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PREFACE

I HAVE been very pleased with the general reception which the first two
volumes have received. The prescnt volume includes copper, silver, gold,
and the alkaline earths. The radium and actinium families will appear
at the beginning of Volume IV. The history of the atomic theory in
the first volume carried the evolution of the atom concept up to, and
prepared the way for, the introduction of the developments which followed
the interest awakened by the discovery of the X-rays and radioactivity.
This subject is also included in the chapters associated with radium.

STOKE-ON-TRENT,
November, 1922,
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ABBREVIATIONS

ag. = aqueous
atm. = atmospheric or atmosphere(s) ,

at. vol. = atomic volume(s)

at, wt. = atomic weight(s)

T° or °K = ahsolute degrees of temperature
b.p. = boiling point(s)

6° = centigrade degrees of temperature
coeff, = coefficient

cone. = concentrated or concentration

dil. = dilute

eq. = equivalent(s)

f.p. = freezing point(s)

m.p. = melting peint(s)

__{gram-molecule(s)
mol(s) = {gr&m-molecula.r

molecule(s)
mol(s).= {molecula.r

mol. ht. = molecular heat(s)

mpl. vol. = molecular volume(s)

mol. wt. = molecular weight(s)

press. = pressure(s)

sat. = saturated

soln. = solution(s)

8p. gr. = speoific gravity (gravities)

sp. ht. = specific heat(s)

sp. vol. = specific volume(g)

temp. = temperature(s)

vap. = vapour

The use of triangular diagrams for representing the properties of three-component

systems was suggested by G. C. Stokes (Proc. Roy. Soc., 49. 174, 1891). The method was
immediately taken up in many directions and it has proved of great value. With practice it
becomes as useful for representing the properties of ternary mixtures as squared paper is for
binary mixtures. The principle of triangular diagrams is based on the fact that in an equi-
lateral triangle the sum of the perpendicular distances of any point from the three sides is
a constant. Given any three substances 4, B, and C, the composition of any possible

combination of these can be represented by a point 1 or on the triangle. The apices of the
ix
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triangle represent the single components 4, B, and C, the sides of the triangle represent binar
mixtures of 4 and B, B and C, or C and 4 ; and points within the triangle ternary mixture!
The compositions of the mixtures can be represented in percentages, or referred to unity, 10,
etc. In Fig. 1, pure 4 will be represented by a point at the apex marked 4. If 100 be the

0 2 4 6 8 ¢C B 8 6 # 2 0
F1a. 1. Fia. 2. Fic. 8.

standard of reference, the point A represents 100 per cent. of 4 and nothing else; mixtures
containing 80 per cent. of 4 are represented by a point on the line 88, 60 per cent. of 4 by a
point on the line 66, etc. - Similarly with B and C—Figs. 3 and 2 respectively. Combine
Figs. 1, 2, and 3 into one diagram by superposition,and Fig. 4 results. Any point in this

0 20 F0 60 80  100%o0rC
w0 80 0 G0 20 o%or B

Fie. 4.—8tandard Reference. Triangle.
-
diagram, Fig. 4, thus represents a ternary mixture. For instance, the point M represents a
mixture containing 20 per cent. of 4, 20 per cent. of B, and 60 per cent. of C.



CHAPTER XXI
COPPER
§ 1. The History ot Copper

CoPPER was one of the earliest metals discovered by man, and this long before the
histories of ancient peoples were inscribed on papyri, or engraved on stone pillars ;
Genesis (4. 22) states that Tubal-cain—3870 B.c.—was an artificer in brass, although
there is some uncertainty whether the original term means copper or bronze. The
translators of the Bible did not unclerstand the distinction these terms bear in
metallurgy, and they were used synonymously—the translations ‘‘ brass is molten
out of stone ” (Job, 28. 2) and “ out of the hills thou mayest dig brass ” (Deut., 8. 9),
obviously refer to the metal or ore of copper, and not to brass. There is, indeed,
nothing to show that what is now understood as brass was known in scriptural
times, for zinc, an essential constituent, of that alloy, was discovered at a much later
period. Bronze, the copper-tin alloy, was known. A button, bead, and piece of
wire, all made of copper, are reputed to have been found in the tomb of one of the
earlier kings of Egypt—4400 B.c. Excavations among the remains of the ancient
Pheenician, Babylonian, Assyrian, and Egyptian civilizations have furnished a
multitude of copper and bronze relics—the latter usually containing from 10 to 14
per cent. of tin. The ancient bronze ornaments contain various proportions of
copper and tin, and a few show the presence of lead, or of lead and iron. Bronze
objects dating back to 3000 B.c. are known.! The numbers indicated in Table I
represent analyses of some old bronzes :

TABLE I.—ANALYSES OF ANCIENT BRONZES.,

Bronze. Date. Copper | Tin. | Lead. | Iron. |Arsenic. [Antimony. Cﬁm&f’
Nineveh cup . . | 1000 B.C, | 80°84 | 1837 043 | 0°16 —_ — 1-22
Greek vase . . 330 B.c. | 8176 | 10°07 525 | 015 — — —
Statuette of Osiris . 300 B.c. | 7683 | 11-33 | 1170 tr 011 0-13 —
Assyrian figure . (7) 85-07 5-33 848 | 075 —_— — —

A rod found at Méd{m in Egypt is claimed to be the earliest specimen of bronze,
and it is reputed to date from 3700 B.c. It contains 9'1 per cent. of tin, 898 per
cent. of copper, and a little arsenic. According to M. Berthelot,2 some of the old
Egyptian relics formerly thought to be bronze, are made of copper, and in Meso-
potamia, about 4000 B.c., virtually pure copper was worked, and statuettes dating
from about 2600 B.c., consisting of copper or of copper with small amounts of tin,
have been found—e.g. the bronze statuette of Gude. Analyses of certain relics of
the Mycenzan age—that is, the period described in the poems of Hesiod and Homer,
perhaps 1000 B.c.—show that they ccnsisted largely of copper unalloyed with tin,3
as illustrated in Table II. It is stated in the Iliad, that Achilles’ shield was made of
tin, gold, silver, and chalcos, which latter may have been copper, but more probably
bronze. We are also told that at the Battle of Marathon, 490 B.c., the Persians
were armed with bronze swords and spears, and the Greek victors are said to have
been more pleascd with these captured implements of war than they were with any
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2 INORGANIC AND THEORETICAL CHEMISTRY

of their other prizes. According to J. G. Wilkinson, the early bronze tools found
in the débris of the ancient peoples, show that the bronze they employed was
superior for the manufacture of cutting tools, to the bronze produced at the present
day.

TABLE II.—ANALYSES OF SO-CALLED ANCIENT BRONZES.

Copper. Date. Copper. | Tin. | Lead. 1 Iron. ] Bismuth. | Arsenic, Coll\}?‘éizgd
Egyptian dagger . | 4500 B.C. | 99-53 | nil tr 0-08 nil — nil
Egyptian knife . | 1500 B.c. | 9665 | 003 | 063 1-18 0-44 0-81 0-26
Nails (Mycenean) . | 1000 B.c. | 9983 | — | 027 | 0-20 — — —

It has been said that the Chinese book, Shoo-King, about 2560 B.C., mentions
.copper, and later records show that the kings Yu and Chun, who reigned about
2200 B.c., caused nine bronze vases to be cast, and maps of the nine provinces of
the Empire to be engraved upon them. However, but little is known of archso-
logical exploration in China because the examination of ancient burial sites is
prohibited by the Government, and opposed by the people. M. Chikashigé has
analyzed some ancient Chinese and Korean bronze objects, coins, etc. He said
that brass articles are not so antique as bronze, and that the former date from
the beginning of the Sung dynasty, about the tenth century.

The Sanscrit word ayas, the Latin aes, the Gothic asz, the German erz, and the
English ore, are all of Aryan origin, and have been taken to show that the Aryans
were acquainted with either copper or bronze. The terms were afterwards used
to denote copper, brass, or bronze.# Even so late as Pliny (c. 75 A.D.), these three
substances were confused by the one term. From philological and archwological
reasoms, it is probable that the primitive Aryans had not reached the Iron Age;
and there is no Aryan word for tin, an essential constituent of bronze, for the
Greek xaooirepos is said to be derived from the Assyrian kasazitirra, which in turn
comes from the Accadian id-kasdura. Consequently, it is thought that ayas, aes,
or atz is primitive, and originally meant copper. The Greeks, who were among
the most advanced of the Aryan nations, seem to have been ignorant of copper
when visited by the early Pheenician traders. The Greek term xaA«ds for copper
or bronze is not of Aryan origin. Just as the Latin aes cuprium—the origin of the
term cuprium or copper—is derived from the name of Cyprus, having been originally
aes cyprium (that is, Cyprian copper or bronze), so the Greek xaAxds may be
derived from the name of the town Chalcis in Eubeea. In confirmation of the
suggestion of the philologists, that a Copper Age preceded that of bronze, some of
the oldest relics (celts, etc.) now collected in various museums are of copper, not
bronze.5 These celts are usually chisel-shaped like the celts of the Stone Age.
Archzological discoveries in India, Austria, Hungary, France, Italy, and Spain
have shown that a Copper Age, about 4000 B.C., came intermediate between the
Stone and Bronze Ages. In Britain, however, this is not the case, because the
evidence shows that bronze was the first metal known in this island, and that it
was introduced by traders from Gaul. In America, too, utensils have been dis-
covered in ancient mounds showing that a prehistoric race prior to the Indians
must have been acquainted with copper.6 A. Helps says that at the time of the
Spanish conquest of Peru, copper was considered to be far more valuable than
gold or silver. E. Nordenskicld ? has discussed the Copper and Bronze Ages in
South America; and J. E. Reynolds in North America. Accordmg to W. Gow-
land,® there is no evidence of a Copper Age in Japan, but in the early centuries
of our era, the Japanese h-1 acqmreg a skill in the preparation and working of
copper far in advance ¢. % attained by any race until many centuries after the
beginning of the Iron A,ge/o/;' even in Roman times.

According to Diodorus (c. 30 B.c.), the Nubian and Ethiopian mines kept Egypt
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go plentifully supplied with copper at the time of the Pharaohs that this metal or
bronze was used in making domestic furniture, chariots, swords, arrow tips, etc.
According to M. Berthelot,? the oldest known copper mine associated with the
smelting of copper occurs in the Sinai Peninsula,10 and workings there have been
traced back to 4300 B.c.» The remains of a copper foundry dating back to 1300 s.c.
have been found at Tel-el-Sifr (South Chaldea). The island of Cyprus seems to
have produced copper from about 3000 B.c., and its copper mines passed
successively under the dominion of the Egyptians, Assyrians, Phoenicians, Greeks,
Persians, and the Romans.

The bronze objects found in Cyprus have from 2 to 4 per cent. of tin, but no
tin has been found on the island. W. Gowland 11 believes that the early bronze
was obtained by smelting stanniferous copper ores, and although this might possibly
have been the case in Western Europe, the absence of tin in the copper mines of
Asia Minor, Egypt, and India, does not support this view, but rather indicates
that the ancient bronzes were made from tin and copper mined or smelted inde-
pendently. The remains of Roman mines in Egypt, Cyprus, Central Europe,
the Spanish Peninsula, and Britain show evidence of the roasting and smelting of
sulphide ores. A comparison of C. N. Otin’s analyses of various prehistoric
articles of copper, and of copper-tin from Rumania, with analyses of various Roman
vessels, showed that the Rumanian articles were made from local ores, and that
they could smelt copper almost as well as the Romans. In Germany, copper mining
began at Rammelsberg (Harz) about 968 A.p., and at Hettstedt in the Mansfeld
district (Harz) about 1199. Although the Romans obtained copper from Anglesey
during their occupation of Britain, very little copper was mined in England
in the Middle Ages. In 1694, copper was imported from Sweden for British
coinage, since the Cornish copper was considered of little value. In 1564, Queen
Elizabeth granted mining concessions to T. Thurland and D. Hochstetter, who
formed companies for mining copper, and German miners worked at Coniston
(near Keswick), St. Just (Cornwall), Neath (Wales), Ecton (Staffordshire), and
elsewhere. The dates 12 of the opening of smelteries in Wales are Neath (1584),
Melincrethyn (1695), Tailbach (1727), Swansea (1717), Penclawdd (1800), Llanelly
(1805), Loaghor (1809), Hafod (1810), Cwmavan (1837), and Pembrey (1846).
Copper was mined in Connecticut in America in 1709, and later in New Jersey,
Pennsylvania, Montana, California, etc. Native copper was discovered in Lake
Superior about 1840, but copper mining was not established there until about 1850,

The remains of primitive smelting furnaces show that the copper ore was probably
placed on charcoal in shallow pits in the ground, and rude copper cakes 8 to 10
inches in diameter were obtained during the cooling of the metal at the bottom
of the pit. Egyptian pictures also show furnaces worked (with forced draught)
first by blowpipe (perhaps about 2000 8.c.), and later by bellows (about 1500 B.c.).
There are references to copper in Plato’s Timeus. (c. 360 B.C.), in Aristotle’s Genera-
tion and Corruption (c. 350 B.C.), in the spurious work On Marvels, and in numerous
other early writings. In the third century B.c., Theophrastus, in his ITepi ITvpds
(c. 315 B.C.), first described green and blue copper minerals ; and in his De materia
medica (c. 75 A.D.), Dioscorides used the Latinized Greek terms chalcitis, misy, sory,
and melanteria—chalcitis appears to have referred to a partially weathered copper
pyrite ; and melanteria to copper sulphate ; while sory was a blackish stone impreg-
nated with both copper and iron sulphates; and misy appears to have been a
yellow earth likewise impregnated with the sulphate. Pliny, in his Historia naturalis
(c. 77 A.p.), gave the same list as Dioscorides, but he seems to have been somewhat
confused between chrysocolla and chalcitis. Dioscorides also described a furnace
for the smelting of copper.

In the latter half of the eleventh century, Rugerus or Theophilus 13 gave a
description of copper smelting and refining :

The ore employed is of a green colour and mixed with lead. A pile of ore is burned
after the manner of lime, whereby the colour is not changed, but the stone loses its hardness
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whereby it can be broken up. Coals are placed in the furnace, then the bruised and roasted
ore, again coal, and ore anew until the furnace is charged. The bellows are then applied,
and when the stone has commenced to liquefy, the lead flows out through some small
cavities, and the copper remains within. When this has been blown on for a very long
time, and cooled, it is taken out ; and another charge is again placed in the furnace after
the same order.

Theophilus also described the construction of the furnace. In 1540, V. Biringuccio
outlined the process of roasting, smelting, and pole-refining employed in Saxony ;
and fourteen years later, G. Agricola gave a description of various copper ores, and
of the roasting, smelting, liquation, and refining of copper, which showed clearly
the methods employed in the sixteenth century.

The alchemists of the Middle Ages symbolized copper by the looking-glass of
Venus—vide 1. 1, 1 and 8. The deposition of copper which occurs when a piece
of iron is immersed in a soln. of copper salt was cited by Paracelsus, in his
tract De tinctura physicorum (c. 1520), as a proof of the transmutation of iron into
copper, and G. W. Wedel (1715) and J. A. Stiller (1685) seem to have held similar
views, although J. B. van Helmont (c. 1640) rightly surmised that the copper
already existed in the soln., for he stated that when a metal is dissolved in an acid
it is not essentially changed, for it can be recovered from the solvent. This hypo-
thesis was established by R. Boyle about 1675,24 when he showed that this solvent
permits the copper to be precipitated in order to take up the precipitating metal
Iron or zine.
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§ 2. The Occurrence of Copper

An ore is a metalliferous mineral or aggregate of metalliferous minerals, mixed
with more or less gangue, and contains a metal (or metals) which has found a
recognized application in the industries, and which occurs naturally in sufficient
abundance to be of commercial importance. The gangue is the matrix of minerals
associated with the mineral containing the metal to be extracted. The nature and
character of the gangue usually determines the details of the ore-dressing and
metallurgical treatment to which the ore is subjected in the extraction of the metal.l

Copper ores are rather widely distributed, and are found in nearly every country.
The occurrence of copper is considered by T. Carnelley 2 to agree with its position
in the periodic table. The chief deposits are indicated on the map, Fig. 1. The
copper minerals are far more numerous and represent a wider range of composition
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F1a. 1.—The Geographical Distribution of the Chief Deposits of Copper Ores.

than those of silver, to be afterwards described. The oxidized ores of copper are
very numerous, those of silver are virtually non-existent. Copper occurs as metal,
in various forms of sulphide, arsenide, antimonide, halides, etc., and also oxidized,
as oxide, silicate, sulphate, phosphate, arsenate, carbonate, nitrate, oxychloride, etc.

The United States of Ameriea is the largest producer, and the deposits are mainly
about the Rocky Mountains and Sierra Nevada ; about Lake Superior; and about the
Atlantic coast beds—Michigan, Montana, Arizona, California, Utah, Colorado, and
Tennessee. The Anaconda mine (Butte, Montana) is said to have been the most productive
on record ; it is famous for its veins of rich secondary sulphides. The Arizona ores are
low-grade porphyries ; the Michigan ores are unique deposits of the native metal ; the Utah
ore is an altered siliceous porphyry containing small grains of copper minerals distributed
throughout the mass.” The Tennessee deposits are pyritically smelted and the flue gases
are used in the manufacture of sulphuric acid. There are important deposits in Mexico,
Canada—Sudbury and British Columbia—and Newfoundland. Chile is stated to have
probably two thousand mines regularly or intermittently worked. The average yield, of
each is not stated. The mine at Chuquicamata is very rich, yielding the oxidized mineral,
brochantite, CuSO,.3Cu(OH),, etc. The deposits were worked by the aborigines before
the Spanish conquest. Smaller deposits occur in Peru, Bolivia, Argentina, and Venezuela.

Many of the copper mines of Europe have been worked since the days preceding the
Roman Empire; several of the old mines are exhausted ; others abandoned because
unprofitable. Some of the mines most productive to-day are the oldest. The most
important mines in Europe occur in the district about Huelva, extending into Spain and
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Portugal, where the Rio Tinto Co. alone produced 30,000 tons in 1890. These mines were
worked many centuries by the Romans. The German deposits are mainly located about
Mansfeld (Rhenish Prussia); they have been worked continuously for & thousand years,
and are estimated to have an equally long life ahead of them. The more important Russian
deposits occur in the Urals. In Great Britain, the mines of Cornwall have been worked for
a long time, but the yield is not very large: there are also deposits at Alderley Edge
(Cheshire), Anglesey, etc. In Ireland, copper ore is mined in Cork, Tipperary, and Wicklow.
Many districts in Afrieca have important deposits of copper. Some have been worked by
the natives for centuries. There are mines in Rhodesia, Cape Colony, Congo Free State, etc.
The mines of Namaqualand are the most important. There are large deposits of copper
in Asia, but they are mainly undeveloped. The mines in Japan are, perhaps, the most
important to-day. China has produced copper from shallow pits for thousands of years,
but the Chinese mines are quite undeveloped. India has many ancient mines worked in
the early centuries, but now mainly idle. The Siberian deposits are undeveloped. In
Australasia, there are important mines in New South Wales, Tasmania, and South Australia;
the mines in Queensland and Western Australia are not so important.

According to W. H. Weed,3 the World’s smelter production in 1920 was :

Metric Tons. Metric Tons.
United States of America . . 548,418 Cuba . . . . . . 6,485
Chile . . . . . . 94,631 Sweden . . . . . 3,500
Japan . . . . . 65,6564 Norway . . . . . 1,400
Mexico . . . . . 50,480 Australasia . . . . . 1,000
Canada . . . . . 35,500 Austria-Hungary . . . 1,000
South Africa . . . . 32,230 Argentina . . . . . .
Peru . . . . . . 31,276 British Isles . . . R
Spain and Portugal . . . 25,000 Italy . . . . . . ..
Germany . . . . . 17,255 Russia . . . . . . ..
Bolivia . . . . . 9,900

A metric ton or tonne represents 1000 kilograms or 2205 lbs. ; a short ton or nel ton
is 2000 lbs. ; and a long ton or gross ton is 2240 Ibs. The world’s output of copper
in metric tons was :

1880 1890 1900 1910 1913 1917

156,400 274,065 491,435 877,494 1,002,284 1,435,721
Highest price . £72 10 £61 12 6 £78 7 6 £62 1 3 £77 2 6 £140
Lowest price . £57 0 £46 10 0 £70 15 0 £3215 0 £6115 0 £110

The average price in 1801-1810 was £160 per ton ; this had fallen to £88 per ton in
1841-1850, and with small fluctuations down to £55 per ton in 1900. There was
an abnormally large demand for copper created by the war, and the price soared
to £153 per ton in 1916. The World's output in 1920 was 949,015 metric tons,
or 1,044,299 short tons ; and the price ranged from £70 to £122 5s. per ton.

The minerals forming copper ores are usually associated with a variety of
other metallic minerals and earths as gangue. The ores of most industrial import-
ance, and most frequently encountered in mining operations, are, in alphabetical
order : azurite, bornite, chalcocite, chalcanthite, chalcopyrite, chrysocolla, covellite,
cuprite, enargite, famatinite, malachite, pyrite, tenorite, and tetrahedrite. Others
are of less economic value. The ores are generally classified as native copper ores ;
sulphide ores ; and oxidized ores. Small quantities of native copper occur in many
districts, but large quantities occur in the Lake Superior region, North Michigan. A
mags reported to weigh 420 tons was found in the Minnesota mine in 1857. Native
copper is usually fairly pure, but it may contain small amounts of silver and bismuth.
It has a red colour and crystallizes in the cubic system ; the crystals are often
twinned to form elongated spear-shaped aggregates. The native copper is con-
sidered ¢ to be a mineral of secondary origin, and to have been deposited from
soln., or formed by the reduction of some solid compound. Pseudomorphs after
the oxide, cuprite, and azurite are well known. The soln. have been formed mainly
by the oxidation of pyritic ores. R. Pumpelly,® G. Fernekes, and R. D. Irving
suggest that cases occur where the reducing agent was some compound of iron—
oxide or silicate. H. N. Stokes found hornblende and siderite can precipitate the
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metal from a soln. of copper sulphate, and he showed that other ferruginous minerals
can act in a similar manner under suitable conditions. H. C. Biddle studied the
reducing action of carbon dioxide under press.; and A. Gautier, that of super-
heated steam, CuyS+2H,0=2Cu+80,+2H,; while H. de Sénarmont, R. Beck,
E. Haworth and J. Bennett, and E. J. Schmitz have shown that organic matter
found in bones, wood, shales, etc., can effect the reduction.

Among the native sulphide ores is chaleocite, also called redruthite, vitreous copper,
or copper glance. In the ideal case, this mineral approaches cuprous sulphide, Cu,S, with
79'8 per cent. of metal. It crystallizes in the rhombic system, and has & greyish-black
colour often with & bluish or greenish tarnish. The sp. gr. ranges from 55 to 58, and
the hardness from 2°5 to 3-0. It is soluble in hot nitric acid, leaving & deposit of sulphur.
The corresponding cuprie sulphide, CuS, is a rarer mineral called covellite, or indigo copper,
or blue copper, on account of its deep blue colour. It occurs in microscopic crystals belonging
to the hexagonal system. There is also chalcanthite or cyanosite, blue copper sulphate,
CuS0,.5H,0, which occurs in deposits, and as incrustations which are oxidation products
of minerals containing copper sulphide. There are also some basic sulphates, brochantite,
CuS0,.3Cu(OH),, langite, CuS0O,.3Cu(OH),.2H,0, and woodwardite. These basic salts are
probably mixtures. Chalcopyrite, also called copper pyrites, towanite, and yellow copper ore,
is the most abundant of all the copper ores. In the ideal case, it approximates to CuFeS,,
or Cu,8.Fe,S;, with 34 per cent. of copper; but there are sometimes so many impurities
present that the ore contains but 2 per cent. of the metal in question : even with this
small amount, the ores can be profitably smelted under favourable conditions. In some
places auriferous chalcopyrite is worked as an ore of gold. Another variety is called bornite,
erubescite, variegated copper, ore, purple copper ore, horseflesh ore, or peacock ore. This
mineral appears to be related to chalcopyrite much as marcasite is related to pyrite, but there
are differences of opinion as to the composition of the ideal mineral : CuzFeS, is sometimes
given. B.J. Harrington 8 gives CusFeS,. There are also chalmersite, CuFe,S, ; and cubanite,
CuFe,8;, to be included among the rarer copper-iron sulphides; ecarrollits, CuS.Co,S;,
is also rare. The colour of chalcopyrite is brass or bronze-yellow, sometimes with a bluish
iridescence produced by the thin film formed by the tarnishing of the surface ; bornite has
a bronze colour, and tarnishes much more readily than chalcopyrite—the correspondin,
iridescent effects are sometimes very pretty. Chalcopyrite crystallizes in the tetragon
system, and the tetrahedral crystals so closely resemble octohedra that they weré once
thought to belong to the cubic system. A variety of chalcopyrite occurring in botryoidal
masses is called blistered copper ore. Bornite belongs to the cubic system. Some varieties
of marcasite and pyrite contain up to 5 per cent. or even more copper. The arsenides :
domeykite, Cu,As, and a variety with cobalt and nickel as well as copper is called mohawkite
or algodonite, CusAs; and whitneylte or darurnite, Cu,As; the antimonide : horsfordite,
CugSb; the selenides: berzelianite, Cu,Se; umangite, Cu,Se,; zorgite, (Cu,Pb)Se, and
a variety with copper, silver, and thallium, called erookesite; the telluride: richardite,
Cu,Te;, have been reported. Enargite or luzonite is & mixed copper and arsenic sulphide
in some cases approximating 3Cu,S.As,S;, or CusAsS,, analogous with the isomorphous
famatinite, 3Cu,S.Sb,S;, or Cu,SbS,, while tennantile corresponds sometimes with
3Cu,8.A8,8; or with CugAs,S,; and tetrahedrite, 3Cu,S.Sb,S;, or else CugySb,S;. Enargite
is the source of the arsenic in Manilla copper. Tetrahedrite is also called fahlerz, fakl ore,
or grey copper ore, and it can be regarded as cuprous sulphide with more or less copper
replaced by iron, zinc, and mercury and mixed with arsenic or antimony sulphide. Gold
and silver are also usually present. It is an iron-black or steel-grey mineral occurring in
tetrahedral crystals belonging to the cubic system. It is rarely worked for copper alone
on account of the difficulty of eliminating arsenic. In addition to these sulpho salts,
there are chalcostibnite, CuSbS,; emplectite, CuBiS, ; stylotypite, Cuy;SbS;; wittichenite,
Cu;BiS; ; aikenite, CuPbBiS,; klaprotholite, Cu,Bi,S,; epigenite, Cu,As,S,,; cuprobis-
muthite, CugBi S,,; sulvanite, Cu;VS,. The copper in these minerals is sometimes
replaced by other metals—silver, mercury, lead, zinc, thallium, etc.—and the arsenic,
antimony, and bismuth may replace one another,

The oxidized ores, like the basic copper sulphates indicated above, usually occur as
decomposition products of sulphide ores, and they occur in the upper part of & seam
associated with iron oxide, while the sulphide ore is lower down. They do not occur on
an extensive scale, and they are not such important sources of copper as the sulphide ores.
Currite, also called red oxide of copper or ruby ore, in the ideal case approximates to cuprous
oxide, Cu,0, with 888 per cent. of copper. It has a red colour, and crystallizes in octahedra
and cubes belonging to the cubic system. Tenorite, melaconite, or black oxide of copper,
occurs massive in a few localities. In the ideal case, it corresponds with cupric oxide,
CuO, containing 7985 per cent. of copper. Green carbonate of copper, or malachite, occurs
in green masses or incrustations, and when pure corresponds with CuCOQ;.Cu(OH),, with
57:33 per cent. of copper ; the less common blue carbonate of copper, also called azurite,
occurs in blue or greenish-blue masses approximating in the ideal case to 2CuCO,.Cu(OH),,
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with 55-3 per cent. of copper. Both carbonates occur in monoclinic crystals. Dioptase
is a green copper silicate, and is rather scarce. In the ideal case, it corresponds with
CuSiO3.H;0. It occurs in rhombohedral crystals. The more common hydrate,
CuSiO;.2H,0, is called- chrysocolla, and CuSiO,.3H,0, asperolithite. ~Chrysocolla is also
green, but it does not occur in crystals. The silicates shattuekite, CuH,Si,0, and
planchéite, Cu H,Si;O,,, are rare. Atacamite is a copper oxychloride, CuCl,.3Cu0.3H,0, or
Cu(l,.3Cu(OH),, approximating to 59 per cent. of copper. It crystallizes in the rhombic
system, and.occurs massive in Chile and Bolivia, There are several copper arsenates and
phosphates which occur as minerals, but they are of no importance as sources of copper.
Olivenite, 3Cu0.A8,0,.Cu(OH),, occurs in olive-green prisms belonging to the rhombic
system ; the fibrous aggregates of acicular crystals are called wood copper ; it may also
occur massive in various shades of green, yellow, or brown. The so-called liroconite
corresponds with 8CuO.As,O;, and eclinoclare with 6Cu0.As,0,3H,0. The hydrated
phosphate, libethenite, 4Cu0.P,0,.H,0, is olive green ; phosphochaleite, 6Cu0.P,0,.3H,0,
varies in colour from emerald green to almost black. The uranophosphate, chaleolithite,
Cu0.2U0,.P,0;, is known ; and there is also the tungstate, euprotungstite, CuaWO,.

According to C. C. Hutchins,? spectroscopic observations indicate that copper
is present in the sun, and it has also been found by A. Ward, G. 8. Jamieson,
W. N. Hartley, and E. E. Howell in meteorites. In the latter case, E. Cohen has
reported up to 0°3 per cent. of copper. This metal has also been detected in
numerous rocks, and in soils.2 For example, F. W. Clarke and G. Steiger observed
on the average, in oceanic clays, and river silt, 0'0130 per cent. of cupric oxide, and
J. D. Robertson found 0-0040 to 0-00880 per cent. in some American limestones,
Sea and many mineral waters contain traces of copper.? The metal has been found
in the ashes of seaweeds. Copper also occurs in numeious plants.l® This was
recognized as early as 1814 by J. F. John. It is also particularly noticeable in
plants grown in cupriferous soils. The metal has also been found in different
organs of animals; for example, L. van Itallie and J. J. van Eck found copper a
normal constituent of the human liver—3'8 to 30°0 mgrm. per kilo. of liver. It
was reported by A. H. Church in the blood of herbivora.ll According to
A. H. Church, 1t occurs in the complex compound turacine, CgoHgiCuyNgOso,
as a red pigment colouring the plumage of the turacou. 'W. C. Rose and M. Bodansky
found copper in various ccelenterata, mollusca, crustacese, elasmobranchii, and
teleostomi. R. A. Muttkowsky found the metal in many insects and arthropoda—
snails, slugs, garter-snakes, centipedes, spiders, etc. R. S. Hiltner and H. J. Wich-
mann found 012 to 0362 grms.—or an average of 0'80 grm. per kgrm.—of copper
per kilogram in oysters of Atlantic waters. R. A. Muttkowsky believed that
copper forms the nucleus of a respiratory protein in mollusca and crustaces ; and
in arthropoda, as a nucelus of heemocyanine. The copper found in plants is due to
mechanical storage, and plays no active réle in the physiology of the plant. It
appears also that a very pale blue cupriferous hemecyanine can play the same
réle in the blood of certain crustaces and arthropoda that ferruginous heemoglobin
plays in the red blood of animals.

A. Duflos showed that copper may contaminate many food and other products.12
P. Siedler, J. Milne, T. Bokorny, and L. Vignon reported its presence in water
containing carbon dioxide, or in water distilled through copper condenser tubes.
Its presence has been reported in bread,13 jam,14 pickles,15 green fruits,1¢ cheese,1”
cocoa,1® bones,1? sugar,2® fruit syrups,?! yeast,22 beer,23 wine,24 vinegar,25 gin,26 etc.
The copper in many cases is derived from contact with copper vessels in the process
of manufacturing these products. It has also been reported in various drugs,2’
geranium oil, olive oil, bergmot oil, ete. Traces are not uncommon in many alloys
not usually regarded as cupriferous.28
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§ 3. The Separation of Copper from its Compounds

The metal can be readily obtained from the various compounds of copper.
The processes of reduction illustrate the reduction or decomposition of the copper
compounds, and some of them are employed with the object of preparing crystals
of the metal. In 1844, C. Watt obtained a patent for the purification of copper
by electrically heating the metal. H. Moissan 1 and A. J. P. O’Farrellay distilled
all the foreign metals from cupriferous alloys of zine, cadmium, or lead by heating
them for a few minutes in an electric furnace; C. Féry separated the constituents
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of brass by fractional distillation; and H. Moissan and T. Watanabe likewise
found that all but 3:62 per cent. of silver could be distilled from a 50 per cent.
copper-silver alloy.

H. Moissan found that cupric oxide is decomposed when heated in the electric
furnace, and A. Guérout also claims to have decomposed the same oxide in a sealed
tube at 280°. Several organic salts of copper are decomposed into the metal when
heated. For example, P. A. Adet, C. Gehlen, A. Vogel, R. Chenevix, and B.le Roux
obtained a mixture of copper and carbon by heating the acetate. According to
A. Angel and A. V. Harcourt, the decomposition begins between 150° and 160°;
and it is completed at about 330°. C. Gehlen likewise heated the formate, and
found the product to be free from carbon. J. W. Débereiner, P. L. Dulong and
J. Pelouze obtained the metal by heating the oxalate; L. A. Planche,
and J. B. Trommsdorff by heating the tartrate; J. Pelouze and H. Engelhardt,
by heating the lactate ; F. Wohler and J. von Liebig, by heating a mixture of
cuprous chloride, ammonium chloride, and sodium carbonate; A. Gautier, by
heating its sulphide with water-vapour.

A. Osann obtained the metal by heating to redness cuprous or cupric oxide,
or copper carbonate in a stream of Aydrogen, carbon monoxide, or coal gas. The
reactions have been studied by W. Miiller, F. Glaser, C. R. A. Wright and co-
workers, I. L. Bell, E. D. Campbell, and W. Spring. According to L. Pfaundler,
a mixture of copper and carbon 1s formed when coal gas is used ; and E. D. Campbell
found the reduction of cupric oxide begins between 315°-325° with ethylene ;
between 270°-280° with propylene; and between 320° and 340° with butylene.
G. Gore reduced heated cupric chloride with coal gas; and W. Spring, with
hydrogen. P. Sabatier and J. B. Senderens reduced nitrocopper, Cu,NO,, with
carbon monoxide; W. R. Hodgkinson and C. C. Trench reduced cupric sulphate
at 400° with ammonia; and D. Stickney, A. Liversidge, and W. M. Hutchings
reduced the two sulphides with hydrogen. According to 8. U. Pickering, the
reaction proceeds at 600° with hydrogen and with carbon monoxide. O. Léw
reduced heated copper oxide with petroleum ether. . Bruhns reduced the heated
oxide with the vapours of methyl or ethyl alcohol—the former acts better than
the latter, and, according to L. Pfaundler, the product contains some carbon and
hydrogen—A. Guérout used dried ether ; T. Weyl, formic acid; A. Gautier, water-
vapour ; and R. Brauns, carbon diowide or sulphuric acid—P. N. Raikow objects
that carbon dioxide will not do the work.

E. Beckmann 2 reduced the oxide or sulphide with calcium ; F. M. Perkin and
L. Pratt, with caleium hydride ; and B. Neumann and A. Frolich, with calcium
carbide. The reaction with calcium carbide has been studied by F. von Kiigelgen,
S. Frinkel, H. Schillbach, N. Tarugi, H. N. Warren, L. M. Bullier, H. C. Geel-
muyden, etc. B. Neumann reduced with silicon carbide ; H. Moissan used boron ;
J. P. Schweder, and E. Donath, 4ron,; C. R. A, Wright and A. ‘P. Luff,
M. Lazowsky, J. Garnier, and A. C. Becquerel, carbon ; C. Winkler, magnesoum ;
G. L. de Chalmot, zinc; J. L. Sammis, lead ; A. G. Betts, aluminium ; J. N.
Pring, aluminium carbide ; and F. Ephraim, sodvum amide.

Cuprous oxide is decomposed into copper and cupric sulphate by boiling with
dil. sulphuric acid; and cuprous nitrate is decomposed into copper and cupric
nitrate. F. Gaud 3 heated Fehling’s soln. (g.v.) with alcohol in a sealed tube, and
P. Cazeneuve heated the formate or oxalate with ammeonia under similar
conditions for 5 hours at 156°, when microscopic crystals of the metal were
obtained. T. Spencer obtained crystals of copper by allowing copper to stand
partially immersed in a soln. of cupric sulphate and partially in one of sodiim
chloride. F. Clément, H. de Sénarmont, J. P. Wagner, and C. Weltz allowed wood
to stand for a long time in contact with a dil. soln. of a cupric salt, and obtained
cubes, octohedra, and long four-sided columns of the metal. Cupric or cuprous
oxides or salts are reduced to the metal by many other agents—eg. F. Waohler
reduced a warm cupric acetate soln. with sulphur diowide. A. Etard, C. Geitner,
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L. P. de St. Gilles, P. Berthier and A. Vogel obtained crystals of the metal by
heating the sulphite with water in a sealed tube between 180° and 200°. G. Gin
and A. Ktard reduced a soln. of copper sulphite by heating it in a sealed tube
under press.

C. F. Schonbein, P. Schiitzenberger, J. Meyer, and O. Brunck reduced an acid
soln, of cupric chloride with sodium hyposulphite, NasS,0y4, cuprous chloride was
first deposited, then copper—some sulphide is also formed. F. Wahler, C. F. Ram-
melsberg, reduced cupric salts with phosphorous acid—L. Amat obtained octohedral
crystals of the metal from a soln. of cupric hydrophosphite, CulHPQs, in phos-
phorous acid. According to C. F. Rammelsberg, phosphites act but slightly it at
all ; barium hydrophosphite, BaHPOQ;,, acts only in the presence of an acid ; and,
according to A. Sabanejeff, ammonium dihydrophosphite, (NH,)H,POs, does not
reduce in alkali soln. ; the reducing action of hypophosphites and hypophosphorous
acid has been investigated by C. F. Rammelsberg, E. J. Bartlett and W. Merrill,
W. Gibbs, and A. Sabanejeff. T. Curtius and F. Schrader, E. Knovenagel and
E. Ebler, and E. Riegler reduced cupric salt soln. with hydrazine sulphate in alkaline
soln. ; in acid soln. a pale blue cupric hydrazine sulphate is formed. H. N. Holmes
prepared fine tetrahedra of copper by adding cupric sulphate to silica jelly, and
covering the mixture with a soln. of hydroxylamine hydrochloride.

According to E. Lenssen, F. Weil, T. Leykauf, and F. Kessler and J. Lowenthal,
stannous chloride precipitates cuprous chloride from cupric chloride soln. and an
excess of the reagent gives metallic copper as well; but ammoniacal soln. are not
reduced. A. Lottermoser obtained crystals of copper by allowing cold soln. of
cupric and stannous chlorides to stand in contact with sodium citrate, The reduc-
tion of cupric by ferrous salts has been symbolized : FeCly+CuCl,==CuCl+-FeCl,,
followed by : %‘eClZ—FCuCl;‘Cu—l—FeCls. Hence the precipitation of metallic
copper by soln. of ferrous salts is a reversible reaction, and the formation of metallic
copper is determined by the relative conc. of the four salts : ferric, ferrous, cupric,
and cuprous chlorides. This explains some apparently contradictory reports
which have been made as to the behaviour of mixed soln. of ferrous and cupric
sulphate ; some report the formation of metallic copper, others deny this. If the
ferric salts have an appreciable conc. they will dissolve metallic copper. The
tendency of ferrous salts to reduce cupric salts is shown in the precipitate of cuprous
thiocyanate by the action of ammonium thiocyanate on a soln. of ferrous and
cupric chlorides ; and cuprous chloride is formed when cupric oxide is treated with
ferrous chloride. Ferrous salts can reduce alkaline soln. of cupric salts to the
metal ; for instance, J. M. Eder obtained copper from the cupric acetate or from
alkali ferrous oxalate ; and A. Miiller, and F. Wibel obtained crystalline plates by
warming cupric and ferrous sulphates with alkali hydroxide or wollastonite. The
reaction has been studied by H. C. Biddle, E. Braun, A. Levol, A. Job, F. Herrmann,
E. Miiller and F. Kapeller, and H. R. Ellis and W. H. Collier. The last-named find
that when ammonia is added to copper sulphate soln., the distinctive blue colora-
tion is not obtained or is rendered indistinct if ferrous sulphate is present. If an
excess of ferrous sulphate be present, no coloration is produced, whilst the iron is
precipitated as ferrous and ferric hydroxides ; the soln. contains cuprous com-
pounds, and a small quantity is present in the precipitate. The production of
the ferric hydroxide is brought about by the oxidizing action of the compound
CuSO..5NH,OH, and the amount of oxidation is proportional to the amount of
this substance present. Complete oxidation is brought about when both the
copper and ammonia are present in excess. No action takes place between ferrous
sulphate and copper sulphate soln. in the cold, but, on boiling, the copper sulphate
slowly oxidizes the ferrous hydroxide produced by hydrelysis. Various sugars
also reduce the salt soln. to the metal, as in the preparation of cuprous oxide from

cupric salts when the reduction is carried to an end (g.v.).
) Electrolytic copper is usually crystalline. G. Bird 4 obtained crystals of copper
by connecting a zinc plate, dipping in a soln. of sodium chloride, with a copper
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plate, dipping in a soln. of cupric sulphate. The latter was contained in a porous
pot dipping in the sodium chloride soln. H. N. Warren obtained cubic crystals
of the metal by a similar process. Crystals of copper are also found in some galvanic
cells containing a copper element, which have stood for some months.

The electro-refining of copper is based upon the older process of electroplating.
As far back as 1801,% it was known that if silver be made the negative pole in a
soln. of copper sulphate, the silver receives so tenacious a coating of copper that
the latter can be burnished; and .. Brugnatelli (1805) gilded silver medals by
making them the negative poles in a soln. of gold chloride. E. Davy also stated
that in 1830, he gilded, silvered, coppered, and tinned various metals by the voltaic
battery. G. R. and H. Elkington, A. Parkes, and O. W. Barratt developed soln.
for the electro-deposition of metals, but, prior to 1840, the deposits were thin, with
a more or less frosted appearance. The process of electroplating did not meet
with commercial success until the use of potassium cyanide had been discovered.
The patent by G. R. and H. Elkington (1840) for electroplating copper and its
alloys with silver or gold and of iron with copper, by means of an electrolyte con-
taining potassium cyanide, was based on the work of J. Wright, who found in the
use of tﬂis agent the solution of the problem of electro-depositing bright films of
metal. J. Wright, in turn, obtained the hiut from C. W. Scheele’s memoir, De
materia tingente coeruler Berolinensis (1783) :

It is remarkable that our colouring matter (hydrocyanie acid), after it has united with
the alkali, or with the lime, forms a menstruum, capable not only of dissolving metallic
calxes, but also of constituting a triple salt, which is not decomposed by the aérial acid, as
happens with the lixivium sanguinis (aq. soln. potassium cyanide) and the precipitating
liquor, when exposed to the free access of air. Iron is not the only metal which has the
property of fixing the colouring matter, the same quality belongs likewise to gold, silver,
copper, and probably to several other metallic calxes ; for if, after these calxes have been
precipitated, a sufficient quantity of precipitating liquor be added, in order to redissolve
them, the soln. remains clear in the open air, and in this state the aérial acid does not
precipitate the metallic calx.

In electrotyping, a coating of copper is deposited on suitable objects by making
them the cathode in a soln. of copper sulphate with copper plates as anodes, and,
as shown by W. de la Rue in 1836, when the copper plate is stripped off, it has the
counterpart of every mark or scratch which was on the original. T. Spencer, and
M. H. Jacobi applied the idea in 1838 to convert finely engraved designs on copper
into relief ; and so, they reproduced copper-plate engravings, medals, ornaments, etc.
The process was employed for reproducing patterns for wall papers, making rollers
for calico printing, etc. The principle has been adopted for reproducing statues,
busts, and casts of models in gypsum or guttapercha. The original is first coated
with oil and graphite to make the surface electrically conducting, and then made
the cathode in an electrolyte of a copper salt. After a sufficient thickness of metal
has been deposited, the interior plaster can be removed. Iron can be coated with
copper by dipping it in an alkaline soln. of copper cyanide, and, if necessary, con-
tinuing the process electrically with copper sulphate as electrolyte. One of the
best electrolytes is made by dissolving 313 grms. of copper sulphate in water;
adding ammonia until the precipitate redissolves, forming a deep blue soln. ; adding
potassium cyanide until the blue colour of the soln. disappears; and diluting with
water to make 500 c.c. of liquid.®

According to W. D. Bancroft, in the electroplating of metals, (1) Bad
deposits are due to excessive admixture of some compound or to excessively large
crystals. (2) Excessive admixture of any compound may be eliminated by
changing the conditions so that the compound cannot precipitate. (3) Increase of
the current density, or increase of the potential difference at the cathode, or
depression of the temp. decreases the size of the crystals. (4) The size of the
crystals is diminished when substances adsorbed by the deposited metal are
present at the cathode surface. (5) 1f a given soln. will yield a good deposit at
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any given current density, it will yield a good deposit at any higher current
density provided that the conditions at the cathode surface are kept constant.
(6) Treeing is facilitated by a high fall of potential through the soln. and by
conditions favourable to the formation of large crystals. W. Blum found that
these observations are applicable over a wide range of conditions, and to a variety
of metals. W. E. Hughes regards the polished appearance often observed with
metallic deposits formed upon rotating cathodes is due to the smallness of the
grains composing the deposit. The smallness of the grain appears to be the result
of constancy of the concentration of the metal at the surface of the cathode, and
this constancy to be the result of the movement of the cathode and not of any
burnishing action, as has been suggested. .

The metallic precipitation of copper.—-Near the beginning of the fourth
century, Zosimus mentioned that when iron is immersed in a soln. of a copper salt,
the iron acquires a coating of copper. In the sixteenth century, Paracelsus?
precipitated silver from silver nitrate by inserting a plate of copper in the soln.,
and he noted that the copper is at the same time attacked by the liquid. To the
alchemists of the Middle Ages, the precipitation of copper which occurs when a
piece of iron is placed in a soln. of copper in aqua fortis appeared to be a veritable
transmutation of iron into copper. T. Bergman, in his De pracipitatis metallicis,
near the middle of the eighteenth century, noted that * the metals precipitate one
another after a certain order . . . which is constant and never inverted . . . zinc
prevails over iron, iron over lead, lead over tin, tin over copper, copper over silver,
silver over mercury, etc.” ; and, in his De atiractionibus electivis (Upsala, 1775), he
added :

Since, therefore, metallic solutions are of such & nature, that they cannot restore to its
metallic splendour what they hold dissolved, without the accession of a new portion of
phlogiston, it is self-evident, as well as conformable to experiment, that this cannot be
effected by the addition of calces. If, therefore, ochre be put into a solution of vitriol of
copper, no copper will be precipitated ; but iron added to the solution is soon observed to
be covered with a cupreous pellicle ; for it yields part of its phlogiston, which is necessary
to the reduction of the copper, and by this means becomes itself soluble without the emission
of any inflammable air.

N. W. Fischer,8 in his Das Verhiltniss der chemischen Verwandischaft zur galvanai-
schen Electricitit tn Versuchen dargestellt (Berlin, 1830), noted that in cupric nitrate
soln, the metal is deposited with decreasing rapidity by zine, lead, tin, and cadmium.
The precipitation of copper by iron was regarded as a simple replacement of the
one metal by the other : Fe++CuSO;=Cu-4-FeSO,; but, in 1857, W. Odling showed
that this is not the case, for an eq. of cadmium will completely extract the copper
from a soln. of the neutral chloride containing much more than an eq. of copper.
J. B. Senderens examined ninety cases of metal precipitation from salt soln. by
aluminium, arsenic, cadmium, iron, lead, magnesium, manganese, molybdenum,
nickel, palladium, silver, tin, tungsten, uranium, zinc, and by a number of alloys,
The precipitation is not always complete, and only in about eleven per cent. of the
cases examined was the quantity of metal precipitated approximately eq. to the
amount of metal dissolved, and in only one case was the equivalency exact.

According to F. Hiller,® and J. T. A. Mallet, if copper sheet be dipped in a soln.
of cupric nitrate, some crystals of copper and of cuprous nitrate are formed ; the
sulphate does not act so well, although F. Forster and O. Seidel, F. Fischer, F. Wibel,
C. Haussermann, and H. Wohlwill obtained crystals of copper by heating the finely
divided metal with a feebly acid conec. soln. of the sulphate. G. Quincke, and
J. H. Gladstone and A. Tribe also obtained crystals of the metal by dipping copper
rods in molten cupric or cuprous chloride. E. M. Caven further observed that in
the action of soln. of cupric sulphate on precipitated copper at atm. temp., small
quantities of cuprous oxide are produced, and that the conc. of the soln. has little
influence on the result. Tn accord with a suggestion by E. Divers, it is assumed
that the cupric sulphate is reduced to cuprous sulphate, which in turn is hydrolyzed to
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cuprous oxide, Cuy80;+Ho0=Cuy0+H,80y, for if much chalk be also present, the
acid product of the hydrolysis is neutralized, and is prevented from accumulating
the system, a comparatively large proportion of cuprous oxide is formed. There

the decomposition of the cuprous sulphate: Cuy80y,=Cu--CuS0,, which
curs in acid soln. According to M. C. Lea, finely divided silver reduces cupric
chloride, but not the nitrate.

Copper is rapidly precipitated from soln. of its salts by magnesium.10 According
to J. Thomsen, the thermal value of the substitution of copper in an aq. soln. of
cupric sulphate by magnesium is 12422 Cals. ; by zinc, 50-13 Cals. ; and by iron,
37-24 Cals. J. Thomsen’s data for the formation of nitrates and sulphates by the
action of an aq. soln. of the acid on the metal are collected in Table ITI. The data

TaBLE IIT.—HEATS OF FORMATION OF SULPHATES AND NITRATES BY THE DISSOLUTION
OF THE METAL IN THE AcCID.

Heats of formation in calories. Heats of formation in calories.
R R
(R, O, SOS)aq. (R, O, Nzos)aq' (R, O, Sos)aq' (R, O, N206)aq.

K, 195,850 192,100 Co 88,070 84,540
Na, 186,640 182,620 Ni 86,950 83,420
Li, 197,810 194,010 Pb — 68,070
Sr 188,490 185,410 Tl, 70,290 66,540
Ca 180,409 177,160 Cu 55,960 52,410
Mg 180,180 176,480 Hg, — 30,650
Mn 121,250 117,720 Hg —_ 28,400
Zn 106,090 102,510 Ag, 20,390 16,780
Fe 93,200 89,670 2Al 150,630 —

Cd 89,880 86,000 £TFe 74,990 —

not only enable the heats of soln. of the metal in dil. sulphuric acid with the evolu-
tion of hydrogen to be determined, but also the heat of decomposition of a soln. of
a salt of one metal by a salt of another metal. For instance, what is the thermal
effect of the dissolution of zinc in dil. sulphuric acid ¢ Here, (Zn, O, 80;),,.
—(Hg, 0)=106:09—68-36, or 37-73 Cals. Again, what is the heat of decomposi-
tion of a soln. of copper sulphate by metallic iron? Here, (Fe, O, SOj),,.
—(Cu, 0, 803),4.=932—55'96 ; or 37-24 Cals. As J. Thomsen has shown, however,
the results in many cases may be illusory because of secondary reactions—e.g. the
precipitate, A, and precipitant, B, may form a galvanic couple whereby more of
B is dissolved than corresponds with A precipitated ; insoluble sulphates may
be formed as is the case with lead and barium salts, etc. With silver, copper,
and gold, reduction by magnesium is the more energetic the greater the at. wt.
of the metal—thus cuprous oxide reduces easily, whilst silver oxide is reduced
with explosive violence. Aurous oxide breaks down into its constituents below
the ignition point of magnesium.

A. Schmidt noted that magnesium precipitates all the copper as metal from an
acid soln. of cupric sulphate ; the greatest part of the copper from an acid soln. of
cupric chloride; with an ammoniacal soln. of cupric chloride and an excess of
magnesium, the blue colour soon disappears, and about 57 per cent. of the copper is
precipitated as metal, while the remainder forms cuprous chloride ; and with neutral
soln, of cupric chloride, a green basic cupric chloride is precipitated and some
cuprous hydroxide is formed which passes into cuprous oxide when the soln. is
warmed. In 1866, A. Commaille showed that cuprous oxide and chloride are re-
spectively formed during the reduction of soln. of cupric sulphate and chloride,
along with basic cupric salts. He attributed the evolution of hydrogen to the
decomposition of water by the copper-magnesium couple in which the very electro-
positive metal magnesium is involved. In 1827, G. Wetzlar suggested that when
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zinc is used, the precipitated copper forms a galvanische Kette. A. Commaille gave
an equation which, in modern notation, is 6CuSO,45Mg+3H,0=5MgSO,
-+Cu80,4.2Cu0+-Cuy0+4Cu+3H,, and which may be regarded as his attempt
represent the relation between the relative proportions of magnesium and ¢
sulphate consumed, and the products of the reaction at the temp. and soln. co
employed. W. A. Tilden assumed that the first action of the acid results in the
precipitation of copper which formed a couple with the magnesium. Hydrogen is
accordingly evolved, and a crust of magnesia formed on the surface of the metal.
The former reduces some of the cuprous salt, the magnesia is hydrolyzed, the
cuprous salt forming cuprous oxide and a basic cupric salt. E. Divers showed
that hydrogen does not reduce soln. of cupric salts, and it is necessary to postulate
the existence of an active nascent hydrogen. The latter assumption 18 unnecessary
because zinc reduces chromic to chromous sulphate with the evolution of hydrogen ;
and with alum soln. also, zinc evolves hydrogen, and precipitates a basic sulphate.
It is therefore claimed that the first reaction is more probably that symbolized :
Mg+2CuS80,=Cu,80,+MgS0,. R. M. Caven favours Divers’ interpretation that
the hydrolysis of the cuprous sulphate is the source of the cuprous oxide and
sulphuric acid : CugS804-4Hy,0=Cuy04-Hy80, ; this agrees with F. Forster’s
observation that the cuprous oxide formed during the electrolysis of conc. soln. of
cupric sulphate is due to the formation and hydrolysis of cuprous sulphate. The
small amount of metallic copper which is formed, is probably due to the decomposi-
tion of the cuprous sulphate : CuySO,=Cu+CuSOQy, in the action of dil. sulphuric
acid on cuprous oxide: CuyO+4Hy80,=H,04Cu+CuSO,. With hot soln.
(100°) less copper is produced than with cold sat. soln. The copper is mixed with
cuprous oxide and imbedded in a mixture of magnesia and basic cupric sulphate.
With cold dil. soln., no free acid can be pfesent because the formation of magnesia
and basic cupric sulphate is observed from the beginning of the reaction; with
cone. soln. hot or cold, the basic products first formed are redissolved by the sulphuric
acid, C. Briickner heated magnesium powder with solid cupric sulphate and
observed as products of the reaction: copper, cuprous oxide, cupric sulphide,
and thiosulphate, sulphur, and sulphur dioxide.

’ G. Wetzlar found that zine precipitates copper from cupric salts even when they
contain a large excess of acid; black copper contaminated with zinc is first pre-
cipitated and afterwards red copper, because the precipitate, as it increases, falls
away from the zine, and forms a galvanic ccuple, which results in the zinc being
dissolved. In boiling feebly acid soln., D. M. Levy found the copper is quantitatively
precipitated, better with zinc than with aluminium. A. Schmidt obtained similar
results with zinc and soln. of cupric salts as with magnesium. L. Meyer attributed

. the evolution of hydrogen during the reaction with neutral soln. to the formation
of a copper-zinc couple. He did not observe the formation of any cuprous oxide.
T. Leykauf says that much hydrogen is evolved when the reaction occurs at 90°,
and some cupric oxide is formed. From the work of R. M. Caven, it is probable

. that the mechanism of the reaction is similar to that with magnesium, but with
zinc a much smaller quantity of cuprous oxids is produced. A.J. J. van de Velde
found that more zinc is dissolved than is eq. to the copper precipitated ; that the
degree of hydrolysis or ionization has no effcct on the substitution of copper by
zinc ; and that chlorine ions accelerate the reduction while sulphate retards the
action; A.J. J. van de Velde and C. E. Wasteels noted that alecohol and cane
sugar decrease the speed of the reaction at the beginning.

The reaction has been investigated by N. N. Beketoff, J. C. Shengle and
E. F. Smith, J. H. Gladstone and A. Tribe, .F. Mylius and O. Fromm, J. J. Sud-
borough, J. B. Senderens, etc. 'W. K. J. Schoor says cupri¢ hydride is precipitated
from acid soln. of the sulphate ; L. Meyer and L. Sostegni, basic zinc sulphate ; and
R. M. Caven found that in hot soln. cuprous sulphate is formed. N. W. Fischer
found cuprous chloride as'well as copper is precipitated from soln. of cupric chloride.
N. W. Fischer reduced an alcoholic soln. of cupric nitrate with zinc. A. Destrem
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notei&\hat with the salts with the strong acids, the pulverulent precipitate is chestnut-
brewn ¢ - black, while feebly alkaline salts—e.g. ammonium cupric sulphate—give
a red cohert~t mags. O. Sackur did not get a precipitation of copper with soln. of
cupric cyanide or thiocyanate, and F. Spitzer measured the differences of potential
between copper and soln. of cuprous potassium cyanide with varying amounts of
potassium cyanide, and between zinc and soln. of zinc potassium cyanide under
similar conditions. The soln. are all positive to the metal. R. Lorenz electrolyzed
fused soln. of zinc and cupric chloride, and obtained as products zinc, copper,
and/ cuprous chloride. N. W. Fischer, and H. Pécheux have studied the action
of topper-zinc and silver-zinc alloys ; they do not reduce cupric salts. N. W. Fischer,
. J. B. Senderens, and W. Odling have studied the action of cadmium. The results
¢ are much the same as with zinec.

The reduction with zinc or cadmium is sometimes employed in the analysis of
soln. of cupric salts. R. Bottger freed the precipitated copper from the meore
electropositive metal by washing it with dil. sulphuric acid, then with water, and
drying it below 75° in air, or in a strearn of hydrogen. Aluminium or iron have also
been recommended, but these metals may contaminate the precipitated copper with
impurities which do not wash out so readily. 0. N. Heidenreich 11 precipitated soln.
of copper salts in dil. hydrochloric acid with aluminium, and G. E. Perkins found
the reaction to be quantitative in soln. acidified with sulphuric acid, and an excess
of aluminium. A. Cossa found the reaction with soln. of the chloride occurs
immediately ; it is slower with the acetate, and it begins immediately with soln. of
the sulphate or nitrate only if some alkali chloride is present; if the two last-
named soln. are pure, the reaction is very slow. J. B. Senderens and D. Tommasi
noted the formation of hydrogen in the reduction and the formation of a basic salt.
N. Tarugi studied cuprous sulphite soln. B. Setlik obtained a film of copper on
aluminium by the action of the latter on a feebly acid soln. of cupric lactate.
C. Gottig, F. Weil and D. M. Levy, M. Lansaigne and M. Leblanc, C. Margot,
C. T. J. Oppermann, have studied the plating of aluminium with copper. C. For-
menti and M. Levi studied the action of aluminium on molten cupric salts as well
as on their aq. soln. A. G. Betts separated copper from the molten chloride by
means of aluminium.

As previously indicated, the precipitation of copper from soln. of its salts by
iron was known in the Middle Ages, and the reaction attracted the attention of
T. Bergman, N. W. Fischer, G. Wetzlar, J. B. Senderens, and many others.12 The
reaction in many respects resembles that with zinc. With a cold soln. of cupric
sulphate, J. B. Senderens found that hydrogen is evolved, but R. M. Caven obtained
no gas with fine iron wire containing an almost imperceptible trace of carbon. The
residual copper always contained a trace of cuprous oxide, the soln. was distinctly
acid, and the iron in soln. was all in the ferrous condition. Hence it is inferred that
the reaction is similar in type to that which occurs with zinc, and that consequently
some cuprous sulphate is formed and hydrolyzed. With hot soln. of cupric sulphate
of all conc., hydrogen is evolved and the residue consists of cuprous oxide mixed
with metallic copper. In the first stage of the latter reaction flecks of orange-
coloured hydrated ferric oxide are formed, but these dissolve in the acid and the
soln. is reduced to the ferrous state.

G. Wetzlar, J. L. Lassaigne, D. W. Peck, and P. Harting noticed that copper
precipitated from neutral soln. may be contaminated with iron ; R. M. Caven found
a little cuprous oxide and sulphate are formed in cold dil. soln., and no hydrogen is
evolved if the iron is well purified. According to J. L. Lassaigne, a soln. of cupric
sulphate with one part of copper in 25,000 parts of soln. gives a red deposit on iron-
in 2 hrs., but with one part of copper in 50,000 to 100,000 parts of soln., no coloration
can be detected. C. Paul obtained & precipitate from ammoniacal cupric salts.
N. W. Fischer found that with cupric chloride soln., both cuprous chloride and
copper are precipitated ; and G. Wetzlar noted that alcoholic soln. are also reduced.
X. Landerer obtained crystals of copper by boiling steel with a soln. of cupric

VOL. IIL c




18 INORGANIC AND THEORETICAL CHEMISTRY

chloride acidified with hydrochloric acid. C. Paul, and J. B. Senderens studied the
action of iron on soln. of cupric nitrate ard acetate. G. Wetzlar note? +hat-at.
100° copper is rapidly and completely precipitated from soln. of . ue acetate ;
according to G. Wetzlar, ammonium cupric oxalate gives a compact: precipitate if
air be excluded, but if air be present, the precipitation is retarded ; and\Q. Gaudoin
studied the precipitation of copper from soln. of potassium cupric oxalate ;
‘G. Wetzlar obtamed what he called an alloy (mixture ?) of copper and iron by placing
iron in a soln. of cupric tartrate ; and C. Reiss obtained no reduction with potassium
cupric tartrate soln. G. Wetzlar, and N. W. Fischer found that passive iron does
not precipitate copper from soln. of the cupric salts. The presence of a little silwer
nitrate was found to make the iron passive, but, according to W. Heldt, iron mad
passive with nitric acid of sp. gr. 1'45-1'54, or with platinum in an acid of sp. gr.
14, precipitates copper well. W. Heldt also found if the surface of the iron has a
film of mercurous nitrate, carbon, or magnetic oxide of iron, its activity is retarded.
F. Wéhler obtained no precipitation by treating cupric salts with meteoric iron.
0. C. Farrington studied the precipitation with nickel-iron alloys. I. Remsen
noticed that copper was deposited on a plate of iron, lying between the poles of a
magnet, in such a way that the precipitate forms in lines perpendicular to the lines
of magnetic force. C.J. Descharme, F. A. Wolff, and E. Colardeau also studied the
effect of a magnetic field on the precipitation, and P. A. M. Janet, says that possibly
less heat is developed during the precipitation if the iron be magnetized. F. Giolitti
studied the etching of polished steel with cupric sulphate soln.

According to M. le Blanc and M. G. Levi,18 nickel does not precipitate any copper
from a 2 per cent. soln. of cupric sulphate in 30 hrs., but with a 2 per cent. soln, of
cupric chloride some nickel passes into scln., and cuprous chloride is formed.
J. B. Senderens made a similar observation with respect to the chloride. According
to W. D. Bancroft, “ copper dees not precipitate nickel to any appreciable extent
when immersed in a copper sulphate soln. The nickel becomes passive, and is
probably covered with a thin film of oxide.” E. Giinther obtained a deposition of
copper from an acid soln. of cupric sulphate and finely divided copper reduced by
hydrogen. N. W. Fischer found that if a copper-nickel alloy be treated with an
excess of nitric acid, the undissolved portion remains covered with a film of copper.
J. B. Senderens found that cobalf, unlike nickel, readily reduces soln. of cupric
salts ; O. Prelinger, that powdered and purified manganese separates copper from
aq. soln. of its salts; and A. C. Chapman, that palladium reduces cupric salts to the
cuprous state, and with a prolonged action, to copper. According to E. F. Smith,
copper is also precipitated by molybdenum znd by tungsten ; and C. Zimmermann
also noted the reducing action of uranium, ,

F. Wéhler 14 and W. Wicke obtained crystals of metallic copper mixed with cop-
per phosphides by allowing sticks of phosphorus to stand some months in contact
with copper wires under a soln. of copper sulphate. This reaction was studied
by L. F. Boeck in 1804. A. Vogel noted that the cupric salt soln. is completely de-
colorized in a few days. According to R. Bottger, copper is first precipitated
from boiling soln. of cupric sulphate, and afterwards transformed into phosphide.
M. Sidot noted that when the copper is nearly all precipitated, hydrogen begins to
appear, possibly from the decomposition of phosphine formed in the reaction—
W. Straub tried to follow the mechanism of the reaction. A stick of yellow phos-
phorus becomes black when immersed in a soln. of cupric sulphate. The black
deposit is copper phosphide, and when removed from the soln. it does not react
with atm. oxygen. The black coating is covered by a red film owing to the de-
position of copper, and this continues so long as the copper and phosphorus are
present. As the reaction proceeds, the phosphoric acid in soln. increases. There
is a constant relationship between the quantity of phosphorus which passes into
soln. and the amount of reduced metal, provided oxygen is rigorously excluded and
the reaction is not carried to an end. At the point where the reaction is just com-
plete, the soln. contains sulphuric acid and phosphoric acid in the proportion
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1:05, and consequently one molecule of phosphorus separates two molecules of
copper from the copper sulphate soln. ; the oxygen which oxidizes the phosphorus
must come from the water because the amount of sulphuric acid undergoes no
diminution. The reduced copper is not acted on by the sulphuric acid, but is
oxidized by the atm. oxygen, and the copper oxide dissolves to form copper phos-
phate, which is then reduced to phosphide. The dark film on the phosphorus is
produced in a soln. containing only one mol of crystallized copper sulphate in
100,000 litres of water, and at a dilution 10 times as great, the film is produced in
the course of two months. .

M. Kohn 15 found that when Fehling’s soln., etc. are heated in sealed tubes alkaline
soln. of copper salts, they are rapidly reduced by antimony, arsenic, or bismuth.
C. Strzyzowsky found Fehling’s soln. (g.v.) is reduced at 50° by arsenic, and
according to M. H. Descamps an arsenide 18 formed. Fehling’s soln. is not reduced
under similar conditions by antimony, and J. B. Senderens found that antimony
has‘virtually no action, although it becomes covered with an unweighably thin film
of the metal which acquires an indigo blue colour by oxidation. N. W. Fischer and
J. B. SBenderens found a boiling soln. of cupric nitrate to be imperfectly reduced
by bismuth ; cuprous chloride and bismuth oxychloride are formed. H. Pécheux
studied the action of bismuth-aluminium alloys. G. Wetzlar 16 found that fin
precipitates copper from the chloride, nitrate, and sulphate, but not from the
acetate. N. W. Fischer noted that with the nitrate, some stannic oxide is formed.
J. B. Senderens says that the precipitation from conc. soln. of cupric chloride is
slow but complete, and that some stannous hydroxychloride, Sn(OH)CI, is formed.
G. Wetzlar noted that lead precipitates copper from soln. of the sulphate; J. B.
Senderens from soln. of the acetate ; dil. soln. of the chloride ; but not from the
nitrate. N. W. Fischer said that copper is slightly precipitated from nitrate soln.,
and he studied the precipitation by the addition of alloys of silver and tin or lead.
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§ 4. The Extraction of Copper

Copper is extracted from its ores by pyro-, electro-, or hydro-metallurgical
processes. The actual method employed depends upon the character of the ore,
and upon the local conditions—cost of labour, fuel, refractory materials, transit,
etc. These questions are discussed in special books.l If the ore contains no
sulphur—as is the case with the carbonates and oxides—the metal can be obtained
by simply reducing the ore, mixed with suitable fluxes and coke, in a furnace heated
by a blast. The smelting of the oxidized ores furnishes a metal, called black copper,
which contains iron and other impurities which have to be removed by refining.
High grade and medium grade ores are smelted because the cost of this operation
is less the richer the ore ; but with low grade ores, a large proportion of gangue has
to be converted into slag. Low grade ores, copper mattes, and copper containing
the noble metals, may be leached by solvents which take little more than the copper
into soln. Electrolytic processes are used with mattes, and with copper containing
gold or silver. Assuming that the ore to be smelted is a typical chalcopyrite, the
operations involved in extracting the copper are somewhat complex, because (1) a
large number of impurities are present in the ore; (2) copper of a high degree of
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purity is needed ; and (3) it will probably be profitable to recover gold and silver
from the crude metal.

The concentration of ores.—In many cases, the native ore is not rich enough
to be smelted profitably for the metal, and in other cases, the smelting may be
more remunerative if a certain proportion of the gangue be removed in order to
.avoid the expense of passing waste or barren rock through the furnaces. The
proportion of waste rock—gangue or tailings—in copper ore generally exceeds the
valuable portion—the concentrate—and the process of separating the concentrate
from the gangue is called concentration. The more important concentration
processes—not necessarily all adapted for the treatment of copper ores—are :
(1) Hand picking. This is one of the simplest types of concentration. The rough
ore is separated into valuable and waste by sorting. The operation may be practised
to some extent in the mine itself to avoid sending valueless rock to the surface.
(2) Water concentration. The ore is crushed with water, and the product or pulp is
subjected to a shaking, throwing, and flowing motion in suitable machines whereby
the gangue, on account of its lower sp. gr., is diverted from the denser ore. One
form of the apparatus in which water concentration is performed is called a jig, and
the operation is called jigging. The concentration of material too fine for the jig
is performed in other types of machine—concentrating tables, vanners, etec. No
machine can separate barren rock completely. On account of the small difference
in the sp. gr. of the iron and copper pyrites, it is not practicable to concentrate
copper ores by water concentration to the same extent as is possible, say, with lead
or tin ores. (3) Magnetic separation. Here a stream of the powdered or roasted
ore is allowed to fall in a stream past a magnetic field of high intensity. The
particles which are more sensitive to the magnetic influence are deflected from the
main stream, so as to form two streams—one contains the concentrates, and the
other the tailings to be rejected. The process has been specially treated by
C. G. Gunther, and D. Korda.2 (4) Electrostatic separation. Here a stream of the
powdered or roasted ore is exposed to an electrostatic field. Good conductors—
the metal sulphides, magnetite, heematite, etc —are separated from oorer conductors
—silicates, carbonates, zinc blende, etc.—by electric repulsion. The process has
‘been specially treated by D. Korda. (5) Flotation. The selective adhesion of oils
for certain minerals is here utilized. Certain minerals, when ground with oil and
water, become coated with oils under conditions where other minerals (usually
gangue) remain unaffected. The selective action is in some cases materially in-
creased by the use of an acid or other substance. When the froth or pulp of crushed
ore, oil and water is exposed to a current of water, the uncoated gangue sinks through
the surface of the water and settles rapidly as tailings, while the oiled minerals float
on the water and are collected as concentrates quite independently of the fact that
the latter have the greater sp. gr. The flotation process is largely employed for the
cone. of copper sulphide ores.2 The theory of the process is discussed by W. H. Cog-
hill and C. O. Anderson.

Roasting sulphide ores.—The sulphur and iron in pyritic or sulphide ores are
oxidized by roasting, but sufficient sulphur is left still combined with the copper and
iron to form subsequently what is called a smatte, and sufficient silica must also be
present to unite with the iron oxide to form a fusible ferrous silicate slag. In
roasting a mixed copper iron sulphide, the copper sulphide oxidizes less rapidly
than the iron sulphide ; such is the difference that if a mixture of the two sulphides
be heated in air, it is commonly stated that * the copper sulphide is not attacked
until all the iron sulphide is oxidized.” The reaction in the extreme case is repre-
sented : 2CuFeS,+60,=Cuy0-+Fey03-+480,. It may or may not be convenient
to use the by-product sulphur dioxide for the manufacture of sulphuric acid. The
object of roasting is therefore to oxidize iron and copper sulphides, and to remove
as much of the volatile impurities, like arsenic, antimony, and bismuth, as possible.
In practice, the crushed ore is roasted in stacks or heaps, in stalls, in kilns, on grids,
in muffles, in reverberatory furnaces, in revolving cylinders, or in automatic
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reverberatory calciners. F. le Play’s analyses of samples of the raw and
roasted ore are :

Cu,0. CuFeS,. FeSa. Other Fe,04. Various 8i0,. Earthy H,0, CO,,
Fe,8;.  sulphides. oxides. matters, 80,.
0-47 2679 26?32 1-18 071 035 4047 2-36 0-59

6-91 14-34 14-34 0-79 14-98 077 43-90 2-56 1-41

Smelting the roasted ore for copper matte.—There are three methods in
general practice for the smelting of copper ores to furnish copper matte : (1) Re-
verberatory smelting, in which the sulphide ores are treated; (2) Blast furnace
smelting, in which any class of ore is heated with carbonaceous fuel in a
reducing atm.; and (3) Pyritic smelting, in which sulphide ores are heated alone
or with a small amount—-say 5 per cent.—of carbonaceous fuel in an oxidizing atm.
The partially Foasted ore, or a mixture of roasted and unroasted ore, is heated in a
reverberatory furnace, or in a blast furnace lined with firebricks—the former is
sometimes called the English or the Swansea process, the latter the American or
pyrite smelting process. The blast furnace for smelting copper sulphide ore is
usually water-jacketed for cooling the furnace walls (Fig. 2). i
The blast furnace may be used for reducing the roasted ore,
2Cu0-C=2Cu+CO0y, ete., or it may ba used for oxidizing pyritic
ore in which the heat necessary for the reaction is derived from
the oxidation of the pyritic ore. The blast furnace is preferred
for the smelting of rough ore, and the reverberatory furnace
for fines and concentrates.t The ore probably contains some
giliceous materials; if not, some must be introduced into the
furnace in order that a fusible slag may be formed. The
air burns the carbon to carbon monoxide: 2C4-0,=2C0O. Part
of the cuprous oxide, formed in the roasting, is reduced to
copper by the joint effect of the carbon and carbon monoxide :
Cuy04C0=2Cu+CO,—the copper oxide is much more readily
reduced than iron oxide. The metallic copper reacts with the
sulphides in the ore: 3Cu-}FeyS3=3CuS+2Fe; some of the
unreduced cuprous oxide forms cuprous sulphide : 3Cuy0+Fe,Sg

=3Cu,8+Fe,04; and some cuprous sulphide and cuprous oxide el ——7
react to form metallic copper and sulphur dioxide : CuyS+2Cuy0 @Z/%
=6Cu+80,—a curious reaction which is a kind of self-reduction. ‘!-
According to F. O. Doeltz and C. A. Graumann?® the velocity :

of the reaction increases with rise of temp. 7, such that if W me?,};cc:?()h

denotes the weight of the sulphur dioxide which is evolved,

log W=34x10716T5, The reaction is virtually complete at 1000°. Metallic copper
also may react with iron sulphide as just described. Any cupric sulphide present
is reduced to cuprous sulphide. The result of the smelting for matte is (i) The
transformation of the copper into cuprous sulphide ; (ii) The formation of a fusible
slag by the union of the iron oxide with the silica ; and (iii) The reduction of ferric
sulphide to ferrous sulphide which remains in soln. with the cuprous sulphide to
form the matte itself. The lighter slag in the furnace rises to the surface and is run
into a pit ; the matte collecting at the bottom of the furnace is drawn off from time
to time.

In the so-called pyritic smelting, the roasting and smelting of the sulphide ores
for matte are conducted in one operation. The high temp. required is derived
from the rapid oxidation of sulphur and iron in the blast furnace. Attempts have
been made to apply electro-thermic smelting of copper ores containing too little
sulphur to enable them to be pyritically smelted, and which require the use of
carbonaceous fuel to facilitate fusion. Electro-smelting could be applied profitably
only where fuel is expensive and electric power cheap. Several experimental
plants have given promising results.
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Matte or regulus.—A matte or regulus is an artificial metal sulphide, or a con-
glomerate of several metal sulphides; it is formed as an intermediate product in
the smelting of copper, nickel, or lead ores. Copper matte is a more or less impure
mixture of cuprous and ferrous sulphides containing the eq. of 20-75 per cent. of
copper ; 12-45 per cent. of iron; and 19-25 per cent. of sulphur. F. le Play’s
analysis of a sample of regulus, matte, or coarse metal is :

As, 8.
0-3 29-2

Sn.
07

Slag.
1'1 per cent.

Cu.
337

Fe.
336

Ni, Co, Mn.
1-0

The impurities or minor constituents of copper matte are arsenic, antimony, bismuth,
manganese, nickel, cobalt, zinc, lead, selenium, tellurium, gold, and silver, Matte is
an excellent solvent for the precious
metals, so that auriferous or argentiferous
copper ores containing less than 2 per
cent. of copper may be profitably smelted
and the precious metals recovered.
According to A. Baykoff and N.

£ Feg o Troutneff® the relations between the
Fe,FeS=7 s\CueS . rimary constituents of copper matte
” > Sat.sol.CuinCups  PTIPATY ; . oopper It
: ), [:;cﬁl:/z Z;Ss are represented diametrically in Fig. 3.
o R, %> The area I represents dissociated mixtures

Fia. 3.—Triengular Diagram for Ternary

of cuprous and ferrous sulphides; the

area II represents solid soln. of the two
sulphides ; the area I'V represents a matte
with iron and copper in soln. ; and area III, a eutectic mixture of the matte character-

istic of area II, and of the solid soln. of area IV.

Mixtures of Copper, Iron, and Sulphur.

5200 The f.p. curve of mixtures of cuprous and ferrous

8 /001 L sulphides is shown in Fig. 4. P. Rontgen? ob-
,00d] ,/ tained a curve with maximal points corresponding
\ / with the dcuble sulphides Cu,S : FeS=3 : 2 melting

S 90d] / at about 980°; 1 :1 melting at about 1025°; and
806 2 : 5 melting at about 1050°; while H. O. Hofman
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00 80 60 40 20 o0%feS
Fig. 4.—Freezing Curve of Mix-
tures of Ferrous and Cuprous
Sulphides.

found no evidence of the formation of definite
compounds, but rather obtained a eutectic mix-
ture, with 85 per cent. of ferrous sulphide and
15 per cent. of cuprous sulphide, melting at 850°.
The freezing curve of a mixture of iron with
ferrous sulphide furnishes a eutectic melting at 983°, as illustrated in Fig. 5;8

- o o
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F1a. 5.—Freezing Curve of Mixtures
of Iron and Ferrous Sulphide.

0 & 6 10

Fia. 6.—Freezing Curve of Mixtures
of Copper and Cuprous Sulphide.

while a mixture of copper with copper sulphide furnishes a freezing curve like that
shown in Fig. 6.2 There is a quick rise in the f.p. with additions of cuprous sulphide
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until a mixture melting at 1102° is obtained ; a further addition of cuprous sulphide
produces no further rise of temp. until the mixture contains nearly 86 per cent. of
cuprous sulphide, when any further addition produces a rise in the f.p. until 1127°
—the f.p. of pure cuprous sulphide. Speise is an artificial arsenide or conglo-
merate of arsenides which is related to a matte in that arsenic and some antimony
replace some of the sulphur. The arsenic and antimony are usually eliminated
by a series of oxidizing roasts and reducing fusions.

The conversion of matte into blister copper in the reverberatory furnace.—
The matte is converted into metallic copper by roasting and further smelting either
in a (i) reverberatory furnace—Dblister roasting or roaster smelting, or (ii) in a converter
—bessemerizing. The richer mattes with from 875 of Cu,S and 125 of FeS to 100
per cent. Cu,S, are called white metal. F. le Play’s analysis of white metal is :

cu. Fe. Sn, As, ete. 8. Slag.
774 07 01 21-0 0-3 per cent.

When the conversion is effected in a reverberatory furnace, Fig. 7, the lumps of
matte on the hearth of the furnace are slowly oxidized, and the oxidation is con-
tinued until the sulphur is nearly
all removed, and a bath of me-
tallic copper, sat. with more or
less cuprous oxide and sulphide,
remains. The reactions are sup-
posed to be those represented
by the equations: CupyS8+40,
=2Cu + 80, ; and 2Cu,S +- 30,
=2Cu,0 + 280,. The copper
oxide and sulphide react to form
metallic copper and sulphur di- | Scale | L . L
oxide : 2Cu,04-CuyS=80,+6Cu. © * 8 z 6 20 a1t
The metal 18 called coarse copper F16. 7.—Reverberatory Furnace.

or blister copper, from the blister

produced on its upper surface by the escape of sulphur dioxide during solidifi-
cation, The blister copper contains iron, sulphur, arsenic, etc., as impurities.
F. le Play’s analysis of blister copper is :

Cu. Fe. Ni, Co, ete. Sno, As, ete. 8.
984 0-7 03 04 02 per cent.

The copper can be further refined by an oxidizing fusion followed by a reducing
fusion in a reverberatory furnace, or it can be refined electrolytically.

The conversion of matte into blister copper in the converter.—Much of the
copper produced to-day is made in a modified form of Bessemer’s converter, Fig. 8.
The matte is bessemerized by blowing air through the molten metal contained in a
converter analogous to that employed in the manufacture of steel. The converter
may be lined with siliceous material—acid converter—or with magnesite—basic
converter.

In 1866, A. Rath patented a process of oxidizing the iron and sulphur in matte
by blowing air through the molten mass; in 1867, A. von Jossa and N. Latetin
reported that white metal (72-80 per cent. Cu) was made in a converter, but blister
copper could not be produced. The process of oxidizing copper matte to metallic
copper in a Bessemer’s converter was patented by J. Holloway 10 in 1878, and
between 1880 and 1884 P. Manhes established the technical and commercial success
of the process for the treatment of copper mattes. In bessemerizing pig iron, the
oxidation of the 6 to 7 per cent. of impurity generates enough heat to keep the iron
molten, and the oxidation of a much larger proportion of impurity in the case of
copper furnishes an ample amount. of heat to keep the charge molten, but a more
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voluminous slag results. The time occupied by the copper * blow ” is five to
fifteen times as long as is needed for steel ; with steel, too, the iron itself is oxidized
towards the end of the blow, but this is not the case with copper, and accordingly,
molten copper is only chilled by the blast. In consequence, P. Manhds placed the
tuyeres in the copper converter, not at the bottom, as is the case with iron, but
laterally at some distance from the bottom above the pool of molten metal which
accumulates at the bottom of the converter. Matte converters are side blown, and
not bottom blown as is the case of large steel converters. The tuy®res are directed
below the surface of the matte in a position where, if choked, they can be easily
‘ punched ” clear by the attendant. In the converter, the iron sulphide is oxidized
to iron oxide, and this unites with the silica present to form a slag; the sulphur is
oxidized to sulphur dioxide. The operator can tell from the appearance of the
flame issuing from the converter when it is tume to stop the blast. The converter
is tilted and the slag run off ; white metal remains. The white metal formed in
the first stage of the process is further oxidized, and the cuprous oxide and sulphide
react as in the reverberatory furnace process. The product obtained from the
second blow in the converter is the so-called Dblister copper containing about 99 per

fiv

lqi.ug

L n I 1
Seale g~ 5 "6 & o eft
F1a. 8.—Converter.

cent. of copper. As the copper cools, the sulphur dioxide dissolved by the metal is
liberated and the resulting blisters give the copper its characteristic appearance.
The copper is then refined on the hearth of a reverberatory furnace and poled as
indicated previously.

Refining copper by fusion in the reverberatory furnace.— The metal to be
refined is first heated on the hearth of a reverberatory furnace in an oxidizing atm.
—the ozidizing fusion—and the molten metal agitated to assist the oxidation of the
iron, lead, etc. The impurities form a slag with the siliceous matters of the lining
of the furnace, etc. The cuprous oxide simultaneously formed dissolves in the
copper and facilitates the oxidation of the dissolved cuprous sulphide and ensures
that the other impurities are converted into oxides ; the cuprous oxide also reduces
the tendency of the metal to dissolve gases, and generally improves the quality
of the metal. The refiner tries to make a metal, called dry copper, containing
6 to 7 per cent. of cuprous oxide. The slag is skimmed off. Refinery slag contains
from 20 to 50 per cent. of copper as silicate, and it is mixed with the charge for the
furnace in an earlier stage of the smelting. If much arsenic or antimony is to be
removed, caustic soda and lime are repeatedly added towards the end of the
oxidizing fusion, and continued until a sample of the metal shows that the purifica-
tion has gone far enough.

The molten metal is now subjected to a reducing fusion. The surface of the
metal is covered with charcoal or anthracite, and a pole of green wood is introduced
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below the surface of the molten menal. Vigorous ebullition occurs owing to the
evolution of gas from the wood, and silphur dioxide is also liberated. When the
reduction has proeeeded far enough, the metal is called tough piich copper, and it
contains up to about one per cent. of cuprous oxide in soln. W. Stahl 11 gives the
following analyses of the refining of blister copper at Mansfeld :

Cu. Ag Pb. Ni. As, 0.
Blister copper . . 98-140 0011 1060 0610 0-058 0-121
After melting . . 98950 00,0 0330 0350 0058 0-302
After fining . . 98550 0-010 0:160 0-350 0-055 0-875
After dense poling . 99060 0-009 0-190 0-360 0-057 0-324
After tough poling . 99:300 0-009 0-170 0-360 0-054 0107

A test bar of tough pitch copper can be bent through 180° without cracking, and
when broken, the fractured surface is salmon-red in colour, with a fibrous texture,
and silky lustre. During the operation, samples are removed at intervals from the
furnace so that the progress of the operation can be determined ; the man in charge
has learned to judge this from the appearance of the sample. Over-poled copper is
brittle, and it must be oxidized back to dry copper either by flapping—that is, by
vigorously striking the surface of the molten metal with an iron rabble so that the
metal is splashed about—or else by forcing compressed air on or beneath the surface
of the molten metal. The re-oxidized metal is then re-poled. Under-poled copper
is brittle, and the fractured surface is brick-red in colour.

Refining copper by electrolysis.-—A great deal of the copper in commerce—at
least a third, perhaps one half—passes through an electrolytic refining process. The
metal refined in the furnace is not pure enough for many commercial purposes for
it contains base metal impurities which interfere with its electrical conductivity—
e.g. arsenic and antimony—or which make the metal brittle—e.g. lead and tellurium
—the metal may also contain some gold and silver which can be profitably extracted.
M. von Leuchtenberg proved in 1847 that impure copper can be refined electro-
lytically, and J. B. Elkington 12 applied the process successfully on a large scale in
1865, at Pembrey (Wales). The modern process is described in L. Addicks’ Copper
Refining (New York, 1921). The metal to be refined—blister copper, or copper
from the refining furnace—is cast into plates—say 36 ins. sq., and 2 or 3 ins.
thick. These plates are provided with lugs, and used as anodes with sheets of
refined copper as cathodes or * starting sheets.”” The electrolyte is a soln. con-
taining 12 to 14 per cent. of copper sulphate with 5 to 10 per cent. of sulphuric acid.
In the so-called multiple or parallel system, the cathodes are all connected with one
pole of the circuit, so also all the anodes are connected with the other pole ; in the
so-called sertes system the anodes and cathodes are connected in pairs. The electro-
lyzing vats are wooden tanks, lead-lined. In some cases, 20 or 30 anodes about
3 ins. apart, and with the same number of intermediate cathode plates, form a
working unit. During the electrolysis, the electrolyte is agitated, say, by arranging
the vats in terraces so that the outflow from the vat on the top row passes into that
in the next row below, and so on until finally the outflow runs into a well whence
it is pumped into the distributing box, to pass again in a cascade through the
electrolysis vats. During the electrolysis, with a current between 4 and 15 amperes
per sq. ft. and 0°1 to 0'3 volts, the copper is continuously dissolved from the anode,
and re-deposited in a purified condition on the cathode sheet. The zine, iron,
nickel, and cobalt accumulate in the soln., but are not deposited on the cathode ;
part of the arsenic, antimony, bismuth, and tin is also deposited, and part remains
in soln. ; while the copper sulphide, gold, silver, tellurium, and most other impurities
remain undissolved, and fall as anode mud or anode slime at the bottom of the
electrolyzing vat.

It is stated that the anode mud conains from 15 to 55 per cent. of copper; 5 to 50,
silver ; 002 to 0-70, gold ; 0-5 to 60, lead ; 2 to 8, antimony ; 1°5 to 6, arsenic; 02 to
8:0, bismuth ; 05 to 15, iron; 0°1 to 2 5, selenium ; 0°1 to 35, tellurium ; and 0°5 to 12
per cent. of SO;. The mud is screened to separate particles of copper which have fallen



28 INORGANIC AND THEORETICAL CHEMISTRY

from the anodes, and the slime may be (1) fused on a dolomitic clay bed in & reverberatory
furnace ; the slag removed and the resulting metal cupelled for silver and gold ; or (2) the
dried slime may be oxidized and scorified on the lead bath of a cupelling furnace; or
(3) leached with sulphuric acid and afterwards fused with nitre in & reverberatory furnace ;
or (4) the slime may be roasted, pulverized, leached with sulphuric acid, and afterwards
fused in & reverberatory furnace with nitre as a flux. The nitre slag may contain up to
20 per cent. tellurium. The silver alloy is afterwards parted to recover the gold.

The more important main and secondary reactions which occur at the cathode
during electrolysis may now be indicated.l3 When copper electrodes are dipped in
a soln. of copper sulphate or copper chloride, say the latter, the reaction symbolized :
CuCl,-}-Cu=2CuCl, takes place. Thus, if an acid soln. of cupric sulphate be boiled
with powdered copper, metallic copper will be deposited from the filtered soln. on
cooling—presumably owing to the reoxidation of the cuprous sulphate. The
equilibrium constant K at room temp. is K|CuCly}=[CuCl]j2, where the bracketed
symbols represent the conc. of the salts in question. When a current is passing
through a soln., the possible cathodic reactions are therefore 2CuCl,=2CuCl+Cl, ;
2CuCl=2Cu+Cly; and 2CuCl,=2Cu-+Cl,. The relative magnitudes of these
different reactions is determined by (1) the temp. ; (2) the current density. A low
current density favours the oxidation and hydrolysis of the cuprous salt, and allows
time for the reaction to occur. If the current density be too high, the precipitated
copper will have a spongey appearance :

Current density amps. per sq. metre.
Temp.
03 ‘l 30 100 300
20° . o 80 — 100 100
70° . . — 96 98 100
100° . . — 47 83 99
|

(3) The conc. of the soln. If the conec. of the copper salt in soln. be high, a corre-
spondingly large conc. of the cuprous salt must be maintained to satisfy the equili-
brium constant. With normal sulphuric acid soln., and a current density of
0135 amp. per sq. cm. :

CuS0, normality. Cu,0. Cu.
0:05 — 0-121
0-25 — 0-083
2-00 — 0-0086

(4) The presence of dissolved oxygen; and (5) the acidity or conc. of the H-ions.
A high conc. of the acid is favourable to the oxidation of cuprous chloride, and a
low acid conc. favours hydrolysis and the consequent precipitation of cuprous
oxide. According to A. Sieverts and W. Wippelmann,!4 copper deposited electro-
lytically from acid soln. of the sulphate is crystalline ; neutral soln. give a mixture of
cuprous oxide and crystallites of copper ; and alkaline soln.. a mixture of complex
copper salts give structureless (colloidal) copper. With 0-25N-CuS0y, and a current
density 0-135 amp. per sq. cm. :

H,80, normality. Cu,0. Cu.
0 0-368 —
0-01 0-413 trace
0025 0°061 trace
0-1 — 0-071
10 — 0-083
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If the conc. of the cuprous salt at the cathode falls below the equilibrium value, the
yield of precipitated copper per unit quantity of electricity during electrolysis will
be low. This may occur owing to (i) a rise of temp. which favours the formation
of cuprous chloride and increases the value of K; (i) the hydrolysis of cuprous
chloride : CuCl--H,0=Cu(OH)-HCl, which leads to the precipitation of cuprous
oxide ; and (iii) the oxidation of cuprous chloride back to cupric chloride by the
dissolved atm. oxygen : 4CuCl4-4HCl-+0,=2H,0+44CuCl,. Although copper is de-
posited as a bivalent element in accord with Faraday’s law—two farads of electricity
transform one eq. of bivalent copper Cu to the metallic state—yet the actual
cathodic yield of the metal may appear to fall below the theoretical requirements.
The above discussion shows the conditions which favour high yields: (1) Low
temp. ; (2) Fairly high current density; (3) Moderately conc. soln. of the cupric
salt ; (4) Absence of oxidizing agents; (5) Fairly high acid conc. These favourable
conditions are also necessary for the successful working of a copper voltameter.
G. Grube and co-workers have made a metallographic study of electro-deposited
copper.

Attempts to use copper ore or copper matte as anode in an acidulated soln. of
copper sulphate, with sheet copper as cathode, have not been very successful com-
mercially ; although the electrolysis of soln, with anodes of copper mattes con-
taining little more than cuprous sulphide, have given very fair results—e.g. in
E. Marchese’s process 1% an electrolyte containing copper and ferrous sulphates and
dil. sulphuric acid is used with anodes of copper iron matte.

Hydrometallurgical or wet processes for extracting copper from its ores.—
A comparatively small proportion of the world’s output of copper is extracted from
its ores by leaching the ore 1® with suitable solvents—dil. sulphuric, hydrochloric,
or sulphurous acid,? ferric sulphate, ferrous chloride, ferric chloride,!8 cuprous
chloride,® ammonia or its salts 2%—and subsequently precipitating the metal by
iron, ferrous sulphide, hydrogen sulphide, sulphur dioxide, sodium or calcium
polysulphide, lime water, or by electrolysis. The more important hydrometal-
lurgical processes can be classified 2! as :

I. Chemical processes.—The copper is dissolved and precipitated by
chemical agents involving (1) Alkali processes (e.g. leaching with ammeoniacal
soln.) ; (2) Sulphate processes (e.g. the Rio Tinto process); (3) Sulphite
process (e.g. J. M. Neil’s) ; (4) Chloride processes (e.g. C. Détsch’s, O. Frolich’s,
T. 8. Hunt and J. Douglas’, and W. Longmaid and W. Henderson’s processes).

I1. Electrolytic processes.—The copper is dissolved chemically and precipi-
tated electrolytically. The electrolysis is usually accompanied by the regenera-
tion of the solvent. These processes include the so-called (i) Sulphate pro-
cesses (e.g. E. W. von Siemens and J. G. Halske’s process); Chloride pro-
cesses (e.g. C. Hopfner’s process).

The wet processes may be profitably used in some cases where the proportion of
copper, or the precious metals—gold and silver—in the ore is not sufficient to pay
for bringing fuel and fluxes to the mine, or taking the mined ore to a locality where
fuel and fluxes are cheaper. The wet processes are applicable to low grade ores
with finely disseminated copper minerals and a gangue which is not attacked by
the solvent. As a rule, the wet processes do not recover the precious metals owing
to the insolubility of these elements in ordinary solvents. With the poorer ores,
the commercial success of a copper extracting proposition may be determined by
the possibility of recovering gold and silver with a comparatively small additional
cost ; ores which carry small quantities of copper, but relatively large amounts of
silver and gold, may be treated by wet processes, but this merely as a preliminary
treatment in a process mainly devised for the extraction of the two precious metals,
In the ideal case, the ore for treatment by wet processes contains the greater part
of its copper as oxide or carbonate, since these substances are relatively easily
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dissolved by dil. acids ; copper silicate or copper sulphide ores do not so readily
yield their copper to solvents.

The cupriferous pyrites of Rio Tinto (Spain) contains about 3 per cent. of copper.
The ore is built in large heaps arranged with channels so that there is as frec a
circulation of air as possible in the interior. The heaps are sprayed with water at
suitable intervals. As a result, according to C. H. Jones,22 the pyrites, FeS,, is first
oxidized to ferrous sulphate, and then to ferric sulphate. The latter converts copper
oxide or sulphide into soluble copper sulphate : Cu-+Fey(80,)3=CuS0,4+2FeSO, ;
3CUO+F82(SO4)3=3CuSO4+Fezo3; and Cu;;s+2F82(SO4)3=4FeSO4+2CUS04+S.
Some cupric sulphide is simultaneously formed as an intermediate product of the
oxidation. According to A. N. Winchell, cuprous sulphide is more readily oxidized
than pyrites, FeS,, and he suggests that the cuprous sulphide is oxidized first, and
hastens the oxidation of the iron pyrites. The sulphides of nickel, lead, zinc,
arsenic, antimony, and bismuth are simultaneously oxidized and dissolved. The
soln, which drains from the heaps of pyrites contains both ferric and cupric sulphates ;
the former is converted to ferrous sulphate by passing the soln. through a layer of
fresh ore, and the liquid is then led through troughs in which scrap iron, or lumps of
gpongy iron (reduced from roasted pyrites), or pigs of iron have been laid. Copper
is precipitated upon the iron as a brownish-red powder. The precipitation of
copper on iron is sometimes called cementation, and the product, cement copper.
The copper is removed from time to time, fused, and refined in the usual manner.
The refining is commonly needed because cement copper usually contains iron
oxide, sand, and other extraneous matters. In some places, the ore is converted
into sulphate by roasting with or without the addition of other sulphates—ferrous
sulphate, aluminium sulphate, sodium hydrogen sulphate, etc. The operation is
called sulphatizing roast. In E. W. von Siemens and J. G. Halske’s process,23 the
roasted ore is treated directly with an acidified soln. of ferric sulphate.

In some mines, and dumps, the air has already oxidized the sulphide to water
soluble sulphate, and the water percolating from the mine, or dump, is charged with
sufficient copper sulphate to pay for the recovery of the copper—e.g. at Wicklow
(Ireland), Schmoellnitz (Hungary), Rammelsberg (Germany), Ashio (Japan),
Wallaroo (Australia), Gumeshavsky (Russia), Butte (Montana), Bisbee (Arizona),
Iron Mountains (California), etc.

T. S. Hunt and J. Douglas’ process 2¢ depends on the fact that ferrous chloride
in the presence of hot brine (at 70°) converts copper oxide into soluble cuprous
chloride. .The copper in the ore must therefore be first converted into oxide by
heating the carbonates, or roasting the sulphides. The ore is treated with a soln.
of ferrous sulphate containing an excess of sodium chloride with or without calcium
chloride. The reaction with cuprous oxide is represented : 3CuyO—+2FeCly=-2Cu
+4CuCl+Fe;03, and the cuprous chloride is held in soln. by the other chlorides
which are present ;. with cupric oxide the reaction is represented : 3CuO+-2FeCl,
=2CuCl4-CuCl,+Fe,05. The copper is then precipitated by iron. In a later
modification of the process, the copper oxide is extracted by dil. sulphuric acid,
and ferrous or calcium chloride is added to the soln. to convert sulphates to
chlorides. Cuprous chloride is then precipitated by blowing sulphur dioxide
through the soln. : CuCl;+80,+CuS0,+2H,0=2CuCl+2H,80,. The precipitate
is converted into cuprous oxide by treatment with milk of lime, and the washed
oxide is smelted with carbon for copper. Part of the sulphur dioxide is recovered
from the soln. by blowing hot air through the liquid ; and the calcium chloride,
left after treating the cuprous chloride with milk of lime, is used for chloridizing the
copper in the sulphate solu.

W. Longmaid and W. Henderson’s process was invented by W. Longmaid
in 1842, and improved by W. Henderson io 1860.25 The process is suited for the
treatment of burnt pyrites or blue Wlly—the residue obtained when cupriferous
pyrites has been roasted for sulphur dioxide in the manufacture of sulphuric acid.
The roasted ore contains from 1 to 5 per cent. of copper—partly as cupric
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sulphate, cupric oxide, cuprous sulphide, and copper iron sulphide, FeCuS,.
The crushed and burnt ore 18 mixed with 12 to 15 per cent. of rock salt and roasted
in a reverberatory furnace whereby the copper is converted into soluble chloride—
chloridizing roast. The mass is then lixiviated with water, and the copper pre-
cipitated from the soln. by scrap iron. If much gold and silver are present, these
elements may be precipitated before the copper by the addition of sodium iodide
(F. Mayer), zinc iodide (F. Claudet), treatment with hydrogen sulphide (T. Gibb),
or by dilution with water (W. Jardine and H. Chadwick). )

Instead of precipitating the copper by cementation, electrolysis with insoluble
electrodes may be used—Ilead anodes stand well in sulphate soln.; carbon anodes
stand well with chloride but not sulphate soln. H. Carmichael 26 used an acidified
soln. of cupric sulphate impregnated with sulphur dioxide as electrolyte, and in-
soluble lead anodes. 8. von Laszczynsky used an acidified soln. of copper sulphate
as electrolyte, and the lead anodes were enclosed in tight-fitting cotton bags in order
to hinder the oxidation of the ferrous sulphate into ferric sulphate at the anode.

Numerous analyses of commercial copper are recorded in literature. In the
United States, the three important brands are casting copper, lake copper, and
electrolytic copper. In casting copper, the amount of precious metals is too small
to justify their extraction, and the impurities are too small to make them objection-
able for many purposes. The following 27 is a selection :

Casting, Lake, Electrolytic Copper.
Cu . . . . . 9944 99-890 99-953
Ag . . . . . 0-01 0-0096 0-0018
Pb . . . . . 005 0°0031 00010
Bi . . . . . 001 — —_
As . . . . . 0-02 00062 —
Sb . . . . . 005 —_ 0°0009
Se4-Te . . . . n.d. 0-0020 00026
Fe . . . . . 0-30 0-0028 0-0038
Ni : . . N . 015 0-0090 0-0028
S . . . . . 0-002 0-0016 0-0026
0 . : . . . n.d. 00753 00315
Sn . . . . . 0°18 —_— —

A. Eilers found selenium in all the varieties of copper he examined, but a few con-
tained no tellurium. Copper from (Garfield (Utah) contained :

Gold. Silver. Platinum. Palladium. Selenium. Tellurium, Bismuth, Nickel.
14,400 174,000 17 59 44,800 4432 4880 32,000

ounces per 5000 tons. O. Nielsen discusses the standardization of copper in grades
according to its degree of purity.

The preparaiion of highly purified copper by Richards’ process.?—Commercially
pure copper was dissolved in sulphuric acid mixed with a little nitric acid, and evaporated
to dryness. The mass was heated in a porcelain dish on an asbestos plate until the fumes
of sulphuric acid were no longer evolved. The copper sulphate was then dissolved in water,
and twice re-crystallized. A dil. soln. of the erystals was boiled and shaken for three
hours with water containing a little potassium hydroxide. The soln. was filtered, and
copper sulphate crystallized from the hot soln. a number of times. An aq. soln. of the
crystals was strongly acidified with sulphuric acid and & little nitric acid, and electrolyzed
in & cell with platinum plates. The electrolytic copper was then washed with a dil. soln.
of potassium hydroxide, dil. sulphuric acid, and then boiled for half an hour with water,
washed, dried, and heated red-hot in a stream of hydrogen. The metal was allowed to
cool in the stream of hydrogen.

Sometimes copper is used in organic chemistry as a condensing agent, for which
purpose it must be in a fine state of subdivision. For colloidal copper vide gold.
Finely divided copper is obtained by the action of zinc dust on copper sulphate
soln,

L. Cohn’s process for preparing finely divided copper.2?*—Zinc dust is shaken through & fine
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sieve into a cold sat. soln. of copper sulphate in a porcelain dish while the liquid is being
thoroughly stirred so as to prevent the formation of clots; the zine dust is added so long
as the liquid has any but the faintest trace of a blue colour. The temp. will probably
hawve risen to about 80° during the addition. The finely divided copper settles to the bottom
of the vessel ; and the dark red mass is well washed with water. In order to remove any
zine which may be present, dil. hydrochloric acid is added so long as any effervescence 1s
observable. The mass is then washed by decantation, and then on a filter until the washings
are free from acid. The metal is easily oxidized, even if dried, and it is best preserved in
closely stoppered bottles. O. Ohmann prepared what he called copper wool ; and J. Piccard,
catalytic copper.
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§ 5. The Physical Properties of Copper

The eolour of copper in compact masses is yellowish-red by reflected light, the
tint ranging from orange-red to a rose colour dependent upon the temp. at which
the metal was quenched from the liquid condition. The deep red colour of metallic
copper is best seen when the light has been reflected many times from the surface
of the metal, e.g. when a sheet of the metal is bent to an acute angle (about 45°),
and viewed with the eye directed to the point where the two inner surfaces of the
copper approach one another. The metal precipitated from soln. is brownish-red,
and the colloidal metal ranges in colour from crimson or scarlet to various shades of
blue and brown. Thin films of copper appear greenish-blue by transmitted light.
According to W. I. Baragiola,! copper distilled ten times or more in a high vacuum
has a pale rose colour. According to C. Bischof 2 molten copper has a bluish-
green colour. Thin layers of copper, said M. Faraday, are green ; G. B. Rizzo said
bluish-green ; E. Braun, blue; and C. Bischof, reddish-violet. According to
G. T. Beilby, the red colour of copper in reflected Hght is conditioned by a glassy
variety of the metal. W. L. Dudley says that copper vapour is green. The compact
metal has a bright metallic lustre, and takes a bright polish which is soon tarnished:
when exposed to the air.

J. G. Wallerius 3 first described the crystalline form of copper in 1772 ; he said
cuprum est figura octaedrica vel cubica. J. B. L. Romé de 1'Isle, J. D. Dana, G. Rose,
J. W. Mallet, ete., have since described the crystals. The erystals of copper bslong
te the cubic system—hexakis-octahedra (éfdxes, six times)—whether the metal
occurs naturally or is reduced from its soln., or congeals from a molten condition.
Twin crystals are common ; an example of dendritic copper is illustrated by Fig. 12
in the chapter on crystals. G. W. A. Kahlbaum and co-workers obtained small
octahedra when the metal was sublimed in vacuo, and similar crystals have been
obtained by slow deposition from dil. soln. 'W. L. Bragg’s X-radiogram of a crystal
of copper shows that the atoms are arranged in the pattern of the simple face-
centred cubic lattice with side 3:60 A. and closest approach of the atoms, 254 A,
P. Scherrer gave 3:61 X 1078 cms. for the leripth of the edge of the elementary cube.
H. Bohlin also studied the X-radiogram of copper. 8. Nishikawa and &. Asahars,
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and M. Ettisch and co-workers, found that rolled copper gives an ill-defined
X-radiogram with a symmetry related to the direction of rolling ; on annealing
definite spots replace ill-defined patches, but the copper still shows the direction
of rolling after annealing 2 hrs. at 800°. K. F. Slotte estimated the edge of the
molecular cube of liquid and solid copper to be 58x1072 cm. W. L. Brag

computed the radius of the atomic spherss of the crystals to be 0-137up, or
137 A. M. N. Saha also made estimates of this magnitude.

J. Percy said that the term moss ecopper is employed in copper-works to
designate accumulations of filamentous or moss-like copper which 1s formed in
cavities on ingots of certain kinds of regulus. Under the microscope, he added, the
filaments present numerous minute parallel and longitudinal lines or grooves, as
though they consisted of bundles of extremely delicate fibres. Moss copper is
also said to be remarkable for its purity, F. le Play found at the junction of the
regulus and slag of a copper furnace a geode filled with extremely delicate threads
of metallic copper, containing Cu, 982 per cent.; Fe, 0'4 per cent.; Ni, 0'6 per
cent.; and admixed sand and carbon, 02 per cent. The so-called filiform or hair
copper was obtained by A. Liversidge by heating native cupric sulphide in hydroger
at a temp. below the m.p. of copper. Moss silver has been discussed by W. Hampe,
W. Hittorf, E. Murmann, H. Moissan, J. Maigottet, and E. Weinschenk. A. Beutell
has made some observations on this subject-—vide moss silver.

The surface of cast copper, under the microscope, appears to be composed of
large primary and small secondary polygonal granules definitely oriented ; a sheet
of electro-deposited copper appears to consist of primary granules only, without
definite orientation. The crystalline structure of electrolytic copper has been
described by O. Faust, G. Grube and co-workers, M. von Schwarz, Z. Jeflries,
A. Sieverts and W. Wippelmann, H. 8. Rawdon, etc. A low current density gives
large well-formed crystals, and a high current density gives crystals which grow
at right angles to the surface of deposition, and which have a columnar appearance ;
with a still higher current density, the structure is broken up, and twinned crystals
are common—the twinning is at right angles to the direction of crystal growth.
The production of idiomorphic crystals of copper was found by W. E. Hughes to
follow the same general laws as those involved in the formation of well-shaped
crystals in salt soln.

The metal is an aggregate of crystals so that each grain has a definite orientation
which is different from that of its neighbours. The external shape is polyhedral.
The grains may grow in the solid metal : (1) When heated below the crystallizing
temp. after cold plastic deformation ; (2) when a hot-worked or annealed metal is
Leated to a higher temp. than was previously used, or for a longer time at a lower
temp. ; (3) when the compressed powder is heated to a high temp. below the m.p. ;
and (4) when the metal is heated or cooled through certain transition temps. When
just crystallized after cold-drawing or rolling, the grains of copper approximate
00002 to 00012 cm., and after annealing, 0002 to 0006 cm. in diameter.
G. Tammann hae studied the regrouping of the atoms during annealing whereby
new crystals are formed. H. Baucke clamped the polished surfaces of two pieces
ef copper, one piece hammered and the other annealed, and found that, at 105°,
the hammered surface became oonsiderably recrystallized, but when the surfaces
were separated, ‘or insulated with an oil film, there was practically no modification
even after 48 hrs. heating at 180°. This confirms the general observation that
forged or drawn metals are in a less stable condition with respect to crystallization
than the same metal in the soft state—e.g. if plates of forged and soft metals be made
the poles of a galvanic cell in a soln. of a salt of the same metal, the forged metal
becomes charged negatively and passes into soln. The presence of all but very
minute proportions of cuprous oxide, bismnuth, and lead is evidenced as discrete
particles under the microscope ; whereas silver, gold, nickel, manganese, antimony,
arsenic, zinc, phosphorus, etc., dissolve to a greater or less extent in the solid metal,
and may leave no trace of their presence except possibly in the appearance of the
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erystals. During rolling, the primary granules are elongated in the direction of the
rolling, and this gives the metal its characteristic fibrous structure. M. Ettisch
and co-workers say that the crystallites in soft wires are arranged irregularly,
while those in hard wires are regularly arranged. E. Rassow and L. Velde have
plotted on a triaxial diegram the degree of cold working, the annealing temp.
(time constant), and the mean diameter of the grains of copper. Copper is etched
for microscopic examination by aqua ammonia, or ammonium persulphate, or an
ammoniacal soln. of hydrogen peroxide.4

The production and properties of thin films of copper have been discussed
by A. W. Wright,> W. Betz, L. Houllevigue, W. Spring, A. Knop, M. Faraday,
O. Brunck, T. Curtius and F. Schrader, F. D. Chattaway, G. T. Beilby, and
P. Neogi.

As previously indicated, in the Arabian, The Book of the Best Things for the
Knowledge of Mineral Substances, by Abu-r-Raihan,® written towards the end of
the tenth century, the specific gravity of copper is stated to be 870, which is not
far removed from the value accepted to-day. He also gave 882 for the sp. gr. of
bronze, and 887 for that of brass. Another Arabian writer, Al-Khazini, in his
Book on the Balance of Wisdom, written in the twelfth century, gave 8'66 for the
sp. gr. of copper. An early determination of the sp. gr. of this element by
R. Boyle (1690) gave 9; and one by D. G. Fahrenheit (1725) gave 8834 for
Swedish copper, and another 8799 for Japanese copper. C. Hatchett (1803)
gave 8895; A. T. Kupfler (1824), 878; C.[J. B. Karsten (1832), 8721;
T. Herapath (1824), 8900 ; R. Mallet, 8-667 ; and H. Schiff, 8902 (12°). Accord-
ing to W. Stahl, the sp. gr. of copper at different temp. is :

15° 1100° 1125° 1150° 1175° 1200° 1250°
Sp. gr. . 88604 8-3601 8-3492 8-3384 8-3276 8-3168 8-2953

The sp. grs. of the pure metal, measured by different observers, do not agree.
The sp. gr. is greatly influenced by the thermal history of the metal, and the presence
of impurities. The sp. gr. of ordinary commercial copper usually ranges from
8'6-to 89 ; the standard value is 8:89 at 20°; M. J. Brisson (1787) reported that
the sp. gr. ‘of the cast metal is 87 88, and that of the rolled metal 8 878 ; A.Baudri-
mont found that slowly-cooled cast copper had a sp. gr. 8:4525 ; and wire prepared
in several different ways had a sp. gr. varying from 8-:3912 to 8-:8893. Similar
observations were made by R. Béttger, and C. O’Neill, while R. F. Marchand and
T. Scheerer found for electrolytic copper, 8914 ; A, Dick, 8937 ; and L. Playfair
and J. P. Joule, 8920 ; and for finely divided copper, the latter also gave 8931 (4°),
and A. Dick, 8'938. For copper plate at 0°, G. Quincke gave 8902. The cold
working of copper affects the mechanical and the physical properties—elasticity,
sp. gr., emf., thermal and electrical conductivities, etc.—of the metal.
F. C. A. H. Lantsberry found that the sp. gr. of the cold-worked metal is 88313
and of the annealed metal 8-:8317. G. W. A. Kahlbaum and E. Sturm 7 state that
the sp. gr. of native crystalline copper is 894 ; electrolytic copper, 8914 ; cast
copper, 8921; drawn copper, not annealed, 8939 to 8949; drawn annealed
copper, 8930 ; hammered copper, 8951 ; copper reduced by hydrogen, 8:367 to
8'416 ; copper cast in an atm. of coal gas, 8'95. According to W. Hampe (1872),
the sp. gr. of pure electrolytic copper at 0° is 8945; and 8952 according to
H. Schréder (1859). After hammering, the sp. gr. changes from 8952 to 8'958 ;
and according to G. W. A. Kahlbaum and co-workers (1902), the sp. gr. of the
distilled metal is 893258 at 20°, and 893764 after being subjected to a press. of
10,000 atm. After being subjected to a still higher press., the sp. gr. begins t6
diminish. According to T. Scheerer and R. F. Marchand, the low sp. gr. of cast
copper is due to the porosity of the raetal, which is supposed to be caused by the
absorption of gases at a high temp., and their subsequent evolution during cooling.
T. M. Lowry and R. G. Parker say that the sp. gr. of copper increases when the
metal is annealed at 100°, and that while the sp. gr. of the metal en masse is 89153,
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that of the filings is 8:8900. P. Pasecal and J. Jouniaux found the sp. gr. of
liqnid copper at its m.p. 1083°, in an atm. cf an inert gas, is 840, and at 1200°,
832 ; L. Playfair and J. P. Joule gave 7272 ; and W. €. Roberts-Austen and
T. Wrightson, 8-217.

W. Spring has shown that many substances after compression have a lower
sp. gr. than before. For example, lead, tin, cadmium, and silver, after being forced'
through: small apertures under press., alse show a slight diminution in sp. gr., while
with bismuth there is a slight increase. "When two plates of a metal—one of
which has been compressed, and the other not compressed—are used as plates
of a cell in a soln. of one of the salts of the metal, an electric current is generated
such that the metal which has been eompressed by hemmering, ete., is negative
to the annealed metal. The current is in the opposite direction with bismuth—
which contraets on liquefaction—to what it is with lead, tin, cadmium, and silver—
which expand on liquefaction. 'W. Spring supposed that the metals change under
compression to the mol. condition characteristic of liquids; otherwise expressed,
metals under great compression assume an allotropic form correspopding with the
liquid or amorphous condition which P. Dulem ealls métal flué, as distinct from
the crystalline state—métal reeusi—obtained by slowly eooling the molten metal.

G. T. Beilby 8 alse considers that the metals can exist in two distinct solid
phases : (i) the hardened or amorphous state ; and (ii) the annealed or crystalline
state ; and he gives evidence to show that the fermer is converted. into the latter
by annealing ; and that the latter is eonverted into the former when work is done
orr the erystalline metal—e.g. polishing the surface of a metal produces what he
assumes to be an amorphous film which can he removed by suitable solvents so as
to shew the underlying crystalline phase ; similarly, when a piece of metal is strained
by, say, wire-drawing, the friction of the crystals produces an encircling net-work
of the amorphous hardened phase between the crystals which increases the tensile
strength of the metal. According to G. T. Bedby, the transition temp. between the
two phases of gold lies between 250° and 280°; copper, between 250° and 290°;
silver, between 230° and 265° ; and magnesium, between-300° and 360°.

W. Rosenhain ¢ also has given much indirect evidence of the existence of an
intererystalline amorphous film in nermally crystalline metals. As a rule, an
amerphous substance is more susceptible to attack by chemical agents than the
same substance in a erystalline state. Aceording to S. W. Smith, if two buttons
of silver—one slowly and the other rapidly ccoled—be treated with nitric acid, the
one which has been cooled most rapidly will be mest quickly disselved ; and accord-
ing to W. Rosenhain, the loss by volatilization of rapidly chilled castings of silver
is greater than with slowly cooled castings. With slow cooling, the crystals are
larger and the intererystalline amorphous eement is less abundant than with sudden
chilling where the crystals are smaller. I isirferred that the volatilization is mainly
from the amorphous cement, and that the ainerphous cement is likewise attacked
mesb rapidly by acids. In the latter case, too, the faster the amorphous cement
is dissolved, the greater the surface exposed to the action of the acid, and the more
quickly will the metal be dissolved.

0. W. Ellis, 10 therefore, infers that the cold-working of metals favours the pro-
duction of the amorphous at the expense of the crystalline metal in the balanced
reaction : Clgrystanine=Clamorphous, and that the amorphous matter produced by
the strain undergees reerystallization when the stress is relieved. The crystalliza-
tion of deformed metals has been studied by D. Hanson and many others. As
a result, it is inferred by D. Hanson that for every degree of deformation in strained
metals, there is a critical reenystallization temy. at which crystal growth is extremely
rapid, and the size of the erystals produced by this. growsh is greater, the smaller
the: amount of deformation preceding such annealing. According to Z. Jefiries
and R. 8. Archer, 200° is the lowest temp. at which the recrystallization of the
cold-worked metal has been observed.

The pure metal is highly ductile and malleable, for it can be rolled into sheets,.
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hammered mtoe foil, or drawn into wire. When subjected to mechanical treatment
of this kind, the metal becomes hard ; the hardness can be removed by annealing
petweca 500° and 700° in an atm. free from sulphur. When the metal is mechanically
worked, it must be frequently annealed to avoid fracture. This is iHustrated by
the curve, Fig. 9, showing the effect of annealing at different temp. on the elastic
hmit ; the tensile strength 60
eurve changes with temp.

in an analogous manner, 501
Aceording to E. Heyn,11 by \
annealing the metal at 500°,
the crystal granules increase
in size until they become
visible to the naked eye.

According to G. Tam-

mann, cold-work inereases \
the energy content of a N Llaste ime
metal because the formation 1 s
of glidi lanes, and the o° 260° 400" 609° 800° 4000°
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increase in the potential Electrolytic Copper (C. Grard).
energy ; and further, pre-

cesses take place within the atom which lead to a similar increase. A cold-worked
metal is less noble, ¢.e. more chemically active, in the hard than in the soft state.
Since, however, the surface layers are alone affected, a superficially hardened piece,
still soft in the interior, may behave less nobly than a thoroughly hardened piece.
The change in the chemical activity of a metal by working is ascribed to an altera-
tion in the properties of the particles of the metal which, once displaced, are held
less firmly in the lattice than before.

The fracture of cast copper is more or less granular ; that of rolled or drawn
copper is fibrous. The maleahility of a metal refers to its property of per-
manently extending in all directions without rupture when a stress—pressure
{rolling) or mpact (hammering)—is applied. The duetility refers to the property
which enables metals to be drawn into wires. The malleability of copper 12 is equal
to that of gold and silver; it has been hammered into sheets 0°0026 mm. thieck.
The ductility of copper is also high. E. B. Shepherd and G. B. Upton found the
ductility expressed in perceniuge elongation during the application of a tensile stress
to vary from 120 to 225 per cent. for cast copper, and from 185 te 280 per cent.
for copper kept a week at 540° and then gquenched in water. G. D. Bengough and
D. Hanson found that there is a range of low duectility for copper between 250°
and 450°; and that the presemce of oxygen and arsenic increase the high temp.
ductility of the metal.

The ductility of copper is increased by annealing, and G. V. Casar and
G. C. Gerner, and B. E. Curry have shown that the temp. range within which this
softening takes place most rapidly is from 200° to 350° for pure copper ; but this
is affected by (i) the extent of the pievious cold reductien; and (ii) the impurities,
Arsenic and silver raise the annealing temp. range of copper. The propexties of
copper are not affected like those of steel after annealing or rolling. Frem the
work of A. Martens, and F. Johnsen. it is generally believed that quenching copper
in water after annealing produces a softer metal than ¥ it be slowly cooled,
although there is some evidence for and against this view. B. Hopkinson, and
J. E. Sears have studied the momentary expansion which occurs en percussion.
C. J. B. Karsten pointed out that the greater the purity of copper the greater its
maileability and softness, and the less heat required to render the brittle metal
malleable. The effects of various foreign metals on the physical properties of
copper have been much investigated

3
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Copper is malleable when cold, and at a red-heat; a metal malleable at a red-
heat, and not so when cold, is said to be cold-short ; and a metal malleable when
cold, but not so at a red-heat, red-short. According to E. Cohen, the Greek Theo-
phrastus, about 371 B.c., stated that he had noticed the disintegration of copper
during a severe winter.

Pure copper is comparatively soft. As indicated in the general remarks on
hardness, in connection with the alkali metals, this property can be expressed in
several different ways, many of them quite arbitrary. On F. Mohs’ or the
mineralogical scale, the hardness 13 of copper is about 3, when that of iron is 4'5,
and silver 2:7, 0. Faust and G. Tammann’s values for the sclerometric hardness
measured by the width of a scratch made with a load of 10 grms., is 0°014--0-016 mm.
for soft and 0°016 for the hard metal ; and with a load of 17 grms., 0:022-0°027 mm.
for the soft and hard metals. J. A. Brinell’s test for hardness measures the
diameter of an impression made by the application of a load applied for a definite
time—say 15 seconds. J. A. Brinell’s hardness number of copper cast and slowly
cooled is 528 ; C. A. Edwards gave 53'0. The numbers for rolled sheet copper
unannealed range from 65 to 75, when the value for mild steel is about 104.
J. A. Brinell’s hardness test can also be represented as a press. in kgrms. exerted per
sq. mm. of the ball segment. Copper then gives a hardness of 35°3 kgrms. per sq.
mm. A kilogram, under standard conditions, is eq. to 981,000 dynes, or a dyne
is eq. to 000000101937 kgrm. The curve showing the decrease in the hardness of
copper with temp. is slightly concave towards the temp. axis. A. Kiirth gave
for a load of 400 kgrms. :

—83°  —50°  18° 100°  200° 300°  390°  523°
Hardness . 413 401 374 362 30°8 267 234 17-6

L. Guillet has shown that the ratio of the tensile strangth to Brinell’'s hardness
varies with the hardness of the metal. E. H. Pierce found that in the hard-
drawing of copper wire the effect is the same throughout the whole section, and
no hard or exterior skin is formed. While M. Hanriot, and Z. Jeffries detected
no change in the microstructure of compressed metals, the Brinell’s hardness of
copper was raised by compression at 10,000 kgrms. per sq. mm. from 270 to 46°1.
C. Calvert and R. Johnson give the relative hardnesses of gold, silver, and copper
as 4:5:72; J. R. Rydberg gives 256:27:30; S. Bottone, 979 : 990 : 1360 ;
and F. Auerbach, 97 : 91 : 95.

According to G. Quincke, the surface tension of copper at its m.p, is 581 dynes
per cm., and the capillary constant, a2, is 1444 sq. mm. ; and for solid copper he
gives for the capillary constant in grms. a 2rsr-{-8 r27r for wires r mm. diameter, where
a=0 for soft copper and 2388 for hard-drawn copper. S. W. Smith found the surface
tension at 1150° to be 1178 dynes per cm., and a2—=28'85 sq. mm. According to
I. Traube, the internal pressure of the solid metal is 236,100 megabars. A. Johnsen
found the plastic flow of copper is not diminished by cooling the metal in liquid
air. C. A. Edwards, and W. E. Dalby, and E. C. Bain and Z. Jeffries, also
studied the plastic flow of copper. According to H. E. Diller, when a bar of
steel was packed in cupric oxide and carbon and heated for some time at 1000°,
metallic copper penetrated the steel to the extent of 21°4 per cent., thus demon-
strating the diffusion of copper into iron. R. J. Anderson measured the rate of
diffusion of solid copper in molten aluminum and found i to increase rapidly
with rise of temp.; G. Sirovich and A. Cartoceti demonstrated the diffusion of
manganese from ferro-manganese into copper at 900°; and H. Weiss studied the
diffusion of copper into molten zinc. The velocity of sound in copper is 397 x 10¢
cms. per second. According to J. Kleber, the velocity V of sound in solid metals
is proportional to the square root of the quotient of the sp. ht. C' and the coeff. of
linear expansion a such that ¥=>57-698\/C/a—637. This applies to copper, silver,
gold, magnesium, aluminium, tin, lead, iron, nickel, and platinum, but with tantalum
there is a difference, presumably because the constants have not been determined
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with sufficient accuracy. The velocity of sound is also proportional te the square
root of the quotient of the modulus of elasticity, E, by the density, D, such that
V=99-040/E/D. Consequently, 99:044/E/D=57-6984/C/a—637, and if any
three of these constants be known, the fourth can be computed to within five per
cent. of its value. The internal wiscosity of copper has been investigated by
M. Ishimoto by the use of tuning-forks and torsion pendulums. K. Honda and
S. Konno found the viscosity of rolled copper to be 483108 at 15°; and that of
the metal annealed at 300°, to be 5:13x108 at 15°.

It must be emphasized that the data for the mechanical properties of the metals
are more or less dependent upon the methods employed in the measurements. The
values for the elastic qualities, for example, are more or less dependent upon the
size and shape of the test-pieces, and on the rate at which the stress is applied, as
well as on the previous mechanical and thermal treatment of the material, this
quite apart from the influence of traces of impurities on the results. It is therefore
usually safer to give ranges of values for pure material treated in different ways
rather than to assign definite values for an arbitrarily selected mode of testing these
characteristics. It is generally ccnsidered that copper may be normalized—
normalized copper—for tensile strength determinations by casting, rolling, and
drawing, followed by annealing for 30-60 min. at 500° with slow or quick cooling,
because when prepared under these conditions there is less variation between
different samples than in any other condition.14 .

Copper does not break down by fracture ; when compressed, it yields indefinitely
and becomes flattened out. According to R. H. Thurston,15 if ¢ denotes the resist-
ance to compression in Ibs. per sq. in., e the fractional compression, ¢=145000¢}
for compressions up to 50 per cent. The compressibility of a substance is the
change in volume dv which unit volume v undergoes per unit change of press. p
(say, a kilogram per sq. em.), or the ratio of the compression dv/v, to the press.
dp applied, that is, dv/vdp. The compressibility of copper is 0°75x10~% (20°),
meaning the fractional change of the original volume caused by a press. of a megabar,
that is, 108 dynes per sq. cm., between 100 and 500 megabars. L. H. Adams,
E. D. Williamson, and J. Johnston give 0-75x 1076 ; and they represent the change
in volume between the press. p, and p by 0700001-+0°000000749(p—p,).
E. H. Amagat gave 0'857 per atm. ; H. V. Regnault, 123 ; J. Y. Buchanan, 0864 ;
8. Lussana, 1-0 to 1-1 for press. from 100 to 3000 atm. E. Madelung and R. Fuchs
gave 3°101(0°004) X 10712 dynes per sq. cm. According to B. Lera, the relation
between the compressibility B, the coeff. of expansion a, the at. wt. w, and sp. gr. D,
is represented by (o/B)(D/w)t=0048. Unit volume of copper at 0° is estimated
to change 0°0089 vol. when the press. is raised to 12,000 kgrms. per sq. cm.
H. Griinewsen found that the compressibility of copper, B, increases rapidly with
rise of temp., and that the greater the expansion with rise of temp., the greater the
change of compressibility. Thus the value of 8 for copper at —191° is 0-718 X107% ;
at 17°5, 0773 xX107% ; at 133°, 08151078 ; and at 165°, 0-828 x10~6. A. Mallock
found at —190°, 0-718 X107%; at 17°, 0778 X108 ; and at 100°, 0°801 X 1076,

Copper is considered to be a very elastic metal. If a strain of w kilograms
exerted on a cylinder of s 8q. mm. sectional area, and length !, produces an increase
in length, di, the modulus of elasticity, or the longitudinal elasticity, Young’s
modulus, or the coefficient of resistance to extension, is (I/dl)(w/s) kilograms per
8q. mm, The modulus of elasticity is therefore the product of the longitudinal
stress by the longitudinal extension or compression; and the value for highly
purified copper is between 10,000 and 13,000 kilograms per sq. cm., or about
12201011 dynes per sq. em., or 1220 x10® dynes per sq. mm., or 173 lbs. per
8q. in. The observed maximum and minimum values are 1323 and 1052 dynes
per sq. mm. A. Gray, V. J. Blyth, and J. 8. Dunlop found for electrolytic hard-
drawn copper an elastic modulus of 18,220 kgrms. per sq. mm. (19°5°), and for
commercial copper, 11,354 (17°4°) ; G. Wertheim gave 10,519 (15°) ; and for wire
drawn, 12,513 ; K. Zoppritz gave 12,646 ; E. H. Amagat, 12,145 ; K. F. Slotte,
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12,550 ; &. Angenbeister, 12,240; W. Voigt, 10,850; J. Kiewiet, 10,800 ;
C. Bepedicks, 12,300 ; F. Kohlrausch and F E. Loomis, 12,140 ; H. Buff, 12,270 ;
G. F. C. Searle, 12,400 kgrms. per sq. mra., and 17°6Xx108 Ibs. per sq. in. for
Adrawn and 18:3 108 lbs. per sq. in. for annesaled copper. The best representative
value may be taken as 12,200 kgrms. per sj. mm. with maximum and mipimum
values 13,230 and 10,520 kgrms. per sq. mm. B. Welbourn measured the elastie
wmodulus of a number of stranded cables of hard-drawn copper wire. P. Galy-Aché
has measured the elastic deformation which copper possesses in the amorphous
intercrystalline medium and in the crystalline part; and F. Rehkuh, the effect of
femp. on the restoration of the elastic deformation. M. Rudeloff’s values for the
effect of temp. on Young’s modulus for differant samples of copper were :
2° 100° 200° 300° 400°
17-8—181 x10% 181 x10° 14-3—156x10° 11-8—135x10% 10'1x10° lbs per gq. in.

The steady and gradual fall of the modulus of elasticity of copper as the temp.
rises 18 to 1000° is illustrated by Fig. 10, die to K. R. Koch and C. Dannecker.
According to F. Kohlrausch and F. E. Loomis, the elastic modulus at 8 is
E=Ey(1—0"0005720—0-0000002862). A. Wassmuth gives for the temp. coeff. of
the elasticity E==E;(1—070003599). According to

5

2 C. Bischof, copper becomes very brittle just below
S its. m.p. F. Streintz, M. C. Noyes, H. Walker,
§§5 o H. L. Dodge, G. A. Shakespeare, etc., have made
o> h 2 N observations on the effect of temp. on this modulus.
3 NN Heating by an electric current shows no other than
3 le— §‘0LO, e @ bemP. effect  According to W. Sutherland, the

Temperatures observed variations of Young’s modulus with temp.

Fic. 10.—Effect of Tempera- ar¢ linear, and approximately in accord with the
ture on the Modulus of Elas- empirical relation E/E,=1—0'823(0/6,,), where E
ticity. denotes the velue of Young’s modulus at 6°, and

E, its value at absolute zero; and 6,, denotes the

m.p. of the solid. The relation was found to hold good for a number of metals

between atm. temp. and 102°, but it is imperfect in that it gives a finite valye

for the modulus at the m.p. when it ought to give a zero value. C. Schifer gave

3627 for the temp. coefl., or the percentage increase in Young’s modulus in passing

from 20° to —182°. E. A. Lewis noted the elasticity is increased by alloying the

metal with arsenic, and A. Riche found the same thing with iron.

The ratio of the contraction in @ lateral direction to the longitudinal extension
of a body stretched by a longitudinal stress is called Poisson’s ratio : the value of
this constant for copper ranges from 0'338 to 0-378; E. H. Amagat gave 0-327.
The best representative value is 0-34, with a temp. coeff. of about 0-00023 per degree
hetween 0° apd 150°. Investigations on Pojisson’s ratio have also been made by
G. Angenheister, who found 0382 ; P. Cardani, 0-374 ; J. Morrow, 0327 ; J. R. Ben-
ton, 0-322; C. E. Stromeyer and W. Kennady, 0-322; A. Mallock, 0.348; and
W. Voigt, 0350 for electrolytic copper. A. Fock found Poisson’s ratio to be 0-340
ab 20°; 0°855 at 60°; 0°352 at 100°; and 0370 at 150°.

If a uniform press. p kilograms per sq. cm. changes the volume v by dv, the
ratio dv/v is c&ﬂe§ the compression, and the quotient of p by the compression, pv/dv,
is called the volume elasticity of the substance; the value of this constant for
copper is from 131X1021 to 16:8 X 1011 dynes per sq. cm. The resistance to sheas-
ing, or the quotient of the shearing stress by the shear, is called the rigidity of
the substance to transverse distortion—thatis, the torsion or shear modulus. The
value of this constant for copper is 4'47X1011 to 4'55x 1011 dynes per sq. cm.
W. Voigt gave 4780 kgrms. per 8q. mm. ; N. favart, 4213 ; 8. Katzenelsohn, 3587 ;
A. Gray, 4199 ; C. Schifer, 3967 ; G. Angenheister, 3587 ; M. Baumeister, 4450 ;
and J. Kiewiet, 4664 kgrms. per sq. mm. G. Pisati’s value for the rigidity n at §°,
when the vglue at 0° is 3972 kgrms. per sq. mu., is n=3972(1 —0"0027166 0042362
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—0'044768) ; F. Kohlrausch and F. E Loomis give #=3300(1 —0-0005720-}-0°04286°)
kgrms. per sq. mm. F. Horton gives 4'37 X 1011 dynes per 8q. cm. ab 15° for purified
copper, and at 0° the value is n==4'37 X1011{1—0'00039(6—15)} dynas per &g.
cm. For commercial copper, he gives n=380x1011{1—00003&0—15)} dynes
persq. cm. K. R. Koch,and €. Dannecker give 4240 kgrms. per sq. mm. or §15X108
Ibs. per sq. in., and for the values at different terp :
20° 100° 200° 300° 500° 806° 2000°

602x108 582x10% 558 x 108 1-85x 108 396 x 108 272x108 210 x10°

W. Sutherland 17 gives 4300 kgrms. par sq. mm. for the rigidity at 15°, and estimates
that at —273°, the rigidity is 4330 kgrms. pet sq. mm. According to H.Tomlinson,
the torsion of a wire is increased by raising the temp. to 100°.

The tengsile strength or tenacity of a substance is the greatest longitudinal
stress which it can suffer without rupture ; the tensile strength of cast copper is 1-2
to 1'9 X109 dynes per sq. cm., and of rolled copper 2°0 to 2°5 X109 dynes per sq. em.
The tensile strength of cast copper has been almost doubled by mechanical working.
E. H. Pierce found the tensile strength of copper wire to be equally affected through-
out its whole section by hard drawing. The observed skin effects are due to the
rolling of oxide scale into the wire. T. Bolton, D. R. Pye, and W. E. Alking have
studied the effect of cold work on copper. In general, the work of P. Goerens,
W. R. Webster, and others has shown that
cold work changes the elastic limit, the yield
point, the tensile strength, the hardness,
sp. gr., magnetic permeability, electrical con-
ductivity, solubility in acids, etc. W. E.
Alkins has shown that the effect of pro-
gressive cold-drawing is to change the
tenacity T' of the wire with the sectional
area S as illustrated in Fig. 11. The por-
tion 4B of the curve corresponds with the
equation T=316—67S ; the portion D with
1=3083—82-66S ; and the portion BC with
T'=232—(5—0107)}. The results are ex-
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whieh occurs when copper is drawn through N

the dies is allotropic; when this change is B 00F aF o o G0 ot
complete, a second change occurs, forming Sectional area (sq 1)

either an allotropic or an amorphous variety Fic. 11.—Effect of Sectional Ares on
of the metal. F. Johnson showed that the the Tensile Strength of Copper Wire.
presence of cuprous oxide is not responsible
for the abrupt change which occurs. O. W. Ellis studied the phenomenon in
connection with a zinc-copper alloy Annealing reduces the tensile strength of
cast copper from 40 to 21 kgrms. per sq. mm., or, according to C. W. Bennett,18
from 60,000 or 70,000 to 30,000 or 40,000 lbs. per sq. inch. The tensile strength
of electrolytic copper annealed for 2 hrs. at 750° in an atm. of carbon dioxide,
decreases as the temp. is raised, passing from 13 tons per sq. in. at 22° to 2'0 tons
per sq. in. at 975° as illustrated by the curve, Fig. 9. G. Charpy gave for rolled
copper with a tensile strength of 30 kyrms. per sq. mm., the following values when
annealed at different temp. :

Annealing temp. . . 200° 280° 420° 500° 730° 850°

Tensile strength . . 308 30°5 22-1 222 222 220

Any stress within the elastic limit results in an elastic deformation from which
the metal recovers on releasing the stress; if the stress exceeds the elastic limit,
plastic deformation or permanent set results. In this overstrained state, the
material stretches at an enormously greater rate than before, and the yield is mainly
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plastic. Under the action of small loads the strains increase at a still greater rate
and deviate further from the law of proportionality to stress ; as the load is applied,
the material exhibits a strain which is increased by creeping more or less slowly.
A. Morley and G. A. Tomlinson showed that copper gives practically the same
results immediately after overstrain as before it, showing that if the properties are
.altered by overstrain, recovery is very rapid.

According to J. Dewar, the breaking stress of copper wires 0°098 in. in diameter
is 200 1bs. at 15°, and 300 lbs. at —182°. F. A, and C. A. Lindemann found for the
tensile strength of copper 60°10 kgrms. per sq. mm. at —252'6°; 48'8 kgrms. per
8q. mm, at —192°; and 35'8 kgrms. per sq. mm. at 17°. A. Mallock obtained
1-37 for the ratio of Young’s modulus at 0° K. to that at 273° K. E. S. Shepherd
and G. B. Upton found the tensile strength of cast copper to lie between 17,990
and 23,740 lbs. per sq. in., and after annealing one week at 540° and then quenching
in water, 22,600-24,540 lbs. per 8q. in. The lowering
of the ultimate tensile strength of copper with rise
of temp. is indicated in Fig. 12. F. Johnson
studied the effect of impurities on the annealing
temp. of copper. P. D. Merica gives for the
ultimate tensile strength of normalized copper
35,000 + 5000 lbs. per sq. in., elongation in 2 in.,
40-60 per cent., and reduction in area, 40—60 per
M N\ cent, The determination of the elastic or propor-
2 N tional limit does not yield a measurable value
R because annealed copper yields slightly with the
0% 200° 900° 600° oo° joo” 4200 glightest loads applied in the testing machine ; with

Temperature hot-rolled copper, there is a small value with very

F1a.12.—The Tensile Strength  gmall loads. The elongation with annealing follows

girgggg? at different Tem- just the opposite course to the tenacity. C. Grard’s

) experiments, Fig. 9, give 150°-200° as the transition

range, but E. S. Bardwell gives 300°-430°, and the difference is said to be due to
the greater oxygen content of C. Grard’s test-pieces.

A. Martens has studied the effect of variations in the size and shape of the
test-pieces on the measurement of tensile strength. A. Martens measured the
effect of time in testing and found that with a variation of 0°5 to 40 per cent. in the
elongation per min,. the observed difference in the ultimate tensile strength is less
than 2 per cent. ; while P. Ludwik found that a wire of electrolytic copper, 0'5 mm.
diameter, sustained a load of 4958 grms. for 5 min., one of 4500 grms. for 90 hrs.,
and one of 3950 grms. for one and a half years. M. von Hiibl studied the effect
of varying current density on the mechanical properties of electro-deposited copper ;
and C. W. Bennett obtained electrolytic copper with a tensile strength approaching
that of hard-drawn copper—uez. 68,000 lbs. per sq. in.—by varying the current
density and using a rapidly rotating cathode. G. D. Bengough and D. Hanson
found that the nature of the atm. has a marked influence on the tensile strength
of copper at a high temp. An oxidizing atm. gives a high ductility at a high temp.
L. Dufour has studied the influence of an clectric current on the breaking stress of
a wire. Traces of impurities like lead and tellurium make copper brittle, while
phosphorus, arsenic, or antimony make the metal tougher. For example, according
to G. D. Bengough and B. P. Hill ;

Amount of arsenic . 004 0°05 075 0-94 1-91 per cent.
Maximum stress . 1565 1575 15-65 16-55 16-90 tons per sq. in.

n)
3

-

N

S

Tensite strength (Lons persg
™
/

R H. Thurston 1? has measured what he calls the forsion lest, the shear test, and the
transverse bending test of copper. F.Johnson, and A. K. Huntington have studied the effect
of the so-called fatigue test, or the alternating stress test, on copper up to 500°. H. Baucke
has investigated the sa-called impact test on copper at ordinary temp. L. Guillet and
V. Bernard carried the impact tests up to 1000° and found that there is a linear decrease
in the specific impact work needed to bend the specimens examined
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The coeff. of thermal expansion of copper between 0° and 100° was measured
by A. L. Lavoisier and P. 8. Laplace in 1782, and they found 0°00001722 and
0°00001712. The Physikalisch-Technische Reichsanstalt gives 0°002917 for the
linear expansion of unit length between —191° and 16°; and P. Glatzel, 0°001705
mm, for the expansion of a dem. rod per degree. According to H. Fizeau,20 the
coefficient of thermal expansion (linear) at 20° is 0°00001669 ; at 46°, 0°0000170 ;
W. Voigt gives 0°00001669 at 20°; and H. le Chatelier, 0°0000170, and at 1000°,
0°000020. For the mean coeff. of expansion between 0° and 100°, H. Fizeau gives
0'0,15964+0'09102560 ; and A. Matthiessen, 0°0,1481-+0°0,1850. The linear
expansion of copper is not a linear function of temp.; but is well expressed between
—40° and 300° by a quadratic equation. W. Dittenberger gives for difl,x<106
=160704-00040302, F. Henning found a contraction between 0° and —191°
of 2'917 mm. per 100 cms. This does not fit Dittenberger’s formula. P.D. Merica has
quoted a sample, 99°956 per cent. purity, of hot-rolled and cold-drawn electrolytic
copper which, between —24° and 64°, had a unit linear expansion (within 0-000003)
of dlfl,x108=16-480-10-0038262 ; and another sample of 99°968 per cent. copper
hot-rolled, drawn and annealed, had (within 0-000009) between —49° and 305°,
dlfly x106=16'346-4-0"0041362 ; F. A. Lindemann from 85° K. to 292° K., dl/ldt
=124 %1078 ; from 20° K. to 80° K.,49 1078 ; and from 80° K. to 90° K., 75 X% 10~8.
W. E. Dorsey found the coeff. to be lowered by reducing the temp. Thus:

Abs. temp. . 283° 243°  223° 203° 183° 163° 143° 123° 103°
ax108 . . 1635 1610 1595 1500 1468 1437 1305 1206 1039

F. A. Lindemann verified for copper E. Griineisen’s relation: coeff. of expansion
—sp. ht.=a constant independent of temp. According to I. Zakrezewsky, the
coeff. between —103° and —78° is 0°00001516 ; between —78° and 0°, 0-00001602 ;
between 0° and 25°, 000001699 ; and between 25° and 100°, 0°00001753. The
coeff. with hammered copper is rather less than with cast copper. According to
A. Matthiessen, if the volume of copper is unity at 0°, it is 1:004998 at 100°. The
coeff. of cubical expansion is 50 X1075. L.Holborn and E. Griineisen found 0-0000532
for the mean coefl. of cubical expansion between 0° and 100°, and 0-0000598 between
0° and 300°. E. Griineisen found the coeff. of expansion, between —190° and 17°,
was decreased from 14181076 to 14'09 X 10~® by raising the press. from one to
1000 atm. ; and between 17° and 100°, from 16°36 X106 to 1625 x10—¢. F. Wehren-
fennig found that by heating and rapidly cooling a copper rod 18 metres long and
55 mm. thick, it expanded 33 mm. permanently in length. W. Stahl gives for the
coefl. of cubical expansion of purified molten copper 0:000054 ; and for copper
after refining by poling 0°0000436. The difference is attributed to the absorption
of gases.

The thermal conductivity of copper is rather less than that of silver or of
gold. According to G. Poloni,2! if the conductivity of gold is 1000, that of
copper is 888; G. Wiedemann and R. Franz give that of commercial copper
732 when silver is 1000, and L. Lorenz gives 0-7198 absolute units for the con-
ductivity of copper at 0°, and 07226 at 100°. These numbers represent
the amount of heat in cals. which is conducted per second across a plane one cm.
thick and one sq. cm. sectional area, when the difference of temp. on the
two surfaces of the plane is 1°. H. F. Weber gives 0-8190 ; W. Schaufelberger,
09382. According to C. H. Lees (1908), the thermal conductivity at —160° is
1:079 ; and according to W. Jiger and H. Diesselhorst (1900), at 18°, 0°918 ; and
at 100°, 0'908 cal. per second per degree per sq. cm. E. Schott found for copper
crystals at 0°, 41x1'0 C.G.S. units; and at —252'6°, 41 x31'0 C.G.S. units;
for commercial copper at 0° and —251°, the numbers are respectively 393 x10,
and 3:93 x334. A. C. Mitchell, E. H. Hall, G. Glage, A. Berget, and others have
also studied this property of copper. If K be the thermal conductivity ; D the
sp.gr. ; and C, the sp. ht., then K/DC'=a2 represents the thermal conducting capacity
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at 0°. K. Angetrém found a2=1-163 ; at 18°, E. Griineisen found 1-144, and W. Jager
and H. Diesselhorst, 1'13 ; at 75°, G. Glage obtained 1-15; and at 100°, W. Jager
and H. Diesselhorst found 1'09. For a phosphor-copper G. Kirchhoff and G. Hanse-
mann obtained a2=05059 at 15°. A. Rietzsch found that the presence of phos-

orus and arsenic as impurities diminish the heat conductivity more than they
do the electrical conductivity. L. Lorenz found the thermal conductivity to be
"proportional to the absolute temp.; R. W. Stewart found at 6°, the thermal con-
ductivity of copper is 1-10(1—0000538). W. Jiéger and H. Diesselhorst gave
0°00026 for the termp. coeff. of the thermal conductivity ; K. L. Hagstrém gave
000064 ; O. Chwolson, 0°04389 ; and L. Lorenz, 0°0,389. P. W. Bridgman found
the thermal conductivity of copper decreases linearly with press.

The specific heat of copper was measured by P. L. Dulong and A. T. Petit,22
and they found 0:0949 between 0° and 100°, and 0°1018 between 0° and 300°. The
8p. ht. increases with rige of temp., and the metal thus offers an increasing resistance
40 a rise of temp. the higher the temp. Numerous determinations have been
made since then by H. Kopp, H. V. Regnault, H. Buff, H. Tomlinson, A. Bartoli
and E. Stracciati, W. A. Tilden, P. Galy-Aché, U. Behn, etc. According to
G. W. A. Kahlbaum, K. Roth, and P. Siedler (1902), the sp. ht. of pure distilled
copper is 009272, and after compression at 6000 atm., 0:09266. The sp. ht. increases
with rise of temperature. H. K. Schmitz (1903) found that the sp. ht. between
—192° and 20° to be 0:0798 ; between 20° and 100°, 00936 ; and U. J. J. le Verrier
obtained the value 0°104 between-0° and 360° ; 0125 between 360° and 580°; 0°09
between 580° and 780°; and 1:118 between 780° and 1000°. J. Dewar obtained
00245 for the sp. ht. of copper at 50° K.or —223°. W. Nernst and F. Koref have
determined the sp. ht. of copper at low temp. showing that the sp. ht., and hence
also the at. ht., approeach zero at absolute zero :

—258° —228° —178° —123° —78° —23° 0°
Sp. ht. 000077 0-0208 00620 0-0794 0 0854 0-0895 0-0909

at temp. above 0°, the values for solid copper are :

60° 100° 200° 400° 500° 800° 1000° 1083°
Sp. ht. . 00931 00952 0-0985 0-1050 0-1115 0-1180 0-1245 0-1272

The sp. ht. of 99-87 per cent. copper, at §°, between 0° and 50°, may be regarded as
a linear function of the temp., and may be represented by 0°0917+0-000048(8 —25°).
F. Wiist, A. Meuthen, and R. Durrer give 0°100794-0-00000616, between 0° and
1084°; and —0°4150-1-0°00013120 between 1084° and 1300°. E. Bide gives
009680 for the mean value of the sp. ht. between 17° and 247°; F. Glaser, 0'1172
for the sp. ht. at the m.p.; and A. Naceari, 0:092455-+0'0,21258(6 —17) at the
temp. 6 between 0° and 300°, and H. Schimpff, 0°091996-0-0000228545(6 —17)
—0°0000002022(6—17)2. E. Griineisen found that the change in the sp. ht. of
copper with pressure is —dC,/C,.dp=035x10-8 kgrm. per 8q. cm. The sp. ht.
and the density suffer changes of about the same order of magnitude with changes
of press. The coeff. of expansion and sp. ht. undergo changes of approximately
the same magnitude down to about —190°. W. H. Keesom and H. K. Onnes have
carried the measurements of the sp. ht. of copper down to 145° K. or —258-5°,
F. Glaser gives 015563 for the sp. ht. of molten copper at 1084°. The
corresponding aftomic heat rises from 0°C396 at —258° to 578 at 0°, to 808
at 1083°; J. Dewar’s value at —223° is 1'56. P. L. Dulong and A. T. Petit’s
constant is 6°02; H. V. Regnault found 5 93 for hammered copper and 6:04 for
annealed copper.

L. B. Guyton de Morveau (1799) 23 gave 1207° for the melting point of copper ;
J. F. Daniell gave 1398° ; and J. Violle, 1054°. A. von Riemsdyk said that the m.p.
of copper is higher than that of silver, and lower than that of gold. The early
determinations are erroneous. According to C. J. B. Karsten, a number of dull
stellate spots quickly form on the mirror-like surface of molten copper, and as
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quickly disappear ; these phenomena probably represent the formation and disse-
lution of cuprous oxide. He added that copper with cuprous oxide in«soln. fuses
more readily than purer copper, but it does not form so mobile a liquid, and it does
not solidify so quickly. Accordingly, if the metal be melted in air, cuprous oxide is
formed and dissolved by ‘the metal, and the m.p. is accordingly lowered down to
the eutectic indicated in E. Heyn's diagram, Fig. 24. In harmony with this
L. Holborn and A. L. Day reported that the m.p. rises from 1064-9° when melted in
air to 1084° when air is excluded. The m.p. is also altered by the presence of other
metals. J. K. Clement gives 10802° +1°5°; and A. L. Day, R. B. Sosman, and
B. T. Allen give 1082:6° +0°8° for m.p. of the pure metal ; E. Rudolfi found 1083°;
E. Tiede and E. Birnbriuer, 1085°; F. Wiist and co-workers, and T. W. Richards,
1084°; and C. T. Heycock and F. H. Neville, 1081°. The best representative
value is 1083° ; this is in agreement with the lists of L. I. Dana and P. D. Foote,
and K. Scheel ; W. Guertler and M. Pirani give 1084° for the best representative
value. J. Johnston has shown that the relation between the press. p and the m.p.
of the metal at the temp. 8 is p=95-1AD log (T'/6), where A denotes the heat of
fusion per gram. 7', the m.p. at ordinary press. on the absolute scale. For copper,
p=95"1x43x893 log (1356/0); at ordinary temp. copper will therefere melt
when the press. is about 24,000 atm.; and the m.p. of copper is depressed
1355/(41°3 X 43 X 8'93)=0086° per additional atm. R. Wright and R. C. Smith
showed that very finely divided copper shows signs of sintering considerably
below its m.p.

According to G. J. Meyer, a copper wire 4 mm. thiek melts in 130 secs. by the
passage of 500 amps., and a 3°5 mm. thick wire in 48 secs., and L. Lincoln found that
if the current strength be represented by C, a copper wire of diameter & melts when
C=014d1""4-2-3 ; and W. H. Preece gives C=ad!, where a depends on the length of
the wire, being 80 if the length is 3 mm., and 70 if it be 150 mm. C. Matignon and
R. Trannoy found the melting of copper wires in ammonia or alkyl-amine vapours
is probably preceded by the formation of nitrides. Plane clean surfaces of two
cylinders of copper were found by W. Spring to be welded together after heating for
8 days at 403°, and the metal can be readily brazed under microcosmic salt, borax,
salt, etc. C. J. B. Karsten noted that molten copper expands on solidifieation, but
if the metal has a large proportion of the oxide in soln., the expansion does not oceur ;
and the addition of 0'1 per cent. of potassium, zinc, or lead is likewise sufficient to
prevent expansion on sohdification. C. T. Heycock and F. H. Neville studied: the
lowering of the f.p. of cadmium, tin, lead, and bismuth by copper.

C. M. Despretz noticed the volatility of copper in a stream of hydrogen, at a
white heat ; and copper may be boiled in the oxy-hydrogen flame. A. von Riemsdyk
could detect no volatilization of the metal below its m.p., but C. Zenghelis
detected signs of volatilization at ordinary temp.; E Tiede and E. Birnbriuer,
at 960° in vacuo; and W. Spring, at 400°. R. Blondlot suggested that
the volatilization at a bright red heat is due to the formation of a nitride.
C. A. Mahoney found that if sodium chloride is present the volatiliby of copper is
augmented ; and J. Roskell found a loss in assaying due to the formation of volatile
products when copper ore is fused with fluorspar and borax. H. Moissan and
A.J. P. O'Farrelley found that when alloys of lead or zinc with copper are heated in
the electric furnace, the more volatile lead or zine is rapidly distilled off leaving com-
paratively pure copper ; tin is not eliminated from a tin and copper alloy so readily.
H. Moissan distilled 50 grms. copper from an electric furnace running at 300 amps,
and 110 volts; in 6 min., 16°0 grms. were distilled ; and in 8 min., 23'3 grms.,
C. R. Groves and T. Turner, W. E. Thorneyeroft, G. D. Bengough and D: E. Hill
J. Johnston, T. K. Rose, and W. H. Bassett have studied this question in more
detail. A. Butts found the volatilization of copper in wire-bar furnaces to-be quite
appreciable at 1120°. H. Moissan and T. Watanabe found the boiling point. of
copper is above that of silver. Owing to experimental difficulties, it has not been
found possible to determine the b.p. very accurately ; O. Ruff and B. Bergdahl
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gave 2305° at atm. press.; J. A. M. van L empt, 2282°; C. Féry, about 2100°;
E. Tiede and K. Birnbriuer, 2000°; and H. von Wartenberg, over 2200°.
H. C. Greenwood found the b.p. of copper to be 2310° (760 mm.), and the effect
of press. on the b.p. of copper is similar to that of mercury such that if 7; and
Ty’ are respectively the b.p. of copper and mercury at 1 atm. press., and T, and
T, their b.p. at some other press., these four magnitudes are so related that
T17T2=T1'/T2'-

H. C. Greenwood found the vapour pressure to be 1 atm. at 2310°; 0'34
atm. at 2180°; and 013 atm. at 1980°; or, the vap. press. p mm. of mercury at
T° K., is given by log p=14—164007"1. Hence, the vap. press. at the m.p. is near
0001 mm. O. Ruff and co-workers observed the vap. press. 124 mm. at 2105°;
209 mm. at 2175°; 300 mm. at 2215°; 404 mm. at 2245°; and 752 mm. at
2300°. J. A. M. van Liempt represented the vap. press. log;, p=—236007"1
+920 for p in atm.; this gives Trouton’s constant 42-12. J. W. Richards gave
logop=—2418017"14964. A.Henglein compared the vap. press. formula for copper.
The vap. press. of mercury at 115° (388° K.) is approximately 1 mm., and hence copper
at 1300° (1573° K.) will have the same vap. press. since the b.p. of copper and mercury
are respectively 2583° K. and 630° K. J. H. Hildebrand gives log p=—146001-1
+17-85-+log 465 for the vap. press. p in mm. of mercury; and J. Johnston log p
=—164007"149'14 ; and for the temp. at which the vapour is 10—3 mm., 1080° ;
1 mm., 1520°; 10 mm., 1740°; 100 mm., 2030°; and 760 mm., 2350°. According
to F. Kraft, with cathode rays in vacuo, vaporization begins at 1090°, and it is quite
fast at 1315° ; F. Kraft and E. Bergfeld say that under these conditions vaporization
begins at 960° and the metal boils at 1600°. E. Tiede and E. Birnbrauer distilled
3 grms. of copper in 10 min. in a high vacuum. According to L. Hamburger, the
thin film of copper deposited on the walls of the vessel in which the metal is heated,
is a network of ultramicrons. M. Knudsen has studied the condensation of the
vapour of copper on clean glass and mica surfaces; below 350°-575° all the vapour
is condensed, and above that temp. an appreciable fraction of vapour is not con-
densed on the surface.

The latent heat of fusion L can be calculated from E. Heyn’s data, and J. H. van’t
Hoff’s formula L=002wT2[fM cals. per gram, where f denotes the lowering of the
m.p., when w grms. of the solute of mol. wt. M are present in 100 grms. of the
metal; and 7T denotes the absolute temp. of fusion. The result is 38 cals.
F. Glaser found experimentally 41'4 cals., F. Wiist and co-workers found
4097 cals., J. W. Richards, 43-3 cals.; J. Johnston gave 75 Cals. per mol.; and
T. W. Richards 8 kilojoules per gram atom, or 30 cals. per gram. J. W. Richards’
estimate of the latent heat of vaporization is 858 cals. per gram. J. A. M. van Liempt
calculated from O. Ruff and B. Bergdahl’s data, 120000 cals. for the latent heat of
vaporization at the b.p.

According to E. Priwoznik,24 if copper dips in a neutral soln. of cupric chloride
it is blackened by exposure to light, and G. le Bon adds that the metal is sensitive
only to rays of shorter wave-length than 0-252u. J. Waterhouse believes that the
effect is conditioned by the formation of a film of allotropic copper. Copper, free
from radium,.was found by N. R. Campbell {o emit a peculiar radiation carrying a
positive charge, W. J. Russell and A. Colson detected a very slight action of the metal
on a photographic plate such that the sensitive surface is darkened when the plate
is developed. A. Colson found also that air in the vicinity of some metals acts in a
similar way, and he attributed the photographic activity of metals to the action
of their vapours. W. J. Russell supposed the active agent to be hydrogen peroxide
because of the perfect analogy between the effect, and the action of hydrogen
peroxide ; B. von Lengyel looked upon hydrogen as.the active agent; and
J. H. Vincent showed that some inactive bodies become active when treated with
small quantities of ozone. F. Streintz and O. Strohschneider could detect no action
of copper on silver bromide photographic paper, or on potassium iodide paper.
R. Emden found a dark grey radiation begms at 415°. C. B. Thwing found that the
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radiation from molten copper is half as great as that of molten iron, and about 0-14 of-
that emitted by a black body. P. Desains and P. Curie found the heat radiation
from copper at 150° and at 300° to have a maximum intensity for wave-length
0-00400. The respective intensities for an incandescent platinum lamp, copper at
300° and 150°, were 5785, 33, and 2 for a wave-length of 0°00186 ; 2123, 60, and 9
for a wave-length of 0°00400 ; and 225, 26, and 6 for a wave-length of 0°00700. The
heat radiation has also been studied by D. McFarlane, and H. Knoblauch.

Copper takes a fairly high polish, and reflects well. P. Drude 25 found that copper
is the most transparent of the metals for sodium light. H. Rubens found the
reflecting power of copper to be stronger than that of nickel or iron, and changes
quickly with changes of the wave-length of the incident light.

According to P. Drude, there are two constants which characterize a metal
optically—the refractive index p, and the absorption index k. The latter is defined
in the following manner: The amplitude of a wave, after travelling one wave-
length, A;, measured in the metal, is reduced in the ratio 1:e—27%/A or, for any distance
I, 1: e 2lsk/A; where uk is called the extinction coefficient. Again, plane polarized
light reflected from a polished metal surface is in general elliptically polarized because
of the relative change in the difference of phase between the two rectangular com-
ponents vibrating in and perpendicular to the place of incidence. For a certain
angle, ¢, the angle of principal incidence, the change is 90°, and if the plane polarized
incident beam of light has a certain azimuth, i, the angle of principal azimuth,
circularly polarized light results. A selection of these constants for copper is
shown in Table IV, which also includes the percentage reflecting power B of copper
in air, that is, the ratio of the intensity of the reflected ray to that of the incident ray,
for light of wave-length A, P. Drude and L. P. Wheeler studied the reflecting power
of copper in water, alcohol, cassia cil, and carbon disulphide. I. C. Gardner
measured the reflection coeff. in Schumann’s region of the spectrum. A. Kundt

TABLE IV.—OPricaL CONSTANTS OF COPPER.

A 3 v " k uk R per cent,
231pp 65° 57’ 26° 14 1-39 1-05 1-45 29
347,, 65° 6’ 28° 16’ 1-19 1-23 1-47 32
500 ,, 70° 44’ 33° 46’ 1-10 213 2-34 56
650 ,, 74° 16’ 41° 30’ 044 74 326 86
870 ,, 78° 40’ 42° 30’ 0-35 110 385 91

1750 ,, 84° 4/ 42° 30’ 0-83 114 9-46 96
2250 ,, 85° 13’ 42° 30’ 1-03 114 117 97
4000 ,, 87° 20’ 42° 30’ 1-87 11-4 21-3 —
5500 ,, 88° 00’ 41° 50’ 3-16 90 284 —

gives 0°65 for the index of refraction for white light; for red light, 0°75; and
for blue light, 0°95; P. Drude gives for yellow sodium light, 0'54; and 0°58
for red light ; and E. van Aubel gives for the A-line of the solar spectrum 2-63.
J. H. Gladstone gave for the refraction equivalent (x—1)/D=0-184, and 4(u—1)/D
=117, where 4 is the at. wt. of the metal. W. J. Pope gave 13°52. A. Schrauf
found the refraction eq. for molten copper to be 0°03876. The above scheme also
contains a selection or interpolations from E. Hagen and H. Ruben’s values for
reflecting power R of the metals expressed in per cent. of the rays vertically incident
on the reflecting surface. The relative emissivities of copper at 20° by J. T. Tate
and at 1090°, 1127°, and 1174° by C. M. Stubbs, for different wave-lengths, A in
microns, are :

A . 0475 0-500 0-550 0560 0-660 0650 0660 0°700,
20° . . — 0-51 — 0-42 029 — 0-22 0210
1090° . . 0374 0374 0-340 — 0-210 0-148 — 0-106
1127° . . 0473 0381 0-340 — 0-210 0152 — 0-130p
1174° . . — 0-402 0-349 — 0-197 0-136 —_ 1-124p,
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Aecording to &. K. Burgess and R. G. Waltenturg, the emissivity of a mass of copper
00} mgrm., area 025 mm., and thickness 0°005 mm., is 033 for red light A=0'65¢ ;
and 0-38 for A=0'55u; and it is for light of wave-length 0 65u, 0°10 for solid
copper, and 0'15 for the liquid ; similarly, for light of wave-length 055u, the
emissivity of solid copper is 038, and of the licuid 0'36. According to C. C. Bidwell,
G. M. Stubbs, and G. K. Burgess and R. G Waltenburg, there is practically no
temp. variation of the emissivity between 20° and 1500°. The selective emissivity
is evident from the strong absorption and emitsivibty at the blue end of the spectrum.
. Lubowsky and F. Henning also measured vhe emissivity of copper. M. Faraday
noted: the polarization of thin films of copper prepared by electrically deflagrating
the wire in hydrogen., B. Pogany measured the Faraday effec, that is, the rotation
of the plane of polarization of thin films of copper.

The phdte-eleetric aetion in which the metal loses a negative and acquires a
positive eharge when exposed to light, was found by W. Hallwachs 26 to be the same
with & cepper plate polished with fine and with coarse emery. The attempts which
have been made to arrange the metals in the order of their photo-electric activity
have given very different results in different hands—E. Ladenburg, W. Ramsay and
J. ¥ Spencer, K. Herrmann, and R. A. Millikan and G. Winchester. The latter also
measured the positive potential assumed by the metals in vacuo under the influence
of ultra-violet light, and found :

Ag. Fe. Au. Cu. Ni. vig. Al 8b. Zn, Pb,
1-340 1225 1213 1138 1-126 0-839 0738 0394 11197 00?2

0. Stuhlmann found the photo-electric effect of a beam of ultra-violet light is 1-08
times greater affer it has passed through a thin film of copper. W. Frese found
the photoelectric sensitiveness of cepper is not affected by treatment with water
or alechol’; but oxidizing agents generally increase the sensitiveness, and reducing
agents decrease it. The absorption and reflection of cathode rays by thin plates
of copper has been studied by E. Warbarg and S. Williams. The X-ray
spectrum has been studied by A. Duvallier, F. K. Richtmyer, E. Hjalmar,
E H. Kurth, ete. The action of X-rays by J. H. Gladstone and W. Hibbert,
W. Duane and F. Shimizu, A. Hébert and G Reynaud, D. Hurmuzescu, A. Voller
and B, Walter, and T. Cooksey ; of radium radiations has been investigated by
J. A. McClelland ; and of Hertz waves by J. R. von Geitler. G. W. C. Kaye,
and €. 8. Brainin have studied the X-radiations from copper. J. Chadwick
measured the nuclear charge of the atom.

According to W. H. Bragg, the stopping power s of substances for the a-rays
is approximately proportional to the sq. root of the at. wt. 4, and for copper,
§=2-43 and'4/4=7-97. H. R. von Traubenberg found the range of the a-particles
in copper to be 18:3X10~4cm. J. Crowther found the coeff. of absorption u for the
B-rays is approximately proportional to the sp.gr. D, and for copper, u/D=68.
According to A. 8. Russell and F. Soddy, for copper up to 7°6 cm. in thickness,
and brass up to 586 cm. in thickness, the coeff. of absorption of copper for the
radium rays is u=0'351; and of brass, u==0'325; for the uranium rays, u is
respectively 0416 and 0392 for copper and brass; for the thorium-Dr rays, p is
respectively 0294 and 0°271 for copper and krass ; and for mesothorium rays, u is
respectively 0°375 and 0°355 for copper and brass. 1. G. Barber studied the emission
of electrons from copper surfaces. E. Rutherford and J. Chadwick obtained little
if any evidence of the emission of long-range a-particles, or charged hydrogen
atems, when copper is exposed to a-rays from radium C.

R. Boyle (1685) 27 noticed that a flame it coloured blue or green by a solu. of
cupric nitrate. C. L. Bourdelin (1755) also mentioned the coloration of the alcohol
flame by copper. A. 8. Marpgraf (1765) used copper salts for making green fire ;-
and B: Higgins (1773) made observations in the same direction. According to
J. Formanek,?8 the fimme speetrum of cupric chloride has green lines A=5507 and
5886, and blue lines A=4437, 4413, 4332, and 4354. According to W. Lanzrath,
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the strongest lines in the oxy-coal gas flame are A=3274 and 3247. When a bead of
cupric chloride is introduced into the Bunsen flame, a yellow patch of light with a
reddish fringe appears ; this in turn is bordered with a blue colour, whigh is sur-
rounded by a green colour. As soon as the cupric chloride is all converted into
oxide, the blue colour disappears while the green persists. If hydrogen chloride be
introduced into the flame, the blue colour is restored. Copper and cupric oxide give
the spectrum of the chloride when hydrogen chloride is introduced into the flame.
The spectra of the oxide and chloride of copper, due to W. M. Watts, are shown in
Figs.13and 14. They are usually superposed one on the other in the same spectrum.

Copper Oxide
I I l I ! I [ | I | T I ] l I | I | ! l 1 T T I I
20 30 40 S0 60 70 80 S0 1100 0O 20 30 40 IS0 160
6‘0 er Chloride doohda didsdd A dd Al 44 ds 4
I_I_I_I_[UJJ!![JIlllllIIIHIIIH]II[I]JJ_HII\I[I Tl I TPy lllllllllllllll%llllllll’l’l['ml 1

T
1 I I I !

|

20 30 40 SO 60 70 80 9N 00 10 120 130 140 150 160
Fies. 13 and 14.—TFlame Spectra of Copper Oxide and Chloride.

Hence, argued A. Smithells, the green colour is produced by copper oxide, the blue
by copper chloride, and the yellowish-red colour by metallic copper, at a temp. not
high enough to produce its characteristic spectrum. A.Smithells and W. D. Bancroft
and H. B. Weiser obtained a deposit of copper by holding in the flame glass or
porcelain basins cooled with water. The last-named concluded :

Copper chloride introduced into the Bunsen flame by a platinum wire gives light blue
fringed with grass green. There is a diffuse red coloration through the flame and especially
at the tip. The bromide and iodide of copper give a similar coloration except that there is a
tendency toward greenish-blue in the inner portion. Cooling a flame coloured green by cupric
chloride gives a blue in the cooled region. A flame coloured with an excess of copper
chloride gives a spectrum that differs from that obtained with the nitrate, sulphate or oxide.
A part of this difference is due to the coloured vapours of the chloride itself. Copper salts
dissociate in the flame, and the subsequent oxidation is most important in producing the
luminescence. Cupric oxide is stable under the conditions of the Bunsen flame. Copper
vapours impart to a gas flame or a hydrogen flame an intense grass-green colour. Copper
powder sprinkled into the gas flame, the hydrogen flame, or the carbon monoxide flame,
colours it an intense grass green. Copper burns in chlorine with a red glow. When chlorine
is impinged on molten copper, the cupric chloride vapours above it are violet-red in colour.
An excess of copper chloride in a carbon monoxide flame colours it blue. A jet of hydrogen
impinged on it gives green at the point of contact. Copper in the hydrogen flame burning in
chlorine gives chiefly blue with an edge of reddish-brown. Copper in the chlorine flame
burning in excess of hydrogen gives chiefly green. Copper chloride in the flame of air
burning in hydrogen gives green. There is & ruddy colour in the interior of the copper
flame, particularly marked when the flame is made strongly reducing,.

They also suggest that the green luminescence is due to the copper—>cuprous ion
reaction ; the red luminescence to the cuprous ion—>cuprous salt reaction ; and the
blue luminescence to the cuprous ion—>cupric ion or salt reaction. W. N.H artley
found that cupric oxide in the oxy-hydrogen flame gives two copper lines, and a fine
band spectrum, Fig. 13. C. Fredenhagen obtained the cuprous chloride or bromide
spectrum by warming the compound in a Geissler’s tube and passing an electric
discharge. A. Gouy obtained the spectrum of copper by spraying cuprous chloride
into the Bunsen flame. According to E. Cappel, the sensitiveness of the spark
spectrum is seventy times that of Bunsen’s flame. B. de la Roche studied the effect
of reducmg gases on the spectrum of copper.

The emission spectrum in the electric arc in vacuo gives prominent lines of wave-
length 3248 and 3274 in the ultra-violet; 4023 and 4063 in the violet; 5105543,
5153251, and 5218202 in the green ; and 5700000, 5782:090, and 5782'159 in the
yellow. 'W. G. Duffield studied the effect of press. on the arc spectrum of copper.
The spectrum in the ultra-violet is characterlstlc. There is a large number of lines
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in the spectrum of copper. 444 lines between A=4704'8 and 2105 have been recorded
by W. N. Hartley, G. D. Liveing and J. Dewar, A. de Gramont, F. Exner and
E. Haschek, L. and E. Bloch, etec. The arc spectrum of copper though so much
richer in lines than the spectra of silver and gold, appears to be built on the same
general plan. This has been studied by H. Kayser and C. Runge, W. Huppers,
K. Hasbach, W. Randall, M. A. Catalan, J. R. Rydberg, etc. The spectra all
show a strong pair of doublets in the ultra-violet ; a series of lines in the red which
are proved to belong to the same system by their Zeemann patterns; and a series
in the immediate ultra-red. With copper and silver a few other lines have been
assigned to these two series, but with gold none have been so allocated. F.Handke
has studied the spark spectrum in Schumann’s region. H. Kayser and C. Runge
pick out two triplets and six pairs of doublets, and suggest that the pair of lines
A=327406 and 3247-65, which forms the strongest in the spectrum of copper, be
regarded as the first member of the principal series, and that the other com-
ponents of the series have not yet been found, but they probably occur far in the
ultra-violet in Schumann’s region. The pair of lines for A=5782'30 and 5700°39
belong to no known series. There is an associated series with the two pairs of
lines :

A1 x108=31591'6 —131150%—2—1085060n"4; 31840°1 —131150n~2 —1085060n 4

when n=4, 5, and 6, Fig. 15, and another line A=3654-6, which does not fit this
geries for n=3 or n=7. A second associated series with two pairs of lines :

A1 108=31591'6 —124809n2—440532n%; 31840'1 —124809n—2—440582n 4

with n=4 and 5, as in Fig. 15. W. M. Hicks has made a more elaborate study of
the series spectral lines of copper, silver, and gold. A. Fowler has summarized the
available data on this subject.

A=qo00 w00 % . s s R.A Millikan followed the ultra-
First series =z C Ol T violet spectrum to A=149'5 A.;
Secand series fs 5 —1J.C.McLennan studied the vacuum
Fia. 15.—Series Spectra of Copper. arc spectrum. The effect of the

magnetic field has been studied by
J. R. Rydberg, and by C. Runge and F. Paschen.

N. Lockyer and W. C. Roberts-Austen found that copper vapour gives a con-
tinuous absorption in the blue. Thin sheets of glass coloured with cuprous oxide
give a small absorption near A=5702 ; and glass coloured with cupric oxide gives an
absorption in the orange-yellow and the red part of the spectrum. G. A. Hemsalech
found the spectral lines due to thermoelectric and chemical excitation are of the
same type. M. N. Saha made obhservations on the ionizing potential of copper;
and B. E. Moore, on the excitation stages in the arc spectrum of copper.

The electrical conductivity of copper is rather less than that of silver, and greater
than that of platinum ; and on account of the technical importance of copper wires
or cables as conductors of electricity, the subject has attracted a great deal of
attention.2® Remembering that the electrical conductivity is the reciprocal of the
electrical resistance of a cm. cube, expressed in ohms, when mercury at 0° has the
value 106310~ ohms, copper has a conductivity of 5883 x10-4 at 25°, and
44-23x10~* at 100°; and a specific resistance of 1700 x10° ohms per cm.,
cube at 25° and 2:261 %108 at 100°. The International Electrical Commission
of 1913 recommended the adoption of the following values for the electrical
resistance of annealed copper at 20°: 0017241 ohm (metre, sq. mm.) ; 0-15328
ohm (metre, gram); and 0°67879 microhm (cubic inch). The conductivity
diminishes or the resistance increases as the temp. rises such that, according
to A. Matthiessen and M. von Bose, the resistance R at 6° when the resistance at
0° is R, is given by R=R;(1—0003670164-00000900962); J. Dewar and
J. A. Fleming gave R=R(140'004280) ; the standard of the Verbandes deutscher
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Elekirotechniker is R=Ry(1-40'0046) ; and L. Benoist gives R(1400036376
-+-0:00000058762). E. F. Northrup’s values for the electrical resistance of copper in
microhms per cm. cube at high temp. are : )

200 1000° 1082°6° 1082°6° 1100° 1340° 1443°
Resistance . . 17347 9-42 10-20 21-30 21:43 23-39 2422
Solid. Liquid.

G. W. O. Howe has studied the electrical resistance of multiple-stranded wires.
According to E. S. Bardwell, the electrical conductivity of copper wires increases
slowly with the temp. of annealing up to 300°, and
a rapid rise then occurs as the annealing temp.
reaches 430°, after that there is very little change
up to 650° when the conductivity falls very con-
siderably owing to the deterioration of the metal.
A. L. Feild calculated the resistance of emorphous
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copper at 20° to be 1267 micro-ohms per c.c. The &

resistance diminishes rapidly as the temperature §

falls and approaches zero below —200° as illus- 0 =105° ~200°
trated in Fig. 16. J. Dewar, J. A. Fleming, and Temperstures

H. Dickson have given data for the resistance of Fie.16.—Effect of Low Tem-
copper down to —206°, and G. Niccolai values  perature ‘;nCElecmcal Re-
for the resistance of a ¢cm, cube in ohms, sistance of Copper.

0° —50° ~—100° —150° —1929° —2006'6° —251'1° —252'8° —258'6°
Chms . 1578 1240 0904 0'567 0249 0163 0028 0016 0014

The temp. resistance curve for silver cuts that of copper below —70°, when copper
has a greater resistance than silver. L. Holborn gave 0:00433 for the mean coeff.
per degree between 0° and 100°. R. Schott gave for the electrical conductivity of
crystals of copper at 0° and —252'6°, respectively 62°1x104, and 62'1 X834 X104
C.G.S. units ; and for commercial copper, respectively 63:0 <104, and 63 X 48 X104
C.G.8. units.

E. Wartmann and O. D. Chwolson found that the resistance of copper is increased
by pressure. P. W. Bridgman found the electrical resistance of copper to be
influenced by the press. such that

0° ) 25° 50° 75° 100°
Resistance . . . 1000 1-1073 1-2146 1-3219 1-4293
Pross. coeff. 0 kgrm. . —00,201 —00,196 —00,192 —00,188 —00,184
Press. coeff. 12,000 kgrms. —0-0,175  —0-0,174 —0-0;173 —00,172  —00,171

This gives a temp. coeff. 0:004293 for 99°995 per cent. copper ; the result is a shade
higher than 0-00428 of W. Jéger and H. Diesselhorst for copper with 0-05 per cent. of
zinc. The press. coeff. at 0° was —0052008, while E. Lisell’s value is —0°05187.
A. Matthiessen found that the resistance does not change by the passage of feeble
currents, but W. H. Preece and F. Larroque found it is increased by strong currents.
E. Lax studied the effect of mechanical stresses on the resistance of copper. Accord-
ing to J. Bergmann, the resistance of copper depends on the structure, and H. P. Brown
showed that it is influenced by working the metal. Hard-drawn copper was found
by G. W. A. Kahlbaum and E. Sturm to have a greater resistance than annealed
copper since the resistance of a wire 425 m. long and 027 mm. diameter was
1-00953 ohm in the first case and 100321 ohm in the second. For electrolytic
copper at 0°, the specific resistance of hard wire is 1-603 X 10— with a temp. coeff. of
0°00408 between 18° and 48°; and of soft wire, 1'563 X108 with a temp. coeff.
000416 between 18° and 48°. L. de Marchi, H. Tomlinson, J. Hopps, and



52 INORGANIC AND THEORETICAL CHEMISTRY

A. Mousson found that the resistance of copper wire is increased by stretching.
J. and A. Bidwell reported that vertical wire conducts better downwards than
upwards ; G. Ercolini, that the twisting and untwisting of copper wire increases
the resistance; L. L. Grunmach, that the resistance increases by transverse
magnetization ; and B. Sabat, that the resistance is increased by exposure to
radium radiations,
" The influence of impurities on the electrical conductivity is so marked that
quantities almost inappreciable by chemical analysis raise considerably the electrical
resistance. Lord Kelvin and P. Drude investigated the decrease in the conductivity
of copper by melting the purified metal in air. According to A. Matthiessen, this
phenomenon does not occur if lead, silver, or tin be present, because these metals
retard the formation of cuprous oxide. Generally, the presence of impurities lowers
the conductivity of the metal, and that, as J. Dewar and J. A. Fleming showed,
particularly at low temp. G. Kamensky found the conductivity of copper is reduced
if antimony be present ; A. Matthiessen and M. Holzmann that phosphorus, arsenic,
or iron acts in the same way ; and L. Addicks, that the presence of 0°0013 per cent. of
arsenic, or 0°0071 per cent. of antimony, lowers the electrical conductivity of copper
1 per cent. as illustrated in Fig. 17. He also noted that oxygen is inclined to raise
the electrical conductivity as indicated by the
dotted line, Fig. 17 ; in this case, the oxygen
possibly acts by oxidizing the impurities.
W. H. Mordey studied the effect of arsenic ;
and J. O. Arnold and J. Jeflerson that of
bismuth. According to the latter, bismuth
acts by forming small crystals which offer a
greater resistance to the passage of the current.
o 507 508 oz J.Dewar and J. A. Fleming studied the effect
Per cent. impurity of aluminium; K. Feussner and 8. Lindeck,
F1c. 17.—Effect of Impurities on the that of manganese; and E. Branly, that of
Electrical Conductivity of Copper.  zinc. The presence of one-eighth per cent. of
magnesium is said to improve the conductivity
of cast copper. A. L. Williams and J. C. McLennan found that when fused with
mica there is a marked fall in the resistance with a rise of temp.
Good conductors of electricity are in general good conductors of heat. In 1852,
G. Wiedemann and R. Franz 30 discovered empirically the interesting relation that
the electrical conductivity of the metals at 20° is approximately proportional to their
thermal conductivity ; otherwise expressed, the ratio of the thermal to the
electrical conductivity of good conducting metals has always the same value
when the temperature is constant—Wiedemann and Franz’s law ; meaning
that the ratio of the thermal to the electrical conductivity is a universal constans
and independent of the nature of the metal. This rule has been found to be valid
for silver, copper, gold, zinc, tin, lead, platinum, bismuth, and for a number of alloys.
A. W. Porter and F. Simeon showed that with sodium and mercury the ratio holds
quite well when carried through a change of state, for while the thermal conductivi-
ties change abruptly in passing from the solid to the liquid state, their electrical
resistivities likewise increase abruptly on fusion. Similarly, E. F. Northrup and
F. R. Pratt compared bismuth and tin under like conditions ; the electrical resist-
ances of these two metals change abruptly in opposite directions on fusion, and they
found, in agreement with G. Wiedemann and R. Franz’s rule, that the thermal re-
sistivities likewise change abruptly in the opposite direction. The results with iron
are not so satisfactory. G.Kirchhoff and G. Hansemann consider that the disturbance
is connected with the magnetic properties of iron, but E. Griineisen showed that the
exceptional behaviour of iron is due to the impurities present in the metal. The law
holds exceedingly well for pure metals, less accurately for alloys, and not at all for
poor conductors. How well may be gathered from the comparisons of the thermal
and electrical conductivities of the metals shown in Table V.

S

Electrical conauctivity
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TABLE V.—THERMAL AND ELECTRICAL CONDUCTIVITIES OF SOME METALS.

Thermal conductivity | Electrical conductivity Ratio.
Metal. —cals. per cm. per —reciprocal ohms per
sec at 0° (K). cm, at 0° (K). 0° 18°
Copper . . 0-7198 457,400 635 x 10711 7-38 x 10711
Magnesium . . 0-3760 244,700 651 —
Aluminium . . 0-3435 244,600 6-54 7:06
Cadmium . . 0-2200 144,100 655 7-84
Iron . . . 0-1665 103,700 6-23 8:90
Tin . . . 0-1528 93,500 6-12 8-16
Lead . . . 0-0836 51,400 6°15 7-94
Antimony . . 0-0443 22,000 4-97 —
Bismuth . . 0-0177 9,200 l 526 10-68

In 1872, L. Lorenz showed experimentally that in many cases the temperature
variation of Wiedemann and Franz’s ratio between 0° and 100° is proportional
to the absolute temperature : or G. Wiedemann and R. Franz’s ratio is equal to
1:367T'; or, if K denotes the thermal conductivity, and « the electrical conductivity,
k190=r0/K100K0=1367. The observed values for the constants are :

Copper. Magnesium. Alumipium. Cadmium, Iron. Tin, Lead.
1-358 1-398 1-367 1:315 1:530 1'334 1-304

More, generally, for the metals copper, silver, gold, nickel, zinc, cadmium, lead, tin,
L. Lorenz’s temp. coeff. is appreciably constant within the limits of experimental
error. 'W. Meissner showed that the divergences of copper from the G. Wiedemann,
R. Franz, and L. Lorenz’s law increase as the temp. is reduced. With platinum
and palladium, both G. Wiedemann and R. Franz’s ratios and the temp. coeff. are
rather large ; with aluminium, G. Wiedemann’s and R. Franz’s ratio is rather low,
and the temp. coeff. rather large; and with bismuth, the converse obtains.
C. H. Lees found that the deviation from L. Lorenz’s 1°367 is rather larger at the
temp. of liquid air than at ordinary temp. In a general way it may be said that
alloys show considerable deviations from both G. Wiedemann and R. Franz’s and
L. Lorenz’s laws, although with some alloys the two laws apply very well. The
increase in the electrical resistance of some metals, say silver, with the addition of a
trace of impurity has not been explained by a decrease in the number of mobile ions.
Lord Rayleigh has pointed out that since the flow of an electric current from one
metal to another produces an absorption or development of heat at the junction—
the Peltier effect—the observed resistance of heterogeneous alloys will be affected by
the local thermoelectric junctions in the interior of the metal.

Table V seems to show that the two effects are somehow related, and it has
been assumed that both heat and electricity are conducted by the same agent,
namely, rapidly-moving electrons assumed to be normally present in the metal.
‘With good conductors, the amount of heat distributed by radiation and the dynamical
action of the molecules is assumed to be small in comparison with that distributed by
the rapidly-moving electrons; and with poor conductors, the amount of heat
distributed by radiation and mol. motion 18 appreciably greater than with good
conductors. Accordingly, G. Wiedemann and R. Franz’s ratio will be greater with
poor than with good conductors.

The mathematical investigation of the assumption that the conduction of both
heat and electricity in good conducting metals is effected mainly by the agency of
free electrons, leads to the conclusion that the ratio of the thermal and electrical
conductivities is a constant which is independent of the nature of the metal, and
proportional to the absolute temp. If k denotes the thermal conductivity ; «, the
electrical conductivity ; R, the gas constant; ¢, the electrical charge carried by a
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univalent electrolytic ion ; and 7', the absolute temp., then N. R. Campbell has shown
from the electron theory of conduction that, at 18°, G. Wiedemann and R. Franz’s
ratio, will be :
2

E_4EYr; o E—r15x10-m

Kk 3\e K
This is in close agreement with the observed results ; and with the assumption that
the deviatiorr with poor thermal or electrical conductors is due to an appreciable
contribution to the thermal conductivity by atomic or mol. motions. Substances
like quartz or paraffin wax, which are exceedingly poor electrical conductors, have an
appreciable thermal conductivity—e.g. the thermal conductivity of quartz, 0-029,
exceeds that of some of the metals.

According to H. Davy,3! two pieces of the same polished copper introduced at
the same time into an aq. soln. of potassium sulphide, exhibit no eclectrical effect,
but if introduced in succession, there is sometimes a marked electrical effect—the
piece of metal first immersed in the liquid is negative, the other positive. Again,
copper hardened by hammering is negative to rolled copper ; a specimen of brittle
copper, in which no impurity could be detected, was negative with respect to soft
copper ; and over-poled or under-poled copper, containing in the one case probably
a little carbon, and in the other a little oxide, are negative to pure copper. The
Volta difference of potential of two metals in contact, in air at about 18°, varies
with the condition of the metal surface, and the nature of the surrounding atm.
The following results in volts for copper and brass are therefore more or less of an
approximation :

Z 1-
C. Cu. Fe, Ph. Pt. Sn. Zn. gﬁ:fa Brass,
Copper . . —0-370 - 0146 0-542 —0-238 0456 0°750 0894 0-087
Brass . . —0414 —0'087 0064 0472 -—0287 0372 0679 0822 —_

These results must not be confused with the e.m.f. at the junction of two metals in
metallic contact.

A. Walker found that copper filings are positive towards a copper plate if the two
be separated with paper moistened with sodium sulphate or chloride ; and negative,
if the paper be moistened with ammonia or dil. sulphuric acid. 8. Marianini found
that a polished plate of copper is positive when opposed in a soln. of sodium
chloride to a similar plate which has been made brown by heat; and A. Gouy
and H. Rigollot found the potential difference is augmented when the browned
plate is illuminated; hence, H. Rigollot proposed to utilize the phenomenon
to make an electrochemical actinometer. A. Pacinotti, W. Hankel, and H. Pellat
found that an illuminated plate of copper is electronegative towards a similar
plate in darkness, and if the illuminated plate has been oxidized, it is electropositive.
W. Ramsay and J. F. Spencer obtained an e.m.f. of 10 millivolts by illuminating
one of two such copper plates with ultra-violet light.

E. Abel placed copper next to silver in the electrochemical series, and according
to G. de Overbeck, a film of copper 0°000001 mm. thick suffices to show these electro-
chemical effects. According to H. Buff, W. Hankel, W. Skey, R. B. Clifton,
B. W. Gerland, J. C. Poggendorff, and W. Ostwald, copper is negative in aq. potas-
sium hydroxide, conc. soln. zinc sulphate (indifferent in a dil. soln.), aq. potassium
hydrosulphide, aq. potassium cyanide, positive towards cupric sulphate soln., the
haloid acids, and towards nitric, sulphuric, phosphoric, formic, acetic, propionic,
oxalic, and benzene sulphonic acids. H. Buff says it is negative towards water,
W. Skey says positive.

The e.m.f., E, of a metal in contact with a soln. of a salt of this metal is, according
to W. Nernst’s theory, described in the first volume :

RT P RT RT
E=,pleg i on E=jplogP—2 5 logp
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where # represents the valency of the cation; p the osmotic press. of the metal
eation ; F=96,540 coulombs ; and P is a magnitude which is called the soln. press.
of the metal. For copper, at 18°, E=0057Tn—1 log,y (P/p). If E, be the potential
of a metal at 18° against a soln. of a salt of the metal with a gram-ion of the metal
per litre, and p, the corresponding osmotic press. of the ions, in the above expres-
sion (RT/nF) log P=E, when p=p,. If C and ¢ denote the conc. of the ions in
gram-ions per litre,
RT C RT RT
= ;LT ]Og;; or, E=H., IOg 0 —ﬁ lOg c

The electrolytic solution potential of an N-soln. of copper (ous), Cu'-ions against
the hydrogen electrode is reported to be —0'43 volt by G. Bodlinder ;32 —0-465
volt by C. Immerwahr; —0°470 volt by G. Bodlinder and O. Storbeck; and
—0°487 volt by R. Luther; for an N-soln. of copper (ic), Cu'*-ions against the
hydrogen electrode, N. T. M. Wilsmore gives —0°329 volt ; W. Nernst, and. G. Bod-
lander give —0°34 volt ; G. Bodlénder and O. Storbeck, —0°344 volt. G. Magnanini
found the difference of potential in volts between zinc in a normal soln. of sulphuric
acid and copper immersed in the given soln. containing M mols per litre, 3 M-H,SO,,
1:007 volt; M-NaOH, 0802 volt; M-KOH, 0770 volt; 3M-Na,S80,, 1013
volt ; M-NayS8,04, 0388 volt ; 3 M-K,CrOy, 0946 volt ; 3 M-K,Cry0,, 1-236 volt ;
IM-K,80,, 0°957 volt; 3M-(NH,),80,, 1015 volt; }M-K FeCyq, not constant;
0167M-K;FeCyg, 1107 volt; M-KCNS, 0525 volt; M-NaNO;, 1036 volt;
IM-Sr(NOg)g, 1030 volt; 3M-Ba(NOs), 1:096 volt; M-KNO;, 1:048 volt;
1M-KCIOq, 1:053 volt ; 0:167M-KBrO,, 1°113 volt ; M-NH,CI, 0812 volt ; M-KF,
0°613 volt; M-NaCl, 0809 volt; M-KBr, 0736 volt; M-KCl, 0'816 volt;
$M-Na,S0;, 0899 volt ; M-NaOBr, with a quantity of bromine was used corre-
sponding to NaOH, 10 volt ; M-tartaric acid, 1'046 volt ; 3M-tartaric acid, 1-109
volt; $M-potassium sodium tartrate, 1008 volt.

The potential of a normal calomel electrode is —0°56 volt. N. T. M. Wilsmore
hence calculates that at 18° the potential of a soln. of a copper salt, containing a
gram-ion per litre, against a copper electrode, is —0°606 volt; it follows that the
electrode potential is —0-606=00289 log;, P, if the unit of press. be 239 atm., for
this is the osmotic or soln. press. of the metal at 18°; and therefore log p=log 1=0.
Hence the soln. press. of copper in its passage from Cu—>Cu'- at 18° is 3 X10—20 atm.
This small magnitude means that metallic copper has but a small tendency to-form
cupric ions. Similarly, for a normal soln. of cuprous ions Cu—>Cu, at 18°,
—0731=0058 log (P/23'9), or P=24% 1011 atm. Hence, also, cuprous copper is
more electro-positive than cupric copper. If the potential of the normal hydrogen
clectrode be conventionally regarded as zero, what has been called the absolute
potential, under the assumption that the true potential of the normal calomel
electrode is —056 volt, must have 0277 volt added to it to give the electrolytic
potential. Thus, the electrolytic potential of copper, Cu—>Cu, is —06064-0-277
=—0"329 volt, where the sign denotes the charge of the soln. against that of the
electrode. Usually, however, the potential of the electrode is under discussion,
and since in a voltaic combination, the electrode metal with the higher potential
is said to be its positive pole, and the charge of the electrode against that of the
soln. is to be understood. §S. Labendzinsky found for the potential of copper
against the hydrogen electrode with soln, containing N gram-eq. of the salt per litre :

N. 10 01 001
CuSO, . . . . 0304 0-284 0-262 volt
Cu(NOsj), . . . 0331 0294 0266 ,,
Cu(C,H,0,), . . . 0-278 0-264 0242

For the absolute potentials add 0-277 to these values. The soln. of copper acetate
marked 10N was sat., approximately 0'8N. In addition, many other determina-
tions of the potential of the copper electrode against different soln., have been
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made ; the potential of copper against aq. soln. of sulphuric, hydrochlorie, and
nitric acids, by F. Exner and J. Tuma ; cupric sulphate, by H. Pellat, J. Miesler,
N. T. M. Wilsmore, B. Neumann, M. le Blanc, W. E. Ayrton and J. Perry, F. Paschen,
C. Immerwahr and F. Braun; cupric nitrate, by B. Neumann, and F. Exner and
J. Tuma ; cupric acetate, by B. Neumann and C. Immerwahr ; copper anodes in
alkaline soln., by F. Jirsa ; cupric chloride, by F. Exner and J. Tuma ; and cupric
tartrate and cupric ammino-compounds, by C. Immerwahr. The latest-named also
has studied soln, with suspensions of cupric carbonate, hydroxide, oxide and sulphide,

-and of cuprous chloride, bromide, iodide, and thiocyanate; and R. Luther has
dealt with soln. of cuprous sulphate. G. Thompson, F. Spitzer, A. von Oettingen,
S. B. Christy, and F. Kunschert have studied- the potential of copper against cupric
salts in soln. of potassium cyanide. 8. B. Christy found

Per cent. KCy 65 065 0-065 0-0065 0-00065 0-000065 0:0000065
Potential . 40930 +40680 +40430 —0050 —0-250 —0-270 —0-280 volt

F. Spitzer found the potential increases with the proportion of cupric salt and of
cyanide which are present. F. Kunschert found that in normal soln. with free
Cy’-ions, the potential is 0-157 volt, or, 1'130—00575 log ([CuCy”,]/[Cy]%).
U. Sborgi and A. Donati, G. Magnanini, and N. R. Dhar, studied the potential of
copper in various salt soln.

. W. Oholm studied the e.m.f. of the cell with copper or copper amalgam in
cupric sulphate soln. against mercurous sulphate and mercury. A. Voller found
that the potential of copper in soln. of cupric sulphate at 91° is 043 of its value at
22°; and in soln. of zinc sulphate at 80°, 033 of its value at 25°. The potential
in soln. of sodium chloride is raised at 78° to 0-17 of its value at 21°. G. N, Lewis
and W. N. Lacey found the normal potential of the copper electrode against cupric
ions at 25°, to be —0-3469 volt. P. Chroustchoff and A. Sitnikoff found the
temp. coeff. between 0° and 50° is 0°00066 volt per degree. From E. Bouty’s, and
A. Gockel’s measurements dE/dT=0'000756, F¥. Exner also found copper at 92°
to be less negative in sulphuric acid (1 per cent.), nitric acid (0'6 per cent.), and
acetic acid (06 per cent.) than at ordinary temp., and more negative in acetic acid
(7 per cent.), potassium hydroxide (5 per cent.), and sodium hydroxide (0'3 per
cent.) ; he also found that the potential of a copper tube is not affected if one of the
gases hydrogen, oxygen, carbon dioxide, coal gas, carbon disulphide, or the four
hydrogen halides, is streaming through the tube. According to A. Fischer, and
G. Coffetti and F. Forster, the decomposition potential falls with increasing current
density.

G. Carrara and I. d’Agostini found the potential of copper towards soln. of
cupric sulphate, chlorate, or nitrate in methyl alcohol ; N. P. Kazankin, in amyl
alcobol ; and L. Kahlenberg, in pyridine soln.  J. Brown investigated the potential
of copper against fused chlorides; J. H. Gladstone and A. Tribe fused cupric
chloride ; J. L. Hoorweg used a copper-iron couple in fused waxes, sulphur, etc.

G. Bodlinder 33 found the ionization constant for Cu—>Cu’, K=[Cu']/[Cu']?,
to be 1'4x10~¢; R. Luther gave 1'5X107¢; for Cu'+4Cl’=CuCl, G. Bodlinder gave
2x10-8, and R. Luther, 2'2X10~7; the latter also gave for Cu'4Br'=CuBr,
8:2x10-9. J. Traube found the atomic solution volume of 636 parts of Cu' to
be the same as H', and Cu', the same as zinc and nickel. W. R. Bousfield and
T. M. Lowry found the heat of formation of Cu' is —857 Cals. According to
W. Ostwald and H. Jahn, the decrease of free energy which occurs in the ionization
of a gram-atom of copper in a soln. of copper sulphate Cu=Cu"* is equal to the
electrical energy developed 2FE, where E is the electro-potential of copper against
an N-soln. of copper sulphate at 18°; the heat absorbed from the surroundings
in an isothermal reversible process is 2FT.dE/dT per gram-atom of copper; and @
represents the decrease in the total energy in cals. per gram-atom of copper. From
H. von Helmholtz’s equation, 2FR=Q--2FTdE/dT ; and, from S. Labendzinsky’s
measurements. 2FE=—2 % 96,540 X058 joules, or —26,800 cals. ; while 2FTdE/dT
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==2 %96,540 X 291 X 0000756 joules, or —10,200 cals. Hence, @=—26,800--10,200
=—16,600 cals. Hence, the heat of ionization of metallic copper in an eq. soln. of
cupric sulphate at 18° is attended by an increase of energy eq. to 16,600 cals. per
gram-atom ; the consumption of electrical energy is 26,800 cals., and the heat
absorbed from the surreundings is 10,200 cals. W. Ostwald’s value for the heat
of ionization is —175 cals.; and W. Vaubel gave —144 cals. for Cuy=2Cu’
A. Coehn and Y. Osaka found the oxidation potential of copper in potassium
hydroxide soln. to be 046 volt; and oxygen is given off from the metal or oxide
at 1'48 volts. W. P. Davey gave 0'63 A. for the atomic radius of copper in cuprous
iodide, and 0-76 A. for cuprous chloride and bromide. The effects of telluric acid
on the depolarization of copper anodes was studied by F. Jirsa; and the anodic
behaviour of copper in soln. of sodium sulphide by V. Kohlschiitter and H. Stéger.

The separation of a gram-atom of copper from an N-cupric soln. requires work
eq. to 0°606 X 2F volt-coulombs, and from an N-cuprous soln. 0°731F volt-coulombs.
In order that one can be compared with the other, it is necessary that chemically
or electrochemically eq. amounts be employed. Hence, the free energies of normal
soln. of cupric and cuprous salts are respectively 0606 F and 0-731F, so that cuprous
salts have a smaller electro-affinity than cupric salts. This is in agreement with the
lower solubility of cuprous salts, and their greater tendency to form complexes.
The electro-affinity of cuprous ions is related with the electro-affinity of mercury and
silver, while that of the cuprous ions is related more to the iron group.

A.Volta,3¢ J. W. Ritter, J. C. Poggendorff, and C. H. Pfaff placed copper near the
electro-negative end of the electrochemical series :

K, Ba, Mg, Al, Mn, Zn, Cd, Fe, Co, Ni, Sn, Pb, H, Cu, Bi, Sb, Hg, Ag, Pd, Pt, Au,

and A. MacFarlane did the same thing for the series with frictional electricity.
8. Kyropoulos showed that different parts of a piece of metal may exhibit different
electric potentials, and have different degrees of ““ nobility.”

The relative position of copper in the electro-chemical series changes with
different kinds of soln. Thus, J. B. Biot noted that it alters its position with respect
to iron in soln. of potassium sulphide ; J. Brown found the same thing applies in an
atm. of hydrogen sulphide ; and J. C. K. Schrader, in fused liver of sulphur. M. Faraday
found that copper retains the same relative position with fused salts as it has in
acids. G. McP. Smith and Mec. A. Johnson noted that cadmium and zinc are pre-
cipitated by copper from conc. KCy soln. of their salts, although zine or cadmium
precipitate copper from aq. soln. of its salts. T. Andrews studied the e.m f. of cells
with copper and platinum in fused potassium carbonate, chloride, chlorate, and
nitrate. According to A. de la Rive, copper is negative towards iron in salt soln.
and in potash-lye ; and it is positive towards iron in ammoniacal soln. W. E. Ayrton
and J. Perry noted that at 18° commercial copper against carbon gave 0-370 volt ;
platinum, 0'238 volt; brass, —0'087 volt; iron, —0°146 volt; tin, —0456 volt;
lead, —0°542 volt; zine, —0'750 volt; and amalgamated zinc, —0°894 volt.
H. Gétz and A. Kurz found for copper and graphite a difference of potential of
061 volt ; F. Exner for Cu : Pt, 0367 volt ; and with radio-tellurium in air to make
it conducting, H. Greinacher found, at room temp., Mg : Cu, —1'974 volt ; Zn: Cu,
—1-344 volt ; Al: Cu, 1'055 volt, and the latter at —180°, 1°03 volt. Other combina-
tions have been studied by G. C. Simpson, B. Gaede, F. Kohlrausch, B. W. Gerland,
R. B. Clifton, W. Hallwachs, G. T. Fechner, W. Hankel, etc. G. Triimpler studied
the e.m f. of copper against the normal calomel electrode.

The hardness or softness of the metal and the surface impurities were shown by
H. Pellat to have an influence on the position of the metal in the series, and he also
noted that a rise of temp. made the metal more positive, while a fall of temp. made
it more negative. G. Carrara and L. d’Agostini found that methyl alcohol did not
alter the relative position of Volta’s series from that obtained with other salts,
although it altered the difference of potential. The difference of potential of copper
with various metals in sulphuric, hydrochloric, nitric acids, soln. of sodium carbonate,
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and chloride ; potassium bromide, lodide, and cyanide; has been studied by
B. C. Damien, W. Wolff, C. R. A. Wright and C. Thompson, T. Erhard, A. Naccari
and M. Bellati, S. P. Thompson, J. and A. Bidwell, etec. Copper and cadmium in an
N-soln. of cupric nitrate were found by F. M. G. Johnson and N. T. M. Wilsmore to
give —0-68 volt; in {#;N-soln., —0°70 volt; and in {5N-soln., —0'58 wvolt.
Daniell’s cell, Cap. 16, has been investigated by F. Streintz, C. R. A. Wright and
C. Thompson, E. Cohen, F D. Chattaway, and W. Tombrock, etc. The direction
of the current is reversed if an excess of potassium cyanide is added to the cupric
soln. The reducing action of the copper-zinc couple of J. H. Gladstone and A. Tribe 36
has been indicated in connection with hydrogen.

W. R. Grove,3¢ G. Planté, and H. Buff electrolyzed dil. sulphuric acid with
a copper plate as anede and observed much gas was evolved at first, but later, the
anode was covered with a film of what they regarded as cupric oxide, and this
interrupted the passage of the current owing to polarization. The deposit gradually
cleared off when the circuit was broken. The polarized plate is negative towards
platinum, and if warmed with dil. sulphuric acid, the liquid becomes turbid as the
film is loosened from the plate ; only a little copper passes into soln. E. Wohlwill
regarded the film as due to copper formed by the decomposition of primarily formed
cuprous sulphate, Cu,80,. F. Fischer made a cell with an anode of purified copper,
2 mm. thick, immersed to a depth of 10 mm. in sulphuric acid of maximum conduc-
tivity, and a copper plate as cathode ; when an e.m.f. of 20 volts was applied, the
pulverization of the anode was accompanied by a singing sound ; a cloud of copper-
coloured dust was formed ; and copper sulphate was found in the soln. When a
gradually increasing e.m.f. is applied, a coating forms on the anode, and this is
suddenly pulverized when the e.m.f. has reached about 20 volts. The pulverization
is accompanied by a sudden increase in the current to more than fifty times its
initial value. The temp. of the cathode rises to between 106° and 108° during the
pulverization. Tt is supposed that the coating which forms on the anode consists
of cuprous sulphate, which, owing to its high resistance, becomes heated, until
finally the liquid contained in its pores boils and disperses suddenly into the surround-
ing cold soln., where it decomposes into cupric sulphate and finely-divided
metallic copper. By cooling a hollow cathode internally, pulverization occurs at
a much higher voltage. The resistance of the anode coating diminishes as the temp.
rises, and disappears at about 80°. In a more dil. soln. of sulphuric acid, or in a
soln. of sodium sulphate, cuprous hydroxide is formed instead of finely-divided
copper. The behaviour of aluminium in sulphuric acid is quite similar in many
ways to that of copper; by cooling an aluminium anode internally, the non-con-
ducting layer will withstand 220 volts, whilst under ordinary circumstances 20 volts
suffice to break it down. The pulverized copper reduces potassium permanganate,
chromic anhydride, ferric sulphate, etc. 'W. Holtz prepared electrolytic-valve cells
of copper in cupric chloride or sulphate, which resembled the aluminiuvm cell for
moderate e.m.f.

In 1821, A. Seebeck 37 discovered that if two metal wires be in contact at one
of their ends, and a low resistance galvanometer be in circuit with the free ends
of the wires, an electric current is generated when the wires are heated and flows
from copper to iron through the hot junction—Seebeck’s effect. With some metals
the e.m.f. E of the current is nearly proportional to the difference of temp. between
the hot and cold junctions, and the principle is therefore applied in the construction
of thermo-electric pyrometers, and in the construction of thermopiles, ete.
Again, if a galvanic battery replaces the galvanometer in A. Seebeck’s experi-
ment, A. Peltier (1834) found that heat is absorbed at what was previously the
hot junctlon, and generated at what was previously the cold junction. This
phenomenon is called Peltier’s effect. F. Rziha, and P. Czermak have studied
Peltier’s effect with a copper-nickel couple; F. F. le Roux, with the copper-iron
couple; H. Jahn, with copper coupled with zinc, cadmium, iron, nickel, silver, or
platinum ; and E. Sedstrém, with copper coupled with zinc or nickel.
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The thermoelectric properties of copper are discussed in F. Peter’s Thermo-
elemente und Thermosaulen (Halle, 1908). Copper is rather strongly negative, and
this the more, the purer the metal. Between 0° and 100°, K. Noll 38 found a
mercury-copper thermocouple of mercury and iron-free hard-drawn copper gave an
e.m.f. of 725'58 microvelts ; and with annealed copper, 72564 microvolts; the
copper-lead thermocouple gave an e.m.f. of 3:22 microvolts, and with commercial
copper, 1:376 microvolt. J. Dewar and J. A. Fleming found the e.m.f. of a copper-
lead thermocouple diminished as the temp. fell from 100° to —205°1°. Expressing
the e.m f. in C.G.S. units :

100'1° 51-6° 88° —91°  —852° —536° —1047°  —2051°
E.m.f. . 31590 414320 1985 —2630 —8830 —13130 —24180 -—41350

At atm. press..and 6°, the e.m.f. of the copper-lead thermocouple is E=(2-7776
+000483602) 1078 volts ; the Peltier effect P=(2-777-+40°009666)(04273) x10—6
volts; and the Thomson' effect =0-00966(01-273) X 10—8 volts per degree. E.Lecher
measured the Thomson effect of copper between 252° and 678° and found-(3-28
-+0°003400)10—7 gram-cals. per coulomb. P. W. Bridgman’s observations on the
effect of press., in kgrms. per sq. cm., on the Seebeck, Peltier, and Thomson effects
are indicated in Table VI; where the heat effects are with couples with the compressed

TABLE VI.—THE EFFECT OF PRESSURE ON THE SEEBECK, PELTIER, AND
THOMSON EFFECTS,

Seebeck eflect. Peltier effect. Thomson effect.

Volts x 106, Joules per coulomb X 108, Joules per coulomb X 108,
Temp. Press., kgrms. per sq, cm. Press., kgrms, per sq. cm. Press., kgrms, per sq. em.
2000 6000 | 12,000 2000 6000 . 12,000 2070 | 6000 12,000
10° | +0058 | +0-154 | 4-0-288] +1°6 +4.1 + 76 0 +37 +6-3
40° 0234 0668 1-256 1-8 57 10-8 0 1-3 35
60° 0-350 1-038 1-976 2°1 63 12-2 0 1-0 34
100° 0-584 1-828 3546 2-2 78 15-9 0 38 75

and uncompressed metals. The Seebeck and Peltier effects are positive and rise
regularly with temp. and press. ; Thomson’s effect is zero at low press., becoming
positive at higher press., and passing through a minimum with rising temp. and
constant press. E. Wagner made some observations on the effect of press. on the
Seebeck effect. The e.m.f. of couples with a copper wire under ordinary conditions
and one with tension up to 700 kgrms. per sq. cm. were found to vary linearly with
tension, so that at 95° the e.m.f.=(0'000567)107® volts. The direction of the
e.m.f. is from the unstretched to the stretched wire at the hot junction; this
corresponds to a current from the compressed to the uncompressed metal at the
hot junction, and is opposite in sign from the pure press. effect. G. Borelius and
F. Gunneson found the Thomson effect, in microvolts per degree, to be 2:36 at
400° K., 1'63 at 300° K., 0-76 at 200° K., 0°06 at 140° K., —0°08 at 120° K., and
—0°16 at 100° K. A. Cohn and A. Lotz studied the contact electricity of copper
against glass in vacuo.

A. Heil measured the thermoelectric force of the copper-constantan (an alloy
of 60 per cent. copper, 40 per cent. nickel) thermocouple ; E. Lecher, and F. F. le
Roux, the copper-iron thermocouple; F. Rziha, and P. Czermak, the copper-
nickel thermocouple. G. Gore found that hot copper is positive to cold copper in
many soln., and in others negative. If the two copper-iron junctions be initially
at 10°, the maximum current obtaing at 270°, and there is no current at 530°, above
that temp. the direction of the current is reversed. Let the two junctions of the
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_couple be initially at 7°, and let one be raised in temp. d7 when the e.mf. dE is
generated—the ratio dE/dT is called the thermoelectric power of the two metals
atT°. From W.Jager and H. Diesselhorst’s, J. Dewar and J. A. Fleming’s, K. Noll’s,
and W. H. Steele’s measurements, the thermoelectric power of copper-platinum
thermocouple at 100° is 4-0-74 millivolt; for copper-constantan couple at —190°,
F. G. Wick gives +5'20 millivolts; 310 millivolts at —100°; —4°00 millivolts
at 100°; —8'80 millivolts at 200°; and —14'9 millivolts at 300°. @G. Reichard
obtained similar results at 100°-200°. G. Reichard also obtained for copper-cobalt
and copper-nickel couples at 100° respectively —2-74 and —2°69 millivolts, and at
200°, respectively —6-30 and —5°55 millivolts. H. Péchaux measured the Cu : Co-
couple up to 900° when —28-4 millivolts were obtained. W. W. Coblentz found
that with the tungsten-copper couple at —190°, an e.m.f. of 4-0°58 millivolt was
obtained ; at —100°, 40'24; at 100°, 4004; and at 200°, 40°34 millivolt.
L. H. Adams’ value for copper-platinum at 0°, is aE/d0=5"85-0'04060—7-46
X10-562-+1'096 X 10-763 ; and for the copper-lead couple, dE/df is 2:84-4-0-00826
—0-84 1050240236 X 10—703. The thermal e.mf. E obtained by integrating
f(dE[d8)d0 between 0° and 6° is E=5'850+-0020302—2-48 x 10—503-1-0'274 X 10—704
for the Cu-Pt couple, and E=2-'84-}+0"00416-4-0'00412—028 X 10563400565
x10-704 for the Cu-Pb couple. For the copper-constantan couple, L. H. Adams
and J. Johnston, and R. B. Sosman give E=38'1050--0"044202—0-0000285663.
K. Noll obtained for the copper-mercury couple between 0° and 100°, 725 microvolts
both for hardened and annealed copper; and 443 and +435 microvolts respec-
tively for hardened and annealed brass. P. W. Bridgman gave for a thermocouple
of commercial and electrolytic copper E=(0-034686--0-000013362) X10—6 volts.
W. G. Duffield, T. H. Burnham, and A. H. Davis studied the electric arc between
copper electrodes.

In 1879, E. H. Hall 39 discovered that when a powerful magnet is made to act
on a current flowing in a very thin strip of metal, the equipotential lines are deflected
from their original position at righit angles to the lines of flow of the current in the
strip. 'T'his is the so-called Hall effect. If a magnetic ficld of strength H, carrying
a current I in a plate of thickness ¢, the difference of potential e produced by the
deflection of the equipotential lines is e=RIH/[t, where R is a Hall constant.
For copper, R=—000052. The attendant thermomagnetic and thermoelectric
phenomena have been studied by A. von Ettinghausen and W. Nernst, A. Leduc,
H. Zahn, and F. Unwin. M. Faraday 40 found copper to be feebly diamagnetic.
The magnetic susceptibility, or the intensity of magnetization of electrolytic
copper per unit field, is —0°82 x10~6 vol. units, according to J. K6nigsberger, and
according to 8. Meyer, —0°66 X106 at 15°. 0. C. Clifford gave —1-22 X106 mass
units for native copper ; and G. Chéneveau, —0'90 X 10—6. The magnetic behaviour
is profoundly altered by traces of iron ; aslittle as 0-04 per cent. of iron makes the
metal paramagnetic. M. Owen found for electrolytic copper with 0°0004 per cent.
of iron, —0085x10~%, and for electrolytic copper with 0°008 per cent. of iron,
K. Honda found —0°86 X10—6 mass units. J.Kénigsberger found for the temp.
coeff. —0°0015, so that the magnetic susceptibility decreases with rise of temp.
S. Meyer gave 00044 10— for the atomic magnetism. A. Giinther-Schulze 41
studied the electrolytic valve-action of copper in sulphuric acid. V. L. Chrisler 42
studied the potential gradient in the arc with copper electrodes.
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§ 6. The Chemical Properties of Copper

According te R. Fink,! the affinity of copper for oxygen is greater than that of
magnesium, manganese, zinc, cobalt, or nickel. While purified electrolytic copper
has neo catalytic aetivity on certain reaetions—eay, C,H;OH=H,|CH,CHO-—
eopper prepared by reducing the oxide is active. The aetivity was found by
W. G. Palmer to be greater the lower the temp. of reduction ; and it also depends
on the reduecing agent. The difference may be due (i) to the presence of an oxide
in solid soln. in the copper; (i) to the presence of one or more labile forms of
eopper which slowly pass into a stable inaetive form ; or (ifi) to differemt degrees
of fineness of the particles. Copper is so readily attacked by various reagents that
the old alchemists called it meretric metallorum—the harlot among metals.

P. A. von Bonsdorft showed that the surfaee of a piece of copper does not oxidize
at ordinary temp. in dry air, or even in moist air unless carbon dioxide be present.
According to €. R. A. Wright and A. P. Luff, copper obtained by the reduction of
eupric oxide by carbon menoxide at 100° is pyrophoric ; and J. J. Berzelius found
that eopper reduced by hydrogen below a red-heat is readily transformed into
euprous oxide under conditions where the metal reduced at a red-heat in hydrogen
is stable. A. Smits, A. Kettner, and A. L. W. Gee believe that the pyrophorig
eondition of a metal is not only due to the fine state of subdivision, but also to the
initial formation of the metal in a metastable state ; the metal Toses its pyrophoric
charaeter when heated.

€. R. A. Wright and A. E. Menke observed that no change occurs when the metal
is heated in air for many hours at 100°; at 130° a slight aetion was noticed after
two hours; and at higher temp., the action was more vigorous. According to-
H. Debray and A. Joannis, eopper begins to oxidize at about 350° when the vap.
press. of cupric oxide, CuO, is about 0-2 atm. ; at about 500°, finely-divided eopper
forms cuprous oxide, Cu20 According te F. Emlch finely-divided copper and wire-
gauze are rapidly and quantitatively converted into cuprous oxide at 500°; while
E.F. Anthon found tkat when eopper plate is heated in a muffle to bright redness,
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cuprous oxide is the main product so long as any metal is present, after that a larger
proportion of cupric oxide appears. Copper burns with a blue flame when heated
to a high temp., and cupric oxide is formed as flores cuprs or flowers of copper.

According to R. Schwirkus, and F. von Leichtenstein, when the temp. of a piece of
copper is gradually raised to redness, the surface of the metal appears to acquire a
brownish-orange colour at about 200°, and it then passes through @ gradation of
‘colours—rose-red, violet, steel-blue, brass-yellow, red, greenish-grey, grey, and finally
black. The red coloration is probably due to the formation of cuprous oxide, the
black to cupric oxide, so that the surface of a plate of copper, after heating to redness
in air, is covered with a film of cupric oxide, CuQ, and below this is a layer of cuprous
oxide, Cuy0. If the hot metal be now quenched in water, the oxide falls off in scales
furnishing the so-called scale copper oxide. L.Maumené assumed a series of inter-
mediate oxides are formed, but this is probably wrong. W. Elkan obtained what he
called a red patina by polishing the outer black film so as to leave the red exposed.
Some of the oxidation colours are produced as a special effect on ornamental vessels,
although usually the metals are coloured by  pickling ” in suitable reagents as
described in G. Buchner’s Die Metallfirbung (Berlin, 1910) and other special
works—wvide tnfra for patina effects.

W. J. Russell and A. Matthiessen 2 detected no absorption of gas when oxygen
is passed into molten copper, but W. Stahl found that an absorption of gas does
occur, and E. Heyn further showed that cuprous oxide is formed and dissolved by
the molten metal. When copper is heated in oxygen gas, the results resemble
those obtained with air. C. H. Mathewson and G. V. Casar have studied the action
of cuprous oxide on copper. In manufacturing commercial copper, a little oxygen
is allowed to remain combined with the metal in order that it may retain the
desirable qualities of malleability and ductility, and in order to prevent the spitting
or spewing of the metal during the cooling of a casting. The ease with which
copper takes up oxygen during the smelting renders “ poling " necessary until the
small amount of oxygen required to produce tough pitch copper remains. This
oxygen is present as cuprous oxide in all copper not specially deoxidized, and it
forms a matrix around the primary grains of copper. According to F. Dezeine,
the difference in the chemical reactions of colloidal and compact copper with acids
and salt soln. in which copper ions or basic copper precipitates are formed without
evidence of any reducing action, may be explained by the action of the dissolved
oxygen on the very extensive surface of copper. W. Manchot showed that copper
reacts with ozone at a temp. rather lower than that at which it reacts with oxygen.
According to A. Berliner, finely divided copper begins to act catalytically on electro-
lytic gas at about 280°; and according to M. Traube, finely divided copper acts
catalytically on hydrogen peroxide without forming cupric hydroxide as supposed
by F. Cintolesi.

According to E. Mitscherlich,® when copper is melted in air, comparatively
large crystals of cuprous oxide are sometimes formed. The cuprous oxide formed
on the surface of molten copper is immediately dissolved, but it is rejected as the
metal solidifies ; as a result, a polished surface of the metal, when magnified, shows
the presence of this oxide. According to 8. Lucas, as the metal, which has been
melted while exposed to the air, solidifies, some oxygen may escape and make the
metal porous, or the gas may force its way through the skin of solid which first
forms on the surface, and produce a kind of spitting or spewing—das Spritzen oder
Spratzen des Kupfers. L. W. Gilbert records the projection of particles of copper to
a height of 8 ins. during the spitting. C.M. Marx stated that a hissing noise attends
the escape of gases from spitting copper. The spitting produces the so-called blister
copper—Blasenkupfer. Copperwhich spits after refining is brittle owing to the presence
of cuprous oxide, whereas that which does not spit is ductile. E. Abel found that if
copper be melted in a graphite crucible and allowed to cool while exposed to the
air, spitting occurs just before the metal solidifies. H. Caron melted the metal in
glazed porcelain crucibles in an atm. of hydrogen or carbon monoxide, and noticed
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that the cooling liquid remains at rest until, jyst before solidification, it sets up
internal movements as the evolution of gas begins. Some carbon dioxide was present
in the evolvéd gases; it was formed by the oxidation of carbon monoxide during
the reduction of the dissolved cuprous oxide. It is doubtful if the gas which
escapes from the solidifying metal is really oxygen as S. Lucas, O. L. Erdmann and
R. F. Marchand, and T. Scheerer supposed ; W. J. Russell and A. Matthiessen say the
gas is a mixture of carbon monoxide and sulphur dioxide. T.Graham extracted both
hydrogen and carbon monoxide by heating copper in vacuo ; M. Guichard says that
the gas so extracted is mainly carbon dioxide. A. Caron, 8. Stein, W. Stahl and
W. Hampe also attribute the spitting to the escape of these gases. T. R. Merton
proposed to utilize the ready absorption of gases by finely-divided copper to produce
high vacua.

According to W. Hampe, spongy copper does not adsorb hydrogen at ordinary
temp. ; but, according to A. Sieverts, copper prepared by reducing the oxide at a
red-heat in a stream of hydrogen, contains 0°79 to 049 vol. of hydrogen, and there
are no signs of the formation of a hydride. H. Meslens showed that the hydrogen
absorbed by spongy copper reduced from the oxide affects the weight of the metal
to the extent of about 3 parts in 100,000, or 0°0029 grm. of hydrogen (at a red-heat)
per 100 grms. of metal reduced from oxide ; and in another experiment (at 175°)
he obtained 00200 grm. of hydrogen. T. Graham obtained 0:0006 grm. of hydrogen
per 100 grms. of reduced oxide ; 00003 grm. per 100 grms. of wire ; G. 8. Johnson,
00074 grm. for rolled wire ; and O. Leitzenmeyer 00061 for wire-gauze. Otherwise
expressed, H. Meslens, and O. L. Erdmann and R. F. Marchand found 3 vols. of
hydrogen were occluded by copper at a red-heat ; T. Graham, 06 vol.; G. Neumann
and F. Streintz, 481 vols.; C. P. Baxter, 14 to ‘1 vols. ; A. Ledue, 1'8 vols. ;
G. 8. Johnson, 12 to 3 vols. ; and O. Leltzenmeyer, 5to6 vols. The older reports
of the amount of hydrogen occluded or adsorbed by copper are stated by A. Sieverts
to be too high in consequence of inadequate methods of analysis. According to
A, Sieverts, a piece of copper wire begins to adsorb hydrogen at 400°, the amount
adsorbed increases with temp. E. Jurisch found the amounts of hydrogen absorbed
—expressed in mgrms. per 100 grms. of copper—to be

Temp. . . 4l6° 518° 620° 724° 827° 930° 981° 1033°
Gas absorbed . 0006 0-0l6 0030 0048 0-072 0-108 0132 0159

vol. of gas per vol. of copper; and the metal retains 005 vol. on cooling. A.
Sieverts found that the hydrogen adsorbed between 20° and 920°, and atm. press., has
scarcely any effect on the electrical conductivity. R. Lenz found that electrolytic
copper contained the eq. of 3-4 vols. of hydrogen ; 0°37 vol. of carbon monoxide ;
carbon eq. to 049 vol. of carbon dioxide; and 1-14 vols. of water vapour per
volume of copper. The metal is supposed to have been cooled in an atm. of
hydrogen. According to J. L. W. Thudichum and H. W. Hake, new wire adsorbs six
times as much hydrogen as wire which has been re-oxidized and re-reduced. G. 8.
Johnson pointed out the imiportance of the adsorption of hydrogen by the copper
wire used in organic analyses. The occluded hydrogen is given off when heated in
vacuo. J.L.W. Thudichum and H. W. Hake say that the hydrogen can be com-
pletely expelled by carbon dioxide, but G. Neumann says that this is not the case
at 220°; and A. Leduc found that the hydrogen is not expelled by passing air
over the red-hot metal. E. Heyn found that the sp. gr. of the metal, heated in
hydrogen at 600°, falls from 8-9 to 8-4, and L. Archbutt also found that an expansion
of the metal occurs during the adsorption of hydrogen. According to W. E. Ruder,
the brittleness due to the so-called burning of copper, and the alleged expansion of
the metal during the adsorption of hydrogen or reducing gases, is essentially due to
the reduction of cuprous oxide about the primary grains of metal (solid) leaving a
more or less spongy mass of little mechanical strength. The brittleness begins to
appear with dry hydrogen at about 400°, at 600° in wet hydrogen, at 800° in carbon
monoxide, and at 700° in steam. Copper, completely deoxidized while fused,
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remsins unafiected by the reduction. N. B. Pilling also showed that the deteriora-
tion in the mechanical strength of copper which containg disseminated oxide, and
which has been exposed to reducing gases, is due to a reaction with the euprous
oxide which is attended by the formation of steam at a press. great enough to cause
Iack of mechanical cohesion in the puffed copper. At 700°, the rates of diffusion
of hydrogen, steam, carbon monoxide, and carbon dioxide in copper, were respec-
tively as 1000, 65,17,and 0'6. The diffusion with hydrogen was considerable between
400° and 500°. 'W. C. Hothersall and E. L. Rhead found evidence that solid copper
retains a little hydrogen permanently in soln., and studied the effect of occluded
hydrogen on the casting of molten copper ; H. Moore and S. Beckinsale, W. C. Hother-
sall and E. L. Rhead, and N. B, Pilling investigated the action of reducing gases ;
and G. Tammann, the evolution of gas during the annealing or recrystallization of
copper. H. 8. Taylor and R. M. Burns studied the absorption of hydrogen,
earbon dioxide and monoxide, and ethylene by finely divided copper.

E. G. Bartlett and W. Merrill 4 obtained what they supposed to be a cupric
hydride, CuH,, by passing hydrogen over heated cupric oxide until the weight is
constant. A. Leduc reported the formation of copper hydride by passing a stream
of hydrogen for about two hours over a quantity of copper, contained in a
combustion tube, heated to cherry-redness at the middle and to 300° at the ends,
a solid of a hyacinth-red colour was formed at these parts which had reached,
but not exceeded, dull redness, and when these parts were subsequently heated
to bright redness in a stream of carbonic anhydride, the escaping gas was found
to contain hydrogen, together with a little carbon monoxide. He argued that
a definite compound is formed because the dissociation press. of hydrogen in
copper attains a definite lower limit—between 0'5 and 0'8 mm. of mercury—but
A. Sieverts and W. Krumbbaar show that the alleged hydride probably does not
exist, but a selid soln. is formed; but A. Sieverts did obtain what he regarded as
euprous hydride, CuH, by the action of sedium hypophosphite on cuaprous
chloride. W. K. J. Schoor also believed that a copper hydride is formed when
a soln. of cupric sulphate acidified with sulphuric acid is treated with zinc, and,
according to F. Mylius and ©. Fromm, a eopper-zinc alloy is precipitated as a
black amorphous powder. The black powder—black eopper—obtained by J. C. Pog-
gendorff, H. Buff, C, Ullmann, and M. Colletas in the electrolysis of a dil. 7 per
cent. soln. cupric sulphate, with 10 per cent. of free sulphuric acid with copper
electrodes at 2'5 to 3'5 volts, and current demsity over unity, was shown by
A. Soret to contain an amount of oceluded hydrogen dependent on the temp.
and aeidity of the soln. F. Mylius and O. Fromm found that the black pro-
duct has only a few vols. of occluded hydrogen. F. Férster and O. Seidel, and
F. Mylius and O. Fromm believe the so-called black copper to be a kind of hydrogen
alloy. The electrolysis of a very dil., slightly acid, JzN-soln. of copper sulphate
with a high current density at the cathode furnishes a deposit of black copper if the -
soln. be pot stirred, and of red copper if the soln. be stirred. With a {};N-soln. as
electrolyte, the black deposit is obtained in either case. The electrolysis of a
155 N-soln. of copper nitrate also furnishes blaek eopper, but if ammonium nitrate
is added to the electrolyte, red copper is deposited, and hydrogen is evolved.

So far there is no adequate evidence of the formation of a definite eopper hydride.
A. Wurtz, however, treated an aq. soln. of cupri¢ sulphate below 70° with hypo-
phosphereus acid, and obtained a yellow precipitate which soon changed to a reddish-
brown colour. The experiment has been repeated by F. Mawrow and W. Muth-
mann, C. F. Rammelsberg, and H. Rose. D. Vorlinder and F. Meyer recommend
adding 100 grms. of sodium hypophosphite, NaH,PO,, in 310 grms. of sulphurie
acid of sp. gr. 1'13 te a soln. of 75 grms. of crystallized cupric sulphate in 300 c.c.
of water. M an excess of hypophosphorous acid is used, some copper remains
im soln. E. A. van der Burg said the preecipitate contains some copper, and
copper phosphate, and develops less hydrogen than corresponds with CuH.
A. Wurtz’s analyses gave 1-22 per cent. of hydrogen, whereas the theoretical value
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for Culk s 1-65 per cent. E. J. Bartlett and W. Merrill claim that cupric hydride,
CuHy,, is the product of the action of hypophosphorous acid or of the hypophosphites
on eupric sulphate or oxide. M. Berthelot has stated that the alleged hydride is
formed with an absorption of heat, and always contains water, phosphorus, and
oxygen, probably present as a very basie cuprous phosphate. P. Schiitzenberger
claimed that hyposulphurous acid and its salts precipitate cuprous hydride admixed
with metal from soln. of cupric sulphate, bup J. Meyer and O. Brunck could net
obtain satisfactory evidence of the formation of the alleged hydride on repeating
P. Schiitzenberger’s experiments.

R. Nasini and F. Anderlini say that the hydrogen line is not present in the spark
spectrum or the oxyhydrogen flame speetrum of copper hydride. A. Wurtz found
that his produet in moist air readily forms yellow cupric hydroxide, and in dry air
it blackens in about a day. Aceording to H. Moissan, fluorine in the cold gives a
green flame with copper hydride, and forms a black mass; it was also found by
A. Wurtz to inflame in chlorine and bromine. W. K. J. Schoor found that it
develops hydrogen when treated with water, and more energetically when treated
with hydrochloric acid; O. Brunck found that sulphurous acid decomposes the
product with the evolution of gas. J. H. Gladstone and A. Tribe found it
converts chlorates into chlorides, and nitrates into nitrites and ammonia; and
ferricyanides to ferrocyanides. According to E. J. Bartlett and W. Merrill,
arsenic trioxide is not changed, but if a drop of hypophosphorous acid is added,
arsine is developed. D. Vorlinder and F. Meyer, and L. Chiozza have studied
the reduction of organic compounds by the alleged ecopper hydride; A. A. Pollitt,
the hydrogenation of oils with copper as the catalytic agent. F. Mylius
and O. Fromm say that copper hydride dissolves rapidly in a soln. of potassium
cyanide with the evolution of hydrogen ; with a soln. of cuprie sulphate it slowly
forms sulphuric acid and crystalline copper ; it dissolves in soln. of ferric chloride ;
and with auric chloride it gives a black mixture of copper and gold.

Violent explosions have been reported as a result of pouring water on the surface
of molten copper, and also as a result of a workman spitting in a large crucible of the
molten metal. This, however, is largely an effect of the sudden change in the state
of aggregation of water, rather than of a chemical action between the heated metal
and the water. In 1800, J. L. Proust reported that water is decomposed by copper.
H. V. Regnault 5 found that the water is slowly decomposed at a white-heas
forming cuprie oxide. 8. Kern noted the formation of oxides of copper when steam
is superheated in copper tubes ; and G. K. Elliott found that under these conditions,
the copper becomes erystalline and brittle ; the cause of the disturbanee is indicated
above. L. Wohler and O. Bale studied the equilibrium of steam in contact with
copper at 450°, and observed no other than cuprous and cupric oxides are formed.

Water alone acts very slowly on copper ; this is shown when water is distilled
through a copper tube condenser, but M. E. Chevreul  reported that such water
is slightly contaminated by copper. According to M. T. Mengarini and A. Seala,
copper in contact with distilled water gradually yields a colloidal soln. in which
the particles of copper can be detected ultramicroscopically. Accerding to M. €.
Schuyten, copper reduced by hydrogen does not decompose water even if potassium
permanganate be present, nor could W. van Rijn or M. M. P. Muir deteet any
action of distilled water on copper. H. T. Barnes and G. W. Shearer could detect
no signs of the formation of hydrogen peroxide when air is passed through water
in the presence of eopper.

T. Carnelley showed that distilled water dissolves a distinct amount of eopper
on standing in eontact with the metal for an hour. The amount dissolved is inereased
by the time of exposure, and by the extent of metal surface in contact with the
water. 100 c.c. of water at ordinary temp. when in eontact with 2 sq. decm. of
eopper, dissolved :

Time exposed 1 2 3 4~ 6 24 48 54 72 hrs.
Cu dissolved . 0:035 0°050 0°070 0°085 0°155 ©0-168 0-210 0290 0-280 mgrms.
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The presence of solder diminishes the solvent action of water on copper, but is
probably itself readily attacked, since the solder functions as the electropositive
or sacrificial element in the solder-copper couple. The copper is always discoloured
if exposed alone, but with solder, the copper remains quite bright. The action is
less marked between 90° and 100° than it is at ordinary temp.

In view of G. T. Moody’s and J. N. Friend’s experiments on the rusting of iron,
and of B. Lambert’s experiments on the corrosion of lead, it is probable that in the
absence of air (dissolved oxygen), highly purified water would have no action on
purified copper. Indeed, G. D. Bengough and O. F. Hudson removed all but about
1 c.c. of air per litre from distilled water, and they could detect no corrosive action
on copper during the first 24 hrs. ; a very slight tarnish then appeared ; and subse-
quently no further action could be detected. According to J. Aston, when two
strips of iron in electrical contact are placed in an electrolyte, and a stream of air
is allowed to bubble about one of them an e.m.f. is established between the two
strips—the aerated strip acts as cathode. If one of the strips is covered with a
colloid, it becomes the anode. J. Aston also noted that the iron beneath a spot of
rust is anodic to the neighbouring clear metal. G. D. Bengough and O. F. Hudson
made analogous observations with strips of copper and cupriferous alloys.

G. D. Bengough and O. F. Hudson thus described the ionic hypothesis of
corrosion : Metals pass into soln. by electrolytic action whenever a clean metallic
surface is in contact with a liquid which contains ions less electropositive than the
metal itself. The nature and conc. of these ions determine the corrosiveness of the
liquid as regar