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CHAPTER 7
The Second Honeymoon

Some Modern Uses of Lead
There was a little man, and he had a little gun
And his bullets were made of lead, lead, lead

He went to the brook and saw a little duck
And shot it through the head, head, head

Part I: Modern Leaded Consumer Products

Although lead production decreased after the collapse of the Roman empire lead was again discovered.
It was found to be a useful material, and its consumption increased (Smith, 1986).  Many of the same
applications that the Romans had for lead recurred in modern times: glasses, glazes, pigments and

paints, bronzes.  This chapter explores some of the other “common” and “industrial” modern applications of lead that
have brought modern humans into contact with lead.

The range of topics will include  common leaded products (wine bottle seals, white metals, tin cans, batteries,
gasoline, lubricants, plastics stabilizers, Superman, primers and fireworks), chemistry associated with those products,
and then specialized industrial applications (methane conversion catalysts, and  miscellaneous chemical catalysts).

White Metals

White metal is any alloy that has a low melting
point and contains tin, lead, or antimony as the chief
component. Type metal, Babbitt, pewter, and Britannia
metal are white metals.  

 Pewter

Up to fairly recent times, wood platters were
commonly used by peasants and artisans for plates,
while silver was limited to Royal houses.  Pewter filled
the gap between these two social extremes.   It shone
with the brilliance of silver and could be prominently
displayed.  It did not break, and it could be stamped
with the owners’ initials.

Romans manufactured pewter with 50% Sn
and 50% Pb content. Biringuccio (born 1480) had a
low opinion of pewter.  He wrote in his text
Pyrotechnia (Smith and Gnudi, 1990):

Pewterers say that tin should be joined in alloy with
lead and that it is better for working when it contains
four or six pounds to the hundred because it makes it

softer to the hammer and more fluid in casting.  But I
do not like to hear this, even if all they say is true, for
I see that the tin that comes from England, when
worked as well as in cakes that show it to be pure, is
much more beautiful and better in all works than is
that made in Venice.  And I believe that it is not better
for any work when mixed than when pure, except for
the advantage of the master who, if does nothing else,
sells lead that is worth little for tin that is worth much.
I find that when mixed it serves in only two things.  One
is when it is wished to make a solder for copper, for
use when it is not worth while to solder the bottoms
and large pieces of vessels with low-grade silver as
should be done.  The other is when master potters
calcine it in order to make glazes and to apply white to
their vases.  I consider lead to be useless in all other
works of any kind of metal, since it unite with none of
the other metals of good company except tin.  

Pewter  in England was graded by the lead
content, which was regulated by the Worshipful
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Figure 7.2.  Image of pewter grading from Colonial America. From A History of American Pewter by C. F.
Montgomery, E. P. Dutton, N. Y., 1978.  Print is by Pierre August Salmon in his L’Art du Potier d”Etain, 1788. 
Winterthur Libraries.

Figure 7.1.  Two grades of pewter.  The salt cellar to
the right is approximately mid 1800s and contains more
lead which imparts the darker color.  (Author).

Company of Pewterers, a guild given its royal charter
by King Edward IV in 1473 (Montgomery, 1978, p.
28).  The Guild was granted the power to search and
seize inferior material.  

Hard metal was the best and most closely
mimicked silver.  It consisted of tin with no or minimal
lead.  Sometimes Bi was added, since Bi expands on
cooling, giving a sharp casting.  Hard metal was
marked with a crowned X.  It is also distinguished by
cold working or hammering to strengthen the surface.
Precise hammering could be used to create detail on
pewter.   A lower grade of pewter was termed trifle
metal, and was used to make ordinary dishes and plates
and ale mugs.  The lowest grade, lay metal, contained
the largest amount of lead (up to 50%).  It was darker
in appearance  and was used for such objects as
chamberpots or oil lamps (Figure 7.1).

The English protected the pewter industry.
The Lords of the Board of Trade prohibited pure tin
exports.  They exacted a tax on unworked pewter, but
not on the finished product. As a result, pewterers
flourished:  “several thousand families were well
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Figure 7.3.  Johann Gutenberg holding his type stamp.

employed and supported, and the Nation considerably
enrich’d by that trade”.  England enjoyed a virtual
monopoly on the trade since its Cornwall tin mines
were the richest in Europe.

Pewter was also a staple of American colonial
life.  The first pewterers arrived from England to serve
apprenticeships with the Worshipful Company.
Because the metal value of the imported English pewter
was 50-70% of the object, pewterers in America could
afford to set up shop on second-hand or recycled
materials (Figure 7.2).  Because it contained recycled
materials, American pewter was overall inferior to
English, until the Guild began to decline.  After the
American Revolution, the crowned X, a high-grade
pewter, was shipped to America.  It consisted of 20%
lead.

Salt-glazed English pottery began to displace
pewter between 1730 and 1750.  There was a big shift
toward Josiah Wedgewood’s creamwares of 1760s.
This particular type of pottery was durable, low cost,
and handsome.  It was given the name of Queen’s ware.
Pewter survived as a luxury material well into
the 1800s in rural America, shown by this
description of a 24 by 18 ft log cabin
(Montgomery, 1978, p. 16):

...in the interior supported on pins driven into
the logs, were our shelves.  Upon these shelves,
my sister displayed in ample order, a host of
pewter plates, basins, and dishes, and spoons,
scoured and bright.  It was none of your new-
fangled pewter made of lead, but the best
London pewter, which our father himself bought
of Townsend, the manufacturer.  These were the
plates upon which you could hold your meat so
as to cut it without slipping or dulling your
knife....

In response to increased competition from
Chinese producers, Britannia ware was
introduced in the late 1700s.  It was harder,
thinner, and lighter in weight than pewter.
Britannia ware was supplanted by silverplating,
which entered commercial use around  1850.

Typecasting

Typecasting illustrates the importance
of lead in human history.  Arguably without lead
there could have been no mass communication
and hence no European Reformation and no
development of democratic traditions.

Typesetting was invented to replace woodcut
printing in early bookmaking. Paper was invented by
the Chinese in about 100 A.D. (see Paper Time line
Appendix J.12).  Bookmaking began in China around
175 A.D. and used wooden print.   Mass production of
printed material, however, began with movable type
based on a simple alphabet.  The Europeans had a
simple alphabet and with the invention of movable type
by Johann Gutenberg (ca. 1398-1468 A.D.) pulp or
popular literature was launched (Figure 7.3(Jennett,
1958, p. 5)).  

Gutenberg was born Johann Gensfleisch in
Mainz between 1394 and 1400 during the time of the
warring two Popes.  Little is known of his early life but
in 1434, according to Strasburg records, he held the
city clerk of Mainz hostage until the city of Mainz paid
an annuity that he claimed.  In 1436, he was sued by
Anna of the Iron Gate for breach of promise.  During
this suit, he called one of Anna’s witnesses, a
shoemaker named Schooteen Lawel, a “miserable
wretch who lived by cheating and lying,”, resulting in
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Figure 7.4.  Image of font pieces: letters are raised and reversed on square blocks which allow for easy
alignment.  (Author)

a slander case.  Gutenberg lost the case (Jennett, 1958,
p. 7).

During 1439, in Strasburg, Gutenberg was
involved in a third lawsuit.  His three partners in a
stone polishing concern bought into a second, secret,
expensive, process.  This involved “mirrors” (perhaps
a reference to a book entitled Speculum Salutis, a
popular religious manuscript), presses, forms, lead, and
a mysterious instrument that would fall into pieces
when two screws were loosened, rendering it
unrecognizable.  It was hidden in the home of one
Andres Dritzehen, who complained that the cost of
financing it - 500 gulden/year - was ruining him.  When
he died, it disappeared, and his brothers sued
Gutenberg for the return of money or share of the
partnership.   The court found in favor of Gutenberg.
By 1444, the terms of the partnership had ended, and
Gutenberg was on his own, soliciting a 150 lb loan
from a kinsman.  This was followed by a 300
gulden/year loan from the moneylender Johann Fust at
6% interest.  By 1454, Fust was suing Gutenberg for
the return of capital with interest (2,026 gulden), a sum
which Gutenberg could not comply.  His printing
materials were seized by Fust, who subsequently
published a 42-line Bible in 1455.  

At this time Gutenberg joins our list of
inventors who were prophets without honor in their
own countries.  Ts’ai Lun (11 A.D.), the Chinese
inventor of paper, was driven to suicide.  Bernard
Palissy (1550-70 A.D.), inventor of French majoilica ,
died in prison.  Bartoleme de Medina (1555), inventor

of the patio process for silver refining,  died in poverty
while the King of Spain was enriched.  Berthold
Schwarz, whom we will meet shortly, also known as
the Powder Monk, adapted gunpowder to the gun and
was executed in 1389.  Although Gutenberg was
pensioned in 1465 by the Archbishop Adolph of Mainz
for his achievements (Winship, 1968) he then
disappeared from history.  He is thought to have died in
poverty around 1467 or 1468.

The movable type that Gutenberg invented
begins with a die or punch that has a raised and
reversed letter.  The letter is hand carved into a hard
metal such as iron.  The punch is struck into a softer
metal like copper, called the strike, which is then
squared off by hand.  The strike contains the indented
image of the letter.  The squared-off strike is clamped
to form the base of a rectangular mold.  Molten lead is
then poured into the mold to produce a raised reversed
image of the letter on a pre -sized rectangular block,
which allows the letters to be aligned evenly (Figure
7.4).  Not surprisingly, one of the well known
occupational hazards associated with the typefoundry
and typesetting trades was an advanced form of lead
poisoning manifesting itself as wrist dangles (see Chap.
9 for Benjamin Franklin’s comments).

Typesetting metal work used the body of
knowledge about soft metals like pewter that already
existed in large European cities by the middle of the
15th century (Carter, 1969, p. 13).   Christopher
Plantin, a French bookbinder turned printer in ca.
Antwerp 1549, says the cast metal is either lead or tin.
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Figure 7.5  Typefounder at work pouring lead into a mold.

This is possibly a deliberate inaccuracy since alloys and
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Figure 7.7 The last employee of one of the last three typesetters in the U.S.,
2002.  Barco Type Foundry, Bensenville, Il.. He is working the baby of the
machines that is only 100 years old.  (Author).

 not pure metals were used at that time.  Pure lead
matrices can be used to support cast brass large letters,
but in general pure lead is too malleable and pure tin is
too hard to work well on casting.  Plantin’s financial
accounts indicate that he worked in lead and tin, with
antimony and copper.  Often old letters were melted
down to make new one, but  during the melting (Figure
7.5) some of the metal was oxidized to the litharge state
and was lost as dross.  A constant source of new metal
of antimony and tin was required.  

Typesetting metal is of a very similar

composition to Pewter (see
Table F.2), but it has a higher
amount of antimony.  The
antimony makes the metal
more rigid so that the type is
not deformed by pressure.
The amount of antimony is
varied depending on the type
mold.  Linotype requires a
more fluid metal than
monotype.

By the time of
Plantin, a typecaster could
produce up to to 2,000-4,000
characters a day (Lawson,
1971).  The first description of
a typefounder comes from
Vanuucio Biringuccio’s
Pirotechnia, (Venice, ca.
1540). The earliest text on
typesetting is Plantin’s  in
1567 Dialogues francois pour
les ieunes enfans (Antwerp)
(Carter, 1969, p. 5).  This was
followed by James Moxon’s
1683 detailed description of
type making (Mechanick
Exercises on the Whole Art of
Printing) (1) and then by
Simon-Pierre Furnier Le
Jeune’s (le Jeune, 1995).

Plantin’s text is in the
form of a dialog between E
and G:

G. Let us begin with the
letters, since you set
them first.  How are
they made?

E First they make the
punch, a long piece
of steel with whatever
letter is wanted cut
or engraved on the
end.

G. What is the object of that?
E. When it is finished, they strike it in copper

and so make a matrix, which is simply an
impression of the letter that has been struck
in, like the mark made by a seal in sealing
wax.

G. Of what use is the letter struck like that in
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 Figure 7.6.  First known illustration of a printing press.  From James Moran’s Printing Presses: History and
Development from the 15th Century to Modern Time.  University of California Press, 1973

copper?
E. It is useful, because the metal for making

type, lead or tin, is poured into the matrix in
a mold.

G. I understand so much; but I should think it is
very difficult to make the letters exactly alike
in size so that they fit together side by side
accurately.

E That is done by the means of the mold, an
assemblage of several parts, which makes all
the letters alike, being, as they say, of one
font.

G. So the mold may have a matrix at one time for
an A, at another for a B, fitted to it, and
therefore the A and B are made of the same
size?

E. Just so.

Figure 7.6 shows the assembling of letters and
subsequent printing. 

The earliest printers operated as a one man
itinerate shops, carrying with them only the essential
mold.  As type shapes were regularized, so too were the
division of labor and governmental sanctions
concerning it.  By the later 1500s, founding (casting of
type) and printing became separate trades (Hansard,
1825, p.338).  In England, a limit of four type foundries
was set:

In this place, according to order of time, falls in the
mention of a decree of the Court of Starre Chamber,
made 11 July, 1637, by which it is ordered,

That there shall be four founders of letters for
printing, and no more. That the Archbishop of
Canterbury, or the Bishop of London, with six other
high comissioners, shall supply the places of those four
as they shall become void.

That no master-founder shall keep above two
apprentices at one time.

That all journeymen-founders be employed by
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Figure 7.8 United American Metals Company
paperweight advertising Babbitt metals.  (Author)

the masters of the trade, and that idle journeymen be
compelled to work upon pain of imprisonment, and
such other punishment as the Court shall think fit.

That no master-founder of letters shall employ
any other person in any work belong to the casting or
founding of letters than freemen or apprentices to the
trade, save only in pulling off the knots of metal
hanging at the end of the letters when they are first
cast, in which work every master-founder may employ
one boy only, not bound to the trade.

The four founders appointed by this (1637)
decree to serve the whole kingdom were, John
Grismand, Thomas Wright, Arthur Nicholas, and
Alexander Fifield.

The same decree limited the number of master
printers to twenty, equivalent to the number permissible
under Queen Elizabeth I’s reign (1585).  It was
speculated in 1778 (Hansard, 1825, p. 338):

And this number of founders was judged to be
sufficient for the whole kingdom, the same decree
limiting the number of master-frinters to twenty, as
before it had been limited by a decreee of the same
court, made 23 June, 28 Eliz (1585), and framed by
archbishop Whitgift, to avoid the excessive number of
them within the realm; and to repress the great
enormities and abuses which they had committed to the
disturbance of the Church and State.
 

In 1822, Dr. William Church invented the

letter-founding machine, which increased the number
of letters cast from 3,000-7,000 to 12,000-20,000 per
day (Steinberg, 1959, p. 201).

Once letters could be cast in a identical shaft,
then the efficiency of the process was limited by the
composition, or assembling of letters into a strip of
words.  Machines to assemble type were often
proposed.  In 1682, alchemist Johann Joachim Becher
whom we met earlier proposing royal alchemy labs,
suggested one kind of typecasting machine (Steinberg,
1959, p. 204).  

The Linotype was the definitive answer to the
assembling of individual letters.  The Linotype (line of
type) was invented by watchmaker Ottmar
Mergenthaler (1854-99) an American immigrant from
Wurttemberg, Germany.  It consisted of a typewriter
like machine that punched brass keys into a copper
plate, automatically spaced, and then moved the plate
into place for casting of the lead.

The linotype and its successor, the monotype,
were still the predominate means for news printing
until after the 1980s (Figure 7.7).  Lead type was
replaced, not for health but for efficiency reasons, upon
the advent of photo-offsetting and then computers.

Type metal is generally a lead-tin alloy with
antimony.  The antimony, Sb,  is added to increase the
hardness through creation of a eutectic that
progressively modifies the strength of the alloy.  For
example, the hardness (Brinell Number) of pure lead is
3.0, and its tensile strength is 1780 psi.  The addition of
3% antimony increases the hardness to 5.3 Brinell
number and results in a tensile strength of 4700 psi.
Addition of 12% antimony raises these numbers to 7.4
and 7480, respectively (Vinal, 1924).  Monotype is
typically 9% tin, 19% antimony, and 72% lead while
hot type is 14% tin, 24% antimony, and 62% lead.

Babbitt Metal and Lubricants

Babbitt metal (Table B.11, ASTM) are used
for bearings (Figure 7.8).  Babbitt metals bond well
with the substrate metal, maintain oil films on their
surfaces, and reduce friction.  Babbitt metals can
function as thin coatings on a steel base.  Lead is the
major additive to these metals.  When food processing
machines contain Babbitt metals, lead can contaminate
the food.  For example, brasses and other metals are
implicated in lead contamination of wine (Kaufmann,
1998; Rosman et al., 1998; Tahoven, 1998).

Another way in which lead can enter the food
chain is not through the lead containing alloy but in
another use of lead as a lubricant.  Lead is an additive
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Figure 7.9   Lead napthenate breaks bonds between the oxygen and lead to
attach to surface carbon-oxygen bonds on metals.  This allows the long chain to
lie down along the metal surface when a second metal is passed over the first,
reducing friction.

Figure 7.10.  Dutch Boy brand solder.  (Author).

to many processing and machining oils.  A January
1996  U.S. Department of Energy directive established
as a national priority research to remove lead from
lubrication.  What is the chemistry of lead in
lubricants?  

Over the past century,  additives for

lubrication under extreme
pressure (EP) have evolved from
animal fats to lead soaps (lead
n a p h t h e n a t e  a n d  l e a d
dithiocarbamates) (Table I.4)
(Feher and Malone, 1989).
Naphthenate is a made up of a
long fatty chain terminating in an
oxygen functional group.  Two
naphthenate chains bind through
the oxygens to lead.   Under mild
conditions (low temperature and
low pressure),  one of the
naphthenates is lost and lead
attaches to the steel surface via
oxygen impurities there.  (Steel is
an alloy of iron with a controlled
weight percent - under 2% - of
carbon, Si, Mn, and P.) 
Lubrication arises from the long
fatty group that allows two metal
surfaces to move along side each
other.

When, under extreme
pressure, the surface reaches a
high temperature (>250 to 350C)

metallic iron within the steel is oxidized.  Electrons are
transferred to lead (IV) in the naphthenate to form
pockets of soft lead metal on the steel surface.
Lubrication in these conditions occurs because the lead
coating on the steel is malleable and soft (Didziulis,
1995; Didziulis and Fleischauer, 1991).  

7.I.A.4. Solder

Solder is a variation on the  soft metal class of
leaded alloys. Its function is to help join similar or
dissimilar metals (Figure 7.10). 

Solder was well known in ancient China.
Ch’in Shih Huang-ti (Qin Shi Huang), who reigned
221-206 B.C., was buried with a bronze chariot and
horses all made with Sn/Pb welding.   Sn/Pb joints
were used by the Romans in lead plumbing.  The use
of Sn in the solder prevents or limits surface oxidation
as tin is sacrificially oxidized.    This was well known
by the Romans as Plinius reports: “Iungi inter se
plubum nigrium sine albo non test”  (Lead cannot be
jointed to itself without tin.) 

Theophilus (1100 A.D.) describes the
formation of solder:

Chapter 27.  Assembling Windows and Soldering Iron



295

Figure 7.11.  Useful temperatures for solder with different lead compositions.  The data points represent the
temperature of melting (bottom) and of vaporization (upper).  The useful temperature range lies between the two
sets of data as illustrated by the rectangles.  Data derives from ASTM.

Figure 7.12   Phase diagram of lead tin.  Various mixtures and crystal phases are
stable at, for example, 30% tin.  Below ~175 C β Sn, Pb, and Pb4Sn3 coexist. 
Above ~175 C only Pb4Sn3 is stable.  Above ~225 C a liquid forms.  Cycling
temperatures results in redeposition of various phases.

When you have finished
everything in this way, take
some pure tin and mix it with
a fifth part of lead, and in the
above mentioned iron or
wooden mold cast as many
sticks as you want for use in
solder in your work......

Solder reached its
pinnacle of use during the
industrial age.  It has been
particularly used in the
automotive and electronics
industry because of the
material’s variable temperature
applications based on tuning
of the lead/tin content.   Lead
tin ratios can be tuned widely
because both have similar van
der Waals radius (the size of
lead is 200 D and that of Sn is
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Table 7.1: Weekly food for one Sailor
1804, British Navy

Brisket, salt 7lbs
Beer 7 gals, wine mesure
Beef, salt 4 lbs
Pork, salt 2 lbs
Pease 2 pints
Oatmeal 3 pints
Butter 6 ozs
Cheese 12 ozs
Vinegar half a pint
The butter and cheese is however at present
suspended, and sugar and tea or sugar and cocoa are
issued in lieu thereof in a proportion of a pound of
sugar for a pound of butter and a quarter of a pound of
tea or a half a pound of cocoa for a pound of cheese. 

220 D) (Huheey, 1978, p. 232) and electronegativities.
As a consequence the alloy of Pb and Sn should form
a homogeneous solution over a wide concentration
range.    The lead/tin content can be varied to tune the
temperature range of the co-existing solid/liquid melt in
order to tailor the solder to the particular industrial
application (see Figure 7.11 and Table F.3).

Solder is not simply tin/lead alloy; it contains
a small amount of ammonium chloride (NH4Cl).  The
ammonium chloride decomposes to form of
concentrated HCl.   HCl’s purpose is to clean the metal
and  facilitate the soldering process.  Unfortunately, the
presence of the chloride promotes formation of volatile
lead chlorides so that workers in electronics and
radiator repair industries are particularly susceptible to
lead exposure.  

The area of Pb/Sn solder research continued
to be active in 2002.  Because the composition of
Pb/Sn is easily tuned with temperature from pure lead
to a metallic Pb/Sn phase dissolution and
recrystallization occurs with heating of electronic
devices (Figure 7.12)  The result is brittleness and loss
of electrical contact between components in circuit
boards.  Thermo-mechanical stress causes minute phase
changes when various crystals are formed in spatially
distinct locations leading to changes in plastic
deformation and stress/strain relations (Guo and
Conrad, 1996; Plumbridge, 1996; Shen et al., 2001;
Tribula et al., 1989).  Electronics may   eventually be
diverted from municipal waste sites as a result of
concerns over toxic metal disposal.

Tin Cans

Today canned foods are so prevalent (Figure
7.13) that it is hard to imagine that food was not
preserved until rather recently, the end of the 1700s.
Until then, the only forms of food preservation were
pickling, salting and smoking: all methods that kill the
bacteria involved in food spoilage.  

The canning industry began with the
Frenchman Nicholas Appert (1750-1841) whose name
gives us the word apperture.  Appert, apprenticed as a
confectioner,  was interested in extending fruit
preservation the technique to other foods.  After seven
years of experimentation, he submitted his preserved
meats in 1803 to the French Navy Ministry (Thorne,
1986, p. 29).  

The Navy was the driving force new food
preservation methods because scurvy limited the extent
of voyages.  In 1752 James Lind, an English Naval
surgeon, published his Treatise on Scurvy.  By
changing only one variable at a time, he demonstrated
that a lack of fresh fruit and vegetables caused  scurvy.
A typical sailor’s diet in the English navy is shown in
Table 7.1.  This diet was certain to cause scurvy within
six months of the trip’s onset. 

Scurvy is a “modern” disease.  Europeans first
noted the disease when the Portuguese moved out of
the Mediterranean and explored the coast of Africa in
search of gold.  The Mediterranean shipping routes
never lasted longer than 24 days, but these new trips
outside of the familiar sea were longer than any before
experienced.  Vasco da Gama’s expedition to the
Indies, a fleet of four ships, left Portugal in July 1497.
Six months later in January of 1498, they beached in
Southeast Africa to work on their ship hulls.  Da Gama
observed (Carpenter, 1986):

Many of our men fell ill here, their feet and hands
swelling, and their gums growing over their teeth so
that they could not eat.

Thirty men had died.  In April, a small boat approached
and traded oranges with da Gama and his mean.  Six
days later, da Gama noted:

It pleased God in his mercy that...all our sick
recovered their health, for the air of this place is very
good.

On the return voyage, the fleet was becalmed and spend
twelve weeks at sea.  Men again died, and only 7 or 8
were capable of manning the ships:
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Figure 7.13.  Canned food is so prevalent that it has entered the popular culture as art.  Andy
Warhol’s Campbell Soup Can, 1961.  Silkscreen on canvas 35 3/4 x 24 in.  Leo Castelli Gallery,
N.Y..

In another two weeks there would have been no men at
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Figure 7.15: Dimensions in mm.  A. Vent hole in
cap soldered after processing; B: cap for filling
hole; C.  Filling hole with raised rim; D. Ends
soldered to body.  J. J. Moon and E. H. Nicholson,
Food Australia, 1991, 43, 185-187.

Figure 7.14: Tin can with visible solder joints
(Author).

all to navigate the ships....all bonds of discipline had
gone....we addressed vows and petitions to the
Saints....it pleased God in his mercy to send us a wind
which, in the course of six days, carried us within sight
of land...at this we rejoiced as...we hoped to recover
our health there as we had done once before....On
Monday, the 7th of January we again cast anchor off
Mitindy...the Captain-Major sent a man on shore to
bring off a supply of oranges which were much desired
by our sick.

The sickness was a routine part of the shipping trade
that ensued between Portugal and Goa.  Nearly a
century later, in 1579, Thomas Stevens observed the
same ailment as da Gama did.

...by reason of the long navigation, and want of food
and water, they fall into sundry diseases, their gums
wax great, and swell, and they are fain to cut them
away, their legs swell, and all the body becometh sore,
and so benumbed, that they can not stir hand nor foot,
and so they die for weakness, other fall into fluxes and
agues, and die thereby....; yet though we had more than
one hundred and fifty sick, there died not past seven
and twenty; which loss they esteemed not much in
respect of other times.

Christopher Columbus, whose ships were driven by
trade winds, never remained  at sea for longer than 12
weeks and thus never had occasion to a similar disease.
The Spanish-backed Magellan trip west to the Indies
around the bottom of South America did experience the
“explorers’ disease”.  Five ships left Seville in August
1519 and sailed for 15 weeks to reach the Pacific by
going through the straits of Magellan.  The crew
suffered enormously:

Above all other calamities this was the worst: in some
men the gums grew over the teeth, both lowers and
uppers, so that they could not eat in any way and thus
they died of this sickness; nineteen men died and ...25-
30 became sick in the arms, in the legs or other places,
so that few remained healthy.

Magellan’s “fleet” returned to Seville in 1522 with one
ship and only a handful of the original crew.

The disease continued to impede sea travel,
sea exploration, and overland travel, as well as wartime
sieges of towns and efforts to feed prisoners.   In 1602
Father Antonio de la Ascension described the fate of



299

Figure 7.16.   Percent of Food and soft drink cans with lead solder.  Data: Can
Manufacturing Institute, 1992.

passengers arriving in Baja California (Mexico) from
the Phillippines:

every year those who sail from the Philippines to New
Spain [Mexico] and come in sight of the neighborhood
of Cape Mendocino or in that latitude....It is this which
causes the death of almost all those who die on that
route, there being years when hardly a person is left on
the ships to manage the sails...From the latitude of 30o

upward, on those who are going ...to Cape Mendocino,
a very sharp, subtle and cold wind blows...It must
carry with it much pestilence, and if in itself the air is
not bad, it produces with its subtlety and coolness some
corruption of bad humors, especially in persons worn
out and fatigued with the hardships of the navigation.
The first symptom they notice is a pain in the whole
body which makes it so sensitive to touch... After this,
all the body, especially from the waist down, becomes
covered with purple spots larger than great mustard
seeds.  Then from this bad humour some strips or
bands come behind the knee joints, two fingers and
more wide like wales [weals]...These become as hard
as stones, and the legs and thighs become so straight
and stiff with them that they cannot be extended or
drawn up a degree more than the state in which they
were when attached... The sensitiveness of the bodies
of these sick people is so great that.....the best aid
which can be rendered them is not even to touch the

bedclothes....the upper and
lower gums of the mouth in
the inside of the mouth and
outside the teeth, become
swollen to such a size that
neither the teeth nor the
molars can be brought
together.  The teeth become
so loose and without support
that they move while moving
the head....With this they
cannot eat anything but food
in liquid form or drinks,
...they come to be so
weakened in this condition
that their natural vigor fails
them, and they die all of a
sudden, while talking.  Of this
disease die those who come
from China as well as did
more than forty of this fleet,
but Our Lord, Jesus Christ,
was pleased that all passed
away after having confessed

and received extreme unction.

These symptoms are attributable to vitamin C,
niacin, riboflavin, and thiamine deficiency.  These
nutritional deficiencies are aggravated by isolation,
sensory deprivation, and environmental stress.  They
can lead to hallucinations, withdrawal, and
schizophrenia.  In scurvy, humans become anemic and
weak and their gums and teeth rot.  It can be remedied
through diet and food preservation techniques. Vitamin
C is ionic in character and unlike other vitamins is
poorly soluble in the lipid or fats of the body.  It is
therefore rapidly cycled through the aqueous phase of
the body (the blood and urine) and, if not replenished,
is depleted within 6 months.

Scurvy (vitamin C deficiency) prevention
clearly interested the financial backers of explorations:
Appert noted this in his efforts at food preservation.
The Prefect Maritime at Brest was impressed with
Appert’s preserved food:

The broth in bottles was good, the broth with boiled
beef in another bottle very good as well but a little
weak; the beef itself was very edible.  The beans and
green peas, both with and without meat, have all the
freshness and flavour of freshly picked vegetables.

By 1809 Appert had abandoned his
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confectionery business for full time work on
commercializing the canning process.  Appert’s
canning process involved the following steps (Thorne,
1986):

1st In enclosing in bottles the substances to be
preserved.

2nd In corking the bottles with the utmost care;
for it is chiefly on the corking that the success
of the process depends

3rd In submitting the enclosed substances to the
action of boiling water in a water bath for a
greater or less length of time, according to
their nature, and in the manner pointed out
for each several kind of substance

4th In withdrawing the bottles from the water
bath at the time prescribed.

The process had limited application because it
needed corks as well as glass bottles sturdy enough for
corking.  The glass bottle’s aperture size also limited
the types of materials that could be preserved.  As
Pasteur did not identify bacteria for another 50 years
the sterilization effect of Appert’s process was
unknown.   It was thought that the preservative action
was related to the expulsion of air.  

John Hall of the Dartford Iron Works in
England pioneered the use of tinned iron containers
instead of the glass jars that Appert used.  A second
English group to use tinned iron containers was the
firm of Donkin, Hall, and Gamble.  

Tinned iron canisters were cheaper and also
allowed the preservation of larger sized food.  Once the
food was placed into the can the top was soldered.  The
top contained a vent hole (Figures 7.14 and 7.15).  The
entire can was then boiled.  The difficulty with this
process occurred during the sealing of the hot cans.
The sealing often introduced small particles of lead-
rich solder to the food.

Initially canned food was a luxury that
allowed the upper class to eat vegetables during the
winter.  But naval needs drove the technology.  Soon
canning became economical enough to radically change
the diets of the urban poor.  Explorers first used tinned
food during Captain Parry’s 1818 attempt to find the
Northwest Passage.  During Parry’s third voyage in
1824, he was forced to abandon his ship, the Fury, and
its supplies.  When Captain Ross encountered this ship
four years later, he found all of the food perfectly
preserved.

Where the preserved meats and vegetables had been

deposited we found everything entire.  The canisters
had been piled up in two heaps; but though exposed to
all the chances of the climate for four years, they had
not suffered in the slightest degree.  There had been no
water to rust them, and the security of the jointing had
prevented the bears from smelling the contents.  Had
they known what was within, not much of this provision
would have come to our share, and they would have
had more reason than we to be thankful for Mr.
Donkin’s patent.  On examining the contents, they were
not found frozen, nor did the taste of the several
articles appear to have been in the least degree altered.
This was indeed no small satisfaction; and it was not
our luxury but very existence and the prospect of
success which were implicated in this most gratifying
discovery (Ross, 1935).

While there were concerns about the rusting of
the lead in the solder, the presence of tin was assumed
to create a sacrificial electron acceptor in comparison
to lead such that tinned foods should be immune to lead
poisoning.  This was not necessarily true.

One such case of poisoning involved another
North Pole expedition.   The ill-fated voyage of the
Jeannette (an American attempt to join the race) lost
about 2/3 of its crew, with the remainder able to testify
and bring back records.  De Long, the captain who
perished, writes in his journal of an instance of lead
poisoning:

June 1st, 1881: What next?  The doctor informs me this
morning that he is of opinion that several of our party
under his treatment are suffering from lead poisoning.
Newcomb is quite under the weather with severe colic
and Kuehne is about the same. Alexey is complaining
in a similar manner, and our steward is very ill indeed.
The doctor says he is a little disturbed also, and Chipp
has had a sharp touch of it.  No less than six people,
and the sledge party yet to hear from.  Suspicion was
first directed to the water, for as all joints about the
distiller are red leaded to make them tight, we fear that
some of the lead was carried over with the steam and
deposited in the receiver.  This, unfortunately, cannot
be entirely avoided, though it may be reduced.  Then I
examined all vessels in which drinking water is carried
or tea and coffee made, and I put out of commission all
having any solder patches, substituting iron vessels
lined with porcelain.  But upon examining our
tomatoes, they were found to show traces of lead in
larger amounts than the water, and the doctor thinks
that the distemper, if I may so call it, is due to our
large consumption of that vegetable.  The acid of the
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tomato acts chemically upon the solder used in the tins,
and the dangerous mixture is formed; and since we
have had tomatoes every day for dinner subsequent to
May 4th, it is assumed that we have become largely
dosed with lead, and some of us have had to succumb.
Inasmuch as we all eat tomatoes, the exemption of the
majority is due to their greater capacity for lead, I
suppose, for no good reason presents itself to my mind.
It has transpired that the steward, who is the worst
case, is remarkably fond of this vegetable, and eats of
it unsparingly.   Of course we have eaten tomatoes four
times a week ever since our commissioning, and until
May 4th, without any bad result, but that does not
prove anything.  A very interesting question here comes
in.  Our canned fruits have, I believe, similar chemical
action upon the lead soldering, and no doubt we are
absorbing more or less lead all the time.  Now does
this chemical action begin at once or at the end of two
years?  A very important question to an Artic
expedition, for of what use is it to secure exemption
from scurvy for two years if disabling lead poison
finishes you in the third year?  The doctor says each
severe attack may be mitigated by medicine, but a
continued absorption of the lead will produce palsy,
and that would certainly be a perplexing disease to
deal with in an Arctic ship..(DeLong, 1883, p. 559).

The ship’s doctor gives a different account
and a different reason for the lead poisoning:
  

Why were we exempt [from scurvy]?  How
long would we thus remain blessed above all other
crews?  Like vegetables grown in the dark we were
bleached to an unnatural pallor; and as spring
approached all exhibited signs of debility.  

Sleep was fortunately peaceful and
undisturbed, by reason of the floe’s solidity; but certain
members of the mess were attached with fits of
indigestion; Mr. Dunbar became very ill; and an ugly
ulcer appeared on Alexey’s leg accompanied by other
symptoms which raised suspicions of the presence of
scurvy. 

Dr. Ambler attributed the outbreak of lead
poisoning from lead pellets from shotgun shells found
in the roasted guillemots (Hoehling, 1967). 

Certainly lead poisoning from tin cans has
occurred, but usually it has not been due to the
oxidation of the tin can.  Rather the cause has been the
particulate lead used in the early canning technology.
Clair Patterson reported that lead in fresh tuna tissue
was 0.3 ng/g, while lead from lead-soldered canned

tuna muscle was 1,400 ng/g (Settle and Patterson,
1980).  Lead from solder has also been implicated in
canned pates of meat (Sola et al., 1998). 

Use of lead solder in tin cans has been phased
out  (Figure 7.16) (Institute, 1992).

Wine Capsules

As we have seen throughout this book, lead
has been intimately intertwined with human activity
throughout history.  One activity in which ordinary
people have encountered lead is wine consumption. 

The key to wine production is to stop the
oxidation when the alcohol is formed and to prevent
further oxidation of alcohol to vinegar.  In order to do
this we must control the oxygen environment.  This
was not a technologically easy feat for our forbears.
Wine was made primarily in large casks and had to be
consumed shortly after production.  Wine could be
stored for short periods in wineskins.  The wide
commercial distribution of wine and advances in wine
aging (flavoring), however, needed to wait for a
technology sufficient to prevent oxidation of the wine.

It became possible to age wine and transport
it over long distances with the invention in the 1600s of
modern, narrow-tipped bottles plugged with cork tree
bark.  As we saw when examining the history of glass
technology in Chapter 4, changes in glass technology
were caused by the invention of coal-fired furnaces
(Lamb and Mittelberger, I1980, p. 24).  A bottle with
a narrow top has less surface area for gaseous diffusion
and less total total area for the cork to seal.  The wine,
when the bottle is placed head down, wets the cork.
The cork swells and creates a pressure seal against the
walls of the neck, allowing O2 access into the bottle
only through the cork itself.  Because the cork is filled
with liquid and has tortuous pores, transport of O2 is
greatly reduced.  

If the corked bottle is left standing upright,
evaporation of wine from the air-exposed side of the
cork leads to its drying and possible loss of contact
between the cork and bottle due to shrinkage.  To
prevent this, and to prevent insects from devouring the
cork (Amerine and Joslyn, 1970) (not, as modern folk
tales suggest, rats), the cork is itself further sealed.  

Sealing requires a malleable yet durable
material.  In the mid-1600s no polymers were available,
except natural ones like beeswax.  Several malleable
metals such as gold, silver, copper, tin, and lead were
available, but not aluminum.  Which to use?  Beeswax
was employed, then replaced with metal foils.  Of the
metal foils available precious coinage metals - gold,
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Figure 7.17 Historical prices of lead and tin vary.

silver, and copper - can be ruled out simply as a matter
of cost.  This leaves two possible metals for foils: tin
and lead.  

The cost of tin and lead is affected by: a) their
relative abundance; b) production costs; and c)
economic politics (country of origin, access to market).
As chemists we can comment on the first two factors.
Figure 1.13 shows that lead is more abundant than tin,
due to radioactive decay of uranium and thorium to
lead.  Lead is 0.0013% in relative abundance as
compared to tin which is 0.00021% abundant (a factor
of 6).  For the first factor, then, we would conclude that
lead should be cheaper.

The cost of the refined metal, however,
depends upon the specific type of source and the
chemical processing it required.   Because of ionic radii
it can be predicted that tin would preferentially bind to
oxygen as compared to lead’s preference for sulfur.  As
a result we predict that the tin ore bodies will lie in
different geologic strata and regions as compared to
lead.  The major tin ore is cassiterite, SnO2 and it is
found mainly in the volcanic arc region of Pacific Asia
(Figure 3.45).  This leads to the second factor affecting
the cost of the ore: ownership and transportation.  Lead
is widespread while tin is concentrated in a few
countries, most of which are in the developing world.
Minor tin ore bodies were discovered in Turkey (2100
B.C.), however, the majority of tin used in the ancient
world came from Bohemia and Saxony (1500 B.C.) and

from Cornwall (1000
B.C. and onward).
English tin mines
have been quarried
so intensively that
some have been
closed. 

All things
considered, the cost
of lead should be
less than tin.  Figure
7.15 confirms this
guess.  In fact, fine
German  wines ,
which were sealed
with Sn during the
mid-1889s, were
sealed with lead as
the cost of tin grew
more rapidly than
t h a t  o f  t i n
(Eschnauer, 1986).
The cost increase

was particularly notable during the post-World War II
era, when many of the major tin producing countries
gained independence from colonial powers.

This history explains why it became common
to seal wine bottles with lead capsules.  Even after
World War II, when aluminum became widely
available, wine bottles were still sealed with lead foils.
A 1985 set of instructions to the home bottler stated
that lead foils are preferable to aluminum ones because
lead is more malleable and lends itself better to a
smooth professional seal (Jackisch, 1985).  Lead foils
have since been eliminated by legislation (California,
1994) (Figure 7.19).

As early as the 1920s warnings arose about
possible health problems associated with use of lead
foil (von Babo and Mach, 1927).  How might the lead
from the external metal foil be ingested by the wine
drinker?  The lead must be transformed from the
metallic form to a soluble species capable of transport
through the cork, or of being dislodged into the wine
cup as the wine is poured.  What chemistry might
occur?  Is the exterior surface of the metal film
attacked by oxygen? We have already seen that lead is
generally not easily air oxidized at room temperature.

Ruling out the exterior surface for attack
leaves the interior surface, the one in contact with the
cork, which is impregnated with wine liquids.  If the
wine reaches the exterior of the cork, it is exposed to
oxygen and can convert to vinegar.  The vinegar, acetic
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Figure 7.18   Lead arsenate was used extensively in apply orchards and on citrus crops for the first 2/3 of the 20th

century as a pesticide/fungicide.  (Postcard/author).

acid, reacts vigorously with lead to produce lead acetate
(sapa, as the Roman's called it), followed by reaction
with CO2 to form lead carbonate hydroxide (2PbCO3-
Pb(OH)2) and its hydrated form, 3PbCO3-2Pb(OH)2-
H2O) (Wai et al., 1979).  Alternatively, the alcohol can
directly attack the lead.  Lead carbonate has, for lead,
a high solubility (1.75 mg/L H2O, 18oC), suggesting
that if it remained around the tip of the bottle, it would
easily be transferred to the wineglass.  In fact, one
telltale sign of a wine that "gone bad" is a crust of
corrosion around the cork after the foil is removed.  

It might be concluded that the continued use
of lead foils poses little harm as long as the bottles with
visible corrosion are discarded.   The vigilant consumer
might suggest that some of the lead could be carried
through the cork and into the wine.  Several wine
researchers have investigated this point.  The studies
include those which simply match the total quantity of
lead in the wine to the use of lead foils.  If the lead
moves across the cork and into the wine, then the total
amount of lead in the wine should be related to the use
of the lead foil and the quantity of lead in the cork
(Eschnauer, 1986).  The amount of the lead in the cork
should be high near the foil and low in the bottle. 

Isotope ratios are an alternative method for
determining the contribution of lead to wines.  Isotope
ratios of lead are exquisitely sensitive to the source of
the lead ore.  If the lead in the wine comes from the
lead foil, then the isotopic ratios observed in the foil
and the lead in the wine should be identical.  If not, 
then the lead comes from an alternative source: unlined
wine tanks; lead based paints; rubber hoses; lead-
containing metals in pumps, filters, faucets, gaskets
used in the manufacturing process; the filtering medium
(clay); and pesticide sprays used in growing grapes
(Amerine and Joslyn, 1970).  Organo-lead compounds
were often used in antifungal preparations (R3PbOAc
and R2Pb(OAc)2.  The R groups are carbon chains
which promote the lipid solubility of the lead delivering
the toxic lead acetate easily to the fungus.   A very
common lead containing agricultural chemical was lead
arsenate (Figure 7.18) which was used as an
insecticide, herbicide, and fungicide, particular on
orchard crops. In 1986 some 17% of the U.S. grapefruit
crop was treated with lead arsenate and an additional
10,000 pounds of lead arsenate was used to control
cockroaches, silverfish and crickets.  Apple orchards in
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Figure 7.19   Newsweek, May 16, 1994, “My Turn” commentary.

Wisconsin had higher applications rates than cherry or
other orchards.  A 1965 report of the Foad and
Agriculture Organizaton of the United Nations cited

work indicating no ill effects to workers or children on
consumption of lead arsenate.  On the other hand a
1920s postmortem bone lead analysis found signifcant
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 Figure 7.20   Isotope ratios of wine capsules (red circles);
wine which had been covered with a lead capsule (red box);
wine stored with lead capsule different manufacturing
process (blue rectangle); and wine stored with no lead
capsule (green triangles).  No trend between capsules and
wine is observed. Gulson et al, Aus.& N. Zealand wine Ind.
J., 1990, 5, 274-276.

Figure 7.21: Lead is used as a radiation shield, as shown in Gary Sheahan’s The Birth of the Atomic Age,
illustrating the first sustained nuclear reaction at Argonne National Laboratory, Chicago Historical Society.

amounts of lead in a lead arsenate worker (Hunter and
Aub, 1927).  Orchards sprayed with lead arsenate
between 1900 and 1960 show persistent soil
contamination (Crege and Peryea, 1992; Kalbasi et al.,
1995; Merwin et al., 1994; Peryea, 2002; Peryea and
Crege, 1994; Veneman et al., 1983).

Another source of lead in wine can be the
adsorption of organo-lead directly by the grapes from
leaded gasolines.  Vintage wines reflect organo-lead
contents consistent with leaded gasoline use (Figure
7.47)(Lobinski et al., 1994a; Lobinski et al., 1994b).

Isotope studies suggest that lead in wine
from a properly sealed bottle does not originate from
the lead seal, but from the above mentioned sources
listed (Figure 7.20 and 7.50) (Gulson et al., 1992;
Rodushkin et al., 1999).

Did the seals present a health problem?  No
for the ordinary consumers of wine products.
Societally, the largest problem with lead seals was
their disposal.  A large problem is the introduction of
lead into the municipal waste system and its
subsequent incineration and spread into fine particles
(Chapter 10).  Also, there are examples of animal
poisoning from ingestion of the lead wine foils.

The Food and Drug Administration (FDA)
recently banned all imported wine in bottles with lead
foil capsules.  The rationale for this ban, according to
the Cato Institute, is a calculation that the risk
associated with small children ingesting lead
outweighs the cost of switching covers.  The risk
assessment analysis accounts for all children age 3 to
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Figure 7.22.  From Superman Time and Time Again, D.C. Comics, N. Y., 1994.The bad guy is named
“Kronos” , a time traveler, who has trapped Superman in the past.  Kronos tried to sypon Superman’s power
for his broken time machine so that he could return to the present.

6.

Superman and Lead (X-rays)

Radiation can be blocked by lead and is
therefore used as an apron for protecting the body
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 Figure 7.23: Cartoon showing rectification of a radio signal.  Very early radio
reception was based on use of a galena/metal junction for a rectifier.

from excess radiation during dental X-rays. Lead
shields X-rays well because it has a large number of
inner shell electrons which can absorb high energy
particles.  The absorbed energy is re-emitted as
secondary rays of lower energy.  The process continues
until so much energy has dissipated that the exiting
electromagnetic radiation can no longer ionize material.

The FDA warned dentists and hospitals that
dental films stored in lead lined boxes can be coated
with a whitish film that is about 80% lead and
suggested that such films and boxes should be
discarded (FDA, 2001).

In physics experiments that require very good
shielding, the experimenters must block out all
radiation (Figure 7.21).  Unfortunately, modern lead is
partially contaminated with manmade radioactive
210Pb.  In order to obtain very pure, 210Pb free, lead
physicists have mined sunken Roman ships for lead.

In the 1950s, Superman was known to have X-
ray vision.  He could see through buildings and into
bones, but he could be foiled by lead shields.  In the
comic strip shown (Figure 7.22), Superman is trapped
during time travel with Chronos, God of time and lead.
Chronos seeks to harness Superman’s energy to re-start
the time capsule.  Superman instead uses his heat vision
(an IR beam) to soften and melt the lead

Wires coated with lead as a radiation shield 

are an occupational and
recycling hazard.   Workers
processing recycled wires can
be occupationally exposed to
lead (Lax et al., 1996) Firms
that recycle electronic wiring
for copper have been fined for
illegal dumping of the lead dust
and debris (Hu, 2001).
Telesector Resources Group
(from 1988 to 1997) and Philip
Metals, Inc. (from 1997 to
1998) were accused of illegally
disposing of small amounts of
lead dust into tracsh bins while
recycling lead coated copper
wires.

Cat's Whiskers and Crystal
Radios

Modern computer supported
socie ty depends  upon

electronic devices which convert AC signals to DC
signals.   AC signals are “rectified” to DC signals by
tracking fluctuations in voltage or current in a single
direction (positive or negative).  Crystal rectifiers were
used in early radio receivers which were replaced by
vacuum tubes in radios in the mid 1900s, which were
in turn displaced by the smaller semiconductors in the
later half of the 1900s.  

The crystal radio receivers were, in fact, early
forms of the semiconductor junctions.  A crystal radio
receiver is composed of a metal “cat's whisker” in
contact with a semiconducting crystal creating a
Schottky Barrier.  Combinations of metal with crystals
were galena (lead sulfide)/carbon, zincite/carbon, and
chalcopyrite/zinc.    The galena/carbon junction was
first discovered in 1874 by F. Braun (Ponchak, 2003),
and was studied in greater detail by Russian engineers
(O. V. Lossev) (News, 1924).  

The general principle of radio receivers is
described in Figure 7.23.  In this image an AC radio
wave is rectified into a signal containing the frequency
variation information which is fed to speaker/amplifier
a causing a magnet to oscillate creating pressure waves
on the diaphram of the speaker.  By attaching the
speaker headphones to the carbon/galena junction a
soldier in WWI could create a simple radio receiver by
using a pencil, a piece of galena ore, and a headset.
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Figure 7.24: Crystals and cats whiskers for crystal radio reception were
easily obtainable.  (Author's collection).

Figure 7.25: Linoleum and oil cloth were made with lead
as a drying agent for the polymerization of linseed oil. 

Component parts (speaker headphone;
cat's whisker; galena) could be purchased
commercially (Figure 7.24.).

Linoleum

In the early 1800s oil-cloth
became a widely available commercial
product (Figure 7.25) Oil cloth consists of
a coarse fabric of flax coated with oil
paint or linseed-oil.  

James Williamson I (1813-1879)
made his career in the oil cloth business.
His business was carried forward by his
son, James Williamson (1842-1930),
otherwise known as Lord Linoleum (Lord
Ashton).  Linoleum, as a floor covering
was an outgrowth of the oil cloth industry:
it was a product composed of a coarse
fiber backing coated with a mixture of
linseed oil and cork.    Frederick Walton
patented the process in 1860 and 1863.

Linoleum is 
formed from  linoxyn which comes from oxidized
linseed oil.  The linseed oil is allowed to oxidize layer
upon layer until an inch or more thick film is formed.
A later process involves boiling the oil in hot air (with
lead oxide as a drier)  until it is highly viscous, at
which point is is blended with wood flour and whiting,
then pressed between rollers and applied to a backing,
then dried into tiles (Gooderson, 1996; Harn, 1924).
James Williamson the younger, Lord Ashton, made
Lancaster the home of his linoleum industry because of
cheap labor and weak unions.  Linoleum became a
British monopoly up to the 1920s with peak exports in
1912.  On death in 1930 Lord Ashton left an estate of
10.5 million pounds.  Lord Ashton’s firm ultimately
merged in 1963 with Nairn and in 1985 with Forbo.  At
its peak industry linoleum consumed significant tons of
lead oxide.  

While the lead is most likely fixed within the
linoleum, there have been a few cases of reported
poisoning of dogs that have chewed on linoleum.

Furniture is often treated with linseed oil and
depending upon its preparation it may contain lead
oxide as a drier.  Occupational lead poisoning has been
associated with workers restoring chemically stripped
furniture (Services, 2001)
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7.I.H. Why Lead in Plastics?

In 1997 public reports surfaced about a
number of childhood lead poisoning cases that
happened when children chewed on plastic clothing or
imported toys.  Why was lead added to these products?

Most of these plastics are in the class of
polyvinylchlorides, PVC.   Polyvinylchloride was
commercialized in 1927 by B.F. Goodrich.  It can be
modified by additives to produce a variety of plastic
materials.  It is used in a rigid form to make water pipes
and various bottles, and in a “plasticized” form to make
flexible pipes and hoses, toys, and electric cable
sheathing.

Plastics tend to be brittle.  Brittle plastic can
only accommodate the motion of 1-4 atoms along the
chain before it fractures.   Plastic brittleness can be
controlled by the chain length of the polymer and the
degree of crosslinking.  It can also be modified through
temperature variations, a fact which makes the molding
of plastics possible.

A plastic moves from solid to glass like and
leathery, to rubber band like, to putty or taffy like, to
molassis like with temperature.   Additives control the
various temperatures at which the transitions are made.
The evolution of polymer blend additives since the
advent of the plastics revolution has been, to a certain
extent, empirically and not theoretically driven.   There
are six different types of additives used in polymer
processing including impact modifiers, inert fillers, and
pigments.  Others are related to the polymer extrusion
process and to the high temperature stability of the
polymer.

The  chemical  blowing agent
1,1'=azobisformamide (ABFA) (H2NCON=NCONH2)
is used to rapidly evolve a gas that helps in extruding
the plastic (Dieckmann and Waldeck, 1974).  The
reactive linkage in this compound is the N=N linkage.
To form N2  gas, ABFA must undergo a reduction via
an electron source.  The addition of basic lead sulfate
PbO-PbSO4-H2O assists in gas production by providing
the electron source.   This compound lowers ABFA’s
decomposition temperature from 210 oC to 170 oC by
the addition.

More important, however, is the use of lead as
a thermal stabilizer.  Polyvinylchloride can thermally
decompose by de-hydro-chlorination (loss of H· and Cl·
radicals, which combine to form HCl, gas).  The
remaining radicals which contain unbonded electrons
can recombine to form double bonds.  These double
bonds are either within the original chains or crosslink
to other chains (Ivan et al., 1988).  In either case, the

double bond is less flexible than the single bond
because it permits less molecular motion.  There is a
corresponding increase in the ability to fracture the
plastic.  In addition, the HCl acid that forms can further
degrade the polymer.  To stop thermal decomposition
of the plastic, compounds which can trap radicals and
neutralize HCl acid are added.   One such additive is
dibasic lead stearate.  The base reacts with HCl, the
lead scavenges radicals, and the long aliphatic chains
helps make the plastic more fluid (Sabaa et al., 1989;
Sabaa et al., 1990; Wypych, 1976).

The health effects of occupational exposure to
lead stearate might be expected to differ from that to
litharge in lead acid battery plants due to the organic
tail of the lead stearate.  Similar blood level elevations
of ALAD and blood lead have been noted (Ong and
Lee, 1980).  However, blood lead elevation was higher
than that for inorganic lead exposure.  This is
consistent with the different distribution pathways of
lead soaps and inorganic lead in the body (Cavalleri
and Minoia, 1987; Ong et al., 1990). 

Changes in Lead Consumption from 1950 to 1990

Figure 7.26 shows that of all the categories of
lead consumption that we have explored, alloys, glasses
and glazes, paints, pewters, housing material, etc., all
have declined since 1950 with the exception of two
categories.  Those categories are batteries and
munitions.  We will now explore the use of lead in
munitions.  

Lead and The History Fire Arms (Forensic
Chemistry)

 Workers in firing ranges may have excessive
levels blood lead levels.  This lead comes not only from
the fine dust sanded off the bullet during firing, but
from the gunpowder, materials used in producing the
explosion that fires the bullet.

Although firearms are so pervasive today that
they are the subject of popular art (Figure 7.24), their
history is relatively short.   Apparently gunpowder was
first produced by the Chinese.  Gunpowder
manufacture arose from a long-lived technology of
smoking out houses to purify them and control pests
(Needham, 1981, p. 27).  Toxic smoke was used in
siege warfare as early as 400 B.C. 

 Gunpowder was made from saltpeter.  The 
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Figure 7.26.  American domestic lead use over 40 years remained approximately constant in total tonnage
although the use areas changed dramatically.
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Figure 7.27.  Roy Lichtenstein’s Pistol, 1964.  82x49" Banner.  Felt,
Edition of Twenty.  P. 90 in Jack Cowart’s Roy Lichtenstein 1970-
1980, Hudson Hills Press, N.Y., 1981.

word “saltpeter” derives from sal for “salt” and petre

for “rock”, “solid”, or “earth”, as might be discerned 

from the New Testament passage:

Matthew 16:18
So I now say to you: you are Peter and on this rock I
will build my Church.

Saltpeter comes from China.  It was first mentioned  by
a Sogdian Buddist monk, Chih Fa-Lin, who traveled to

China (Needham, 1981, p. 27):

When he reached the Ling-Shih district in
Fen-chou, he said, “This place must be
full of saltpeter, why isn’t it collected and
put to use?” At that time he was in the
company of  twelve persons, and together
they collected some of the substance and
tested it but found it unsuitable for use,
and not comparable with that produced in
Wu-Ch-ang.  Later they came to Tse-chou
and the monk again said that saltpeter
must also occur in this region: “I wonder
if it will be as useless as what we came
across before?” Whereupon they
collected the substance, and on burning it
emitted copious purple flames.  The
Sogdian monk said, “This is a marvelous
substance which can produce changes in
the five metals, and when the various
minerals are brought into contact with it
they are completely transmuted into liquid
form.”  And in fact its properties were
indeed the same as the material from Wu-
Ch’ang which they knew about already.

Gunpowder is mentioned in
Cheng Yin’s  Classified Essentials of the
Tao or the True Origin of Things (850-
859 A.D.)  This author says that
alchemists heat sulfphur with reaalgar
(arsenic sulphide), saltpeter, and honey,
and have scorched themselves in the
process, or burned down their home,
which is discreditable to Taoism
(Needham, 1981, p.31).  Shortly thereafter
fire lances were being produced.  The
oldest representation of a fire lance dates
back to 950 A.D. (Figure 7.28).

 Tseng Kun-Liang published three recipes for
gunpowder between 1040-1049 A.D. The first shrapnel
bomb was produced in 1221 A.D. and first small
cannon (gun) was described in China by 1288 A.D.
These two latter events occurred during Marco Polo’s
trip to the orient (1271-1295 A.D.).  While Polo has
been often credited with bringing the technology to
Europe there is evidence that it  diffused sooner via the
Islamic world.

Chinese gunpowder was composed of
materials designed for rocket launching.  Rockets
require gunpowder containing at least 70% saltpeter
(either potassium or calcium nitrate salt), 20%
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Figure 7.28 The earliest representation of a fire lance.  Buddhist painted banner from Tunhuang, ca. 950 A.D.
(Musee Gurmet, Paris).  From Joseph Needham’s Science in Traditional China, Harvard University Press,
Cambridge, Ma. 1981.

charcoal, and under 10% sulfur.  This  composition was
used in yen-huo (fireworks) and pao-chang
(firecrackers) in China from 1100 A.D. (Pan, 1996).  
These gunpowder recipes were used for fei-huo ch’iang
(flying fire lances) used against the Mongols by Chin
troops as reported in Chin-shih or History of the Chin
Dynasty, 1115-1234).   Arab works of the 1200s refer
to Chinese descriptions of materials and use the
prevailing Chinese fireworks recipe. A manuscript
about gunpowder, Liber Ignium ad Comburendos
Hostes, was a compilation of an Arab.  The first
mention of saltpeter in an Arab text Kit~b al-j~mi ‘fi al-
adwiya almufrade (Treatis on Simple Drugs, by al-
Baytar, 1240) suggests that saltpetre came from China
to Arabia between 1225 and 1250.

Gunpowder may have been introduced to
India around the same time (Khan, 1996).  The
Mongols learned gunpowder recipes from the Chinese
and mastered the technology between 1260 and1368.
Gunpowder was used to throwing fire through bamboo
tubes (huo chiang).  Siege operations by the Mongols

refer to fire power.  The Mongols attacked the Delhi
Sultanate several times between 1221 and 1351.  Amir
Khusrau describes a siege of Ranthambor:

Hindu Saturnians having a natural tendency to give up
or fail, with the [huo] chiang blasts [capable of]
igniting the rubbish/slaying the Khas tribesmen
[mountaineers dwelling between India and Tartary]
started a fire in every one of the ten towers [of the
fort].....

Every day the fire of those people of Hell extended its
heated tongue to the light of Islam.  As the means of
extinguishing it were not available, the Musalmans
took care of their water ... A few neo-Muslims from
amongst the ill-fated Mongols turned their faces from
the Sun of Islam and joined the Saturnians, ie, Hindus.
All those fire-brands wielded bows in that tower of fire.

This passage alludes to a bow designed to launch fire
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Figure 7.29.  18th century miniature of ladies enjoying fireworks in both the foreground and
background.  British Museum, From George Plimpton’s Fireworks, Doubleday and Co., Inc.

(gunpowder).  Mongol defectors were possibly the
source of the information.  The use of fireworks for displays were known

in the Delhi Sultanate of Firoz Tughlaq (1351-1388)
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and came to be popular among the ladies (Figure 7.29).
The popular notion that Polo brought

gunpowder to Europe is also contradicted by the fact
that Roger Bacon mentioned gunpowder in Europe
some time before Polo returned from his journey. The
description of gunpowder occurs in his Epistola de
Secretis Operibus Artis et Naturae et de Nullitate
Magiae (Hime, 1914).  In de Secretis, he tells the
reader that secrets will be hidden (encrypted) with the
following methods: characteres et carmina; enigmatic
and figurative words; consonants only, without vowels;
letters from different alphabets; specially devised
letters; prearranged geometric figures; and a system of
abbreviations.   (The secrecy was perhaps inspired by
the papal condemnation of alchemy in 1307, see
Chapter 6).

Hime, a British artillery expert from the early
1900s, decoded Bacon’s the recipe for gunpowder.
He suggests that Bacon concealed his recipe for
saltpeter by harping on the transmutation recipe “On
the Method of Making the Philosopher’s Stone” in
order to distract readers from the close similarity
between the alchemical preparation of gold and the
refining of saltpeter.  Assuming that the importance of
the three chapters is in the preparation of saltpetre the
text becomes:

Cap. IX
De modo faciendi ovum philosophorum

Dico igitur tibi quod volo ordinari quae superius
narravi exponere, et ideo volo ovum philosophorum et
partes philosophici ovi investigare, nam hoc est initium
ad alia. [Calcem igitur diligenter] aquis alkali et aliis
aquis acutis [purifica], et variis contritionibus cum
salibus confrica et pluribus assationibus concrema, [ut
fiat terra pura penitus liberata ab aliis elementis],
quam tibi pro meae longitudinis statura dignam duco.
Intellige si potes, quia proculdubio erit compositum ex
elementis, et ideo est pars lapidis qui non est lapis, est
est in quolibet homine et in quolibet loco
hominis....Deinde oleum ad modum crocei casei et
viscosi accipias, primo ictu insecabile, cujus tota virtus
igenea dividatur et separetur per distillationem;
[dissolvatur autem in aqua] acuta temporatae acuitatis
[cum igne levi, ut decoquatur quatenus separetur
pinguedo sua], sicut pinguedo in carnibus.....Melius est
tamen ut decoquatur in aquis temporatis in acuitate
[donec purgetur et dealbetur].  Aquae vero salutaris
exaltatio fit ex igne sicco vel humido; et [iteretur
distillatio] ut effectum bonitatis recipiat sufficienter
[donec rectificetur: rectificationis novissima signa sunt

candor et crystallina serenitas]; et cum caetera
nigrescunt ab igne hoc albescit, mundatur, serenitate
nitescit et splendore mirabili. {Ex hac aqua] et terra
sua artentum vivum generatur, quod est sicut argentum
vivum mineralibus, et quando incandidit hoc modo
[materia congelatur.  Lapis vero Aristotelis, qui non
est lapis, ponitur in pyramide in loco calido.]

A literal translation of this passage is
gibberish, quite in contrast to the lucidly written
chapters preceding it (Muir, 1914):

Make a diligent purification of the Calx with the water
of Alkali, and other acute waters, grind it by several
contritions with the salts, and burn it with many
assations, that the earth may be perfectly separated
from other elements. ....Understand if you can....Then
take oyl of the form of a saffron-cheese, and so viscous
as not to be smitten asunder by a stroak, divide the
whole fiery virtue, and separate it by dissolution, and
let it be dissolved in acute water, of a temperate
acutenesse, with a slight fire, and let it be boyled till
his fatnesse, as the fatnesse of flesh be separated by
distillation, that nothing of the unctiousnesse may issue
forth; and let this fiery virtue be distilled in the waterof
urine;....”Mind and search what I say, for the speech
is difficult....You must observe whether I speak
a e n i g m a t i c a l l y  o r  a c c o r d i n g  t o  t h e
truth”........”Farewell: Whoever unlocks these, hath a
key which opens and no man shuts: and when he hath
shut, no man opens.”

The actual recipe can be found within the brackets in
the Latin:

Chalk (salt) is clarified and from earthe and grosse
matter diligently purged, dissolve the cleansed
saltpetre in water and put the jar on a gentle fire, the
mother liquid is boiled until the scum ceases to rise.
The distillate is clear and fair and of an azure color,
dry it thoroughly.

Bacon follows this chapter with a second one
describing the preparation of a second ingredient.  The
recipe is again hidden within the text (see brackets):

Cap. X
De eodem, sed alio modo

Transactis annis Arabum sexcentis et duobus, rogasti
me de quibusdam secretis. [Accipe igitur lapidem et
calcina ipsum] assatione leni et contritione forti sive
cum rebus acutis. [Sed in fine parum commisce de
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Fibure 7.30.  Agricola’s De Re Metallica showing making of saltpeter from the Nile river.  A. Nile
River.  B. Nitrum Pits, such as I conjecture them to be.  Dover Publications, N.Y. 1950.

aqua dulci; et medicinam laxativam compone de]
septem rebus....vel de quot vis; sed quiescit animus
meus in [duabus rebus quarum proportio melior est in
sesquialtera proportione] vel circiter, sicut te potest
docere experientia. [Resolve] tamen aurum [ad ignem
et mollius calefac].  Sed si mihi credas, accipias unam
rem, hoc est secretum secretorum, et naturae potens
miraculum. [Mixto igitur ex] duobus, aut ex pluribus,
aut {phoenice], quod est animal singulare, [adjunge,
et incorpora per fortem motum; cui si liquor calidus
adhibeatur, habebis propositum ultimum].  Sed postea
coelestis natura debilitatur si aquam infundis ter vel
quater.  Divide igitur debile a forti in vasis diversis, si
mihi credas. [Evacuato igitur quod bomum est.] 

Iterum adhibe pulverem, et aquam quae remansit
diligenter expreime, nam pro certo partes pulveris
deducet non incorporatas.  Et ideo illam aquam per se
collige, quia pulvis exsiccatus ab ea habet incorporari
medicinae laxativae....[Regyra cum pistillo, et
congrega materiam ut potes, et aquam separa
paulatim] et redibit ad statum.  Quam aquam
exsiccabis, nam continet pulverem et aquam
medicinae, quae sunt incorporanda sicut pulvis
principalis.

In the preceding two chapters Bacon has
described the main ingredients.  In the next chapter he
uses an anagram to describe their mixture:
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Figure 7.31.  The Powder Monk, The Granger Collection, From George Plimpton’s Fireworks,
Doubleday and Co., N. Y., 1984.

Cap XI
De eodem, tamen alio modo

Annis arabum 630 transactis, petitioni tuae respondeo
in hunc modum....Item pondus totum 30.  Sed tamen
salid petre LURU VOPO VIR CAN UTRIET sulphuris;

et sic facies tonitruum et coruscationem, si scias
artificium.  Videas tamen utrum loquor enigmate aut
secundum veritatem. 

Translated this reads: 
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Figure 7.32.  Illustration from Das Feuerwerkbuch, in which the Master Gunner (wearing a feather) inspects a fire
arrow.  Once filled with gunpowder the arrows are painted red and soaked in saltpeter.  From Sarah Barter Bailey
in Gunpowder: The History of An International Technology, Ed. Brenda J. Buchanan, Bath University Press, 1996.

In this 630th year of the Hijra I comply with your
request as follows.... Let the total weight be 30. 
However, of salpetre  LURU VOPO VIR CAN UTRIET
of sulphur; and with such a mixture you will produce
a bright flash and a thundering noise, if you know “the
trick”.  You may find (by actual experiment) whether I
am writing riddles to you or the plain truth.  

The capitalized anagram is rearranged to read
R. VII. Part. V. NOV. CORUL. V. ET.  The
instructions “let the total weight be 30" expand the
anagram to “recipe vii partes, v novelle coruli, v et
sulphuris.”   The sentence now reads “But take 7 parts
of saltpeter, 5 of young hazelwood (charcoal) and 5 of
sulfur.”  This recipe gives an explosive of 41.2%
saltpeter; 29.4% charcoal; and 29.4% sulfur
composition.   The hidden recipe matches that devised
by the British military in the late 1800s, early 1900s.

A decade later, in 1258 A.D., the recipe for
saltpeter had become well-known and Bacon no longer
resorted to encryptation to describe the production
process.  

By 1300 A.D. the technology of nitrate was so
well understood that the False Geber was describing

the production of aqua fortis (nitric acid).  Figure 7.30
shows Agricola’s conjectured collection of  saltpeter by
evaporation of the Nile River waters.

In his pre-1388 text Das Feuerwerkbuch, the
Franciscan monk Berchtoldus (Berthold Schwarz,
Black Berthold or the Powder Monk, Figure 7.31)
gives the first description of gunpowder for a gun
(Plimpton, 1984).  Guns were first used in Europe in
the 1378 war between Venice and Genoa over
Mediterranean trading dominance.  Venice took control
of Tenedos Island.  Genoa retaliated by sending 200
ships to blockade Venice, using the Island of Chioggia
as a base.  The Venetians mounted a new fleet that
blocked the Genoa fleet from exiting the port.  The
siege of Chioggia is known in history for the first use
of guns.  Shortly after  Black Berthold took refuge in
the order of St. Bernard which specialized in mining
and metallurgical engineering.  Nevertheless, Kaiser
Wenceslas executed the Powder Monk in 1389,
perhaps for unleasing the new weapon upon European
soil (Kramer, 1996).

Das Feuerwerbuch deals with the art of
firearms, arrows as well as guns.  It gives the most
lucid description of saltpeter manufacture during that
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Figure 7.33 Illustration fro Das Feuerwerkbuch where the master gunner is protected
by crossbowmen firing fire arrows.  Source, see Figure 7.32.

period.  Figure 7.32 shows
the manufacture of fire
arrows with the Master
overseeing the work.  The
book disappeared from the
technical literature in the
1500s as it was surplanted
by the technology of
potassium nitrate saltpeter,
as described by Biringuccio
in 1540.  Prior to
that time, including
Chinese technology and
that of Roger Bacon,
saltpeter was based on Ca
nitrate as the oxygen carrier
(Kramer, 1996).  Calcium
nitrate was formed in
“ p l a n t a t i o n s ”  f i r s t
described in Europe in
1388.  An open pit was
alternately filled with
straw, leaves, and slaked
lime; then roofed over; and
irrigated with animal urine
for a year.  The Ca nitrate
thus  obtained was re-
crystallized to remove
water. “Clarification”
involved boiling the crude
nitrate liquid for several
hours so water would be
broken from the calcium
nitrate crystal.  

Because of its
affinity for water, the
saltpeter (calcium nitrate)
“spoiled” and had to be
renewed, the process of
which was couched in
alchemical terms.  The
technology for the calcium
based saltpeter died out
when potassium nitrate was
produced.  Potassium
nitrate can be obtained by
the decomposition of
calcium nitrate in water
with wood ash which is
r i c h  i n  p o t a s s i u m
c a r b o n a t e ,  K 2 C O 3 .
Reac t i n g  p o t a s s i um
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carbonate with calcium nitrate results in potassium
nitrate (Hall, 1996).  The reaction is driven by the
relatively low solubility of calcium carbonate compared
to that of potassium carbonate.  The advantage of
having saltpeter in a potassium nitrate form was the
difference in water uptake, which impacts poorly on
ignition and burning (Table D.5)

The gunpowder recipe has stayed
approximately the same (6 or 7: 1:1; saltpeter: charcoal:
sulfur) over the centuries (Baumgarnet, 1991).  Ignition
of the powder  results in electron transfer reactions that
produce NO, SO2, CO, and CO2 gases.  Nitrate is the
electron sink and sulfur and carbon are the electron
sources.  This gunpowder historically had the
advantage of manufacture from easily obtainable
materials: wood charcoal, pigpen effluents, and sulfur
minerals.

Its primary disadvantage was its ignition
process.  The primitive gun consisted of little more than
a tube into which the powder and then a ball or stone
were placed.   The powder was ignited with a brand.  In
1420 the match was invented.  Originally it was a
string soaked in saltpeter that smoldered with a hot tip,
avoiding the necessity of carrying a lighted brand.  It
was eventually replaced with the matchlock, a spring
loaded trigger which could rotate the smoldering match
into place.  This invention, combined with more finely
ground gunpowder used to ignite the main portion of
the gunpowder, led to the invention of the arquebus, a
gun which prevailed from 1500-1600.  Because of the
inability to sight with it, the short distance of firing,

and the long time period for the 45 reloading  steps it
was used concurrently with the crossbow.  The gunner
was surrounded by a group of protective pikesmen and
cross bowmen whose job it was to allow him to reload
(Figure 7.33).

The gun was limited to infantry use until the
invention of the wheel lock (1520), which allowed one
hand to cock and prime a pistol for firing, while the
other hand was free to control a horse.  The wheel lock
concept was reused in the invention of the flintlock
(1600), which removed the match entirely from the
weapon and itself produced sparks to ignite the
gunpowder.  Because of cost, the flintlock was not in
ordinary military use until the 1690s.  The flintlock
reduced the number of loading steps to 25, which
allowed the infantry to forgo the three protective
pikesmen for every one musketeer.  The gunner could
adequately protect himself if he had a bayonet. 

Faster reloading became possible with the
invention of the paper cartridge, which contained a
measured amount of powder and a ball.  It was
introduced  by Gustavus II Adolphus, King of Sweden
from 1611-1634.  By the late 1600s greased cartridges
allowed gunners on a display field to shoot as many as
five times a minute.

The customary gunpowder recipe had the
disadvantage of corroding the gun muzzle interior.    In
1870 it was replaced by a smokeless gunpowder made
of gelatinized nitrocellulose, but this was rapidly
overtaken by changes in the cartridge.  The final
cartridge contains three components.  A primer ignites
spontaneously at low temperatures and  generates heat.
The heat ignites the first fire, which in turn ignites the
propellant.  Alternately, the primer directly ignites the
propellant.  The propellant produces the rapidly
expanding gases that move the firework up or the bullet
out of the gun shaft.

Mercury fulminate (Hg(CNO)2), first
produced in 1798,  was used widely as a primer.  It was
formed  by treating mercury with strong nitric acid and
alcohol.  This compound too was not stable enough for
storage.  It was replaced in the mid 1940s by lead azide
(Dickson and Field, 1993).

Primers and propellants require several unique
features.  1) The material must be in “stable” form, but
be well above the equilibrium energy configuration. 2)
The stable configuration should be one not susceptible
to water hydrolysis.  3) The material must have a low
activation energy to climb from the “stable” form to the
equilibrium form.  4) Once initiated, the energy
produced on going to equilibrium must be able to be
converted into energy in a form to sustain the reaction.

Figure 7.34 Structure of lead styphnate and lead azide. 
Both contain easily liberated gases such as NO2 or N2
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Table 7.2A: Typical Primer Compositions in Fireworks

Primer A     Primer B Primer C
Compound wt% Compound wt% Compound wt%
KClO3 45 KClO3 33 KClO3 50
Pb(SCN)2 33 Sb2S3 33 PbO2 25
SbS3 22 Pb(N3)2 29 Sb2S3 20

carborundum 5 TNT 5

Table 7.2B:  Primers in Gun Cartridges (Tassa, M., Y. Leist, M. Steinberg, J. For. Sci., 1982, 27, 677)

Gun Cartridge Major Primer Compounds Metals in Gunshot Residue
Ely Semiautomatic Pistol Lead styphnate, Ba(NO3)2 Pb, Ba
0.22 long-rifle Winchester lead styphnate, Ba(NO3)2 Pb, Ba
556 mm Winchester lead styphnate, Ba(NO3)2, Sb2S3, Al Pb, Ba, Al, Sb
6.35 mm Hirtenberg lead styphnate, Ba(NO3)2, CaSi2 Pb, Ba, Ca, Si
7.62 mm Nato Mauser lead styphnate, Ba(NO3)2, Sb2S3, CaSi2 Pb, Ba, Ca, Si, Sb
7.62x39 mm Ak-47 KClO3, Sb2S3 S, Cl, K, Sb
7.62 mm NATO FNM lead styphnate, Ba(NO3)2, Sb2S3, CaSi Pb, Ba, Ca, Si, Sb
7.65 mm SBP lead styphnate, Ba(NO3)2, CaSi2, Sn Pb, Ba, Ca, Si, Sn
0.38 Kynoch revolver lead styphnate, Ba(NO3)2, CaSi2 Pb, Ba, Si, Ca
0.38 Remington lead styphnate, Ba(NO3)2, Sb2S3, Al Pb, Ba, Al, Sb

Table 7.3:  Components of "First Fire"
Component 1 Component 2 Component 3

Product Name % Name % Name %
1 BaO2 80 Mg 18 binder 2
2 Fe2O3 25 Zr 65 diatomaceous earth 10
3 KNO3/S/C 75 KNO3 12 Zr 13
4 Pb3O4 50 Ti 25 Si 25
5 BaO2 88 Mg 12

Figure 7.35.  Time-resolved frequency distribution of class 1-4
fireworks particles sampled from 9:00 a.m. July 3 through 11:00
a.m. July 7, 1995.

5) The products of the reaction must be gaseous, with
sufficient kinetic energy to propel a projectile.  6) The
initiation of the reaction should be achieved by
mechanically simple means (not started by a nuclear

reaction).  In guns, this
reaction has traditionally
been initiated with a shock
or pressure wave.

From this list we
can observe that gaseous
products are required,
compressibility (for the
thermal shock) and low

activation barrier for the reaction.  Lead
azides (Pb(N3)2) and lead styphnate fit these
requirements nicely (Figure 7.34).  The
primer (detonating agent) in many cartridges
and in fireworks contains about 35% lead
compounds (Jackson and Dell, 1992)
(Tables7.2A and 7.2B).  

In Table 7.2 we note that the lead
compounds may be mixed with an antimony
sulfide (Sb2S3) to form the final primer
mixture.  The antimony serves to facilitate a
second low temperature, spontaneous
reaction which generates heat.  The heat
helps ignite the next phase of the reaction.
The low melting point of sulfur (119oC)
means sulfur can penetrate the rest of the
primer and carry heat through it to leading to
the ignition of the second phase.
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Figure 7.36.  James Abbott Whistler’s Nocturne in Black and Gold: The
Falling Rocket.  The painting, showing a fireworks display in London’s
Cremorne Gardens, caused a lawsuit when art critic John Ruskin said Whistler
was “throwing a pot of paint in the public’s face”.  The Dexter M. Ferry Fund,
Detroit Institute of Arts.  From George Plimpton’s Fireworks, Doubleday,
N.Y., 1984.

Once the primer has ignited, a first fire
reaction is initiated.  The components of the first fire
often contain barium (Table 7.3).  These barium "first
fire" formulations tend to be more variable than the
primers.  Barium serves as an "exotic" or "fingerprint"

component to the mix.  The
addition of barium is variable
because it is not essential.  It
simply serves to satisfy the charge
on either nitrate or perchlorate
without causing the compound to
adsorb water.  Barium is often
omitted when creating gunpowder
for fireworks because of its
weight (Conkling, 1985) (Figure
7.36).  Typically, potassium
perchlorate is used instead of
barium nitrate.  Fireworks
produced in the U.S. also do not
contain lead, as it is prohibited by
law.  Imported fireworks,
particularly those from China,
however, may contain lead as can
be demonstrated by collecting air
borne particles during firework
displays (Figure 7.35) (Liu et al.,
1997).  Estimates of the total
amount of lead dispersed from
fireworks varies from country to
country for the millenium (2000)
celebration.  It was estimated that
the European Union used 124
tons of lead, Sydney, Australia 6
tons, and the United States 60
tons (Smith, 2002).

For guns, the exact
mixture of lead, antimony,  and
barium will depend upon the
cartridge manufacturer.  The ratio
of Ba/Sb is a  "fingerprint" for
each company.  In forensic
chemistry, a hand may be tested
for recent firing of a gun by a q-
tip swab wipe around the back
and palms of both hands(Basu and
Ferriss, 1980; Basu et al., 1984;
Kilty, 1975; Kopec, 1979;
Krishnan and Jervis, 1984;
Newbury, 1980; Wolten et al.,
1979a; Wolten et al., 1979b)
(Figure 7.37).  The total amount
of deposited lead, antimony, and

barium should be higher on the back of the hand firing
the gun, due to escape of gases through the "breech" of
the gun. The ratio of Ba/Sb should allow one to
distinguish between high amounts of metals derived
from environmental lead (for example, lead from one’s
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The data shown here was taken from a suspect in a drive-by murder attempt,
Sept. 1994, Chicago.  The defendant had 12 witnesses that placed him at a
party at the time of the shooting.  His brother, a gang member, left Chicago
for Mexico the day following the shooting.  The lawyer wanted to know if
the time between the hand sampling in September and the actual test for
metals in December could compromise the measurement.

rb = right hand, back
rp = right hand, palm
lb = left hand, back
lp = left hand, palm

location Amount metal measured, micrograms
Ba Sb Pb Ba/Sb

rb 0.43 0.0229 0.58 14.8
rp 0.67 0.05 1.08 13.0
lb 0.21 0.009 0.45 23.8
lp 0.54 0.026 1.97 20.6
cartridge 5.4

The lab said that the results were consistent with firing the gun.  Do you
agree?

Figure 7.38:  Guilty or Not?

Figure 7.37 Diagram of a gas muzzle and breech showing most probable location of hand contamination.

place of occupation) and that
derived from the cartridge.  Figure
7.38 presents for data related to a
murder suspect.

Lead exposure from the
gases of the fired guns is
significant.  Researchers have
studied the inhalation of lead by
military and firing range personnel
(Klein, 2000; Rogers, 2002).  As
we will see later, particles smaller
than 6 microns evade the body’s
defense system and can
accumulate within lung tissue.

Significantly, although
American society  made a public
health decision to reduce
environmental lead  and
consumption has decreased in all
categories except lead acid
batteries, employment of lead in 
munitions has increased (Figure
7.26).
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Figure 7.39.  Jim Reinders’ Carhenge, car sculpture, 1987.  Photo courtesy of Friends of Carhenge, Alliance,
Nebraska.

Lead and Automobiles

In 1950 American domestic lead consumption
was dominated by pigments, gasoline, and batteries.  In
1992 all forms of lead consumption declined except in
munitions and batteries (Figure 7.26). The next two
sections will focus on lead consumption in the
automotive industry.   

Early History of Batteries
In the United States most lead is consumed in

the form of auto lead acid batteries (Figure 7.26).  For
most people, these batteries are not sources of lead
exposure.  However, people located near lead acid
battery recycling plants and workers in lead acid battery
manufacturing plants are at risk of lead poisoning.

Lead acid batteries were developed following
early experiments with electricity.  The “term”
electricity was first coined by William Gilbert (Queen
Elizabeth I’s doctor) in his book De Magnete in 1600.
The word “electric” derives from elektron, the Greek
word for amber, which can be charged when it is
rubbed with fur.  By 1745 Ewald George von Kliest
and Peter von Musschenbroek had sufficient control of

electricity to kill small animals with electrical
discharges (Wakefield, 1994).  In 1752, the American
Benjamin Franklin showed that lightning was
electricity.  He also defined electricity  as having plus
or minus polarity.  Joseph Priestley, an English
chemist, showed that repulsion between electric
charges is proportional to the inverse square of the
charge (1/q2).  Coulomb quantified electric charges  in
1777 resulting in  Coulomb’s Law eight years later.  In
1791, Luigi Galvani from Bologna caused frogs’ legs
to twitch by applying metal to the muscle.  Count
Alessandro Volta from Pavia showed that this
twitching was due to a voltage like that developed
between two dissimilar metal plates in contact with a
bathing solution.  Voltage is a measure of the tendency
of electrons to move from high to low energy.  Volta’s
discovery resulted in the first battery, Volta’s pile.  His
discovery was published March 3, 1800 as a letter to
the Royal Society of London (Bode, 1977). 

In 1803 and 1805 Ritter achieved a stable
voltage when he passed an electrical current between
two copper wires (electrodes) in an NaCl (table salt)
solution.  When he disconnected the current source he
observed that current flowed in the opposite direction
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Figure 7.40.  Gaston Plante’s lead acid battery
1859 as illustrated in Scientific American.  From
E. H. Wakefield’s History of the Electric
Automobile, 1994.

Figure 7.41 Trouve’s electric boat competing at the Troyes regatta, 1882. Scientific American
illustration.  In E. H. Wakefield’s History of the Electric Automobile: Battery-Only Powered Cars,
Society of Automotive Engineers.  Warrendale, Pa. 1994.

until the stored voltage dissipated.  The induction of
permanent voltage on lead electrodes provided a way of
chemically storing electrical energy as Sindsteden
discovered in 1854 and Gaston Planté in 1859.  Figure
7.40 shows Planté’s diagram for a lead acid cell
consisting of lead foils sandwiched with flannel, then
wound in spirals and immersed in sulfuric acid.

 Lead Acid Battery and Transportation

The lead acid Planté cell and transportation
came together with the development of an engine that
converted electricity to mechanical energy.  The
Englishman Michael Faraday in 1821 demonstrated the
relationship between the alternating current and
magnetism.  This relationship allowed electrical energy
to be converted into mechanical energy.

An electric current consists of moving
electrons.  If passed through a wire it induces a
magnetic field perpendicular to the electric field.  If a
magnetic filament is placed near a coiled wire, it will
move in response to the induced magnetic field.  The
coupling of the current’s electric field to the magnet’s
physical motion enabled the conversion of electrical
energy to mechanical work.  The first electric engine,
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Figure 7.42.  Ayrton and Perry’s electric tricycle of 1882.  A
Scientific American illustration.  From E. H. Wakefield’s History
of the Electric Automobile: Battery-Only Powered Cars.  Society
of Automotive Engineering.  Warrendale, Pa. 1994.

invented by the American Thomas Davenport in 1836,
drove a lathe.  The coupling of the lead acid battery-
driven electric engine to transportation first was
implemented by M. Gustave Trouvé in 1881(Bode,
1977, p. iii). Trouvé constructed an electric boat and a
dirigible, balloon.  Figure 7.41 shows the electric boat
competing in a regatta at Troyes Aug 6, 1882 (Bode,
1977, p. 6).  

The first electric  vehicle was a tricycle.  Its
maiden voyage was described by an eyewitness as
follows:

I had just crossed the Palais Royal and arrived on the
Rue de Valois, when my attention was drawn by a man
who was on a tricycle and arrived at full speed.  I
would have left immediately if, upon the approach of
the tricycle, I had not heard a few exclamations uttered
by passerby who said: “Of course it is steam or
electricity which propels it.” Upon hearing the word
‘electricity,’ I paid closer attention to the vehicle which
was going by me at that precise moment and it was

easy for me to notice that, in fact, the ‘soul’ of
the movement was indeed electricity, because I
immediately recognized the small motor which
had been presented and demonstrated by its
inventor during a social gathering given by Vice
Admiral Mouchez in the Paris Observatory.
However, I did not recognize M. Gustave
Trouvé, the famous electrical engineer, as being
the person who was on the tricycle, but I soon
heard he was standing apart and that from a
window in the Hotel de Holland, he had followed
all phases of the experiment.  Let me tell you a
few words about it.

The tricycle had two steering wheels
and a simple, large propelling wheel, the latter
being, I believe of English manufacture, and
appearing quite heavy.  Placed beneath the axle
joining the two small wheels were two small
Trouvé motors, the size of a fist.  These motors
were communicating movement by means of two
link chains, each of which was engaged its
respective sprocket gear on either side of the big
propelling wheel. 

Behind the seat and sitting on the axle,
a rough, newly fashioned wooden box contained
six secondary batteries.  These accumulators
were quite similar to those of M. Gaston Planté
and actuated the motors.  To the left of the seat
was a brake lever easily reached by the
conductor.  On the lever was an electrical switch
by which the driver could easily stop or start

immediately.
Here is, as succinctly as possible, the portrait

of the electrical tricycle on 8 April 1881, which, seen
from the back, vaguely resembled the cart of the
ancient salesmen.  Let me add that this tricycle, of
English engineering, in fact, was very heavy, about 55
kgs.  The total weight of the vehicle, with batteries and
driver, could reach 160 kgs and the effective power
produced by both motors corresponded to 7
kilogrammeters per second (1/10 hp)” (Barral, 1891).

The 1882 Ayrton and Perry tricycle, similar to
Trouvé’s invention, is shown in Figure 7.42.  The
lower platform shows the series of lead acid batteries
used to propel the tricycle.  As soon as it was driven in
England, it was banned from English roads (Bode,
1977, p. 11):

Sir: What is the use of an electric tricycle?
The Locomotive (Roads) Act, Sec. 3, enacts that ‘every
locomotive propelled by steam, or by any other than
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Figure 7.43.  C&EN News: May 22, 1995, p. 7.

animal power, on any turnpike, road or public
highway, shall be worked according to the following
rules and regulations amongst other, namely: firstly, at
least three persons shall be employed to drive or
conduct such locomotive; secondly, of such persons
while any locomotive is in motion one shall proceed
such locomotive in motion on foot by not less than 60
yards, and shall carry a red flag constantly displayed,
and shall warn the riders and drivers of horses of the
approach of such locomotives, and shall signal the

driver there of when it should be necessary to stop, and
shall assist horses, and carriages drawn by horses,
passing same.

And by Section 4, the speed at which such
locomotive shall be driven along a highway is limited
to four miles per hour, and through a city, town, or
village to two miles per hour.  Is this how electric
tricycles are proposed to be driven? That a tricycle is
a locomotive within the meaning of the act of
parliament if driven by other than animal power has
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Figure 7.44 Available voltage and kWh/g for various batteries.  Lead acid battery
has the least available Wh/kg.  Data source Battery Association of Japan, web
page accessed 12/8/2002.

been recently decided by the Queen’s Bench in the case
of Parkyns vs Priest, 7 Q B D, 313.

Yours, etc.
October 31, 1882

Chancery Lane

By the end of the 1800s, electric vehicles,
mostly powered by lead acid batteries, appeared to have
a bright future.  The future was indeed so promising,
that P.A.B. Widener and Willicam C. Whitney formed
the Lead Trust in New York City.  They attempted to
monopolize all the industries related to electric
transportation: electric street railways franchise
holders, lead-acid battery manufacturers (such as the
Electric Storage Battery Company of Philadelphia),
electric motor companies, electric vehicle companies,
taxi companies, and the Selden Patent on the
combustion engine (Bode, 1977, p. 55).  The trust
placed an order for 1600 electric taxis to Colonel
Albert A. Pope from the Pope Manufacturing Co. of
Hartford, Connecticut.   The Selden Patent, granted
Nov. 5, 1895, was for the competing internal
combustion engine.  By holding the Selden Patent, the
Lead Trust hoped to control the competing engine
technology.  The Lead Trust lost out eventually to
Henry Ford, who refused to
license the Selden Patent.
Ford won a statement in court
which limited the Selden
Patent to the two stroke engine
allowing him to proceed with
his four stroke engine.

Despite the success
of the internal combustion
engine, lead acid batteries are
still used in automobiles as the
source of chemical energy for
initiating the combustion
process.  Figure 7.26 shows
t h a t  t h e  t o t a l  U . S .
consumption of lead during
the 1990s was due mostly to
the lead acid battery.

The lead acid battery
industry, while consuming the
bulk of “new” lead, also
recycles greater than 95% of
all batteries.  The recycling
process requires the batteries
to be broken apart, plastic
cases recycled, and the lead

recovered and re-smelted.
The societal impact of the lead acid battery

may be lessened by the development of alternative
batteries, driven by public mandates for electric
vehicles.  The lead acid battery cannot serve as the
power source of an electric vehicle simply because of
its mass, which directly results from its atomic weight.
A useful industrial comparison for batteries is kilo-
Watt-hour/kg (1kWh = 3600 kJ) which accounts for
weight.  In Figure 7.44 several batteries are compared.
 The larger kWh/kg, the more feasible the battery's use
as a power source for an electric vehicle.

Despite its low weight efficiency, the lead acid
battery was used in demonstration electric vehicles
(1995) simply because the alternative technology was
not yet in place.   Critics of electric car technology
suggest that lead electric cars will raise lead pollution
more than they will reduce Nox emissions (Figure
7.43).  One budget analysis of increased lead acid
battery use for electric car technology suggests that
national lead discharges to the environment would
increase by about 20%. 

Alternative batteries became more readily
available at the turn of the millenium (~2000)are now
available.  Several of the new batteries have sufficient
lifetime, recharging capacity, and power density to
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Table 7.4: Timeline for Gasoline
Date Event
Dec 9, 1921 Midgley, Kettering, Boyd at G. M. Discover tetraethyl lead as

an anti-knock agent
Feb 2, 1923 First Sale of tetraethylleaded gasoline
1925 Sales halted during Public Health Debate
1926 Sales resumed
1929 Remove PbO deposits within engine by addition of

dichloroethane, CH3CH2Cl2
1935 37x103 tons of leaded gasoline sold in US
1944 75x103 tons leaded gasoline sold in US
1955 165x103 tons of leaded gasoline sold in US
1965 225x103 tons of leaded gasoline sold in US
1970 279x103 tons of leaded gasoline sold in US
1975 175x103 tons of leaded gasoline sold in US
1975 End of leaded gasoline sales in US

function reasonably well in either electric or hybird
electric cars.  The largest difficulty for implementation
is the converting gas suppliers (such as local gasoline
stations) to offer alternative energy sources.

Lead battery production presents a major
exposure to the production staff and a dilemma for
disposal.  The production line also poses a legal
problem with respect to equal labor rights and access to
high-paying jobs.  According to a California study, lead
battery workers have even more elevated blood lead
levels than radiator repair persons (who use much
solder) and workers in brass/copper foundries,
construction sites, or firing ranges (Maizlish and
Rudolph, 1993).  
 
Why Lead in Gasoline?

Lead is used in many parts of the world as an
anti-knock agent in gasoline.  Gasoline is burned in a
combustion engine to produce energy.  If the gas
ignites too rapidly, the piston is slammed, giving rise to
a "knocking" effect  (Figure 7.45).  The rate of burning
can be decreased by boosting the octane rating of the
gasoline, that is, by increasing the branch numbers of
the carbon chain.  Increasing the branching requires
added refinement of the gasoline by cracking,
reforming, or alkylation.
  “Cracking” gas to make a non-knock formula
is expensive.  There  were many attempts to avoid
cracking by addition of some other, extra or alternative,
ingredient that prevents spontaneous combustion of the

“uncracked” gas.  Since the spontaneous ignition
process is apparently driven by free radical chemistry,
the additive should  prevent the buildup of free radicals
(unbonded electrons).

As early as 1922 it was discovered that the
octane rating of gas could be increased more cheaply
by adding an organo-lead compound (Tetraethylead) to
the uncracked or unbranched gas (Rosner and
Markowitz, 1985).  Lead, like other heavy, polarizable
metals (soft bases Pb, Sn, Hg, Tl, Cd) can covalently
bond to carbon and has been extensively studied as an
organometallic species (Pinhey, 1995).  Tetraethyl lead
went by the trade name ethyl in order to avoid
association with the toxic metal lead (Figure 7.46).

A secondary benefit of adding lead to gasoline
is the fact that any lead metal formed during the
reaction can deposit around the seal, providing a
compressible surface to facilitate the seal.  A similar
process has been postulated for the use of organo-
compounds as detonators in firearms.  The deposited
metallic lead would serve to lubricate the surface.

In order to avoid too much of deposition of
lead oxides from the burned gas, halides are added to
promote formation of another volatile, but combusted,
species, lead chloride.  Lead chloride remains a gas at
the combustion temperatures of the engine and is swept
into the exhaust system.

Figure 7.47 shows the gases emitted from the
exhaust of a combusted leaded gasoline at the time of
engine starting.  Note the high concentration of lead
halides.  With time (18 hours) the oxide content can

increase (Servant, 1986).
Leaded gasoline

products have been phased
out of use in the United
States (Table 7.4)  and other
countries, but production
continued for some time after
the  phaseout.  In 1997, Great
Lakes Chemical of West
Lafayette, Indiana reported
that it was considering selling
off its subsidiary Octel
Associates, a manufacturer of
lead additives.  This
subsidiary provided the
company with 54% of it’s
p r e t a x  1 9 9 6  p r o f i t s
($421 ,000 ,000)(Rouhi ,
1997)).
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Figure 7.44 1932 ad entitled Come inside the engine and
see why Ethyl is better.  (Author).

Figure 7.45.  Symbol of the tetraethyl lead additive produced by the Ethyl
Gasoline Corporation.  (Author).
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Figure 7.46 Gases that are emitted from a gasoline engine burning leaded
gasoline.  The gas composition changes with time of operation.  Old exhaust most
closely approximately the compounds deposited to soil.  Data source: Servant, S.,
1982.

Figure 7.47  Octane boosters and
lubricant for seals for use in older engine
cars.  (Author).

Replacements for Leaded Gasoline

The average total lead in gasoline (leaded and
unleaded) was reduced to 2 g/gallon in 1975.  In 1982
the EPA required that the average leaded concentration
of leaded gasoline be 1.1 g/gallon by 1985, with further
reductions to occur: 0.5 g per leaded gallon after July
1, 1985; 0.1 g per leaded gallon by January 1, 1986;
and a complete ban by 1996.  Refiners producing
gasoline with less lead received credits in any one
phase that could be banked for the next phase or traded.
73% of all refiners participated in the trading program
by 1984 .

If leaded gasoline were so important to the
smooth functioning of cars what was the impact on cars
that required leaded gasoline?  Not only did leaded
gasoline reduce knocking in the engine it lubricated the
exhaust valve stem when the valve’s head slammed
against its seat (Banse, 1986).  Owners of cars older
engine can purchase an octane booster from a variety of
vendors (Figure 7.47).  Solving the problem of the
valve aging is more difficult.  These earlier valves
begin to lose their sealing capacity at 35 hours of
performance with unleaded gasoline.   Horsepower
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Figure 7.48  Estimated thousands of tons of leaded gasoline used in the U.S. and Europe and measured blood lead
values of German Adults.  Data sources: R. Lobinski, C. F. Boutron, J.-P. Condelone, S. Hong, J. Szpunar-
Lobinska, F. C. Adams, Env. Sci. Tech. 1994, 28, 1467-1471; Goodsite, M. E., et. Al., High resolution AMS 14C
dating of post-bomb peat archives of atmospheric pollutants, in Proc. 17th Int. 14C Conf., edited by I. Carmi and E.
Boaretto, IradiocarbonI, 43, 453-473, 2001.

drops following valve wear out.  To maintain an older
engine requires rebuilding the valves and their seats or
addition of alternative lubricants with each tank of
gasoline.  

The large economic cost associated with
replacing older cars has been cited as a reason for
continued use of leaded gasoline in Africa (Maresky
and Grobler, 1993).

Dispersion From Leaded Gasolines

Airborne lead from Gasoline
Leaded gasoline itself is highly  toxic for

reasons discussed in Chapter 7.  Exposure to  leaded
gasoline can be linked to childhood blood lead levels in
areas of the world still producing and consuming
leaded gasolines (Eastern Europe, Africa, Latin
America) (Nriagu et al., 1997).

Figure 7.48 (Eisenreich et al., 1986) shows the
estimated lead consumed while using  regular-grade
gasoline  in the United States from 1950 to 1980.  The
unfortunate consequence of the use of leaded gasolines
was to increase the environmental flux of lead
(Christensen and Klein, 1991; Driscoll et al., 1992;
Durando and Aragon, 1982; Eisenreich et al., 1986;
Jones and Johnston, 1991; Lankey et al., 1998;
Murozumi et al., 1969; Saltzman et al., 1985; Windom
et al., 1991).

A mass balance for lead in California found
lead cycled between leaded gasoline (37%), vehicles
with unleaded gasoline (15%), point sources (smoke
stacks) (5%), resuspended  lead from the road (43%)
(total  of 600 ± 190 kg/day).  Of this material
580±160kg/day were accounted for by  deposition of
the lead from the air to roads and nearby soil (>50%),
with one third carried out of the South Coast Air basin
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Figure 7.49 Estimated deposition of lead to the arctic ice, measured and modeled rates of deposition of lead to a
Danish peat bog.  Sharp increase just prior to 1950 correlates with use of leaded gasoline.  Data sources: Hans
von Storch, Charlotte Hagner, Mariza Costa-Cabral, Frauke Feser, Jozef Paccyna, Elisabeth Pacyna, and Steffen
Kolb, EOS, Transactions, American Geophysical Union, 83, 36, 393, 2002.;    M. Murozumi, T. J. Chow, and C.
C. Patterson, Geochim. Cosmochim. Acta, 1969, 33, 1247.

by wind.  A small amount (less than 10%) was
deposited on surfaces (lakes, rivers) throughout the
basin (Lankey et al., 1998).  The mass balance has not
changed despite the decrease in leaded gasolines.

Isotopic signatures of aerosols remain
conserved during transport across the Atlantic ocean
(Bollhofer et al., 1999; Sturges and Barrie, 1987;
Veron et al., 1998).  The loading of global air with lead
might contribute to global blood lead levels (Figure
7.48).  

In one study from the early 1980s the lead in
soils was found as coming predominately (as measured
by isotope ratios) from leaded gasoline and not from
orchard sprays, power stations or smelters (Gulson et
al., 1981).  A contemporary study indicates that leaded
gasoline is still the dominant source of lead in urban
particulate matter (1997) in England, but other sources
can now be identified as the amount of lead from

gasoline decreases.  The other sources were identified
as particulate matter and incinerator ash.  The industrial
signal from an incinerator is the average of the various
source inputs.  Lead isotope ratios for incinerated ash
in England have been found to be 206/207 1.143 to
1.155 (Monna et al., 1997) with similar values found in
Germany (1.142-1.159 (Hamester et al., 1994)) and in
Japan (1.15 (Mukal et al., 1993)) and in liquid urban
waste in southern France (1.147 to 1.160 (Monna et al.,
1995)).  These isotope ratios were used to establish that
airborne particulate matter in Southampton England
was predominately still from leaded gasoline but that
certain particulates could now be ascribed to industrial
output.

Deposition to Ice Caps

Airborne lead increased with increased human
activity: discovery of cupellation, Greek coinage, New
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Figure 7.50  The pg/g of trimethyl lead increase in wines in a pattern that
matches gasoline use.  Prior to the uptake of trimethyl lead the isotope signature
of wine matched the background soil values in France.  The isotope signature
shifted away from the background level with increased trimethyllead use in
gasolines.    B. Medina, S. Augagneur, M. Barbaste, F. E. Grousset, and P.
Buat-Menard, Influence of atmospheric pollution on the lead content of wines. 
Journal of Food Additives and Contaminants, 2000, 17, 6, 435-445.

World Silver mines, and leaded gasoline.  Figure 1.3
and 7.49 show the effect of such activity on arctic ice
(Lobinski et al., 1994a; Murozumi et al., 1969).     The
data was acquired from deep cores of the arctic. The
cores were obtained with special drilling equipment to
minimize contamination.  The effect of contamination
was checked by stripping the cores in a clean room
layer by layer with a  diamond tip, until the stripped
portions showed no further change in metal content.
The cores were sectioned and analyzed by atomic
absorption.  The cores are a faithful replication of the
amount of mining activity of the Greeks and Romans
(Hong et al., 1994) (Figures 2.71).  The ability to
deposit lead from the mines in Spain required that the
particle size of the leaded material be small enough to
carry the lead above the European mountains (into the
troposphere).  

Deposition to Lakes and Oceans

The amount of  lead in ocean sediments

(Christensen and Klein, 1991;
Fergusson, 1990) is considerable
while the amount of lead in the
ocean apparently has decreased
with time as has the blood lead
level (Figure 7.48) (Windom et
al., 1991).  

The amount of lead
from airborne dispersion can be
tracked in sediments using
isotope measurements.  It has
been found that  before 1950
lead in southern England
retained it’s local lead isotope
signature, but after this time
period lead used industrially
derives from other sources
(Croudace and Cundy, 1995).

In the Chicago area dry
deposition of lead to the lake
was 0.003-0.01 mg/m2day.
Deposition was greater on days
in which the wind blew from
Chicago (Paode et al., 1998).
The mean deposition within the
city at that time was 0.03-0.07
mg/m2day.  The total flux is
dependent upon the particle size
of the lead.  Particle sizes ranged
from 0.75 um to 24 um.
Although larger particles are

fewer they accounted for a major portion of the
deposition to the lake (Zufall et al., 1998).  Lake Erie
lead derives from coal combustion, gasoline, an
municipal waste water discharges to the lake.  The
variable composition of lead deposition to the lake can
be traced by lead-210 isotope studies (Ritson et al.,
1994).

Deposition to Plants

Tetraethyl lead deposited on grape skin
penetrates the grape.  Careful analytical chemistry
shows a correlation between the total amount of
trimethyllead absorbed by the grape and the isotopic
signature.  Before the introduction of leaded gasolines
French wines showed an isotopic signature consistent
with the soil background.  When increased gasoline use
the isotope signature of wine changed (Figure 7.50).

Deposition to Soils
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Figure 7.51.  Three dimensional surface plot of New Orleans soil lead with peak concentrations in the inner city,
where traffic is heaviest, with an exponential decrease toward the outlying parts of the city.   American Scientist, 87,
1999, 63-73, Mielke, H. W.

The leaded gasoline contribution to soil lead
generally is in proportion to the distance from the
traffic and to the density of the traffic.  Leaded
gasolines exhausts not only mobilized lead into the
global water bodies but into the soils (Griffin et al.,
1989; Livett et al., 1979; Schulthess and Huang, 1990;
Sheppard and Thibault, 1992; Sheppard and Sheppard,
1991). 

Urban soils tend to have lead that is correlated
with age of traffic density and age of housing, but tends
to be higher in more highly industrialized cities
(Mielke, 1999).  See Tables C.8 and C.9.

The amount of lead in roadside soils can be
modeled by an equation of the form:

[11.1] Pb = A1
 -ekD + A2

ekD

where A are functions of average daily traffic volumes
and the two exponential terms are related to different
particle sizes.  Large particles were deposited within 5
m and small particles within 100 m (Wheeler and
Rolfe, 1979).  
The urban background level of soil lead as being higher
than that of rural areas, in part, due to higher traffic
density and velocity (Figure 7.51).
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Figure 7.52 A high energy alpha particle strikes an atom
and causes a second alpha particle of lower energy to be
ejected, a beta particle to be ejected, or may cause
excitation of electrons within the atom, attenuating the
path of the alpha particle.

Part II: Chemistry of Modern Lead Uses
Solder

 Figure 7.12 is the phase diagram for the
binary Pb/Sn system. The phase diagram indicates that
at 100 lead percent there is an α phase of solid Pb,
whose melting point is 323 oC.  The melting point
drops almost linearly with the addition of Sn.  The
complete solidification of this liquid occurs very at
constant temperature across the Sn composition at 185
oC.   

Tin Can Rusting

  An examination of oxidation reduction potentials
(Table D.8) indicates that tin should rust more easily
than lead. However, the difference in their affinities for
electrons is not large (10 mV).  The change in the
equilibrium constant related to a 10 mV change can be
calculated from

[7.6] ∆G = -nFE

where n = 2 electrons, F is the Faraday’s constant
9.64846x104 C/electron, and E is 0.01 V to give -1,929
C-V or J.  This translates to a difference in equilibrium
constants of 

[7.7] ∆G = -RT lnK

(RT = 2480 J/mole) to = 2.1.  This small change in
equilibrium constants which favors  oxidation of tin
over lead, could easily be affected by ligand chemistry
from the food within the can.

Lead As a radiation Shield

Important radioactive reactions are illustrated
by the decay of thorium

[7.14] 234
92U 6 230

90Th* + α

[7.15]  230
90Th*  6   230

90Th + γ

where the γ particle is of fairly low energy (0.05 MeV)
but cannot be deflected by magnetic or electric fields
and, indeed, penetrates them easily. 

When a high energy alpha particle hits a
surface, it causes ionization and the production of
secondary beta particles and lower energy alpha
particles (Figure 7.52).  Lower energy alpha particles

can excite inner shell electrons.  When these processes
take place in biological tissue, the charged species can
damage the chromosomes.  To calculate the relative
damage caused by various X-rays, multiply the energy
of the particle (rad in J/kg-matter) by a factor
accounting for its ionizing ability, where the divalent
alpha particle is highest:

[7.16] (rads)F = rem

The parameter F is 1 for γ and β (e-) rays and 10 for the
divalent α ray, meaning that the alpha particles are ten
times as dangerous.   The dosage rate for the general
public is 0.17 rem/?.

Lead shields X-rays well.  It has a large
number of inner shell electrons that can absorb high
energy particles and re-emit them as secondary rays of
lower energy, until so much energy has dissipated that

the exiting electromagnetic radiation can no longer
ionize material.  

An X-ray beam can create a transition in the
innermost shell and thus cause excitation or complete
ionization.  Absorption events with the innermost shell
require the highest energy.  They are termed K
transitions.  Absorptions of radiation by higher shell
electrons are called L and M transitions.   Table D.19
 shows the variety of transitions that have been
observed for lead.
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Figure 7.53.  A “battery” of lead acid cells were arranged by Gaston Plante in 1859 
to give sufficient energy to be useful. Image source: E. H. Wakefield, History of the
Electric Automobile, Society of Automotive Engineers, Inc., Warrendale, Pa. 1994,
original source, Scientific American.

The relationship between the X-ray energies
in eV and those in is given by 

[7.17] λ = 12398/V

The wavelengths typically associated with X-ray
radiation are 0.1 to 2.5 D, the distance to be expected in
atomic bonds.  As a result, X-ray radiation provides a
useful way to determine structure.  As noted in Table
D.19, lead absorbs strongly over a broad range of X-ray
radiation, leading to a good attenuation of energy and
thus good shielding effects.  

Lead Acid Battery Technology

The name “battery” comes from the word for
an array, such as an array of artillery on a boat.  The
first “battery” consisted of an array of Planté cells
(Figure 7.53) (Bode, 1977, p. 97). 

The lead acid battery derives it energy from
stored chemical reactions. The  chemical reaction
giving the voltage  is

[7.8]

This reaction can be
split into two parts.  The first
involves the conversion
(reduction) of 
Pb4+O2 to Pb2+SO4 . The
second involves the
conversion (oxidation) of
metallic lead, Pb0, to
Pb2+SO4 .  The successful
functioning of the battery
lies not only in the overall
chemical energy, but in the
stability and attachment of
the solids to the electrode,
and the abilities to transport
charge and kinetically
convert between the solid
phases.
  For a battery to
work, it must store energy in
a chemically accessible form
near an electrode.  If the
chemical reaction is stored

far away from the electrode, little power will be
obtained.  The current will limited by the time it takes
material to randomly walk its way up to the electrode.
Therefore the chemical storage reaction must occur
immediately at the electrode surface.  This fact presents
a problem, as most storable chemical reactions involve
precipitation reactions.    Precipitation reactions often
“passivate” or kill the reaction by densely coating the
electrode and preventing the arrival of reactants.  Thus,
the stored chemical energy (precipitate) needs to be
open and porous and conduct charge well.  However,
open and porous precipitate films are often
mechanically fragile and can be knocked off.  The film
must be mechanically robust.  Finally, the stored
chemical energy must generate a large voltage. 
Lead acid batteries fill all four of the above
requirements: 1)) development a large voltage, 2) a
precipitate of stored chemical energy;  3) mechanical
robustness; 4) a porous precipitate that conducts
charge.  Indeed, the largest source of lead consumption
in both 1950 and 1991 was in the production of lead
acid batteries (Interior, 1992).  

Although it can develop a large voltage the
overall energetics of a commercial lead acid battery

(shown in Figure 7.55) depend upon the
solubility reactions and result in a
spontaneous reaction of -393 kJ/mol.   As
the energy computation shows, the
solubility of the products and reactants

 Charge

PbO2(solid) + Pb(solid) + 2H2SO4(aqueous)     X    2PbSO4(solid) + 2H2O(liquid)
     Discharge            
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PbO2(solid) + 4H+ + SO4
2- + 2e 6 PbSO4(solid) + 2H2O 1.69V

Pb(solid) + SO4
2- 6 PbSO4(solid) -(-0.035V)

Pb(solid) + PbO2(solid) + 2H2SO4 6 2PbSO4(solid) +2.04 V

∆G = -nFE
∆G = -2(9.6485x104 C/mol)(2.04V) = -393.6x103C-V/mol = -394 kJ/mol

Figure 7.55:  Potential of Lead Battery

Figure 7.54.  Image source: Lead Acid Battery.  A series of different lead
girds were designed to increase surface area and minimize lead oxide
flaking.

plays an important role in the total
voltage that the battery attains.  

The next two factors - the
chemical energy stored as a precipitate
and the robustness of that precipitate -
were initially discovered empirically and
then studied in greater detail.  Soon after
the invention of this reaction, Camille
Faure patented the creation of the
“voltage pile” by pasting red lead onto
the lead plate (Figure 7.54), which
increased the surface area for the
chemical reaction (Bode, 1977).  This
battery had better capacity, but poorly
adhered.  The paste  was often jarred
loose by the mechanics of the
transportation system, rendering recharge
of the battery impossible and decreasing
charging capacity of the electrode
(Figure 7.56 ) (Pavlov and Kapkov,
1990).  The difficulty of maintaining the
solid phase close to the electrode surface
ended Phillipart and Ward’s experiments
in 1882 on a lead acid battery-based
electric tram (Wakefield, 1994).  Many
workers in the field grappled with the
adherence problem.  In 1881, E.
Volkmann, J. S. Sellon, and J. W. Swan
patented lead plates with holes that were
filled with pulverized lead.  Sellon
borrowed a trick from lead typesetters
and added antimony to strengthen the
malleable lead grid.  This practice is used
today.  The antimony in the lead-
antimony alloy helps reform the dendritic
structure to yield more finely divided
microstructures for uniform grid
corrosion during battery use.  There is an
additional benefit of increasing
mechanical strength.  On the other hand,

Pb/Sb grids require
increased overcharging
currents, where the
current is consumed in
gas reactions.  This
means the battery fluids
decrease with time and
the top of the batter emits
acid fumes (Bode, 1977;
Vinal, 1924; Vinal,
1955).

Finally, as
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Table 7.5.  Battery Improvements
Date Inventor Change Energy
1859 Planté lead 8.1 Watt-hrs/kg
1881 Faure lead+red lead 12.6
1888 Julien lead, red lead, Sb 23.8 

Figure 7.56.  The capacity of lead acid batteries depends upon the type of dust used in packing the grids
in Figure 7.51.  

noted, the  solid material must evenly transport charge
through the solid.  This issue was initially addressed by
adding a small amount of liquid mercury to promote
electrical contact between the metal electrode and the
lead oxide.  This practice also boosted performance
(Table 7.5 (Wakefield, 1994, p. 143)).  Further research
over the next 90 years has focused on the solid phase.

Taking as an example the overall charging
reaction for the reduction of:

[ 7 . 9 ]

One possible kinetic mechanism involves the
simultaneous dissociation of water on lead dioxide and
the introduction of an electron (Figure 7.57).  This
mechanism requires electrical conductivity through the
crystalline phase of the lead dioxide, and pore space for
the motion of water.  This step of the reaction is very

slow and controls the overall rate of
electron flow.   The water is first
broken and added to the lead dioxide
crystal as a proton and as a
hydroxide in concert with the
addition of an electron.  Addition of

another electron reduces the valence of the lead,
making the compound net negatively charged.  Charge
is removed through the loss of hydroxyl groups to the
solution. The lead monoxide that forms is more soluble
than the original lead dioxide.  This lead monoxide can
be brought into solution, where it reacts with sulfate
ions to initiate the formation of rhombic lead sulfate,
anglesite, in its crystal phase.  The nucleation rates of
the lead sulfate in the presence of excess sulfate rise in
the presence of excess sulfate and reduce the growth of

very large-sized crystals. Attachment
of the rhombic lead sulfate crystallites
to the electrode surface is facilitated
by a match between the crystal lattice
of the PbO or PbO2 and the PbSO4.

Consequently, a good deal of work has gone into
controlling the allotropic forms of PbO2 (β or α) and
understanding the structural similarities between the
oxides and tetrabasic or tribasic lead sulfate which may
form on the oxides (Steele and Pluth, 1998).  

Pb4+O2(solid) + 2e + H2SO4(aqueous) X Pb2+SO4(solid) + 2OH-
(aqueous)
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Figure 7.57.  Scheme for reactions involved in energy production in
lead acid batteries.  Any one of the steps could be rate determining.

Figure 7.58 Unit cell of β-PbO2: projection on the
(101)plane, projection on the (110) plane.  

  β PbO2 (Figure 7.58 and 7.59) is formed
under acid conditions.  It has a linear chains of
octahedra lying parallel in sheets.  It is black at
ambient conditions but can be compressed to shorten
bond lengths, creating a red color  ( that indicates
semi-conducting behavior (Haines et al., 1996)).  The
shorter bond distance allows greater orbital overlap
with a greater band-gap distance.  Red light is not
energetic enough to be absorbed by an electron
promoted to the conduction band (Chapter 5,
pigments).  The resistivity of this semiconductor is
low enough that current can be carried through the
solid oxide (0.95x10-4 Ω).  The charging and
discharging process of the battery is consequently
facilitated.

A second lead dioxide crystal form is α PbO2,
discovered in 1943 (Bagshaw and Wright, 1992;
Kameyama and Fukumoto, 1943; Zaslavskii and
Tolkachev, 1952) (Figure 7.59).  It forms under
alkaline conditions and has a staggered arrangement
of the octahedron, with breaks in the plane stabilized
by Pb2+.  This stabilization is similar to that achieved
by adding a lead modifier to glass for the sake of
reducing the melting point  by addition of lead as a
modifier to stabilize chain breaks, Chap. 4.  This
species forms when the positive metal plate corrodes,
leading to reduced battery service (Bode and Voss,
1956; Ho et al., 1994; Ruetschi and Cahan, 1957).  α
PbO2 is more compressible than β because of the
zigzag chains.  Compressibility is greatest in the yz
plane, or b direction (Haines et al., 1996; White et al.,

1961).  To direct growth toward the α or
β phase, the battery broth can be doped
with antimony so that lead antimonate
grows.  A lead antimonate is used to
template growth of the α PbO2 phase,
which corresponds better than the β phase
(Hill, 1987).  The goal is to lengthen the
life of the battery by tailoring the
adherence of the lead dioxide to the
underlying electrode surface without
passivating it.  In addition to controlling
α vs β PbO2 to enhance the overall
reaction kinetics, it may be important to
control the allotropic form  to facilitate
growth of PbSO4  on the battery.

Also apparent from Figure 7.57
is the role of  diffusion.  The oxides
formed must be of a crystal size and
shape to promote large intercrystalline

pore  space.   The goal is a paste that adheres and
conducts ions well.  The wedge liquid (Figure 7.60)
holds the aggregate together, while the adhesion fluid
forms on the surface of the particle, and the capillary
fluid between particles within the aggregate.  The
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Figure 7.59 Two forms of lead dioxide are the alpha (upper) and beta
(lower).  The difference between the two is related to the position of
the lone pair on the lead oxide chains.  Alpha lead oxide is more open
and porous.

resultant lead oxide paste allows wedge liquid to hold
particles together before plasticity and flow come into
play.  The paste can then be coherently applied onto the
battery support. A typical lead dust used in battery

manufacture is 30% material in the 0.1 to
1 Fm particle size range. Particles in this
size range create a moldable, moist lead
dust, but also affect the toxicology of the
dust within the factory. 

Other engineering considerations
include the presence of scavenger
reactions.  These can abstract the electrons
in competition with the external circuit.
Not surprisingly, one such  corrosion
reaction is the formation of lead monoxide,
in which oxygen competes with the
external circuit to remove electrons from
metallic lead.  This corrosion reaction is
particularly facile because of the lattice
match between the positions of lead in the
metallic solid and in the oxide form (Evans
and Thomas, 1975; Hill, 1985).  
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Figure 7.60  The position of water between the lead oxide dust grains determines the rate of charge transport
through the battery and therefore its efficiency.

Figure 7.61. Structure of lead chloride.  Courtesy  of S. Pavkovic, Loyola University Chicago.
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Figure 7.62.  Addition of basic lead sulfate to the
polymer precursors and the blowing agent ABFA
results in decomposition of ABFA at a lower
temperature so that plastic may be extruded with less
energy.

Figure 7.63. Addition of dibasic lead stearate prevents
radical formation and subsequent cross linking
reactions.  The lead oxide formed as a by product
neutralizes the hydrochloric acid.

Combustion Engine Chemistry

To create covalently bonded lead to carbon
chains, as for tetraethyllead, a common Grignard
reaction is used:

[7.10] Pb + Li + C6H5Br 6 (C6H5)4Pb

The organoleads formed are volatile as shown
by their boiling points:  (CH3)4Pb, 110oC; (C2H5)5Pb,
78oC; 9n-C3H7)5Pb, 126oC; (iso-C3H7)4Pb, 120oC
(Pinhey, 1995).  

The role of lead as a gasoline additive is
related to the same toxic mechanisms involving the
dissociation of tetravalent lead biologically.
Tetraorgano-lead is unstable.  One of the C-Pb bonds
can be easily broken to form reactive lead, which
scavenges radical species, oR, in the gas phase
(Fergusson, 1990).  Since a buildup of radical species
can initiate detonation before the spark is applied,
removing them diminishes the slamming of the pistons.

The appropriate reactions are:

[7.11]   Pb(IV)R4 6 Pb(IV)O2

[7.12] Pb(IV)O2 + oRCH2 6 Pb(II)O +
RCH2Oo

Also added to the gasoline mix are chlorides
in order to create a final product of lead chloride which
is carried out of the engine. Lead chloride structure
(Figure 7.61) shows the "intact" bent PbCl2 (outlined)
linked in three dimensions through longer (i.e. weaker)
bonds to other chlorides.  This compound sublimes
(undergoes solid6gas transition) at low temperatures,
disrupting the longer bonds to produce PbCl2. 

The oxides decompose or melt at very high
temperatures (Table D.14).  The nitrates decompose at
low temperatures, with  removal of constituents and
transformations, as opposed to formation of gas phase
species.  The chlorides, on the other hand, dry, then
sublime.  The temperature of sublimation is lower than
the temperature necessary for the decomposition of the
oxides.  

Polymer Chemistry

Lead has been added to plastics to modify the
polymer chemistry in three ways.  In the first case basic
lead sulfate increased the production gases from the
blowing agent ABFA allowing the plastic to be
extruded at lower temperatures (Figure 7.62).  In the
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Figure 7.64. As plastics age the chloride carbon bond
may be broken leaving behind hydrochloric acid and
radicals.  The radicals attack each other to form a larger
more brittle and hard polymer.

Figure 7.65.  A gas molecule strikes lead azide crystals liberating
n gas molecules of velocity v between small single crystals of lead
azide.  These gas molecules collide with the single crystals
providing pressure impact and local heating.

second case, lead scavenges free radicals and prevents
to extensive or uncontrolled crosslinking of the plastic
which could cause hardening.  Figure 7.63 shows how
radicals produced from loss of HCl combine to form
branched polymers.  Addition of dibasic lead stearate
serves to add long chains that act as “lubricants” and to
release lead oxide which consumes HCl produced on
hardening (Figure 7.64).

Elementary Reactions in Gun Powder

The earliest gunpowder recipes
involved saltpeter.  In order to get a stable form
of nitrate that does not adsorb water the calcium
nitrate salt formed from decomposition of urine
in soil pits was exchanged with tree ash high in
potassium:

[7.18] K2CO3 + Ca(NO3)2 6 CaCO3 + 2KNO3

The production of gas occurs upon
ignition of saltpeter in the presence of sulfur
and carbon through  oxidation/reduction
reactions:

[7.19] NO3-(s) + 3e 6   NO(g) + 2O2-

[7.20] S(s) 6 S4- + 4e

[7.21] S4- + 2O2- 6 SO2

[7.22] C(s) 6 C2+ + 2e

[7.23] C2+ + O2- 6 CO

Chemistry of Lead Azide

Why is lead azide and not some other metal
azide used in munitions?  Two conditions must be
satisfied: the azide must oxidize (N is in a -1/3 valence
state) and the detonation must initiate easily via
pressure from the hammer trigger.  Lead clearly will
allow the oxidation of azide:

[7.25 ] Pb(N3)2 W Pb2+ + 2N3
-

[7.26 ] Pb2+ + 2e W Pb

[7.27 ] 2N3
- 6 2N3@ + 2e

[7.28 ] 2N3@ W 3N2

[7.29 ] Pb(N3)2 W Pb + 3N2

Equation [7.29] is the summed equation of all
of the reactions.  The only products of the explosion (as
detected by mass spectral analysis in a vacuum) are
nitrogen gas and lead (Aulinger and Hoh, 1978; Hoh
and Aulinger, 1978).  Lead provides an appropriate
electron sink, but is it a better one than other possible



345

Figure 7.67 The four different lead azide structures within the crystal lattice are shown.  Stress on the
individual molecule will help propagate heat. 

Figure 7.66.  Alpha Lead aszide occupies four different
structural locations within the lead azide crystal.  Some of the
molecules have distorted internal structures which help liberate
heat.

species, for example, Cu2+?  One answer to this
question rises from the relative ease of
reduction.  Is it easier to reduce Fe2+ or Cu2+ as
compared to Pb2+?  A look at Table D.8 suggests
that Fe will be more difficult to reduce, but that
copper and lead will be of comparable ease of
reduction. 

Lead surpasses copper not in overall
energy produced, or gases expanded, but in its
ability to initiate the reaction.  The most
common model for shock initiation of lead
azides involves compression of the crystal,
which collapses air pockets and provides thermal
heat thermal heat (Figure 7.65).  The heat
translates through the crystal by vibration to the
outer edges.  There, an electron is taken from the
azide anion ground state and charge is
transferred to a lead cation  (Phung, 1970).
  The fast decomposition of the azide
through collapse of the gas pocket can be
expressed as:

[7.30] T2 = T1 (V1/V2)γ-1

where γ is the ratio of the specific heats.  An air
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Figure 7.68 The decomposition of alpha lead azide
moves along a preferential axis, which also helps to
focus the expanding pressure wave of gases.

Figure 7.69.  Energy can also be translated by phonon modes
in which the entire crystal vibrates.

bubble (γ = 1.4), at 300 K before the bubble diameter
is compressed by a factor of 4, gives a volume ratio of
64, resulting in a temperature rise of >1500K.  This
temperature rise requires a compressible crystal lattice

like lead azide’s.  It sustains the reaction (Chaudhri,
1972).

The compressibility of the molecular crystal
depends upon the crystal structure.  Figures 7.66 and
7.67 show the crystal structure of α Pb azide. The
resolved structure of orthorhombic α lead azide (Choi
and Boutin, 1968; Choi et al., 1977) shows lead (II) in
8 coordination numbers in 4 different structural sites.
The bond distance between the lead and the azide anion
varies from 2.581 to 2.898 D, and coordination is not
symmetric.  On bonding, the azides are distorted from
a preferred linear configuration.  Because of the unique
symmetry of the crystal sructure, α lead azide has a
preferential direction of decomposition (Figure 7.68).

Compressibility not only results from the
internal vibrations of  the individual molecules in the
crystal but from the strength of the lattice bounds, a
function of the vibrations between molecules.   The
heat generated by the collapsing air bubble is
transferred into lattice vibrations to move the energy
throughout the crystal (Chaudhri, 1972; Chaudhri,
1984a; Chaudhri, 1984b; Fried and Ruggiero, 1994;
Winter and Field, 1975).  Lattice vibrations are the
movement of  molecular groups within the lattice

against each other (Figure 7.69).  The weaker
bands in α Pb(N3) 2 correspond to lead motion
within the lattice (<100 cm-1).  These weaker bands
tell the direction in which the crystal can be
compressed.  They can be related to the
macroscopic measurements of compression (Table
F.22).

There are additional vibrational bands for
lead azide.  Lattice vibrations are acoustic or
phonon  motions  in which all molecules within the
crystal lattice move in phase together.
Alternatively they are librational or optic motions
which involve individual molecular translations (T)
or rotations (R) (Figure 7.70).  The translational
mode for the anionic azide occurs at 180-210 cm-1

and the rotational mode occurs at 100 to 165 cm-1.
The external modes (phonon and librational)
couple to internal molecular vibrational modes due
to asymmetry in the molecular vibrations, which
particularly occur with more covalent type of
bonds (see Figures 7.71 and 7.72).

The friction of the nonlinear molecule
moving within the lattice gives the larger energy of the
vibrational band.  The band can be related to the crystal
lattice’s heat of formation.  The larger the frequency,
the more energetic the vibration associated with the
stronger crystal lattice. According to the modes shown
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Figure 7.70  Energy is translated through the lead azide crystal
by translocaton and by rotation of the individual lead azide
molecules.

Figure 7.71.  The phonon modes of covalently bonded azides is
different than for ionic because of the inability of the covalently
bonded molecule to slip linearly over the surface of the crystal.

in Figure 7.72, the lattice is stronger  for the ionic
crystals as compared to the covalent crystals of azides.

The phonon and external modes of N3
- motion

result in macroscopically observed thermal
conductivity.  The 180-210 cm-1 translational mode
corresponds to about 1 eV (97 kJ/mole) of energy.
Some of the lattice vibrations show up in internal
modes, particularly when the metal azide bond is
unsymmetric, such as occurs in covalent azides.  Ionic
azides such as  NaN3 and  KN3 are linear, with identical
bond lengths between all nitrogens, facilitating three
different resonance structures (Figure 7.71).  Covalent
azides are asymmetric with longer nitrogen-nitrogen
bonds close to the metal (see Table F.23).  Only two

resonant forms are possible leading to a higher
energy. The resonant forms require different bond
hybridization sp2 (120 oC) vs sp3 (109 0C),
resulting in an internal mode of much higher
frequency (2150 cm-1).

The lattice vibrational energies are
generally a measure of the lattice energy (U) that
must be overcome in order for the electron
transfer to begin (Table F.24).  The lattice
energies are dominated by electrostatic or
Madelung forces.  As a result, the Ca and Pb
azides have similar energies.  

The electron transfer reaction (involving
the two half reactions 7.26 and 7.27) can be
envisioned as occurring either through the species
that are delocalized within the crystal lattice 

[7.31] N3
- + hν 6 N3

-*

[7.32] N3
-* 6 N3 + e 

[7.33] M+ 6 M

Multiple energies are associated with the
azide ground state and with the excited state
(*) of the azide because of the multiple sites
within the crystal lattice.  Although  band gap
reflects the distance in energy between the N3

-

ground state and the energy of the neutral M
state, the actual sequence of electron transfer
events proceeds through the azide’s excited
state.  The energy of the azide’s excitation
becomes important in the process.   That is,
the band gap between the HOMO and LUMO
for the azide is less.  This gap is perturbed
(made smaller) by the ionization potential of
the metal forming the azide.  Metals with high
ionization potentials should form semi-
conducting azides.  In addition, the LUMO

can be tweaked (lowered) by the addition of adulterants
(DiBona et al., 1976; Hutchinson and Stein, 1974;
Robillard, 1971; Singh, 1969; Verneker and Maycock,
1968; Yunliang et al., 1991).  If the energy of the
LUMO is lowered, the amount of energy required to
move the electron is correspondingly less.

The excited-state azide within the lattice can
be energetically stabilized by the presence of a
compensating charge (Madelung) within the crystal
lattice, resulting in excitons:

[7.34] N3
- +  hν 6 N3

-*

[7.35] N3
-* + [lattice cation] 6 exciton

[7.36] exciton 6 N3 + e 
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Figure 7.72.  The effect of covalent bonding (for lead azide) as
compared to ionic bonding (for sodium and potassium azides) can be
seen the vibrational frequency shift.

The energy required to excite the azide is
correspondingly lower, meaning that less energy is
needed to initiate the electron transfer reaction to the
metal.  

Table F.25 compares the bandgap energy of
Group I azides with their exciton energy.  The bandgap
energy reflects the amount of energy necessary to break
the crystal lattice and delocalize the excited state azide.
The smaller cations have a higher crystal lattice energy
(U) and therefore a larger bandgap energy.  The
magnitude of the exciton energies is less.  There is no
apparent relationship with the size of the cation for the
azide either.   From Chapter 5, we note that an energy
6.5 eV places the wavelength of excitation at very
small value (<100 nm).   The thermal band gap of lead
is 158 kJ/mole.  The first exciton level is 122 kJ/mole.

For Pb azides, the energy needed  to remove
an electron from the azide and transfer it to the lead is
typically 4-5 eV (wavelengths of <350 nm).  

The amount of energy necessary to thermally
cause this excitation can be computed from the
Boltzman equation:

[7.37] Nj/No = exp (-∆E/kT)

where k = 1.38x10-23 J K-1..  Since an eV = 1.602x10-19

J we can calculate the thermal energy necessary to
populate the excited state (∆E = kT)

[7.38] 4eV x 1.602x10-19J/eV = (1.38x10-23 J/K)K 

From this we find that K = 4.643x104 oK ~
4,400 oC.

Once the reaction begins the
energy liberated from the azide should be
sufficient to sustain it.  The enthalpy of
formation for the lead azide from the metal
solid and gaseous N2(g) (the ultimate
products of the explosion) is 483.5 kJ/mole.
96.53 kJ/mole = 1 eV/molecule, so that
each molecule decomposed results in 5 eV
of energy.  

Another reason for the use of lead
is related to the microscopic reaction
mechanism.  One of the most difficult steps
to achieve is the bond breaking of the azide
as it decomposes to N2.  Two separate azide
molecules must come together and each
liberate one nitrogen.  Lead apparently
serves as an autocatalyst for the process.
That is, the lead solid produced further
enhances Pb2+ and N3

-.  The exact
autocatalytic mechanism is not known, but

it may be related to lead’s soft metal property.  This
property allows lead to quasi-covalently bond to N and
bring them close together with a preferred orientation
of the azide radicals.  Alternatively, a cycling of
oxygen to the reactive site may be envisioned with the
reduced lead stabilizing oxygen in the vicinity of the
azide ion.  One piece of evidence in support of this
mechanism is the fact that azide has been known to
spontaneously detonate when disposed of in lead
piping (Conkling, 1985).  The amount of lead ion in
lead piping is presumably minimal (see Chapter 3).
   The velocity of the exciting gas from the lead
azide  is related to the initial density sustained in the
compression (Table F.26).  The velocity of this exiting
gas is sufficient to force the bullet up and out of the
tube. 
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Figure 7.73 Generic scheme for the catalytic function of oxide
surfaces.  The metal serves to localize and break apart oxygen.  The
radicals formed abstract protons from ethane to produce ethene. 
Removal of water regenerates the oxide surface.

Part III: Modern Industrial Uses of Lead
7Lead as a Catalyst for Methane Conversion

Solid lead oxide has proven useful in
industrial production of "value-added" organic
products from methane gas. 

Consider the reaction in which methane, CH4,
is added to toluene, (CH3-C6H5) to give styrene, a
precursor to many polymeric plastic systems (Kim et
al., 1992). (Why might it be desirable to conduct the
industrial process in the gas phase?):

[7.39] 2CH4(g) 6 2CH3
o

(g) + 2e

[7.40] CH3
o

(g) + CH3-C6H5(g) 6 CH4 + oCH2-
C6H5(g)

[7.41] oCH2-(C6H5(g) + oCH3(g) 6 CH3CH2-
C6H5(g)

[7.42] CH4 + CH3-C6H5(g) 6 CH3CH2-C6H5(g)

Methane is attached to toluene to form a larger carbon
containing system.

What components in this reaction are
important?  On the one hand, we want the yield and
selectivity to be high.  That is, we want a high yield
with few side products.  On the other hand,  we need to
start the reaction by abstracting an electron from a gas
phase molecule which requires stabilization of CH4 on

a surface.  This requirement can lead to a major
problem: we need to be able to release the adsorbed
molecule.

The surface that initiates the reaction must
also have other special characteristics which allow for
weak adsorption.  Traditionally, alkali metal oxides are
used to stabilize the gas adsorption products (Figure
7.73).  The generation of the radical requires several
associated reactions at the surface: the protonation of
the surface, the removal of water from the surface, and
the regeneration of the surface by O2.  The ability to
abstract the proton from the gas phase methane to the
surface thus requires a basic metal oxide.

Which metal oxides are basic?  This is a
question that we have already considered in the context
of glass chemistry.  The basicity of the oxide is related
to the strength of the metal oxygen bond.  The stronger
the electrostatic attraction between the metal and
oxygen the more basic the oxide.  The smaller the
charge on oxygen (shifted toward the metal), the
smaller the proton affinity (i.e., the more basic) the
oxide.  Basic metal oxides are formed by cations, that
are far from oxygen in the periodic chart --that is, first
and second row elements, K, Li, Ca, Mg.

These periodic trends are well illustrated in
Figure 7.74 (Nozaki and Fujimoto, 1994).  Note that as
we proceed down the periodic table (Mg 6 Ca 6 Sr or
Na 6 K) the difference in electronegativity between the
cation and oxygen increases and so does shift of

electrons from oxygen.  The rate or speed of
the reaction is increased.  Activity is well-
known to follow these basicity rules: MgO >
ZrO2 > Al2O3 > TiO2 >>> SiO2 (Pajonk and
Manzalji, 1994).  Si and O the most well-
matched pair according to electronegativity
considerations, have the least basicity and
therefore the least catalytic effect.

Now the million dollar question.
Why add lead to this system?  At what point
in the reaction scheme might we expect lead
to make the reaction easier?  Recall that we
need the following steps to be coordinated:
transfer of Ho, release of H2O, regeneration
of oxide surface.  What have we explored
about lead chemistry that might impact on
this chemistry?  Lead forms oxides in which
lead/oxygen bonds are partially covalent.
Thus  incorporating PbO into this experiment
might impact the oxygen transfer step.  This
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Figure 7.74.  The surface charge of the metal oxide
controls the rate of the reaction.  The surface charge is
related to the position of the metal in the periodic table.

Figure 7.75.  The adsorbed lead oxide which helps
catalyze reactions can be tuned by tuning the substrate
oxide lattice.

idea was first pioneered in 1982 (Keller and Bhasin,
1982).

Use of lead oxide has  been explored further,
as shown in Figure 7.73 (Andorf et al., 1991; Asami et
al., 1987).  Proceeding along the journey that the
methane molecule makes, on the left we can make the
methane coupling reaction easier since the first step in
which oxygen is removed is facilitated by the unique
features of the Pb-O bond.  Consequently, the final
disposition of the abstracted proton is formation of a
water molecule that can be removed in the process of

regenerating the surface.  
Reconsider the reaction again.  At some point,

two adsorbed oCH3 must encounter and match each
other.  The encounter rate will be faster the closer these
species are adsorbed to surface in the initial step.  The
closeness of the adsorption sites depends upon the
lattice dimension (Pb-O bond length).  Adsorption of
PbO on an underlying oxides will help to distort the
PbO lattice distance, which in turn sets the distance of
the adsorbed oCH3.  γ-Al2O3 has a high surface area per
weight.  This implies that the crystal lattice is smaller,
which implies that the crystal lattice of the adsorbed
PbO is smaller, which implies that adsorbed oCH3 are
closer together (Figure 7.75).  Al2O3,, however, is less
basic than some of the other metal oxides (Mariscal et
al., 1994).

These observations, supported by other
workers, would suggest that the selectivity of coupling
to CO2 production depends upon the amount of PbO to
γ-Al2O3.  The ratio of PbO to Al2O3 controls the
number of absorption sites.  The larger the number of
sites, the more likely the oxidative coupling compared
to CO production.

In any of the models that we have explored,
the first step requires a surface oxygen to remove a
proton.  The oxygen must be nucleophilic to participate
in the acid/base reaction.  For low basicity of the
surface oxygen, no reaction should be observed and no
H will be removed.  On the other hand, high acidity
oxygen would make the surface difficult  to regenerate.
An intermediate basicity is required, thus Bi-Pb oxides
could be useful (Mamedov et al., 1992).

What other factors might we need  to control
in this system?  What might happen to the oxidative
coupling efficiency if we increase the temperature?
Since the reaction is occurring in the gas phase, recall
that:

[7.43] PV = nRT 
or:
[7.44] P = nRT/V

If the temperature goes up, the pressure must increase.
In other words, more molecules will strike the surface
in any given amount of time.  The CH4 will encounter
the oxygen site, the hydrogen will be removed more
frequently, and the rate or speed of the reaction will
increase.

If we continue to increase the temperature,
what will happen?  The vapor pressure of the PbO will
increase and reactive sides will be diminished.  The
CH4 must hit the reactive site in order to react.  If the
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Figure 7.77: Energetics of Methane Conversion
Methane reacts with oxygen:

CH4 + O2 6 CO2 + H2O
in a mass balanced reaction:

CH4 + 2O2 6 CO2 +H2O
The liberated energy can be computed from the enthalpies of formation:

∆Ho
rx = Σmoles∆Ho

f,products - Gmoles∆Ho
f,reactants

      = [1(-394) + 2(-286)] - 1(-74.8)  = -891.2kJ/mole methane

To see how we can harvest this energy as electrical energy consider the overall reaction as two half reactions:

CH4 + 2H2O 6 CO2 + 8H+ + 8e
2O2 + 8H+ + 8e 6 4H2O
_______________________
CH4 + 2O2 6 2H2O + CO2

The two half reactions have to occur separately so that the electrons travel through an external circuit.  We also
need to have protons transfered from one reaction to the other.

The electrical energy can be calculated:
∆Go = -nFEo

If we assume that the enthalpy ∆H or heat constitutes the largest portion of the free energy then ∆H = ∆G and we
can compute the electrical voltage to be expected:

E = ∆Ho
f/nF  = -891.2x103 J/mol)/[8e x 9.6485x104 C/mol] = 1.15 V

This voltage is not to be directly compared with the lead storage battery because the lead in the fuel cell is used
as a reactive surface catalyst and not as the fuel.  The energy input comes from the fuel cell reaction, whose
materials are light weight.  We expect this to provide more energy per weight due to the gases used in the
reaction.

Figure 7.76.  Lead oxide adsorbed onto
corderite (structure shown) has been
proposed as a catalytic surface for
removing soot from incompletely
combusted gases.

number of reactive sites goes down, the rate of the
reaction will also diminish (Andorf et al., 1991; Kim et
al., 1992; Matsumura and Moffat, 1993).  How might
we use our understanding of lead to solve this
problem?  One group suggests supporting the
PbO/MgO surface on hydroxyapatite (a bone like
material with low solubility).  The lead oxide catalysts
have been used in a variety of applications to promote
for selectivity in bond formation (Gargano et al., 1990;
Kricheldorf and Boettcher, 1993; Pajonk and Manzalji,
1993).  Interestingly, we find application of this kind of
process, carbon to CO2 in catalytic converters for the
internal combustion engine.  To organically remove
soot and uncombusted materials from the engine
exhaust, some method must be available to produce O2.
The lead oxide has been suggested for this purpose
(Menezo et al., 1993).  One way to reduce emissions of
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Figure 7.78  Schematic of a reaction cell used for converting
methane to carbon dioxide and water using porous lead electrodes
to catalyze the conversion of methane.

carbon-containing materials is to trap the gases on a
molecular sieve (Figure 7.76 (Montanaro et al., 1993)).
The sieve is made of a ceramic called cordierite whose
honeycomb structure can entrap soot materials.  The
filter must be periodically cleaned by burning off the
soot.  The high temperature required for burn-off
(1000oC) can cause the engine body thermal stress.  If
lead is present in the cordierite, it can distort the Si
structure and affect the expandability of the catalytic
convert, in the same way that it enables easy heat
expansion of glazes (Chapter 3).  In addition, the lead
oxides can function as a catalytic surface for the carbon
burning (Montanaro et al., 1993).

Lead oxides can also be used to remove NO
from car exhaust systems (Tleimat-Manzalji et al.,
1992).  The removal reaction involves coupling of NO
to carbon chains and forming harmless N2:

                                 PbO catalyst
[7.46] CH3-CH=CH2 + 3/2NO 6 CH2=CH-
CN + 3/2H2O + 1/2N2

The lead oxide catalytic system could potentially
replace the lead acid battery as an energy source in
electric vehicles.  Consider the coupling reaction as two
separate reduction and oxidation reactions:

[7.47] 4CH4 6 2H3C-CH3 + 2H+ + 42

[7.48] O2 + 4e + 2H+ 6 2OH-

[7.49] 4CH4 + O2 6 2H3CCH3 + 2H2O

The first reaction moves each carbon from a -4
to a -3 formal oxidation state by removing 2e.
In the  second reaction, oxygen gas is reduced
from a formal oxidation state of zero to -2.   If
the reaction can be made to proceed in these
two separate steps, then the electrons can be
"harvested" for provide electrical energy.  This
is not a particularly novel electricity source.
But the beauty of this reaction is that the
reactants are cheap and easily obtained from
methane gas  and air.  The final products,
ethane and water, are also gases.
Consequently this system lends itself to
electric vehicle applications. 

Look back at the two half reactions
again.  The engineering of this process will
need to move electrons from reactant (CH3) to
reactant (O2) via an outside loop from the
reaction vessel.  That is, the methane must be
separated from the O2 in order to avoid a

direct conversion whose electrons are not accessible for
energy.  Additionally, protons must move from the
methane compartment to the oxygen compartment to
allow for OH- production (reaction 7.47).  Figure 7.77
shows the general idea for the energetics and Figure
7.78 shows the proposed reaction chamber (Fujimoto
et al., 1991; Nozaki and Fujimoto, 1992; Nozaki and
Fujimoto, 1994; Nozaki et al., 1992).

Other Chemical Catalysts Using Lead (Lead
Acetate)

Lead is also used to catalze several kinds of
solution phase reactions because of its unique ability to
form quasi-covalent bonding.  

Lead bonds will be subject to attack by
molecular groups that can form strong covalent bonds.
In addition, lead generally retains its 2s electron
configuration.  This means that the removal of lead at
a later point in the process can be facilitated by
coupling the lead through a potential sigma bond at its
unpaired, unbonded electrons (Furuta and Yamamoto,
1992).  For example, 2-thienyl lead acetate is used to
couple several building blocks together (Pinhey and
Roche, 1988).  More interestingly, the stereochemistry
of the product can be controlled.  Consider the example
in which a steroid and an isobutyl group need to match
orbitals to bond,  but approach each other with the
opposite configuration to create a plant growth
regulator.  Here the Bu3Pb group must leave with the
remaining chiral (*) center intact, a fact which is
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Figure 7.79 Reaction scheme in which lead’s lone pair
(shown by the large lobe) controls the stereochemistry
of the product.

Figure 7.80 Sequence of reactions by which lead
attaches to the substrate to direct the reaction.  Note that
all of the reactivity for lead is through the oxygen bond.

Figure 7.81 To allow a carbocation to form requires a good
deal of energy.

facilitated by the position of the lead lone pair.  In
Figure 7.79,  the s lone pair of the lead brings the chain
in from the top (Furuta and Yamamoto, 1992).
  Lead catalysts have also been used to
synthesize carbamates for pesticide manufacture.  Note
the reaction in Figure 7.80 (Fu and Ono, 1994).   What
is the unique role of lead in this reaction?  Starting
from the right lead pulls off a OCOOMe group.  The
great affinity of quasi-covalent lead for oxygen  drives
this reaction.  The Pb(OCOOMe) group is attacked by
the H-N group from the left.  Notice that the incoming
group is directed into position by the position of the
lead-oxygen bond.

In another sort of synthetic process, lead is
used to generate a building block that can easily donate
a hydride (Figure 7.81).  Is this process more difficult
than carbamate synthesis?  Note  from the periodic
chart that carbon is more electronegative than
hydrogen.  Thus, in general, the loss of a hydride is an
uphill energetic reaction.  Normally the generation of
the carbocation requires 228 kcal/mol.  This process is
more difficult because the positive charge on the
carbon must be stabilized.  This stabilization requires
a change in the bonding configuration of the remaining
three bonds.

Examine the molecule in Figure 7.82
(Kobayashi et al., 1991).  The metal - either Sn or Pb -
is held into the configuration  with 2 σ bonds.  Sn and
Pb both love σ bonds.  Note that there is not much
difference in either the length or the angles of the
bonds.  What  happens if the H is removed and it leaves
behind a partial positive charge?  The CH2 can move
closer to the carbon to stabilize the positive charge with
lead.  This is because the Pb-S bonds are weaker than
the Sn-S and Sn-C bonds, allowing for more distortion
in the crystal.  In addition, lead is more likely to share
its covalent electron, leading to extended charge
delocalization (Wilt et al., 1988).

Another common catalytic reagent in organic
chemistry is lead acetate.  It facilitates  decarboxylation
reactions (see Figure 7.83).  The mechanism again
relies on the lability of the lead oxygen bond.  The
intermediate can proceed either through a radical or an
ion mechanism (Corey and Casanova Jr., 1963; Kochi,
1965; Lee and Price, 1964; Moriarty et al., 1966;
Partch, 1967; Stojijkovic et al., 1967; Ujhazy and
Cole, 1966).

The lead acetate reagent is good for
facilitating carbon-carbon formation.  In at least 44
different reaction mechanisms, lead acetates are
involved in C-C bond formation. The R-Pb(OAc)3
bond is very weak, and heterolysis changes the
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Figure 7.82  Weak quasi covalent bonds of lead to carbon allow bond length
distortion that accommodate the positive charge on the carbocation.

Figure 7.83  Lead acetate works as an oxygen transfer reagent. In
the process lead lone pairs develop which help direct the direction of
the reaction.  These lone pairs may be part of the reason that lead
acetate has a sweet flavor.

oxidation state of lead from 4+ to 2+.  In other words,
the lead accepts electrons from the carbon.  The result
is a carbocation.  The labile carbocation goes on to
form C-C bonds.  Some typical reaction mechanisms
are given in Figure 7.83 (Bell et al., 1979; Kozyrod and
Pinhey, 1985; Parkinson et al., 1992; Pinhey, 1991;

Pinhey and Rowe, 1979).  
Another reaction

involves allowing tetraalkyleads
to react in the presence of TiCl4
to produce alcohols in good
yield.

[7.49] R4
'Pb + R’‘CHO 6

R’R’‘OH 

Pinkey reviewed other
catalysts used between 1982-
1994 (Pinhey, 1995).

We have seen that one
of lead’s remarkable chemical
features is its unique bonding
with oxygen.  The lead oxygen
bond is neither too strong nor
too weak, it is "just right."
Thus, for catalytic purposes,

lead can serve as a scavenger of oxygen and
a source of oxygen.  The bond is stable
enough to deliver and/or store oxygen and
weak enough to give up oxygen.   

Superconductors

The "magical" properties of lead do
not stop at the semiconducting level.
Superconductivity researchers  have also
found Pb tantalizing.  Superconductors allow
very high currents to occur with minimal
resistive loss.   One theory of
superconductivity is called BCS (after
researchers John Bardeen, Leon Cooper, and
Bob Scrieffer).  In this theory, electrons pair
up in a single orbital, overcoming
electrostatic repulsion due to  strong
interactions with the crystal lattice.  Because
superconductors are diamagnetic materials,
they completely exclude magnetic fields (the
Meissner effect).  As a result a magnet
placed above a superconductor is repelled
and appears to levitate.   Most
superconducting materials only become such

at very low temperatures. 
 Minerals of the perovskite (Figure 7.84) class
(Cu, alkaline earth metal, lanthanide metal + oxygen)
are able to conduct electricity with little resistive loss
of energy (Vogel et al., 1994).  This is due to the
unique arrangement of the electron accepting Pb-O
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Figure 7.84 Structure of a lead superconducting material.

bands compared to hole forming Cu-O octahedral
layers.  In 1972, Chamberland and Moeller suggested
that PbCrO3 perovskite might have electric transport
anomalies at <140oK (Chamberland and Moeller,
1972).   Some 10 plus years later lead-based
perovskite-phase materials were shown to behave as
superconductors (Cava et al., 1988; Irwin et al., 1994;
Kang et al., 1990; Wu et al., 1990) .

Non-Linear Optical Materials
Lead compounds were investigated for their

possible use as non-linear optical materials.  An
example is lead tungstate (PbWO4) (PWO) which may
have use for high energy electromagnetic calorimeters.
Non-linear optical materials respond to wavelength of
one radiation by production of radiation of a second
wavelength (Kim and Lee, 2001).  The compound has
a scheelite type structure in which either Pb or O
deficiencies result in photoluminescence, radio-
luminescence, or thermally stimulated luminescence.
The goal is to hit the surface with heat or radioactivity
and induce light emission for counting.  WO4

2- so
excited emitted blue light at 380 nm.  Molybdenum
contamination of the compound caused green emission
at ~ 500 nm, similar to the way in which paints based

on lead chromate could be tuned in
color by presence of sulfate and or
molybdenum (Kim et al., 2001; Nitsch
et al., 2000).

Quantum Dots

Other research areas focus
upon the use of nanoparticle-sized
PbS.  When the semiconductor has
similar dimensions to those of the
radiative wavelength, interesting
quantum effects occur.  These
quantum effects can cause change in
the bandgap energy and thus the
material’s wavelength regime.  
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Chapter 7 Problems.
 
1. List five modern uses of lead.  Identify the

property of lead that makes it useful for each
use.

2. Contrast and compare the arguments asserting
and those denying the danger of lead use
associated with wine production. 

3. What major event increased tin prices?
4 Based on chemistry do lead and tin occur in

similar ore bodies?  Should lead and tin be
found together as ores?

5. Name four possible sources of lead in wine
other than sealing materials?  How can you
discriminate between these sources?

6. What major technological development
enabled wine to be transported
internationally?

7. Who was Nicholas Appert?
8. When was food first canned?   Why not

earlier?
9. When did tinning of food replace canning?
10. Identify the societal driving force for tinned

can technology.
11. What arguments are made for the safety of tin

cans with tin present in the lead solder?
12. What are the argument against the safety of

such cans?
13. What was the first firm to propose tinned

cans?
14. Who were Captains Parry, Ross, and

DeLong?  
15. List some typical components of a firework

primer.
16. List some typical components of a gun

cartridge.  How do a gun cartridge’s
components differ from a primer’s?  Why? 

17. Why is lead also present in many gun
cartridges?

18. What component of a gun cartridge can be
used by forensic experts to fingerprint it?

19. Why is that component put into the
cartridges?

20. What is the breech of a gun?
21. What were American’s main sources of lead

consumption in 1950?  What were the main
sources in 1991?

22. How does the lead acid battery compare to
other batteries in regard to energy production?

23. Will the future electric car depend upon the
lead acid battery?

24. What is the role of lead in leaded gasolines?
25. When were leaded gasolines first discovered?
26. When were they banned in the U.S.?
27. Identify the major gases that escape from a

leaded gasoline combustion process?  How is
the buildup of lead oxide prevented?

28. Why was leaded gasoline preferred to other
high-octane materials?

More Advanced Questions

29. Calculate the amount of lead to be obtained in
solution from a tin can containing 0.3mM
citric acid?

30. If Superman put out light in the 600-800 nm
regime, and all of that light was ultimately
converted to heat, how many photons would
he have to produce to melt 5 g of lead? 

31. Write out the reactions leading to the gas
production in the lead azide system.

32. What is the role of lead in those reactions?
33. What is the crystal structure of lead azide and

why might it be important in gas production?
34. What valence state is lead in PbO2?  Why is

this compound so exceptionally useful in
battery function? 

35. Which is better α PbO2 or β PbO2 for battery
performance and why?

36. Write out the reactions involved in methane
gas conversion to styrene.

37. How can a lead oxide catalyst assist in the
formation of the C-C double bond?
Specifically, why not use Ca oxide or Ba
oxide catalysts?

38. What is cordierite and what is it used for?
39. How might lead oxides replace the lead

battery as a future replacement for the
gasoline driven car?  Compare the energy
obtained from reactions 27-29 with those
obtained from the lead acid battery.

40. What would be the advantage of the methane
driven car as compared to the gasoline driven
car?

41. What is the main feature of lead catalysts
used in organic chemistry.  What is the main
catalyst used?

42. What is the industrial use of lead napthenate?
Draw a reaction to show its use.

43. What is the industrial use of lead stearate?
44. What is the point of adding lead sulfate to

plastic formulations?
45. Plastics are more like metals than glasses.  T.
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Or F.
46. Define a perovskite.  Why is it a source of

continuing interest in the scientific
community?  What role does lead play in it’s
chemistry?

47. What are quantum particles?  Why are they a
source of interest?  What role does lead play
in their chemistry?

48. Lead is a better absorber of K vs L or M lines.
T or F.

49. Superman better eat his spinach if he wants to
continue to produce the amount of energy
found in his heat vision.  T. Or F.
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