bigger droplets) is collected in the bottom of the mixing chamber,
where they are drained into a waste container. Thus, normally only a 10% of the
sample can reach the flame. This is an important limitation of this atomization
system which has a low efficiency. The aerosol, oxidant and fuel are then
burned in a slotted burner, which provides a flame that is usually 5 or 10 cm in
length. The laminar flow burners used in the flame atomizers provide a quiet
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flame and a long path length, this is important to increase the sensitivity and to
improve the reproducibility. Figure 7 shows a scheme of a typical laminar flow
burner.

The most common flames used in AAS are the air-acetylene flame and the
acetylene-nitrous oxide flame. With the former, it is possible to obtain
temperatures between 2100 and 2400°C and this flame is commonly used for the
determination of elements whose oxides are not refractory such as Ca, Cr, Cu,
Co, Fe, Ni, Mg, Sr, etc., whereas with the acetylene-nitrous oxide flame the
temperatures can reach 2600-2800°C and it is used for elements such as Al, Si,
Ta, Ti, V, Zr, etc.

The flow rate of the fuel-oxidant mixture is an important variable to
control, and depends upon the kind of fuel and oxidant used. If the flow rate
does not exceed the burning velocity, the flame moves back into the burner
producing flashback.

Another important aspect is the zone of the flame used to observe the
atomization process. In a typical flame there are three different zones. First is
the primary combustion zone, with blue color due to band spectra of C,, CH and
other radicals. In this zone thermal equilibrium is not reached, so it is not used
for flame spectrometry. The second zone is the interconal area, which is rich in
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free atoms and is the zone used in the majority of applications. The last zone is
the outer cone; it is the most external zone and is a secondary reaction zone in
which the products of the inner cone are converted to stable molecular oxides.
The temperature of the flame is different in the three zones, the interconal region
having the highest temperature.

The behavior of the different elements according to the height of the
flame can be very different. For example, magnesium presents a maximum
absorbance in the middle of the flame. First the absorbance increases with the
height of the flame because the number of magnesium atom produced increase,
but when the outer zone is reach the oxidation of magnesium is produced and
this produces a decrease in the absorbance because the oxide does not absorb at
the wavelength. In contrast, the behavior of silver is very different: the
absorbance always increases with the height because the silver is not oxidized.
On the other hand, chromium, which forms very stable oxides, shows a
continuous decrease of absorbance with the height of the flame. For this reason,
a different portion of the flame must be selected for each element.

In Figure 8 we can see a scheme of the different processes that occur in a
flame atomizer. The liquid sample is first transformed into an aerosol that is
mixed with the fuel and the oxidant and is heated in the flame where the solvent
is eliminated. After that, the sample passes through different transformations
until it becomes molecules and atoms in the ground state, and these atoms
absorb the radiation from the corresponding lamp.

There are several limitations associated with the flame. The first type is
related to the structure of the flame and may be avoided by modifying the flame.
The disadvantages are:

1) The conventional nebulizer and flame systems need relatively large
volumes of solution. The efficiency of the nebulizer process is poor, only about
10% of solution uptake being delivered to the flame. Other nebulization systems
can be used to improve efficiency, such us ultrasonic nebulization, heated spray
chambers or hot gases.

2) Atom concentrations in flames are limited by the dilution effects of the
relatively high flow-rate of gas used to support the flame, and by the flame gas
expansion which occurs on combustion. The lifetime of atoms in the flame is
very short: about 10™%.

3) Due to the short transit time in the flame, the cell solutions with high
sample matrix or analyte concentrations may undergo incomplete solute
vaporization and gaseous dissociation. Some elements can produce compound
formation whereas some can be strongly ionized in flames, for example
elements such as Na, K, Rb, Cs.
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4) With the flame it is necessary to use liquid samples, but in certain
situations the analysis of solid samples may be preferred. It is difficult to
nebulize viscous samples and some organic solvents may extinguish the flame.

To overcome some of these problems, some modifications to the
conventional flame atomizer have been proposed. One is the discrete sample
nebulization of the injection technique. In this system a cup made of Teflon is
attached to the nebulizer tube and the sample is pipetted into the cup using a
micro-pipette; all the sample is consumed and a peak signal is observed [27].
This procedure permits the use of smaller samples (25-500 pL) with high salt
concentrations over long periods of time without negatively influencing the
function of the nebulizer and burner. This technique was investigated by
different authors [28-33] and applied to microanalysis in particular. In general,
absolute sensitivities and limits of detection are improved [28-30]; also, when
small volumes are sprayed, higher efficiency of nebulization is observed.
Another technique is the sampling boat [34]. This system uses a tantalum
sampling boat from which the sample was evaporated as it was pushed into the
flame. The technique gave a notable improvement in sensitivity but it is only
applicable to the more-easily atomized elements and reproducibility is not very
good. A modification of the sampling boat is the Delves sampling cup [35]. In
this system the tantalum boat is replaced with a smaller (10 mm outer diameter,
5 mm deep, 0.15 mm metal foil) and more-easily positioned nickel
microcrucible (or stainless-steel crucible). This crucible is mounted onto a
device that enables it to be pushed close to the flame to allow charring and then
into the flame to allow atomization. A nickel absorption tube is mounted in the
flame, and the atoms enter the tube through a hole half-way along its length.
Light passes through the tube improving reproducibility and defining the
residence of the atoms in the flame. Silica absorption tubes have been used with
a considerable increase in lifetime. Figure 9 shows the Delves microsampling
cup. This system has been used principally for lead determination in blood and
urine samples [36-38]. Accurate results can be obtained from 10 pL of blood,
with a sample pretreatment consisting of partial oxidation with hydrogen
peroxide. The precision obtained is good and it is possible to analyze about 30
samples per hour because the sample preparation is very short. This system has
been used for lead determination in blood samples for some time.

A second limitation of the flame atomizer is due to the nature of the

flame.
1) Flames present a background radiation and absorption which consist of bands
and continuous spectra. The banded spectra arise from the excited molecules and
radicals in the flame gases, and the continuous spectra from the dissociation,
ionization and recombination of these species. The analytical line of interest
must not be present in a region of high flame background.
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Figure 9. Delves microsampling cup, a) nickel absorption tube, b) nickel support
for a), ¢) nickel crucible, d) platinum-wire holder, €) vertical adjustment screw,
f) horizontal angular adjustment, g) adjustment screw for slide stop (h), j and j’

rotating limb. '

2) Particulate matter in the light path may produce scattering of the radiation.

3) The flame or the high-pressure cylinders used may present a hazard.

4) The flame gas can be expensive and an extraction system is necessary.

5) Flame can be dangerous, explosion hazards are always present with flames of
high burning velocity and flame products may be toxic.

6) There is no precise control over species in the flame.

3.2.3. Interferences in FAAS

The interferences in FAAS can be classified as spectral, ionization and
chemical interferences.

Spectral interferences caused by direct overlapping of the analytical line
emitted by the radiation source and the absorption line of a concomitant element
are limited to a few individual cases, for example the interferences of Mn
403.076 nm emission line with Ga 403.298 nm line or the Mg 285.21 nm line
with Na 285.28 nm line. But, in general, no real interferences are known on the
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main resonance lines, so care is only required with the occasional use of less
sensitive alternate lines.

More important are the spectral interferences produced by the overlap of
molecular bands and lines, for example the interference of the calcium
hydroxide absorption band on the barium line at 553.55 nm, or the interference
of alkylhalides. In this case, a matrix such as seawater or urine can produce
significant background signals. These interferences caused by the absorption of
molecules or radicals can be eliminated by using a background correction
system such as the deuterium background correction system.

The ionization interferences of atoms and molecules can occur at high
flame temperatures, principally when the oxygen of nitrous oxide was used as
the oxidant. In these conditions equilibrium occurs as follows:

MeM+e

In which M represents a neutral atom and M" its ion. This process is produced
principally for elements with low ionization potential such as alkali and alkali
earth elements. The presence of the ions instead of neutral atoms produces
interference, normally a decrease in the signal, because the atomic spectra are
different for the ion than that for the neutral atom. This interference can be
avoided if the medium contains not only the species M, but species B as well,
and if B ionizes according to the equation

B— B'+e

then the degree of ionization of M will be decreased by the mass-action effect of
the electrons formed from B. This element B must have an ionization potential
lower than the ionization potential of M, and it is called an ionization
suppressor. For example K, with an IP of 4.339 eV can be used as an ionization
suppressor in the strontium determination, where IP is 5.692 eV.

In general, in FAAS the chemical interferences are more common than the
spectral. The more common type of this interference is due to the presence of
anions in the sample, which can form compounds of low volatility with the
analyte. The most famous is that of sulphate or phosphate on the calcium signal.
These anions produce a decrease in the calcium signal because they form
compounds of low volatility. To avoid this interference it is possible to use
higher temperatures, but when it is not possible to eliminate the interfering
effect, it is possible to use releasing agents. These agents are cations that react
preferentially with the interfering anion, avoiding its interaction with the
analyte. For example, strontium or lanthanum can be used as releasing agents in
the calcium determination. Also, to avoid the formation of compounds of low
volatility it is possible to use protective agents, which form stable but volatile
species with the analyte. The most common protective agents are
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ethylenediaminetetraacetric ~acid (EDTA), ammonium salt of 1-
pyrrolidinecarbodithioic acid (APDC), 8-hydroxyquinoline (oxine).

Association—dissociation equilibria can also be important interferences. In
a flame various reversible reactions of dissociation or association can occur.
Reactions such as:

MOe—M+0
M(OH) < M + OH

are possible. These reactions may play an important part in the nature of
emission or absorption spectra for an element. These oxides or hydroxides in the
flame can produce molecular bands that can be more intense than the lines for
the atoms. Moreover, the oxygen anions effect of other anions can also produce
this type of interference. Thus, the intensity of the Na line decreases in the
presence of HCI. This can be explained by the reaction: NaCl «» Na + Cl where
the formation of NaCl decreases the Na signals. Another example is the increase
of the vanadium signal in the presence of aluminum. This can be explained by
assuming that both metals interact with the oxygen:

VOx < V+0x
AlOx+—Al + Ox

When the aluminum is present in the flame the oxygen concentration is small,
thus the presence of aluminum causes the first equilibrium to shift to the right
increasing the vanadium concentration and the absorbance signals.

3.2.4. Lead determination by FAAS

Lead is usually determined by FAAS using an air—acetylene flame. The
principal resonances lines are show in Table 2.

Although the most sensitive line is 217.0 nm, the line most commonly
used is 283.3 nm. This is due to the poor signal-to-noise ratio, and the greater
background attenuation effects when using the 217.0 nm line.

Table 2
Principle resonance lines for lead
Line (nm) Characteristic concentration (mg/L)
217.0 0.08
283.3 0.2
261.4 5
368.4 17

364.0 40
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Aluminum, beryllium, zirconium, phosphate and sulphate can be
interferences in the lead determination, but they can be controlled by adding
EDTA as a protective agent [39]. Nevertheless, large amounts of other ions such
as iron can produce interferences. Thus 10.000 pg/mL of iron can increase the
response of 5 ppm of lead by 35% in an air-acetylene flame [40].

The detection limits obtained in the lead determination by flame are in the
order of 0.01 mg/L. These limits can be improved using the discrete sample
nebulization technique [27], the sampling boat [41] or the Delves sampling cup
[35].

3.2.5. Electrothermal atomization (ETAAS)

To avoid the most important limitations of the flame atomization such as
the low efficiency of the nebulization process and the short residence time of the
atoms in the flame, the electrothermal atomizer (ETA) has been developed. This
atomizer uses an electrically heated refractory material on which the sample is
deposited obtaining a transient formation of free atoms. Although there are
different forms of these atomizers, the most commonly used is a cylindrical tube
25-50 mm long and 5-10 mm in diameter. The tube, usually named furnace, is
heated by low voltage (10 V) and high current (up to 500 A) from a well
stabilized step-down transformer. The material of the furnace must have a high
electrical conductivity and must exhibit high thermal resistance and a high
durability. Although materials such as W or Ta have been used in electrothermal
atomization because their melting temperature is higher than 2600°C, these
materials present some problems such as their extreme brightness at high
temperatures. The most common material used today is graphite. The two major
disadvantages of graphite are its porosity and its tendency to form carbide, but
these problems can be partially overcome by coating the tube with pyrolytic
graphite which is far less porous. The tubes coated with pyrolytic graphite
minimize losses by diffusion of the atoms into the porous substrate, which
improves the atomization process of many elements. A scheme of an
electrothermal atomizer is shown in Figure 10.

The graphite tube is open at both ends and has a central hole for sample
introduction with an autosampler. The tube is in contact with a pair of
cylindrical graphite electrical contacts located at both ends. These contacts are
refrigerated with water. Two inert gas streams, usually argon gas, are provided.
An external gas stream prevents the entrance of outside air and the possible tube
destruction and an internal stream flows into both ends of the tube and out of the
central sample port. This gas transports vapors generated during the
mineralization of the sample. A typical electrothermal program has three steps:
drying, ashing and atomization. The first step, drying, is to evaporate the solvent
of the sample. For aqueous solutions, a temperature slightly above 100°C is used
with a drying time that depends on the sample amount. The second step is
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ashing (pyrolysis or charring) of the solid residue remaining after the drying
step; at the end of this step all the organic or inorganic matrix must be destroyed.
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Figure 10. Scheme of a graphite furnace.

The temperatures used in this step are between 300-1500°C depending on
the analyte and the sample matrix. During this step, an alternative gas, oxygen or
air, can be introduced into the tube to achieve a better decomposition of the
matrix. When this step is finished the residue should consist only of the analyte
in a molecular form and the minimum amount of the inorganic matrix that was
not destroyed at the temperatures used in this step. To avoid losses of sample
between the drying and the ashing step, a temperature ramp of some 20-30 s
(depending of the sample matrix) is introduced before the ashing step. The third
step is atomization in which the dissociation of the analyte molecular species
occurs at a higher temperature (1200-2900°C) and a transient formation of free
atoms is then obtained. In order to avoid losses of the free atoms of the analyte
before atomization, a rapid increase in temperature must be used (200°C/s).
During this step, the flow of the internal gas is stopped in order to extend the
residence time of the atoms and consequently to increase sensitivity. Table 3
show a typical program of an electrothermal atomizer performing lead
determination in a water sample. The temperatures and the duration of each step
can be optimized for a given element and matrix.



254

Table 3

Program for lead determination in water, with Pd-Mg(NO;3), matrix modifier

Step Temperature Ramp time Hold time Ar flow
°C S s mL/min

Dry 110 20 10 300

Pyrolysis 900 20 10 300

Atomization 1800 0 3 0

Cleaning 2000 1 3 300

A modification of the graphite tubes has been the introduction of the
L’Vov platform [42,43]. This is a small graphite platform located beneath the
sample entrance port. The sample is evaporated and ashed on this platform in the
usual way. The platform is heated by the radiation from the wall of the tube so
that the increase in the sample temperature is delayed with that of the wall and
the gaseous phase. The sample atomization occurs when the gaseous phase has
reached a temperature plateau. For volatile elements an enhancement of sample
dissociation is obtained, the interference effects are minimized and more
reproducible peaks are obtained.

There are two modes of furnace heating: the longitudinal heated mode and
the transverse heated mode [44]. The transverse heated mode has been
developed to reduce the temperature gradient between the tube ends and the tube
center observed with the longitudinal heated mode. This temperature gradient
produces undesirable effects during atomization, e.g., recondensation and
memory effects principally for refractory elements. The transverse heated tubes
are shorter that the longitudinal heated tubes, then a decrease in the sensitivity is
observed due to more loss of atomic vapor. In order to increase the sensitivity
end caps can then be used.

The most important advantages of the electrothermal atomizer over the
flame atomizer are the increase in the residence time of the free atoms compared
with the flame, the high efficiency of the atomization process, 100% (all sample
is atomized), the use of an inner atmosphere in the system which avoids
interferences, and the possibility to control the different steps before sample
atomization.

3.2.6. Interferences in ETAAS

The interferences in electrothermal atomization atomic absorption
spectrometry are classified in two groups: spectral interferences and non-
spectral interferences.
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3.2.6.1. Spectral interferences

These interferences, due to the incomplete isolation of the absorber
radiation, are as follows:

The overlapping of the atomic lines: this interference is not very important
because the number of absorption lines is not very high, and because, in general,
the absorption lines are narrow. The possible effect of these interferences
depends on the overlapping of the lines and of the concentration on the
interferent element. To control this interference it is possible to use an
alternative line or to perform the exact measurement of the blank and to subtract
that from the analytical measurement.

The scattering of the radiation by particles: this interference depends on
the number of particles by volume, the wavelength and the particle size. To
reduce the effect of this interference the sample amount can be decreased or the
optimum position of the atomizer looked for, thus avoiding the scattered
radiation following the detector.

The absorption of foreign radiation if the source emits other lines: this
interference can be avoided using an adequate monochromator.

The background absorption, this is the most important type of interference
in ETAAS: the background absorption can be produced by absorption of the
present molecules, the smoke and emission of light by the atomizer. To control
this interference it is necessary to use a background correction system such as
the continuous background correction system. In this system a deuterium lamp
for the UV zone and tungsten lamp for the visible zone are introduced in the
spectrometer. The deuterium lamp provides a continuous radiation throughout
the UV region and the W lamp provides a continuous radiation for the VIS
region. Figure 11 shows a scheme of a continuous-source background correction
system.

The radiation of the hollow cathode lamp and the radiation of the
deuterium or W lamp are passed alternately through the graphite atomizer using
a rotating chopper. When the radiation of the hollow cathode lamp (HCI) or the
electrodeless lamp (EDL) passes through the sample, the detector measures the
atomic absorption signal and the background absorption signal, but when the
radiation of the deuterium or W lamps passes, only the background absorption
signal is measured because the slit width is kept sufficiently wide so that the
fractions of the continuous source that are absorbed by the atoms of the sample
is negligible. The absorbance of both lamps is then subtracted to obtain only the
atomic absorption signal. This correction system presents some disadvantages
leading to over-corrections in some systems and under-corrections in others.
Perhaps the most important limitations are the degradation of the signal-to-noise
ratio due to the presence of a new lamp and the chopper.




256

DEUTERIUM LAMP

|
v
|
|

ROTATING CHOPPER

ANALYTE HOLLOW
CATHODE LAMP

ELECTROTHERMAL
ATOMIZER

TO
MONOCHROMATOR

Figure 11. Scheme of a continuous-source background correction system.

Another procedure for correction of the background absorption is the use
of the Zeeman background correction system. This system is based on the
Zeeman effect on atomic energy levels. When an atomic vapor is exposed to a
magnetic field, splitting of energy levels of the atoms is produced, leading to the
formation of several absorption lines for each electronic transition (Figure 12).
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Figure 12. Principle of the Zeeman effect.
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The simplest splitting pattern (normal Zeeman) leads to a central or 7 line,
which corresponds with the wavelength of the line without magnetic field, and
two equally spaced, o lines, which present a wavelength with little difference.
The = line has an absorbance that is twice that of each o line. The sum of the
absorbance for the lines is equal to that of the original line. Depending on the
atom, other splitting patterns, known as anomalous Zeeman, are possible. The
component is absorbed by both the analyte and the background absorbing
species, while the o components are only absorbed by the background absorbing
species. Through the use of polarizers and by modulating the magnetic field, it is
possible to obtain the background subtraction. The magnetic field can be applied
to the radiation source (direct Zeeman effect) or to the atomizer (inverse Zeeman
effect). The magnetic field can be characterized by its mode, transverse or
longitudinal, or by its frequency, dc (permanent magnet) or ac (up to 12 Hz). In
the transverse mode the magnetic field is applied perpendicularly to the beam
whereas in the longitudinal mode it is applied parallel to the beam, then the =
component is not observed and the polarizers are not necessary.

The most important advantage of this correction system is that it corrects
the structural background absorption because the background measurement is
performed exactly at the analytical wavelength; moreover it is effective for any
wavelength. However, it presents some limitations, principally a slight decrease
in the sensitivity and a possible rollover of the calibration curves.

3.2.6.2. Non spectral interferences

The main non-spectral interferences are:

Physical interferences, which depend on the alterations in the physical
properties of the sample that can produce difficulties in sample introduction into
the graphite tube. To avoid these interferences the use of surfactant agents such
as Triton X-100 is carried out. Also, the integration of the signal in the mode
peak area and the use of heating ramps are also recommended.

Memory effects, which are due to an incomplete atomization of the
analyte and are important for refractory elements such as V or Mo. To avoid this
problem the introduction of a cleaning step at the end of the heating programme
is recommended.

Chemical interferences, which can arise from the losses of the analyte as a
volatile salt. This interference is important when halides are present in the
sample, at the ashing or atomization stage at temperatures too low to reach
atomization, and can lead to losses, for example of CaCl, or PbCl,. To avoid this
interference the use of the hydrochloric acid for sample dissolution should be
avoided. When this is not possible, the use of chemical modifiers is
recommended. The objective when using these chemical modifiers is to increase
the difference in volatilization between the analyte and the matrix to obtain, for
instance, a less volatile analyte (analyte modifier) or a more volatile matrix
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(matrix modifier). Modifiers are usually in the form of liquid inorganic salts
such as PA(NO;);, Ni(NOs),, Mg(NOs),, NHNO;, NH,H,PO, etc. Usually, it is
necessary to look for a chemical modifier which is adequate for each analyte and
for each matrix. In order to simplify this, the use of an universal matrix modifier
has been proposed. The mixture palladium-magnesium nitrate, is adequate for
most volatile and medium volatile elements that can be determined with graphite
furnace [45,46].

The mechanism of stabilization of this modifier is not exactly known but
is probably due to the formation of intermetallic species between palladium,
magnesium and the analyte, as these species are stable at higher temperatures. In
other situations it can be necessary to change the chemical composition of the
sample matrix, principally if the matrix contains a chloride ion, because this ion
forms volatile species that are lost before atomisation. This is very important in
matrices such as seawater or saline mediums. In these cases, the use of
ammonium nitrate is proposed as matrix modifier. With this modifier the
reaction is:

NaCl + NH;NO; = NH,Cl + NaNOs

which transforms NaCl (boiling point 1413°C ) into sodium nitrate (decomposes
at 380°C) and ammonium chloride (sublimes at 335°C). Another possible
problem is the reaction of the sample with the surface of the graphite tube. To
avoid this we can use pyrolytic graphite tubes, but in some cases this is not
sufficient. Then, it is possible to coat the surface of the tube with chemical
modifiers. To this end, noble metals such as Pt, Ir, Zr, W, etc., have been
proposed as permanent chemical modifiers to avoid contact between the sample
and the graphite tube [47].

Chemical interferences can be also be produced by anions and cations. To
control these interferences it is necessary to use the standard addition method
and to compare this with aqueous standard calibration. When both graphs are
not parallel an interference is present, therefore the standard addition method
must be used for calibration. Finally, some elements can react with the surface
of the graphite tube and form carbides that are difficult to atomize. Rapid
heating and a reproducible surface help to reduce the problem, as well as the
coating of the tube, for example with La, W, Zr, etc.

3.2.7. The stabilized temperature platform furnace (STPF)

The concept of STPF was introduced by W. Slavin [48] in 1981. This
concept consists of a series of conditions that must be used to obtain an
isothermal furnace. These conditions include:
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- the use of the L’Vov platform in each graphite tube (retardation of sample
atomization)
- a rapid heating rate for graphite tube (1500-2000°C/s), because by
increasing the heating rate, the platform effect is enhanced
- shutdown the forced gas stream through the graphite tube during
atomization (stopped flow)
- fast-reacting electronics to register the fast signals without distortion
- integration of the peak area (integrated absorbance)
- use of graphite tubes with a good pyrolytic graphite coating
- use of a chemical modifier
use of a powerful background corrector (Zeeman effect )
The introduction of the STPF concept made ETAAS a hlghly sensitive, reliable
and versatile technique for trace and ultratrace analysis in a wide range of
matrices. With the use of the STFP concept, it is possible to achieve three aims
of interference-free determination in three steps:
1. To separate concomitants as far as possible prior to atomization
2. To control the reactions in the condensed phase to prevent analyte losses and
to better separate concomitants
3. To minimize the influence of non-separated interferents on the analyte in the
gas phase by as complete atomization as possible.
The use of the STPF conditions is always recommended in order to obtain
interference-free methods

3.2.8. Lead determination by ETAAS

In the graphite furnace, the second resonance line for Pb at 283.3 nm is
normally used. The line 217.0 nm has about twice the sensitivity but the energy
of the line source is difficult to balance against the D, source at 217.0 nm. When
Zeeman background corrector is used, the 217.0 nm line gives better detection
limits. The characteristic mass at the 283.3 nm line on the platform was about 5
pg /0.0044 A.S.

~ Three different atomization mechanisms have been published for lead

atomization in a graphite furnace:
1. the dissociation of the condensed phase of PbO(s)
2. the dissociation of the gaseous phase of PbO(g) and
3. the direct vaporization of the reduced metal

The first mechanism [49] proposes that the Pbg, atoms can be the result of
the thermic dissociation of the PbOy;. The second mechanism proposes the
dissociation of PbOg, to give Pby and oxygen, this mechanism has been
proposed after a study carried out using mass spectrometry detecting PbO, and
Pbg, [50]. In the third mechanism the reaction between the PbO and the surface
of the graphite tube obtaining COy,) and Pbg, is possible.

Matrix modifiers have been shown to be important for the successful
determination of lead in many matrices. Most workers use NH,H,PO,4 or
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(NH4),HPO, [51-55], there being no difference in the effectiveness of these
compounds. Some authors [56] investigated the stabilization of lead by
phosphate. In this case they found no signal for PbO,, and free Pb(, appeared at
1150K together with signals for PbO and PbO,. The authors concluded from this
that a thermal decomposition of a lead phosphate took place in the condensed
phase. In many cases it is preferable to use a mixture of Mg(NQ;), and the
phosphate [53]; this modifier has been used for different matrices such as water,
food, blood, etc.

Other authors used La as La,O; [56] or as the chloride [57] as a matrix
modifier for Pb, but La has also been used to coat the graphite tube surface [58],
thus a reduction in interferences has been observed by treating the graphite tube
with La. To coat the tubes, solutions of lanthanum nitrate hexahydrate were first
heated to high temperature in the tube, forming a layer of lanthanum carbide on
the tube surface.

NH,NO; has been proposed for lead determination in blood, urine and
seawater, thus avoiding problems due to high saline concentrations [59,60].
Oxalic acid has been proposed as a matrix modifier because the oxalic acid
decomposed completely to CO, below 300°C and when oxalic acid and PbO
were heated together in an inert atmosphere at 300°C, free Pb was produced; this
acid can remove the characteristic interference of 0.1% MgCl, on the Pb
absorption signal.

Tube treatment with a carbide-forming metal has often been shown to be
helpful for the determination of lead. Moreover, the lanthanum cited before, the
Zr-treated tubes [62] or the Mo treated tubes [63] have also been proposed. On
the other hand, the universal chemical modifier, the mixture Pd-Mg(NOs), with
the use of the conditions of STPF has been used as a chemical modifier for lead
determination in different matrices obtaining good results.

3.3. Atomic emission spectrometry (AES)

Atomic emission spectrometry is based on the measurement of the energy
emitted during a deexcitation process of electrons produced by a transition
between excited levels and lower or ground levels. This energy is specific for
each element and the use of an adequate wavelength selection system allows the
verification of the presence of this element and the determination of its
concentration. An atomic emission spectrometer consists of an atomization
system, a sample introduction module, a dispersion system, a detector and a
system for data acquisition and processing.

Among the different atomic emission techniques (flame, arc, spark, or
plasma), the most used in routine analysis today is atomic emission based on
plasma sources.

A plasma is an ionized gas, a gaseous mixture containing a significant
concentration of cations and electrons (with a net charge close to zero). The
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more common plasma used in atomic emission is argon plasma. This plasma
contain Ar ions and electrons as the conducting species. The argon ions can
absorb power from an external source to obtain high temperatures. At these
temperatures (about 1000K) further ionization processes sustain the plasma,
which, in turn, will transmit part of this energy to the sample to atomize and
excite it.

According to the electric field used to create and sustain the plasma,
plasmas can be classified as: Direct current plasma, DCP (a direct field is
established across electrodes), Inductively coupled plasma, ICP (a high-radio
frequency field is applied through a coil) and Microwave induced plasma, MIP
(a microwave field is applied). The inductively coupled plasma (ICP) source
offer the best advantages, principally the best sensitivity and freedom from
interferences [64,65]. :

Figure 13 shows the scheme of a typical instrument of ICP-AES. The
sample, usually a liquid sample, is converted in an aerosol which is transported
to the plasma where it is desolvated, vaporized, atomized and excited by the
plasma. The excited atoms or ions emit their characteristic radiation which is
introduced into a spectrometer where the wavelength for measurement is
selected, detected and transformed into electronic signals which are converted
into concentration information.

33.1.ICP

The inductively coupled plasma source is called the torch. This torch
contains three concentric quarzt tubes through which argon flow. The external
tube has a diameter of about 2.5 cm and surrounding the top of this tube is the
induction coil to which the power of the radio-frequency generator is applied.
The ionization of the argon is initiated by a spark from the tesla coil. The ions
and electrons formed interact with the magnetic field and, as a consequence,
they flow in a close annular path, then an ohmic heating is the consequence of
their resistance to this movement. Due to the high temperatures obtained in the
plasma, it is necessary to use a refrigeration system to avoid damage to the
torch. For this, a tangential argon flow is introduced for the medium tube. This
flow cools the inside walls of the central tube and the center of the plasma
radially. The central tube of the torch is used to introduce the aerosol of the
sample with argon gas.

3.3.2. Sample introduction

The sample is introduced with a nebulizer. Nebulizers are devices that
convert the liquid sample into an aerosol that can be transported to the plasma.
The nebulization process is one of the critical steps in ICP-AES, therefore
different types of nebulizers have been developed. The nebulizers used in ICP
are based on pneumatic forces and ultrasonic mechanical forces.
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Figure 13. Major components of a typical ICP-AES instrument.

Three different types of pneumatic nebulizer can be used. The first is the
concentric nebulizer, used also in FAAS. In this nebulizer, the solution is
introduced through a capillary tube to a low-pressure region created by a gas
flowing rapidly past the end of the capillary. The low pressure and high speed
gas combine to break up the solution into an aerosol. The most important
problem with this nebulizer is that of clogging, but advances in its design have
improved their tolerance to dissolved solids up to solid concentrations of 20%
NaCl. The second type of pneumatic nebulizer is the cross-flow nebulizer, a
high speed stream of argon gas directed perperdicular to the tip of a capillary
tube containing the sample. This nebulizer is less efficient than the concentric
nebulizer for creating the small droplets needed for ICP, but its design
minimizes the clogging problems. The third type of pneumatic nebulizer is the
Babington nebulizer which was developed to nebulize fuel oil for industrial
burners. In this nebulizer the liquid flows over a smooth surface with a small
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hole in it. High speed argon gas emanating from the hole shears the sheet of
liquid into small drops. This nebulizer is less sensitive to clogging and can
nebulize very viscous liquids.

In the ultrasonic nebulizer the liquid sample is pumped into an oscillating
piezoelectric transducer; the oscillations break the sample into a fine aerosol; the
formation of the aerosol is independent of gas flow. The efficiency of this
nebulizer is at least 10-fold greater than typical pneumatic nebulizers in
obtaining better detection limits. The use of this nebulizer increases the water
load to the ICP; it is then necessary to introduce a desolvation unit.

After the aerosol is created by the nebulizer, it must be transported to the
torch and injected into the plasma, but only the very small droplets of the
aerosol are adequate for injection into the plasma. To separate the droplets
according to their size, a spray chamber (similar to that used in FAAS) is placed
between the nebulizer and the torch. The primary function of this spray chamber
is to remove large droplets from the aerosol; a second function is to smooth out
pulses that can occur during the nebulization process due to the pumping of the
solution. In general, droplets with diameters of about 10 um or smaller pass into
the plasma (normally this represents between 1 and 5% of the sample) and the
rest of the sample (95-99%) is drained into a waste container.

The introduction of the sample can be carried out using alternative sample
introduction techniques. The most widely used alternative technique is hydride
generation. In this technique, the sample in a diluted acid media is mixed with a
reducing agent, such as sodium borohydride in dilute sodium hydroxide. This
reaction produces atomic hydrogen that reacts with some elements such as Hg,
Sb, As, Bi, Ge, Pb, Se, Te and Sn in the solution to form volatile hydrides of
these elements. These hydrides are separated in a gas-liquid separator and
transported to the plasma. Using this system of sample introduction an
improvement in the detection limits by a factor up to 1000 can be obtained. This
is due to two reasons: 1) the sample introduction rate for the hydride if often as
much as ten times the rate of a pneumatic nebulizer; and 2) the efficiency of the
hydrides delivered to the plasma is near 100%.

Electrothermal atomizers, principally the graphite furnace, have been used
to vaporize a small portion of a liquid or solid sample. In these systems the
normal sample introduction system of the ICP instrument is replaced by a
graphite furnace. The sample vapor from the furnace is introduced into the
center of the ICP discharge in a conventional torch. The efficiency of the
transport is 100%, thus high sensitivity is obtained. Nevertheless, some aspects,
such as the necessity to compromise furnace conditions in line with the ICP,
have limited the number of applications. Due to the non-continuous nature of the
electrothermal atomization, it is necessary to use an ICP instrument that can
record transient signals. In the ICP-AES instrument the introduction of solid
samples via arc and spark sources or by laser ablation is possible. In the laser
ablation technique a high-power laser is used to vaporize a small portion of the
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sample. The difficulty of standardizing with solids and the high cost have
limited the use of this technique.

3.3.3. Plasma emission spectrometers

There are two types of plasma emission spectrometer: sequential and
simultaneous multichannel.

The sequential instrument is less complex and measures the line
intensities on a one-by-one basis. This instrument can usually be used for
emission analysis of an ICP source or for atomic absorption with flame or
graphite furnace. To change from emission to absorption mode, only the
movement of the movable mirrors is necessary. Selection of the wavelength is
carried out by a holographic grating driven by a motor, obtaining a change of
0.007 nm. Normally, there are two gratings, one for the UV region and another
for the VIS region. The detection system is a photomultiplier tube. With this
type of spectrometer it is possible to determine three or four elements per
minute.

In the multichannel instrument numerous photomultipliers are located
behind fixed slits along the curved focal plane of a concave grating
monochromator. In these instruments the entrance slit, the exit slit of the
monochromator and the grating surface are located along the circumference of a
Rowland circle, the curvature of which corresponds with the focal curve of the
concave grating,.

In addition to the classical dispersing device, the diffraction grating, there
is another optical component, the prism, which disperses polychromatic
radiation into its characteristic wavelengths. In recent years, the use of two
dispersing systems such as a diffraction grating and a prism or two diffraction
gratings has been proposed. The two optical components are positioned
perpendicular to each other. The echelle grating separates the polychromatic
radiation by wavelength and produces multiple, overlapping spectral orders. The
second dispersing device separates the overlapping orders into a two-
dimensional pattern. These systems present some advantages over conventional
spectrometers. The optics result in a very good efficiency level in each of the
spectral orders and the system has excellent resolution.

With reference to the detector, in recent years the advanced solid state
detectors such as the photodiode array (PDA), the charge-injection device
(CID), and the charge-coupled device (CCD) are the more widely used. The CID
and CCD devices are based on the light-sensitive properties of solid-state silicon
and belong to the broad class of silicon-based devices called charge transfer
devices (CTD).

A CTD detector is based on the use of a block of very high purity of
crystalline silicon with an insulating layer of 8i0». The silicon-silicon bond may
be broken by photons and then an electron is released and a hole is formed in the
crystalline structure. When a voltage is applied, the free electrons will move in
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the opposite direction of the applied electric field or toward the silico-silicon
dioxide interface while the holes will move in the other direction or in the same
direction as the electric field and leave a region depleted of positive charge. The
movement of electrons and holes creates a current proportional to the amount of
photons impinging on the structure. The CTD elements, known as pixels, are
arranged in a two-dimensional silicon wafer configuration from 512x512 to
4096x4096 pixels. Each pixel is capable of storing photon generated charge. A
typical ICP spectrometer with a CID detector used an echelle design and a CID
detector with over 250,000 pixels capable of detecting ICP spectral lines across
a large wavelength region.

3.3.4. Interferences

The most important problem in the effective use of inductively coupled
plasma-atomic emission spectrometry is that of spectral interferences. These
interferences are more important than in other emission sources, such as flames,
arcs or sparks, because emission lines that might be expected to be weak are
quite intense. The origin of the spectral interferences can be due to the inherent
argon spectrum (line and continuum) or spectral features (line and continuum)
generated from molecules or atomic species introduced into the argon plasma.
The severity of the interference depends on the wavelength proximity of the non
analyte feature to the analyte line, on the spectral distribution of the feature, and
on the intensity and stability of the interfering signal [66].

Spectral interferences are classified in four categories: simple background
shift, sloping background shift, direct spectral overlap and complex background
shift : -

3.3.4.1. Simple background shift

This is the most common interference in ICP-AES and the easiest to
correct. It is a shift in background intensity that is essentially constant over a
given range, or on either side of the analyte line, the shift moves up or down.
Figure 14(a) shows the simple background shift caused by 1000 mg/L aluminum
on the tungsten 207.911 line. The effect of the aluminum is to increase the
background emission level on the tungsten line, thus producing a positive error.
But the intensity of the aluminum continuum can be automatically measured and
then subtracted from the tungsten intensity. To do this, a background correction
point would be selected close to the profile of the tungsten line.
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Figure 14. Spectral interferences in ICP-AES. (a) Simple background shift
caused by 1000 mg/L Al on the W 207.911 line. (b) Al background spectrum
showing a sloping background shift for the Cd line. (¢) Direct spectral overlap
caused by a Pt matrix for Cr at 267.716 nm. (d) W matrix spectrum causing a
complex background shift for Au at 267.595 nm.
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3.3.4.2. Sloping background shift

Figure 14(b) shows an example of sloping background shift produced for
1000 mg/L of aluminum on the cadmium line at 214.438 nm. This overlap
produces an upward sloping positive background shift at the cadmium
wavelength. The cause of this interference is usually the presence of a very
intense atomic or ionic emission line that has been broadened by a high
concentration of the element in the sample or by the presence of electric fields in
the plasma. To correct this interference it is necessary to use two background
correction points on either side of the cadmium line.

3.3.4.3. Direct spectral overlap

This interference is produced when two elements have exactly the same
wavelength. Figure 14(c) shows the direct spectral overlap caused by a platinum
matrix on the chromium line. The use of the high resolution optical system
limits the effect of spectral overlap, however it is not always possible to avoid
this effect. To avoid this interference, it is best to use an alternate line for the
analysis, but if this is not possible, a technique called interelement correction
(IEC) can be used. In this technique, the contribution of the interfering element
is corrected by measuring the emission intensity of the interfering element at
another wavelength and applying a correction factor to the results.

3.3.4.4. Complex background shift

In this interference a shift in background intensity varies on either side of
the analyte line. In Figure 14(d) we can see the interference of 1000 mg/L of W
on the gold line. This interference is produced by the occurrence of a number of
intense emission lines, and perhaps directly overlapping the analyte wavelength.
Although it is possible to use the automatic background correction systems
available in the spectrometer, it is recommended that an alternate wavelength for
the element be used to correct this interference.

3.3.4.5. The absorption interference

This interference is produced when part of the emission from an analyte is
absorbed before it reaches the detector. This is due to two causes. The first is the
absorption of emission below 190 nm by the oxygen in a non-purged
spectrometer. The second cause is when the concentration of a strongly emitting
element is so high that the atoms or ions of that element that are in the lower
energy state absorb significant amounts of the radiation emitted by the excited
atoms or ions. This absorption, called self-absorption, usually determines the
upper end of the linear working range for a given emission line.
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3.3.5. Lead determination by ICP-AES

Lead determination by ICP-AES can be carried out at the wavelength
indicated in Table 4 where we can see the detection limits obtained for each
wavelength as well as the BEC (background equivalent concentration). The
BEC is defined as the concentration of a solution that results in an analyte
emission signal equivalent in intensity to that of the background emission signal
at the measurement wavelength.

Table 4
Lines, detection limits and BECs for lead determination by ICP-AES
Wavelength Detection limit (mg/L) BEC (mg/L)

220.353 0.0420 ~ 143
217.000 -~ 0.0900 3.03
261.418 0.1300 4.35
283.306 0.1420 4.76
224.688 0.3330 11.11
405.781 0.2720 9.09

With reference to possible interferences, the lines 220.353, 261.418 and
405.781 are interference free lines for lead determination. On line 217.000 nm
there is an interference of the 217.582 nm antimony line. For line 283.306 nm
there are three important interferences: tin interference at 283.998 nm (intensity
of 90), copper at 283.563 (this is the most important interference with an
intensity about 3700), and thorium at 283.503 nm (with an intensity of 720). For
line 224.688 there is an interference of copper with a line at 224.700 nm.

3.4. Inductively coupled atomic mass spectrometry (ICP-MS)

3.4.1. General aspects

Inductively coupled atomic mass spectrometry has some advantages over
atomic optical spectrometric methods, such as:

a) detection limits two or three orders of magnitude better than those
obtained with optical methods,

b) the mass spectra are simple and easily interpretable, and

¢) the possibility to measure atomic isotopic ratios.

The analysis is carried out in four steps: 1) atomization, 2) conversion of
atoms into a stream of ions, 3) the separation of ions on the basis of their
mass/charge ratio and 4) counting of the number of ions. The majority of the
ions formed are singly charged; then m/z is usually the simple mass of the ion.
The two first steps, atomization and conversion of ions, are similar to these steps
used in atomic optical spectrometry.
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The components of a Mass Spectrometer are an inlet system to introduce
the sample, an ion source, the mass analyzer, the detector of ions and the signal
processor. The ion source, the mass analyzer and the ions transducer are in a
high vacuum zone (10™ to 10® torr). The function of the mass analyzer is
equivalent to the monochromator in an optical spectrometer, but the dispersion
is based upon the mass-to-charge ratio of analyte ions.

According to the system for sample introduction and the ion sources there
are different types of atomic mass spectrometers. Table 5 shows the most
common atomic mass spectrometers [67].

Of these different techniques, we will study inductively coupled plasma-
mass spectrometry, ICP-MS. Figure 15 shows a diagram of a typical ICP-MS
instrument. As we commented before, the system of sample introduction is
similar to the use in ICP-OES. The sample introduction is carried out using a
nebulization system for liquid samples or alternative systems for gaseous
samples such as the hydride generation system or the electrothermal
vaporization for solid samples.

Table 5
Types of Atomic Mass Spectrometry
Name Atomic ion source
Inductively Coupled Plasma, ICP-MS High temperature argon plasma
Direct Current Plasma, DCPMS High temperature argon plasma
Microwave Induced Plasma, MIPMS High temperature argon plasma
Spark Source, SSMS Radio frequency electric spark
Thermal Ionization, TIMS Electrically heated plasma
Glow Discharge, GDMS : Glow-Discharge plasma
Laser Microprobe, LMMS Focused laser beam
Secondary Ions, SIMS Accelerated ion bombardment
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Figure 15. Diagram of an ICP-MS.
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To produce the ions, a quartz torch similar to the torch of the conventional
ICP-OES is used.

An important part of the instrument is the interface between the ICP torch,
which operates at atmospheric pressure, and the mass spectrometer, which
operates at a pressure less than 10™ torr. The interface consists of two cones: the
first cone, which is called the sampling cone, and a water-cooled nickel cone
with a small orifice < 1.0 mm in its center. The plasma passes through this cone
and then to a region that is at a pressure of about 1 torr with a mechanical pump;
a rapid expansion of the gas is then produced and the plasma is cooled. After the
plasma passes through a second cone, called the skimmer, it is introduced into a
chamber that is at the pressure of the mass spectrometer, 10" torr. Applying a
negative potential, the separation of positive ions from electrons and molecular
species is produced, after that the ions are accelerated and focused by a magnetic
ion lens onto the entrance orifice of a mass analyzer. The principal types of mass
analyzer are the quadrupole mass analyzer, the time-of-flight mass analyzer and
the double focusing analyzer, but the most common type used is the quadrupole
mass analyzer.

A quadrupole mass analyzer consists of four parallel cylindrical rods
which serve as electrodes. These rods are connected electrically in pairs, one
pair to the positive side of a variable dc source and the other pair to the negative
terminal. Variable ac potentials, 180 degrees out of phase are applied to each
pair of rods. To obtain mass spectra, ions are accelerated into the space between
the rods with a potential of 5-10 v. The ac and dc voltages are increased but
maintaining their constant ratio. The majority of the ions, except those having a
certain m/z value, strike the rods and are converted into neutral molecules; only
ions with a range of m/z values can cross the rods and reach the detector. The
separation of the ions is obtained in function of their m/z ratio. Normally, the
resolution capacity of a quadrupole is about one unit of mass.

The most common detector used with the mass spectrometer is the
electron multiplier. These systems are very like the photomultiplier tube used for
UV-VIS radiation; they consist of different dynodes at a successively higher
voltage to accelerate the electrons. Systems with 20 dynodes produce a current
gain of 10”. A different system is a continuous-dynode electron multiplier,
which is a trumpet-shaped device made of glass that is doped with lead and a
potential is impressed across the length of the detector. When ions enter into the
detector and strike the surface they eject electrons than then skip alon% the
surface ejecting more electrons with each impact. A current gain of 10°-10° can
be achieved.

3.4.2. Interferences in ICP-MS
An advantage of the mass spectra obtained with an ICP- MS compared
with spectra obtained with ICP-OES is that the mass spectra are usually much
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simpler and easier to interpret that the corresponding optical spectra. This is
particularly true in the case of rare earths that have thousands of emission lines.
But the simplicity of the mass spectra does not mean that the ICP-MS will be an
interference-free method. In ICP-MS there are spectroscopic interferences and
matrix effects [68]. The spectroscopic interferences are: isobaric interferences,
polyatomic ion interferences, and oxide and hydroxide species interferences.

An isobaric interference is produced when two elements have isotopes
with the same mass. However, most elements have one, two or three different
isotopes, and it is therefore possible to select one isotope without isobaric
interference, although this isotope must not be the most abundant. These
isobaric interferences are exactly predictable from abundance tables and it is
possible to perform corrections using the appropriate software. For example, in
lead measurement, * Hg can interfere with **/Pb.

The polyatomic species formed from interaction between species in the
plasma and species in the matrix or the atmosphere can interfere with the mass
of some atoms. This type of interference is important for m/z values below those
of about 82. Thus these interferences are not very important in Pb determination
by ICP-MS. The potential interferents are **Ar**, “ArH", '°0,", H,'°0", '°OH",
1‘21,\1*, etc. These interferences can be corrected with a blank or by using a
different analyte isotope.

Oxide and hydroxide interferences are the most important interferences in
ICP-MS. They can be formed from the analyte itself, the matrix components, the
solvent and the plasma gases. The more serious interferences are those produced
from the oxides and hydroxides of the analyte and of the matrix components.
The species formed are MO" and MOH' ions, and these species can overlap the
peak of one of the analyte ions. The formation of these species depends on
experimental variables such as injector flow rate, radio-frequency power,
skimmer conditions, plasma gas composition, solvent removal efficiencies, etc.
By taking care with these variables, it is possible to control these types of
interference.

Finally, matrix effects are important for concentrations of the interfering
element at 500-1000 pg/mL. In general, these interferences produce a reduction
in the analyte signal, although in some cases an enhancement is observed. These
matrix effects can be controlled by using more diluted solutions, changing the
sample introduction procedure, separating the interfering species or using an
appropriate internal standard.

3.4.3. Lead determination by ICP-MS

Lead has four naturally occurring isotopes, 24ph 1.4 %, 2%Pb 24.1%,
27ph 22.1% and *®Pb 52.4%; three of which are radiogenic decay products of
either uranium or thorium. The fourth, ***Pb, has a very long half-life and may
be considered “stable” on a geological time scale. For this reason, in geological
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ag)plications, Pb isotopes are frequently rationed to ***Pb, but unfortunately, the
2Mpb isotope is the least abundant and frequently shows the poorest precision of
measurement by ICP-MS. The most abundant isotope, **Pb, is normally the
isotope studied.

The detection limit obtained by ICP-MS in lead determination is about 0.1
pg/L; this limit is closest to the limit obtained with Electrothermal Atomic
Absorption Spectroscopy and is much better than the detection limit obtained
with ICP-AES.

ICP-MS has been used to determine lead in geological materials, waters,
food-stuffs, petroleum products and biological materials.

3.5. Thermal ionization mass spectrometry (TIMS)

Thermal ionization mass spectrometry (TIMS) is a mass spectrometry
technique in which an isotopic solid material is thermally ionized in a solid-
source mass spectrometer. The ions are accelerated into a mass analyzer and
then transported to the detector. In general, TIMS uses the magnetic sectors as
mass analyzer but thermal ionization quadrupole instruments have also been
developed. The most important advantages of TIMS are high sensitivity and
high precision. This technique has been used for many years for lead analysis,
but in many cases the use of isotope dilution analysis (ID) is necessary. This is
because lead ionization depends on many variables such as temperature, time,
the chemical form of the sample, etc, and these conditions are not easily
reproduced. With the use of ID-TIMS it is possible to obtain a precision of the
order of 0.05%.

The combination of the isotope dilution technique and mass spectrometry
is considered as a fundamental reference method. ID can be used with TIMS or
with ICP-MS, the combination ID-TIMS being normally more precise and more
sensitive.

ID-TIMS has been accepted as one of the few definitive methods capable
of delivering proven and demonstrated accuracy during the certification process
of a primary reference material [69-71].

ID-TIMS is a relatively complex method because the chemical
manipulations are done on a mass basis; the mass spectrometer measures isotope
ratios rather than absolute isotope intensities. This method eliminates problems
such as incomplete recoveries obtained during the sample preparation.

Lead is an element that can be determined using the ID technique because
it presents a considerable variation in the isotopic abundance of its four isotopes.
To perform an analysis a first aliquot of the specimen is measured for its
isotopic composition. A second aliquot is then spiked with an enriched isotope
of lead, generally 2**Pb and the appropriate isotopic ratio is measured. With this
technique it is possible to determine picogram amounts of lead [72].
Nevertheless the high cost of the instrumentation and the need for a specialized
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clean laboratory for the chemical separation of lead and the low sample
throughput mean that TIMS will remain a research tool for lead measurements.

ID-ICP-MS has been used for accurate determinations of lead in blood
[73]; in this method blood is digested with nitric acid in a microwave oven.

In isotopic dilution analysis, a known amount of a rare isotope of lead is
spiked in the sample, and the spike is treated as if it were an internal standard.
The method has also been used to measure lead in human plasma where the
values are very low [74]. To avoid matrix interferences the sample is vaporized
in a graphite furnace to separate the lead from the matrix. The detection limit
obtained was 3 pg/L.

3.6. X-Ray fluorescence spectrometry (XRF)

3.6.1. General aspects

X-ray fluorescence spectrometry (XRF) is an analytical technique for the
elemental analysis of solid and liquid samples with minimal sample
pretreatment. The sample is irradiated with X-rays and their absorption produces
electronically excited electrons which return to their ground state by transitions
involving electrons from higher energy levels. An excited ion is produced when
it absorbs radiation, and after a brief period, the ion returns to its ground state
via a series of electronic transitions characterized by the emission of X-radiation
(fluorescence) of wavelengths identical to those that result from excitation
produced by electron bombardment. The energy (or wavelength) of these
characteristic X-rays is different for each element and the number of
characteristic X-rays of a certain element is proportional to its concentration.
The determination of minor and major element concentration (% range) and the
trace element analysis (ppm or ppb range) can be performed on the same
sample. A particular advantage of XRF is that it is, in contrast to most other
elemental analysis techniques, non-destructive of the sample. Depending on how
the characteristic X-rays are measured, it is possible to distinguish between
wavelength-dispersive and energy-dispersive X-ray fluorescence spectrometry.

3.6.2. Instrument components

An instrument for XRF comprises the five components of instruments for
optical spectroscopic measurement: a source, a device for restricting the
wavelength range of incident radiation, a sample holder, a radiation detector or
transducer, and a signal processor and readout. These components differ
considerably in detail from their optical counterparts. It is possible to distinguish
between X-ray photometers and spectrophotometers, the first using filters and
the second using monochromators to select radiation from the source. In
addition, a third method is available: isolation is achieved electronically with
devices that have the power to discriminate between various parts of a spectrum
based on the energy rather than the wavelength of the radiation. Thus, X-ray
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instruments are often described as wavelength dispersive instruments or energy
dispersive instruments.

3.6.2.1. Sources

The most common source of X-rays for analytical work is the X-ray tube
(Coolidge tube) [13]. This tube consists of a tungsten filament (the cathode) and
an anode mounted in a highly evacuated glass tube. The anode is made from a
very pure metal such as Cr, Mo, Rd, Ag or W. The cathode is heated by a
current from a low voltage power supply. This causes thermoionic emission of
electrons from the W-wire. When the negative high-voltage is applied to the
filament, the electrons will be accelerated to the anode, which is at ground
potential, and bombarded with high energy. The X-rays generated escape from
the tube via a beryllium window. Some radioactive substances can be used as
sources. The activity of the radioisotopic source is expressed in Becquerels (1
Bq = a disintegration per second). The activity of the source decreases with
time. After a time equal to the half-life, the intensity of the source is reduced to
50% of its initial value. The most common radioactive sources are >Fe, '*Cd,
TCo, 12°1, 21%pp, 2! Am, “"Pm-Al, The '®Cd are svited to determine the elements
from calcium to zirconium.

3.6.2.2. Monochromators

To select the desirable wavelength the use of filters or monochromators is
possible [13]. Filters select a part of the radiation and are normally used in X-ray
diffraction studies. The choice of wavelengths available with this technique is
limited by the relatively small number of target-filter combinations that are
available. Figure 16 shows the monochromator of a XRF spectrometer. This
consists of a pair of beam collimators, which serve the same purpose as the slits
in an optical instrument, and a dispersing element. The dispersing element is a
single crystal mounted on a goniometer that permits variation and precise
determination of the angle 0 between the crystal face and the collimated incident
beam. The exit beam collimator and the detector are mounted on a second table
that rotates at twice the rate of the first. If the crystal rotates an angle 6, the
detector rotates an angle 26. The crystals more often used are topaz, LiF, NaCl,
ethylenediamine d-tartrate and ammonium dihydrogen phosphate. The most
important X-ray lines lie in the region 0.1 to 10 angstrom. However no single
crystal satisfactorily disperses radiation over this entire range; for this an X-ray
monochromator must be provided with at least two interchangeable crystals.
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Figure 16. Wavelength dispersive X-ray fluorescence spectrometer.

3.6.2.3. Detectors

The first X-ray instruments employed photographic emulsions for
detection and measurement of radiation. However, modern instruments are
equipped with transducers that convert radiant energy into an electrical signal.
There are three types of detector [13]: gas-filled transducers, scintillation
counters and semiconductor transducers. In these transducers individual pulses
of charge produced as quanta of radiation are absorbed by the transducer and are
counted; the power of the beam is then recorded digitally as the number of
counts per unit of time. V

Gas-filled transducers. In a gas-filled transducer the radiation enters a
chamber through a transparent window of mica, beryllium, aluminum or Mylar.
Each photon of X-ray may interact with an argon atom, causing it to lose one of
its outer electrons. This photoelectron has a large kinetic energy, and loses this
excess kinetic energy by ionizing several hundred additional atoms of the gas.
Under the influence of an applied potential, the mobile electrons migrate toward
the central wire anode while the slower moving cations are attracted toward the
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cylindrical metal cathode. Depending of the applied potential, the number of
electrons that reach the anode are different and three different detection systems
are possible: (1) the ionization chamber, when the number of electrons reaching
the anode is constant and represent the total number formed by a single photon;
(2) the proportional counter, where the number of electrons increase rapidly with
applied potential, due to a secondary ion-pair production caused by collisions
between the accelerated electrons and gas molecules; (3) the Geiger detector,
where the amplification of the electrical signal is enormous but is limited by the
positive space charge created as the faster moving electrons migrate away from
the slower positive ions. The number of electrons reaching the anode is
independent of the type and energy of incoming radiation and is governed by the
geometry and gas pressure in the tube.

Scintillation counters. A scintillation detector consists of a transparent
crystal of Nal activated with 0.2% TII. Organic scintillators such as stilbene,
anthracene and terphenyl can also be used. The incoming radiation traverses the
crystal and its energy is first lost to the scintillator; subsequently this energy is
released in the form of photons of fluorescence radiation. Thousand of photons
are produced by each primary photon over a period of about 0.25 microseconds
which is the dead time. The flashes of light produced in the crystal are
transmitted to the photocathode of a photomultiplier tube and are, in turn,
converted to electrical pulses which can be amplified and counted. The number
of photons produced is proportional to the energy of the incoming radiation.

Semiconductor transducers. Today, these detectors are the most important
for X-ray. One example of these detectors is the lithium-drifted silicon detector,
Si(Li). In this detector there are three layers in the crystal: a p-type
semiconducting layer that faces the X-ray source, a central intrinsic zone, and an
n-type layer. A negative voltage is applied to the crystal. When an X-ray enters
the detector, its energy is absorbed by the crystal. This produces electron-hole
pairs. Electrons are promoted from the valence to the conduction band, leaving
positive holes in the valence band. Thus the crystal becomes temporarily
conducting. Because of the applied bias voltages the electrons are swept to the
rear contact, and the holes to the front contact, and for a very short moment of
time a current will flow through the crystal. This current is proportional to the
energy of the X-ray that entered the detector. In contrast to the flow-proportional
and the scintillation counter, the semiconductor detector has no internal
amplification. To compensate for this, a very sensitive preamplifier is used to
convert the charge to a voltage pulse.

3.6.2.4. Signal processors

All instruments used to measure X-ray radiation are equipped with
discriminators which reject pulses of about 0.5 V or less; the transducer and
amplifier noise is then reduced significantly [13]. The discriminator can be
substituted by pulse-height selectors. These are electronic circuits which reject
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not only pulses with heights below some predetermined minimum level, but also
those above a present maximum level; they remove all pulses except those that
lie within a limited channel or window of pulse heights. Dispersive X-ray
spectrometers are equipped with pulse-height selectors to reject noise and to
supplement the monochromator in separating the analyte line from higher order.
To obtain the energy spectra, pulse-height analyzers are used. These consist of
one or more pulse-height selectors. Multichannel analyzers contain up to a few
thousand separate channels, each of which acts as a single channel that
corresponds to a different voltage window. The signal from each channel is then
accumulated in a memory location of the analyzer corresponding to the energy
of the channel, thus permitting simultaneous counting and recording of an entire
spectrum.

3.6.3. X-ray fluorescence spectrometers
X-ray fluorescence spectrometers can be of two types: wavelength
dispersive and energy dispersive.

3.6.3.1. Wavelength dispersive spectrometers

These instruments always use an X-ray tube as the source due to the
losses suffered in the monochromator. There are two types of instrument: the
single channel or sequential and the multichannel or simultaneous. The
spectrometer shown in Figure 16 is a sequential instrument with a single
channel. Single channel instruments can be manual or automatic. The manual
ones are adequate for the quantitative determination of few elements, whereas
the automatic are more adequate for qualitative analysis, where an entire
spectrum must be scanned. Actually, spectrometers are provided with two X-ray
sources, one for longer wavelengths and the other for shorter. Moreover, for
wavelengths longer than 2 Angstroms it is necessary to remove air between the
source and the detector by pumping or using a helium flow. In the multichannel
dispersive instruments, the simultaneous determination of more than 20
elements is possible. The individual channel has an appropriate crystal and a
detector which are arranged radially around an X-ray source and sample holder.
Each transducer is provided with its own amplifier, pulse-height selector and
integrator. A multielemental determination can be completed in a few seconds.
Samples in the form of metals, powdered solids, evaporated films, pure liquids
or solutions can be used.

3.6.3.2. Energy dispersive spectrometers

Figure 17 shows an energy dispersive spectrometer that consist of a
polychromatic source (an X-ray tube or a radioactive material), a sample holder,
a semiconductor detector and the different electronic components required for
energy discrimination. The most important advantage of this spectrometer is its
simplicity, i.e. without collimators and crystal diffractors. This, and the
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closeness of the detector to the sample, results in a 100-fold increase in energy
reaching the detector, thus permitting the use of weaker sources, which are
cheaper and less likely to cause radiation damage to the sample. In a
multichannel spectrometer all of the emitted X-ray lines are measured
simultaneously. The principal disadvantage of this instrument is its low
resolution at wavelengths longer than 1 Angstrom.

3.6.4. Advantages and limitations of X-ray fluorescence methods

X-ray fluorescence has some advantages. The X-ray spectra are relatively
simple, with few lines, so the spectral line interferences are not very important.
The technique is not destructive and can be used to study valuable objects
without harm or can be used for irn vivo studies. It is possible to study very small
samples and massive objects. Another advantage is the speed of the analysis,
making a simultaneous determination possible in a few minutes. The accuracy
and precision of the X-ray fluorescence method is similar to other methods.
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Figure 17. Energy dispersive X-ray fluorescence spectrometer.
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X-ray fluorescence methods do have limitations. They are not as sensitive
as the various optical methods studied previously. Concentrations of a few ppm
can be measured, but in general the concentration range of the method is
between 0.01 and 100%. The methods for the lighter elements are inconvenient;
difficulties in detection and measurement become progressively worse as atomic
numbers become smaller than 23, due to a competing process called Auger
emission which reduces the intensity of fluorescence. Another limitation is the
high cost of the instrumentation, principally for automated and computerized
wavelength dispersive systems.

3.7. Anodic stripping voltammetry (ASV)

3.7.1. General aspects ~

Anodic stripping voltammetry (ASV) is the electroanalytical technique
that has the lowest limits of detection for metal determination with a range of
ppb and below. This technique is based on the preconcentration of the analyte
present in a solution of a small volume or in the surface of an electrode and the
subsequent stripping from the electrode by the use of a voltamperometric
technique. If the experimental conditions during the preconcentration step are
constant, using adequate calibrations, the measured voltamperometric answer
parameter (for example, the peak area) can be used to determine the
concentration. The most important advantage of this technique in comparison
with direct voltamperometric analysis is the preconcentration of the analyte on
the electrode: preconcentration factors between 100 and 1000 can be obtained.

Conventional electrochemical cells with three electrodes are the most
often used, although today it is possible to use microcells to work with small
sample volumes (0.01-1 mL). Figure 18 shows a typical electrochemical cell for
ASV. In the cell there are three electrodes, a reference electrode, usually a
calomel electrode, a counter electrode, which is often a coil of platinum wire or
a pool of mercury that simply serves to conduct electricity from the signal
through the solution to the microelectrode, and the working electrode. This
working electrode must have good reproducibility on its surface and show little
background current. There are two types of working electrode: mercury
electrodes and solid electrodes, the most common being mercury. Among
mercury electrodes the most often used is the hanging mercury drop electrode
(HMDE). This consists of a very fine capillary tube connected to a mercury-
containing reservoir.
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Fig. 18. A typical cell for ASV.

The metal is forced out of the capillary by a piston arrangement driven by
a micrometer screw. The micrometer permits formation of drops which have
surface areas that are reproducible to 5% or better. After the stripping step, the
drop falls and a new drop is produced. This electrode presents a low
surface/volume ratio and, as such, the efficiency of the electrodeposition step is
reduced. Another type is the static mercury drop electrode (SMDE), in which the
drop is formed very quickly by application of an electronic signal and the drop
remains until a new electrical signal. Both processes of formation and of the fall
are perfectly controlled. With this electrode it is possible to obtain more
reproducible and stable drops. The mercury film electrode (MFE) is only used in
stripping work and consists of a very thin layer of mercury (less than 100
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Angstrom) that covers an electrodic support. The support of the mercury film
must have a high electrical conductivity, must be electrochemically inert and
must not react with mercury and with the sample components. The most
common support used is carbon (in the form of vitrified carbon), pyrolytic
graphite, and graphite bonded to epoxy resins, etc. The selection of the type of
electrode of hanging drop or the field depends on the analytical problem to be
solved.

ASV is used to determine metallic ions by a cathodic electrodeposition
and a posterior anodic stripping with an appropriate variation of potential.
Figure 19 shows a scheme of the process. The electrodeposition step is carried
out in a stirred solution with a constant potential, Eq, to permit the reduction of
metallic ions to form the corresponding amalgam. This potential depends on the
metal to be studied, and it is maintained during a period of time, ty, which
depends on the analyte concentration. During this step the current is constant, id,
and the number of mol deposited is ig-ty/nF. The second step is a period of rest,
t, (step b in the figure) during which the stirring is stopped and the applied
potential is the same, E4. This is to permit the solution to rest and so that the
metal concentration in the amalgam will be uniform. Afterwards, the step of
stripping (step ¢ in the figure) is carried out varying the potential up to positive
values. The intensity of the voltamperometry answer, i,, is the experimental
parameter that is related to the analyte concentrations.

The conditions for electrodeposition must be carefully controlled and
must maintain constants for the standards and for the sample. It is necessary to
control the deposition potential, the deposition time, the speed of stirring and the
size of the drop if HMDE is used.

The potential of deposﬂmn is selected according to the metal For
deposition time, a longer time period produces a greater amount of the analyte
for the stripping step, but very long times can produce undesirable phenomena
such as the formation of intermetallic species, the saturation of the mercury, etc.
In general for a concentration of analyte between 10”7 and 10°® M, times of 2-12
minutes are sufficient. Another important aspect is the speed of stirring. An
increase in the speed of stirring produces a greater concentration gradient in the
surface of the electrode and, as a consequence, an increase in the intensity, i,
and an increased amount of the metal deposited.

During the deposition step the analyte concentration in the electrode
surface shows a parabolic distribution, which is more uniform if the deposition
time is increased. However, the stripping step needs a uniform distribution of the
concentration in the electrode. To this end, after the deposition step, the stirring
is stopped, then the current decreases and a uniform distribution is achieved (rest
step). In general, for HMDE this period can be 30 s or 2 s for film electrodes.
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Figure 19. Foundations of ASV.

In the stripping step the scan of the potential is adjust towards more
positive values. When the potential of the corresponding redox pair is obtained,
electrochemical oxidation is produced which gives the stripping peak, which is
proportional to metal concentration. For HMDE the equation for intensity for a
linear scan voltammetry is:

5} /2
i, =AD52C;,|:(2,69.105)713’211”2 _ 0,725.10 ), ]

ro

where i, is in amperes, 4 is the area of electrode in cm?, Dy, is the diffusion

. * . - L «
coefficient of the metal in the amalgam in em’s™?, C, is the concentration of the
reduced form, M, in the mercury drop, mol cm™ ), v ( speed of scan, v s ) and
ro in cm.
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This equation is valid for scan speeds greater than 20 mvs™; for very low
scan speeds it is necessary to introduce some correction terms into the equation.

With the use of mercury electrodes, the existence of interferences due to
the reactions of the metals with the mercury or at the formation of intermetallic
compounds between two metals deposited simultaneously on the mercury are
possible (for example Cu-Cd or Cu-Ni ). These effects are more important with
field electrodes than with drop electrodes, because the drops permits the
formation of very concentrated amalgams. This can be a factor when choose
between MFE or HMDE.

3.7.2. Lead determination in blood by ASV

ASV has been used for lead determination in biological samples,
principally for lead determination in blood. A commercially available ASV
instrument for blood is used [75]. The electrode assembly includes the test or
working electrode, made of carbon, with a thin mercury-film surface, a mixing
device, a reference electrode (silver-silver chloride or saturated calomel
electrode) , and a counter electrode (platinum or platinum alloy) to carry most of
the current. An electronic unit is used to control the potential of the electrodes,
initiate and complete the plating cycle, integrate the current time curve, and
calculate the analytical results, which are normally expressed in pg/dL [76].

To use this technique, the blood samples must be pretreated prior to
analysis to convert lead into free Pb”** for subsequent plating onto the working
electrode. This is achieved by digestion in mineral acids or by incubation in a
decomplexing reagent. Mixtures of sulphuric acid-perchloric acid or sulphuric-
nitric-perchloric acids [78] have been proposed to mineralize the blood sample,
but the method recommended by the manufacturer of the most widely used
commercial ASV instrument for lead determination in blood is incubation with a
decomplexing reagent [76]. This reagent is used to decomplex the lead from
erythrocytes or complexing agents (EDTA). The more common decomplexation
reagents contain the following ingredients: chromium chloride hexahydrate,
calcium acetate monohydrate, mercury ion and Triton X-100; these components
must be high-purity components to minimize lead contamination to levels below
detection limits of the methods. The sample incubation times in decomplexing
reagents vary from as little as 45 min to 18 hour (overnight).

Commercial ASV instrumentation is reported to be linear up to 100ug/dL.
A possible problem is the analysis of high-concentration samples because this
can produce memory or carry-over effects, so running a blank sample following
a high sample is desirable. On the other hand, it may be necessary to run two or
more commercial controls to verify the calibration curve; normally, if it is not
within limits (about £ 10%) the instrument should be recalibrated.

Copper can interfere with blood lead determination by ASV. When lead
and copper strip from mercury amalgams into a supporting electrolyte to the +2
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oxidation state, the lead and copper peaks are well resolved if one uses staircases
of differential pulse techniques. However when the supporting electrolyte has a
high enough chloride ion concentration, copper will strip to the +1 oxidation
state and the resulting peak will be much broader. This can produce loss of peak
resolution and then false negative blood lead results can be obtained. This
interference can be minimized by careful selection of the integration set
point,the potential at which current-time area integration is initiated.

At low blood levels ETAAS are probably superior to the ASV technique,
although both are useful at higher levels. ASV offers the additional possibility of
simultaneous measurement of concentrations of cadmium and other metals.

4. LEAD DETERMINATION IN BIOLOGICAL SAMPLES

4.1. General aspects

The different analytical techniques studied previously have been used for
lead determination in biological samples; normally the technique used depends
on the type of sample. For some samples, such as blood or urine, direct
determination is possible, whereas for tissues, hair, etc., a preliminary step of
sample preparation to convert the solid sample in a solution is always necessary.

Due to the low levels normally present in biological samples, a few ug/L
or pg/Kg, some precautions are necessary to avoid contamination. Owing to
ubiquitous lead pollution, extreme caution must be taken to avoid contamination
of biological specimens. Almost every step from sample collection to final lead
detection is susceptible to the introduction of exogenous lead. Dust may contain
more than 1% lead and a few particles can increase the lead content
considerably. Moreover, hair and skin cells shed by laboratory personnel often
contain much higher concentrations than the samples being analyzed. To avoid
these contamination problems, all materials used must be cleaned with diluted
nitric acid at least 24 hours before use, and all the reagents must be of ultra-pure
quality. Blank samples should always be incorporated in each batch. In special
cases, procedures have to be carried out in a laminar flow or in a clean room.

4.2. Blood samples

Lead determination in blood can be performed by FAAS but a prior step
of sample preparation and an extraction step to preconcentrate the sample is
necessary. Thus, extraction with HCI, H;PO4 and MIBK [79] and with 4-methyl-
2-pentanone [80] has been proposed. The results obtained by both procedures
agreed with those determined by ASV.

Lead determination in blood samples impregnated on Schleicher and
Schull filter paper No.903 (SS-903) has been carried out using the Delves Cup
technique [81]. To increase the sensitivity of the FAAS, the use of slotted quartz
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tube atom trapping has been proposed [82]. The blood sample was ashed in a
Teflon microbomb with nitric acid 2:1 and the solution was directly injected
from the microbomb into the flame; a detection limit of 0.33 pmol/L. was
obtained. The use of flow injection, a nebulizer interface and a computer signal
evaluation system [83] has been proposed in order to increase the flame
sensitivity. The system improves the detection limits 12-fold compared with
those obtained by unmodified instrumentation (limit of detection of 0.06
pmol/L).

The ETAAS is perhaps the most important method for the determination
of lead in blood. Some approaches have been proposed for using this technique:
(a) direct introduction of the sample into the furnace; (b) dilution with water,
Triton X-100 or acid; (c¢) deproteinization with mtnc acid; (d) matrix
modification; and (e) solvent extraction.

Direct injection is the least popular because it presents a number of
problems:

- It is difficult to pipette microliter volumes of blood accurately due to the
wetting of the pipette tips [84,85] and due to the settling of red cells [86].

- The blood becomes soaked into the tube and produces unacceptable
memory effects with subsequent analysis [84,86].

- The injection of blood results in foaming, frothing and fogging of the
quartz window [87].

- Poor contact of the sample with the furnace walls results in loss of sample
out of the furnace ends during the ashing step [88].

- A non-volatile carbonaceous residue build-up occurs within the furnace
after only a few injections [84-85, 87-89].

- The background absorption often exceeds 0.5 absorbance units, masking
the lead signal and going beyond the compensating capabilities of the
continuum background correctors, such as the deuterium lamp [88,90].

To avoid the problems of direct introduction some authors proposed dilution

with water. Dilution factors of 5, 10, 20 and 50 were employed. However, even
with a 10-fold dilution there is considerable carbonaceous residue build-up and
consequent loss of sensitivity [91]. At 10-fold dilution the peak height signal of
lead was suppressed by about 20% in whole blood relative to aqueous lead
standards [92], suggesting the presence of vapor-phase or chemical interference.
At 20-fold dilution, there was apparently no residue, but the ashing step was
critical [93]; at the temperature required for complete pyrolysis (= 400°C ), there
was loss of lead and at temperatures < 400°C the pyrolysis was incomplete,
resulting in some production during atomization. Another problem is the
background signal that could not be accurately compensated for using the
deuterium lamp [94]. The background absorption was brought below the
compensating capabilities of the BG by a 50-fold dilution [95]. The depression
of the peak height absorbance signal of lead in blood relative to the aqueous lead
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standard was caused by the chemical interference of inorganic matrix salts in the
vapor phase [96]. At the atomization temperature used, both the lead and the
matrix species could coexist in the vapor phase and the conversion of lead to
PbCl; is thermodynamically favorable and this could cause a decrease in the
peak height absorbance signal of lead in blood in comparison with an
interferent-free solution of the same lead concentration.

To overcome the matrix interference problems, the use of probe
atomization has been proposed [96,97]. Blood samples diluted five-fold with
water were placed in the graphite probe; the sample was dried and ashed outside
the atomizer, then the ashed sample was introduced into the graphite tube which
had been preheated to the atomization temperature of 1900°C. The rapid
atomization of the ashed sample reduced the vapor-phase interferences and
permitted calibration with aqueous standards.

To avoid problems of water dilution, dilution with the surfactant Triton X-
100 is preferable. This agent causes complete lysis of the red cells, minimizes
frothing, reduces the sample/graphite interfacial tension, improves the contact
between the sample and furnace wall or platform, exerts no chemical effects on
samples and standards and provides a clear solution [88] . Different dilutions
between 1:1 and 1:20 with Triton X-100 with concentrations between 0.005 and
3.4% have been used [98,99]. The Triton X-100 concentration must be carefully
optimized to provide little foaming action, but sufficient lytic power to disrupt
the cell; the optimum concentration is between 0.5 and 2 % [88]. Even at the
optimum Triton X-100 concentration, the build-up of carbonaceous residue is a
problem.

Deproteinization of the blood with nitric acid followed by injection of the
supernatant into the atomizer eliminated the problem of carbonaceous residue
and minimized non-atomic absorption. With the mixture 1:1 blood/nitric acid or
1:1:1 blood/nitric acid/water, the background signal constituted only 7-8% of the
signal obtained from whole blood samples; in contrast, the dilution 1:2 Triton X-
100/sample produced a background signal which was 31.4% of the total signal
[100]. This background signal is due to the molecular absorption and scattering
by the chloride salts of Na, K, Ca and Mg forming the inorganic concomitants of
the blood matrix. These compounds exhibit strong molecular bands at both
217.0 and 283.3 nm lead line. Nevertheless, the corresponding nitrates absorb
only weakly in the spectral region of interest. With nitric acid there is a
conversion to nitrates and a reduction in the background signals [101,102]. On
the other hand, the addition of concentrated nitric acid to blood constitutes a
wet-ashing procedure and destroys the organic matter, minimizing the formation
of carbonaceous residue and the smoke produced. The use of concentrated nitric
acid, however, caused severe oxidation of the pyrolytic coating of the graphite
tube, shortened tube life, degraded precision and sensitivity and increased the
risk of contamination. To avoid these problems some authors [103-105]
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deproteinized the blood with 6.25% nitric acid and analyzed the supernatant.
Under these conditions the use of the pyrolysis step is not necessary [106],
which shortens the analysis time. But with the use of nitric acid, the inorganic
salts could not be completely removed at the optimum permissible pyrolysis
temperature of < 600°C. The use of standard addition is necessary to obtain
accurate and precise results.

In order to decrease the background absorption signal, the use of a higher
pyrolysis temperature is desirable. In this case, the use of matrix modification
that allows lead stabilization at higher pyrolysis temperatures was proposed.
Different chemical modifiers have been proposed for lead determination in
blood samples, but the most common modifier was phosphate in different forms
such as diammonium hydrogenphosphate, ammonium dihydrogenphosphate or
phosphoric acid. In the concentration range of 0.2-0.5 % (as phosphate)
pyrolysis temperatures of 700-800°C can be used without lead loss [107-123].

This modifier is used together with nitric acid and Triton X-100 at
different concentrations. The use of this modifier with the STPF conditions (see
Section 3.2.7), principally with the use of the L’Vov platform and the Zeeman
Background correction system, decreases the interferences in the direct
determination of lead in blood samples. Nevertheless, the use of the standard
addition method is necessary in some cases. Phosphate as a chemical modifier
was also used in some cases where a treatment of blood sample was carried out.
The whole blood sample was diluted with a solution containing Triton X-100,
phosphoric and (NH,)sMo,0,4 and was incubated with nitric acid at 37°C for 30
min, ashed at 650°C for 20 seconds and atomized at 1800°C for 5 seconds [124].
Other authors [125] have reported that the use of ammonium
dihydrogenphosphate destroys the blood sample with nitric acid-hydrogen
peroxide (4:1) at 160-180°C and dissolved the final residue with 2% nitric acid.

ICP-MS has been used for lead determination in blood previous to
digestion of the blood samples by calcination for 24 hours and dissolving the
residue in nitric acid 5 mM. Bi (10 ppb) was used as the internal standard [125].
On the other hand, ICP-MS with isotopic dilution (ID-ICP-MS) has been applied
to the certification of lead in four levels of a reference material of NIST blood
SRM,955a showing good precision and accuracy [126].

Anodic Stripping Voltammetry (ASV) has been used for lead
determination in blood samples (see Section 3.7). A commercial ASV
instrument for blood-lead analysis is available [75]. In general, blood samples
must be pretreated prior to analysis to convert lead into the free Pb*" state for
subsequent plating onto the working electrode. This may be accomplished either
by digestion in mineral acid or by incubation in a decomplexing reagent. The
acids used were H,SO,-HNO; and HCIO, [127] or HNO; [128]. The most
common procedure was incubation with a decomplexing reagent, use CrCl;,
Ca(OAc),, HgCl; [129] and Triton X-100, and must be prepared with reagents
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of high-purity to minimize lead contamination to levels below the method
detection limit. Alternative formulations such as the electrolyte of Britton-
Robinson [130] have been used, obtaining good results. The incubation time
with the decomplexing reagents varies from as little as 45 minutes to 18 hours
(overnight). The detection limits obtained with this technique vary from 5 pg/L
[128] to 0.1 pg/L when an Au electrode and tetracthylammonium iodide were
used [131]. Although the ASV is less used than ETAAS, the results obtained
with these techniques are similar in terms of precision, accuracy and sensitivity.

4.3. Urine samples

Lead determination in urine must be carried out by classical methods such
as spectrophotometry. The most commonly used reactive was dithizone
[132,133], but a previous step of organic matter destruction is necessary; this
step is usually performed by an acid digestion using H,SO4 and KMnO, at 37°C
for 24 hours. The lead-dithizone complex is extracted in chloroform and
measured at 510 nm. Another reagent used is 4-(2-pyridylazo)resorcinol (PAR)
[134] in microemulsion medium with SDS-n-BuOH-n-heptane. The absorption
maxima of the complex is at 512 nm, and the molar absorptivity was 1.92.10°
(Beer’s law obeyed at 0-10 pg/25 mL).

The FAAS can be used for lead determination in urine, but the sensitivity
is not sufficient and the use of some previous preconcentration procedures is
necessary. In this way an exchange reaction involving Ca-EDTA and
ammonium pyrrolidine dithiocarbamate has been used; with this reaction it is
possible to determine up to 4000ug Pb/L [135]. Another possibility is lead
preconcentration by precipitation using Bi(INOs); [136]; this method is simple,
accurate, sensitive and rapid. More recently the use of a supported liquid
membrane (SLM) methodology was proposed for sample clean-up and
enrichment of lead in urine prior to determination by FAAS [137]. Lead ions at
pH 3 were extracted across a membrane solution containing 40% di-2-
ethylhexylphosphoric acid and dissolved in kerosene, then back-extracted into
an acceptor solution of 1 M nitric acid. The mechanism of mass transfer is a
proton gradient across the membrane. The enrichment factors were up to 200
with an extraction efficiency of 95%. The detection limits was 6.0 pg/L. The
results obtained by this method agreed with those obtained by direct ICP-MS for
reference urine samples and samples from occupationally lead exposed workers.
Another procedure is the use of a newly developed loop FAAS. The sample to
be analyzed is dried outside the flame on an electrical heated Ir loop [138]. The
loop is introduced into the flame by a precise transport mechanism. By using an
additional ceramic stagnation tube arranged in the flame, the power of detection
is increased by about a factor of 10. The detection limits are 3-10 pg/L
depending of the AA-spectrometer used.
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ETAAS has been used for lead determination in urine samples and has
two advantages: sensitivity and the possibility of direct measurement without the
need for sample pretreatment. To perform this determination the use of chemical
modifier, the L’Vov platform and the Zeeman Background Correction System
has been proposed. Modifiers that use phosphate in different forms have also
been used for the direct determination of lead in urine. The mixture NH,H,PO4-
ascorbic acid [139] has been used, obtaining a limit of detection (LOD) of 1
pg/L. A similar LOD can be obtained using H;PO, and the impregnation of the
graphite tube with ammonium molybdate solution [140]. Noble metals such as
palladium or platinum have been proposed for the direct determination or for
ammonium pyrrolidinedithiocarbamate-Me-iso-Buketone extraction [141]. With
these modifiers the pyrolysis temperature in both the aqueous solution and the
organic extract can be up to 1200°C; the LOD of the direct determination was
0.9 ng/L. Another system used was the automated graphite-probe atomizer [142]
which was used for direct analysis of diluted urine samples. The method gives a
LOD of 4 pg/L at 283.3 nm and 2 ug/L at 217.0 nm. The results obtained were
similar at those obtained with conventional ETAAS.

Isotope dilution gas chromatography-mass spectrometry [143] has been
used for lead determination in wurine and blood. Lithium
bis(trifluoroethyl)dithiocarbamate Pb (FDEDTC) was used as a chelating agent
but showed strong memory effects, restricting the range of Pb isotopes ratios
that can be measured in unknown samples. To overcome this problem the
chelate was derivatized with 4-fluorophenylmagnesium bromide to form
Pb(FC¢Hy)4. This method was validated by determining Pb in urine standards
from the National Institute of Standards and Technology and reference materials
from the New York State Department of Health.

Anodic stripping voltammetry (ASV) has been used for lead
determination in urine previous sample digestion with a mixture of HCIO4-
HNO;-H,SO, [144] and HBr. The LOD obtained was 5 pg/L. The method is
simple and rapid. Nevertheless, direct determination is possible with this
technique using a fumed silica [145] which is added to urine prior to the
nitrogen purge step; this system completely removed sorption interferences by
urinary organic constituents. This method is therefore fast, simple and effective
for the accurate determination of lead in undiluted urine without pretreatment.

Another technique that allows direct determination of lead in urine is
differential potentiometric stripping analysis (DPSA). In this technique it is
necessary to acidify the sample with an acid, usually HCI, to a total
concentration equal to 0.2 M [146]. The sample is pre-electrolyzed at —-1.2 v for
80 seconds by glassy-carbon electrode coated with mercury, the LOD is 2 ug/L;
this technique has been proposed for the routine determination of lead in urine
[147]. Its advantages over current methods are low cost and minimal
requirement for sample pretreatment, but a limitation of the routine clinical
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analysis is the time required for each urine lead determination, i.e.
approximately 40 minutes.

Polarography has also been used, but a previous step of organic matter
destruction is necessary, which is normally carried out with a mixture of HNO;,
HCI1O,, HCI [148] or with HNQ;, H,SO, and HCIO, [149]. The LOD obtained
can be 4 ug/L. These procedures are simple and useful for routine clinical
analysis.

4.4. Tissues samples

Due to low levels, lead determination in tissues can be performed by
ETAAS with different chemical modifiers. The most common are the
phosphates {NH,H,PO, or (NH,),HPO,} [150]. With these modifiers, pyrolysis
temperatures of 1100°C can be used for hair, liver and muscle. The mixture
palladium and NH,H,PO, has also been proposed for hair, bone and muscle
[151]. On the other hand, Bi(Ill) nitrate has been used, obtaining better LOD
value in comparison with the use of palladium nitrate; moreover, due to the
lower atomization temperature used, an extension of the life period of the
graphite tube is obtained compared with Mg(NO;), — NH,H,PO, mixed modifier
[152]. The use of coated graphite tubes with different metals is another
possibility. In this case, a Mo and La-treated pyrolytically coated graphite tube
was employed for the Pb and Cd determination in digested tissues. This modifier
reduces chemical interferences and interference from uncompensated
background signals [153]. Moreover, Zr, W or Ir has also been used to coat the
graphite tubes using the phosphate modifier [154].

The tissue samples must be digested, usually using wet digestion
procedures. For this, nitric acid [139] and the mixtures HNO;-H,O, [154],
HNO;-HCIO,; and HNO3-H,80, [156] have been used. The mixture HNO;-
HCIO; is the most efficient but in many cases the use of only HNO; is sufficient.
Tissue solubilization with tetraethylammonium hydroxide has been used for
hair, liver and muscle with good results [150]. To determine lead at sub-ppb
levels, lead ethylation with NaBEt, to form PbEt, and the preconcentration of
this compound in the graphite furnace at 300°C has been proposed in an
automated method, obtaining a LOD of 12 pg/mL [143].

Direct solid sampling ETAAS has been used to determine lead in muscle
tissue [156,157], renal and kidney tissues [158], liver [159] , and epithelial
tissues such as hair, nail and skin [160]. In general, with the use of solid
sampling it is possible to obtain good results with low analytical errors, the
results being comparable to those obtained with acid digestions. Solid sampling
has been used for the certification of some reference materials such as bovine
liver, bovine teeth and bovine bone [161]. The most important advantage of the
use of the solid sampling technique is that the lead determination is quicker,
possible contaminations are avoided and the LOD is very low. Non spectral
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interferences can be overcome using the STPF conditions and spectral
interferences can be avoided with Zeeman effect background correction [162].

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) has
been used to determine various elements including lead in human autopsy
tissues [162], but in many cases the sensitivity obtained with this technique is
not sufficient. The sample preparation must be carried out by extraction, wet
digestion or dry ashing [163].

ICP-MS is preferable because it gives better LODs. This technique has
been used to determine various elements in different types of tissues: soft tissues
[164], thyroid tissues [165], liver and kidney [166], calcified tissues [167],
human placenta [168], human fetal tissues [169], central nerve tissues [170],
dental tissues [171], etc. In general, the samples have been digested using a wet
digestion procedure, except for the dental tissues for which laser ablation has
been used. In order to improve the detection limit, the use of hydride generation
prior to ICP-MS has been proposed; with these systems a LOD of 0.002 ng/mL
[172] or 0.007 pg/L [173] can be obtained. On the other hand, the use of ICP-
MS allows isotope determination; thus the 206ph,27p} ratio has been determined
in human tissues such as blood, teeth and in environmental samples [174].

Differential pulse anodic stripping voltammetry (ASV) has been used in
the simultaneous determination of various metals, including lead, in different
tissues such as cancer tissue samples [175], animal tissues [176] or human blood
and teeth [177]; normally the tissues were digested by wet digestion with HNOs-
HCIOQ;. The fifth order differential stripping voltammetry has also been used for
the determination of Cu, Pb, Cd and Zn in human brain tissue, which was
digested with HNO; and H,SO, and the metals were determined in 0.03 mol/L
HCI1O, as the supporting solution. The relative standard deviation for lead was
10.5%; the method was valuable and simple [178]. Differential pulse anodic
stripping voltammetry was compared with AAS in lead and cadmium
determination in animal tissues such as poultry liver, muscle and kidney tissue
after dry ashing and dissolution in HNO;. The results obtained by both
techniques showed a high level of concurrence, except in the case of some liver
samples [179].

An automatic-continuous method for the simultaneous determination of
copper and lead based on flow injection analysis (FIA) and stripping
voltammetry (ASV) has been proposed [180] for metal determination in fresh
bovine liver samples and certified reference materials from the National Institute
for Standards and Technology and the Community Bureau of References. The
same authors [181] used a similar procedure for the simultaneous determination
of Cu, Pb, Cd and Zn in previously lyophilized biological tissues. The
performance of the method was validated by a statistical study using parameters
of certification campaign of the CRMs obtaining results within, or close to, the
confidence levels of the certification campaign. Potential stripping analysis
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(PSA), without chemical destruction or organic matter, was applied to Cu,Pb
and Cd determination in various animal tissues [182] .Organic matter
destruction is avoided by the use of sodium dodecylsulfate and sodium
deoxycholic acid solution in a reflux process with the aid of sonication. The
efficiency of this digestion was tested by comparison with total mineralization
using the low temperature ashing method. The digestion medium is adapted to
PSA measurement by the aid of a mixed (aqueous-organic) electrolyte. The
process from the lyophilized sample takes approximately 3-4 hours.

X-ray fluorescence spectroscopy (XRF) has been applied to lead
determination in different human tissues. This technique has been used in the
study of brain tissues for diffuse neurofibrillary tangles with calcification
(DNTC), which is a typical dementia characterized pathologically by diffuse
neurofibrillary tangles without senile plaques. This method allows the non-
destructive determination of Ca, Fe, Zn and Pb in brain tissues [183]. XRF has
also been used to study trace elements in liver, brain and kidney tissues of
patients with cirrhosis [184]. Chemometric methods, such as cluster analysis and
multivariate three-way principal component analysis, have been applied to the
analysis of human tissues by XRF for cancer recognition. In this study, more
than 20 elements, including lead, were analyzed [185]. Synchroton radiation X-
ray fluorescence (SRXRF) was used to determine the multielement composition
of the full-term placenta of Russian women [186]. Energy dispersive X-ray
fluorescence spectrometry (EDXRF) has been applied to the study of trace
element concentrations in human tissues such as bone, hair, liver and kidney
[187]. All samples were analyzed without any chemical treatment; the soft
tissues (liver and kidney) were lyophilized and ground in an agate mortar,
whereas the hard tissue (bone and hair), after being lyophilized, were dried in an
oven for 24 hours at 200°C prior to grinding. XRF has also been used to study
the distribution of lead in bone [188], a vivo XRF bone lead analyzer has been
constructed to be tested as the first step towards developing a deep bone lead
analyzer.

5. LEAD DETERMINATION IN ENVIRONMENTAL SAMPLES

5.1. Lead determination in plants

To perform lead determination in plants, a prior step of sample
preparation to dissolve the sample is normally necessary. To this end, different
digestion procedures have been used. The ashing of the plants at 450°C and
dissolving the ash in 6 M HNO; is a procedure proposed by some authors [189-
191]. Nevertheless this procedure has two limitations: firstly, it is a long
procedure, and secondly, there is the possibility of contamination of the sample
in the oven. Another procedure is wet digestion with different acids or mixtures
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of acids. Different acid mixtures have been proposed: the mixture HNO;-HCl in
closed PTFE bombs in a microwave [192], the mixture H,SO,-HNO;-HCIO, or
the H,80,-HNO; mixture and later addition of H,O, [193], or the HNO;-H,0,
mixture also in closed vessels with microwave energy [194-197]. Although the
mixture more often used was HNO;-H,0», some authors studied the effect of
H,0, and they concluded that better results can be obtained using only HNO;
[198]. Other authors propose systems that use the dry and wet digestion
procedures, ashing the sample at 550°C and digesting it with a mixture of
HNO;3-H,SO4 [199]. On the other hand, and in order to dissolve the silicate, the
use of HF together with HNO;-H,0, was also recommended [200-201]. This
mixture, in closed vessels with microwave energy was proposed as a digestion
system suitable for routine applications. More recently, the use of ultrasound
assisted solid-liquid extraction with diluted acid such as HNO; and HCI has
been proposed as a sample preparation method for plant analysis [202,203]. The
precision of this procedure, together with its efficiency, rapidity, low cost and
environmental acceptability, makes it a good alternative for the determination of
trace metals from plant materials. On the other hand, the use of enzymatic
hydrolysis accelerated by means of ultrasonication has been proposed for the
simultaneous determination of various metals in seaweeds by ICP-AES [204].
This is a promising method to pretreat solid biological samples for multielement
determination in a short time, under safe conditions, with chemical species
integrity and without great wastage. ,

FAAS can be used for the direct determination of Pb in plants, This
method has been used in the study of lead levels in some herbal plants for curing
cardiovascular diseases [205], for different medicinal plants [206], in the study
of lead levels in different parts of plants (fruit, twig and root) [206] and for lead
determination in seaweeds such as laminariale undaria pinnatifide (wakame)
[207]. Nevertheless, the sensitivity obtained is not sufficient. In many cases the
use of a previous preconcentration method is necessary. Flow injection systems
have been used in different preconcentration methods; the preconcentration from
solution after wet digestion was performed using a C18 column as sorbent,
[208], ammonium diethyldithiophosphate at pH 1 as a complexing agent and
methanol as an eluent. In this system Fe and Cu interfere but this interference
was successfully eliminated using oxalic acid and thiourea. The enrichment
factor obtained at 30 seconds loading time was 38 and the LOD was 4.4 pg/L.
Another preconcentration system used is complexation with potassium Pr
xanthante and extraction into MIBK [209]. Lead can be precipitated at pH > 1.0
as fluorides using La as a carrier and lead pyrrolidin-1-dithioformate complex
can be extracted into a small volume of chloroform. The direct nebulization of
the chloroform extract into an air-acetylene flame gives a sensitive signal
intensity; this method has been applied to the determination of lead in botanical
certified reference materials, giving good results [210]. To avoid the use of
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preconcentration methods, the use of a simple, reagent-free solid sampling
method has been proposed [211]. The dry sample is ground to a powder and 0.5
g is suspended in 10 mL of deionized water. Aliquots ( 20 pL) are pipetted into
Ni microsampling cups, which are dried at 110°C and inserted into an air-
acetylene flame. Suitable dilutions of the suspension provide a linear range of
0.072-240 pg/g of dry vegetation. The method is simple, accurate, faster than
comparable methods, and provides adequate precision for this application.
Another important aspect in Pb determination by FAAS is the problem of
spectral interferences. Some authors studied these problems in plant leaf digest
in three ways: with deuterium background correction, with Smith-Hiefte
background correction, and without any background correction. The use of a
background correction system is deemed to be necessary. The two systems gave
equal results for low Fe concentration (< 200 mg/L), but high Fe concentrations
(500-2500 mg/L caused spectral interferences which were overcompensated by
the deuterium system [212].

ETAAS has been used for lead determination in different types of plants
and biota previous to a sample digestion pretreatment, normally by wet digestion
using microwave energy [213-215]. The chemical modifiers most used were
phosphate modifiers. An interesting method was the use of a fast program in
order to shorter the analysis time. Using these programs it is possible to
eliminate some steps. Thus a method was proposed without the ashing step,
using a graphite tube with L’Vov platform and (NH,),HPO, as the chemical
modifier [216]; the cycle time was 72 s. The application of the fast programs
combined with iridium as a permanent modifier was also proposed [217].The
coating of the platform or the tube atomization area with Ir is an efficient means
of improving the accuracy and precision. The fast program method can thus be
recommended for routine determination in plants. However, the most important
advantage of ETAAS is the possibility of using slurries or solid sampling.
Slurries have been used by various authors [218-222]; these methods are
normally very simple and, moreover, present a very good sensitivity level. With
the use of slurries there are no matrix effects [219-222] and, in many cases,
calibration with aqueous standards is possible. For slurries, the use of the fast
program methodology, in which the drying and ashing steps were replaced by a
single modified drying step was used [219], the slurries were prepared in a 20%
(vol/vol) ethanol medium using 0.1%NHH,PO,. The suspending medium also
contained H,O, to prevent the build-up of carbonaceous residue inside the
atomizer. The mixture 1M HNO; + 1,5M H,0, or tetramethylammonium
hydroxide [223] has been proposed to prepare the slurry. The comparison of
different ultrasound-assisted extraction with an ultrasonic bath has been studied
[224]; optimum performance of solid-liquid extraction was achieved only with
probe sonication. Although the use of the direct solid sampling has the
advantage of more sensitivity, it has some problems of reproducibility, because
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it requires fine grinding (1um), whereas slurry sample introduction is more
tolerant to particle size effects [221]. The use of solid sampling presents some
interference problems, thus at the lead 261.4 nm nonresonance line,
overcompensation errors were observed which were caused by cobalt when
using a Zeeman effect system and undercorrection due to the AgCl,y molecules
was observed with a deuterium background correction system [225].

ICP-AES has been used in the simultaneous determination of various
elements, including lead, in different types of plants. In general, the plant sample
was digested by a wet digestion procedure using different acids, nitric acid in a
closed microwave system [226], the mixtures nitric/perchloric acids [227,228]
and the mixture nitric/hydrofluoric acids in a teflon beaker on a hot plate,
dissolving the residue with 1 M nitric solution [229]. A simple automated
microdigestion process was developed for the determination of 17 elements in
plants (feed, forage and crops); 0.25-1.0 g samples were digested with nitric acid
in a 10 mL graduated kimax culture tube on a programmed heating block [230].
The small sample size minimizes reagents used and their subsequent waste
disposal. Microwave-assisted extraction with water, EDTA and HCI leaching
solutions have been proposed for trace metals determinations in plants [231],
HCI1 was found to be very suitable for quantitative extraction of various elements
including lead, and EDTA led to a complete extraction; in both cases the relative
standard deviations were below 8%. The introduction of volatile species is
another approach in the lead determination by ICP-AES. Continuous flow
generation of two different types of volatile lead species PbH, (NaBHy as the
reducing agent) or tetracthylead (NaBEt, as the alkylating agent) was studied as
a means of gaseous sample introduction for ICP-AES [232]. Lead determination
using NaBH, in a medium of K;Cr,O, and lactic acid as oxidant/complexing
acid system provided a LOD of 2 ng/mL with a RSD of 1.3% at the 50 ng/mL
level and good selectivity. NaBEt, used as reducing agent in the same reaction
medium provided a LOD of 1 ng/mL, a RSD of 1.2% at the same concentration
level and even better selectivity. The use of slurries has also been proposed
[233] using a particle size of < 5 um obtained by wet grinding with Zr oxide
beads in the presence of LiNO;. The atomization efficiency was 95% in a direct
current plasma spectrometer. Slurry atomization allows solid samples to be
introduced into the plasma with minimum modification and allows calibration
with simple aqueous standards. The direct introduction of a solid sample has
been carried out using a cuvette made of tungsten, where a mixture of a ground
solid sample and powder diammonium hydrogenphosphate was precisely
weighed [234]. The cuvette was positioned onto the tungsten-boat furnace
incorporating a vaporizer. Tetramethylammonium hydroxide solution was added
and then the cuvette was heated and maintained at a wet-digestion temperature
to decompose the solid sample. After digestion, the temperature was elevated to
generate the analyte vapor for introduction into the plasma. Since the solid
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samples were wet-digested before vaporization, the use of aqueous calibration is
therefore possible. Possible problems in lead determination by ICP-AES are the
matrix effects, signal suppression is observed for the ionic lines and signal
enhancement occurred for atomic lines [235]. These effects can be caused by
particles and easily ionizable elements into the central channel of the plasma.
These matrix effects can be removed by using high generator power and a
moderate uptake flow rate of solution into the plasma [235-236].

ICP-MS has also been used in the lead determination in plants. The
sample digestion can be performed with HNO; [225], with the mixture HNO;-
HF [229-238], or with the mixtures HNO;-H,0, [239-240], HNO;-HCI and
HNO;-H,0,-HF [241]. In some types of sample such as lichens, only the
mixture HNO;-H,0O,-HF ensures complete recovery, obtaining a precision better
than 3-5% [241]. In the procedure that uses HNO;-HF [238] the use of boric
acid was not necessary, which simplified the procedure and minimized the
content of the total dissolved solids in solution for ICP-MS analysis. The
calibration was prepared using external standard prepared in undigested reagent
blanks with In as an internal standard. When the H,O5 was used with HNO;, the
presence of H,O, helped to maintain a higher temperature under the pressure
limit and reduced the carbon content in the digestates, but its impurities
hampered the ICP-MS analysis for certain elements at low levels [240]. Nitric
acid has been used alone in a dynamic ultrasound-assisted extraction with
diluted acid as extractant obtaining a repeatability of 0.9% and a reproducibility
of 2.8% [241]. Ultrasonic slurry sampling-electrothermal vaporization-
inductively coupled plasma-mass spectrometry has been applied to the analysis
of plant samples [242]; in this case the standard addition method must be used,
and the LOD obtained for different elements were between 7.8 and 8 ng/g with a
precision better than 24%. On the other hand, laser ablation has been applied to
the solid sample introduction into an ICP-MS for the multi-elemental analysis of
several environmental matrices. Lead was determined in two reference
materials, Tea Leaves CRM from the the Japanese National Institute of
Environmental Studies Certified Reference Material and Milk Powder, CRM
All from the International Atomic Energy Agency [243]. The comparison with
certified values shows fairly good accuracy, and the more important advantage
is the rapidity of the analyses without sample preparation. In order to increase
sensitivity, lead determination by hydride generation ICP-MS has been proposed
[244]. For this the oxalic acid ammonium cerium(IV) nitrate-sodium
tetrahydroborate has been used as the reaction matrix. The sensitivity achieved
was approximately 7.5 times higher than that obtained using an ultrasonic
nebulizer. The LOD was 0.007 ug/L and the precision 0.21% for 1 pg/L.

Lead determination in some types of plant has been carried out using
anodic stripping voltammetry (ASV) [245-248]. The level of lead was
determined in a plant cell culture, obtaining a LOD of 500 pM in a phosphate
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buffer [246]. In general ASV was used for the simultaneous determination of
various metals such as Zn, Cd, Pb, Cu, Fe and Mn [246]; the samples were dry-
ashed and then dissolved in HC1O, using a working electrode of a long-lasting
sessile-drop mercury electrode. The use of the standard addition method was
necessary. In general the results obtained with ASV were comparable with the
results obtained by AAS.

Potentiometric stripping analysis has been applied to the determination of
lead and cadmium in biological samples using a mixture of NaCl and HCI as
supporting electrolyte. In the presence of 4% lumaton in methanol, the oxidation
potentials were —0.46 V for lead and —0.68 V for cadmium. The samples studied
were leaves, needles and hair [249].

Another analytical technique used for lead determination in plants is X-
ray fluorescence spectrometry. Energy dispersive X-ray fluorescence [250-252],
synchroton radiation X-ray fluorescence [253] and total reflection X-ray
spectrometry [254] have been applied for the qualitative and quantitative
determination of lead in different types of plants. These techniques have been
used to study lead distribution in the different parts of plants or to perform trace
element accumulation studies in different environmental problems.

5.2. Lead determination in soils and sediments

Due to lead’s very low mobility, appreciable quantities may be found in
soils and sediments. Some lead has a natural origin but anthropogenic inputs
often give rise to elevated levels, for example, the lead content of soil may be
high due to the application of lead arsenate as an insecticide and near roads by
atmospheric deposition. Normally the determination of lead in soils and
sediments may be used as an indication of atmospheric or water pollution. For
non-polluted soils or sediments the lead is bound in the silicate lattices of
refractory material and can only be released using hydrofluoric acid; the mixture
HNO;-HF has been used for lead extraction, although the mixture HNO;-HCl is
usually adequate to remove most lead from heavily polluted soils. In recent
years, with the use of microwave energy, the sample preparation step has been
shortened and microwave aqua regia is the recommended method. In some
analytical techniques such as ETAAS the use of solid samples in the form of
slurries is possible, avoiding the digestion procedures. In order to ascertain the
availability of lead, different extraction methods have been proposed, which will
be described later in the text.

Colorimetry has been applied to lead determination in soils. A modified
rhodizonate spot test was used for the detection of lead contamination of soils at
concentrations of 400-700 ug/g [255]. Extraction is carried out by heating or
shaking with nitric acid followed by filtration. The filtrate is adjusted to pH 1.5
and is spotted on filter paper and treated with aqueous Na rhodizonate. Soil
extraction at pH < 1 showed rapid bleeding of the pink Pb-rhodizonate spot.
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Another reagent used for lead determination in soil was 2,5-dimercapto-1,3,4-
thiadiazole (DMTD) [256] which reacts in slightly acidic media to give a
greenish-yellow chelate that has an absorption maxima at 375 nm. The reaction
is instantaneous and absorbance remains stable for 24 h. Linear calibration
graphs were obtained for 0.1-40 pg/mL of Pb.

FAAS has been used for lead determination in soil and sediments but the
sensitivity is not sufficient and a preconcentration method must be used.
Different reagents have been used. Xanthate-1,10-phenanthroline complex onto
microcrystalline naphthalene has been proposed for lead determination obtaining
a LOD of 2,5 pg/L, which is 200 times lower than for the direct FAAS methods
[257]). The diethyldiethyldithiocarbamate (DDTC) complex was used in
different forms; it can be retained in a miniature column of Chromosorb 102 and
eluted with ethanol [258]. Moreover, the complex can be used in a flow
injection online coprecipitation system with DDTC-Ni(Il) [261] or DDTC-
Cu(II) [260]. In both systems metal ions were coprecipitated online in nitric acid
media and the precipitate was collected in a knotted reactor, after it was
dissolved in IBMK and transported directly into the nebulizer burner system of
FAAS. Detection limits of 2 pg/L. or 32 ug/L, respectively, can be obtained.
Diethylammonium-N,N-diethyldithiocarbamate (DDDC) or
NH,'diethyldithiophophate (DDDA) have been used as a complexing agent
using octadecyl functional groups C,g bonded to silica gel as sorbent [261]; with
this system a LOD of 10pg/Kg can be obtained. A similar LOD can be achieved
with the use of the dialkyldithiophosphates as chelating agents using octadecyl
functional groups C;g bonded to silica gel as sorbent and methanol as eluent
[262]. Another solvent extraction system used was the iodide complex from acid
extracts of soil samples, giving a LOD of 0.30 ug/g [263]. On the other hand,
solid phase extraction (SPE), using an immobilized crown ether as an extractor,
was applied to the FI-FAAS determination of Pb(II) obtaining a LOD of 0.08 pg
of Pb with a RSD of 4.1% [264]. In order to increase the flame sensitivity, the
atom trapping system using the slotted tube atom trap has been used by various
authors [265-267], obtaining a sensitivity similar to ETAAS.

To avoid sensitivity problems of the flame, ETAAS has been used for lead
determination in soil and sediments using digested soils samples or slurries.
Different chemical modifiers have been proposed, the most classical, the
mixture of palladium-magnesium nitrate, has been used for aqueous solutions
and for slurries [268]. Small amounts of palladium delayed the atomization until
furnace conditions were nearly isothermal and the presence of magnesium was
required in order to avoid a reduction in the analytical recovery. The use of 0.6
ug Pd + 1.0 pg Mg was suitable. For soil slurries, 0.6 pg Pd alone was effective
[269]. It is thought that the organic material in soil aids the reduction of
palladium and thus improves its effectiveness in delaying lead vaporization. One
advantage of the mixture Mg-Pd for slurries is that it produced similar
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absorbance appearance and peak maximum times for the slurries and the
aqueous calibration standards [270]. Different permanent modifiers (Rh, Ir, Ru,
W-Rh, W-Ru, W-Ir) thermally deposited on the integrated platform of the
transversally heated graphite atomizer were employed for lead determination in
sediment, sludges and soils [271]. The most important advantage of this
modifier is that the life of the graphite tube is increased by about 20%.

Fast programs that omit the pyrolysis step have been used for lead
determination in aqua regia digest of soils and sediment [272] and in soil slurries
[273]. In both cases, the use of chemical modifiers is not necessary. Normally,
the duration of fast programs is about 45 seconds. In the use of slurries it is very
important that the soil is finely ground. Soil particle size is important as
insufficient grinding leads to poor recovery from large particles [274]. A
possible problem is that particles can adhere to the magnetic stirring used to
suspend the slurry; to avoid this problem vortex mixing as an alternative system
[275] can be used.

ICP-AES has been used for the simultaneous determination of various
elements, including lead, in soil and sediment samples. Different digestion
procedures have been proposed for dissolving the sample: digestion with aqua
regia using microwave energy (MW) [276] is the most common. Other methods
use the mixtures HNO;-HF [277,278] and HF-HCI-HNO; [279]; these mixtures
are recommended when the silicate content of the soil is high. Recently,
ultrasound-assisted extraction with diluted solutions of aqua regia [280] has
been applied and the results obtained were similar to those of the microwave
digestion method or reflux which is the ISO 11466 standard method. The major
advantages compared to the MW and reflux method are the high treatment rate
(50 samples simultaneously in 9 minutes) and low reagent usage, the main
benefit of which is the low chloride and nitrate concentrations in the extracts.
Electrothermal vaporization (ETV) of the soil or sediment samples has been
applied for volatile and non-volatile elements. Samples were deposited either
directly as a solid or by slurry sampling into a graphite cup which was then
positioned in the radiofrequency field and vaporized into a carrier flow of 15%
SFe-Ar [281]; signal precision was better with slurry sampling, obtaining
recoveries about 80-105%. In another ETV system the sample is transported to
the plasma with the addition of toluene vapor to the internal furnace gas and
sodium selenite to both solutions standards and solid samples; with this mixture
transport losses of analyte were considerably reduced [282]; the sensitivity was
approximately 20-fold better for the solid sampling ETV than for the dissolution
based pneumatic nebulization sample introduction method. The use of slurries is
another interesting approach. Reducing soil particle to < 5 um by wet grinding
with Zr oxide beads in the presence of LiNO; resulted in slurries with an
atomization efficiency of 95% [283]. Slurry atomization allows solid samples to
be introduced into the plasma with minimal modification and allows calibration
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with aqueous standards. For solid samples, the laser ablation sampling technique
has also been used using a Q-switched Nd:YAG laser coupled with a new
echelle spectrometer which has a multichannel solid-state detector. The laser
pulses were focused onto the solid surface of pressed soil samples to generate an
aerosol which was introduced into a flowing Ar stream transported through a
tube and then introduced directly into the ICP; the RSD was between 4.9 and
12.7 % for different elements [284]. The hydride generation-ICP-AES (HG-ICP-
AES) system has been applied to the speciation of lead. A simple and rapid
method to determine the sum of tetraalkyllead compounds (Me,Pb,Et,Pb) and
their intermediate decomposition products, the trialkyllead (MesPb’, Et;Pb") and
dialkyllead (Me,Pb>, Et,Pb*") species was proposed [285]. Lead species in
solution are transformed into the corresponding hydrides by sodium
tetrahydroborate and directly introduced into the ICP torch. The presence of an
acid is decisive in obtaining highly different sensitivities for organic and
inorganic lead; 2% citric acid suppressed the signal of inorganic lead offering
the possibility to determine organolead compounds in the presence of excess
amounts of inorganic lead, thus characterizing the method as a screening
method.

ICP-MS has also been used for the simultaneous determination of trace
elements in soil and sediments after a predigestion of the solid sample normally
using mixtures of HNO;-HCI or HF-HNQO;-HCI [286] and using high pressure
digestion vessels [287] with MW energy. The dry ashing procedure with
Mg(NOs), has been proposed for the Pb, Cd and Sb determination in soil
samples [288]. Newly developed methods involving an online combination of
sedimentation field flow fractionation with inductively coupled plasma-high
resolution mass spectrometry (SAFFF-ICP-HRMS) has been used to study the
distribution of extractable heavy metals in soil that had been treated with sewage
sludge contaminated with Cu and Pb [289]. The combination of selective
chemical extraction and SdFFF-ICP-HRMS provides a means of determining
the distribution of potentially available heavy metals within the colloidal
fraction of contaminated soils. Laser ablation ICP-MS was applied to the
determination of various metals [290]. The dried soil powder was pressed into a
pellet for LA-ICP-MS and Triton X-100 was added to work as the modifier to
enhance the ion signals. The standard addition method and isotope dilution
method were used; the precision was better than 5% and the LOD was 0.3 ng/g.
For LA-ICP-MS the particle size could significantly influence the measurements
only if the surface constituents of the particle were ablated. Particle size
influences the precision and sensitivity of the measurements, samples with
smaller particle sizes yielding higher signals levels and better precision [291].
Ultrasonic slurry sampling-electrothermal vaporization ICP-MS was applied to
the determination of volatile elements, Cd, Hg and Pb in soil. Palladium was
used as the modifier. The precision was better than 4% and the LOD was
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between S and 76 ng/g in different samples [292]. The isotope dilution ICP-MS
has been used for the certification of Pb and Cd in environmental standard
reference materials such as SRM 1944 New York-New Jersey Waterway
Sediment, SRMSs 2583 and 2584 Trace Element in Indoor Dust, SRMs 2586 and
2587 Trace Element in soil containing lead from paint [293]. One advantage of
ICP-MS is that it offers the opportunity to measure stable isotopes; when the
isotope proportions differ sufficiently among source materials, isotope ratio
provides a means to distinguish the origin of pollutants such as lead [294,295].

ASV has been used to determine the total and available Pb in soil and
sediments, For the total determination, MW with a mixture of HNO; and HCIO,
with and without HF was used. The extraction with acetic acid proposed by the
Bureau Communitarie de Reference (BCR) was used to assess availability [296].
The levels of lead in EDTA extracts of soils have also been studied by ASV
[297]. In general, stripping analysis was successfully employed for field
verification of metal contaminants in solids and sediment at hazardous waste
sites. The remarkable sensitivity, portability, low power requirement, and low
cost of stripping analysis make it an attractive choice for on-site analysis of
selected metals during site characterization and remediation activities [298].

Another electrochemical method used in lead determination in soils has
been potentiometry and polarography. Potentiometric striping analysis was
applied to sediment and sludges with a precision in the range of 2.4-4.1% [299],
and stripping chronopotentiometry has been used for determination in soil
extracts and gives a LOD of 10 pg/L for a deposition time of 120 s [300].
Polarography has been used for the simultaneous determination of lead and
cadmium in environmental samples after adsorption of their morpholine-4-
carbodithioates onto microcrystalline naphthalene or morpholine-4-4-
dithiocarbamate-CTMAB-naphthalene adsorbent [301], or after adsorption of
their 2-nitroso-1-naphthol-4-sulfonic acid-tetradecylmethyl benzylammonium
ion-associated complex on microcrystalline naphthalene [302].The detection
limits obtained were 0.4 pug/mL and 0.10 pg/mL of lead, respectively.

An inexpensive, safe, fast and non-destructive method for lead
determination in soil and sediments is the X-ray fluorescence (XRF). In the
analysis of sediment the calibration can be carried out by adding known
quantities of Pb(NO;); (aq) to known masses of a sediment matrix made from all
the samples; this procedure eliminates the need for standard additions [303]. For
analysis of soil with high metal content, the samples must be dried and
powdered previously, and in these conditions a LOD of 19 ppm Pb can be
obtained [304]. For the analysis of low level contaminated soil the use of the
LiBO; and Li,B40, fusion method and the use of synthetic standard prepared in
Al,O; matrices were proposed [305]. To determine the heavy metal content in
soil samples at contaminated locations, a static and time-consuming procedure is
used in most cases: soil samples are collected and analyzed in the laboratory at
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high quality and high analytical cost. There is a growing demand from
governments and consultants for a more dynamic approach and from customers
who require that analyses are performed in the field with immediate feedback of
the analytical results. Therefore, the use of portable instruments is
recommended. For over 30 years portable XRF analyzers have been available
for the in-situ nondestructive measurements of lead in paint. Recent advances
have made their use possible for analysis of airborne dust filter samples, soil and
dust wipes [306]. The applied soil pretreatment was found to play an important
role in the quality of the XRF data obtained, independent of the type of
instrument used. In situ measurements were strongly influenced by the
heterogeneity of the analyzed area. A limited pretreatment like sieving < 2 mm
significantly improved the XRF data quality [307]. In general the results
obtained with the portable instruments are comparable to the results obtained
with the high performance laboratory XRF system [308] or with the results
obtained using ICPAES [309].

5.3. Lead determination in water

The most important problem in lead determination in water is the low
levels present in noncontaminated water (about few pg/L). In many cases, a
preconcentration step is necessary before lead determination by the analytical
technique. UV-VIS spectroscopy has been used for this determination .The
typical method is the dithizone method using a new flow injection system with a
preconcentration step on chitosan, obtaining a LOD of 5.0 mg/mL and a sample
throughput of 15/hour [310]. 4-(2-pyridylazo)resorcinol has been used after the
sorption of lead as its thiosulfate complex on a fibrous sorbent fillet with AV-
17; a LOD of 0.01 mg/L has been obtained [311]. The same complexing agent
has been used with the reversed flow injection analysis (FIA) technique in a 0.1
M borate buffer and with a preconcentration on a microcolumn of spheron oxin
1000 chelating sorbent, obtaining a sensitivity of 0.01-0.06 umol/L for a sample
volume of 20 mL [312]. A calixarene-based polymeric chelating resin
synthesized by covalently linking calix(4)arene-o-vanillinthiosemicarbazone
through its lower rim to Merrifield resin. was used to separate and
preconcentrate Cu(II), Cd(II) and Pb(II); the LOD for Pb was 19.61 pg/L with a
preconcentration factor of 111 [313]. In the presence of Tween 20, the lead
complex with meso-tetra(4-methoxyphenyl)porphyrin can be formed in 20 min
at pH 12, the complex presents an absorption maxima at 467 nm and allows lead
determination in the range of 0.1- 8 ug/10 mL [314]. The reaction between the
malachite green and iodide and lead affords a ternary complex which when used
with a previous preconcentration with a cationic resin, chelex 100, permits it to
obtain a LOD of 25 ug/L [315]. A better LOD can be reached using a new
chromogenic reagent, the 2- (2 - sulfo- 4 -acetyl(phenylazo)- 7 -(2, 4, 6 -
trichlorophenylazo)- 1. 8 -dihydroxynapthalene-3,6-disulfonic acid; a 1:2 blue
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complex with an absorption maxima of 654 nm has been obtained, and the LOD
was 0.63 pg/LL with a RSD of 2.6% [316]. Using the preconcentration with
mercaptosephadex (MS-50) and the reaction of Pb(II) with dibromohydroxyl-
phenylporphyrin a LOD of 1.4pg/L is possible [317]. The cetyl tri-Me-
ammoniumbromide (TMAB) has been used in a different complex in order to
increase the sensitivity; the complex was the Pb(II)-2,6,7.trihydroxy-9-(3,5-
dibromo-4-hydroxyphenyl)fluorone [318] and Pb(II) salicylfluorone [319],
obtaining in both cases a LOD of the order of a few pug/mL. The reagent benzil
o-monoxime isonicotinoyl hydrazone has been used for the determination of
lead in water, the complex presents an absorption maxima at 405 nm with a
molar absorptivity of 1.18.10* [320]. A similar molar absorptivity is given by
the complex of lead with 4-(2"-thiazolylazo)-6-formyl-resorcinol, Beer’s law is
therefore obeyed in the range 0-8 ug/25 mL [321]. Surfaces of sulthydril cotton
fiber have been used to preconcentrate lead which is subsequently eluted into
water where it is determined by silver nitrate-gelatin-ethanol solution at 420 nm
following hydride generation with KBH,; a very low LOD of 0.4.10™ug /L was
obtained [322]. Derivative spectroscopy has been applied for lead determination
using liquid-liquid extraction of a ternary ion association complex Pb with 1-10-
phenanthroline and Rose Bengal into chloroform; the procedure is simple, rapid
and allows the determination of lead as low as 20 ug/L in sea water [323].

FAAS again has been used for lead determination in different types of
water but the sensitivity is not sufficient for direct determination and a
preconcentration step is necessary. Liquid-liquid extraction has been proposed
using different reagents; Table 6 shows the different extraction systems
proposed and the LOD obtained. Numerous preconcentration systems based on
solid extraction or sorption have been proposed, and Table 7 include some
examples with their analytical characteristics.

Table 6

Extraction system to preconcentrate the lead from water samples

Complexant reagent Extraction solvent LODpg/L. _ Reference
APDC MIBK 3.1 [324]
TTA Dichlorobenzene - [325]
Dithizone Chloroform X5 [326]
DDTC MIBK 2.9 [327]
DDTC Chloroform, CCl, 2.3 [328]
APDC MIBK 0.9 [329]
Benzylamine ,pelargonic acid Decane <5.0 [330]
DDC Chloroform Sng [331]
Kbuxanthate - - [332]

APDC MIBK (Knotted reactor) 8 [333]
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Table 7

Preconcentration system for lead in water

Preconcentration system Analytical Characteristics Reference

2-aminothiazole modified silicagel Recovery ~ 100% [334]

Chromotrope2R-coated Amberlite XAD- RSD < 10% [335]

1180

Phenylpiperazine dithiocarbamate Recovery :90-100% [336]
Enrichment factor:400

Amberlite XAD-2 loaded with PAN Preconcentrate factor :50 [337]

Crown ether LOD : 1pg/L [338]

o-o-diethylphosphorodithioic acid Recovery > 95% [339]

ammonium salt RSD < 8%

Octadecyl-bonded SiO;membrane disk LOD : 0.7 pg/L [340]

with hexadentate Schiff base (1,8-

bis(salicylaldiaminato)-3,6-dioxaoctene)

Polymer-fixed cryptand LOD: 11.5 ng/LL [341]

Dithizone immobilized on sodium Preconcentration factor:200 [342]

dodecylsulfate coated alumina RSD :1.3%

DDTC retained on a C15Si02 Preconcentration factor :100 [343]

Diaion HP-20 LOD :2.0 pg/L [344]

{1-nitroso-2-napthol complex) Recovery > 95%

Amberlite XAD-2 and LOD : 2.44 -7.87 ng/mL [345]

Amberlite XAD-7

DDTP and sorption on a Cyg bonded 8iO; LOD : 7ug/L [346]

Lig.membrane system of dicyclohe- Enrichment Feator:45 [347]

Xyl-18-crown-6 Span-80, propa Recovery > 99%

netn'ol,CCL; and Na4P207 RSD: 1.1%

Cellulose with phosphonic acid and LOD:0.17 pg/L [348]

carboxymethyl groups

4-(4’ -nitrophenylazo)-1-napthol and LOD:2 pg/L [349]

cetyltrimethylammonium  bromide on

silica gel

Amberlite XAD-2 with salicylacid Preconcentration factor:140 [350]

Sulfhydryl cotton LOD: 0.86 pg/L [351]
RSD:0.6%,Recov:99-108%

Silochrome SG-80 modified with 2- LOD: 0.03 mg/L [352]

aminothiazole

Cellulose ion exchanger cellex P LOD: 0.15 pg/LL [353]
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Preconcentration can be also be carried out using coprecipitation; thus the
precipitation of lead with NH; onto the inner walls of a knotted reactor and the
elution with 1M nitric acid allows a detection limit of 7.5 pug/L with a RSD of
2.9% [354]. La phosphate has been used as a coprecipitant for preconcentration
of Fe(II) and Pb(Il), giving a detection range between 5 and 400 pg/L of Pb
[355]. CaCO; has also been used as a coprecipitant reagent leading to recoveries
between 93.4 and 96.9%, RSD of 2.9-4.1% and with a linear range of 0.25-3.0
mg/L [356].

In order to increase the sensitivity of the flame, the use of the slotted
quartz tube has been proposed for lead determination in water, obtaining a
simple and rapid method with a linearity of 0-100 pg/L [357], and with a LOD
of 1.9 pg/LL [358]; this sensitivity can be improved by using derivative atom
trapping flame atomic absorption spectrometry (DAT-FAAS), obtaining a LOD
of 0.27 pg/L [359]. The modification of a commercially available slotted-tube
atom trap (STAT) and a single silica tube water-cooled atom trap (WCAT)
produces an improvement in sensitivity, obtaining a characteristic concentration
of 1.042 ng/mL. Moreover, the slotted quartz tube has also been used with
preconcentration methods, thus with the use of a FIA-FAAS with slotted quartz-
tube with a column with poly(8-HQ-HSO;) chelate resin it is possible to obtain a
LOD of 1ug/L [360]; and with the use of a sulhydryl cotton fiber it is possible to
obtain a sensitivity 2-3 times greater than with conventional FAAS [361].

Hydride generation-atomic absorption spectroscopy (HG-AAS) has also
been used to determine lead in water samples [362,363], with the use of the flow
injection (FI) mode it is possible to obtain 12 times higher sensitivity than in
batch mode [364], which is the best generation media in terms of both sensitivity
and freedom from interferences from the mixture lactic acid-K,Cr;O5. The use
of FI also allows one to work at a lower NaBH, concentration and a sampling
frequency of 180 samples/hour. The use of derivative hydride-generation atomic
absorption spectrometry (DHG-AAS) improves 26 times the sensitivity of
conventional HG-AAS, giving a LOD of 9.6 ug/L [365]. HG has also been used
with atomic fluorescence spectroscopy to obtain better detection limits [366].

ETAAS can be used for the direct determination of lead in water using an
adequate chemical modifier. A comprehensive comparison of the analytical
characteristic of the most frequently used modifiers has been carried out
studying NH,H,PO,, Pd, Pd-Mg, Pd-NH;H,PO,, Mg-NHHH,PO,;, Ni-
NHH,PO,, and Ni-Sr- NH,H,PO,. The Pd- based modifiers behave very
similarly except that sensitivity using Pd- NH,H,POj is slightly lower. The use
of Ni-Sr-NH H,PO, raises the maximum tolerable pyrolysis temperature to
1300°C, which is significantly higher than with the other modifier. The
permissible amounts of CI” and SO,* interference are higher with the Ni-Sr-
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NH:H,;PO, modifier. The characteristic mass (m,) was 6.1, 8.8, 7.9, 11.6, 10.5,
7.0 and 4.5 pg, respectively, whereas it is 12.1 pg without modifiers. The Ni-Sr-
NH;H,PO,; modifier performs better that the others [367]. The modifier Ni-
NH4H,PO4 has been used by various authors, obtaining different sensitivities:
m, of 3.4 pg and a LOD of 0.038 pg/L for a 20 uL sample [368], a m, of 7 pg
and a LOD of 0.14 pg/L for a 10 pL sample or (with NaOH) a m,, of 3.4 pg and
a LOD of 0.038 pg/L for a 20 pL sample [369]. With the mixture Co(NOs),-
NH4H,PO, it is possible to obtain a LOD of 0.03 pg/L [370], and with the
mixture ammonium vanadate plus sodium molybdate the LOD was 0.7 pg/L
[371]. The mixture Ni(II)-ammonium tartrate using multiple sample injection
gives a LOD of 0.1 pg/L [372]. H;PO, has also been proposed as a chemical
modifier for Pb leading to a LOD of 2.0 pg/L [373] and the mixture H;PO,-
NH;H,PO, gives a LOD of 0.3 pg/L [374]. Lanthanum, LaCl; and HNO; or
La(NO;); have been proposed as a modifier added to the aqueous samples or to
coat the graphite tubes [375-376]; the most important advantage of this modifier
is the suppression of interferences of CI" and SO,”. It must be noted that the
more important interferences in lead determination by ETAAS are the
interferences caused by MgCl, and Na,SO,. The use of the L’Vov platform
decreases the sulfate interference, but not MgCl, interference [377]; the best
modifier to control this interference is La~-HNQ; acid mixture.

In order to increase the sensitivity and eliminate interferences, different
preconcentration systems have been used. The adsorption on activated C in an
NH4CI-NH; medium gives a LOD of 7.5 ng/L. [378]. With the use of
macrocyclic ligand immobilized on a silica gel support a LOD of 20 ng/L. can be
obtained [379]. The collection on activated carbon impregnated with 1,2-
cyclohexanedienedioxime (Ac-Dox) at pH 8.0 yields a LOD of 0.075 pg/5cm’
[380]. The use of chelating resin beads is possible in two forms: the metal can be
eluted from loaded beads with acid for ETAAS analysis or the beads can be
slurried in acid solution for direct ETAAS measurement. The method
distinguishes between unstable Pb complexes and free Pb ions and it is possible
to detect sub ppb levels [381]. Different extraction systems have been proposed:
extraction with ammonium tetramethylene-dithiocarbamate [382], extraction
with DDTC-benzene [383] and extraction with 1-phenyl-3-methyl-4-decanoyl-
5-pyrazolone [384]; however, these systems do not present special advantages.
Other preconcentration systems used were Ga(IlI)-phosphate coprecipitation
with a LOD of 0.095 ng/ecm’ [385] and flotation with hydrated iron(III) oxide
and iron (III) tetramethylenedithiocarbamate which gives a LOD of 0.30 pg/dm’
[386].

ICP-AES has been used for the simultaneous determination of lead and
other trace elements in water, but, in general, the detection limits are not
adequate and the use of a preconcentration system is necessary. Different
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chelating resins were used. Silica gel functionalized with methylthiosalicylate
(TS-gel) and elution with EDTA produces a LOD for lead of 15.3 ng/mL with a
RSD of 0.9% and a sample frequency of 24/hour [387]. With the Amberlite
XAD-7 resin a LOD in pg/L. was obtained [388] and with the chelating resin
carboxymethylated polyethyleniminelpoly(methylenepolyphenylen)isocyanate
(CPPI) a LOD of 0.6 pg /L can be reached [389]. Another approach was the
preconcentration by coprecipitation; in this way, the coprecipitation with
dithiophosphates produces an enrichment factor of 4-40 [390], whereas the
coprecipitation with In(OH); at pH 9.5 produces an increase of 240-fold [391].
On the other hand, electrochemical preconcentration with Hg film electrodes
and the subsequent electrothermal vaporization and inductively coupled plasma
atomic emission spectroscopy gave detection limits of a few ug /L [392].

ICP-MS can be used for the direct determination of lead in water. The
direct isotope ratio measurement of ultratrace lead in waters by double focusing
ICP-MS with an ultrasonic nebulizer and a desolvation unit was used to measure
206p,207py,  206pp/2%ph and 2"Pb/2%®Ph isotope ratio for Pb concentrations 1-
1000 ng/l. The most important problems with these determinations were the
serious instrument contamination and the memory effects for lead [393]. To
avoid the problems of the matrix, the preconcentration of the water is
recommended; in this way, iminodiacetate resin [394] and chelex 100 [395] has
been used, obtaining good results for both resins. Another preconcentration
system is electrothermal vaporization (ETV) which has been used for Co, Ni, Cu
and Pb in water samples. The efficiency of this preconcentration system is 100-
fold and it is therefore possible to determine these heavy metal ions at pg/mL to
ng/mL levels [396].

Molecular fluorescence has been used for lead determination in water
using different fluorescent reagents. Thus the quenching effect of lead of the
fluorescence of meso-C4-methyl(oxyphenyl)porphyrin (TMOPP) at pH 9.5
produced a LOD of 8.5.10® M [397]. The iodide and rhodamine B system
allows measurement of concentrations between 0.5 ng Pb/mL [398]. A lower
concentration range, 0.003-0.5 pg/mLl, can be analysed with the solvent
extraction of the ion-pair formed between the eosinate anion and the cationic
complex of Pb(II) with 18-crown-6; this method is exceptionally selective for
lead [399]. Another fluorescent system is the N-vinylcarbazole-acrylic acid
copolymer and cetyl tri-methylammonium bromide surfactant [400], and the ion
pair of the lead complex with kryptofix222BB and Eosin Y; using the last
system a LOD of 6 pg/L can be obtained [401].

Flame atomic fluorescence spectrometry has also been used for the direct
determination of lead in water samples. The samples acidified with 1% nitric
acid were introduced directly into an N-shielded air-H or air-acetylene flame.
The LODs were 2.5 pg/L and 7 pug/L for each type of flame, respectively [402].
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ASV has been used for simultaneous metal determination in waters
including the lead determination. Different types of electrodes and conditions
were used, obtaining different detection limits. With a glassy C electrode
modified with novel calixarene, a LOD of 6.1.10° M can be obtained; metal
ions such as Hg(II), Ag(I) and Cu(Il) can interfere, but these interferences can
be eliminated with KSCN [403]. With a new modified C paste electrode the
LOD was 9.0.10"°M after 6 minutes of accumulation [404]. The use of the
adsorptive accumulation of 2°,3,4",5,7-pentahydroxyflavone (morin) complexes
of Cu, Zn and Pb into a hanging Hg drop electrode allows a LOD of 0.08 ng
Pb/mL [405], and the complexes with pyrogallol red into a hanging Hg drop
electrode gave a LOD of 0.06 ng Pb/mL [406]. The dithizone-modified glassy C
electrode was used to detect trace levels of Cd(II) and Pb(II), obtaining a LOD
for lead of 7.0.107"°M [407]. With the use of a 1-(2-pyridylazo)-2-napthol (PAN)
drop-coated modified screen-printed carbon electrode (PAN-SPCE), lead
determination is possible after 5 minutes of preconcentration with a LOD of 15
ng/ml [408]. The determination of lead at the nanomolar level by Square-Wave
Anodic-Stripping-Voltammetry (SWASV) without removal of oxygen has been
extended to the sub-nanomolar concentration range. The detection limit has been
lowered to 0.05 nM (10ng/L) by using a method of differences at 60 seconds
electrodeposition. In this method the analytical signal is the difference between
the voltammogram of the sample and that obtained with no electrolysis,
recorded sequentially. Because the presence of surfactants distorts the SWASV,
in order to ensure surfactant-free solutions, pretreatment of the samples has been
performed, including digestion with nitric and sulfuric acids, evaporation to
dryness and heating at 650°C [409]. The LOD is limited by the purity of the
reagents used in the digestion procedure. The presence of humic acids (HA) and
other surface-active substances in a sample decrease the reliability of lead
determination by SWASV. The implementation of thin-layer chromatography
prior to SWASV minimizes the effect of these interferents by physical
separation of lead from the sample matrix prior to analysis [410]. Potential
stripping voltammetry has been proposed for the simultaneous determination of
Zn, Cd and Pb in a 0.017 M sulfuric-nitric mixed acid medium by isochronous
mercury plating method. The stripping potential peak for lead was —0.46 v (vs
SCE); and the LOD was 0.7 ng/mL [411]. Cu(Il), Sb(IlI), Bi(Ill) and Pb(II)
were cathodically deposited to a hanging Hg drop electrode (HMDE) from a 1.0
M HCI medium in a flow cell followed by quantification by differential pulse
anodic stripping voltammetry in a malonic acid/HCl stripping medium,
obtaining LOD at the level of 10° M [412]. A very sensitive Cathodic Stripping
Voltammetry method for the determination of lead with adsorptive collection of
complexes with alcein Blue(8-(N,N-bis(carboxymethyl)aminomethyl)-4-
methylumbelliferone onto a hanging mercury drop electrode was developed,
obtaining a LOD of 0.04 nM after 1 min collection [413]. The interference of
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iron can be used for the analysis in situ of lead in water; for this a submersible
probe with a flow-through cell and a Hg film or a Hg drop electrode was used.
The simultaneous determination of Cu, Pb, Cd and Zn is possible in oxygenated
waters [414]. On the other hand, the voltammetric techniques (differential pulse
polarography, anodic stripping voltammetry, and differential pulse anodic
stripping voltammetry) can distinguish between dissolved and particulate lead
(II) concentrations. The presence of colloids of FeOOH,MnQ, and 8i0O, have no
effect on the electrochemistry reversibility of the Pb(IT) redox system [415].

Potentiometry can be used in portable instruments for copper(Il) and
lead(Il) determination. To perform this determination, water samples of 400 uL
were added to 200 L of matrix modifying solution consisting of HC1,CaCl,,
Hg(II), ethanol, Triton X-100 and Bi(IIl) as internal standard. The lead is
determined in the range 1-50 pg/L in 3 minutes [415].

6. QUALITY CONTROL AND REFERENCE MATERIALS FOR LEAD
ANALYSIS

Quality control can be defined as the specific set of activities intended to
examine both the analytical process and its results in terms of quality.
Controlling quality in this respect entails continuously checking laboratory
organization, equipment, reagents and the sample custody chain, among others,
which lead to statistical control and to achieving the accuracy demanded from
the measurement process. Equipment calibration, blank analyses, the use of
suitable reference materials and skilled personnel, and close surveillance of
every operation by the person in charge of the work team are typical
components of quality control schemes. Statistical control (checking for
measurement reproducibility) is the primary prerequisite, even above accuracy.
In fact, irreproducible measurements can hardly be accurate. The International
Organisation for Standardisation (ISO) defines accuracy as “The closeness of
the agreement between the test results and the accepted reference value” [416].

To check the accuracy of an analysis, three alternatives are possible: 1)
comparison of the results with results obtained by a different method, 2)
comparison with other laboratories, and 3) the use of reference materials with
known concentrations of the analyte.

A Refererence Material (RM) is defined as: “A material or substance of
one or more properties which are sufficiently homogeneous and well established
to be used for the calibration of an apparatus, the assessment of a measurement
method, or for assigning values to materials” [417].

A Certified Reference Material (CRM) is defined as “A reference material
accompanied by a certificate one or more of whose property values are certified
by a procedure which establishes traceability to an accurate realisation of the
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unit in which the property values are expressed, and for which each certified
value is accompanied by an uncertainty at a stated level of confidence” [418].

The use of CRMs is the easiest way to achieve accuracy. Certified
reference materials of good suppliers link the user’s results to those of the
international scientific community. Additionally, they enable the user to verify
his performance at any desired moment.

For lead determination, different reference materials for different matrices
and with different concentration levels are available. These reference materials
are supplied by different organizations such as: Bureau Communitarie de
Reference (BCR); the International Atomic Energy Agency (IAEA); the
Laboratory of the Government Chemist (LGC); the National Institute of
Standards and Technology (NIST), etc. It is possible to look for these reference
materials in the “Virtual Institute of Reference Materials” (VIRM) [419]. The
central mission of this Virtual Institute is to be a knowledge network and a
facility to encourage the interaction between all stakeholders in the field of
reference materials (certified reference materials, quality control materials) for
analysis. VIRM is a non-profit organization registered in Luxembourg. Tables 8-
12 give a list of the reference materials with the concentration levels and the
corresponding provider (first column), for environmental, biological and clinical
matrices.

Another possible way to control the accuracy of the results is by
participation in Intercomparison Programs of Quality Control. These programs
are normally organized by the same organizations that produce the reference
materials, and it is possible to find a great variety of programs for the different
matrices of environmental materials or for biological samples.
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Table 8

Reference materials for lead in biological samples

RM-Code Analyte Matrix Value

AMI B1701 Pb, lead Trace metals in human blood 0.28 pmol/L, certified

AMI B1702 Pb, lead Trace metals in human blood 0.97 umol/L, certified

AMI B1703 Pb, lead Trace metals in human blood 2.30 umol/L, certified

BCR-194 Pb, lead Bovine blood 126 pg/L, certified

BCR-195 Pb, lead Bovine blood 416 pg/L, certified

BCR-196 Pb,lead  |Bovine blood 772 ug/L, certified

ERM-CE194 |Pb, lead Bovine blood 126 ug/L, certified

ERM-CE195 |[Pb, lead Bovine blood 416 ug/L, certified

ERM-CE196 |Pb, lead Bovine blood 772 pg/L, certified

Table 9

Reference materials for lead in plants and animals

RM-Code Analyte Matrix Value

BCR-060 Pb, lead | Aquatic plant 63.8 mg/kg, certified

BCR-061 Pb, lead Aquatic plant 64.4 mg/kg, certified

BCR-670 Pb, lead Lemna minor ,aquatic plant 2.06 mg/kg, non-certified

BCR-278 Pb, lead Mussel tissue 2.00 mg/kg, certified

ERM-CE278 | Pb, lead Mussel tissue 2.00 mg/kg, certified

Table 10

Reference materials for lead in sediments

RM-Code Analyte Matrix Value

BCR-320 Pb, extractable River sediment 30 mg/kg, non-certified

BCR-320 Pb, total River sediment 42.3 mg/kg, certified

BCR-667 Pb Estuarine sediment [31.9 mg/kg, non
certified

BCR-701 Pb, extraction step 1 Lake sediment 3.18 mg/kg, certified

BCR-701 Pb, extraction step 2 Lake sediment 126 mg/kg, certified

BCR-701 Pb, extraction step 3 Lake sediment 9.3 mg/kg, certified

CRMU008-050 Pb Soil/sediment 95.3 mg/kg, certified

CRMO015-050 Pb Sediment 15 mg/kg, certified

CRM016-050 Pb Sediment 14.1 mg/kg, certified

LGC6137 Pb, extractable Estuarine sediment | 73.0 mg/kg, certified

LCG6139 Pb River clay sediment | 176mg/kg, non certified

LCG6139 Pb, extractable River clay sediment | 160 mg/kg non certified

LGC6156 Pb Harbour sediment 1685 mgkeg non
certified

LGC6187 Pb River sediment 77.2 mg/kg, certified

METRANAL 1 |Pb, extractable River sediment 824 mgkg, non
certified

METRANAL 1 |Pb, total River sediment 932 mgkg, non
certified

RM9 Pb Sediment 25-300 mg/kg, non

certified
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Table 11
Reference materials for lead in soils
RM-Code Analyte Matrix Value
BCR-141R Pb, aqua regia soluble Calcareous  loam | 51.3 mg/kg, certified
soil
BCR-141R Pb, total Calcareous loam|57.2 mg/kg, certified
soil
BCR-142R Pb, aqua regia soluble Light sandy soil | 25.7 mg/kg, certified
BCR-142R Pb, total Light sandy soil | 40.2 mg/kg, certified
BCR-143R Pb, aqua regia soluble Sewage sludge | 174 mg/kg, certified
amended soil
BCR-143R Pb, total Sewage sludge 179.7 mg/kg,
amended soil certified
BCR-483 Pb, extracable acetic acid | Sewage sludge | 2.1 mg/kg, certified
amended soil
BCR-483 Pb,extractable EDTA Sewage sludge 229 mg/kg, certified
amended soil
BCR-484 Pb, extractable, acetic acid | Sewage sludge 1.17 mg/kg, certified
amended soil
BCR-484 Pb, extractable, EDTA Sewage shudge | 47.9 mg/kg, certified
amended soil
BCR-690 Pb Calcareous soil 181 mg/kg, non
certified
BCR-700 Pb, extractable acetic acid | Organic-rich soil | 4.85 mg/kg, certified
BCR-700 Pb, extractable EDTA QOrganic-rich soil | 103 mg/kg, certified
BRM#01 Pb(DIN ISO11466 | Soil 340 mg/kg, non
extractable) certified
BRM#02 Pb(DIN 18011466 | Soil 353 mg/kg, non
extractable) certified
BRM#03 Pb(DIN 1S011466 | Soil 1000mg/kg, non certified
extractable)
CRMO005-50 Pb Soil 89.2 mg/kg, certified
CRM008-050 Pb Soil/sediment 95.3 mg/kg, certified
CRM020-050 Pb Soil 5110 mg/kg, certified
CRM021-100 Pb Soil 145000 mg/kg, non
certified
CRMO022-030 Pb Soil 415 mg/kg, certified
CRMO023-050 Pb Soil 214 mg/kg, certified
CRM(24-050 Pb Soil 15.7 mg/kg, certified
CRM(25-050 Pb Soil 1450 mg/kg, certified
CRM026-050 Pb Soil 25.6 mg/kg, certified
CRM027-050 Pb Soil 51.9mg/kg, certified
CRMO028-050 Pb Soil 10.4 mg/kg, certified
CRM030-050 Pb Soil 7.13 mg/kg, certified
CRM033-050 Pb Soil 60.0 mg/kg, certified
CRM036-050 Pb Soil 132 mg/kg, certified
CRM037-050 Pb Soil 118 mg/kg, certified
CRM038-050 Pb Soil 128 mg/kg, certified
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CRM039-050 Pb Soil 178 mg/kg, certified
CRM040-050 Pb Soil 120 mg/kg, certified
CRM042-050 Pb Soil 182 mg/kg, certified
CRM043-050 Pb Soil 150 mg/kg, certified
CRM044-050 Pb Soil 75.9 mg/kg, certified
CRM045-050 Pb Soil 42.8 mg/kg, certified
CRMU046-050 Pb Soil 45.3 mg/kg, certified
CRM202-225 Pb Superfund soil 48.5 mg/L, certified
CRM204-225 Pb Superfund soil 4,51 mg/L, certified
CRM206-225 Pb Superfund soil 2.16 mg/L, certified
CRM207-225 Pb Superfund soil 2.76 mg/L, certified
CRM208-225 Pb Soil 2.14 mg/L, certified
CRM209-225 Pb Soil 61.4 mg/L, certified
CRM210-225 Pb Soil 133 mg/L, certified
CRM211-225 Pb Soil 1.48 mg/L, certified
CRM212-225 Pb Soil 0.06 mg/L, non certified
CRM213-225 Pb Soil 4.9 mg/L, certified
CRM214-225 Pb Soil 0,32 mg/L, certified
CRM215-225 Pb Soil 1.93 mg/L, certified
CRM216-225 Pb Soil 0,624 mg/L, certified
CRM217-225 Pb Soil 1.75 mg/L, certified
CRM218-225 Pb Soil 3.92 mg/L, certified
CRM219-225 Pb Soil 0,786 mg/L, certified
CRM221-225 Pb Sail 1.55 mg/L, certified
CZ 7001 Pb, extractable Light sandy soil  |24.1 pg/g, certified
CZ 7001 Pb, total Light sandy soil  143.8 ug/g, certified
CZ 7002 Pb, extractable Light sandy soil 35.5 pg/g, certified
CZ 7002 Pb, total Light sandy soil | 58.9 ug/g, certified
CZ 7003 Pb, extractable Clay loam soil 25.2 pg/g, certified
CZ 7003 Pb, total Clay loam soil 33.5 pglg, certified
CZ 7004 Pb, extractable Soil 83.1 pg/g, certified
CZ 7004 Pb, total Soil 93.4 pg/g, certified
ERM-CC690 Pb Calcareous soil 181 mg/kg, non certif
LGC6135 Pb Brick works soil | 411 mg/kg, certified
LGC6135 Pb, leachable Brick works soil | 391 mg/kg, certified
LGC6138 Pb Coal-carbonisa- | 490 mg/kg, non

tion site soil certified
LGC6141 Pb Soil contamina- | 75.8 mg/kg, non

ted with | certified

clinker/ash
LGC6144 Pb Gas works-con- 196 mg/kg, non

taminated soil certified
LGCQC3003 Pb Contaminated soil | 76 mg/kg, certified

1
VKI-Loam Soil A |Pb Loam soil 31.4 mg/kg, certified
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Table 12

Reference materials for lead in waters

RM-Code Analyte | Matrix Value

BCR-403 Pb, lead |Seawater 0.117 nmol/kg, certified
BCR-609 Pb, lead | Ground water 1.63 pg/kg certified
BCR-610 Pb, lead |Ground water 7.78 pg/kg, certified
CRMO002-100 | Pb, lead | Water waste 5 mg/kg, non certified
LGC6010 Pb, lead |Hard drinking water 95 ug/L, certified
LGC6016 Pb, lead |Estuarine water 196 ug/kg, certified
LGC6017 Pb, lead |Rainwater-roof run-off 1 pg/L, certified
LGC6019 Pb, lead |River water-river Thames 5.2 pg/L, certified
LGC6021 Pb, lead | Soft drinking water 23.7 pg/L,certified

RM3A Pb, lead |Clear water 5-95 ug/L, non certified
RM3B Pb, lead | Waste water 10-3000 pg/L, noncertified
RMS51 Pb, lead | Waste water 1.1-13 pg/kg, non certified
RM7 Pb, lead |Saline water 4-9 ng/L, noncertified
VKI-LL1 Pb, lead |Waste water 10.02 pg/L, certified
VKI-LL2 Pb, lead |Recipient water 20.3 pg/L, certified
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7. SPECIATION OF LEAD

7.1. General aspects
The term “speciation” is defined by the International Union for Pure and
Applied Chemistry (IUPAC) as follows [420]:

Chemical Species. Chemical element: Specific form of an element defined as to
isotopic composition, electronic or oxidation state, and/or complex or molecular
structure.

Speciation analysis. Analytical Chemistry: analytical activities of identifying
and/or measuring the quantities of one or more individual chemical species in a
sample.

Speciation of an element: Speciation. Distribution of an element amongst
defined chemical species in a system.

Fractionation. Process of classification of an analyte or a group of analytes from
a certain sample according to physical (e.g. size, solubility) or chemical (e.g.
bonding reactivity) properties.

It is not always possible to determine the concentrations of the different
chemical species that add up to the total concentration of an element in a given
matrix. Often, chemical species present in a sample are not stable enough to be
determined as such. During the measurement procedure, the partitioning of the
element among its species may be changed. Moreover, the large number of
individual species makes it impossible to determine the exact speciation. The
aim therefore is to identify various classes of the elemental species.

Lead species
The most important group of species is the organolead compounds

(R,PbX), which are quite toxic. The more substituted the organic chain the
higher the toxicity. Organolead compounds are very labile and easy
transformations take place between them. In the environment, the tetraalkyllead
compounds (TAL) are degraded by sunlight and atmospheric constituents (such
as ozone and the hydroxyl radical) into trialkyllead ions [421-423], whereas in
biological systems dealkylation occurs through reactions with thiol groups in
proteins and enzymes [424,425]. Further conversion finally yields inorganic lead
via dialkyllead intermediates [421,426]. Methylated lead species are less toxic
than the corresponding ethylated compounds, but are more stable, volatile and
have longer half-lives [421-426].While the major source of TAL in the
environment is due to vehicular exhaust fumes, there are indications that lead
can be methylated by biologically mediated mechanisms [427-430], but due to
the reportedly low efficiency of such processes, the natural background level of
methyllead species is insignificant. Nevertheless, such observations illustrate the
bioavailability of lead in the environment, and the need to be able to monitor
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individual alkyllead species in order to study the chemical cycles of such
compounds and assess exposure risks.

7.2. Sampling, storage and pretreatment

The various types of samples have different requirements regarding
sampling, storage and pretreatment procedures, and hence will be treated
separately.

7.2.1. Environmental samples

For total lead determination in water samples, it is normal to acidify the
sample in order to prevent losses by adsorption on the walls of the sample
vessel. However, acidification changes the physicochemical distribution of lead
species and must be not used prior to speciation. The sample should be analyzed
immediately, or must be stored in previously cleaned teflon or polyethylene
containers. Using properly cleaned containers, unacidified natural water samples
may be stored at 4°C, in the dark, for up to 3 months without any measurable
changes in the distribution of lead species [431-434].

An unresolved question is whether or not the water sample must be
filtered. If the sample is not filtered, changes in the distribution of lead can occur
due to adsorption and desorption processes at particle surfaces; moreover the
risk of sampling error is increased, due to inhomogeneity in the distribution of
particles in the water column. The filtration may introduce errors; variable
concentration values might be obtained if some lead is initially associated with
colloids in the sample and lead species in solution can be retained by colloids
and particles trapped on the filter. To avoid changes during filtration, the use of
bubbling nitrogen through the sample solution in the filter holder unit has been
recommended [435]. To avoid rupture of phytoplankton, which could lead to
elevated trace metal concentrations, the pressure difference across the filter
should not exceed 26 KPa and a slight nitrogen overpressure is advantageous for
filtering, which minimizes overloading and maintains the redox conditions in the
sample.

Humic and fulvic acids are the predominant organic constituents present
in river water. Metals, including lead, interact and form humic complexes which
may exist alone or be associated with colloidal or suspended particles. The
presence of humic complexes reduces the metal uptake by organisms and is an
important factor in speciation work. The humic complexes can be separated
using columns of XAD-2 resin or DEAE-Sephadex A-25 anion exchanger. Lead
is desorbed with nitric acid and is determined by a suitable technique, such as
ETAAS or ASV [434,437]. The separation of lead complexes can be performed
at the sample collection site and the columns or filtrates transferred to the
laboratory. This avoids contamination problems and changes in speciation which
could occur if samples had to be stored prior to separation.
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The trialkyllead species are present in natural waters and can be
determined by high performance liquid chromatography (HPLC). Samples must
be stored at 4°C in the dark to avoid photochemical degradation. Due to the low
levels, off-line preconcentration is required. The TAL species may be extracted
from water samples using organic solvent [438]. It is recommended to perform
the extraction in the sample collection bottle since TALSs are adsorbed on vessel
walls, and to add the organic solvent as soon as possible after collection, as
TALs decompose rapidly in aqueous solutions [439]. TALs decompose to
inorganic lead via trialkyllead.

The solid-phase extraction methods (SPE) have been applied to the
sampling of TALs from water samples, the Amberlite IR-120 resin [440] and a
resin containing diethyldithiocarbamate groups [441] have been used to
preconcentrate these compounds.

In the sampling of solid materials, their heterogeneity and the complexity
of interactions with their surroundings (water, air) are important. It is necessary
to minimize alterations in lead speciation resulting from changes in the
environmental conditions of the system. Sub-surface soils and sediment are
isolated from the influence of air and water and these materials must be
protected from the atmosphere during sampling. Although there is not much
information about these materials, the freezing of anoxic sediments has been
shown to cause very little change in the fractionation pattern and may be a
useful storage procedure [442]. Immediate analysis is recommended for surface
soils and sediments as storage may significantly change the distribution of lead
species. However, some form of pretreatment and storage is involved, wet
storage at room temperature, air dried or oven dried, which may affect the
results of speciation. Soil and sediment samples contain interstitial waters which
can be removed by centrifugation, but this procedure is not recommended for
speciation studies, because the interstitial waters contain the most mobile lead
phase in equilibrium with the solid. During centrifugation, active sites freed on
the surface may selectively re-adsorb some of the water-soluble metals resulting
in a change in the speciation [443].

Particulate matter suspended in natural waters or in atmospheric aerosol
can be collected by filtration; the filters must be cleaned previously with acid.

To determine alkyllead species, extraction with organic solvents such as
hexane or benzene is recommended. In recent years, however, Supercritical
Fluid Extraction (SFE) has been developed because it has these advantages: a)
the use of non-aggressive chemicals in extraction, minimising the risk of analyte
decomposition; b) continuous removal of analyte from the extraction cell,
reducing redistribution problems; and c) reduction in the use of organic solvents.
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7.2.2. Biological samples

In comparison to environmental samples the speciation of lead in
biological samples has received little attention, probably due to the limited
amount of material available (blood, biopsy samples), the complexity of the
sample matrices and the analytical difficulties to perform speciation.

In the case of serum samples it is very important to avoid hemolysis
during blood collection and serum separation. This is necessary because 10% of
the lead concentration in the whole blood is situated in the serum, while the
remaining 90% is concentrated in the cells. In the serum, lead seems to elute in
the fraction ascribed to ceruloplasmin and ferritin.

The blood samples used to study the tetralkyl and ionic alkyllead can be
hemolysed by freezing (-20°C) for at least 24 hours, and samples in such
conditions are stable for extended periods [444,445]. On the other hand, other
authors [446] have shown that the concentration of trimethyl and dimethyllead
in blood are stable at 4°C for one week, at —20°C for two months and at —70°C
for one year.

To ensure the stability of the species during transport, a polystyrene box
with dry ice was used, which preserved the species’ integrity for 2 days. The
stability of these organolead compounds has also been investigated in an
aqueous solution [447]. Solutions containing 500 mg/L. of trimethyllead and
triethyllead were stable for 3 months, but UV irradiation produced rapid
decomposition of these lead species. Dimethyl and diethyllead species
decomposed less rapidly under similar conditions.

Urine is a difficult matrix due to its very variable composition and
concentration. The urine sample should be freshly collected to avoid problems
with precipitation and filtered using a 0.45 pum filter [448]. The levels of the
alkyllead species are very low; a preconcentration step using extraction or
derivatization procedures (the same used for alkyllead determination by gas
chromatography) is necessary.

For speciation studies the tissue must be homogenized and afterwards
digested using tetramethylammonium hydroxide (TMAH) [449] or enzymatic
hydrolysis with lipase and protease [450].

7.3. Analytical techniques for lead speciation

To perform lead speciation it is necessary to use an analytical technique
with a good separation capacity and a specific detector for lead, normally an
atomic detector. On the other hand, groups of species can be identified on the
basis of gross behavioral differences and physicochemical properties. Such
speciation schemes are operationally defined, and their limitations should be
clearly understood.
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7.3.1. Electrochemical methods

Electrochemical methods have been employed in the study of the
bioavailability and toxicity of various chemical species of trace metals. The
technique most used is ASV, because the preliminary preconcentration step
provides the lowest detection limits. In order to determine the different chemical
forms of lead in a water sample, ASV must be combined with a speciation
scheme. One example of a speciation scheme is shown in the Table 13 [451]. In
this scheme, the labile fraction (fraction 2) is regarded as bioavailable and in
some cases was highly correlated with metal toxicity. In the case of lead, the
lipid-soluble fraction may also be significant in terms of toxicity, due to the
presence of alkyllead species.

Table 13
Speciation scheme for lead in natural water samples using ASV
Subsample |Pretreatment Physicochemical form
| Add HNO; to 0.05M+0.1%H,0,.UV for 8 h|Total
adjust pH to 4.7 with acetate buffer
2 For fresh waters, buffer with 0.025M acetate to | ASV-labile
pH 4.7.Seawater untreated
3 UV in presence of 0.1%H>0; at natural pH Organically bound
(by difference 3-2)
4 Pass through ion exchange column containing | Very strongly bound
chelex 100 resin
5 Extract  with  hexane-20%butanol.Retain | Lipid-soluble
agqueous phase and treat as in 1 (by difference 1-5)

Other speciation schemes can be used to study the different species in
soils and sediments. The procedures proposed by Tessier [452] and by the BCR
[453] allow the study of lead associated in the different fractions of the soil and
sediment. To determine lead in the different fractions, it is possible to use
electrochemical methods or atomic spectroscopy methods.

7.3.2. Chromatography—spectroscopic methods

High performance liquid chromatography (HPLC) has a number of
advantages for lead speciation studies, e.g., minimal preparation of the liquid
samples and separation at ambient or slightly elevated temperatures avoiding
thermal decomposition risks for unstable species; non-volatile and inorganic
lead compounds can be separated by HPLC; a large variety of stationary phases
are available and ion-exchange, normal and reverse phases, as well as gel
permeation chromatography allow the separation of ions, organometallics of low
and high molecular mass as well as metal-protein compounds.
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It is possible to use spectrophotometry as a detector, but a post-column
chemical reactor is required. The trialkyllead species were determined at 515 nm
in HPLC effluent after decomposition into dialkyllead by iodine and formation
of 4-(2-pyridylazo)resorcinol, PAR complexes [454]. For application to urine
[455] and natural water [456] a preliminary, off-line, solid-phase enrichment
was necessary together with an on-line pre-column concentration step. These
procedures are necessary, since detection limits are in the ng range, and the
sample must be cleaned to eliminate potentially interfering concomitants which
also form PAR complexes.

More common is the use of atomic detectors, such as FAAS, ETAAS,
HG-AAS and ICP-AES. Direct coupling of HPLC to detectors using either
FAAS or ICP-AES is fairly straightforward due to the continuous flow of both
systems. However the sensitivities of these detectors, particularly the flame are
not sufficient for lead speciation in most sample types of interest. The difficulty
in coupling HPLC to FAAS is the balance of optimal flow rates between HPLC
and FAAS. The common flow rate for HPLC is 1-1.5 mL/min, but that of FAAS
is much higher. An additional solvent can be introduced into the nebulizer at the
end of the HPLC column, but this produces sample dilution. Another possibility
is to attach a Teflon funnel to the nebulizer or to introduce a small T-piece into
the transfer line. Another disadvantage of this coupling is the efficiency of
sample introduction; only around 5% of the sample could be introduced into the
flame. Another problem is that the dispersion is not only in the HPLC column
but also in the interface tube and FAAS detector, which decreases the sensitivity
and resolution. The system HPLC-FAAS has been used in the lead speciation
using a pBondapak C18 [457], and a Chelex 100 [458] as the chromatographic
column, obtaining LODs of 10 ng and 0.17 ppb, respectively.

In order to increase the sensitivity of the flame, the use of the hydride
generation has been proposed. After HPLC separation, the eluent is introduced
into the hydride generator and mixed first with HCI, then with 1-5%NaBH,
solution. The gaseous hydrides formed in the reaction coil are separated in a gas-
liquid separator, introduced by inert gas flow into the heated quartz absorption
cell and detected by AAS.

The use of ETAAS is desirable to increase the sensitivity, but this
technique presents the problem of the discrete sampling mode of ETAAS.
Normally, a fraction collector is used to assemble discrete samples of column
effluent (50-500 pL) prior to subsequent ETAAS determination [459]. This
system has been used to study the inorganic lead species in urine [460]. Another
possibility is that the HPLC eluent can be continuously passed through a small
volume with aliquots being withdrawn and injected into the graphite tube
periodically [461]. The major limitation of this approach is that only well-
separated species can be distinguished. The use of a thermospray interface
allows the continuous introduction of the mobile phase of the HPLC and this
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system can be used for lead speciation, although a limitation is the relatively low
(0.2 mL(min maximum)) effluent flow rate. Organolead compounds in the
concentration range 0.25-8 mg/L were selectively determined in the presence of
inorganic lead by FI-HG-ETAAS [462], a carrier stream containing HC] and
EDTA suppressed the inorganic lead signal for concentrations up to 10 mg/L.

Quartz T-tube atomic absorption spectrometry (QTAAS) has been used as
an ijonic alkyllead specific detector for HPLC using a thermospray-
microatomizer interface [463]. This system has been used to study alkyllead
species in water, soil and sediments. The effluent was introduced via a fused
silica capillary transfer line through a heated (700-1000°C) side arm on the stem
of the quartz tube atomizer and burned in the presence of oxygen. In another
paper the ionic alkyllead species were converted into their volatile
tetralkylderivatives using post-column ethylation [464]; these derivatives were
then transferred to an electrically heated QT atomizer. The use of a post column
reactor to obtain volatile lead derivatives and a quartz T-tube is a better method
than coupling the HPLC to AAS detectors. The expansion problem during
heating to atomization temperatures is avoided. The use of the quartz T-tube is
preferable to a graphite tube due to the longer optical path length, because this
produces a higher sensitivity.

The introduction of Inductively Coupled Plasma-Mass Spectrometry
(ICP-MS) has presented new possibilities for element specific HPLC detection.
The system HPLC-ICP-MS offers an unmatched performance for the detection
and determination of non-volatile metallospecies. An important advantage of
this coupling is the compatibility of the chromatographic effluent flow rate and
the liquid flow rate required for stable pneumatic nebulization; interfacing of the
two techniques is straightforward as the interface is very simple: a piece of
narrow bore tubing connects the outlet of the LC column with the liquid flow
inlet of a pneumatic nebulizer. Post-column addition of an internal reference
element allows correction for changes in plasma conditions and other
fluctuations in sensitivity. Nevertheless, some problems can occur due to the
introduction of the mobile phases into the ICP [465,466]. The mobile phases
generally use organic solvents, salts in buffer solutions and ion-pairing reagents.
ICP-MS tolerates lower concentrations of organic solvents than ICP-AES. The
buffer concentration used in exchange chromatography (usually > 0.1 M) causes
signal suppression or enhancement and can cause blockage of the nebulizer and
the sampling cone as well as erosion of the sampling cone and the skimmer
[466]. High amounts of organic solvents decrease plasma stability (even leading
to plasma extinction) and deposition of carbon on the torch. Water-cooled spray
chambers and introduction systems equipped with a desolvation unit are
therefore used to reduce the amount of solvent introduced into the plasma. A
limitation of the coupling HPLC-ICP-MS is the low analyte transport efficiency
to the plasma (>5%) which is inherent to pneumatic nebulization. This can be
improved using other nebulizers such as the ultrasonic nebulizer on the direct
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injection nebulizer (DIN) [467]; this is a microconcentric pneumatic nebulizer
positioned inside the central tube of the ICP torch. The DIN interface presents a
low dead volume, short wash-out times and no memory effects; peak broadening
can be minimized and transport efficiency can approach 100% with mobile
phase flow rates up to 0.1 mL/min. HPLC-ICP-MS has been used to study
inorganic, trimethyl and triethyllead with absolute LOD in the range of 25-87 pg
[468]. Using the DIN nebulizer for the same three lead forms, a LOD of about
0.2 pg has been obtained in urine [469]. Size exclusion HPLC-ICP-MS has been
applied to study the speciation of lead in wine samples, observing that the lead is
bonded to a major biomolecule of about 10 Kda [470] present in all wine
samples and one to three minor compounds which do not depend on the wine
sample.

Another coupling used in lead speciation studies is HPLC and laser
enhanced ionization (LEI) spectrometry [471]. A pair of dye lasers induced two-
step photoexcitation of the lead atoms produced in an air-acetylene flame prior
to collisional ionization; applying a potential across electrodes in the flame the
current resulting from the lead ions is measured. This coupling has been used to
study the lead species in Reference Material NIST SRM 1566a Oyster Tissue;
the triethyllead was the species detected, the absolute LOD obtained was 20 pg.
This LOD is poorer than for HPLC-DIN-ICP-MS. For this reason and due to the
high cost of this instrumentation, this HPLC-LEI coupling has been infrequently
used.

The coupling of gas chromatography (GC) with atomic detectors is a
powerful instrumentation used in speciation analysis and this hyphenated
technique has been extensively used in recent years. The principal advantage
over HPLC is that the gas stream emerging from the column can be introduced
to flame AAS avoiding the problems associated with the overall insensitivity of
the flame. If the gas emerging from the GC column can be introduced directly
into the flame by passing the nebulizer, an increase in sensitivity is obtained.
The main disadvantage of this GC-FAAS technique is that many of the
organometallic compounds of interest are non-volatile and therefore must be
derivatized prior to GC determination. The samples must also be thermally
stable and not break down at the oven temperature used in GC. The transfer
lines between both instruments must be heated in order to prevent analyte
condensation.

Packed and capillary columns have been used for the separation of
organic lead species by GC, the capillary columns being more popular because
they provide much better resolution. The atomic absorption detectors used were
the QT-AAS [471], and ETAAS [472], and a variety of simple interfaces have
been described. Detection limits obtained by GC-AAS for organolead species
vary widely depending of the type of atomizer used and the nature of the
column. To obtain better detection limits, it is recommended to use: a) capillary
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columns, because these provide higher resolution; and b) an atomizer of the
quartz tube type which generally results in higher sensitivity than graphite tube
systems due to the greater cell lengths.

Emission detectors have the principal advantage of their multielemental
character, and the most used were the coupling GC-MIP-AES [473-481] and
GC-ICP-MS [482]. GC is advantageous for coupling to MIP-AES. Firsly, the
analytes can be introduced quantitatively into the plasma in gaseous form and no
nebulization and drying is necessary. Secondly, GC separation can use He as the
carrier gas, and this gas is ideal for helium MIPs. The interface is a simple
heated transfer line with low dead volume. Some applications of the GC-MIP-
AES system were the study of organolead compounds in snow samples using
propylation with sodium tetrapropylborate derivatization [483], the
determination of organolead compounds in tap water and peat with in situ
butylation with tetrabutykammonium tetra-butylborate for derivatization [484],
the study of organolead compounds in gasoline using multicapillary GC [485]
and the study of the alkyllead contamination in wines [481]. Coupling GC-ICP-
MS has been applied [482] for Hg, Pb and Sn speciation. For lead speciation in
atmospheric particulate matter, butylation was selected for derivatization after
the extraction of the different organolead compounds into hexane using DDTC.
Detection limits in the low fg range were obtained for trimethyl, dimethyl, tri-
ethyl and diethyllead. The measurement of lead isotope ratios on the
chromatographic peaks could be used to asses lead sources.

Mass spectrometry, MS, has been used as a detector for GC. The system
GC-MS is commercially available and permits determination of the exact
identity of the detected species, being useful in confirming the structure of
derivatized lead compounds [472]. The use of isotope dilution MS also
facilitates the monitoring and corrections for potential decomposition of lead
species during either the sample collection step or the subsequent analytical
procedure [486]. GC-MS has been applied for the detection of atmospheric
TALS collected on a solid sorbent consisting of a mixture of Tenax and Porapak
[487], to the determination of trimethyllead in urban dust [488], and for the ionic
alkyllead compounds in rainwater [489]. ‘

In recent years, supercritical fluid chromatography (SFC) has grown in
popularity as an alternative separation technique to HPLC and GC. SFC is a
hybrid technique of HPLC and GC, combining some of the best features of each,
i.e., the high diffusion coefficient of GC with the solubility properties of HPLC.
Thermally labile, non-volatile and high mass molecular compounds (compounds
difficult to separate by GC) can easily be separated by SFC. SFC is faster than
HPLC due to the lower viscosity of the mobile phase and high diffusion
coefficients of the analyte. The most common mobile phase is CO, to which a
variety of modifiers can be added to optimize the solvating strength for the
species. The analyte species are chromatographed with the mobile phase in the
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supercritical state (7 MPa, 40°C for CO,). The most common coupling is SFC-
ICP-MS. The mobile phase changes from the supercritical fluid to the gaseous
state before entering the plasma. The decompression is accomplished in an
interface by implementing a restrictor connected to the end of the analytical
column. Nebulizer and spray chamber can be eliminated. The application of
SFC-ICP-MS to speciation studies has recently been revised [490]. The number
of applications has been limited due to the popularity and the wide availability
of detailed information on HPLC and GC separations. Moreover, the most
common mobile phase, CO,, is not ideal for most organometallic compounds.
Elution problems and high interaction with the stationary phase are problems
related in terms of polarities of the mobile phase and analyte compounds.
Organic modifiers or formation of nonpolar metal complexes from polar
organometallic compounds has been used to solve these problems. SFC-ICP-MS
in single-ion monitoring mode has been used for lead speciation, obtaining a
LOD in the range of 0.5 to 10 pg (as lead) [491], and further application to

environmental samples is to be expected in the near future.
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