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February 4, 1953

Flight Rescarch l.aboratory
Wright Air Development Conier
Wright-Patterson Air Force Base
Ohio

Attention WCRRI.
Dear Sir:

Enclosed are 11 copies, including one reproducible copy, of a tech-
nical report cocvering the first quarter of work done during the period June
23 to Septermnber 22, 1952, under Contract No, AF 33(616)-232 on "Investi-
gations of Rhenium'., Copies have also been sent directly to those on the
attached distribution list,

This report -overs an ~atensgive suivey of the literature on rhenium,
So far as we are aware, it ¢ -u  as or summarizes all of the known tech-
nological information o *z .n. Also of considerable interest tc the
reader will be the section on the projected as well as the known uses of
rhenium,

It is the conviction of the research groups at Battelle concerned with
rhenium that this metal is close to the stage where its great potentialities
may be realized. We are now in the process of conducting experirnental
work toward this objective,

Yours very truly,

R, I, Jiafiee
HIJ-mpl
Enc, (11)

cer st Liewut, Joho €, Xoampnb ys
Thisf Contwact Reanch

Colunbus Weoegion - d SebeCiiioee
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INTRODUCTION AND SCOPE

The first phase of the research prograrn being conducted under Con-
tract No, AF 33(616)-£32, designed to investigate the physical and metal-
lurgical properties of rhenium, is presented as this literature survey. To
provide a sound basis for future experimental work, the survey includes all
available data on rhenium, compiled and edited so as to present a complete
but compact picture of the metal as it is now known,

This information, accuraulating in the literature for the past twenty-
seven years, has been classified into such major fields of interest as the
history of rhenium, its occurrence, recovery and production, and its physi-
cal; chemical, electronic, and metallurgical properties. In addition, since
a basic aim of this project is to evaluate, and arouse interest in, the pro-
spective applications of rheniuvm, 2 guite complete scction on the past,
present, and future uses of the metal he: been included, All of the refer-
ences on rheniurn, even thase of only very remete value, have been listed
in two distinct classifications: thoss which apply directly to the text, aud

thosc which have not heen wilizged in the tewy,
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e gpene cal, i was fouad that infoewation o the chemical prupeaiies
of vhenivea was abundant, RExtensive work has beon done on compound
formation and analysis,  Howewver, phyvsichloconstont data were extremely
acarce and usually only one souvce of information was available fov thess
propeiiies that were found. ‘T'he physical metallurgy of rheninn is virtually
aun wnenploved field fud otfers ample svpertnenial apportunitios,

DISCOVERY AND HISTORY

In the year 1869, the Russian chemist Mendeléef published his now
famous periodic table, Numerous blanks appearcsd in the original chart,
and Mendeléef predicted that these blanks would be filled with then unknow.
elements; he also predicted the properties these elements would have, an<d
assigned atomic numbers and provisional names, In Group Vilb, heade
manganese, there were two unfilled spaces belonging to Element 43 and
Element 75, To these, he assigned the provisional names of eka-manganese
and dvi-manganese, respectively,

Despite near completion of the table by the 1940's, these two elements
were still undiscovered, In 1925, the situation changed markedly, with =al-
most simulteaneocus claims of discovery of Element 75 by three separate
groups of workers,

W, Noddack, I. Tacke, and O, Berg(l’ 2), German chemists, were
the first claimants, From the predicted properties of Mendeléef, the
natural occurrence of elements, and studies of the properties of manganese;
they reasoned that the missing elements would be associated with platinum
and would also occur in certain other ores, principally columbite. By
chemical concentration of columbite, sperrylite, gadolinite, and fergusonite,
they produced a product, which on X-ray analysis yielded spectral lines
indicating the presence of eka- and dvi-manganese. They named the elements
masurium {At, No, 43) and rhenium (At. No. 75), and also predicted their
abundance in the earth's crust te be 1013 and 10-12 parts, respectively,
The name ''rhenium' was in honor of the German Khineland.

Meanwhile, ¥, Loring and J, Druce in England, while examining
pyrolusite and crude manganese compounds, concentrated a new substance,
A few months after the German claim, Druce 3) reported this substance as
dvi-manganese, aud presented chemical and X-ray evidence as proof,
Lering(‘* predicted it would form a serics of oxides, of which the highest
would be of the type M;0,,

Also in 1925, V., Nolejek and J, Heyrovsk’(b) detecied an impurily
the elecirolysis of rmanganous snlfate solntions with the then uniaue
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Concontration of the impurity gave the charsetesisiic lines of Element 75,
Years tater, however, Heyrnvskﬁ(é) admitteid thet the polarographic steps
at -1, 0 and «1, & volts found in pelavogyarms of cominey cial LA RS
solutions, which were the bagis foy his rhenjum claim, woust have hoen due
i othe 2 elements,

Shoitly after Dolejguek and Hﬂyrﬁvsk3‘}' & "discovery', they commmenced
criticizing the work of Noddack, Tacke, and Bery, claivaing the Gevinans'
Hevay lines were due only to thallium and zinc, The Noddacks® and Berg
defeuded ihemscives(?s 8) and prosonted more evidenes, Oeue=(9,10,11)
and Dolejfek and E‘i’@yrovsk{f(l“’ 13, 14} 5350 presented chemical and X-ray
evidence to add {v the polemic situation, Russian mve stigaturs( 15, 16)
stuwlied numerous platinuin orves and vigorously denied the presence of
rheniuin therein. To further complicate the situation, Prandtl{17) and
Herszfinkel(lg) in 1927 denied that any of the foregoing scieniists had fouad
Element 75. Their main reasons were that other elements, principally zinc
and thallium, were being mistaken for dvi-manganese in X-ray photographs.

Whether the Noddacks had actually found Element (5 in 1925 may still
be problematical, but it is certain that by 1926 and 1927 it had been sepa-
rated ancz concentrated by them, for work on its properties had com-~
menced, The name they had given it, rhenium (Rhinemetal), soon came
into general vse, and today Noddack, Tacke, and Berg are recognized as
the discoverers of rhenium, 20) Element 43, now called technicium, was
never produced by the Noddacks in any quantity and they are not credited
with its discovery. Their early work was well summed up by Von Hevesy 21)
who presented the following tabie of Roentgen spectra as their proof:

_ Element 75
La, La, Lgy Ls, L5,
Observed 1429.9 1440, 7 1235, 0 1204,8 1216.0

Calculated 1430. 6 1440, 6 1235, 5 1204, 1 1216, 9

Von Hevesy explained that even though the Lo line coincided with the Zn
Kgq line, it appeared too strongly to belong to zinc, The Lg, line coincided
with that of W L, g’ but it was far too intense to be the tungsten line. Lf’z
and Lgy match up with T1 Lgj and Tl Laz, but are of the expected rhenium,
not thalliuvin, intensity., The line L,,,a ie characteristic of rhenium alone,

On the other hand, the work of Dclejﬁek and Heyrs@vsk{{, as well as
that of Dvuce, was severely taken to task by Hurd(22) some vears later,
Hurd and ce-workers at the University of Wisconsin experimented ex-
tensively with manganese and pyrolusite ores, using procedures developed
by the Furopeans, Hurd emphatically denied the presence of rhenium in
detectable amounts, and after testing ore to which rhenium standards were

vweimr Noddack mmiried Mn Tache in A6ed, mns ves Geappenioncs of @i noine Tacke fom tha wons
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pucuascdy addod, fe ciaied that T clabaoin condd hove Toead vheaima enly
by "an omaridng secuence of jipcvomplets precipiiaiions, compleie veductions,
and fremendons shoovpilens", It was ahout this thme that Ei{;yxovgk_g JSISEI
lished hiz aferenentionsd refutation of a rhenivwm discovery claim, ondd
Hurd? o findivgs prompted Druce to publish a statement to the eifect that he
really hadn't been trying (o claing discuveiy all alowy, Diuce hes continued
very active in the rhenium fieild, He has written «any reviews in the past

iusn, (23 in

tweity vears, and has culminated ibhis work wifl
1948, This is the ooly modern authordative fexi va chepium, and covers
the chemistry field exceedingly well, It 18 notewortihy, bowever, ilhai
Druce appears to be prejudiced against the Noddacks, and seems to con-
tinuously attemapt to cloud their now substantiated claim for discovery, both
in his pepera and in the book, This prejudice must be borne in mind when
reading Druce,

OCCCURRENCE, ABUNDANCE, AND PRODUCTION

Originaliy, the chdacka“) estimated the rhenium content of the
earth's crust at 10714 parts. This value was later revised upward to about
4 x 10~7 parts after analysis of numexous minerals, Thus, rhenium is about
1000 tixznes more rare than molybdenum, anrd 10 times more rare than irid-
ium, 24) Analysis of meteorites, to find the ‘'natural" abundance of rhenium
at first gave theoretically low results, (25, 26) ¥urther analysis of meteor-
ites showed the early results to be faulty; Goldberg and Brown{27: 28} found
from 0. 28 x 10-6 (o 1.48 x 10"6 part of rhenium present, values with good
theoretical agreement, A possibility exists that rhenium is also present in
the sunié? , but if so0, its concentration is minute, (30} Fraunhofer lines
show the strong Re 4889, 38 A line missing. (31

Numerous practical sources of rhenium have been uncovered, The
basis for this information was also laid by I, and W, Noddack(32) who
analyzed cver 1800 minerals, Figure 1l shows the locations from which
szmples were procured and analyzed in the Scandinavian Peninsula.
Others'??) have also searched for rhenium. The richesi known sources
are presented in Table 1, in a roughly chronological oxder of their study.
it is immediately evident that early production of rhenium was from sparse
sources of the metal indeed, Recent findings have uncovered relatively
rich sources of rhenium,; some concentrates, particularly molybhdenite, con-
tain nesavly 25 per cent, Kronman 3%j has suggesied thai rhenivm proubably

accumulates in carbon-rich rocks alzo comnlaining sulfur,

praduction of rhenium in the United States,
it partislly for 7 reduction in pyice of rhenium

these NEwW SOUrcEs accuur

gince the savly dove of German praductic . In 1930 the price was about
VB3I per puend 02 iktocgh ®oo11{36) Listen the Mprewsr price! as $4725
F—
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Souice Geographical Location
Aldeite MNorway
Thoriveliite Norway
Coluniibite Norway
Molyhdenite MNorway
Molybdenite Japan
iolybdenite Stheria
Molyhdenite Colorado
Platinnm Ores Urals
Gadolinite -
Gadolinite Flnland
Potash Wasie Gatmany
Coppes Slate Mansfeld, Germany
Mangansse Ore Arkansas
Copper Ore Arizona
Molybdenlie Domestic U, S,
Molybdenite Lainefau, Sweden
Anode Sludge Norway
Gold Exuaction Slag  Zmeinogarsk, Sibeiia
Molybdenite Horthem Wisconsin
Molybdenite Unknown
Molybdenite Stavenger, Notway
Molybdenite Africa
Molybdenite Arendel, Notway
wulfenise Unlnown
Molybdenite Kounrad, Kazakh
BMolybdenite Tyznyauz, Kaxaklh
Molybdenite Chikoy, Kazakh
Molybdenite Australia
Glimmeracheifen Norway
Flue st Milaml, Arizona
Flue Dust Miami. Arizona

Kennecott Copper Company
Riaghem, Utah(Kennecott)

IMPORTANTT WORLD SOURCES OF RUBNTUM

ISR 3

nlipusiion o) nent,
Basle Mineral ppm‘
(73, HHSIO, 0.6
ToSigtyy 0.6
{Fe. Mn)NbyO, 0.2
MoSg 21 0
MoS2, 10. 0
MoSy 0.6
MoS,, 1.8
- 0.8
- [}
- >24L0
Cus. MoSg 5.0.
- 10. 0
Cus{?) -
M052 50, 000
MoSg 259, 800
MoSn ~
MoSe -
MeSy 320, 000
MoS. a10, 000
MoSg 280, 000
MoSg 140, 000
%M'ooé Low
MoSy 14, 900
Mz 1204
Molqy 120+
MoSe 110
- Poor
MoSg 10-15, 000
mS«Z 3-3, 0G0
- 220

Analyee

and for
Reference

Noddack{32)
Noddack{32)
Noddack{3%)
Noudack(®?)
Noddaf;k(gz)
Noddack(32)
Noddack{32)
and W, Noddack(32)
. and W. Noddack{32)
Aarrovaara(38)

Anon. 39)

Anon. (40)

Tyler{41)

Tylcr“‘z)

Tyler(43)

Amipoff(43, 44)
Druce{4d)

Druce{(45)

Works($6)™
Geilmann(47)
Gcilmann(“)
Gailmann(‘ﬂ)
Geilmann{$7)
Gellmann(4?)
Stepanov{38.49,50)
Stepanov(48. 49, 60)
Stepanov(48, 49, 50)
Morgan snd Devies{®1)
FIAT #69705%)
Melaven(33)

Metavan:

Meilaver(33)

N. Y. Times(®3)

and W,
and W,
and W,
and W,
and W,
and W,
and W,
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Mwiavuaﬁr’g) hag inmvestissted over 108 domestic sources of rhendum.,
indicated that flue dusi froms cupper ores ciudaiubug soalybdenits,

ted by the Miarai Copper Company of Miami, Arizona, is one of the few
govivees of rhenium containing a suificiently high voluables conient io be
ecocsrnically sxtraciabie,

The world production of rhenium has been vevy erratic. Figure 2
gives a rough approximation of production, and shows how discovery and
utilizarvion of the Mansfeld deposits spurred early high production, (24, 30,
39, 40,54, 55 German produciion in the period 1939~1945 is unknown, A
reasonable assumption is that it was level or rose slowly from the late
thirties' cutput until the closing days of World War II, when all Germans
turned to work more directly concerned with the hostilities, 24) German
patents indicate rhenium was still available in ig“ﬁ early 1940's., Now,
France and England are producing rhenium , but their source of con-
centrate is the United States,

Mensfeld, Germany, is in the Russian Zone. The RKussians have
been interested in rhenium for yesrs as witnessed by their extensive work
on catalytic properties, It must, therefore, be assumed that production
of rhenium st Mansfeld continues under Soviet domination, The Noddacks(24)
estimated present world production of rhe::ium as 2 to 3 tons per year,
Since Britain and France, as well as the United States, are all producing
rhenium at a low rate, their totel production (estimated by the writer as
sbout 500 pounds per year) subtrvactad frcm the Noddacks' 2 to 3 tons indi-
cates the Russians have a healthy production indeed,

All rhenium used in the United States came {rom German sources
until comparatively recently. When it was shut off by the war, Professor
Melaven commenced production at the University of Tenneesee in small
quantities, (‘41) and when his process was patented in 1947, production in-
cress d\’”l Melaven has produced a totel of 200 nounds of metal since
1947, 33) so hie present production is assumed to he ahout 60 to 80 pounds
per year, He estimaies that expansion of his facilities would permit pro-

duction of approximately 50 pounds of meatal per week if a gowd concentrate
were continususly available for processing. The concentrate should be

available, for somie ﬁ;hras‘ﬁf’n indicate that U, S, production potential
is of the order of 29,000 to 30, 000 puounds per year,

Present world proeduction centere vnay thus he considered to be:

Manséicld, Gernmany (Russian dominsied)
Bulkhesh. Karzekh (Russia)
Frange
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6. Hennecoti Copper Company

1 s exiremely lmporiant v compare the above list with the table
s

previously presented tating wovld sonrces of rhenivm {page 6). The com-
; ‘ triking {act. As fav 88 can by a.coiiaised iruvia available
inforamiion, althoeugl Swedrsh, Novwegian, and . can ores or concenirates
contain the highest pevcentzyes of rheaium, noie - these sources are
presently being worked, From present m;t:,xﬁnft“é.s of potential production,

tho United Statea probably has the best resources ad best potential pro-

duction,

EXTRACTION

Numerous methods have been published and/or pateried for the
separation, concentration, and ultimate recovery of rhenium salts or metal
from the ores in which it occurs, Some of these processes seem to be too
complicated for other than inacrolaboratory production, while others, such
as that of Feit(56), are aimed directly at full-scale industrial recovery. All
of these methods depend upon certain of the characteristic properties of
rhenium and iis compounds, Some of these properties are listed below.

A. Insolubility of rhenium disulfide,

. High volatility of rhenium heptoxide.

High solubility of rhenium heptoxide.

Temperature dependence of the solubility of potassium perrhenate,

°

o0

Whatever the initial steps in the recovery process, the last step in-
volves conversion of some rhenium compound into metailic rhenium either
as a powder or in a consolidated form, These reduction processes are dis-
cussed at the end of this section, following presentation of the methods for
separation of rheniuwm salts,

The Ne&dack Processes

The first process developed by the Ngdéacks(ET) was that used in
r original detection of rhenium, Starting with platinum ores, they dis-
ived the ore in aqua r»gm, evapcratad the sclution, and then ignited the
siﬁmeﬂ 'The sqgua regia is 5(}1 nbiea were chiﬁrinated and reaiucmd. This
o §
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Note: Soviet production is not knownand not indicated obove. It may
be on the order of tons per yeor {see fexrll,

FIGURE 2. KNOWN PRODUCTION OF RHENIUM
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precipitation 2= anenoninn phosphomedybdate. This process was repeated
snmaty tirves untll fhe bolk of the molybdennm we wmavied,  The vhenium
was then coprvecipitaiad wiih ndckel, copper, .0 tron, pletinum, vana-

diwm, and ususlly resldus! molybdesum, 8ll aw niodes, Nicksl, cobalt,
vopper; aad lron were next separated by » hydrogea reduction, Re-solution,
reprecipitation, and reductlo « vecuvred, Rhenium was converted to the
oxide and sublimed, Water solution of the oxide and purification followed,
The final reduction produced the mecal, The process was iong and compli-
eafed, as many of the steps had o be done over and over, This process is
probably not sultable to large-scale commercial production,

One pateznt(éz) suggested a practical selective crystallization method,
whereby acid solutions of rheniurn salts were evaporated with other metal
galts, If the first setiling sults were removed, the liquid wus then found to
be enriched in rheniwm, Anvther method{83) was suggested {for separation
of rhenium from residues (probably from the Mansfeld copper schist), So-
lution in nitric acid was followed by chiorination and then acid precipitation
of the sulfide. The precipitate was cleaned extensively and finally converted
to a solution of perrhenate ion, Potassium perrhenate is insoluble in po-
tassium bydroxide solution, so by this action crystalline poutlassium perrhenate
was separated,

The Feit Process

The Feit process(56, 64, 65) was probabiy the most iruportant develop-
ment in rhenium recovery until very recent years, It was used for German
production of rhenium from a complex sulfide slime, the by-product from
refinement of Mansfeld copper schist, The method was cheap and relatively
simple, Slime wasz extracted with water, to which was added amimonium
sulfaie, Copper, nickel, and zinc were precipitated as double ammonium
sulfates, These were removed and meore ammonium sulfate precipitated
comnplex compounds of molybdenum, vanadiuin, and phosphorous, The
addition of potassiumn chloride to the filtraiz formed crystals of crude
potassiurm pervhenate. Several recrystallizations produced a pure product,
Reduction of the perrhenate at red heat produced impure rhenium metal,
which was purified by leachings with water,

Feit 2lro exiracted rheninm from molybdenun vigs, (24) In one method,
the pulverized p}.ha were treated with cold suifuric acid in « manner which
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fo ihe veduction procisses, FeifPD O faand thot i vYe ninees -

grovedng cesdy do e voduesd ot high temperatures with hydrogen, wers

srivad with a svhatancs fhat did ot 2Mew fusion of the coanpound at the ve -
ductivn tempearadues, vedeclioa would be considevably facilituted, Teow or
hematite, mixed with the reducible rheninm cormpound, will prevear ag -

g lennomoiion in thin moanar,

Feit'a procasces have prohahly been considesrably modified(68}, but
W . . . A . P
their wse continued in Gormaony at leasgi until 1946, (34}

The Drigga Process

The {irst American patent on commercial productior was cbtained by
F, Drigge. (69) His procedure was based on the theory that if reducing
agents such as suliur and phosphorus were removed from a rhenium source,
oxidation of the rhenium to higher o>ides wouid be simplified. The higher
oxide, Re;0y, was then volatilized, recovered, purified, and reduced to
the metal, ifost of the actlon occurred in a roasting step, where niter cake
(NaHSOy4) was ac vd to insure formation of Re 207. The process is shown
in a flow she “igure 3,

‘Russian Processes

The flret Ruesian work on reacovery was a %aborat‘ury mathoed de-
veleped by Krunman, Biblkeova, and Aksencva'l0) in 19433, Moiybdeniie was
dissolved in nitric acid, ths selution diluted, and molybdenum trioxide
filtered cut, The filtrate was distilled with carbon dinxide and then hvdre-
chloric acid to reinove interfering elements, Bulfidse of rhenium and
melybdenum were precipitatad with hydregen sulflde from acid solution,

r e Thenium sulllds wasg fr2ad from maolvhdenurm with hvdrexyouinoline,
Rhenlum was again precipitated, but by nitron as nition psrrhenate. Nitron
ie & common reagent for this task,

Industrial production evidently began when the Balkhash works in
Raaskh, refining mnlybdenum eres; wera invsstigated for the precsnce of
rhenium, Rhpnlun was being lost through the eteck during roasting of
molybdenite, 1) in 1938, weool bags placed {n the ateck to trap the flve
dugt ware found to retein some rhanium, Finally, in 19446, it wae reslined
that rhanium was preéssnt in esnziderably higher quantitics than previously
setimated, and Btopanovi®9) reacommended commencement of & rhenium-
axtraotion plan:. Ewxperimentz must heve kaen canductad, for shortly i

 WHS regcrtedt30) that flve gasas containing rkaniven, peésad through sn
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asbestos filter, vetained over %) poev cont of the metal, If the flue gases
were washad in a2 scerubbe., O o 18 per cont of the rhenium was ssaved., A
combination scrubber and eloctvofiite © eetain-d 24 tx 90 ney cent. It is
propatle vhai the Russians are now producing rheninwn af this plant,

The Tennessee Process

Rhenium was supplied to the United States by the A, D, McKay
Company of New York, prior to World War II. This was a German product,
and when war intervened, further procurement was blocked, The University
of Tennessee had been conducting research on rhenium and, with their sup-

ply cut off, began experimentation to produce vheniuin from domestic sources,

Melaven and Bacon{72) then patenied 2 process for rhenium recovery from
flue dust, The process is currently being used there(33), and the rhenium
is sold commercially.

A flow sheet (Figure 4) illustrates this process. Rhenium-bearing
flue dust, product of a roasting operation; is received at the University,
It contains molybdenum and rhenium oxides and molybdenum sulfide, The
concentrate is mixed with water and filtered. The scluble rheniurn heptoxide
is thus removed from the other more insoluble factions, The filtrate is
p.mped to & mixing vat and zolid potassium chloride added. This precipi-
tates crude perrhenate which is aubsequently purified, The procesas is
straighitforward and simple,

French Processes

Several patents appeared in 1950-51 on French work with rhenium,
All deel with the separation of rhenium irosn molybdenite and invelve in-
teresting processes, The first of thesel? required dissolution of the
molybdenite in acid or alkaline aqueoun gclution and adjustment of the pH
to 8 or 9. Then a sclution of MR‘ was added, where:

M=aN, P, As, or Sb
R = hydrocarbon radics]l, such as phenyl

A chloroform solution of tetraphenylarsonium chloride is an example, The
chloroform solvated the perrhenate and the aquecus solution was removed.
Then 12N hydrochloric acid was added (alone, or with reducing agents, or
0. iN perchlorate solution} te the chlozsforin 2clution, Rhenium passed
into the aqueous layer, which was distilled until the rhkenium started to
come over. The residual solution was processed to yield rhenium metal.

- = ATATRY L. a4 e

Bertolus‘\' "7 *~; deveioped a prucess which separated rhenium {rom
rzolybdcnum by fracticnal volatilization of the oxides., Copper sulfide ore
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was selediively flotaied Lo give a product rich in molyvhdenite, coni-ining
1:3000 1o 1:5%00u parts of rhonlam,  Tue suolybadeinte was ithen 10asicd in
aic ai 500 to #2006 &, When sulfur in the concanmirate stavied o cuidize, the
» weme nsid Town fo Sbheat B0 e G007 by

f oy e n Bl e e onor =y & -
e T > guathmrmic,

SR SR TnO B2t
conling the ovidizning gases, Alver sullur cowuyal was Cusapleis, L3

A £
formed. This war allowed to velatilize, hul ihe femoe rainte wae héps Lo -
tosy 700 O b prevent valzvilimanion of the molybdenua uiade, Uhe gascs
e v vadwe s weidbh ool o Prent 1o a manlticyelons niocinitaier at 250 te

A eounitcrocurrent water washer rewoved meost o) the rhenlvin,

Uiie weidsoe, as entrained droplets uf solution, was remnnved in anuilier
cyclonz precipitatoer, This process is simple and continuous; 1t is prebably

-t

ansible for present French produstion of rhenium,

Ion-Exchange Separation

Very recently, Fisher and Meloche{76) have reported ovu the ion-
exchange technigue as applied to the separation of rhenium from melybdenite,
They stated that in 1947 Alexaader, at the University of Wiscongin, separated
rhenium and molybdenum as perrhenate and molybdate, using the anion-
exchange resin Amberlite 1R-4B at a pH of 4,8, The column was elutriated
of the moiybdate with buffered sodium hydroxide.

Fisher and Meloche continued this work, but decided to use Amberlite
1RA -400, an exchange resin with greater basicity than the 1R-4B. A so-
iution of perrhenate and molybdate (ratio 1:3000) plus 10 per cent sodium
hydroxide was paosed through an exchange column containing the Amberlite
1RA-400. Cme hundred * 0.5 per cent of the molybdate was recovered in
the effiuent, The perrhenate remained in the regin. The column was
washed with water, dilute hydrochloric acid, and finally 7-8 N acid, This
removed 90 & 2 nar cent of the avaliable parrhenate in 2 concentrated state
wkich was easzily converted to a useful cryatalline compound.

The process ia excelient, but obviouvaly expersive and definitely time
consuming, Thirty hours actual running tirne were required, Ion exchange,
however, is & growing field, and this process achieves a truly compiete
ssparation of these difficult-to-sapsarate components, Furiher deveivpment
may make this procesas economically {sasible.

Miscellaneoua Methode

It was early lu;gutod(“) that a low=tamperature roast oi copper
schiat residues contelining molybdenite would sllow leeching out of the
rhenium as potassium perrhenate, This is somewhat analogous (o the

procsss disziczad in Melavenl e parent,
¥
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rdveb of th Russian work bon inenlead the uee of special distillents

.- . . Ierri} e s s g P
sy s coeieea dioside and hydvochloric acid, LiD} Originaily otilized o
rentove Lubuvities, @ tvdeochlueic acia distibiaiion was laier nsed{78) 1o

oar suifecis o2cld boghs,

Gestdll Y rheninig bentachlovide frow nite]

Au wili be noted in the analviical chernisivy aection o1 this repart, it
hag been known for snome time that if precipitetion of vhenium suifide fvuin
an aikaline sciulion ceuld be ciivctad, separatio: o ou auolybdeinn would

e velstively simple, Molybdenwmn sulfide is fully soluble in alkaline so-
ivtion 25 is usually vhenium sulfide. However, V:\igf(79) fonnd that if an

alkalive sclaiion comtaining inviybdenum aund rheaivm suifidea {saturated
wilh hydrogen sulfidej were cooled below -5 U, rhenium suifide would
precipitate leaving the molybdenuin in solution. "his was applied to re-
covery of vheuiwa frown 2 {urnace pig.

Hixson and M;,"'“T(BO) used organic solvents to recover metal values,
such as rhenium, Irum their compounds by interrelated cycles. The
vhenium-rich ore or izilings were dissclved in acid. The metal valencs
was adjusted to allow future solubility in some organic solvent, but the
rhenium radical was kept in combination with the elements originally
present; i,e,; still in agquecus soiution, The impure agquzous soluticn was
extracted by a hydrophobic selective organic solvent, and the sclvent sc-
lution was then re-exiracted with water,

Rhenium present in smelting residues and zinc dust, in Japan, (81)
¢an be leached out with water after a sulfuric ecid trestment, Also,per-
rhenic acid in sulfuric acid solution{82) may be separated from molybdic
&cid by adsorpiion on Norit (vegetabie cher) which adsorbs molybdic acid
more slowly than perrhenic acid, Evidently thisz method has not been
attempted commercially,

L 4

REDUCTION TC METAL

Numerous methods have been reported for the reduction of rhenium
comnpounds to metal, The methods nearly always yield the metal in a
powdered form,

Reduction of Heated Ozides by Hydrogen

The most common oxide, rheajiumn heptoxide, can be reduced by
byﬁraggn<33), but with some difficulty as the hepioxide is =o highly volatile,
The initial reduction temperature is sliyr 1y above 100 C, where the re-
dUCiivn OCCUsS L Several siages. he yriiowish heploxide changes io

“may .
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gréfm,mbl)ue, then hiuchk oxides before the girayish mctal powder appears,
A ) !

tr oA S notes fani when (he Black rnonium dincide siats is reached, re-

ieiion temperature shonld be vaised to shove 583G {0 to obhdain the metal

T Fa
Far v iaw i,

Redurtion of Heated Sulfides hy [Tedranen
PO S bl L .

Powell{®3) recommends rveduciion of the heplusuliide as the best
b D . PP 15 -SP R O T | F N T B N LT'L. T [ Ty Sy’ oIl R IS TS
uyu; L!Bbl! B EVARANLLAGWILEE AL ds LbANINA, Ah 48% v A L% DINSAWGANIEE w2 k’\}buabl‘Alll e a b 22T LY
is satncated with hydrogen sulfiide, producing the hepiasulfide, This is
introduced inio ine reduction tube wet to prevent oxidation. The hepta-
suifide iz nonvelatile and veduces easily in hydrogen ot a red heat, although
sorme sulfur is retained in the metal, This is removed by continued high-
terupevature rYeduoiioa,

Reduction of Heated Halides and Oxyhalides by Hydrogen

According to Druce(84), hot hydrogen will reduce rhenium halides at
about 250 to 300 C according to the equation:

ZReCl3 + 3H, = ZRe + 6HC1

The inference is that the oxyhalides mey also be reduced in this mamner,
aithough ne further details are presented,

Reduction of Heated Perrhenates by Hydrogen

The most common methods for preparation of rhen'um powder are by
the reduction of either potzssium or ammonium perrhenate,

Potassium perrhenate is reduced with hydrogen(83) at a fairly low
temperature, The potassium is converted ¢o potassium hydroxide which is
W“l‘r‘b A2 T B N1} & A4 Elv.—'-‘“nll‘ W WAV R YW r - ,
removed by leaching with v ater, Repeated reduction? a\sd leachings are
usually carried out for two or three cycles, Melaven 3) reduces the po-
tassium perrhenate at 300 C under 3000 psi in a silver-lined bomb, The

reaction(84) is:
ZKReC, + TH, = ZKOH + ZRe + 6H0 ,
Unfortunately, complete leaching of the hydroxide is difficult if not im-

possible, and potassium perrhenate-preparzd meial usually possesses
some cccluded 530 (around 0,5 per cent).
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Amrmonive perrhenais can aizo be ceduced o the metal in a saullar
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wr water and ammoeniwm perrhensie prepased Hy BoLning gaacons | omonin
thvaugh the soluiion,  This ia then redneed io fhe ainisd nown |
Anct ale commenly need hecanse of s analeiics] value is
¥
nitron per: This organic salt has the rdvanfagna that it con sondily
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he reduced to recover the rhenium content, Aftcr awn analysis, the precipi-
tzte is heated in o current of hydrogen where it melts and broaks down AP
Alvonol exiraciion rexneves the organic components and the resultant wnass
is again hydrogen reduced ty produce a pure product.

Elecirolyeis of Aquecus Soluiiuns

Several ruthors, principally Héleman(87), Fink and I)eren(ggy, and
Netherton and Hoit 5 heve electrolyzed acid, aslkaline, and neutral baths
to give precipitates or plates of rhenium metal, Their work is discussed
below under Electirodeposition,

Thermal Diesociation

The first vepor depcaition of rhenium was accomplished by the
Noddacke(37: 99) who heated & 0. 02-mm platinum wire electrically in an
atmosphere oi rhenium chloride {valence not inentioned) at 1200 to 1400 C.
The chloride dirsociated on the hot wire surface and deposited rhenium on
the wire. Agte, Moers, et al. {91, 91A), uged the same process, but de-
posited rhenium on & 0, 03-mm tungsten wire at higher than 1800 C.

Chlorine freed by these reactionl(gz) will reassociate with a source
of rhenium in the syvstern and act as & carrier, continually depositing
rhenium on the wire, until all the rhenium is exhausted. Eventually, a
rhenium rod or wire with a tungsten {or platinum) core is prepared. This
process is important in the manufacture of lamp filaments, for which
several patents heve heen drawn,

The Thermite Reaction

The thermite reaction, so well known with iron oxide and aluminum
powder, can also be performed with rhenium dioxide and aluminum, (93)
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The veactiog is:

iad

Redd, + 441 = A0, b 3Re |

i)

et peredeces wesieitie vheatunl, which, of course, iuusi thea be separated
ivom the aluminum exide, a step which probuably precludes this reduction
method {romn evesr acquiring any commamercial fmportance,

CONSOLIDATIUN AND FABRICATION

Except for the vapor-~deposition processes, all of the abeve reduction
mcthods result in a rhenium product in powder form. The powder must be
consolidated into a useable maasive state,; even the vapor-deposited metal
should be further consolidated before a sound structure is realized. The
follovwing proceduras might be used for this purpose,

Electric-Arc_Melting

It is believed that rhenium powder or sections cut from a crystal bar
can be fused by arc melting with inert electrodes in a water-cooied copper
crucible or hearth, This melting method is being used extensively for
producing ingots of molybdenurn, titanium, and zirconium. If it can be
applied to the production of rhenium ingots suitable for fabrication, it
would simplify the consolidation problem considerabiy,

Sinte ring

Rhenium powder has been prease? into bars and electrically sintered
in hydrogen at 1000 C by the Noddacks, 37

A more complete description of sintering processes is given in Agte's
paper, (91, 94) Powder from the Siemens and Halske Company, possessing
& high volume and deep-black color, was pressed at 2000 kg/cme into a
3 x 3 x 40-mm rod. Presintering was carried out in dry hydrogen in a
tube furnace where the rocd was heated only to 500 €, It achieved sufficient
strength so that a hole for melting point determination could be bored with
a steel drill without crumbling of the bar., The rod was then sintered at
1000 C in hydrogen where it became very hard and dense; possessing a
platinum-like glaze, Mo inforination on sintering time or curraznt was
reported,

e
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Methads for sintering of rhbeniwm alioyvs bave been meniioned in patent
. . [a RaNre ¥R . .
Titerature by Kurtz and Wittiams(®?, /Y1, who recommend a sintering rsnge
of 15400 to 1850 O uader duvy hydrogen,

Wark;@i&j}y

(01 O . ‘ ‘ . .
Agic, ef al, 91, /4), found that rhenivm sintered at ‘'moderate! tem~

pervatures is byittle af roow femprvatuves, However, if sintering is cav -
ried out close to the melting point, a certain cold ductility is exhibited in a
compression tast (liberal franslation of "Zerkleinerungsversuch' gives
"erushing'' test, which may mean size reduction in o device such as a
machinist® s vise), High-temperature-sintered rhenivm can be worked at
"high temperatures’, Forging can be accomplished (in several stages) at
about 800 C, and forging and rolling can be carried out at ""high tempera-
tures",

The sintered material behaves differently than vapor-deposited rods,
which were descrvibed as very sofi and pliabie, akin to copper. These were
coiled, bent, drawn, rolled, etc., but only in small steps. The strength
increases during these manipulations,

Bridgman(97) reported that rhenium sheared quietly when subjected
simultaneocusly to high shearing stress and high hydrostatic pressure.
Many substances explode under this treatment,

PHYSICAL PROPERTIES

The physical properties of rhenium have been grouped under three
major headings: Physical Constants, Spectra of Rhenium, and Nuclear
FProperties,

Physical Constants

Atomic Weight

Rhenium's position in the periodic table between the Elements tungsten
(at. weight 183, 92) and osmium (190. 2), obviously places its weight between
these two values, L@ring(g‘s) first suggest=d an approximation of 187 fox
the atomic weight, and then Waashburn 99} calculated 187. 4, 2 value later
shown to be slightly high, From the specific hea.t(]-‘m‘), the atomic weight
T o mrend TAméStd @ Bawwer frmum Cooasmgd 08.- ‘f'*!t'.’;at}a
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Uhe firgf experivioutal defevimiaziion was by the N"ii‘:"("‘*bﬂ\lu"‘;j wiin
st on IBB, YL & D, 05,

Y rzpeated this and obisiied 188, 7 £ 0,25, but thess values

rediare:d rhoniuim disuiiide o hyarogen, Lo elran: o
Sehac ur S ” “‘3
were also hign due to LllLOETiPlttm veduction of tha rhosboa disalfids,
Hdnigachmid and SachilchenllCl) converied silvr e poerhencisz inio silver
bromide by & painsteking srocedure,  The perrhenate was prepared in a
very puse rhsie seversdiioss by thoee difflereni poocednres, The products
wers dosed, aml Phe avachion cosupleiod; wetght slenlations gave a result

aof 186, 31 2 03., Fhis was accopted by the Gerspoen Atomic Weight Com-
misgion in 1‘)51' 104). and has not been challenged since, although A‘%fmﬂlo )
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isoisnan, Re 85 qna o187 The value 186,31 + 0, 02 is the accepted one,
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Rhenium was found to possess a hexagonal close-packed structure by
both Goldschinidt(106, 107) and Agte{%1,94), They disagreed on lattice
consisnts, so csther investigators alsc meade measurements., Results of
thase measurements and the calculations of atomic radius and volume are
shown in Table 2, The values of atomic radii fall approximately between
those of tungsten and csmium, as would be expected from the periodic
position of rhenium. The laitice constants calculated by Moeller and by
Stenzel and Weertz seemn to be based on purer material than that of Agte
or Goldschmidt, as molybdenum would interfers with this type of data more
than potassium, Furthermore, the two values agre . quite closely, so the
results of Stenzel and Weertz are recommended as probably the more ac-
curate,

TABLE 2. LATTICE CONSTANTS, ATOMIC RADIUS, AND ATOMIC
VOLUME OF THE RHERITUM ATOM

Jattice Constants Atomic Atomic
a, c, Radius, Voluine,

Investigator Year A A cfa A A® Remarks
Goldschmidt 1929 2,752 4,448 1.616 1.3M 0. 3% Mo
Agte, et al, 1881 2,785 4470 1. 616 1,382 0. 3% Mo
Moeller(108) 1931 2,758 4,450 1,618 1.378° 0. 5% KoO
Stenzel and Weerrz{10%) 1933 2,7853  4.4483 16148  1.3777
Blitz and mmex(“") 1931 B. gyee -

The iz2ttlrce constants 'a) are gcovesie 1o gn ﬂﬁa A exz:ept lho e found by SL mel and Weerus whi«.h afe
clsimed o be sccurate o 10, 01%,

*Calculated by the wiiter
“ht abmiute 2210
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Thue eyatal stvucwures of a few rhenium cowmmpounds have been re~
novie:d, iha type and dimensions of which ave verovded 1n Table 2 in the
{hemical Fropesties section of this rsport,

Densivy
Using the atomic weight found by the Noddeo)-: (“"1), Guldschmidt( 106,
12y - - P . . . . P . . .-
107} calculated the density oi metallic rhenium a- .1, 33 {containing 0, 3 per
cont molyhdeanum), This was covraected to 21,40 + 0, 06 fory pure rvhenivm,
o s 33 , . . : ; .
illowever, it is knownl 103} that Neddacks! atomic weight is a false basis fox

caleulation; as a resuli, Agie(9194) calculated 20.53 from the presently
accepted atomic weight of 186, 31, Experimentaily, he found a value of
20, 9 for annealed rod, Agte's calculated value i< accepted today,

The densities of numerous vhenium compounds are recorded in Table
3 of the Chemical Properties section,

_@Aelting Point

The melting point of rhenium has, more than any other, stirred the
imaginatinn of scientists, Rhenium has a very high meliting point, second
only to tungsten, Agte and co-workers(91,94) used the drilled-hole method
(in an argon atmosphere) to find a value of 3440 * 60 K. Their rhenium was
procured from I. and W, Noddack, and contzined only 0.0l per cent im-
purities., Shortly thereafter, Jaeger and Rosenbohm 100) reported 3160 C.
Within the limits of accuracy at such high temperatures, the values are
identical. 3440 K is the most commonly used value in the literature, Melt-
ing points for tungsten and rhenium on three temperature scales may be
tabulated:

Meliing Point
Metal . C K ___F
Tungsten(ln) 3380 3653 6110
Rhenium 3170 = 60 3440 = 65 5740 + 110

Boilinlpoint

The boilinF point of very high melting metals is difficult to determine,
bui Richardson{112) estimated by spectroscopic techniques that carbon-
saturated rheninm {rheniu-n tekes up little carbon) boils at approximatel
5900 C. Tungsten boils somewhere in this neighborhood; one source(113
listed 5930 €. Thus, the beiling point of rhenium is one of the highest
known,
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RQQZ;C]% - 78,9
T:'“’_‘_(}'}: - HE, 9
HeO,Cb — 16, 4
o onast significont of these three valnes is 76, 4 bheceuse the authors found

ibai 11e0qCL was colorless, wmobile, and casily pudified, and pascoceed a
ooty mweving rainicous,  The value fov ReOz(le in cunsidered inaccurate,
Luecauze it gave a poorly defined miniscus, cven though 78, % is close to that
predicated on the basis of the parachors of tungsten and osmium,

Specific Heat

The specific heat was measured by Jacger and Rosenbohm(100) in a
metal calorimeter, from 0 to 1400 C, The valie at t degrees may be cai-
cuigted from the equation:

Cp @ 0,03256 + 0. 625 x 107% cal/g/C .

A mean value for 0 to 20 & is given as 0, 03262 cal/g/C.

According to » basic relationship revealed by Dulong and Patit, the
product of the saturation velue of the epecific heat end the atomic weight
for & matal {a 3R, where R la the gos constant (2 cal per deg). This value
is not adhared to by aill matals, particularly st eisvata? temggutumu. For
rhenium, 3R is surpasaad at =66 C. A value of 0, 0346{101, 118) cg; /g/c
hes also basn reported, but Jeeger and Rosenbohm's work appears to be
the most complete and accurats,

Lingar 1hsrnisl LapEAsivh

Ths lingar thermal ﬁx:msien of close~packed hexagonal rhenium was
determined by Agie, &t sl (71, 94) jeesuraments were takan at room tem-
pereture end 1917 C by X=ray methods. There was no varistion with tem-
pereiure snd ihe c-axis sxpansion was 2. 6 timss that of the s-exis, Ths
ToEuliy wars:

= 13, 4% w 1070 & &%
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Stuce ithe lnear capansion of glass 1s aboeuat 4,0 % 10 (‘, (116} it should

Per e nible fo o sopl dhewiura fo it

Gpccific Bloctvical doutaiance

The bhasic raom-ftemperalnve cesiativity of D onivvo has been mens -
ured by Agie, et al, (21, ('}'3}, o be 21 1 x 10-0 00y L (£ 15 per cent), for
hoth vapor-deposited and dravwa wire, The wires v ve 100 per cent dense
sud cavdadued Srapuarities This s the value sceepioed today,  The ternpera-
s Looiiivient vi Yooistaned Vo Thoe vaagc O 1o 100 O s Uhie constant valuc
3,10 = 103, Other values of the veustivity, p, and the temperature co-

fficient of resistance defermined by Agte and also by Meissner and Vmgt(l 17)
are found in Table 3. The ismperature range covered is from -271, 64 to
2710 €. The resistiv.ty of rhenium is approximately four times that of
fungsien at rvom Ltemperatuve and |, ¢ that of tungsten at 2500 C, This value
falls between those for lead and strontium,.

TARLE 3, THE SPECIFIC BELECTRICAL RESISTANCE OF
RHENIUM AT VARIOUS TEMPERATURES®

Resigtivity, o, chm-em Temperature Coefficient
After After of Kesistivity From
Temperature, Meissner Agte, 20C, C~
C and Voigt et al, After Agte, =2t al,
=271, 64 2.06 x 1070 -
-268.78 2.08 % 10~ -
-252, 8% 2.08 x 10-6 -
-194, 71 4,68 x 10-6 -
190 . 4.94 x 1070 1,65 x 10~3
-134, 77 5.39 x 108 --
-30 - 15, 4 x 10-6 3,35 x 1073
0 - 19,8 % 10-6 3,11 x 103
0. 16 18.9 x 10™¥
20 - 21,1 x 1078 3,11 x 10-3
100 - 26.1 x 10-6 3,11 x 1073
2130 - 125 x 10-6 2.23 x 10-3
2420 - 130 x 10~6 . 2z.14x10-3
2710 - 134 x 10~ 1.98 x 10™?

*Compiing, fsam dera of Agw ez a1 (91, 94), and Metsner and Vo!gt(nﬁs Other mmpu-ﬂnm msy be found
in vitort 2% gnd Noddanuld
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vt be considercd unknown,

Spoectral l".a‘-u:n:-;i\-‘iiy

Ul divat data on spectral emissivity weve caloubatedd by B cler and

. ¢ . , : e .

oe e (118D s ing vialues of the bluck-body melling femperatare found by
g1, B4

A LA

P, e ol and ihemselves, from the following couation:

\ Co 1
]ln Aoy me T T )
ATy, Ty

wheve

Ty = true temperature,

\
-
t

- brightness temperature,

0. 650 micron,

o
i

C, = 14,330, a universal constant for radiation processes.

The value of A, was found to be 0,42,

l.evi and Esperson(uq) reported a value of Ay, = 0,366. The black-
body teraperature versus brightness temperature of a rhenium surface
(rhenium plated on tungsten) is shown in Figure 5, compared with tungsten
and molybdenum.

Magnetic Constants

Rhenium was found to have a paramagnetism independent of tempera-
ture, in the early 1930's. Numerous papers were published, of which a
brief summation of the reported values follows:

Coefficient of Magnetism, Teinperature Range,

pate loventigatory . O X111 ST

1931 Albrecht and Wedekind(t21) +0,046 x 107 -

1933 Petaiis, Capatos &nd Kylu!udaiu“' 123) +88,7 x 1076 80, -23, -9

kT ) Perakis and Cnpnmuum) +0, 046 x 107° .-
20,087 x 1079 -

1934 peraide sid Capataal 120} 40,969 x 1078 20

(126) ¢

1835 Porakis and Capaisg ¢, 566 x 10 =140 i 28
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FIGURE 5. BLACKBODY TEMPERATURE PLOTTED AGAINST
BRIGHTNESS TEMPERATURE FOR MOLYBDENUM,
RHENIUM , AND TUNGSTEN

Levi and Esperson®®
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Perakis snd Capatos have done the only extensive werk in this fieid, so it
et B assvined thai thely latest values are the moat corvect. They alsc
determina? several values for the tmmmperatur.-indopendsnt paramacnetiem

3
S
tay @ity

{1
x = 0. 04 x 1p=6ii2t)
o maa . aaeg125)
Y B o Witeew G coes
¢{126)

=0, 049 x 107

ped

Thus, it can be seen that the specific susceptibility for Ret? is one-eighth
thet of the pure metal, assuming che last value ie rost correct., Ret4 hep
# variable paramagnetism, {127) Numerous values have been calculated for
rhenium compoundas 128, 129), the more important of which have been re-
corded in Table 9.

The magnetic moment of isotopes 75Re‘85 and 753@.187 was first
calculsted to (:e 3. 3 nuclear magnetons for both, but more recent work by
Alder and Yu 130) has produced these results:

Isotope Magnetic Moment, nuclear magnetons
75Re185 3.1433 x 0,006
25Re187 3,1755 = 0,009

This &ll supports the thesis that, for atomic nuclei with an odd number of
protcns and an even number of neutrons, the moment is from 4.6 to 0. 1. (131)
Perakis, Karantassis, and Capatos(127) found the moment of Re*? to be

3.83 Bohr magnetons, which agreed closely with 3.87 Bohr magnetons
determined experimentally, From this was derived the above conclusion

that Ret4 has a variable paramagnetism,

Position in the Electromotive Series

The clectroda potential of rhenium(120) versus the normal calomel
electrode in 2N sulfuric acid is 0. 6 volt. This places rhenium between
copper and thallium in the electromotive series, a mildly noble posaiticn,

Spactea of Rhenium

The Optical Spectyum

Messurerooais o the are spectrn of chenium commenced about 1931
when several inveoatigatnr«(132,133,134, 135} bocame intaraeted in thin

Ph""':::‘"::':?:' Maing rheninmg nitrate. Sahobzrilﬁ‘i

sy
§ measured the arc
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Dou traes fram PE0Q 0 K790 A with 2 lavge concave Rr sland grating, He
: ( 5, 7378 :
tuwret abott 210 lioe In the 2ome your, hiFipe-rs t MLFTCAES JER § T
1 i i e »
srdad ovey 3000 lines from measuiements taken

Boresu of Standards reod
teiwaen 2100 wed JE00 0, Doro poinasiam prrvhenate on silver electyodes
waz the smodinue, A for of the miars tronoaviant of thess lines are recorded
in Table 4 it3s natewrwmhy thei mleggess vepoiicd that at ieast 25 per cent
ol the lines shovred 'n’gpe:i‘ﬁne": atvacture, For instonce, the strongesi iine,
Shne e - ¢ —_.a )

Iy ' - e . - . s s
268%, 1D £r; ankan &l O nra iy Peaiie . o '.v’c_‘\cum,_h of this line ia

<
an averaxe of the wav tlﬁ!-gtb% of thess six components, This type of struc-
turs is showa iu Vigure 6, where the wevelengihs of the six compun=uia aue
alasc recorded. 500 of ti e lines showed an intensity greaier than 20U on a
1-to-2000 scale, These were classified as a comnination of 115 levels,
belonging to quartet, sextet, and octet systems, Meggers found the ioniza-

tion poteniial to be 7, 85 volts,

i’i

TABLE 4. MAJOR LINES IN THE OPTICAL SPECTRUM
OF RHENIUM

Wavelength, Angstroms Relative Intensity Remarks
3460. 47 600 Raie uitime
3464, 46 400
4513, 31 300
4889, 15* 2000 Strongest, biue
5270. 98* 400 Green
5275.57% 1000 Green
5834.31

*Strongest In the visible spectrum

Meggers(lsa) later explored the infrared region to 11,000 A, and
other mvcn.ga‘cars(nq 140, 141) suaplemented his work. .1ng(142) ob-
sexrved furnace spectra of tungsten and rhenium and concluded that all of
the rhenium lines originated in the lowest energy levels of the atom. These
arc spectes ave usofu! for quantitative anpaly (lfi_‘.Alt!mugh rigenium content
must be less than | per cest, Pifla dz Rubles detcrmmgd tb.e numbers
of Tay®s COFFespouding 8 rheniue coutents of B x 10-% . . , and
107°  Rhenium in materisls such as calcite and molybdenite ccncentratea
cair be dolermiagd ftonz 2,002 o 9, 1 par cent by using the intensity of lines

!« i 3‘
- e ] «
3451 RE, 24464,.47, nud 3464.72 A.5YF% Mapganose interfevas, up to 16 to
A9 pis cant, but molvbdenusr. doss not.




96219
FIGURE 6, HYPERFINE STRUCTURE OF THE LINE 4889 A
Meggers From Noddack and Noddack(37)

Englamam‘( 145) gtudied spectral distribution curves, and from these
caluclated phctoelectric thresholds,

Material Wavelength Remarks
Rhenium block 2677 A Not in vacuum
Precipitated Re 2671 Not in vacuum
Rhenium wire 28390 Partial vacuum
Rhenium 2799 Calculated by Fowler theory
Rhenium 2480 Probably best value for completely

outgassed condition

FEhenium 2487 Corresponds to exit energy

Thuz, the optical spsairwy of rheaium has been detormined feom about
2000 to 11,006 Angatroms,
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The W -Xoy Speairum

F ovayes were insirumental in the isolation of rhe*niunn(l’ 2,3, 5, 4]
and as a resull information on the spectrum of rhenium was available at an
early dare. The principal X-ray lines are reperted in Table b, The work
of eexly nvestigaiors was cheched by Cauchois 149, 150, 151), who has done

ef‘::ten:si;réf w]ngrk) in this fizld determiring soine of the less cominon rhenium
1157
A S y =8

lines, Other siudies on new or minovr X -y lines have been com-
o Be T e (153, 354) 4 oo, A148) (o, (155)
pictod by Lindbeses r 7 and Penthe (Na e u‘:;); Inglestamtt-’-

eries), and Kiinkenberg(!‘[’b). Klinkenbery not: .. that the bs electron
i3 miore tightly bound thon the 5d glectron,

TABLE 5. PRINCIFAL X-RAY SPECTRUM LINES OF RHENIUM

¥~Rzy Lines in Angstroins

Dolejfzk chgnand Tacke Wegner 161 RBeunthe Cauchois

Line 1996(14) 1926(101) 1926(746) 1928(147.148) 1936-7(149. 150)

L a 1430 1429, 8 1429, 97 1428, 8 1428, 97
1

La - 1440, 7 1441, 0 1440, 17 1440, 96
2

Lg 1263, 3 1235, 2 1238, 03 1235, 9 1236, 92

"1

LB 1204, 3 1204, 8 1204, 08 1203, 8 1204, 16
2

Lﬁ - (1216) - 12117. 6 12117.81
3

Lﬁ - - - 1256, 3 1258, 60
4

!‘ﬁ - - - 1174, 7 1174, 80
[

l‘fl - - - 1248.1 1248, 468
é

l“f? - - - 1183. 3 1183, 11
7

L ﬂa - - - 1160, 0 -

Lﬂg - - - 1162. 4 1162.48

l‘ﬁ - - - 1169, 8 1169.7¢4
10

Lﬂ - - - 1205, 1 1205, 71
15

L, 1059 - - 1058, 7 -
1

L - - - 1029, 8 1030, 258

‘g

L v - - - 1023.5 1024, 06
3

L v - - - 1084, 3 1634, 82

f e e stn S AR

'{;'-.4,‘;'5.;( 157) doterrmiinad rha relationabin hetween K K ., K:_m and K,
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Theee meothods weve used: the transition method of Kistner, the doeblo
filter methed of Rona, and the feiple filter method of Wollam,

’A‘FC_Kwabsorptinn lLimit for rhenfum wae listed as 173.5 A by
toland158) and Wenner15/037) | This was recently revised to 172,66 A by
Manescu. (159} Savesal rhysiciara have found the I,.absorption limits; theiy
wor k is simvnarized; :

Bouha(MB) i om(140,180)  Capchois(49)  pManessy 1613

Iy 9871 867.3 287,52 =
L ~ 1605, 4 10%4.13 -
Lip-whilte ay 10240 - 1034, 33

Y - 1175.5 1174. 63 1174.63
Ljjy-whitc ray 2174, 8 1172.17 1174, 05 1194.05

Manescu{l61} also studied and recorded the absorption edges for the
double hydrate of rheniuin dioxide and for potassium perrhenate. A high-
transmission region, o, and & low-transmiasion region, 3, weve found,

Nuclear Properties

Nuclear Moimnent

The nuclear moment of both naturally occurring isotopes of rhenium,
75Re 185 and 75Re’*87, is 5/2, (195, 162) 1t was noted in the Optical Spectrum
section that many of the rhenium lines are hyperfine. The hyperfine lines,
if resolved, show "Flag" patterns caused by a dimrinishing of intensities
from one side to the other. Since this "Flag' effect ig regular, both iso-
topes must have the same moment, 5/2. 163, 164, 165) This is character-
istic of atoms with two isotopes, of odd atomic number; and odd atomic
weight(lﬁé), and was verified by Schmidt, who also found that » = 3.3
Kernmagnetons for 75Re185s 187 gchiller and Korshing{i67) found that an
addition of 2 neutrons to the nucleus (Re!85 ——3 Re187) increased the ratio
of the magnetic moment to the atomic number by 1. 0108, This addition{}
produced only a smaii chmnge in the magnetic moment (about 1 per cent),
which is characteristic of other elements simailar to rhenium, such as
thallium and copper. Because of the production of a minimum change, the
heavier isctope has the greater magrnetic moment., These authors also
found marked devistion from the interval rule in the term fine structure
which allowed caiculation uf the guadrupole moment, +2.6 x 107 for the
LS coupling (verified by Solomon “9)), This implies a lengthened nucleus.
introduction of the two neutrons alsc alters the gquadrupole moment (a few
per cent) but in the opposite direction from the magnetic moment, The
isuiupe displacements were unoui &6 =« 10-3 f‘;m,ig with 7;Re137, toward
the reed, 1EN0VT70) has wommarized the information as follows:
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) ]
) g7 s P e/ 2 e/ vt - N B2 T 4 2 I il
75Re +é, 0 5/2 2d B/2 nvaions, Wy oA L/2(00e) positive O

I50iupes of Rheaiun:

Naturally ticcerxing Isofonea. 1t has been noted above that rhenium
has two naturally occurrinﬁ iaompes, 75Re 185 gne 753213?. ‘These occur
in the ratic of 1:1, 62(105’ 61) and the packing fraction is -1 = 2, identical

with osmium,

Of the iwo isotopes, qg5Re 137 j4 the more interesting. It is radioc-
active and gives off a 8 -particle, {12,171, 172) Jts haii-life was found to be
{4 2 1) = 1512 years by Naldrett and T.ibh (‘17‘“; this data was confirmed
and breadened by Sugarmann and Richterﬁ?” who stated that the half-lives
of 75Re 187 cluster into two groups, 4 x 1012 and 6.5 x 1012 years. The
B-range is 3,5 mg of aluminum/sq cm, giving an upper energy limit of about
43 ekv, qgRe 187 also possesscs a short-lived isomer, a comparatively
rare occurrerce among atornic nuclei, The isomer, 75Re 137*, was found
by DeBenedetti and McGowan{174, 175) who assigned it a half-life of 0. 65 x
126 second with an enargy of 0, 62 mev, They later(176) estimated the
half-life to be 12. 9% 0,.6)x 107 second. Its existence was confirmed by
Bunyan, et al, 177), who found a half-life of (5,26 = 0, 12} x 107 second,

The isotopes of rhenium are alse produced, of course, as decay
products ¢ 74W 185 and -MWIB'I. In fact, a study of the disintegration
of 24-hour -74W187 led to the discovery of 7sRew7‘. (174) 1 general,
74W185 yields 2 0. 55-mev g-particle when decaying to 75Re 185, (178)
74W137 decays to 75Re187 through emission of a !, 4-mev g-particle, or
a complicated sevies of y~ray emissiens, (178, 179, 180)

Perlman and Friedlander(lsl) bombarded 75Re 187 with 100-mev and
Lomsarad s .. _) vielda. relative to N14(y: ,',)Nl3 _yield

50-mev R~rays. They focund the (5,5, yield

a8 unity, to be 82,.5,82.0.

Arxtificial Isciopes

L)
e -
wies

f Rhenium, Numercus radicactive isotopes of
rheniura have been produced artificially, The firat step in this direction
was by Amaldi, D' Agostine, and Sigré 182), who claimed neutron bom-~
bardment produced a 37~hour pericd, This has not been found since, but
E‘ermi( 183} with the above zuthore, found a half-life of about 18 to 20 hours.
This was cnnfin;wd{la‘i), aid one of 85 hours was also found., Other in-
vegtigators soon were working in this field, their work being surmmarized
in Tahle b

v
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It can be scon frown the iable that about coven crtificial isotopes of
. N VBT s} 5 s N i
THETINITT HAFe NOW Hitiwerh, =g\ *‘“—', AR '33; iﬁi’_e 18 2 7r):3;: 33‘5\» .,5_{(8 188’
) i ery o 10 4 W L ) ’ . Lt
and probably 9gRe P 4ad yxPe 7t 2ithouph nnt reported in the tahle,
Y P R M . - " . . . N . . RS 'R
+5Re! 7% atzo nas evidently been prepared and “tudicd to = limited degree, teli)

: Y YT .

'f all thegs Re ®9 and 958188 330 by far the most common, and when
> 75 b ’ e

furined from riznium occour in cless s=opoartion to the nztural abundance of

. e - s 7 &
';eié.t’;_e‘ A8 snd jgitc 187 . (1"—“3}

In general, the preparafion oi the luw=i (saiopas of rheniuvin (?SRG;‘&‘Z,
75Re “’3,, und 75ie "-8‘&) Lias been by bombardment oi tantalum, tungsten, or
rhenium with 20 to 40-mev particlestii5%, 205, 212% 2. 00y deuies unat 1B7;
195,213)) or 10-mev protons{1€8, 195, 204,213)  r,, example, Gile,
Garrison, »ud Hamilton(179, 180) produced the following reactions from
tungsten and tantalum:

Talel (n,n)Rels‘i’ wlSZ (d, n)Ho 183
Ta'3! (4, 2n)Re 183 w183 (g sn)RelB3
Tulal {o) %:\)Rﬁlg‘i wids (d,n)llglﬁ-@

wiB4 (4 snRelB4
wiB2 (4 pnjke 84

The comrmon isotopas such es 4 Re 86 4ng 75Re138 are produced bY
irrediation of rhenlum with Xenre.ys(l%,‘g or slow and fast neutrons(185, 2l4)
irrediation of compounds{194), or irradiation of some other metal(191), The
higher isctopes, 751!3359 or 75Re %1, are prepared by neutron cr X-rey
irradiation of rhenium or some other neighboring element, (201, 202)

Other Nuclear Properties

Rhenium was found by Goldsmith and Rasetti{215) ¢o exhibit resonance
capture for neutrons of high enecrgies (30 to 8% v}, The capture cross section
for alow neutroans was calculated by Sinma and Yamuak{(“:), who found a

} gl 2. wn_ IRR __, _

cross-tection value of «» = 85 x 10" cm~ for 75Re-""- and ¢ = £2 x 10%F om
for 75Re187  The thermal-neutron cross section reported by the AEC is
84 barne per atom (217} Seren, Friedlander, and Turkel{218) measured
these properties of rheaium powder as listed on gage 38, $5Re185 possessed
a large capture cross section according to Cork(193) and also according to
Hibdon and Meuhihaun(“g}, whg did further wozrk on this gsubject, Harris,
et a1, {2 ?-0), measured the neutron.absorption cross secticn for rhenium in
the nsutron flux of the Argonne !)eavx-water reacter, and found the opje
to equal 120 barns, Fomerance 22%4) duiermined the thermal nentron-
capture cross section to be 84 barns, Maeublhaus2{221) 2120 meaaured the

"""""""" mber of - ~ysve and v /osutron capture for rhenium, The value
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TABLE & INVESTIGAYIONS ON THE

P T T S
Rz, T Enecgy, | Typeof Enmgy,  Type of
e _"‘,‘”’“ o _,,..,,8..‘_‘, _ m..!:“,,_.h. Half i.lfe awv fadiatlaon Half Life hev »Mgadloﬂm'
Fepmi, et &l 18 1438
Hughatey, st al 154 193
Simma and Yamasaki 185,186 1939
Fajsns and Sullivan 187 1540
Crautz, ol 3, 133 1840
illar and Curtiss .} 146
Hess, et 2l 138 %7
Goadman 2nd Pool 181 1547
Waktenborg 12 15¢7
Cotk, stal. 193 1548
Mandeville, et al. 194 1348
Fitiiamson and Hicks 1% 1388 s 411,027 Particles 13h 18 y
0.6 Particies
822,15 ¥
Parlman and Frisdiands: 1% M8 - ~ - - -
Corn a7 1 - - - - - -
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Natural chand-nee, pe: e 3a, 0 1,8
Hal{-life 8 + 1 1sotope. honrs 30 18

Icotope cress section, borns 1 75, 3%

Natural atomic cross socfion, barns in. 5 46,5
Error, per cent Lo + 20

RiGuo abosorptinn coeilicweni of -0 ¢t te,
2 . : - :
cm*“/g of aluminum T, Y h.H

Dempster' s packing-fraction curve indicated that no X-rays should
result from K capiure; this has been substantiaied by experiment, (222)
The low-energy-neutron resonance absorption, scattering intervals, and
resonance scattering fractions Tn/T for 75Rean =0, 11,(223)

THE ELECTRONIC PROPERTIES OF RHENIUM

Since the discovery of rhenium in 1925, a comparatively small arount
of work has been done on the investigation of the physical properties of the
metal. This appears to be a result, at least in part, of the unavailability
of sufficient quantities of the metal in a high state of purity. It is highly
probable that if sufficient use is found for rhenium, a suitable means of
producing metal with the required purity would be developed. For most
electron-tube applications it is desirable to have the construction materials
of very high purity, or at least of a controlled-impurity content.

Rhenium is believed to have physical and electrical properties which
might make it a desirable material for ceriain electron-tube applications,

Emission Constants

Only two sets of emission constants for rhenium have been found in
the literature. The first measurement ¢f the emission constants of rhenium
was made by Alterthum(lzo,. These were determined tor a surface of
rhenium deposited on tungsten by vapor-phase decompusition of a rhenium
halide. The values which werc reporied are a work function of 5,1 electron-
volts when the Richardron constant is 200 amp cm~% K2, The secund sci
of constants, as determined at the Philips Laboratories by Levi and
Espersen, (see Figure 7) gives a work funcrion of 4, 74 electron-volis with
a Rirhardson conetant of 720 amn cr~Z K=2_ (U19) The surfsce used was
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J is the meagured cminssinn vureent in amperes om <,
A is the R.chardion constant,

T is the temperature, K,

¢ 18 the work function,

K is the Boltzmann constant,

Theoretically, the Richardson constant should be 120 amp em 2 K¢, For
most metals the experimental value for this constant is about 60 amp cm~-2
K-2. When the value of this constant significantly exceeds the theoretical
value of 120 amp cm=2 K-2, or, in the case of metals, 60 amp cm=-2 K"Z,
there are usually impurities present on the surface of the material. (224)
For this reason it is believed that the emission constants which have been
reported for rhenium are not those cf the pure metal. The existing
thermionic emission conistants for rhenium indicate that additional meas ~
urements will be necessary in order to establish better values.

Secondary-Electron Emission

The secondary-electron emission of rhenium has been mesasured for
bombarding energies of from 50 to 8000 electron-volts, (225) The maximum
yield of 1. 3 occurs at an energy of about 300 electron volts. For com-
parison, the maximum yield for tungaten is 1. 38. The most probable
anergy 0i yecondary electrong from rhenium was found to be approximately
5 electron-~volts,

Phataelectric Threshold

e e e 2.

The nhotoslecivic thresheld for rhenium was determined in 1933 by
x

Engelvaanu, (144} Mesanrements were made on raeniuwmu in buil Livch 2ol
precipitated form in systems which were not evacuaied, The photoelecrric
thresahold reported for rhenium in block form was 2677 A, The photoelectric
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ghvinelactsic throshold which was reported {for u vheaivon wire in a partisl
c Lol to be J830 A These thr_» values were caloulated feom
apscival-diatribution corves.

Whep the Fowler thea oy was used (o deterynine the photoniscins
threshold of the rhenjum wire in & vacuum, a value of 2799 £ 3 A waz found.
Thia threehold corresponds (o a paotogleciric work tunction of approximately
4. 44 electren-volts., With the usual experimentul .rocedures and technigues
for evaluation of the data, photcelectvic mieasure euis of the wurk fuuciion,
are not 50 sensitive to surface impurities and are more nearly correct than

o3 wrda drsm

o . e e : st SN

craaionic mzssursmenis, By comnarieon of the above nhotoslsctric
with the thermionic emisaion work functicn, sipericnced tecknologisic would
accept the photvelectric value as being most nearly correct. If this value is
correct, the work function for rhenium is slightly lower than the work function

for tungsien,
Hall Effect

Ascherman and Justi have reported work on the electrical conductivity,
magnetic increase of resistance, Hall effect, and superconductivity of
rhenium. (226) The Hall constant for rhenium is reported to be anomalous,
having a value of +3150 x 10~6 emu, The increase of resistance of rhenium
in a magnetic field has the same characteristics as do other metals of un-
even atomic number.

Rhenium becomes a superconductor at a temperaiure of 0. 95 K.

Ionization of Sodium and Cesium Vapor
on Glowing Rbeniuin Surfaces

surface are 20 per cent and 50 per cent, respectively. 27 Tnis COmpares

with a value of 8.5 per cent for sodium vapor at a tungsten surface and 45
rer cent for reainm vanar at 2 tungsten surface The vield versus tempera-
ture relationship for cesium at the rhenium surface does not agree with
Langmuir's theory since the absclute values of yields are below the theo-
retical amounts, For sodium vapor this relationship is that given by the
Langmuir theory.

The yields of ionized atoms in acdium and casiun(r)“va or at a rhenium
P

Detector Effect of Rhenium Sulfide

The detector eifect of rhenium sulfide has bheen investigated by Tiede
- . f73RY o, . e 3o
@il dwmnirs ¢ bud MR LEMNEIITES paepmtoe senip 00 0L bl oAl nin,
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tungsien, and rhenium sulfides {or theiv {¢sts, The delectnr eiieri wasg =
measurable guaniity tor both molybdenurn sulfide und tungsten suliide. bui
{for rheniiom selfide the affecf waz co small thet o could ot be savcaswred

with the equipment which was at hand.

The Electronic Properties of Rhwnitnm as
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In order to facilitate evaluation of the possibility of vsing rhenium in
electron tubes, Table 7 was assembled to compare the more pertinent
properties which determine the performance of electron-tube components,
As may be seen from the table, the spectral emissivity of rhenium is the
lowest of those metals listed. This indicates that rhenium, without treat-
ment, is the least applicable where heat dissipation by radiation is of prime
importance. Rhenium has a higher electrical resistivity than any of the
metale listed in the table. This would allow wire of larger cross section
to be used for filament applications. The melting point of rhenium is second
only to tungsten for the metals listed in the table. The secondary-emission
yield is comparable to that of other metals listed. For most grid applications
rhenium would have to be plated with gold or nickel because of its secondary-
emission properties, Although the emission constants for rhenium have not
been well established, it appears that rhenium rnight be a better emitter
than tungsten. The information given in the table indicates that the boiling
peint of rhenium is comparable to that of tungsten, For most purposes it
appears that rhenium might be superior to other refractory metals in
electron-tube applications,

METALLURGICAL PROPERTIES

Information on the metallurgy of rhenium is extremely scarce, Only
one measurement of the tensile strength and elongation has been carried
out, and that on a very fine wire., A little more is known about rhenium
alloys, but practically nothing about the alloy structures has been recorded.

Mechanical Properties

Tensile Strengtih and Elongation

Agte and co-workers(91: 94) found the tensile strength of 0. 25-mm-
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Ha rduess
The an(‘i(’..t;'k'ﬁ(:‘l) fivst reported o hardne-:. of 250 Brinell, but did
not specify the state o purity of the rhentum metal. It was probably an-
nealed.  Fink aud Derend38) checked this with special measurements when
thev determined hardness values for electrodeposated rheniurmm, The hard-~
ness of the electrodeposited plate was o 2306 8 . ol compared with 400

L 1

for chromium plate and the for vaooaian plate.

In a study of the so-called "frictional strenpgth” cinoracteristics of
rhenivm-vsmiun allove, Winkle :-“{L’) found Vickers viluies of 247 and 637
for pure rhenium in the anncaled and cold-worked states, respectively, In
these ranges of hardness readings, the Vickers value of 247 is practically
identical to 250 Brinell. Winkler also reported readings of 463 Vickers for

annealed tungsten and 183 ‘o auncaled osmiun {(see Table 8).

TABLE 8. CHARACTERISTICS OF SOME OSMIUM-
RHENIUM ALLOYS (After Winkler)

Vickers

Abrasion Scralch Hardness

Alloy a C/a Resistance Hardness (annealed)
100-0Os 2.725 1. 583 100 79 438
75-25 2,728 1. 586 53 78 550
50-50 2. 740 1. 595 28 59 533
25-75 2. 750 1. 602 25 50 356
100-Re 2.754 L6l3 21 32 247

Recently, hardness readings on cross sections of hot-wire-deposited
rhenium were taken in this laboratory. The average hardness of pure hot-
wire rhenium was about 170 Vickers,

Frictional Properties

These properties govern wear resistance, according to Winkler(zsz),

who evaluated several metals from scratch-hardness measurements (Table
8). The scratch hardness was listed as 32 for "soft' and 36 for "hard"
rhenium. The former value can be compared with 34 for tungsten and 79
for osmium. From these scratch hardnesses, Winkler showed that "fric-
tional strength' increased from tantalum (atomic number 73) through
tungsten (74) and rhenium (75) to osmium (76) and then dropped off rapidly
for iridium, platinum, and geld (77, 78, and 79, respectively). Rhenium,
then, was second in “irictional sirveagth" only to vsuivin,
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Abrasion Resistance 3

In the above study, the abrasion resistance was determined to be 11
for tungsten, 21 for rhenium, and 100 for osmium (see Table 7).

It ig notewoithy th

at rhanium, although second best to osmium in the
types of properties just di

scussed, betters tungsten on almost every count.

Alloys of Rheuium

Tungsten

Becker and Moers(118) determined the melting points in the system
tungsten-rhenium, The alloys were prepared as small rods by sintering
techniques and installed as anodes in an electric-arc system. After pri-
mary ignition of the anode, the current was raised until melting of alloy
anode was observed, at which .ime a large melted bend was allowed to
form in the head of the anode., True temperature was calculated and the
results combined with the melting point determination of Agte, et al. (91, 94},
The resultant sclidus curve is shown in Figure 8, It can be seen that the
melting points of both pure metals were lowered by addition of the second
component, However, a maximum occurred at about 60 per cent rhenium,
which the authors assumed to be a new phase with a melting point of about
3010 C. The composition of this phase was equivalent to the formula
W;Res3, and it formed a eutectic with tungsten and rhenium on beth sides
of the maximum. The melting points of these minima were 2890 C and
2820 C, respectively. Radiographic examination verified the presengce of
the new crystalline form, different from both tungsten and rhenium (Figure
9). It was also shown that W Re3 was slightly miscible in tungsten as the
saturated solid sclution of the new phase in tungsten caused a lattice con-
stant decrease of 1, 4 per cent for the tungsten., Solution in rhenium was
not proven, A limited solubility for both tungsten and rhenium in the
WoRe; phase seemed to exist,

Small amounts (0.5%) of rhenium added to pure (tungsten markedly
increased the electrical resistivity(9 1,94) according to the following
figures: .

Wire Diameter As Drawn Recrystallized
.15 mum 11.5% 12. 3%
0.82 mum 13,.5% 14, 5%

Iron

This is the only binary system other than tungsten which has been
reasunably well 5t 4

335(333) found five nhases in establishing ithe

-~
a8 i e e
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equilibrium diagram up to 50 per cent rhenium (Figure 16). The phases °
are:

l. ¢-phase -~ This is probably FejRe; and showed a low
sclubility for iron down to room temperature, It was
very hard,

2, n-phase — A phase of wide soclubility, appuarenily

[l . | . - e 1 2 !1nr ”~
pDased on peine; jormen al 1203 O

3, S«iron = [Decomposes zutectoidally to y~ and » -phases at
1540 C,

4, y-iron — Face-centered gamma iron which
dissolves up to 40 per cent rhenium at 1205 C.

5. a-iron — Body-centered alpha which dissolves up to
29 per cent rhenium,

Carbon

I(xx general, rhenium does not react readily with carbon, and one
writer(234) reported that rhenium-methane react.vze were too slight for
observation. Another(235) gtated that no carbides were formed with
rhenium, However, Trzebiatowski(85) heated rhenium in methane and
reported an increase in the carbon content in the temperature range 800 to
2200 C. One per cent carbon was taken interstitially into the rhenium
lattice, causing an expansion to take place,

When rhenium powder was treated with carbon monoxide, a more
noticeable reaction occurred. The carburization effect depended greatly
on the activity of the rhenium powder; the most active being a fine-grained
product prepared by reduction of ammonium perrhenate.

lLarge-grained rbenium powder took carbon into its lattice from
carbon monoxide at 410 to 1100 C, which resulted in a greater lattice ex-
pansion than when rhenium was treated with methane, This expansion then
receded to smaller values (e.g., the solubility decreased) than those re-
sulting from methane treatment if the temperature was raised above 1100 C,

The active, smal’~prained rheniwn formed a new phase when treated
with monoxide at 470 C or at 600 C, One analysis reported by Trzebiatowski
for a 600 C test showed 4.9 per cent carbon content, but the other part from
the same specimen showed only 1,0 per cent carbon, pormally the highest
carbon content found. The new phase probably is rvhenium carbide or a
mixture of carbides. This carbide was unstabls at high temperatures, and
decomposcd above 1600 C to form: rhenium gaietal as one of its decomposition
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mediary between tungsten snd osmium, Osmium also does not form .

teraperaiure-resiaizal caraides,

M&raufy

During the electrolysis of agueous potassium gserrhcna.te(236), hy-
drated rheniurn dioxide, Re(;-2H0; and an amalgam were deposited at
the mercury cathode, indicatiang that rhenium dees amalgamates with mer-
cury. Druce 84) also rgported that rhenium formed amalgamas,

Tin

X-ray studies’237) have indicated that tin is not soluble in rhenium,
and rhenium is not soluble in tin,

Zirconium

Wallbaum(238) reported on the lattice constants of the compound
ZrRe
2-

Osmium

In his study on frictional strength, Winkler(232) prepared a few
osmium-rhenium alloys which he subsequentiy tested for abrasion resist-
ance, The lattice constants of these alloys, given in Table 8, show com-
plete mutual solid solubility,

Miscellaneous Alloys

Numerous patents and papers have presented other binary, ternary,
and quaternary alloys containing rhenium, These alloys were most com-
monly developed for thermocouples or high-wear-resistant applications,

An eariy patent(239) stated that rhenium will alloy with platinum,
rhodium, iridium,; silver, or copper, It was recommended{240) that a
3.15 per cent rhenium balance platinum versus platinum thermocouple
be used to replace the common Pt/PtRh couple. According to a Fiat
report{241}, the use of rhenium to replace 2l or part of the rhodium in
thermoccuples in this manner gvidently became fairly widespread iu
Germany in the 19307 s,
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It was also found 2t this wsoe ihal if Thenivm was added to iridium
in amounte up to 1 per ceni, better wire-drawing properties were ob-
tpined, (€42}

Several refractory alloys were patented by Hensel and Emmeri{243;
244} Chese alloys were reported to be fine grained, with low electrods
emissivity, and excellent properties for make -2nd~break contacts, Their
compositiong were:

I I i
Re 0.01-10 5.01-25 15-25
Mo 1-20 26-40 20-60
W Bal 40-30 40-60

HMard, white alloys of 2 or more per cent rhenium with a balance of
tungsten, molybdenum, chromium, tantalum; nickel, cobalt, or iron have
also been patented(245 » and are reportedly good for pen nibs. In addition,
alloys for pen nibs coantaining rhenium as base metal (50 to 99.9 per cent)
have been patented, (95, 96, 246) They are made by powder-metallurgy
techniques and may be precipitation hardened. Three typical alloys of
this latter type are:{52)

(1) 60Re 15Ni 10W 15Pt or Ru
(2) 90Re oW 3Ta INi or Co
(3) 75Re 20Pt 5Ni or Co

" Alloy (2) above is the hardest of the three listed, Many of these develop-
ments were triggered by an osmium shortage in Germany,

An alloy of 95Pt-5Re was found useful for platinum-~base electrodes,
as it was claimed to possess better corrosion resistance than pure platinum,
If true, this alloy is extremely resistant to corrosive attack, for platinum
iz considered the most corrosion-resistant metal in existence, Five per
cent rhenium hardened platinumn better than twice as much iridium., Rhe-
nium, it should be noted, is cheaper than iridium. (24)

Corrogion Resistance

The following information on the corrosion resistance of rhenium is
claseified according to corrosive medisa,

Atmosphere

Rhenium oxidizes in air{91), and when heated to 1000 C it oxidizes
at the same rate as tungsien. When only 10 per cent oxygen is present in
the ambient atrnosphere, no attack occurs below 16406 C, and above 1600 C
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Wouxidizes about 1) as fase as tungsics, o 3'0T VUETTr © 1 diowide
preseist in aimospheres of hydrogen or nitrogen speed oxidation, but when
the meial (s heated in moist bydrogen at 2060 C, passivation occurs toward
the sosivveres ol 2loretod avidietion.  When e passivated, it still oxidizes
in dry air, Sintered rhenium; particularly, corrodes quile readily in air,
and evidently sulfers a move sarious tvpe cf attack than has been noticed
foxr plstcd or arc-melted rhenium, (89} Aas would i expected, the corrosion
product is the hepiuxide which is rcadily hydroly e to perrhenic acid, a

ive media in its own right,

¥

Codeposits of rhenium with nickel or iron(247, 248) were found to halt
armospheric tarnishing,

In general, rhenium is more resistant to oxidation than tungsten, and
less so than ocsmium,

Hydrogea

Agte(”) stated that rhenium was not aftacked by moist hydrogen at any
temperature, although tungsten is susceptible.

WNitr ogen

Moist aitrogen(‘?l) attacked rheniuvm above 1900 C, and if carbon di-
oxide was used in place of moisture, the attack still continued. Passivatioa
in moist hydrogen stopped this onidation, even up to 2500 C,

Inert Atmosphares

Under mrgon, rhenium(91:94) yielde a slight white fog at about 1400 C,
but at higher tamperatures no fog and no blacksning of a aurrounding glass
envelope vccurred,

Acide

One of rhsnium' s more noted proparties ic ite high rasistance to
corrosion by hydrechloric acid, Specimens {gsted in this medis have re-
mained unsttacked and untazrnished for daya, (88) However, ndtric acid
reudily dissolvas rhenium. S8ulphuric acld has iittle or no effect, even at

elevated temparatures, 84, 87}

Codeposited nickel-rhenium piatings(248) showed even more re-
piz.ance to concentrated hydrm;h.loric acid than did pure rhenluwn depoaits,
although tms alloy plate dld not setand up sgainst 8N hydrochloric acid, and
wea ulac artacked hv oxidizing acida,
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Alkalies
Alkalies, particularly if fused und in the presence of oxidizing agents,

wiil attack tinsly divided rhenium, (84) Codeposited nickel(248) aided tue
resistznce af plated rhenium to sodiam and ammonium hydroxides,

Introdu.tion

The chemical propertiea of rhenium are quite well known, They are
presented in 2 highly subdivided manner in this report, so a very brief
summary of the more practical chemical properties is given here for the
casual reader.

In general, rhenium behaves as an element between tungsten and
osmium in tke periodic table is expected to behave, It is practically inert
to halogen acids, but is atiacked by oxidizing acids, such as nitric, It forms
a long series of oxides, evidencing its wide variety of valences, from Re-1l
t. Ret?, The highest oxide, rhenium heptoxide, readily forms from the
action of moist air on the metal, This oxide is volatile when heated, so
unprotected rhenium cannet be used at high temperatures, The heptoxide
is readily soluble in water to form a strong nonoxidizing acid, HReOy,.
Rhenium forms a wide variety of other inorganic and organic compounds,
but does not form nitrides, Indications are that rhenium forms both car-
bides and amalgams.

The physical properties of many of the more common compounds will
be found summarized in Table 9,

Valence States

Rbcoium has now been found to possess all valence states from Re-l
to Re*?, Since rhenium occurs in Group VII of the periodic table, the
maximum valence of +7 is expected, Ret? is also the strongest rhenium
valence. According to Pauling{282), the single-bond radius of rhenium is
1,283 A,

Rulfs and Elving(283), in & study of the oxidation levels of rheniuim,
stated that the tendency for rhenium to exist in the Retl, Re+Z, or Ret3
valence states is very low, They determined oxidation potentisls in this
rznge which were reported as {ollows:

L
b
-
e
[l
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Potential vs, Standard
Calomel Electrode,

Oxidation State volts
Re'l to Ret! -0. 50
Retl to Ret? -0.27
Ret? to Ret3 -0 02

Rhenium '

This is the most recent valence ot vheuinm cbserved, in 1537 Lundeil
and Knowles(284) reduced perrhenic acid in the Jones reductor and claimed
formation of 2 Re~! compound, According to Pauling(zgs) (1947), this is
the only known occurrence of a metal with a negative oxidation number,
Maun and Davidson(286} and Lingane(287) alsec prepared Re-l by zinc re-
duction methods, These preparations of Re-l all occurred in solution only
and nc compounds were separated, although still more recently, Rulfs and
E1v1ng\483) also asserted that some sort of compound must be formed. The
following reactions are thought to occur:

Re-! + gaseous oxygen = Retl
Re-i + Cut? w Retl ¢ Cu
3Re~! + Ret? w 4Ret!
Re*! + gaseous oxygen = Ret4
Re*! + Ccut? = Re (higher cxidation state) + Cutl
Ret! + Ret7 = 2Ret4
Pauling' s(285) explanation cf the situation is that rhenium possibly
existe with an el‘cctronic giructure similar to Pt""z, which is ispelectronic
with Re~!. Re~' may exist with 4 covalent bonds, with 4 groups arranged
in & co-planar square around it. The four groups may be water molecules,

If this is the case, hydrorhenic acid, HRe;, could be formed, although no
orne has yet isolated it.

Rhenium?t! and Rheniumt2

Two low hydrated oxides of rhenium, Re,0- ZH3;0O and ReO-H0, were
prepared in an impure state by Young and Irvine(288). They reduced per-
rhenic acid with zinc and cadmium, forming Re,0-H,;0 and ReO-H;0; re-
spectively. Both compounds were isolated.
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TABLE % KNOWN PHYSICAL PROPERTIES OF

W ! e A A s R IR P =, =

Grystal Dimensions  Physical Density

a, b, ¢, State at 26 C,

Conipound Name Crystalline Form A A A at20C Rfcc
ReOq Rhenium dioxide - - - - Solid 11, 4
ReOg Rhenjum wioxide Cubic 3,734 - - Solid 7.43
RegOq Rhenium hepioxide - - - - Sclid 8,2
HReOy Perrhenic acld - - - = Liquid 2,18

(85% =oln. )

KReO, Potassium perrhenate Tetragonal 5.615 - 12,50 Solid 4,38
NaReQ, Sodium perrhenate - - - - Solid 5.24
NHyReOy Ammonium perrhenate - - - - Sold 3,63
AgReO, Silver perrhenate - - - - Solld 8,98
CsReOy Cesium perthena'e Orthorhombic 5,73 5,98 14,26 Solid 4,18
RbReOy Rubidium persthenate Tetragonal 5,80 - 13,14 Solid 4,13
TiReOy Thallium perthenate Orthorhombic 5,63 5,80 13,33 Solid 6.89
ReFs Rhenfum hexafluoride s - - - Liquid 4,251
ReClg Rhenjum trichloride Hexagonal - - = Solid -
ReCly Rhenium pentachloride - - - - Solid -
ReBrg Rhenium teibromide - - = = Solid -
ReSo Rhenjum disulfide - - - - Solid 1.5
RegSq Rhenium heptasulfide Amorphous - - - solid 4, 866
KoReClg Potassiumn thenichloride  Octzhzdral - - - Solid 3.3415
Re0gCl Rhenium trioxychloride - - - - Liquid -
ReGgCly Rhenium dioxywichloride - - - - Solid 3. 35935
ReOF4 Rhenium oxytetrafluoride - - - - Solid 4,032
Ref{CO)g Rhenjurn pentacarbonyl Pseudo-tetzagonal - - - Solid -
Re{CHi)3 Trimethylrhenium - - - - Liquid 1,0+
Ka[ReOg{CN)4] Potassium thenoxycyanide Monoclinic - - - Solid 2, 70440

Notes: d, = decomposed; 8, = soluble; esi, = estimated
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SOME SELECTED RHENIUM COMPOUNDS
s
Magnetic
Susceptibility Solubiyty
Melting  Boiling a1 20C, Cold Hot
Point, Point, CGS units Water, Water,
C C Color X x 108 § 788 g/l References
d. - Prown +101 - - 128, 249
d, - Rad 294 - - 128, 250, 261, 262, 2563
2817 363 Yeliow +90 Very soluble 35, 128, 251, 264
- - Celotless - Very soluble 256, 268
556 1379 White +90 3,8 22. 240 128, 267, 258, 259, 37, 260, 281
414 - White - 854 110080.3 280, 262
580081, - White - 11 5. d, 280
458 - White - 4.3 27,190 263, 26¢
818 - White - 2.4 18,1850 3 280, 262
8§98 - White - 2.73  24,660.3 260,262
525 - White - 1,15 5.5590 259, 262, 264, 265
18,8 47,6 Yellow ° s,, d, s, d, a5, 2688, 267, 268
Sublimes 500 to 650 Violet +16 Very soluble 35, 128
- d Brown +1226 s, d, s., d. 128, 268
Sublimes 450 Dk, green +12 - - 128,270
- d,>1000 Black +62 Insoluble 128, 271
- 4, > 470 Black - Insoluble 272
- - Yellow green - Slight Insolubie 273, 274
4,8 %1 Yellow - - - 275
oL S0 fed brown - 5., d. s, o 35,276
¢ ajorless - s, s, 35,2717
Fotartoss ® insoluble 2178, 219
- - - 280
- 3, s, 281
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rRhenitm

Trivalcnt rhenium compounds ave fairly common; Ret3 was probably
first prepared in solution by Manchot, Schmid, and Dﬁsing(zsg), It was
later verified by the separation of halides such as rhenium trichloride,
ReClz, and rhenium tribromide, ReBr;. ReCl; has been studied by Biltz,
Geilmann, and Wrigge(‘gu) and can be “preparm] by electrolytic reduction of

] . ) ’ N . {307 > N : 3 3
potassiuzn rhenichloride solutionsi€%i, 292} ar wiv viduction of perrhenic acid
with a hot hydrochloric acid solution of chromium dichloride, (¢93) Oxidation
of Ret3 anlutions to higher valence states occurs very reudily(zgl).

Rht*:ni!.m'\+4

Re*% has been known since early in rhenium history. Turkiewicz(294)
reduced potass um perrhenate with chromium and an iodine catalyst to give
Re+4, The reduction of potassiumn perrhenate by iodine alone proceeds in
two stages:

Ret? + 21°! = Ret5 + 21
Re*? + 1-1 = Ret4 4 |

Other methods for preparation involve reduction of perrhenic acid by the
chlorides of 8n*2, Cr*%, Ti+3, or V13 in hydrochloric acid solution, (293,
295,296), Re*4 icn is responsible for the formetion of the so-called
"Burgundy Red"(161) and has an ionic diameter of 0, 68 A. (297) Some of
the more common tetravalent compounds are rhenium dioxide, rhenium di-
sulfide, rhenium tetrafluoride, double halides {as K;ReCly) etc.

Rheniumt>

Ret? reduces caeily in hydrochloric acid to Ret5 by electrolytic pro-
cedures. Re*5 is usually an intermediate in the formation of Ret4, It
hydrolyzes eaaily(298) and is unstable in acid sclutionsz, decomposing to
Ret4 and Re*7(293,299}) sakob and Jezowska(300) prepared compounds of
the type X;ReOCls, The nentachloride, ReClg, and a few other pentavalent
compounds exist, but Re+5 is not so0 common ae Ret4 or Ret7,

Rbenium*t®

Ret6 exists in compounds such &8 rhenium trioxide, rheninum hexa-
flusride, and the oxytetrahaiides like RaOClg. The Noddacks(251,301)
reguced rhenium heptoxide with zinc to produce the trioside in solution,
and Biltz, et 2l 252} later prepared it in 2 iree state. Re?D has an ionic
radiue of 0,58 A,
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Rbhenivmt/

This is the highest and most common of all rhenium valences., Ret7
was present in the starting compeunds from which virtually all of the com-
pounds mentioned previcusly in this valence seclicn were prepared, Hep-
tavalence is characteristic of Group VII and is evidenced by rhenium
heptoxide, Re;04, perrhenic acid, HReQy4, and tre salts of perrhenic azid
such as pofasziom a2nd ammonium perrhenates, KRelly and N

speciively,

Oxides of Rhenium

If rhenium metal is fused with sodium hydroxide, there is no color
change immediately noticed. However, if oxygen is added(302) to a water
soiution of the fused material in greatcr and greater quantities, a series
of color changes will occur in this order: dark brown, lig™t brown, yellow,
olive green, dark green, brown, bright red. These colors all correspond
to varying oxidation states cf rheniurn, and of course, simultaneously
represent the valences listed above,

About 9 or 10 rhenium oxides in these oxidation states have been
reported(303), but the existence of several is quite doubtful, As might be
expected, the higher oxides form acids in solution. Noddack(302) originally
noted the following oxides: Re;0, ReO, Re203, ReQ;, Re0s5, ReOj3, and
Re ;0. Others have reported Re;Og( or ReOy4) and Re30g. Rhenium hep-
toxide formes the very strong acid, HReO4. The lower oxides should form
basic solutions, but the dicxide does not. These coxides are generally quite
stable (the highest are more 3o than the corresponding manganese ox-
ides(3°3)), which Noddack(304) attributed to their moderate heats of forma-
tion., Heighboring elements, such as tungsten, mangarese, or osmium
possess higher heats of formation. A detailed discussion of the various
oxides follows,

Rbenium Suboxide, Rep0

Young and Irvine(zsa), 29 noled previcusly, definitely prepared
Re ;0 H2( in the Jounes reductor, although Noddsck{302) reporigd it as early
as 1933. The compound was biack, inscluble in hydrochloric a®id, end un-
attacked by alkaline chromate or acid ferric sulfais, It was scluble in
mitric ncid and bromine water,

Rhenivrn Monaride, HeQ

’

N . . . L lna =% .
Thiz was a}af:- f\l?it reporied by Noddack Y™/, bul later produce:l ov
o D Teioa ZRRBY L m L e mm_ e s - .
Young ang Irvine'" "/ in (DR AAINE IGAALEF &3 REpU HZU. Rbenium munoxide

3 .
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appeared 2 the double hydrate, ReQ.2H,0, and possessed the saine proper-
Lo

ties noted above for the suboexide.

Rhenium Sesguioxide, Re,QOq

3

..
-
fi

- LY Y TV g [ P o vores g, ¥ Ll T
Impuce black ‘“_CAU_‘ has be=en prepared wiin coirincniiy Dy Lrelialaitii &

Wrigge. 305)
2 ReCl3 + 3‘}420 (alkll_ine) = ReZ‘O3 + 6HC1

Ajr must be excluded, as the sesquioxide oxidizes readily to perrhensate, It

-

decomposes to RetZ, Ret4, and Ret” in the presence of alkalies.

Rhenium Dioxide, ReQO;

Any high rhenium oxide may be reduced to ReO, if treated strongly.
The Noddacks(251,301) prepared it by heating sodium or potassium per-
rhenate with hydrogen. However, the simplest technique was that of
Biltz(249), who heated the heptoxide and rhenium for a day at about 650 C:

3 Re + 2 R8207 = 7‘R802

The dioxide is a dark brown or black solid which reduces easily to ..
metal. (301) Oxidation to perrhenic acid also occurs readily. It will not
fuse with barium oxide, but will do so with alkaline sodium and barium per-
rhenates, and sodium or potassium hydroxides. (302) In the absence of air,
rhenites (a8 NapReQ3) are formed, and with excess alkali, the hyporhenites
(as Nag3ReQOy4). With air, the perrhenates are formed.

Hydrogen chloride will cause formation of oxychlorides from the
dioxide, and tbe dioxide will also precipitate quantitatively as the disulfide
from acid solution when treated with hydrogen sulfide. (306) This is im-
portant analytically. The thermite reaction can be performed with ReO;
to yield rhenium metal. (93} Decomposition of the dioxide occurs at elevated
temperatures In vacuum a3 foliows:

TReO, = 2Re,Oq + 3Re

Tyeatment with sulfur dioxide causes formation of ReSO‘4. (306)‘

Rheniwn Pentoxide, Re2(d

Itriscos, et al, . {307) reduced RepOy with rhenium metal in a sealed
tube, rroducing a reddish substance claimned to be Reaﬁvgz
+ Be 5 He,sUy 8 1 RepUs
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Roth and Becke r(SOB) also formed this oxide as partial product from
healing ruenium netal and paraffin oil in a combustion tube. He. Qg was
insoluble in cold water, hydrochloric and sulfuric acids, aod alkaline sclu-
tions, but was solubie in warm water and nitric acid, Chlorine probably
converted the oxide to oxytetrachloride,

«On{’))
20"

R < . Vs U - 0
I'riHheninm { t,iuxuu:,. NE

I'his oxide wa« farmed by the reaction:
3 Re,04 + 5580, (or CO) = 2 Re30g + 5804
as stated by the Noddacks{251). However, they liter surmised it to be
compeounds of ReO, with ReO3 or Re20,, so its exsstence is somewhat

questionable. It appeared as a black or violet compound to them, although
others thought it© s blue, (30)

Rhenium Trioxide, ReOj

Rhenium trioxide was also first noticed by the Noddacks(297, 30 1),
who prepared it from perrhenic acid and zinc., It was unstable and im-
possible to isolate, but salts of Re()q;“z were similar to manganates, formin
bright yellow solutions. Heating caused decomposition to the heptoxide. (251
Biltz{252,309) formed it from rhenium metal powder and rhenium heptoxide
by a long heating process at about 300 C. It was not originally claimed by
him as ReQj, but evidence for this formula was good:

3 Re)07 +Re = 7 ReOy

Ri1t7{249) Jater definitely claimed that he prepared the trioxide by
heating weighed amounts of the dioxide and heptoxide for over a week:

ReOj; + Re307 = 3 ReQ3

and ther found it identical with "rheniura blue'(310) found by earlier in-

- £ B . .
vestigatorsi?®). Ii can aisc be preparsd from the heptnxide and dioxanef{253,
311}

Rey04 + xC4HZO, » 2 ReQ3 + decomposition prodnc?s

It is a red cubic crystailine so1iat2%2. 312} not affected by water cr
diinte caestic, Its heat of formation{313) is 82,5 + 8 kg-cal. The trioxide
will liberate icdine from potassziurg iodide, but ne chiorine froxn bydro-
chloric acid. In excess of potagsium bydroxide and sodium oxide it will
Zuze to Jorm perrhenates or perrheniiss,
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RhEenium Heptoxide, Re 07

Thig is the mosi commeoen of the oxides, and 13 readily formed by ex-
posure of the metal to moisi air, or by heaiing. Uxidaiivu o auy of the
lower oxides also produces the heptoxide, (253

4 Re + 702 = 2 Re,Cy
4 ReO, + 302 = 2 Rey04, etc.

It is a yellow, crystalline substance(251) and is readily soluble in
water, hydrolyzing to form the strong acid, HReOy4. Tt is also soluble in
alcohol and acetone, but not in ether. If can be reduced by hydrogen, car-
bon monoxide, sulfur dioxide, and other reducing agents to lower oxides or
the metal. It is precipitable from solution with hydrogen sulfide as the
heptasulfide.

The heptoxide has a density of 8. 2 and melts at 297 C. It sublimes
at 363 c(128 » 8018 a completely unprotective coating for massive rhenium
above 300 C. Roth and Becker(313) found the heut of formation to be
297.5 = 2 kg-cal,

Rhenium Tetroxide, Re;Og or ReO4(?)

The Noddacks(30 1) originally assumed falsely that the highest oxide
possible for rhenium was Re30Og, and isolated a white substance claimed
to be this compound, Druceéogs also claimed such an oxide. However
its exisience was soon questioned by Briscoe, Kobinson, and Rudge(3 145
who {ried to rnake it. They found that moisture lowered the melting point
of the heptoxide to the value found by the Noddacks, and furthermore, the
sublimate was white. A careful check prouved the substance was only
Re 05, so the existence of Re,Ug (or ReQ,4) is highly improbable,

Acids and Their Salts

Acids of Rhenium

Perrhenic Acid, HReQO, This is a stable, colorless acid. It is
prepafed in Several simple ways, the most common of which is by the com-
bination or solution of the very common heptoxide with watex: 3

RQzO-, + H20 w 2 HReC4.
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‘ It can also be produced(255) by the oxidation of theniuwm metal with 1 P
nitric acid: : 1

3

3 Re + '.'HNOE s 3 HReO, + 7TNO + 2 H,0.

In addition, oxidation of the iower rhieniuin oxides, such as RCOZ(315);
by hydrogen peccxide, chlorvine water, and other oxidizing agents produces
U3 TS re-gn 1

LA wp e d s

2 ReD) + 3 HyO» m 2 HReQy4 + 2HO0.

Druce(3l6) suggested i .ot oxidation of a sull , such as RejS7, to per-
rhenic acid would be a means of recovery of rbenium after analysis when
the sulfide was formed.

Roth and Becker(317) measured the conductivity of perrhenic acid; and
found the mobility of ReO, ! at 18 C was 44 + ), Thus, HReO, is con-
sidered & strong acid, although it is not an oxidizing one. It neutralizes
bases and its heat of neutralization with potassium hydroxide is 13,5 %« G, 1
kg-~cal at infinite dilution, It iz usually yellow in color when concentrated,
unless very pure when it appesrs colorless, The densities of agqueous
solutions of perrhenic acid were found by Feit(256) and are reported in
Table 10.

Perrhenic acid will dissolve zinc, iron, and inanganese, (301) 1¢
reacts with hydrates of eluminum, zinc, and iron to forrn perrhenates:

Fe + ZHREO4 = FC(RCO4)Z + HZ
Fe(OH); + 3HreO4 = Fe(ReOy)3 + 3H,0.

Although pot usually an oxidizing agent, additions of various metals and
acids cause the formation of oxides:(288,301)

?.HRe()4 + Zn + HZSO = 2Re03 + Z.nSO4 + ZHZQ.

4
Perrhcnic acid will react with hydrogen suifide or ammonium polysulfide

in acid solution to produce rhenium disulfide, ReS;. 301) if the solution

is dilute, the thioderivatives are apt to be first found. (318} With hydrcgen
peroxide alone, it gives & red color, which Hagen and Sievertst 319/ claimed
showed the presence of a "per-acid of rhenium heptoxide',

It can be scen, from the reactions of perrhenic acid with metals and
bases, ihat many meial saite of the acid are formed. They are discussed
below,

Other Acids, H>ReQyq and HaReOs5, Druce{255) reported rhenic acid,
HzRe(04, as existing in & solution containing perrhenic acid after sulfur
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TABLE 10. SPECIFIC GRAVITY OF AQUEOUS SOLUTIONS
OF PERRHENIC ACID (AFTER FEIT)

specific Graviiy Por Cent HReOy Cramis HReQy4 per Liter
1.00 0.0 0
1.045 2.93 30
1.05 5.71 60
1.075 8.37 20
1.10 10.91 120
1.15 15,65 180
1,20 20.00 240
1.25 24.40 305
1.30 28.46 370
1.35 31.85 430
1.40 35.00 490
1.45 37.93 550
1.50 40.67 610
1.55 43.23 670
1.60 45.94 735
1.65 48.18 795
1.70 50.29 855
1.75 52,57 920
1.80 54.44 980
1.85 56.22 1040
1.90 57.90 1100
1.95 59.49 1160
2.00 61.00 1220
2. 05 62.44 1280
.10 #3.81 1340
2.15 65,12 1400
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dioxide was passed through it. The Noddacks{302) claimed the formaticen - “1
of meso perrhenic acid, HyRelig, and some of its salts from ¢ resction :

WU

between baricm zerrhenadto emd sodivin hydroxide. They stated that it wes

wedker thau cavbonic ooid,

Selits of Perrheniec Acid

The Re04'1 ion derived from perrhenic acid jorms many salts with
metals, positive radicals, and organics. A discuss:on of all of theee with
the excepiion of organics follows. i ruight be noted that Fontewne(320)
found that the rhenate jon is octahedral in solution, but has a slightly de-
formed tetrahedral structure in the crysialline state, The vaiency forces
increase when proceeding {roin ihe tetrahedral te the octahedral state.

Potassium Perrhenate, KReO4. This salt is the resuli of neuvtraliza~
tion o: potassium hydroxide with perrhenic acid,

KOH + HReOy = KReO4 + H,0,
or potassium chloride and the acid will react:
KCI + HReO4 = KReOy4 + HCL

Potassium perrhenate is the most important salt of perrhenic acid
and is an article of commerce,

According to Vorlander and Dalichau(259) (through Druce(321)) the
melting point is 552~3 C and boiling point about 1370 C. The meliing point
was later dstermined as 513 C b‘j Kleese and H&lemann{261), but revised
to 555 C by Smith and Long(360 The heat of formation is 263 kg-cal and
a saturated aqueous soluticn at 18 C is 0,0329N, The density is 4. 38 and
the heat of solution, according to Roth and Becker(317), is 13.80 £ 3 kg~cal
at 21,7 C, but Smith and Long reported a value of 7. 68 kcal/mole.

Hélemann and Kleese{261) and Pushin and Kovack(322) have determined
the water golubility of this salt at various temperatures, Druce 321) has
combined this with unpublished data (see Table 11}, smith{323} alsc dc -
termined the solubility, and his data is combined with the above in Table 11,
His plo?, including the data of Pushin and Kovack and Hélemann and Kleese
is shown in Figure 11. Good sgreement was found except for a & per cent
variation at zero €. Pushin and Xovack alsc found a eutectic of 0,343 per
cent perrhenate at 0. 068 C, and noted thar vhe ircerminyg point lowsring was

5 times the theoretical.

In geneval, it may be noted that the solubility of potasasium perrhenaie
in cold water is low, and is further lowered by the presence of potassium
st : 30!1?-(131 ir ~hewmicsl ang]vl!l QY recovery, Smlth(323} gtudied

A 40&{) i

)
3 =f
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TABLE 11. THE sOLUBILITY OF POTASSIUM PERRHENATE
(After HSlermann and {leage, Pushin and Hovack,
Druce, and Smith}

KReO4, Per Cent XReQy
Terup, g/100 ce Temp, per 100 cc
c of water C of aolution
0.00 0.36* 109 12.6
.01 0.4945 112 14.0
8.30 0.5207 154 26.3
10,20 0.5777 194 39.7
16.90 0.825) 220 50,7
23.80 1.1580 239 59.9
30.00 1.47% 290 71.9
30.90 1.5410 335 84.6
35,00 1.7920 401 89.3
38.95 2.01% 445 94,4
40.00 z.22% 470 96. 8
44.85 2.52% 498 98. 4
49.78 3. 21* 518 100.0 (mp)
50. 45 3,128
65,80 5,001
$6.15 7.522
100, 30 9. 4494
g ”’
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FIGURE i), TEMPERATURE -~ SOLUBILITY CURVE OF
POTASSIUM PERRRENATE AND WATER
Pushin ond Kovook!3*%!

Hideman ond Kieese!®®'
and W.T. Smith! >
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) e s s s henate oentasgsinm chlavide ~water, and found ihai
foas ciinpide was noeded [0 caase wlotive procipiicdion if the terrnerature
. ) . . o

e chegtvoessd ool aore ) Imcreaging the ftemuerature decreased the

crrwationsd elincinn =Y.

The electrolyiic conductivity of pofassinrm Iperrhenale solutiuns at
; tng pesn deieviainsd as follows, V)

Temperature, O Adglar Conductivity
18 115. 5
25 125, 7
30 141. 8
40 169

Fer cent disscciation of 0,02M and 0. 01 M solutions were also de-
ter mained,

FPotzssium perrhenate can be reduced by ?nc, calrmm, sodium
amalgam, hydrazine hydrate, magnesium, etc. 325,326) 14 will not be
reduced by sulfur dioxide or hydrocarbons.

Careful reduction with zinc and cold hydrochloric acid(326) will yield
step-by-step color changes: yellow, yellow green, bluish violet, brownigh
black, and nearly colorless, This reduction can be stopped at any time and
the appropriate oxide separated, In concentrated sulfuric acid solution;
Héiemann(n? found that ferrous, stannous, or tita—~7us sulfates will reduce
potassium perrhenate to Ret5 compounds, while chromous sulfate will re-
duce it to Ret4 comprunds. Electrolytic reduction with zinc chloride in
the presence of thiccyanates alsc produced Ret5. (328) I neutral solu-

tion 327), electrolysis liberated rhenium and hydrated rhenium dioxide at
the cathode. (235)

Numerous other compounds can be preparcd, asing potassium par-
rheuate as a starting material.

L mmaonium Perrhenate, NrigReQ4. 'This zlso is an Lmportant rhenium
[

emit. in fwct, it is more satigtactory than the polassium perrhenzte for ve-
ductivn to vary pure vhenivrn wmaets! as the potassivm-produced metal often

contains notassium oxide or other imgur‘ves difficuli to remove. (33} The
smit in nrepared by neutralizarion of perrhenic acid with ammonium hydrox-
ik

HH&O_‘! + NH,@GH ® NH‘ﬁReQﬂ} + HZC?.

Early determinaiivns gave itz solubility in water to be 120 g/!{3c’1)
bist this hus been recently revised to about 17 g/1 at zeru C. (260} rre

temperature of the 120 g/1 value is unknown, but it must have been over

OATTELLE ME K ORI A L tNSTITUTE




T

‘“-’:a
5600 The density of ammoniam parrhenute is 3. 53 and the hezt »f solution
6.21 keal, mole. it decomposes upon hewdlng ab aboui 26% £ bir s foated
in hydrogen, {irst the black oxide and then metzl powder are proou-ed:

NH ReO, + Hy = ReQn + NH4OH + #,0
Kelp + iy = Re ¢ 2H_ 0O,
Asg notzd above, this is o common mezthod of preparing vesy nure

rhenium rmetal.

Sodium Perrhenate, NaReO4. This colorless salt is also prepared by
acid-base neutralization, It is stable and much more soluble than the other
common perrhensies. Its water solubility is mboul 653 g/l at zero C. (260}
Itas freezing point is 414 C and density is 5, 24,

Silver Perrhenate, AgRe(QO4. Peirhenic acid and silver nitrate form
insoluble (4, 3 g/l at zero C} silver perrhenate. (264) 1ts melting point is
455 C and density 6. 96. It decomposes at 455 C. (259)

Mauganese Perrhenate, Mn{ReOg4)2. This pink salt was first obtained
by Drucel329) by dissolving manganese carbonate in perrhenic acid which
gave the trihydrate. On drying, the anhydrous salt appeared. The melting
peint is over 300 C according to Druce(u’s), but Smith and Maxwell{330)
ister found it to be much higher, 861 C, It is soluble to the extent of 3400
g/1 at 27 C and has a density of 5, 12.

Other Perzhenates. Copper, nickel, and cobhalt perrhenates were
first formed from ap acid-carbonate interreaction by Briscoe, Robinson,
and Rudge. (331) addition of amimonia or ammonium hydroxide produced
smines of the metal salts, such as Cu(ReOy),- 4NH3, Ni(ReOg)z- NHy, or
Cu(ReOy),- 4NH;. Smith(u’o» 264,330, 332) algo prepared other perrhenates.
The moere common anhydrous ones are given in the list on the following page,

Wilks -Dorfiirt and Gunger+(333) and Neusser(334) prepared some
uncomenon perrhenates, the former workers to show the similarity between
pesrhenic acid and other Grouvp Vil acids such as HMnOQOy4, amd the latter
while working on the microchemical determination of rhenium. The
formulas and colors of the salls are given on page €9.

‘.)-..»
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Rubidiurg pevrignace
Cezium perrhenate
Iathinm peeeh@nals
Darium oz
Thallium perrhenate
Beryllium perrhenate
Magnesium perrhenate
Calciurn perrhenate
Stannous perrhenate
Mercuric perrhenate
Cuprous perrhenate
Cupric perrhenate
Lead perrhenate
Cobalt perrhenate
Hickel perrhenate
Ferrcus perrhenate
Ferric perrhenate
Neodymiwin perrncnsis

Lanthanum perrhenate

BATTELWLE

-6

TiRetrg
Be(ReOy4),
Mg(ReQy4) 2
Ca(ReQOy4);
Sn(ReOy;
Hg(ReOy),
Cu(ReO);
Cuz(ReO4)2
Pb{ReOy4);
Co(ReQ4)
Ni(ReOy)2

White

Purple
Yellow
Dark red

Black

INSTITUTL

R~ference

250

332
332
332
332
332
264
332
330
330
330
330
265

265
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Sak: Lolor Keforencs
{il)n{i‘-é;%%ﬁﬁiii&&@i Cirzmge yellaw 2313
{ TriNHS TiReGaia Yellow 13
(O ICa R ) 1{Re D0 Creoen 333
P En{NE ) HReO,), White 333
[ Cd(NH3)4}(R%04}2 Colorless 333
{ ColtNH) 4] (RCOQ)Z Purple red 333
[Ag{NH3)4{ReOy Coloriess 133
(NOIReOy4 Colorless 333
[ Co(NH3)p){(ReO4)3- 134H 0 Orange 334
[Co(NH4)5](ReO4)3: 3H O Rose 334
[ Ce{NH3)5]}(ReOy), Red 3134
[Co(NH3)5]{ReOy4); Yellow brown 334
[Co(NH3)4](Re04)4 Granite red 334
Salts of Hyporhenic, Rhenic, and
Mesoperxrhenic Acids

According to K)ruce(335), very little is known coni:erning the rheostes,
M>ReOy4, salts of rhenic acid. Howevar, the Noddacks 302) prepared the
sodium and barium galts, NazReQOy4 and BaReQ4, {rom rhenium dioxide,
scdiumn Lydroxride, 2nd the avbropriate perrhenate,

Mesoperrhenaies are salte of mesoperrhenic acid, HaiReOg, and
Scharnow{>36) prepared Bajz(ReOg);, barium mescperrhenate, by evaporation
of barium perrhenate with excess barium hydroxide, The hyporhenates,
saltz of unisolated Lyporheric acid HReDy, have been listed by Druce{321)
as:

Sodium hyporhenate NaReQjy
Sodium pyrorhenste NagRe,07
Sodium ortho-hyporhenwie NajzReOy
BATTELLE MEMORI AL INSTITUTE ! .,..43
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.2 N ang Na»ReQq, are zlso known to exist.

v, T T i - -
The fialides of Bheniurn

e S P o e T emr——

Numerous lialides 2ud relaied halogen compoondds of rheninm have
besr ideniilicd. Dizcussion of thene compounds will be presented in six
secijons: Halides, Double Ralides, Oxyhalides, Doubie Oxyhalides, Donuble
Bydruadhalidss, and Carbonyl Halides.

Rhenium Halides

Flueorides. Two compouncs of fluorine, rhenium hexaflucride, ReFy,
and rhenium tetrafluoride, Rel 4, are known to exist. The former was
jrcpared by Ruff, K rasnik, and Ascher(277) in a fluorspar tube:

Rc+3FaﬁReF6.

RKhenium hexafluoride sublimes easily, giving off parple clouds in air. Its
propertics were determined by Ruﬂ(337 , Ruff and KwaSnik(Zf’f’: 267, 268,
338), and others. This hexafluoride, a yellow crystalline material, melts
at 18,8 C and boils at 47. 6 C. The density is 4, 251, and the vapor pressure
at the melting point is 261. 4 mm, With quartz, the hexafluoride reacts to
form oxyfluorides. It also can be oxidized to the oxyfluorides by more
common oxidants, Reduction by hydrogen or sulfur dioxide produces the
tetraflucride, and hydrolysis yields rhenium dioxide, and perrhenic and
hydrofluoric acids.

Rheniurn tetrafluoride, with a melting point of 124. 5 C(Zé’?) was
prepared by reduction of the hexafiuoride as stated above, Another fluoride,
ReF., was also mentioned, but information on it is sparse. A recent
attempii339) to propare ReF; has been unsuccessiul.

Cldorides, Several chlorides of rhenigm exist, The lowest, rhenium
. et e et . Taml | e mam s s . .
dichloride (ReCl,) was claimed by Schacherll!V4/ in 1323, but cvidently it
does not exist, as no mention has since hzen made of it.

Rhenivrm trichloride, ReCly, was first reported by Nuddack(l‘?”), who
formed it from the elements, it is most common; and forms bright red
solutions, OCther metheods of preparation were developed, such as thermal
decomposition of pentachlorides or of the double chlorides (as AngeCl(,)ﬁ"'o),
or by reaction between rhenium powder and sulfonyl chloride{341). The

iatter methed is not recommendead.
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This ran be s zumed to Le Reglﬁlé,

The rhenium trichleoride crysials are hexeyp. .al, violet black in color
wrd o seitiow o 5080 10 580 C. The trichloride hvdranluzes to a hvdrated
4

{}ﬁiidé’:(:é’?? 344) or an oxide, aud can be oxidized by oxygeu to give various oxy-

chlorides:
6ReC13 + 702 = 4Re0301 + ZReOCl4 + 3C12.

Howewver, it is stable to any oxidation or reduction in acid solutions, (302)
in basic solution, reduction will normally proceed {without lower chlorides
joxznang) directly tc metallic rhenium(302, 343), Although zinc, sodium, or
mersury will cause formation of Ret!, Precipitation with hydrogen sulfide
is poussible, but not quantitatively. (344} Ammonium hydroxide causes com-
plex reactions with rhenium trichloride{345) and tensiometric examination
shows the existence of ammonistes: ReCl3' HNH:_P Re(‘313- 1NHj3, ReClj.
6NH} The addition of sodium hvdroxide causes a brown precipitate, and
Retd, Retd, and Ret? are found to be | ‘eseni. Inscluble double chloride
salites can be obtained by additions o idium or cesium chloride.

Rhenium tetrachloride, ReCl,, was first reported in 192¢(340), but
it smay bz nonexistent, Briscoe, Robinson, and Ru:lge(273) believed they
D& d made it by the Noddacks' method of heating rhenium metal in chlo~
?ing(f—"ﬂz), and deuble halides were then formed from it, This was sub-~
stantiated by Yost and Shull{346), who heated measured amounts of rheniuin
and chiorins in svacusted tubes. These authors believed the rhenium tetra-
chloride had at least part:ally polymerized to RepClg. The tetrachloride
was thought to form hiown or reddish crystals and a blue solution. It was
rexscunably stable,

However, Geilmann, Wrigge, and Biitx{343,347) who worked ex-
tensively in the field of rhenium uhesniairy, trizd to make the tetrachlorvide
but could prepare only the pentachloride and the trichloride, Analysis
showed that @ mixture of the twe laiter ~hlorides snd an oxychlgride (also
possibly present) could produce a molecular weight easily misiaken for
that cf rhenium teirachioride.

As dezacribed abuve, rhenium pentachloride, Rellg, was prepared by
the reuction of excess chiorine on rhenium metsl, It is & brownish-black
slid vielding dark-brown vaporxs, It cennot he volatilized at atmospheric
pressure without devoinpositicn, Reductior at 400 to 509 C will produce
the irichloride’392; 343} and chiorine. Oxidation{30¢) produces sxychlorides:

(3
4

{

-

a hald ”~ 3 - - -
; 16ReCly 4 140z = 18B20C; ! £DRaNaC1 & 170

e
'

wf

F
L
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Allaliss cone oomenctices af the fype

IRel, + IONLOH = 2R =0 - 2%

;2H,G + NaReO, + 15NaCl + 4H,0,

aithough mievmediare cwaponnds may be formed.  Acids cause a reaciion
af the type

19ReCl, + ZHTL + 3,0 = 2HR:04 + BH,KeCly + l”CIZ.

Meutral salts will form the rhenichioride of the mcial invelvad when
adazd to the pentachloride, (340) Klemm and Frischmuth(34 5) found armn -
moniales cou.: be formed in the system ReClg - NH3, as with the tri-
chloride. The specific compounds present were undetermined.

Noddack(297) claimed formation of rhenium hexachioride, ReCly, and
Yost and Shuil(346) reported it {along with the questionable tetrachloride)
&8 & result of heating a 1:6 ratio of rhenium and chlorine. It was not iso-
lated. Drucel3?0) doubts its formation with geod reason, and no one since
has produced it,

The highest possible chiloride;, rhenium heptachloride, ReCl,, was
thought formed by Druce and Loring(3, 340) from the action of hydrochloric
acid and rhenium, According to Schréter(348) .- Noddacks also produced
& green crystalline heptachloride. However, this chioride, too, could not
be separated and has not been prepared by more recent investigators,

Bromides. Rhenium tribromide, ReBrj, was prepared at 500 C by
combination of the elerents{(270). It sublimes slowly at 450 C and forms
dark-green crystals on condensation. The addition or presence of oxygen
ai 400 C probably produces the cxybromide, As with the chlorides, the
system ReBrjy - NH3 shows formasion of ammoniater: R:Br;“ ZONH3,
ReBrj- 14NH;, ReBry INH3, ReBry 7NHj, (345)

The tetrabroumide, ReBrg, is claimed by Druce!338) ¢6 have also
been identified, but no other evidence than his claim has been uncovered.

Iodides., The Ngddncka(34°) were reported to have made the tetra-
iodide, Rel,, but Rulfs and Elving{341) feiled to produce it after attempting
te 4o sc by several methods,

Surnmary, As s gsummary of the known and the unconfirmed halides,
a short tabulation 13 presented on the following page.
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Flaorides Chinrides Bromides Indides

Heti %)
Rell, ReBr,

ReF, Zell{7?) Redr {(7) Rei, ()
meoy,
" e

noT Rel1, {7y

oy gy 5 T )

ReF7(?) ReCI-,(?)

Paysical properties of the more important halides are reported in
Tahle 2, The following summary also lists the common known properties
of all the definitely izolated halides:

Halide b e Color MP, C 8f, C _Demslty Reference
foF, Khentum wizafluotide - 134.5 - - 267

ReFg Rhorium bexafluoride Yellow 18.8 47.8 4.251 286,287,2688,387
ReCly Rhanium tichloride Violat black Subi{mes ar 500 - 340

ReCl, Rbss uinm pentachloride Brown black Decomposes - 3G

FeBtq Rhenium uibromide Green black Sublimes 2t 500 - 270

Rebe, Rhenium tewabromide - - - - 340

o~ ey . .
rvunlie Rlhonivrm Halides

Double rhenium halides, or rhenikalides, are the salts of rhenium
halogen acids, such as chlororhenic acid, HpReClg. Except for this, none
of thege acids have been identified, but their salts do exist and are made
from constiiyenis othsr than the acids.

Double Flugrides, Potaaginm rhenifluoride, K ;ReF g, has been re-
ported by Ruff asd Kwannik{267) 4q 5 poseible product from rienium hexa-
fDuoride.

Double Chalorides The afore-mentioned 2cid;, HzRe(Cly, was found
by the Noddackei?¥%) tc result from the interaction of hydrochloric acid
and rheciom dioxlile, and ity mosl cummon £33 1# thet of potessiam,
alsc called poisszium chisrorhenite (£09) |t js prepared by

e T o pn
. oHellls,
z ;
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FUbTaTia patiin, fien o v R T ol potegasinm lodide with hiydroechbeoiv

2 b Lji,‘ i ;‘-:‘:E 4 ’{lii(:g = 2K ~.,R.E(M;j; + 4KCY ¢+ 8{‘17() + }I).
= 2 2 s L

Yhnis genevsl (ype of »eadction is 2ieo witl ced to form other metal rheni-

chlorides, l'otusgivsn vhenichloride may nian he prepared {romn the peata-
g 1) )

chicride: P51

2Rec1, + 4KC1 = 2K 3ReClg + 1,

Briscoe, Robiuson, -l Steddart(273) obtained it by heating rhenium and
potassium chloride in a stream of chlorine gas, and Schmid{3%2) by elec-
trolytic reduction, Enk{274} found the yallow-green crystals had a density
of 3. 34; he also determuned the equivalent and speciiic conductivity of
water solutions of the salt. It is only slightly soluble in water(302$ and
dissociates according to tne reaction: (274

K,ReCly = 2K+! + ReCl¢ %,
but it then hydrolyses. It is unstabie above 25 C, (273) A guantitative
precipitation occure if a solution is boiled, and electrolysis produces Ret?
and Ret4 at the cathode,

Two other double salts of the same elements were obtained by Krause
and Steinfeld(353) and DEhimann(350). These were K3ReCly, (brown) and
K,‘Reﬁﬁil“ (yellow orangs). The latter contained both Ret3 and Re*4.

[

Double chlorides with metal ions other than potassium have been
prepared, usually by the reactions of the type

55?.?04 + L6HCl + 6MI = ZM,RBC16 + 4MC1 + BHZO.

The double chlorides are here summarized:

Sait Color Reference
Ay ReCly Orange 343
Ag;Relly - 352
RbReCiy - 349, 354
RbyReCly Yellow arange 350, .“5;."»4
CsRe(lg - ibe
CszReﬂié Yeliow 350, 354
Ti;ReCly Yeliow 351
Ti 5.6'516 353
Hg,ReClg Yellow 351
(NH,),ReTlg - 249

A few usguizie holidtes of this type also exist: they wil} be discussed
later In th:is reporl.
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Parmie Brusuives.  Loac st T claivaed that treatmen?t of hyvdrobpran.is
dwin =D rheninm divscde predsos) Diwaesrhonic acid, HyRebBrg, Uoing ihis
5 3 il ss.9}

e Czloy Referencs
K-ReBr, Violet rea LG, 353
RE,Hebrg INark red 250G

d . R Sy e
Cﬁ?ﬁeﬂrt‘) Viele!l i€G A0

Double Jodides. Bilte, el al., (355) prepared rhenium hydropentiodic
acid, HR%Zs, by the resction

and extracted the acid with ether. This reaction is not possible wiih potas-
sium rhenichloride or rhenibromide, The more probable acid of this type,
icdorhenic acid, HaRelg, has not been isclated.

This potassium salt of iodorhenic acid, ¥ ,Relg, was found by Briscoe,
Robinson, and Rudge(356) who heated potagsium perrhenate, an excess of
potas sium iodide, and aquecus hydricdic acid at the boeiling point of the
acid. The rheniiodide separated as crystals. Decomposition of the salt
occurred at 300 C, Krauss and Diéhlmann(350) aiso prepared rheniiodides
in like mnanner, so thal the known double icdides are:

Salt Color Reference
K.Rel, Brown black 350, 356
NajRelg Black 350
CszRer Black 3150

Rhenium ©Oxyhalides

Oxvyhalides of a substance are formed whea 5 halegen iy substituted for
part of the oxygen in a metal oxide, For instance, with Re‘”Y, one of the
morae comrnon oxvhalides is ReOZC13. The oxide of Ret7, of course, is
Re 0.

Onyfluoride .. The fivst oxyfluoride prepared was prohably RCQFQ_,

rhenium oxvyivtrefinoride, (277} 1t was prepared by hydrolysis of the hexu-

flanrice:
el A I’i;)ij‘ = ReQF 4+ 2118,
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This sabstance fovos coetesieas s vstaln with a melting poinf of
T, > éd 'ui«\ .
3%.7 U, Audi and Hewasnd ji2bt, 267) prodaced the same cotnpound, {and
Vo - S
siy 2T rhanjin ,‘Q‘&ﬂ‘ noTida snd ausviz, Reces 'Cl) Wieche ot 357 ¥

2R TE S
heated potassive perrhenale with nydrefinncic adid o produce the frioxy-
fluorige:

KR@O‘Q + HF = R9.03F + KO,

Avynsley, Peacock, and Rebinson(338) prepared fwe more by a reaciion
hetween fluoriue (with nifragen), rhenium dioxide, and petassium perrhenate.

The other known oxyfluorides are listed in ihe {cllowing tabulation:

Bslit Name MP, C Be, C Color Refesonce
ReO?,, Rheaium oxypentaflvoriie 3.8 88 Craam 338
NOI“i Rhenfum cxytetraflucride 55.% a8, Colotlass 288,2817,5™T
FaOFa Rhentum oxyd{fiuoride - - Colorlam 348,287
OgFq Rhenlum dioxywifluoride ¥0-3% 300 Pale y2llow 33g
ReOgFq Rbanfum dioxydifiuoride 156 - Colorless 288,267
feOyr Eh2nium trioxyfluoride - - Colosless 286,287,387

QOxychlorides, The first cxychlorides were prepared by Brukl and
Zeigler\473) by heating together rhenium heptoxide and rhenium tetra-
chloride. Fractional distillation gave rhenium trioxychloride, ReO;Cl, as
the first product. Geilmann, et al., (343" also formed it, but by heating
thenium trichloride in oxygen, The substance is 3 colorless liquid, freez-
ing &t 4.5 C and boiling at 131 €. It is stabie bui will hydrolyze:

RQOSCI + H;0 s HCl + HReOy.

A sezcond proeduct of the distillation is rhenium oxytetrackloride,

ReOCl,, which can aiso be prepared by heating chlorides in oxygen:

6ReCly + 50, = 4ReOC); + 2ReO;Cl,

or in air:

‘

6;"?':{.;35 + 502 = 4Re@(§1 + zReCJ Tl + 2

Either this trichioride or the pentachioxide can be used. Heating the oxy-
tetrachlioride in cxygen yields the trioxychioride:

ZRcG{}34 5
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This n"*.".:zrac'h':uxid:f(276) conziats of brown cryastals melting at about 3§

Vgl =il Bodeetvee to ydeodiiloric sold) nerrhenis aord, and hydra

rhenium mm:!:ﬁg It waz aleo feand thel anunoaia saded to the "T-.’l’lifi QXY
schicride prodices? hrown. stabie, ReQ{NH,}.Cl,, which will

ta RaOiC w-? (NH,;v Hesting aad cvacuating caused formmation
Anvthar oxvchioride, ReQ.Cl,, Wwas pisparsy hy Friccoe, Hobinsuy,
and P.,udge:\-’~’“} This diowyivichloel i i
(1} aRﬂ ~ 314 4 _"ff&'a sat EREOQ{JLQ;
(2) 2R=Cl, + 20, = ZReO,C1; + Ciy,

{3) 2Re,0g + 6Cl, » 4Re0,Cl1; + Gy,

but the authors specify (1) as the best method. The salt forms needle-like
red-brown crystals and meits to a vellow-brown liquid.

Brukl and Plettmger(359) carefully solvated rhenium oxytetrafiuoride
in organic solvents with small amounts of moisture present, A blue pre-
cipitate occurred, having a ratio of rhenium to chlorine of 1:Z, but a varying
ratio of oxygen to hydroxyl ion, The product couid noi be isolated; but there
s 2 good possibility that it was rheaium oxydichloride, ReOCl,.

‘The oxychiorides and a summary of their important properties follow:

Sait_ _Name Color and Suate MP, C FP, C Beference
ReOgClL Fhenium wlexychioride Colorless lquid 4.5 131 268,218
ReOpCl;  Rbonlum dionyuichloelde  Red brown solution 23.9 3007 302
ReOCI Rhenium oxyewschlaride Brown solution 30 223 275
ReOCly Rbenlum oxydichlorde Blue solution - - 308

Oxﬁbromxdes.. Three oxybromides heve been reporied. Brukl and
Zeigler treated rheanium with oxygen Mmd gxcess bromide to prepare
the tricxybromide, ReO,Br, This is a white sclid with 2 melting point of
36.5 ., The reaction is:
ZRe + 302 + 2Br» = 2R, Br,

Preparstion of the dioxydibromids, ReQO,Br,;, was more difficuit cince the
campound decomposed before it melted (60-70 C) preventing purification,
This caused it to retain an excess of 1.2 per cent of Lromine. Ii has also
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boee o Topeted that the oxvydibrownide, ReG'an, torms a red solution, No
zthew avybromides are known,

st Name Color ans Suw  MP, C P, C  Reference
a0k Phenipm evwiibicomide R=d solution - - 67
ReCqllty,  Rhenlum dioxydibromide - Dewaiposes at 6076 ¢ 260
3'14-.03& fhenipm tioxybiomuds White volld aa. s 15 360

Oxyiodides., Nu vxyiodides have been reported.

Dauble Rheni"}gmn Oxyhalides

Double halides of many of the rhenium compounds have been prepared
and here reported. In like manner, double oxyhalides of the rhenium oxy-
halides exist,

By the reaction of hydrochleric acid with potassium pervhenate and
potassium iodide, Jakob and Jezowska(300) prepared potassium oxyrheni-
chloride, K,ReOCl,. These vellow-green crystals hydrolyzed in moist
air and were scluble in dilute acid. They hydrolyzed on further dilution,
and heating caused decomposition,

Ammonium oxyrhenichloride, (NH,),ReOClg, was prepared in the
same manner utilizing ammonium instead of potassium salts. These crys-

tals were also greenish-yellow colored.

Several other double oxyhalides have also been found; all are lisied

helow:
Szl Color Reference
K,ReOClg Yeilow green 300
(NH4),ReCClg Yellow green 300
K4R=,0Cl g - 349, 353
AggRe ;000 4 - 353
KyRe,UBr | - 0z

Double Kheniain Hydroxyhalides

In the classicz? prerarmiion of chenichlorides and vxyhalides frum
perrhenic and hydrochioric avid and the metal jodide, intermediats czlts
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e b foaned. Sose of theee ave rhenihalides with one or mors ﬁydi‘ba‘}'i;
Troune mbsmqu for balides, These compounds are cuited nvaroxvhalides
2xist ze duovble ralts, Actually, tt,,,} may e considered Lo furin by

rolysis of & vhemicnlorids 88 folic

K,Re{ili FHLD & E'ZzPaCiﬁ' OH + HCL,
{480

Bvausa zmad Dahlmannt E, Jezowska and Jadkel ’49) and Jakob and

Je mows J::a(“‘! "6” identified some of thene substances. The latter elec~

iswivacd hydrindie ar-;d solutions of potassium perrhenate and iodine to
form a amya:umyhahde. The salts are:

Salt Color Reference
K;Re{OH)Cl4 Green 349, 350
it ;Re{OH),Cl, - 361, 362
Rb2Re(CH)Cls Yellow 349, 356
RbyRe(OH)»Clg Gruen ase
Cs;Re{OH)Clg Yellow 350
Cazﬂe(ﬂﬂ) Cly Yellow 350

ne(oa)m - 349
C!zie{OH)Brs i Red 350

Rbenivm Carbonvi Halidea

These are compounds of the type Re{CU)eX, of which the most common
is Re{CO}gCl. This was prepared by Schultenaéﬂ by three different re-
motions, all at 230 C for 30 hours under 250 atmospheres pressure,

(1} ReClg + 4Cu + 9CO m Re(CO}5Cl + 4CuCl- CO
{2) ReClg + 2Cu + 7CO » Ra{CO}, =1 + 2CuCl- GO
{3) K Relly + 3Cu + 8CO » Re(CO)sCi + 3CuCl: CO + ZKC}

The rhenium pentacarbonyl chloride is extracted with ether, appearing as a
iine greyish powder. The iodide and bromide saits can also be prepared by
identicai methuds, All are cdorleas, insoluble in waier, zikd arc decom-
posed by hydrogen peroxide-sodium hydroxide mintures,

Hieher, Schuh, and Fuchs(364) aig0 tried to make rhentam carbonyls,
They repesied the methods of Schultsn snd alsc derived new methods but
were gt first unsuccessful. Eventually they were able to prepare two com-~
pounds by the reaction:

Re + CuCl, + 6C0O = Re{CO),Cl + CuCICO.
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This was essentially the =anie as bohalien’ s uwiiod, occurving o gl
termneratuyves and pressures, _'CJ{QQ}}%CL ‘FU‘QBI and He(CO; I cauld
be made by thiz meihod,  Ancther methed was the ceaction:

KReOg4 + CCly + 8CO = Re(CO})gCt + KC1 + COCL; + 3CO3.

-

his alsu Sogucred at high femperature and pres .-, One halide can ailsc

[
he nade by ancother reaction:

ZRe(CD)Sl + Bra = 2RO )BBI' v Iz
The boiling point of these compounds ranges iroin 90 to 140 C decreasing in
order {romn the icdo- to the chloro-compound, This represents steps of
increasing stabiiiiy.

Hieber and Fuchs(Z?q) then found that rhenium carbonyl, Re(CO)s,
could be prepared by two methods, neither of which involved removing
halogens fro:m the halide carbonyls. Either potassium perrhenate, rhenium
heptoxide, or one of the lower oxides were treated with carbon monoxide at
200 to 250 C and 250 to 270 atmospheres:

2Re 04 + 26CO = 4R2(CO); + 70,.

The crystalline carbonyl is pssudo-tetragona. and resistant to acids
and bases. It melts at 177 C, but is decomposed by nitric or sulfuric acid
on heating (400 C). The presence of sulfur causes catalysis and may in-
volve formation of compound, ReH(CO)S. The carbonyl is probably dimeric,
existing as [ Re(CO)g},.

Sulfur Compounds oi Phenium

Ehenium, like any other metal, forms two types of sulfur compounds,
the sulfides, where the metal combines with sulfur alone and directly, and
the thinsalts, which involve the metal, sulfur, and some other element,

Thio-Sai_t_g

¥eit(318,365) treated saturated potassium perrhenate solution with
nydiogen sulfide . A vellow solution appeared which Feit reported as a
thioperrhenate:

KReO4 + HS » KReO3S + HZO'
This compound hydrslyzed, forming menothioperrhenic acid:
KReN.S + HyO = HReO33 + K
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Treatment of the solatian » il Roilicas wuitate cpused formmution of
PR, PR R - I S il S R - 2 S A Fgin s - \,;f."
iR {,ﬁﬁ:@L&{?lz ;;;};ﬂf,h.!,aﬁ’i& G INBAANGTY Alf‘ﬂﬁ’-agu FEr e .:,_’z 2! ‘3 ErE AT Wiod
- R . s T 0T L s o R P 2 .
conpey. fnd METCOTY LORBLUnUE &l JaUATS o mmation of poe-

The petrssium it of mons-thioperrhends a0id 12 very goladle

T it Lot F Az 3 Ceaan i g PO T S T DU SR . L
wwngl.  Ine rellidlom sand canaunn gslis. which Felt evidenstly

d, mre lres soluble.

Sulfides

Noddack(zc}?} originally reported that the action of Lydrogen sulfide on
rhenium produced threc suifides, Re-.as-,, Reli,, and ReS,. This view was
suppuried by Schacher1{102), who stafed that rhenium disulfide was the
only one of the three that was stable.

Rhenium Heptas:lfide, RepS7. This was prepared by precipitatic )
when perrhenate sclutions were treated with hydrogen salfide: (272, 306, 356)

2HReOy4 + TH2S = Re287 and 8H,O0.

However, there was some difficulty in securing a precipitate and the re-
action was not thought to be gquantitative, so Briscoe, Robinacn, and
Stoddard(272) prepared the heptasulfide by treating potassium perrhenate
with sodiurn thiosulfate in acid solution. They claimed this method was
better than the hydrogen sulfide precipitation. Bilts and Wiebke(366) re-
futed the statement that the hydrogen sulfide precipitation of rhenium hepta-
sulfide was not quantitative. They prepared thz heptasulfide, and found it
to be a black powder, casily oxidised iz nis, Its density was 4, 866 and it
decomposed exothermically at 460 to 480 C. It was nearly insoluble in
water, and was attacked by nitric acid.

Rheniumm Disulfide, Re82. Rhenium disulfide may be prepared by
heating the heptasulfide in nitrogen or carbon dioxide; sulfur is sublimed:(366)

{a} Rez5, = 2ReS; + 38,
The dieviiide may zlac de prepared directly from the elements:
{t} Re + 2% = ReS3,

or by *he method of Tieds and Lemke(248), who heaied rhenium metal and
the heptazulfide at 1400 C:

{~) 3Re + :RezS, w TR2S,.

In Maihed (b), a presoure of hydrcgen sulfide musi be maintzinesd,

ain o
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The disuifide 15 vuite siable; Juze and Hiltzi<d 4 foand ii did vt de -
1

Composs until heated above 1060 . It was biack and possessed a densiry oi
Pome o will witack gusviz, Heating in 2ir canzed de ecoraposition by exida-
tion:
4Refa 4 150 = ZRexl0g 4 850,
Healing in hydrogen forced reduction to the meint
HeZ, + 211 = Re + 2H 5.

&
o pes

Rhenium Trisulfide, ReS3 The trisulfide, ReS,;, mentioned by
Noddack(£297) and Schacherit!02), has not been prepared since, lis existence
must be considered questionable,

The sulfide compounds are valuable in the chemical analysis of rhe-
nium, wiere sulfide precipitation for the separation of elermenis is common.
This zubject will be covered completely in the Analytical Chemistry section
of this report. A surnmary of the more important rhenium sulfur compounds
that have been identified fnllows:

Compound MName Color Density Reference
RSy Rhenlum disnlfide Rlack 1.8 102,287,368
HeoSe Rhentum heptasulfide Black 4. 868 102,297,368
HReOz5 Kono -thicpe ahente acid - - 318,363
KReOqS Potassium thioperthenate Yellow - 318,363
TIReO4S Thatlium thioperthenate Yellow - 318
TiRe S, Thallivrg thiorthenie - - 3ig
%{&035)2 Plumbic thioperrhenste Red - 218
Hg{Re O, 8), Mercurfe thioperthenate Yeliow - 318

Miscellanecus Inorganic Cornpounds

Selenides
Two selviidss of rhenium have been prepared by Briscoe, Robinson,
27 3%
and Stoddard, (272} Guih are an2lagoue to the suifides and arc formed in

the same meanner,

o
£
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Bhenium Heptaselrmde, Rester, This was prapiereed by wroring
ammeoniatsd AQUCOUE perneasidin Prrrienate with hydrogen selenide:
5 - . . ~ .
EReCy + THaSe 2 He 82 ¢ 610 ¢ JKOU

Rheninwe Visclenide, RoeSep. § ihe heptase! ude was heated for mine

houvrs at 330 C 1n vacuum, reduciion to the diselenide vocurred:

Kepoey = JlleSeg + 350,

Phosphides

Haraldsen(367) heated rhenium and phosphourus together and observed
cor~pound formation around and above 780 to 800 C., The possible com-
pounds formed wevre:

RePj Rhenium triphosphide

ReP, Rhenium diphosphide
ReP Rheniumn phosphide
Re>P Rhenium subphesphide

Silicide A

Only ene siliciae has boen reported, and that, the disilicide, ReSi),
by Wailbaum. 368) The compound is isomeric with molybhdenum silicide,
Moliz,

Arsenides

Weichmann, Heimberg, and Biitz(369’370) studied the system
rheninm-arsenic. They reported only one cornpound was formed, RegAsq,
The arsenide decomposed at 780 C and no 1uiermediate cnmpounds were
formed. The affinity of rheniura for phosphorus is greater than the affinity
of rhenium for arsenic.

Rhenides

Thie posgin’lite thatr rhenjum existed in the Re-! state was discussed
in the Valence States sestion of this report. Rults and Elving(37')) assum.

ing thai ReV wonld 27t like a halide, attempted to separate inscviuble silver,
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by o e coene chenddes The rhenide ton proved too sireung a « Jucing
T B S LA [T R T LR o ' not seduced by Re~!, was assayed as the cation.
Evidently Thic wos prepared in solution, but could not be precipitated he-

cause tindisiain hloodae and thalleon bronnde, also present, are less solu-

bie,

Uipaas tompoetnds of Rhic o o

iﬁ__l_kanes

Trimethylrheoium, Re(Cii)i. This trialkylrbenium compound was

prepared by Druce{280) by treating the teichloride ot rhenium with a
Grignard reagent:

2ReCly + 6CH Mgl = 2Re(CH3), + Mot + 3MgCl,,

The organic is a volatile, cuoloriess, influmnmable oil, heavier than
water with an ethereal odor., ¥t bhoils at 60 C.

Triethylrhenium, Re(C2Hg)3. Druce claimed{372) that he also pre-
pared this compound in ilike manner to the trimethylrhenium, It had the
same general proper’ - 3 the methyl compound, but boiled at 30 C,

Other authors(35£,373) have also tried to formulate these organics,
They were generally unsuccessful, and stated that rhenturmn ¢ toride cata-
iyzed a reaction between methyl magnesium iodide and methyl iodide, pro-
ducing only methane or ethane as product. Druce' s explanation of their
troubles was that "impurities! caused the failure.

Pyridine Perrhenates

Copper Tetrapyridine Perrhenate, [ Cu{C5H5N}4]{ReQ4)2. Wilke~
Dorfurt and Guanze rt{333) isclated this compound after treating pyridine with
cupric chloride and perrhenic acid. It is a biue crystalline calt, slightly
soluble in water and possessing a density of 2, 338,

Silver Tetrapyridine Perrhenate, [ Ag(CsHsN}4] ReDq. This was pre-
pared hy the above investigatore in the samie marner. It is unstable, yield-
ing a pyridine greup, CshigN, to form tripyridine perrhenate, also an
unstable complex.
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2,2’ -Dipyridvl Perrhenate, CsHgN- NCgHg- HReC4, and 2,2 ,27- ? 2
Tripyridyl Perrbenate, CgHisN- CsHsN- C5HEN- HReOg4. According to ‘
Deucei335, 351}, these were preparsd by Turkiewiczi294) and veported by
Morgﬁn(324) ‘The subsiance:s sepearate from a solution of the pyridine hase

in perrhenic and scetic acids.

Rhenium Triethoxide, Re(UU2HH5) 5, and Rhcaiuim Tri-igonranvioxide,
e/OC3H7)s. Sodium ethoxide er sodium propoxide were treated by Drucei3 75)
witn rhenium trichloride:

ReClj + 3NaOCHg = 3NaCl + Re(OC Hg),
ReCly + 3NaOC;H; = 3NaCl + Re(OC3H7)3.

These organics are brown solids decomposed by water, acids, or alkalies.
They are stable in air,

Organic Halides

Turkiewicz(294) has already been mentioned for his preparation of
pyridyl perrhenates, Jn addition, he treated the pyridine base with chloro-
rhenic and hydrochloric acids, causing formation of three pyridyl chlorides:

(1) 2, 2'-Dipyridyl Rhenichloride, CgH4N* CsH4N:- HzReCl
y sH4N- CgHy 6
{2) Bis-2,2'-Dipyridyl Rhenichloride, (C5H4N.-C5H4N),; HaReClg
(3) 2,2', 2"-Tripyridyl Rhenichloride, C5H4N. C5H4N. C5H4N. H2ReClg

The dipyridyl salt (1) appeared a8 yeilow needles, and the bis-salt (2)
as green ones, The bis- and tri-salts, (2) and (3), are only slightly soluble
in water,

Numercus authors have prepared other complex organic halides. The
formulas, names and references for many oi these compounds have heen
compiled in Table 12, Lebedinskii and Ivanov-me(376) claim that their
stable complexes are the firnt examples of rhevium in the cation,

Carbonyls

e niirrn Trica r’g;_:ﬂ'nl Pueidir . } ] (u@)j((gl}}&, QEZ., This was prepared

B S

Ly Tiches and Fuchs(377) from Thenium carponyl and pyridins:

T oy -t T A, - £ o L - -
He{T{e + sighigiv = ne(ST3{T0asMy © 2000
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TABLY 17, SURMA THON OF PHY WHOWH CORPLEY BHMENIUM ORGANIC HALIDES

B ‘ - r;;“m: ai Hame . Cobar Author Referznce
CHLN- Ughigh HoleClg Yellow ::ilc.;jfn ap::i Davies 2“;
#,w uipyaiayl £z irhingide o g‘chr:::"’" 270
E(n‘:;’;i;};r(:5}§m;gﬁgﬁsma firesn Morgan and Davies 51

s~ dinvrigyl yienic alazids o Turkiewlcz ion
CyiigN" CtigN" C5H N"HoReClg - Turkiewlcz 204
%.8',2" -ripyrdyl hepichjoridy
CotigR2{OH)Cl3 - Druce am
Ethy! rhenlum hydioxychlotide
C3HqRe(OHICl4 - Druce 376
Propyl thenivm hydsoxychioride
{CgH4CHaNHalgHoReClg Yellow biown  Schmid 352
Di-toluldy! rthenichlotld=
CogHqN- CgHsN- ligReClg Yellow brown  Schmid 352
Di-quinodyi rhenichlorde
CgHalN- CgH4N- CoHgN- HoReClg: HoO - Morgan and Davies 81
2, 2¢, 2" ~wripyridyi rheadchloride hydrste
[ ReOo{CoHg(NH5)9)0 ICH Yezllow Lebedinskil snd 376
Rbenium dioxydiethylenedizmine chloride Ivanov-Emin
[ ReOg{CoHg{Rty)a)o 1T Yellow Lebedinskii and 378
fhegium dioxydiethylenediamine lodide Ivanov-Emin
[ReC{GH)CoH5MNHS) 1C15 - Lebedinskii and 376
Rhenfum oxyhydioxyethylenediamipe d'chloride Ivanov -Emin
{ReO{OHNCyH5(NHolo)o 1PtClg - Lebedinsidi and 378
Rhenium oxybydroxydiethylenedizmine platnichloride Ivanov-Emin
[ ReD{OHN Calis (Mgl JCoNDg): - Lebdedinakii and 378
Rhenium oxyhydioxydiethylenediaimine cobaltinimris: Ivanov -Emin
{ B2t ofCaH N D)) 1C1n Bive Lebedinskii and 378
omium yeoayaicuylcnidiamine ri-hinride . Tvanov-Emin
{CaHiqN)Re50C 5 - Jezowska aad s
Tewagy;idine theniwn oxychlueide odko
(Caity HeReiOHCi g - jesowaina and 349
Erpynidine shenium bydroaychiodde o fodbo
BelCHAaMY - Diuce N
Bl doyd phanivse ohlorge
o S ST, > BRI RS RS Mt
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ad¥ad Tee suiade with rodine ETEYY;

. . x 1 » . e * .
ine vrgunic hase can be Fegardod o ol plating ruine ol Hhe cavbungl vasticals

b commpounds like vhenium poeuntacarbonyl chbocide, Do OO

e-Pheaantheolineg also subsiituies in ar-luoguus manner to pyridine,

he yeliion 18 cousLiarod siaapler to secomplisto than with pyeidine itself,

OUxycyaaldes

In 1935, Morgan{}?%) produced o complex oryganic cyanide, potassium
rhenium oxycyanide, K3{ ReO(CN)4], from potassium perrhenate. The
dioxy-aalt was pieparsd next by Klemm and Frischmuth 281) from potassium
rhenichloride, potassium cyanide, and hydrogen peroxide, This salt,

K3[ ReOz(CN)4], occurred as red menoclinic crystals. Ii was soluble in
water and atable up to 300 C. The density at 40 C was 2. 704. The thallium
salt, T13{ ReO,(CN)4], was alao made by the came process. Later, Morgan
and Davies(51) made the hydrated salt of sodiura, Nag[Re0O,(CN)4]- 2H ,0,

and alsg potassium sodinm rhenium dioxycyanide, KyNa| ReOz{(CN)q]: 6HO.
Morgan 374) had slready prepared the monoxy-salt of this series. Druce(371)
reported that Turkiewicz made a partially hydrated compound, K3[ReO(CN)y4-
OH], from rheninm dioxide and potassium cyanide.

Hélermann(378) produced many of this tyn> of complexes, but never
anaiyzed them. He did, however, report that the average valence of rhe-
nium was about 5, and evidentiy prepared rhenium oxycyanide salts of
silver, copper, mercury, and lead in addition to those light-meial salts
already reported.

Tribalat(379) studied the reduction of perrhenates with potassium
thiocyansaie and stannous chioride, a reaction typical of the type leading to
preparation of these salts, She found that:

HReOy4 + HCL + Sull; + KCNS = Retd,

The reaction is guantitative if the hydrochloric acid is {our normal. At this
aaint, the stannous chloride reduces the Ret? to Re+4, If the acic is one

— - - % 3 5
nermeal and sxcess 5nCl;z 13 used, Loth 2e*® and Ret? are present.

The axyveyanides are surmmarized in the tabulation on the following



L
2’2

Salr Jzrtes Hefs-anoe
K3 ReG{CN 4] 3174
K [ ReO{CN} 4] OH - LY
KsNa[ Re O{CN}4 ] Pink 371
Kyl Ret, {CN}4] Red 371
KaNaf ReUz(CN)Q]‘bf'de Red bl
WNogf ReD,(CN}, | 2H,0 Yellow 51
Th[ ReO,(CN),] - 281
{Cof gNyH)3[ ReO,(CN) 4} 4H,0 - 51
{GUHQNH)B( ReQ,{CN)4]2H,0 - 51
(C sHgNH) ,H[ ReO,(CN)4] - 51
(C, oHgN,H,) JH[ ReO,(CN), ] ,4H,0 - 5J

Thioccyanates

Druce{389) and Miller(381) prepared the only reported compounds of
this type by the ivllowing reactions:

¢HReO, + 10HCL + SnCBiz u# 2ZReQCl, + SnCly + 6H0
ReOCl, + 4KCNS = ReC)(CI‘vI‘S)‘4 + 4KC1.
Rhenium oxythiocyanate, ReO{CNS),’:, is a dark-red crystalline material
which decomposes (o & yellow organic sublimate and residue when heated.

QOrganic salts may be easily prepared, so Druce made the double derivatives
wi pyridine and guinoline, analogous to uranyl salts of the same type:

_V;Sa!t Color _B_i{erence
ReG{CNI}q Dark red IR0, 381
(CHgM HCNS);ReO(CIiS )y - 380
{ug}wn‘,ﬁ» E?CNS}ZEQO{CNSn - 380
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Waddacki {29 7} Firet sugecsted that rheaione oo o D dhistinguished from
molypdenam by the fovmanon of a yellow-red colur ohon polussium thic-
cyanate was added to a rhenium-coniaiming solution.

Geilmann and Brﬁnger(i‘az) then showed that « ¢stum and rubidium
perrhenates would be dyed red if precipitated in the presence of Mn()é‘l,
They claimed that 0. 00025 mg of rhenium could be detected in 0. 00035 cc¢
of solution by this method,

Mitron is an organic precipitant often used in both qualitative and
quantitative determinations of rhenium., Kronman and Bibikova(383) added
nitron acetate to a drop of acid poiassium perrhenate, Gelatin was super-
imposed on this, and titanium trichloride added on top of the gelatin. The
titaniurn trichloride diffused down through the gelatin and caused the nitron
perrhenate crystals to be dyed brownish yellow, Another author(384) foun
that hydrogen iodide and an iodine crystal will give dark cyrstalline pre-
cipitates nf the form M;Rely if added to ReOg471on. Salts of potassium,
rubidium, cesium, thallium, mercury {ous), or silver are those which, of
course, must be present to provide the Mt cation. Molybdenum and tungsten
interfere,

One of the earl'er mcthods was the borax bead test, to which rhenium
imparted a biack color if heated in a reduung flatne, §585) nguda’\z’sm
uaezd a zodium carbonate bead, I re than 50 per cent rmanganese was
present, rhenium caused a black to yellow to white color change in the re-
ducing flarne. Any tlame was usable if there was no manganese present,
and tungsten or molybdenum did not interfere. 0.015 mg of rhenium cou..
be detected,

Stanncus chloride will reduce tellureizs, sach as NazTeU4, if rhenium
is present to cataiyze the reaction. A black precipitate or color will reselt.
potvekiovio87) detected as little as . 025 x 1670 gram in .05 cc¢ by this
method, but molybdenum anﬁ other elements intexrfered, This problem can
he snived by firat ci'shll'ng the rhenium from the impurities as the heplua-

. {2 «7 N R SRS R
e, 38} .»;mmmovwv f uged the same type of rzaciion, wul adced potassiugn
ce .

fi?'g’i(‘--‘j“!?:?’}':f_{f LX) (.:“.? SLBNAGUS Avhig_-l‘iah*-_ }%zu;‘f;s;z&’h AFE- 4"1—&1’ ETRTLS Va3 ili?‘.‘”?
natad deccioriring with NHOH- HOL, snd tungsten interievencs elimirated
by e dding ntosphiarie acid.
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or thaumrp nitrate w1h deteci -mmli amounis of ~heaium as
Acridine is also used, but pyridine is better, (391)

Wenger and Duckcrt(-wz); in a general eveluation of qualitative daia,
found thsat two teats, that with stannous chloride and sodium tellurate or
ancther with stannous chloride and DMG (dimethylglyoxime) which produced
a yellow color, were the only fully satisfactory methods of detection,

Several authors{(393,394) have suggested methods for preparation of
rhenium salts, followed by confirmation of their occurrence by microscope.
Hurd, in Scott's Standard Methods of Chemical Analysis(395), recommended
the following procedure: o

{1} Precipitate rhenium heptasulfide by acid hydrogen sulfide.

(2) Remcve molybdenum by addition of sodium sulfide to (1).
In this step the molybdenum will be extracted, the rhe-
niwm sulfide remaining insoluble,

{3) Digest sulfide in sodium hydrexide and hydrogen peroxide;
a soluble sodium perrhenate will now be present,

(4) Filter off any hydrated oxides, Concentrate by evaporation,
(5) Add sclid cesium chloride to one drop of Solution (4),
{6} Identify the resultant crystals of CsReOy microscopically,

Several oiher final precipitants can also be used, such as rubidium
<hlarides Geilmmann and Wrigge@?"‘i} precipitated and identified the crystals
characteristic of doubie chlorides, prepared from acid solutions of rhenium
trichloride by addition of rubidivm, —~z2siwn; pyridine, guinoline, acridine,
anG oliwrs, akis of the tvpe B Re(?,ie; CsReClé, And CﬁﬁsN}X‘{eC14 are
ed, Photomicrographe of & fe'w of these nrystals are reproduced in

=%
Brrrelsag
Figure 12,

General Qualitative Teoats
Cloused- and vpen-tube reactiong were siudied at sy zariy daie by
, Foengd ¥ N . .
Troitinazne, and Wisigoe, (330) The clnasdatnhe zeactions wers vhagatisfactory,

Pl
i
-
™
-
s
ry
.
»
-
-
IS
i
-
gl
-
-
i
wk
=




|
1

u?)!‘g

3

NN X SRR A BN BB L ik BT,

a8 o

<y
i
g}r

Iy

¢ ot
b "
b

&

A,

(s

é.- & v

§

,‘ngm‘

3

¥

-y

“

B

3y
. €%
o

L 1
&
ghmnm‘:inm = awmnéﬂi J

L
%

]

L
!
®
a8
aam

tm ®

L

sorassivin Rsninrp Herachioride

'S B z= gz 2T e g o ST TYWE S eTr TIIggs g WA (4 o sfteyamE
FrLLRE 17, PHODTOMICROGRAFHS OF COMPLEX SUIDMIUR HALIE ORI SLALY 2t 5t L

gl

oA L 1 F oL

P
FATS

I TETS L TR YR
a2

(O RRAR

s
et s P b s
e Trmamn g%l Wilggsetveo!

IR 2R O SN

120X

s iain P U S S |
AT T T O Nt WAL o Lkt ST RS ]

i

Ly
il



=g

h

Fig., 7. Kalium-Rheajun hexachlorid

1

B X
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but those with the open tube were evaluated as good. Very small quantities
of rhenium can be determined. H a test tube containing rhenium s heated,
the following will accur:

(1} A bluish oxide will form near the test substance, particu-
larly if sulfur dioxide is added, Druce(385) suggested that
this was the oxide Re3Og.

(2} Farther away, yellow hygroscopic crystals of rhenium
heptasuifide {orm.

(3) White drops, possibly impure rhenium heptoxide, appear
on the coolest part of the tube,

(4) White, odorless fun:es at the open end of the tube color
the Bunsen flame yellowish green,

(5) The oxide deposit can be dissolved in water, perhydrol,
and ammonia, Treatment with potassium or rubidium
chloride yields potassium or rubidium perrhenace.

If rhenium compounds are placed on charcoal in an oxidizing flame(335),
fumes, a green color, and a bronze-red deposit are formed, Geilmann and
Wrigge said this and other flame tests were poor.

Yoe(397) added the following reagents to rhenium solutions in the
order given, and noted the color changes. The solution was first prepared
with hydrochloric acid and ammonium acetate. Then "aluminon" {the am-
monium salt of aurintricarboxylic acid) was introduced, causing formation
of a red solution. Ammonium hydroxide turned the solution pale yellow,
and ammonium carbonate destroyed all color.

Potassium thiocyanate and stannous chloride were presenied as
reagents by Geilmann, Wrigge, and Weibke, (398) As little as 0.5 x 10-6
gram of rhenium could be detected, The thiocyanate was added to an acid
solution containing stannous chloride, The presence of rhenium was indi-
cated by a yellow color: ether extraction removed the yellow complex and
evaporation of the extracted svlution left a red solid. This reaction was
modified by Hurd and Babler(399) and, in a general study, was later stated
by Hurd(400) to be the best laboratory test for the detection of Ret7. Hurd
also found that ethyl xanthate would separate moclybdenum frem rhenium by
formatior. of a molybdenum complex, removable by carbon tetrachloride
extraction, The rhenium is then free to be detected if present, This re-
action separates Group 1Il elements in the analysis system developed by
Wenger, Duckert, and An‘.cajdio.(‘ml)

Hurd“oo) discovered that rhenium will appear in the test for arsenic
using the system of Prescott and Johnson. Their text{#02), noting that

BEATTELLE MEMORIAL INSTITUTE e



R

-93-

rhenium belongs to the hydrogen sulfide group, suggesied detcction by
fusion of the heptasulfide with sodium hydroxide. In the absence of chro-
miurn, manganese, rubidium, and osmium, a yellow color appeared. Water
extraction and precipitation ol ammmonium or potassium perrhenate give
further proof if desired.

Rhenium can be determined in Noyes and Bruy's system, although
much rhenium ‘s thought to be lost in acid hydrasrr sulfide precipita-
tions, (403, 404} Howeve r, this can be avoided, au final detection by
stannous chloride, potassium thiocyanate, and hydrogen sulfide is recom-
mendcd,

Geilmann and Bode(405’ 406) Lave recently compiled extensive in-
formation on the techniques of separating rhenium from the hydrogen sulfide
group and other metal ions. Some of the methods for cation remouval follow:

(1) Agtl-Precipitate as a chloride or metal from basic solution,

(2) Hg+2-Precipitate as Hg by hydrogen peroxide from basic
solution, or by reduction with nydrazine,

(3) Pb*2-Separate as the chromate, thiocyanate, or thio-
sulfate,

(4) Bi*3-Remove as the oxychloride or phosphate,

{8) Cut2-Precipitate by hydrogen peroxide from basic solution
or remove by electrolysis,

(6) Cdté-Precipitate | y 8~-hydroxyquinoline,
(7) As*P-Remove as (NHg4)3A804" 3H,0,

{(8) Sb+3-Rcmovc with thionalide, or separate the rhenium by
hydrogen sulfide,

(9) Snt4-Separate by boiling in a buffered acetate solution,

¢) Auvtl.Separate wit sulfur dioxide, hydroquinone, or
oxalic acid,

{1

{(11) Mot3-Precipitate with oxime.
12 Ge+z=S=p;-.rate as Mg,Ge03.
== . 2 é
(13) Set4-Remove by reducing agents, Not usually harmful,

(14) Tet4-Precipitate with hydrazine and sulfur dioxide,

BATTEG WL MEMORI AL NS TITUTE




a4

war

gy

Hegm it T 'nﬁ}:;n:*r.,

fusinn ~f ke heniae

Rheuniuvin can be determined i Woyes and Drouy's sysiemn, although
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dfannous Chioriae, potass.um thieCyanale, and bydrogen suifide is recom-

mended,

Geilmann and Bode {40 6} jave ¢ cently cowmpiled exiensive in-
formation nn the tec nmq‘ s of separating rhenium from the hydrogen sulfide
group and other metal ion Some of the methods for cation removal follow:

(1) Agtl-Precipitate as a chloride or metal from basic solution,

(2) !{g+2—Precipitate as Hg by hvdrogen peroxide from basic
solution, or by reducticm with hydrazine.

(2) Pb*2-Separate as the chromate, thiocyanate, or thio-
gulfate,

{4) Bi*3-Remove as the oxychloride or phospkate.

(5) Cuté-Precipitate by hydrogen perexide from basic solutioa
or remove by eclectrolysis,

(6) ©dtZ-Precipitate by 8-hydroxyquinoline,
(7) As*’-Remove as (NH4)3A804° 3H;,0,

{8) §b+3~Removc with thionalide, or separate the rhenium by
hydrogen sulfide,

{9) qn+4-3epara’e by boiling in & buffzred acetate solution,

[

frod aatl Senconie with 2 alfur dioxide, hydroquinone, or

oxalie acid,
{11} ﬁﬁi»??ecipitate with oxime.
{(12) (.;e -Sepnra as Mg GeQs.
{13} zfvi_j%—ﬁo:!novr by reducing agenis, Noi uaualiy hernuul,

(14} Tetd-Precipitate with hydracine and suifur diexide.




v -““»"?V, whe arigiaaliv 1:33d g claim to the dicrovery of

inoyecbivograph, loatey gledsd the ingiroment wonld detect o

; cselution, The rhenium inust be preseni as the gulfide, This
work of Hayrovahy's was separate from the discovery claim (which was

t zd} and iz considered fully accuraie,

farvaey

Tlectrolysis and spectroscopy were utilized by Schleicher\®V®), who
“iectrelyzed 2 awall voluine of goluntion with a copper wire as cathode, The
enode was & platinum crucible lid which contained the solution, Adrer elec~
trolysis the residue and solution were evaporated in an electric arc giving
rhenivm spectiral lines,

Snmmar‘g

Table I3 lirts a number of characteristic qualitative reactions, in-
cluding spot tests, special methods, and some of the general meihods., A
few reactions net discussed in the text are also reported, Where possible,
the test is =raluated,

Many of the qualitative methods presented herein are either inaccurate
or too complicated, However, rost authors agree that the microscopic
identification of crystals is a positive, straightforward method. The chemi-
cal reactions are simple and few, and a permanent pictorial record of the
crystals can readily be maintained,

Quantitative Analyais

Chemical Methods

The first significant step in the development of chemical methods of
guantitative anslysis was taken by Geilmann and Voigt(86;412) in 1930 when
they applied the urganic hase, nitron (1, 4-diphenyl-3, 5-endo-anilino~4, 5-
dipheayl-1, 2, 4-trinzale}l, formerly ussd for determination of nitrates, to
the anaiysis of perrhenates, Slightly acid potassium perrhenate; treaied
with nitron, formea v£ry inaviuble presipitates in water (0, 18 mg/1) and
even less soluble ones in the presence of nitron acetate, The rhenium is
ncrmally determined gravimetzically ss B=t? gnd can be recovered, U
malvhdenum is sresent, it interferss, but can be removed with 8 -hydroxy-
guinoline, (413,414) Maay methodsi®U2) for the quauiiiaiive sualysis of
rhernivr nee pitron {or the fipal determinaiion, no matter what the prior
StenR. Melavwnﬁﬁ: however, currently producing rheniui meial at the
iniversity of Tznressee, dees not recommend nitron, and prefzre the aro
anic cravipitaie {(oiranhsnyl arsoniun: chiovide, o he discussed below,
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The oo oxide vnsy Ceadalin aib GiE. {4 Molvhdenam wene ceigmied

g fiwii*;d:‘m;‘,'qmns:imu, i1l the wherium determined with nitron,

Tt wan leang belicwad thay of < ntate ‘ . 1
instead of acid soluticn, separation frem mﬂiybdeuum \&;nuld occur in ghat
LR T P

Siwpr, 3 lll'i unu WO TN

claiined (hat ixreatvneni of perr

¥

Thenate sol utmn" writh hy :i'-owen sulfide unde:
prassure produced a slow but practically gquantitative precipitation, This
was done only with difficulty., Recently, however, it has been shown that
rhenium heptasuifide is appreciably buluble in alkaline sulfide solutions,
refuting the claim of Miiler and Lal.ande, {418)

More recently, acid sulfide precipitations have been carried out under
pressure, - (419) Geilmann and co-workers(420) summarized sulfide precipi-
tations from various types of rhenium solutions:

§E+3 ~ Precipitate {roin 0, 05-1, ON hydrochloric acid solutions
at room temperature, A mixture of sulfides results,
§:§+4 - Stronger acid solutions can be used, Rhenium disulfide
precipitates,

Ret? - Add warm ammonium polysulfide, then add acid, If
desired rhenium of other valences can be oxidized to
Ret? pricr to precipitaiion, However, this method is
considered poor, as the precipitation may be sulfur
contamninated,

;f_{__gA“Y - Satuvate with hydrogen sulfide at room termpersture,
then heat the closed flask to 100 C, Rhenium sulfide
wijil precipitate under the pressure generated,

Geilmenn and Bode{$21) have also devised a sodiur thiosulfate type
of sulfide precipitsiic:. Reduction of rhenive sulfides with hwdrogen at

o
s
£y
28]
(]
Dl 4]

clevated temmperxatures has been guggesated.

Krauss and Stainfe1d!®23) found that thallium acetate, TIC,H,0,,
would separate insolubie thallivm perrhenate from Re*? salutmﬁ.. The
uz:;.mmauatiaﬁ was gravimeiriz snd chlorides interfered, Howzver, thailium
perrhenzte iz soluhle in cold water to the extent of 1. 15 8/ {264} and, on

thar hasis, (b2 rwainad cannot be recurine-3ed

The volatility of rhenium he:;}i'fwxi'i iz naeful for separs=rion
mekyedenusn,  Voelatilizaztion was origieeily obtained by heating che per-

Fnenates wWirh sulluric acica I air, 1his wes cbysoiico=Ll

s
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T e o T BT Suesirimaries T S T RS TR v = S e g — -
Coder o7 Result § Amount Deieotable, listesfesing Elemenn
RQezgent of Faocedues Rliruivm Pretrit ppuit (xil mvniiutf )
Foiossivm minoying Vohtow red - -
Precipitate thenivtm as:
{1} ¥Ry - LA P
(2% RbRcOA Red 0, 10 Mo
(33 CoReOy Red - Mo
in presence of MpOy I
Open-tube reactions Bluith oxide
Yellow crysials _ )
White droplets
White fumes
S5.Clo and KNS Yellow 0.8 Mo
HCE and NigAC plus:
{1 Aluininon Red
{2) HH,OH Pale yellow - -
{3) (NH 4‘) 204 Colorless
in thar esdar,
Nitron, MagS, gelatin plus:
TiClg Brownish yellow - -
HI ané T crystal Dark precipitste - Mo, W
(1) $aCly + Feriocyanide Red
{2) $nCly + Dnne-t? 1ylgyloxine Yellow 100 -
{3) Hear £2) Green
Hy0Dg, KMrO4 RBCI Identify crystals by - -
microscope
HiuCiy and NagTol, Black 0, 025 V., W, as. Cs. Mo
*antll(y bead, > 50% Mn, Black 10 yellow to whiie 15 -
hest In redecing flame
Bese ochioride Orange 1.4 -
HCI plus: Rb. Ca, pytidine Identify orystals by -
quiroline, scildioe, microscope
aniline, bucine
Toluese 3, 4-dithol and KCRS Green L Mo
Twibtker's Pragent and Vamiine  Idently Blus oryzials 13 o .
iy Bwr; &nu voun.“ b)’ mif_'@"ﬂgﬂf ]G‘
botsrogragh Mo swep, no Re 10”8 molar scluilon
R pe GRYA [ Characreristic lines - Fe, Bim, Mo
LiEy apritiae kg, angt I, £y Chrracizistic lines LU 3 ka fnr Ly
wrpenzildios e @ied l‘lw_aﬁ# Cuolarza compion 3 t
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ehlovide was vanesrd through the perrhenate. sulfuric acid solution, s
4 sepid distiliatiun, (424. 425} Furiher developments ocourrea{?e0), Lo
now the method is to acidify the test solution with nitric and bediachlori
acids, partially svaperate, treat with sulfuric acid, and steamn distill, (147,

428)

Etiil other methods have been reported for securing a rhentuimn-
molybdenum separation., Hoffmann and Lundell{429) reduced the molyhdenum
to an ether~-soluble coraplex with mercury and potassium thiocvanate. The
ether extract wae usged to determine molybdenum, Stannous chloride then
reduced the rhenium to an ether-soluble atate, which was extracted and de-
termined, Hurd and Hiskey(430) varied this procedure slightly by extracting
molybdenum and rhenium together with ether, then removing the rhenium
by distillation, Geilmann and Bode{431,432) studied these ether separation
methods, and recornmended that the molybdenum be removed by 8-hydroxy-
quinoline, In this case, it was suggested that potassium xanthate be added

and the molybdenum then be extracted as a molybdenum xanthate complex
with chloroform, (414, 430,432, 433)

Melaven and Whelsel(434) and Geilmann and Bode(432) suggested that
a~-benzoinoxime be substituted for 8-hydroxyquinoline, Melaven had 2lso
evaluated the foregoing methods, He found that the molybdenum xanthate-
chloroform extraction of Hurd(430) was satisfactory for qualitative but not
quantitative work, Ether extraction with steam distillation was satisfactory
for rhenium determinations in manganese ores, but not (in molybdenite.,

The mercury reduction method of Hoffmann and Lundell 429) was satisfactory,
but long and detailed,

In the a -benzoinoxime method, the moiybdenum was precipitated from
solution with the reagent and separated by filtration, leaving rhenium in
solution, Potassium thiocyanate and stannous chloride were added. These
caused formation of a rhenium thiocyanate color complex, the transmittance
oi which was measured with a photoelectric spectrophotometer and com-~
pared with a blank, thus determining the rhenium content. The method is
not recommended if the sample contains large amounts of molybdenum.

Willard and Smith(435) found that tetraphenvyl arsonium ion,
(C¢15)4As+l, formed the complex (C¢Hg)gAsReQyg with perrhenates. This
is a white, crystalline solid, inscluble in cold water, From 0,43 to 133.0
miiligrams o Nelg™ can be determined gravimetrically in 3 moderate ex-
cess of the reagent, A potentiometric~-type determination can be substituted
if desired, Precipitaticn is usually carried out in hot sedium chloride so-
lution, Nitrate must be avoided; but meclybdenum does not interfere if a
few simpie precautions are taken, A few other ions such as MnOg4~1, -1,
Hg‘*’z, and Sn*2 interfere. This method is presently used and recommended
by thoes{33) working on rhenium at the University of Tennessee., However,
consistently low results were at first obtained, so W. Smith and Long{260)

d o e AL, -"*.’;:‘-':"E l:f Wil'!?-_-.ﬁ mamd 1 Cm-‘tl—-! @ omnnblom A A armennll th
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aceuiutlalesd pooorpiiaie caa o tning oot was washed with water,  The
moditication involved subsitionon ot o vatarated solution of tetraphenyl
arscniun perrhenate for wasbiong, which corvected this difficulty,
Tribalat(+36,437, - ’)5‘\*), an active Froench o worke oin cheninn chemistry,
algo has used this methad recenily with considerosble sucvess,

Anothey organic baso,  odiom diethyldithoo. o coopate, has also been

sugpgesied as a4 possible reameni, {37y

stion of the penosm feoan interic - e L nients, determi-
nation mav be accomplished by gravimetric methods (s w.ove) or by
volumetric or colorimetric methods, In general, culorimctric methods
seem to have been the most popular, Color-produc ing reducing agents
such as bromine(427,430) 4r st.nnous chioride witl. thiocyanat(ﬁs(4291 431,
433, 436) are reacted with the unknown, standards are prepared, and
measurcinents taken by compa. _on in Nessler tunes, ‘:vcently, photo-
electric spectrophotometers, which measurc the t-ansnittance of light,
have been introduced, (£33, 434)

Titration methods huve been used extensively in rhenium determinations,
but recentily have vielded to rnore rapid medthods such as the colorimetric
determinations, Geilmann and Hured 440), for instarce,; dissolved the lowcs
oxides of rhenium by oxidation with perhydrol, and then titrated the re-
sultant perrhenic acid with u base, Although this method of oxidation of the
lower oxides hias now been declared unreliablc,(441) ferric sulfate, potas-
sium dichromaute, or ceric sulfate can be used for vxidation purposes if de-
sired, (442) Excess oxidizer may be titrated with permanganate, Perrhenates
have alao been titrated with sitver nitrate, using potassium chromuate as an
indicator, (443)

Geilmann and Hard(44) fhund it possible to determine chlororhenic

acld in the presence of perrhenic acld with tatron (N, N'-tetramethyl-o-
tclidine) which precipitated a weighable complex coniaining Re Hé |

Special Muihids

L3 - tcere dncs

Electroiyiic meinods have been ¢ ad  The tamicekn{443)
eathodically reduced parrhenate ion in aulfurle acld solution causing the
rhenium te dc?nﬁit completaly on the rathede; it was then uxidized and ti-
trated, V!‘;igt‘"&) varied this method by forming cathodic deposity from
emmoniacal sclutiona, Mercury servad as the caihode and wan distilled
off, leaving & rhenium resldue which waa examined pelarographically, (447)

This polarographic method has heen studied exiensively by Lingune.(*’-m;
448), Uaing hydrochloric or perchloric scid as the supporting electrolyte, the
perrhenate was reduced to Ret4 at the dropping-mercury cathode, The
diffusion curreut wes well defined and directly prup..rtional tn the concen-

tgation nf perrhenaie jon, The haii-wave poisniisa.c i 4N perchloric acid ie

(e
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~0.4 v and in £N and 4, 2N hydrochloric «cid is ~0.45 v and -0.31 v, re-
spectively, versus the standard calomel electrode. A doubie wave was
produced in neutral unbuffered potassium chloride solutions, The first
part of this wave was caused by a reducticen to Re"l, and the sccond part
by hvdrogen discharge. In a phosphate buffer of pH 7, Re04'1 produced
a catalytic wave at 1.0 v.

Polarograms oi Re -l solutions in 1.2N sulfuric acid at zero G showed
three anodic waves  Their half .wave pnotentiale vwere ¢ =0 84« A= 0 34 v,
y=0.07 v. A similar pnlarogram was obtained in 1N perchloric acid with
some modifications, including separation of the S-wave into two components.
In each medium the corresponding waves pertained to the same oxidation
statee. The « -wave represented oxidation of Re~! to Re+2, the g’-wave to
Re+3, the pg’.wave to Re+5, and the y ~wave to Ret?

Reduction of rhenium in alkaline, neutral, and acid solutions were
observed by Geyer(443), who found that six steps occurred, The steps are
listed below. Geyer recommends that Steps (1), (5), and (6) are analytically
valuable,

Step Acidity Potential, volts Characteristic Reaction
(1) Alkaline to weak acid -0.9 to -1.5 Rt:O,l"l —ae Re
(2) Alkaline to weak acid -1.3to~-1.7 Re —# Re~
(3) Normal acidity 0.0 to ~0.3 Ret? —&= Re
(4) Normal acidity -0.5 to +0.9 Re -—— Re~1
(5) High acidity +0.4 to +1,0 Ret? ——om Ret4
(6) High acidity -0.1to -0.3 Ret4 — = Re

H&lemann(328) found that hot perrhenate solutions reduced so smootkly
with stannous chloride that Re04‘1 could be determined potentiometrically,
In 4N HCIO4 and ZN KCI1, these perrhenate reductions have been found to be

irreversible,

The catalytic properties of rhenium can be utilized for a semiquanti-
tative determinatinn_ aa th ey control reduction of godium tallurate hv atan .
nous chlorade“sn to telluxxum metal, If a protective colloid is uscd, the
tellurium will remain suspended in solution and can be determined "colori-
metrically” to give a measure of the rhenium present. The accdracy is

only about 10 to 20 per cent,

Analysis of rhenium in materials such as metecrites has been ac -
complished by ivradiation of ithe specimens in an atomic pile. (28 The
substance was compared with a standard and the relative radiocactivity
gave = measure of the rhenium present,

8 A ¥V T E L LE ME MORI AIL NS TIT LT E




b
[
[

For general dsterminations of vhenium, the methed of Willard and
mith{435) using teirvaphenyl arsonium chloride is recommended and

8
a
fl

veed by mosi resesscuers today., The modification of W, Smith and Long
iz, of course, mandatory.

in conclusion it & L3y
numerous co~workers) presents almost & step-by-siep history of the analyti-
sal :hgmigtr\: of !‘h.‘.‘!’!i"-‘.!!!; fraom 1910 to the nrasent, in his seriss, "The
Analytical Chemistry of Rhenium", There are no less than 20 sections in
this splendid series, published in Cearmany in the Z, anorg. asllgem. Chem,

gnd in the Z, snal, Cham,

hould alse b2 noted thet the work o

r .
irsiimann kwxﬂn

iy

ELECTRODEPOSITION

Holemann{87) foreshadowed succeseful plating of rheniura in 1933 when
ke precipitated pure rhenivm metal by the electrolysis of acid solutions con-
taining perrhenate and fluoride ions. He cleimed both high current and high
material efficiency, but was unable to produce a satisfactory plate, A year
later, Fink and Deren(88) obtained hard, bright, compact deposite of rhe-
nium from acid, neutral, and alkaline bathe, by controlling the pH very
carefully., The pH value depended upon the electrolytes {other than rhenium}
presext. Plating temperature was important and can be considered to in=-
crease with the pH, Four baths are given as examples in Table 4. Im
addition to these, an oxalate bath of pH 1.2 to 1.5 and a sedium bicarbonate -~
ammonium sulfate bath of pH 7.5 to 3.5 were developed.

The plate ottained was found to be mirror bright if deposited on a
polish=d surface, It was highly resistant to hydrochloric acid attack, The
rhenium was deposited on several metals such as brass, copper, and tung-
sten and could be modegosited with other metals such as nickel and cobalt,
Lundell and Knowles(284) claimed satisfactory electrodepasition of rhenium
from dilute sulfuric acid solutions at much lower current densities, i.e.,

~ owe o fa X
U, &2 &Ekip/ Uitl’

Young“sz) somewhat digagreed with Fink and claimed the sulfuric
acid concentiration rnust be ralsed to give 2 bright plate, Young could not
plate rhodiuvn: over rhenium but found that if he flash-piated rhodium onto
the hase metal firat, then denosited the rhenium, he could finally plate

rhodium that would zdhere satisfaciorily,

Nethertsn and Helt(85) also reviewed Fink' s work, particularly with
respect to current efficiency. They found that the CCE {cathode~current
efficiency} was generally quite low, Bath No, 3 in Tzble 14 was recom-

?

T . T 3 S Ao lbos mé 3 mewone /Amu

mienied as the moesl satisinciory, whese, ii a curfent danzity of 2 amps;
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TABLE 4. FOUR RHENIUM-PLATING BATHS SUGGESTED
BY FINK AND DEREN

Chrvrrent
Bath ither o Deasaty
No. Vershenato s Wle cumadyie s i f arvep, e
] KReo) bioSa, .1 B 10-14
1ot A
(Sp. gr. 1.384)
2 HReOy4 H2504 0.7-1.2 25-30 10-15
20 g/1 5 g/1
(Sp. gr. 1.84)
3 KReOy4 H,S04 0.80-1,00 25-45 16-16
10-15 g/1 90 g/1
(Sp. gr. 1.84)
NH4OH
100 cc
(28% NH3)
4 KReO4 H3POg4 2.1 80-90 13-17
12 g/1 48 g/l
(Sp. gr. 1.7)
Na,HPO4
£5 g/l

at 7¢ C was used, the CCE was 15 per cent, These authors also developed
an ammoniacal citrate bath, found to be the best for thin plates, The rhe-
nium depesits tarnished in air but possessed good resistance to hydro-

FER R TV 291

chloric and sulfuric acids,

Recently these authors (247, 248) investigated the conditiong for co-
depositiun of cther metals with rhenium, using nickel, cobalt, and iron.
Ammoniacal citrate baths were mogt commonly utilized. Compositions of
the mosat successful baths are recorded in Table 15, pH variations markedly
affected the alloy composition and were carefully controlled, The corrosion
resistance of the alloys plated was evaluated and is reported in the Corrousion
Resistance section of this report,
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TABLE 15, PLATING BATHS FOR THE CODEPOSITION OF NICKEL,
COBALT, OR IRON WITH RHENIUM AS RECOMMENDED
BY NETHERTON AND HOLT

Current
Temp, Denaity, CCE, Par Cent

Plate Bath Camposition pH C amp/dm? % Rhanium
Re-Mi KReOy, 10 g/1 12 70 5 90 70

Citric acid, é6 g/! :

NiSOg4 6H,0, 86 g/l

NH4OH to pH of 12
Re-Co KReO4, 10 g/1 7 70 5 85 7%

Citric acid, 66 g/}

CoSO4* TH0, 60 g/l

NH4OH to pH of 7
Re-Fe KReOg, 10 g/l 7 70 5 65 85

Citric acid, 66 g/l
FeSO4 TH,0, 59,4 g/l
NH4OH to pH of 7

BIOLOGICAL PROPERTIES

Toxicity

Rabbits were dosed with 200 milligrams of potassium perrhenate(453)
per kilogram of body weight. No unusual effect was cbserved, even though
the lethal dose of manganese in analoguus expariments was 5 to 6 mg/kg of
tody weight., Repeated dozee of rhenium aiso had no ill 2ffect, The lethai
dose\454) for rats, injected intraperitoneally as sodium perrhenate, is about
10600 mg/kg of body weight. Molybdates are roughiy tenfold more poisonous
then perrhenates, and rheniurm chlorides are somewhat more toxic also,
due to hydrochloric acid liberation,
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Rhenium has no effect on the blood pressure of rats and has no hemo-~
poietic action, (454) Radiocactive rhenium was found to concentraie in the
thyraid, but practicaily all of it was evcreted through the urine within two

Y-
QRYS

Buiancicgiczl Pronerties

Druce(455) reported that cress seedlings watered with a 0. 1 per cent
solution of potassium perrhenate did not grow quite as well as the control
seedlings watered with rain water, but the rhenium-watered seedlings grew
better than those watered with a 0,1 per cent solution of potassium per-
manganate, Geraniums watered with perrhenate solutions cast off leaves
that were found to contain rhenium, and specimens of mullein (Verbascum
thapsus) were found to do poorly, compared with the control plants when
treated similarly.

USES OF RHENIUM

Rhenium, to date notably a rare and expensive metal, has found use
only in such specialized applications as catalysis, thermometry, and pen-
point alloys, It is in great part due to prospective catalytic properties that
the chemisiry of rhenium has been so well developed. Metallurgical ap-
plications have remainsd in the backgrouad, probably due to lack of cheap
massive metal, and the paucity of information on rhenium's metallurgical
properties bear this fact out, Electronic and lamp applications of rhenium
have been slow in development also, but show great future promise,

The general situation may be well surnmed up by the words of Ida and
Walter Noddaek(24), discoverers of rhenium and still active in its chemistry:
"Rhenium can never be made iniv massive articles in industry, but it will
find application where it possesses a singular properiy of special value,
as in the case of the platinum metals”,

P25t and Present Applications

9at;1}yais

Rhepium wap first suggested for catalytical use in 1929 by the
Az i3y . A ] . - .
Noddackal?o5 25%) for ouidation proceasca, £ roe or comhined rhenium on

b x
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a tungsten and quartz carrier promoted uyxidaiion of sulfifes o suliates,

nitvites to nitraies, sud aatline to z2niliae black. The heats of formation of
rhenium oxides are amall, so rhenium is a good oxygen transmitier, Uxi-
dation of ammonial?98) was condrcted utilizing a rhenium-platinum alloy or
rhenium plated on platinvm, These catalysts were all in the form of gauze,

Cther investigutors; moeanwhile, foond rhennm valuable for destruciive
and constructive hydrogenation, the refinement of Lani-knock tuels, and de-

sulfuriza;iqn.(459: 460,461} Shorily, Anisimov, Krasheninnikova, and
Platonov{46¢, 463, ‘564), who commenced 4 scgies of articles on the cataivtic
properties of rhenium, claimed that rhenium was poor for hydrogenation

and oxidation, but an effective dehydrogenation agent. In the dehydrogenation
of ethanol to acetaldehyde, maximum yields of about 12 per cent occurred at
300 and 600 C, with a minimum vyield at 400 C. Propanol gave 20 per cent
propionaldehyde at 400 C., The propionaldehyde formed was practically un-
decomposed and the propanol was not dehydrated. Much better resuits were
obtained in the dehydrogenation of isopropanol to acetone, At 400 C the yield
was a maximum of 85 pexr cent. Chloroform was also produced .y the cata~
lytic action of rhenium at this time, (465) Finely divided rhenium metal
failed to hydrogenate either maleic acid or cyclohexene effectively, but if
the metal was prepared by hydrogen reduction of ammonium perrhenate,
catalytic action was improved for all uses, including both hydrogenation and
dehydrogenation, (466, 467) However, a copper-rhenium catalyst was just as
effective as rhenium alone and considerably less expenaive,

The Russisans continued their work on & wide scope and carricd out a
number of additional organ:c reactions by rhenium catalysis, a summation
of which is given in Table 16, Eventually their best rhenium-metal catalyst
was prepared by dissolving the rhenium metal in nitric acid, neutralizing
with ammonium hydroxide, and then evaporating to dryness, This product
was reduced in hydrogen for 1 to 2 hours at 150 to 170 C, 1 hour at 170 to
250 C, 2 hours at 460 C, and a final 2 hours at 400 C, (473)

Colloidal rhenium caralysts are considered the best rhenium catalysts
at the present time, (474) Zenghelis and Stathis(475,476) prepared catalytic
rhenium in a colloidal form by treating potassium perrhenate with protal-
hinic acid and chloroform, or by treating potassium rhenium chloride with
gum arabic, hydrazine, and formaldehyde. The colividal solution catelyzed
the decomposition of hydrogen peroxide and hydrogenated maleic acid,
These authors{477) also moistened rhenium metal with sulfuric acid and
found it possihle to synthesize ammonia fromn its elements thcrebg. The
decomposition of ammonia over rhenium has zlss heen studied, (478) How-
ever; Zenghelis and Stathis evaiuated rhenium: &5 a catalyst and found it
jusi fair, compared with rutherium, palladiurn, and platinum,

caialytizal alloye {479) The metsl or its compounds can also be adsorbed
sn powdered, activated charcosl or cpal, In the latier state it was claimed
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to he valuable for hydregeuetion, desulfurization, or conversion of phenole,
- . N - : . 4+ ¥
cresols, etc,, organics commonly found in coal tar and mineral oil, (480)

Receatly, Tribalat(481) catalyzed the follewing reductions with per-
rhenatz ion so that they occurred quantitatively, The oxidation potentials
for thesa renctions are listed below, but the abstract consulted 4i4 not

Land? s mdn Alaam wmasa o= o

indicate theé products formed,

Reduction Oxidation Potential, v
NO;~! (by SnClp) 1.05
NO;~! (by Fe50y) 1.00
NO;~! (by HAsO4) 1,03
HNO, (by SnCl;) 1,29
NH,OH (by SnClp) 1.35
HNO, (by NH,OH) -0, 05
HNGC, (by NyH,) -1.87

1f the evaluation of Zenghelis and Stathis is correct, rheniurn is not
of great worth as a catalyst, At the present time its price does not compare
favorably with certain other metals more commonly used for these purposes.
Rhenium evidently is effective catalytically, but so are many other metals
and materials, Rhenium is not unique as a catalyst, but merely good.

Thermocouples

Rhenium was early recommended(zq‘ﬁ) as a replacement for rhodium
in rhodium-~platinum thermocouples, Three to fifteen per cent rhenium was
suggested, and it was alse fcund that three or more per cent rhenium pre-
vents brittlensss in these wirea, Seholze(482) ang Goede_cke(‘*33) cxtensively
investigated the properties of rhenium for thermoelectric use, Rhenium
produced a potential three times as great as rhodium when equal percentages
of each were tested as platinurn alloys against pure platinum, The com-
parison is shown in Figure 13, Characteristics of the couples PtBRe/™t
and Pt4, SRe3Rh/1t are plotted in Figere 14, These couples produced
veitages as high as those of Chromel-Alumel covples., Morve recent litera-
turel®2} indicated use of a Pth.4Re3. 5Rh/Pt couple in Germany, The
couple Ir/40Rc40Ir nroduced o remearkably straight characteristic curve
{(Figure 15),
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FIGURE 15. CHARACTERISTICS OF IRIDIUM~RHODIUM-
RHENIUM THERMOCOUPLES
Schulzel482) A-4012

Due to these properties, attempts were made to replace at least part
of the criticral rhodium in platinum-rhodium couples with rhenium in German
thermocouple wires, 54) However, it was claimed{?4}) that excessive
volatilization of the rhenium above 1000 to 1100 C (a result of oxidation
followed by volatilization of the oxide) caused changes in the thermocouple
emf, precluding the use of rhenium above this temperature. The Pt8Re/Pt
couple definitely did this, but Goedecke claimed that the Pt4, 5SRe5Rh wire
did not,

Some reportn‘\'zé} siaied that rhenium thermoucovuples {alloys unspeci-~
fied) were good up to 1960 C and for long time periods., Goedecke and
Schulze did specify the alioy: it was Rh&Re/Rh and possessed an emf of
7.2 mv at that termperature, If volatilization vecuws, tlis high-temperature
usability is questionzble, but the presence of 2 neutral atmosphere wouid
elimiaate all troutle,

Contact Materials

{ X by % " 5 x -
Several patents have been issuediZ%3, ¢44, 484 for rhenium-containing
2lectriczl contact alleys, previously mentioned in the metailurgical section
‘wf this review, In general, rhenium momprised about 10 per cent of the
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composition; the balance consisted of zboui | to 20 paris molybdenum or
vanadium snd the remainder tungsten, These materials cnuld be prepaved

by powdsr-metaliurgy techbnicues snd very fine-grained hard compacts with
melting points over 2900 C resulted. They were excellent for make-and-
breek contacis; due to innate toughness and low electrode emissivity, Ac-
cecrding to Weiger“sﬂ there was little tendency for arcing, pitting, oxidation,
or traneference of the motal during operation; and small amounts of im-
purities did not interfere with their properties., They were also valuable as
refsaciciy basecs guitshle for impregnation with copper, silver, or gold,

The Noddacks(24) explained that the excellency of rhenium for make-
and-break contact alloys is a result of oxygen absorption by the reduced
metal, The oxygen combines with rhenium to forrn lower oxides which are
good conductors and can be thermailly decomposed.

Wear-Resistant Alloys

Several alloys of rhenium possessing high wear resistance have been
developed in Germany. (245, 246) Their primary use has been to replace the
alloys containing osmium formerly used for pen points. 52) several typical
compositions have been recorded in the section under alloys. The rhenium
content varied widely, but in most of the alloys it was present from 50 to
3% per cent. Many other metals were contained in the compositions, the
most prevalent being tungsten, nickel, cobalt, molybdenum, and platinum.
These alloys were usually prepared by powder-metallurgy methods; crushed,
seived, and hand-tweezer picked for suitable pen points. Far more worth-
while uses for rhenium than in wear-resistant types of alloys for pen puints
have been suggested; but evidently not yet applied, These will be discussed
below,

Lamp Filaments

Since rhenium has been found to be readily deposited on tungsten fila-
ments by the halide-thermal-decompasition processes, early suggestions
were forihcoining for its use s a lamp filament. (486) The Noddacks(487)
found that rhenium volatilized less in vacuo than tungsten and thus could be
uveed up to 2550 C, They zlso suggeated“as) forming filaments by working
up rhenium and ammorium perrhenate into a plastic mass; forcing it
through nozzies or dies as a filament, and finally reducing the perrhenate
binder in the resgultant filament with hydrogen,

Agte(235) recalled thai attempts tr coat tantalumn carbide on 2 tungsten
wire base were uncuccessful, Tantalum carbide is a better filament mate-
rial than tungsien, but more brittle, The filaments were unsuccessful be-
cause the tungsten core became carburized and the tantalum carbide lost its
fine jilament properties. Agie claimed that vheniur formed no carbides

o S A A TR

{(which is not wholly accurate) 50 he deveivped a layer of tantzalum carbide
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on & vhenium instead of a tungsten core, §u didffasion of carbon ocourred
and the carbide was properly active. The carbide could also be prepared
effectively on rhenium-alley cores, ox on tungsten cores first coated with
a layer of rhenium. In all cases, tantalum was vapaor deposited @«s the
final coating, then carburized in methane,

Halide salts of rhenium, of ilic type B;ReX, iwhere R is a metal and
X is a halide), were found to be excellent fog inhibitors, (489) 4 fog in-
hibitor of this type was added to the emulsion after final digestion aor follow-
ing the after-~ripening during preparation of the plate. A time lag after
processing improved the fog-inhibiting propertices,

Potential Uses for Rhenium

Facts and data show that rhenium has been used but iittle to date. The
literature seems to indicate that a low German production of about 2 to 400
pounds a year for 10 to 12 years (time period estimated) after 1930 probably
went to three sources: (1) research, (2) thermocouples, and (3) pen points.
The first source undoubtedly took the lion's share, The other uses so far
suggested for rhenium have been largely confined to experimental applica~
tions, U, &, production from the University of Tennessee(33) in the main
part has been sent to universities and institutions for research. In the
Western World today, rhenium is 99 per cent a laboratory metal,

This situation should not last much longer, So far, its development
has been retarded by the exceedingly high price, its scarcity, and a lack
of knowledge about some of ite very interesting properties, It appears, for
instance, that rhenium should be able te do moat of the things tungsten does
in electron tubes, and ehould be able tc do some of them better., Other
possible usea are also known, but all applications, including the electronic
ores; must stand on & {irmer foundation of physical, metaliurgical, and
alectrenic knowledge then is prasently avaua.blo. Simultaneously with the
advent of this information, the potentisl ussas &f rhenium will have cryetal-
lized, and with utility and markets for the metal in aight, the present ex-
ceseivelv high cost will be reducsd,

The following is a discussion of some of the possible future uses of
rheniam,
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Electronic Uses

Physical and Electrical Properties for Electron-Tube Applications,
Rhenium has several properties which indicate that it would be more de-
sirable for certain electron-tube applications than tungsten or other metals.

The melting point of rhenium has been generally accopted to be 3440 &

60 K. (118) Evidence from the literature indicates that the resistance of
rherium to attack by residual gases in evacuzated conrainers is much greater
than that of tungsten. (88) These properties would be a very important tactor
in increasing the life of electron-tube heaters.

Rhenium is more ductile after being heated to high tempcratures than
tungsten, (91,94) This property would give a filament constructed from
rhenium greawcr resistance against mechanical shock than the usual tungsten
filament, The electrical resistivity is about four times that of tungsten. (120)
This would permit filaments of rhenium to be constructed with a larger cross
section than tungsten filaments but with no change in the total resistance of
the filament, The larger cross section of a rhenium filament would give
added ruggedness to the filament, while the higher resistivity would permit
use of the same voltage source for heater power which is required for a
tungsten filament with a smaller cross section,

The spectral emissivity of rhenium has been reported to be about
0.366.{119) This would make the use of pure rhenium as an anode material
in high-power tubes undesirable since other materials would dissipate more
heat by radiation,

Application of Rhernium for Electron-Tube Heaters, The cathodes in
vacuurn tubes mavy he classified as directly heated and indirectly heated
cathodes., The directly heated cathode is, as the name implies, a cathode
whose emitting surface is heated by the passage of the heater current
directly through the emitter material, The indirectly heated cathode is onein
which the emitter material is coated on a sleeve, or cap, which encloses
the heater element, The sleeve, or cap, is heated indirectly by radiation
and conduction from the heater alament, As a rule, the directly heated
type cathode is used in tubes where the power and/or voitage requirements
are very high, They are also employed in battery-operated tubes in which
it is desired to employ the minimurn amount of power to heat the {ilament,
The indirectly hezted cathodes are used where the puv~r requirements are
not unusually high and where efficiency is fairly important,

The materials which are most commonly employed in directly heated
cathodes are tungsten and thoriated tungsten, It appears that pure rhenium
may be as good as, or better than, tungsten as an electiron emitter, H it is
a comparable emitter, rheniua should he considered as a replacement for
rungsten for directly heated cuwrudes., Rhenium cathodes are particularly
interesting since they may be sately operaied at o tzmperature higher thin
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tongsien with no more evapervation of material, as a result of the lower
vapor pressure of rhenium, Deternration of the cathode is from evapora-
f:an, sputtering by residual gases, and chemical atiack, OQOperation at
higher temperafures would also increase the total emission current from
the cathode,

With directly heated caibivdes, a larger «Jdiain: ter of rhenium cathode
of a given length will have the same resistance - wmaller diawneter cath-
ode c. tungsten. This requives a basic redesign o -4hes which employ

directly heated cathodes in order for the desired vperating temperature to
be obtained from a balance briween tae radiated energy and the cnergy in-
put from the filament supply,

A possible application for a directly heated .henium cathode might be
in filament X~ray tubes which aie employed for X-ray analysis. In this
type of tube, the evaporatiun uf tungsten poses a serious problem, When
the target of the X-ray tube becomes coated with evaporated tungsten, the
X-ray diffraction lines of tungsten appear in the diffraction patterns, These
lines seriously interfere with the interpretation of the analyses, Since rhe-
nium is reported not to deposit to any great degree on the walls of tubes in
which it is heated, this problem would be minimized by the use of rhenium
filarnents,

Thez possibility of the use of rhenium for application in indirectly
heated cathodes i# fairly good, The phyeical and electrical properties of
rhenium indicate promise as & heater for this type of cathode. Since the
resistivity in ohm-cm of rhenium is higher than that of tungeten, a filament
for operation on the same voltage would have & larger cross section, and
consequently be more resistent to shock and vibration, The increased
cross section and the ductility of rhenium would give added ruggedness to
the hemter, ‘The low volatility and resisiance iv atiack by residual gases of
rhenium should incrcasc the life of 2 rhenium heater wver that of tungsten,
It ie also probable that the possibilily of contamination of the emitting sur-
face of the cathode by evaporation or migration of the heater material to
the cathode-emitting material would be minimized by the use of rhenium as
a heater element,

Thoriated Rhenium Emitters, In high-voliage tubes which require
large emission currents, thoriated tungsten is usually employed. Since
this cathode is seriously damaged by positive-ion bombardment, it is
limited to application in tubes having operating potentials of lesas than about
10,000 volts,

Tungsten is thoriated by adding a small amount of thorium oxide to
the tungsten before it is druwn into the desired size of wire, The cathode
formad from the wirs i-. flashed at & high ternperature to reduace the thorium
-.‘F.iqle: to ihe metal, The catheds is sotivated by onerating at a temperature

[
viwiz h allows the thorium metal to diffuse to the surface of the tungsten wire
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more rapidly than it is evaporated. This permits the formation of patches
of thorium un the surface of the cathode, The operating temperature is
maintsined at a value which permits the thorium that is evaporated to be
replaced by diffusion of thorium to the surface of the cathode.

Several factors are invelved in the preparation of 2 thoriated rheninm
emitter, The success of such an emitter would depend largely upon the rate
of diffusion of thorium to the surface of rhenium, I{ the rate of diffusion
were too low, then patches of thorium could not be maintained on the surtace
of the rhenium, There are reports, however, that thoriated rhenium emit-
ters have been constructed and have promising operating characteristics,
The pessibilities of a thoriated rhenium emitter warrant investigation,
since thoriated tungsten emits about 1000 times as much current as is ob-
tained from pure tungsten. The mechanical properties of rhenium are such
that thoriated rhenium should be more rugged than thoriated tungsten,

Use of Rhenium in Electron~Tube Elements Other Than Heaters. On
the basis of the indicated physical, electrical, and mechanical properties
of rhenium, it appears to be promising for other elements in vacuum tubes
in addition to cathodes. Since the other components are either grids or
plates, the requirements for each will be considered with respect to the
characteristics of rheaium,

The materials which are employed as anodes for high~-power tubes
must be capable of dissipating the heat which they receive as a result of
the current flowing through the tube. This heat is dissipated almost en-
tirely by radiation from the anode surface. For the dissipation of the
same energy, the anode material with the spectral emissivity nearest 1
will be the coolest. Anodes are often coated on the outer surface with some
material which apprvacies 1, The speciral emissivity of 0. 366, which has
been reported for rhenium(! 19‘), indicates that this metal would not be a
goed heat radiator. The high melting point and ductility do, however, not
exclude the possibility of using rhenium for such an application, If em-
ployed, the outside surface would probably increase the emissivity, and
consequently, increase the radiation of heat, The only advantage of coated
rhenium over other refractory raetals would be its strength at high tempera-
tures. This does not appear toe important for most applications,

As a grid material for electron tubes, rhenium appears to be litile
Letier than materials which are now in use, The material {ram which grids
are constructed should have a low secondary-electron emission coefficient
in arder to reduce the grid current, For high-power tubes, the grid mate-
rial must be physicaily strong and should have a low rate of sputtering under
ion bowmnbardment, The secondary-emission yield of rheniurn is 1. 30, which
is only slightly less than the !, 38 reported for tungsten, Since the secondary-
emicgicn coefficient for all metals in this atcmic weight range is about the
sams=, rhenium has no markaed advantass aver athar mataviala fram this

standpoint. The secondary emission from grid wires is frequently reduced
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by coating the metal which forms the grid structure with gold, or nickel,
As a rule, the wires of the grvid structure are of tungsten when high power
is involved. The ohjective is to obtain strength at high temporratures., In
low-power tubes, the grid is usually made of nickel, which is ezxsier to
{abriecate and has a low secondery-electron emisaion coefficient, It is
possible that rhenium would fulfill most of the requirements for a goed grid

matevial, particulsely in high.power tubes, Cerianily it would compets
with tuugsten since it is believed to have a lower vupor pressure and a

higher rasistance to aitack by residuzl gases,

Powdered Rhenium in Cermet-Type Heaters, In the past few years,
work has been carried on in the development of cermet cathedes. Cermets
are mixtures of a metal and refractory insulating materials, which are firs¢
pressed to shape and then sintered, Cermets for cathodes contain just
enough metal to give the cermet the desired electirical conductivity, since
an excess of metal reduces the electrical resistance and increases the danger
of cracking on repeated heating and cooling cycles, The cermet cathode is
heated by passing current through it. The materials for cermets on which
the most work has been performed are tungsten, or molybdenum mixed with
thorium oxide, In 1950, G. A, Espersen made some tests on a cermet
composed of rhenium and thorium oxids. (490) The emission constents
which were determined for the rhenium and thorium oxide cermets were a
work function of 2,83 electron~volts when the Richardson conetant was 11.7
amp em=~2 K*2, The emission current which was obtained from the rhenium
and thoria cermat was about twice that obtained from a similar cermet
formed from tungsten and thoria, It was aiso reported that there was less
deposit on the glass bulb after 150 hours of life test at 2040 K from the
rhenium and thoria cermet than from the tungsten and thoria cermet,

Althcugh the cermet-tvpe cathnde is not in general use in electron
tubsz ai the present time, it appears that it will find widespread use in
applications where a high-power, rugged cathode is needed. It appears
that rhenium is adaptable for the construction of cermets of promising
materials. ¥From the available data it appears that rhenium will be even
better than tungsten for this application.

Lamp Filaments

Numerocus suggestiona(37,473, 486, 487) indicate the possible use of
rhenium for incandescent lamp filaments, Undoubtedly, rhenium would be
excellent in thig application, It can be operated at higher {ilament tempera~-
tures, should be stronger than tungaten, and does not enter into the del-
etericus water cycle as does tungaten.. Dryce{491) has never heard of or
seen incandescent lamp bulbs with rhenium filamente on the open market,
so the fieid is evidently virgin, Patents develcped to cover this property
were drawn in the em l‘! 19307 g =soitie prebah}g that '!:!';9}* hawe mowr
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expired or are aboul to expirve, Probably the oaly reasons far lack of

: amt the mavbet =2ve their scarcity and high price

High Temperatnre Construciion Material

Hhenium should pussess excellent high-temporaiure sirnciural piap~-
2xties, It has a melting point almost as high as tungsten, and it probably

dues 5ot hcoma oo embrittled a2 does tungsten. Rhenium or rhenium

alloys might be used above 2500 C if protected from oxidation, and Arend(492)
has suygested it for use in aircraft-mounted gas turbines, lowever, it is
rrobable that high cost and low production velume of rhenium preclude large-
scale use of the massive metal, but for certain critical applications, uti-
lizing amall amounts of metal, rhenium might be used for construction pur-
poses for zervice at extremely high temperatures., Cladding or coating to
prevent exidation is, of course, mandatory.

Thermocouples

Because of the high emf produced in thermocouples due to the presence
of rhenium as an alloyi émﬁredient, its use in this field may become wide-
spread. Some accounts claim that excessive oxidation and volatilization
of the oxide of the rhenium above 1100 C prevents use of the couple Pt8Re/Pt
except at low temperatures, However, the Pt4,5Re5Rh/Pt thermocouple
does not do this and other alloys ye! to be developed may not also, These
thermocouples can be used for long periods and produce three to four times
the potentials of usual noble metal couples. The coupie Rh8Re/Rh{482, 483)
can be used up to 1900 C, an extremely high therraocouple temperature,

The Noddacks(24) state that the following thermoelements have distinct
possibilities:

PtRe/Pt PtRe/Pd
PtRe/Rh RhRe/Rh
IrRe/Ir

They Jurib: ¢ declared that in their opinion; the hest future use for rhenium
lies in this field,

Elecirical Contacts

The seversl patents and paper= on this subject indicatz good poten-
tialities fur makz-and-break electrical contact materials of rhepium, rhe-
“iumm 2linye, ard/or sintered compacts which contain rherium,. These could

Le used as facings in large circuit breakers, or in smaealler contacts such

&s internal-comibustion engine distributor poims Rhenium content of the
a2lloys recominended in the past has hesn iow (uaaally avound 10 par cant)
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Wear-Resistant Alloys

PR

The use of pen-nib tips composed of rheninn wlloys developed to re~
nlace scarce oamium alloys may be but a preview of the applications of
rheniom in this field, FPivot bearings and wear-resistani suciaces of ail
types should be developed 2s an outgrowih of the limited German pen-point
business. Watch bearings, compass bearings, scale edges, and other
high-nse parts of instruments and machinery could be made of rhenium
alleys, The watch industry, balance makers, and all types of precigion
instrument manufscturers should be interested in wear-resistant applica-

tions for both civilien and militaxy consumption,

It is possible that rhenium alloys might be highly registant to arozion
corrosion by abrasive fluids, slthough no tests on this type of wear have
been conducted, Application would be found in needle valves and similar
fluid=control devices,

Corrosion Resistance

Rheniuwn hag been noted as posssesing remarksable ability to »ith-
stand the ravagss of hydrochloric acid, This acid is & notably bad actor
and conetruction metsrislz for contalring hvarochloric acid are hard te
find, Steinlese steels, for instance, have » tendency to be pitied by the
acid, despite iheir over-~all high corrosion resistance in this medium, If
rhesium should show no tendency 1o pit in hydrochleric acid, its vse ie a
dietinct poseibility, 1t probsbly wnuld be préacat as an slectronlate or
cladding on iess expensive bese metals,

P TN
ki yBi

Cataiysie was amply coversd in the Past and Presgent Applications
esection of this survey. The informetion presented therein stands a3 fair
evidence thal 1k *:‘sz m lg 1idtle hetier 86 & catalyst then cithar less ex-
pensive metnis {copper, nickel}l, ur equallv dear but micre abundant metals
{platinurn}. However; calalytic uses where noe other csralyeis are aatia-
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\ Shzol 12024 naint nurn the fact thal rhenium is one of (he vary
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Brsriom also improves other mocharical proaperiies of iridium markedly.
Tt g heen wanovisd that very thin {oil and very fine wira can be p prepared
fovnia dridivoceriioniint alloys, Additions o nizitaum wiil fprove b

COPrOsior resistancs ul slediaoiazg, Such Wloys adglit have application in

rooperasinnoreatatant Tields

This section of the report presents a general commentary on the
veracily and valuc of the data and ioformiation compiled in this survey,

it should bLe noted that this repori lias been based only on published,
nonclassified type information, If it had been possible to add certain con-~
iidential data to the survey, the pic re drawn might have been colored
differently, particularly from the production and resources point of view,

Occurrence, Abundance, and Production

It is obvious that rhenium is rare and costly, but its potential is
sufficiently great to warrant considering it as a special-purpose material,
The information on world deposits is quite confusing, The concentrations
of rheaiurn reported by various investigators have not been placed cn a
comparable basis, i.e,, reduced to perceniage of rhenium in the whole
native ore, Raiher, the percentages reported are often a2t some advanced
stage of ore concentiration, vesulting in leures like the 25 per cent on
Swedish molvbdenite reporied by Aminofl 43,44}, If rhenium comes into
high demand, 2 survey of the mineral depozits should be made to ascertain
their true value. In any case, rhenium produced in this couniry would
come from native molybdenite, relatively easily recovered and vyielding
au eppreciably high produciion, (s58)

Extraction and Reduction

Fron: the litersture and {rom personal cbservation of the Tennescee
““““““ twe modern proseases appear to have sconcmicel and practical

merit: 'i:iue: Teunessee Pivcess and the Frenck Pracess, As deacvibed in
the text, both are simple and direci, and both are operating at the preszent

time,

Two othey methoda deserve mention. The ion- cxc,,.ang- procedure
‘"7"‘5 =t e
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groat i)'rﬂl’”'liﬂz}} bui its econwinic woria bhas not been proven,  In additicn,
the Rucsians ave prohably vning 1'eit’ s old prutens wur 2 moa@rn adspiaiion
tiwevenf, Since they are undoubtedly actively recovering rhenium, Feit's

process musi be considered ag a praciical vie,
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rhenium are the reduction of heatc ;w“r}‘ermtcc and the thermal-dissociation
processes, If chenium is desived directly in a - cusoelidaied form, the

thermal-dissociation method will produce "hot-wire' rhenium crystal bar
from rhenium halides in one step, This meihod has been widely used for
research production of rhenium filaments, Most comunon, however; is

the reduction of heated potassium or ammonium perxhenates with hydrogen,
These are simple reactions to conduct and result in a pure powder suitable
for pressing and sintering.

Consolidation and Fabrication

Little real work has been done along these lines by previous investi-
gatore, so their sparese data can be considered only a vague guide for future
work,

Physical Propexties

Some of the physical properties are fairly well established, Others
are only phantoms, the dimensions cf which have hardly been even esti-
mated, The atomic weighi, crystal structure, melting poiut, magnetic
properties, optical and X-ray spectra, and nnclear properties seem to
have been fairly well determined. Unless fuiture experimentation indicates
serious flaws in these properties; they should not have to be redetermined,

However, due to conflicting data or lack of sufficient verification,
numerous physical constants comne under question, Among these are the
densiiy, b(;;iiug puing, speciiic nsat, ithermal expansion, <lectrical re-
sistivity, and spectral emissivity, No attempt has been made to determine
the vapor pressure or any of the other physical properties not mentioned

in the text.

Electronic Properties

The elecironic propeviies Lave been deleriuined n pert, but those
evaluated have not bozen adequately verified, The thermionic-emission
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vwisongrvaee,  he phoioeloctric theeshold and Hall cifeces have becn mensured

by only one tnvenfigator amcce,  [n sencraly the elecivonic propevites ap

womising, biut ey requiie vecification and anplification,

et
H i

Metallurgical Properties

Fhe metallurecical constants so

=N

o ru}\nri
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edoure subject to great
question, The basic properties of tensile strength and elongation have been
reported by only one writer, and the mate -“al used was only 4 fine wire In

the as-deposited condition,

In the field of rhenium alloys, little is known about any alloys except
those with tungsten, osmium, and iron, There is no reason to suspect the
acctr acy of the data for these systems, but even here the data available are
sketchy,

Chemical Properties

A great deal of disagreement occurred early in the history of rhenium
over the various chemical properties. With time, these disagreements seem
to have been largely settled. Thus, the chemistry of rhenium is now fairly
well known, although numerous minor mistakes are apparent in present-day
literature. Where observed, these mistakes were filtered out of this report;
great care should be exercised when reading literature on the chemistry of
rhenium, as previous reviewers have often micquoted the original source.

Aunalytical Chernistry

Much work has also been done in this field of chemistry., After
evaluation of the methods propnsed for both types of analysis by the many
investigaters, it is suggested that microscopic identification of character-
istic crystals is perhaps the rost positive way to qualitatively determinc
the presence of rheniumn, The tetraphenyl arsonium chloride method of
Willard and Smith for rhenium seems to be a very widely acrepted method
of quantitative analysis,

Flectrodeposition

Most of the experimentation in tnis field seems to have heen ulti-
mately successful and reasonably unchallenged, There is little other com-
ment that can be made on it.

AT TR Ly F ME MO T A PN S T 8T e, TOE



37 L
—idsa &~

a T e i A iy
i i TR AR
R TRk D Sl

Reterences to Rheniuin Lited in the Text

WNoddagk, W.. Toeks, I, ond Rers O, "Fka-manganese: ). Chemical

Pavi; Il X-Ray Part", Naturwissenschaiten, 13, 567~71 (19Y29).

2. Wnddack, W,., aud Tacke, I.,. "Rhenium and Masurium®, Oesiers,
Chem. ~Atg., ﬁi, 127-30 (1925).

3. Druce, .J., "Search for Element ¢3;: 1. Examination of Crude
Meonganese Compounds and the Isclation of Element of Atomic Number
75", Chem. MNews, 131, 273-77 (1925).

4. Loring, F,, '"Notes on New Elements", Chem. News, 132, 407-10
{1924),

5. Dolejzck, V., and Heyrovskly, J., "The Presence of Dvi~-Manganese
{At, No. 75) in Manganesc Salts', Nature, 116, 782 (1925).

6. HCyrcvnk'y, J., ""A Sensitive Polarographic Test for the Absence of
Rhenium in Manganese Saits', Nature, 135, 870-71 (1935).

7., Noddack, W. and l., "Recent investigations of the Elements Mazurium
and Rhenium', Continental Met. snd Chem, Eng., 1, 109-111 (1926).

8. Berg, O., "The R'c’mtgen Spectrum of Eiement 75", Phyeik Z., 28,
864-66 "'327).

¥. Druce, J,, "Dvi-Maogsnéss', Coatlnentel Met, ond Chem, Eng., 1,
1R1=12 {1926,

10, Druce, J., "Discovery of Eka~and Dvi-Manganese {(Masurium and
Rhenium), Chera. Weekblad, 23, 318-20 {1928},

ii, Friend, J., and Druce, J., "Davyum, A Poasible Precursor of
Rhenium {Element 75)", Naturs, 163, 819 (1250),

id. H&yrovsk'v, J., "The Qecurrence of Dvi-Mangenese (At. No, 75) in
Manganese 3zlts', Nature, 117, 16 {1926).

13, Dolejsek, V,, Iruce, G,, and Hgyravsk’y. Je» "Ths Cocurrence of
Dvi-Manganese in Mangsneee 8alis', Nature, 117, 159 {1926},

t4, Dolsjiek, V., and Heyrnvsky, J.. "Presence of Dvi-Manganess
{(Flemant 78) in Manssnesa Salts", Chem, Listy, 20, 4-12 {1926),

i

- I TR ST T 2T

il
-
-
=1
'y
2]
£,

L= I B




Z1.

22,

23,

24,

Pl

5.

26,

2]
"'4
L[]

-0
L) =20

29,

Zuinreingiseyw, ) Yol Sangavess in Native Blatipum’, Nafure, 118,

o= P s < -7 YT %
Zejaxinstaav, 9., BRorsunsk:il, M., and lelvakov, M., "Dviw

. IV el icm e gl i o eu sy e - oy
LVE SRR ELF LY e PaA & 1&:&;?\»-&:5 i;n wf;'l; el = A.a“:' AR r STy t:‘ "_ [ A g4 1 f!Q _’;

Crandtl, W., "I'ne Search for Mbenganeése Howuslogs, Nos, 43 aud 73",

ks
T wngew. Chera., 39, 1049=51 {1927); ibid,, 40, 561-64 (1927); Ber.,
7

HMerewfinkiel, M., ''The Elements of Aivmic Numbers 43, 61, 75, 85,
‘M, Compt, wni. , 184, 968~70 (1927),

[
]

Noddack, 1. and W, ,; '"The Preparaticn and Some Chemical Properties
of Rhenium', Z. physik, Chem,, 125, 264-74 (1527).

weeks, E., Tune Discoveiy of the Elements , J. Chem. Education,
Easton, Ps., pp 519-24 {1945).

Von Hevesy, G., '"The Usc of X~Rays for the Discovery of New
Flements", Chem, Rev., 3, 321-29 {1927).

Hurd, L., "The Discovery of Rhenium", J. Chem, Education, 10,
605~-608 (1933).

Druce, J., Rhenium, Dvi-Manganese, the Element of Atoiiic Number
75, 92 pp.University Press, Cambridge, 1948,

Noddack, I. and W., "Rhenium and Its Present Technical Uses”,
Wrrkatoife und Hoarrnaion, 2, 294-98 (1951)u

Suess, H., '"Cos=mic Nucicar Abundances: 1l. Singularities in the
Abundance Distribution in Medium-Heavy and Heavy Nuclei, ", Z,
Naturforsch., 2z, 604-508 (1947},

Frank, ., "An Isctogwaﬂsbmdance Rule and its Bearing on (he Origin
of the Nuclei”” Froc. Fanys. 3oc, (Londunj, 3, 211 (i

Brown, H., and Goldberg, E., "A New Determination of the Relative
Abuidaunce of Rhenium in Nature', Phys. Rev., 76, 1260-61 (1949).
Goldberd, E., and Brown H,, "Radiometric Determination of Goeld and
Rheniwm'', Anal, Chem.; 22, 308-11 (1950).

L.oring, ¥. H., "The Optical Spectruia of Rhenium (Dvi-Manganese)
and Attempis to Identiiy this Element in the Stara'", Them., News, i42,

-

3:v--22 {1951).

i - e e - RV kN 11} - Te a4 » s 'y T - bl
avim oA s Ve o 4 ') P\}.:.::EL.“ . }{"‘;' Rt lv- ;(7 a0 v . E‘:j 4§.§‘_!7‘,,
Fmy - . g
sreeiy FE-, > ;{';’1'\;9

: - 7

B AT T L LE ME M O R oA L PN o i 17T UTE




Sy Triesin e e bde s

ey AR Rt
LR 3 ¥ P s TRFEI ¢

A, 161, 395-96 (1932},

Py

Hendbook of Phvaira and Chemisgtry., 27¢th Ed., p 303, Cm}, Rubber
Pubtiishing Co., Cleveland, Chic, 1343,

Kroll, W,, "Production and Uses of Rare Metals', Mining and Mei.,
27, 262-66 {1946).

MNeoddack, 1. and W, , enium, 72 pp; Verlay vou Leopeld Voss,
Laipsig, 1933,

Aertovaara, G., "The Occurrence of Rare Eléeraenis in Finland", Tek,
Firen-l Finland Forh,, 52, 157-61 (1932},

A
©

Aron., ‘"Minor Meials", Mincral Ind., 20, $24-603 (1931

Anon, , "Minor Metals'", Minera] Ind., 42, 614-26 (1933),

“RMionor Metale - Rhenium', Minezrils Yearbook, U. 5, Gov't Printing
Office, 1940.

"Mingr Metale - BRhenium', Minarala Yearbook, U. 5. Gov't Printing
Ofiice, 1946,

"Miror Metals - Rhenium'', Minersiz iearbook, U. S. Gov’t Printing
Oifice, 1948.

L ey

*etvhdenige Rick iz Raentum®, (eol. Foren. Foii.

Druce 1. YSources of Rhanlum®, Ind, Chemiet and Chem, Miyr,, 25,

]

Worke, L., "Rheaniviz ~ Bearing Molybdenite in Northern Wisconsin,
Rocks and Minei als, 1§, 92-93 (1941},

Geillmana, #., Laage, G,, and Berttlingek, H., " The Khenium Content
of Some Molybdenuim Minerais, Neussz Jahrb, Mineral., Gesl.,
i

Monstach,, A, 19448, PD 3~V




52,

53.

54,

55,

55A.

558.

-

7 T, ' = s - B en gy ERE GO RS AU P L aliie Lapelea Tr el
. - ’

= Besmnw it ad fwgs Lith, (H3-584 6 1%ag;

SreTInOY, L. s | Ebewium - & Commarcial Meial”, Vevelnye wetal,,

r P = e e

;‘i,ﬁ L T i éé“‘féd \A?f&ii,_

- . . N - Y b e -
ibibova. V., "Rhenium in Dmete of the Molybdenuwa Division of
.

FE
0 - -
Balkhash Works''., Tsveinye Metal,, 19, No. 4, 44~-48 {1%46),

Morgan, G., and Davies, G., ""Residual Atfinily and Coordination:
X1.. Some Complex Compounds of Rhenium', J. Chem, Soc,, 1938,
pp 1858-61,

Duchart, W., Lotz, H., Ff'z‘}hlich, K. . and Holzmann, H., Rhenium,
Hensel, ¥, (ed. )., Office of Military Gov't for Germany (U.S. )}, FIAT
Final Report No, 697 (5 February 1946).

"University of Utah to Get Atomic Pile', New York Times, p 21,
September 22, 1952,

Anon, , "Minor Metals", Mineral Ind., 44, 628-41 (1935).

Hopkine, B. S., Chapters in the Chemistry of the Less Familiar
Elaments, p 463, Stipes Publishing Co.; Champaign, [il., 1939.

Personal Communication, Dr, B, W. Gonser.

Gonser, B,, "The Promise of Rienium', Resources for Freedom, IV,

A Report to the Prerident by the Presidents' Materials Policy
Coemmission, p 102, U, 8. Governmse«nt Printing Office, Washington
(June, 1952).

Feit, W,, "Technical Preparation of Rheniuvm', Z, angew, Chem.,
43, 459-62 (1330},

Druce, J., Rhenium, p &, University Press, Cambridge, 1948,

Noddack, 1. and W, , "Frzparation of One Gram of Rhemum', 4, anorg.
allgenm. CThem,, 183, 353-75 {1929).

MNoddack, |, and W_ | "Prepavation of Rhenium', Brit. Pat. 317,035
(July 28, 193G}

vudack, 1. and W., "Progresz in the Preparaiion and Uses of Several
Rare Elements', Metailboras 21, 603-604, 550-52 (1231},

- 5 b ol - R A se- I o~ - e k3 - N %
Modar ok | b, A L (i Bieanend -~ piaaSET S e
IS
'

442 (Mecercher 3, 1914),

I ST S E R S
3, URbondam', Ger,

[P N T S S T - Rk kO AL e 04T




60,

67.

68,

69.

70.

71

Fde

e dl
i

faeetdaack, 1. . W.. ‘Rheniuwim't, Z. angew. Lhbem,, 44, s ineci
Fiert i3
SURSER
Dgmnhiasds, W. ., "Hhooiaas and wheae s Bure e menis Obiained

Working up Mansfeld G.opper Sehista™, Jaiob. tiall, Verb., i5, 29-3%
(ie3h)

Dwenhardt, W,, "Ruenium and Other Rare Elements Obtaned in
Working up Mansfeld Copper Schists, Neues Jahrt. Mineral., Geol.,
Ref [T, 1939, p 194,

Feit, W. {to Kaliwerke Aschersleben), "Rhenium', Ger. Pat, 575,
801 (May 3, 1933).

Feit, W,, "The Technical Extraction of Rhenium and Gallium and of
Some of Th=ir Compounds", Angew, Chem., 46, 216-18 (1933).

Barth, O., "Metallurgical Processing of Bituminous Shales in
Maasfeld", Tek, Tid., 17, 423-28 (1947).

Driggs, F. (to Westinghouse Elec, Ceo.), "Racovery of Rhenium",
U. S. Pat. 1,911,543 (May 30, 1933},

Kronman, E,, Bibikova, V. and Aksenova, M,, ""Recovery of
Rhenlum {rom Molybdsnite", Z. anovg. eligem, Chem., 214, 143-44
(1933).

Bibikeva, V,, "Rhenlum in the Menufacture of Ammonium Molybdate',
Radkis Matal,, §) No. &, 2%9=28 {193¢),

Melsvan, A., and Bacon, J. (to Univ, of Tennessoe Reasarch Corp.)
“Recovery of Rhenium {rom Flue Dusis', U, 8. Pat 2,414,965
{January 28, 1947},

Bartolve, M., '"Exiracting Raenium’;, Fo, Pet. 983,610 (July &

Bertolus, M,, "Datrecting Rheulum", Fr, Pat, 9:5, 208 (Septembzr §,
1650},

Daztelue, 24,, “Eiraciing Rpesiwwm', U. §. Pat, 2,279,107
(Dagembaer 18, 1311L

Figner, f., and dMeloche, ¥V, "lan Eschange Saparation 2f Rhantum

)
3
we |
#
-
4
1
4
2}
ks
&
1
w»
v
P
&
e
C
4
3




7T R TIN Y TRa Ta bl o Hecovsry wl e soas i
PP, o TP fiey. s
fens whmc DAELT, Soopevrenenaan
+ 3a Alunarin, L, and ivanoy Froin, B Monc- sivadoes g Pineewiern
Ino ity Meteryeingrian in Oxide and Seliide Ore oV a0 DSonn ) Chean,
Y fof o oy e yaed Ta {334 {In Treencl, Y1)
L s e P ¥ k - L AR . I
: & - - . w £, 2 . A oL R PO
9. Veigt, A., “"Separation 0i Rheniuvin froan wvovodonaa™, Coe 'an
b E
637,007 {Geptembar &, 1040},
BO, Hixson, A,, and Miller, K. {to the Chemneal powad o ne Bl )

HSelective Extraction of Metal Values, Such as Uranwus:, Rhentuli,
and Tungsten from Ores, Etc.™, U.5, Fat, 2,227,835 {(Jowary ¢, 141,

81, Kanatani, M., Murakami, S., and Ogaws, E,, "Distribution of
Metaliic Elements in the Residue of Zinc smelting and Lcaching and
Their Extraction: [, ', Bull. Inst, Phys, Chem. Research (Tokyo),
22, 775-80 (1943).

82. Alexander, G., "The Chromatographic Separation of Perrhenic and
Molybdic Acids', J. Am, Chem. Saoc., 71, 3043-46 (1949).

83, Powell, a,, "Proglems in the Production of Some of the Rarer
Metals'", Inst. Mining and Met, (London}, Symposium on Refining
Non~-Ferrous Metals, 1949, pp 51-66 (1950).

B4, Druce, J., Rheniumn, pp 12-15, University Press, Cambridge, 1948,

88,  Trzebiatowski, W., "Reactions of Rhenium with Carbon'', Z, anorg.
allgem, Chem,, 233, 376~84 (1937).

Al

Rhenium: I, Determination of Soluble Perrhenates with the Aid of
Nitron", Z. anury. allgem. Chem., 193, 311-15 (1930),
(8

35, Geilingan, W, , ond Voigt A '"Notes on the Analytical Chemisticy of

BT, “;%mazm, Y., "Chemiatry and Elecirochemistry of Rhenturn: IL
Blecizvehzinical Reduction Preducts in Snlulions which Contain
Chlorine or Fluorine Jons, snd the Chemical Mode of Formation of
Lowor Valzalo Slagas in Suliuric Enlutianes', Z. anorg. ailgem,

1, 195-203 {1933),

P ]

4]
4]

ink £ :., and Deren, P., "Rhenium Piating’’, Bull. Amer,

3 ey

L
Electrochem, Soc., 6o, 381-84 (1534).

89, TNetherton, L., snd Holi, M,, "Elecrrodeposition of Rhenivm from
Aguecus Salutions’, J. miecirochem. Soc., 35, 321328 {1349},

(¥ 4
]

(3
o
£0

4G, Vo finwel, Jiey reliiiE miee




N i

9i. Agte, GO, Alterduen, ML, PBeoker, K., Heyne, G, and Moers,; X.,
,

"rhysicoal and Choeroteal Dropeciies of Rhenium®, 7. anorg. allgem,

o ek . t i d 5 OTiy_ oeats f iy A
Chem, , U6, P20%-59 (a2 2L

i

Moers, K., (to Puient-Treuhand~Gesallschatt iUr klecivische
Giuhlempen), "Coating High-Melting Metals With Rheniuin', Ger.
Fai. 537.226; Brit. Pat. 364,502 (June 4. 1931),

-~
e
a}‘
.

az. Van Arkel, A., "Production ob thgh-Meit. - Jicials by Thermal
iMissoctation of Their Compounds’, Metaliw s ischaft, 12, 405-408

(1934).

93, Druce, J,, "Thernnte Keact:on With Rheninm (Dvi-Manganese)
Dioxide", Chemn. News, 144, 247 (1932).

94, Agte, C,, Alterthum, H,, Becker, K., Heyne, (., and Moers. K.,
"The Physical Properties of Rhenium"”, Naturwissenschaften, 19,
108-109 (1931).

95. Kurtz, J., and Williams, H., "High-Density Refractory Metal Alloys',
U. 5. Pat, 2,467,675 (April 19, 1949).

96. Kurtz, J., and Williams, H. (to Callite Tungsten Corp. ), "Alloya of
High Density'', Can, Pats. 442, 725 and 442, 726,

37. Bridgman, P,, "Effects of IIigh Sheari. Stress Combined with High
Hydrostatic Pressure', Phys. Rev., 48, 825-47 (1935),

8, Loring, F,, "New Elements: I-V.'". Chem, News, 132, 407-410
(1926).

99, Washburn, E., "A Methad sf Estimating Atoamic Weights With the
Aid of the Periodic Law"”, j. Am. Chem, Soc,, 48, 2351 {1625},

10, Jaeger, F., and Rosenbohm, E,, "Exact Measurement of the Specific
Heats of Metals at Higher Temperatures: XII. Specific Heat of
Metallic Rheniwm", Proc. Acad. Sci. Amsterdam, 36, 766-88 {1933).

101, Noddack, 1., "Some Physical Constants of Rhenivm', Z, Electrochem.,
34, 629-31 (1928).

102, Schacherli, F,, "The Homologs of Manganese', Chem, Listy, 23,

632-35 (1929).

Honar

o

Land
‘

Honigschmid, O., and Sachtieben, R,, "Revision of the Atomic Weight
of Rhenium, Analysis of Silver Perrhenate’;, Z, anorg. aligem.,

Chem., 191, 299-17 (1950).

8 A ¥ T ELLE L5

M

B4 B A fH S TI T UYE

—_—

-



2 . PR £ 3 T 3 Py A -
L 2 ”““‘“"i"g Al. . nah, L. ha;“‘lﬁ._ﬁ_a_? aicd, 13, Aand Meyer, R

of the German Alomic Weight Commissiun”, Ter., £4

gz

‘é;d

§

Swenr
[

16, scton, W, "Censtifuiton of Rhentun, Nature, 127, 501 (i931

iUs, Geldschridi, V., "The Crystal Structure of Rhenium'', Maturwissen-
schaften, 17, 134 (1929).

197, CGoldschmidt, V., “The Ciysial Strugture Lattice Constants, and
Density of Rheninm", Z. physik., Chem., Abl. B, 2, 244-52 (1929).

108, Mocller, K., "The Lattice Constants of Rhenium'", Naturwissen-
schaften, 19, 575 (1931).

109, Stenzel, W., and Weertz, J,, "Precision Determination of Lattices
Constants of Nen-Cubic Substances', Z. Kriat,; R4, 20-44 (1933),

BGiltz, W., and Meissel, K., '"Molecular and Atomic Volumes: XXXI].
The Volumes of the Elements ai Absolute Zero", Z, anorg. allgem,
Chem, , 198, 191 (1931).

Pood
Prcé
[
»

111, Smithells, C., Tungsten, p 198, Chapman and Hall, London, 1952.

112. Richardson, D,, '"Boiling Point Determinations by Spectroscopic
Methods'", Proc, of the 5th Summer Conference (at MIT) on
Spectroscopy and Applicaticns, 1937, pp 64-70 (Fublished 1933},

113, Metals Handbook, p 20, The American Society for Metals, Cieveland,
Ohio, 1948,

ii4., Briscoe, H,, Robinson, P,, and Rudge, A,, "Parachor of Rhenium",
J. Chem. Soc,, 1932, 2673-76,

15, Tyler;, ¥., "Rhenium (and Masurium}', U. S. Bur., Mines Information
Circ, MNo. 6475, 17 pp (1931).

iié, Perry, J. {ed.), The Chemical Engineer’s Handbook, 2nd Ed., p 483,
McGraw~-Hill Book Co., New York, 1041,

ii7, Meissner, W,, and Voigt, 5., “Measurements With the Aid of
Voistiie Heliun:: XI. Resisztence of Rhine Metal at Low lemperatures”,
Ann, Phys., 3, 515 {1930},

i18. Becker, K., and Moers, K., 0On the Melting Point of the Svstem
Tungsien-Rhenium'', Metallwirtachaft, 9. 1063 (1930).

119, Levi, R,, and Elpersen, G., "Preparation of Rhenluta Emitters and
Mezsurements oi Their Thermionic Progesrtics’, Physe, Rev, . Ty,
231 -34 (1950).

B ATTEL!LE MEMOR| AL FiNET!IT LY E

—_—




2 A
E- 8 VN

o
Pw
pont
-

122.

124,

125,

126,

127,

128,

129.

130,

N L

e adm
‘

Medior, 1. " ihe Physicel Propervties of Masurium and Rbeciuwm'; ;_&,_
giggiihengéfc ArCweale u inorsanic (2her:1is&rv, 12, p 209,

Albrecht, W., and Wedeking, E., "}Magnetic Measurements on
Rhenium®, Naturwigsenschaften, 13. 20-21 (1931},

Perakis, M., Cepntos, L., and Kyriakedes, 7, , "Paramagnstic
Cunstant of Rhenivm®, Praktika {Aksd. Athe.on), 8, 163-69 (1933),

Terakis, N and Capatos, 1., ; '"The Consteit Paramagnetism of
Metallic Rhenium?®', Comnpt. rend., 196, 611-12 (1933),

Perakis, N., and Capatus, l.., "The Magnetochemistry of Rl snium:
Metallic Rhenium and Septivalent Rhenium'', Praktika (Akad, Athenon),
9, 121-25 (1934).

Perakis, M., and Capatos, L., "Magnetochemistry of Metallic and
Septivalent Rhenium", Compt. rend., 198, 1905-1907 (1934).

Peraxis; N., and Capatos, L., "Magnetochemistry of Rheniu=m", J,
Phys. radium, 6, 462-68 (1935),

Perakis, N., Karantassis, T., and Capatos, L., ''(Magnetiic) Atomic
Moment of Quadrivalent Rhenium', Compt rend., 206, 1369-71
(1938).

Sch{ith, W,, and Klemm, W., "Magnetochemical Invesitgations: Xi.
The Magnetic Behavior of Some Rhenium Compounds", Z. anorg.
allgem, Chem., 220, 193-98 (1934).

Kiemm, W,, and Frischmuth, G., '"Magnetochemical Investigations:
XXIII, Further Magnetic Investigations on Rhenium Compounds',
Z. snorg. aligem., Chem,, 230, 220-22 {1937},

Alder, F., and Yu, F., "Magnetic Momenis of Magnesium?é5,
Rbenium!85, Rheniuml87, and Beryllium%', Phys, Rev. 82, 105
{1951},

s s ¥ o 181 183 185
chmwi% .5 "Magnetic Moment of §3 Eu""", 43 Eu""", 75 Re

75 Rel8i, o Br79, ., Br8ln, 2, Phys., 108, 408-20 (1938).

Meidinger, W., "Measuremant of the Arc Spectrum of Ruenlum',
2. Prysik. 68, 33i-43 (1931},

Schober, H,, "The Spectra of Rhenium: lI. The Arc Spectrum From
Copper Zlectrodes in the Visible Region Between 5400 and 8000 A",
Sitzber, Akad, Wiss, Wien, Math, ~naturw, Klasae, Abt, Ila, 140,
629-46 (1931).

e A2ATTE® Lt E M EMOBR)AL INBRYITWTE

o



i3

134, Schober, H,, "The Specira of Khienium: [, The Arg Spectra in the
Phorngraphic Region', Sitzber. Aked, Wiss, Wien, Main. ~naturw~
#iazze, Abt. ils, 140, 79-98 {1931}

i35, Gchobzy, ., and Rirke. J., "The Raieca Uitimes in the Arc Spectram
of fihenium', Naturwizsenschaften, 19, 2ii-12 (1931).

, W., "The Arc Spoctrmun of Rhenium', Bur, Standards J.
Resesrch £, 10:27-50 {19310

137, Meggers, W.; "Optical Spectra of Rhenivin", Phys. Rev.,, 37, 219-20
{1931).

138. Meggers, W., "The Irfra-Red Arc Spectra of Manganese and Rhenium',
Bur. Standards J. Research, 10, 757-69 (1933).

Pina de Rubies, §., and Dorronsoro, J,, "Arc Spectra of R,henmxn at
Normal Pressures Between 2500 and 2320 A, Anales <oc, espan. im.
quim. , 31, 412~15 (1933),

(2]
L
53
)

140. Schober, H.,, "The Spectra of Rhenium: IV, The Arc Spectrum from
Copper Electrodes in the Ultra-Violet Region Between 4000 and 2400
A", Sitzber. Akad, Wiss. Wien, Math~-naturw. Klasse, Abt, Ila, 142,
35-70 (1933).

141, Velasco, R. . "Structure cof the Arc Spectrum of Rhenium!', Anales
soc, espan. fis. y qutm., 45A, 215-18 (1949).

142, Xing, A., "Lines of Tungsten and Rhenium Appearing in the Spectrum
of the Electric Furnace", Astrophys. J., 25, 379—85}1932).

143, Pina de Rubies, S. ' "Analytxcal and Quantitative Rhenium Spectra",
Anales soc. espan. fis, quim., 30, 918-21 (1932),

144. Borovik, 5., and Gudris, N,, "Examination of the Extreme Spectrum
isines of Rhenium in the Presence of Large Quantities of Mclybdenum',
J. Appl. Chem. {USSRY, 9. %37-42 {1936},

145, Engelmann, A., "Determination of the Photoelectric Threshold {Long-
Wave Limit) for Rhenivm”, Ann, Physik, 17, 185-208 {1933).

Wenperiof, I,, "Precigicn Measurements in the L~Series of the New

[
[
£
-

i47. Beuthe, ., "The L-Series of Rhenium®, Z. Phvsik, 46, 873~77

{1928).
148, Beufhe, H., "Further Ronlgsn Spectrogcopy Measurements in the
b wad BI-Cories nf Mpeniuen', T ":’3‘; He f.‘f?, ’5.’7-'6fi (IQ:.S.)
BATTFEFLLE MEMGCRIAL EMSTITUTE

—



AR

fey. aUolhivii, I.; "edesoisn of Mhentum in Fmmission and Abgurpiiun
and the Characieristic Levers', Compt, rend,, 203, 109-71 si‘ié?é,’?‘;
J vhys, radium, b, 2e7-7Z {1737}

189, Cmuchois, Y., 'L, Satellites of Hafalum, Rhenium, Bismuik,
Thoarinm, and Uraniom®, Cowmpt, rvend,, 202, 2068-69 (1936),

Lok

pmi, Caschwle, Y., "Wesk Lires i the L Specr-urm of Rhenium', Cempt,

TEBdc ¥ 264’ 255"’%? {1937}5
oA

152, Cauchaie, ¥., "L, Salelliies of Some Heavy Elements and Kars
Earths', Gompt. rend.,, 205, 519=21 (1937).

1%3, Lindberg, E,, '"Measurements of the M~series in the Rgatgaa Spectre
of the Elements ¥From Uranium to Gadolintum", Z, Phyeik, 30, 82-96

(1928).

134, Lindberg, ¥,, "M~ and N=-Series'’, Nove Acts Regiase Sec, Scl,
Upsaliznsis, 7, No, 7, 7=74 {1931),

155, Ignelstam, E., "The K-Upectra of the Heavy Elements'’, Nova Acte
Reglae Soc, Scl, Upsaliensis, 10, 7-116 (1937); Chem, Zentr,, 1937,
1, 4735-36,

156, Klinkenberg, P., "New Claseifications in Re 1 end Structure of the
Spectrum’, Physica, 14, 269-84 (1548).

157, Voth, G,; "The Intensity Relationshipa of the K-3eriea Lines of the
Heavy Elements Re {75) to Pb (82)"', Ann. Physik, 41, 375~408 (1942).

158. Polland, B., ""Absorption Limit of the K~Series of the Element of At,
Ne. 75", Compt, rend., 183, 737-38 (1926).

1549, Manescu; I.; “"The K-Absorption Spectra of Elemenis With Atomic
Numbers 72 (Hf), 73 (Ta), 74 (W), 75 (Re), 76 (Os), and 77 (Ir)",
Compt. rend,, 216, 732-34 (1943).

180, Smalsirom, A,, "Rontgenapectroscopic Messurements of the L=
Absorption of Elemente 74 to 92", Z. physik, Chem., 5, 632-55
{1930).

161, Manescu, 1., "Effect of the Velence State of Rhenium on its X~Ray

Abkzorption Spectrum", Compt. rend., 226, 1010-12 {19438).

162, Asion, F., "Isolopic Constitution and Atomic Weight of Rhentum",
Froc, Roy. Soc, {(Londen}, Al32, 496-37 (1931).

163, Zezman, P., Gisolt, j., and de Bruin, T,, '"Magnetic Resolution
and Nuclear Momaoni f Rhenium®, Nature, 128, 637 (1931).

BAT7TELLE MEMDRILI AL NS TIHIYT UTE

—_—




Lol
L

s Mavggeae, W Hing, A, sad Bachez, RO, "Hypoetne Strucinre and
= - A 5 P . i . - g 3 oo pd TR E R
Nocieny fdowneat of hbentwm®;, Phys, Rev., 58, 1i2d-59 {1934,

=y L e aam —~v ¥ am
Hoaciows Ldwinicnt 28 Bhopieea,

165, Somimer, L., and harison, ¥., "The
Naryrwissenschafien, 19, 1021 {19 1}

i - ‘e . . . - .
Achulesr, Hae and Schomids, T, "Deviations of Atomic Nuclei Frorm
Spherical Symmetry", Z. Physik, 94, 457-4r (1935),

1e7. Sch(_'\ler, H., and Korshing, H., "Regularities in the Demoitiion of
Atom Nuclei", Naturwissenschaften, 24, 796-97 (1936).

168, Schuler, H., and Korsching, H., "A Rule Relating to the Structure
of the Atomic Nucleus and the Determination of the Quadrupole
Moments of ;5Re!87 and ;. RelB5, 2. Physik, 105, 168-74 (1937).

169. Sclomon, J., "Origin of Guadrupole Moments of Atomic Nuclei',
Compt. rend., 204, 1933-38 (1937),

176. Hill, R., "Nuclear Quadrupole Moments and Shell Structures', Phys.
Rev,, 76, 998 (1949).

17). Naldrett, S., and Libby, W., "Natural Radiocactivity of Rhenium",
Pnys, Rev., 73, 487-96, 929 (1948)

172, Seliger, H.. and Bradt, H,, "Stabi..ty of Os187 against K~Capture”,
Phys. Rev., 73, 1408-09 (1948).

173, Sugarman, N,, and Richter, H,, '""Note on the Natural Radioactivity
of Rhenium', Phys. Rev., 73, 1411-12 (1948),

174, De Benedetti, S,, and McGowan, F,, "A Msztaztable State of Half-
Life abcut 10-6 Seconds in Rel87', Phys, Rev., 71, 380-81 (1947).

175, De Benedetti, 5., and McGowan, ¥,, "Short-Lived Isomers of Nuciei",
Phys. Rev., 74, 728-35 (1948),

176, McGowsn, T., De Benedetti, S., and Francis, J,, " The Measurement
of Short-Lived Isemers of Nuclei', Phys, Rev., 75, 1761 (1949).

i77. Bunyar, 0, , fandhy, A, and Walker, D., “kxpcriments With the
Delayed Coincidence Method, Including a Search for Short-Lived

e Ly Frora

- " com s *
Muclear Isomers', Proc. Fhys, Soc. (nondong, weny Cor S \2USSL

178, Sullivan, W., "[ecay Schewe fwa Isctopes FHBT ot @ 1850 on
Rev,, 68, 277 {1545},

PR, Schwars, W, noud Pool, RiL, "e-Tavs from Tungsizn and Molybdenan®,
Thys. Mow., Tl tis-2n ety




185,

186,

187,

188,

189,

190.

R
Eind te !

internz! “orversios in RKhenium', Phys, Rev., 59,

Periman, M, and ¥Frizdlander, G,, "Reiative Yields of {v, n}
Keactions', Phys, Rev., 2. 1272 {1947},

- - . . e d P . . g - N * »
Amaldy, E., I¥Y Agostinn, (.. sna Sewes, L. UArtificial Padiosctivity
Preduced by Meutron Bombardment', Rice:o . seio, 21l 381-82 {1934);

Chem, Z.cn‘,r.,, 1, 2401-33 (1935,

Araldi. F, ., D'Agosting, O,, termi, ., Foniceurve, B, Haaestei,
-~ i - A : :

¥., and Segre, k., "Ariificial Radioactivity Produced by Bombard-

meni Wi Neuw sors: VIUY, Ricerca sci,, 6, 123-25(1938),

Kurchatov, 1., Latuisher, G., Nemenov, [.,, and Seliinov, 1.,
"Artificial Radicactivity laduced by Neutrons", Phyzik, 2.

PR

Sowjetunion, 3, 589-94 {19335},

Sinma, K., and Yamasaki, F,, "'/i- Radioactive Isotopes of Rhenium",
Fhys. Rev., 55, 320 (1939),

Yamasgaki, H,, and Sinma, K., "3~ Radioactivitiee of Rhenium", Sci,
Papers Inst, Phys. Chem, Research STokyo), 37, 10-16 (1940) (In
English).

Fajens, K., and Sullivan, W., '"Induced Radloactivity of Rhenium
and Tungsten", Phys, Rev., 58, 176 (1940},

Creutz, E., Barksas, W,, and Furman, N,., 'y~ Radiation From
Rhenium'", Phys. Rev,, 53, 1006 (1940),

Miller, L., and Curtiss, L., "S-~ and y~Ray Energies of Several
Redioactive Isotopes', Phys, Rev., 70, 903 (1946).

Hees, D., Havden, bi., and Ingrahsm, \1., ‘Mases~Spectrographic

Ansiinment of Activities to RuiBb 404 R 188 "; Phys, Rev.. 72, 730
(1947}

Gazdman, L,; and Pool, M., "Radicactive iscicpes of Rlaniv
Osmivian, and iridium', Phys, Rav,, 71, 288-0 3( 4:},

¥ aitenberg, A., "Photonsuizron Scurces and the Energy of the
Photoneulrons”, Phyz. Rev., Ti, 497-507 (1647,

Lorky Jo, Shufflso, R., and FPowier, €. "Coaverted y -Radiation
Fromn,.,.,end 5 ..., H32splum:, Fhye. Rev.. 7€ 1687.60 {1948]),



- &

194 Rzmocwvitle, (.., ¢ uq\,‘:u, B, FATTMA 1 TaTE, W. ., ?:"i"ﬁ'!i}’ GE ol

sz ChI5, Reldd, xJS*“‘ , duw UBSYI Phys, Rei.. X,

adm

195, Wikainmoe, ., wod dlicks, B,, "Some Mew Radisactive Izotopes of ...
and “hemium’’, Fhys, Rev., 74, 17 33~34 {1948),

196, Perlman, M., and Friedleudes, C,, "Ho! ve Vields of Some =Ry~
Induced Nuclear Resctiona', Phys, Rev, 74, 442-148 (1948).

197, Coxk, J., “"y-Rays and Internal Conversion"”, Nucleonics, 4, No. I,
24~34 (1949),

168. Beacn, L., Pencock, C., and Wilkinson, R., "The Radiations ot
TaldZ RelB6,188, and Aul99", Phys. Rev., 76, 1585-91 (1949),

199, Il.snger, L., and Price, H., "B-Spectra of Forbidden Transitions",
Fhys, Rev., 76, 641-46 (1949).

200. Grant, P., and Richmond, R., “Decay of Thulium!7? and Rhenium 186",
Nature, 163, 840 (1949); Proc. Phys. Soc. (London), 62A, 573-80 {1949).

20i, Butemncnt, ¥,, '"Radicactive Isotopes Produced by Nuclear Photo~
disintegration”, Nature, 165, 149 (’950).

202, Lindner, M., and Coleman, J., '"New B~Emitting Iaotopes in the
Region of Tungsten", Phys, Rev., 78, 67 (1950).

203, Chu, T., "New Radioactive Iscotopes of Iridium', Phys. Rev., 79,
582~88 (1950).

204, Wilkinszon, G., and Hicks, H., '""Neutron-Deficient Radioactive

- B

Isotopes of Rhenium", Phys. Rev., 77, 314-18 {1950).

205, Metzger, F., and Hill, R., "Disintegration Scheme of B_beniumisf’",
phya. RCV; > éé] 646—50 (1951)0

206, Lindner, M., and Coivicean, J., ‘‘Igsntification of Tw’xqste"lgs Found
in Neutron-Activated Tungsten by = Chemical Separation of Rheninm 188,

-
Jg .Amp Chﬂ“"‘ln SGCB' ?ﬁ}, !61!‘ _'.‘!. {i?,‘!‘a

27=3i

4.3

207. Stetfen, K., "Dusi Decay of RheniwnliS6, Phys. Rev., 82,

£05. {uyrner, &., wnd Morgan, L., "Products of the High~-Energy Helinm-
fon and Deuteron Bombardment of Tungsten’, Phyes. Rev., 81, BBi-52
y

{1353}
3 3 s T : 12z PG, LI . . .
Po2nv. Stover, B, YUsmiung-*= end Usinium 275, Hews Hadicnctivs lactonsrt,
o Mhys., Heov,, BB 9% (1950
“oa T E L LF ME MR AL INSTIT U VE

—_—



R RT

PN
e YA

[
o
iw
.

216.

&11.

218,

- FTRLE ¢ IC . - . : = b
VAL L3 o vs bdky, w4 g Vo 20 b R e Gnd Tgonse 5 i Store of i}r€!$¥l!f\'iibb",

Phiys., ey, B, bued- &7 (Ll
Nodier. Mo, oang Wilkinsoen, ., "The Ratww of L to K Electron
Capture for Camiumld83, Phys, Rev., 83, 1050-5) {1951)

wile, Jo, Garrieson, W,., and Hamilton, J., "Carrivr~kree

Kadiotsotupes Frem Cyclotran Targeis: X, Preparation and

isolation of Rhenium183, 184 From Tantalum', J. Chein, Phys., 18,

——n

v35-56 {°058),

Cale, J.. Garrison, W, , and kiamilicn, J., “"erricr-Free
Radipisoiopes From Cyclotron fargets: Xi. Preparation and
isolation of Osi85 Relb3: 184 Frym wo, J. Chem. Phys., 18,
1419-20 (1950).

Goldhaber, M., "Slow-Neutron Rceactions', Brookhavern Conf, Rept.,
BNL-C-9, Nuclear Fission Radiochem., Research Assoc’'d. Nuclear
Reactors, Chem. Conf, No. 3, pp 96-104 (1949).

Goldsmith, H., and Rasetti, ., "The Resonance Capture of Slow
Neutrons', Phys. Rev. 50, 328-31 (1936).

Sinma, R., and Yamasaki, H., "Capture Cross Sections fcr Slow
Neutrons', Sci. Papers Inst. Phys Chem, Research (Tokyo), 38,
167-73 (1941); Phys. Rev,, 59, 402-403 (1941).

“thermal-Neutron Absorption Cross Section for Elements', AECU-
2040,

Seren, L., Friedlander, H., and {urkel, 5., "Thernial Neutron
Activation Cross Sections', Pnys. Rev, 72, 888-901 (1947).

Hibder, (., and Muehlhause, {,, "Neutron Cioss Secitons at (15e,v,
and 300 ¢ v.", Phys. Rev,, 7., 100-103 (1949).

Harris, 8., Muehlhause, C., Rasmussen, S., Schroeder, H., and
Thomas, G., "Pile-Msutron Absorption Cross Sections', Phys., Hev,,
8G. 342-44 (1950},

Fumeraines, M, "Thermal Neutron Capture Cross Sectivos', Phys,
Rev, 83, 04i-5 {1951,

Suchlhaves, 71 “Neutron-Capture y ~Rey Maltinlicity"”, Phys, Rev,,

1 g - . - - “
:scsh._s*';rex, F., and Zingg, E.; "Stability of the Isobaras o ‘i3-in‘i‘*3,
N L - 3
in PGl e

Harrie, 5., beniiibause, $., ang Tharnes, 5. “law-Knergy MNeution
Femeotien, g sy GIE ':""r?‘;;;: St dadaEa ‘r;ﬁ.iﬁ:‘;”, En‘;‘”:‘;‘.‘}é How B ?‘%, 1i~i B (l?sﬂ}f
LIPR GO B [ S [T ™. BECIVI S S S HEEPE B S S SO




227,

229.

230,

(&
L]
-

235,

~3ip .
i, T Pheemionic Constants ef Polycryetailine Metallit, J,

Sav. Japan, 2, 1~7 (1948 Un Engiish)

Faernswarth, H,, and Lun, M., "Secondery Emiasicn of Nwkel-
Barium Mixtures and Ehentom When Domberded by Filecironics Wiin
1 &

Eneryies From 50 to 8000 Electron-Voite'; I Appi. Phya., 22,
77-79 {1951}

Aschermann, G,, and Juati, E., "kiectrical Conduciivity, Magnctic
Increase of Resistance, Hall Eiffect; and Superconductivity of Rhenium?,
Physik, Z., 43, 207-12 (1y%2).

Alterthum, H., Krebs,; K., and Rompe, R., "The lonization of
Sodium and Cesinm Vapor on Glowing Tungeten and Rheniuin Surfaces',
7. Physik., 92, 1-18 (1934).

Tiede, E,, and Lemke, H., '"Preparation and Detector Effect of the
Sulfides of Tungsten, Molybdenum, and Rhenium', Ber., 71B, 582-8§
(1538).

Kohl, H., Materials Technology ior Electron Tubes, pp 177-228,
Reinhold Publishing Co,, New York; 1951.

McKay, L., Advances in Electronics: I, p 68, Academic Press,
New York, 1948,

International Critical Tables,

Winkler, O., "The Frictional Strength of Noble Metals and of Base
Metals Having High Melting Points", Z, Electrochem,, 49, 221-28
(1943).

Eggers, H., "The Binary System Iren~Rheniua, Mitt. Kaiser-

. - . f
Wilhelm-Inst., Eisenforsch., Dusseldorf, 20, 147-52 (1938); Stahl und
Fisen, 58, 1010 (1938),

Suhenk, R,, Kurzer, F., and Wesselkock, H. , "A Study of Carbides
Prepored With Methane, Z. ancxg. allgem,. (Chem., 203, 159-87
(1831).

Agte, K. (to Tre Generxal Electric Ceo. ), "Electric Lamp Filaments

(With a Core Containing Rhgnium and a Coating of Tantalum Carbide},
U, S, Pat. 1,8%4, 970 (Apriy 19, 1932k

1, . . - .
Holemann, H,, "Electrochemistry af Rhenium: 1. & Few Reduciton

Productg in the Electrolysis of Water Soluiions of Fotagsivm Per-

rhenale’, 4. enorg. allgsm, Chem | 202, 27751 (1931).
i AT

XS B A N S A 3 (SR L IS S B U PSS T T Wi 6




Ly
S . T aae eB i Therer e BE Temen may S d e m € TR TERIET T et
EA) [ E’; \ﬁl . ‘(-"s N o A i'-ua.p Pl REERRE A0 - S a TS I R R \ At Pk kff AR W ORTAL L i E:ieBE il
C e e A . -F T ri v fart
WA SiEan. L Bhinar v mbeyrry wuf Tip W "*B" B n“"_l’“%‘liiﬁ“?‘!‘ L. w|.va;_ Reefin grd

Crafni, Svensk Kem, Tids. 59, 1i65-70 (1947),

223, Wallkeum, H., "Some New Zirconium Compounds With Transition
smonte, Natureiesesngohaften, ig, 149 (!942).

239, Ges, G., “Rheniwn Ailoys™, Srit. Fel, 5 1733 {June &2, 1931},
i40, Ges, G., "Platinum Alloye’’, Drii.

241, Frghlich, K., and Rutl hardt, K., '"Noble Metals and Their Alloys:
I. Deavelopment of New Alloys", FIAT Rev, Ger, Sci.1939-46; Non=
Ferrous Metallurgy: 11, pp 17-3% (1948),

242, Feussner, O,, "lridium and Rhodium", Ger. Pat, 626,586
{(February 28, 1936),

243. Hensel, F.. aud Emmert, K., '""Refractory Alloys of Tungsten,
Molybdenum, and Rhenium', U, S, Pat, 2,157,935,

244, Hensel, ¥., and Emmert, K,, "Refractory Alloys of Tungsten,
Molybdenum, and Rhenium', U. S, Pat, 2,157,936,

245, Feussner, O,, and Jedele, A,., "Alloys Containing Rhenium', Ger.
Pat, 608, 342 (January 21, 1935),

246, E‘rghlich, K., "Noacorroding, Hard, Wear-Resistant Alloy", Ger.
Pat, 729, 862 (December 3, 1942).

247. Netherton, L., and Holt, M., "Electrcdeposition of Rhenium-Cobalt
and Ruenium=Iron Alleys", J, Electrochem. Soc.. 99, 44-47

(February, 1952),

7248. Netherton, L., and Holt, M., "Electrodeposition of Rhenium-Nickel
Alloys", I. Electrochem, Soc,; 98, 106-109 (1951).

249, Biltz, W,, "Rhenium Trioxide and ithenium Dioxide™, Z. anotg.
allgerm, Chem,, 214, 225-38 {1933),

Z5u, Meisel, k., "Rhenium Triexide: I, The Crystal Structure of

Rhevaurm trandiae’, I, eoorvg. allgsm, CThem,, 207, 121-128 (1'}32}5.

251, Nuadack, I, and W, , "Oxygen Compounds ot Rhenium'', Naturwis-
senschafren, 17, 93-94 {(1929).

ZR2, Dilie, W, Lehrer, G, and Meisel, K., "Rhenium Tuioxide: I.'",
Marhr, Geea, Wiss, ﬁﬁttmgea, Math, - physik, Flasse, 1931, 191-98,

AT TELD LE OE MO B AL N ST TUTY E




260.

L

4

sa

Y Skt

-135% .
. - PR - » .t K fry.: . L Fur iy oo . - -3
teema eI Att. M., MMItioveEsl, S K e : A Pritad v A7 Lraeiit wenild
itmenium (V1) Oxide”, Inorganic Syl 3%, 39 MyGrow Hill Boo

L,
Co., New York {1930).

™

Oynwxs, E., "The Vapor Preassure of Rhenium Heptoxide, Vapor
Presgury and Dissaciation Preasure of Rhenium Octoxide’; Bull.
Chem. 3o0c. Japan. 7, 25573 (i932).

Oruce, J. . Hheniuin, pp 34-37, University Press, Cambridges, 1948,

feit, W., "Densities of Aqueous Sclutions of Perrhenic Acid”, Z.
anorg. aligem. Chem., 199, 271-72 (1931).

Markatschski, F., "Crystal Structure ot Potassium Perchenate’
Y. Krist,, 72, 541-42 (1930).

Broch, E., "Crystal Siructure of Potassium Perrhenate", Z, phys.
{Chexs,, Abt. B$, 22-2

Vorlander, 9., and Dalichau, G., "The Melting Point and Boiling Point
of Potassium Perrhenate {and Melting Points of Thallium and Silver
Perrhenates)", Ber., 66B, 1534-36 (1933).

Smith, W., and Long, S., "The Salts of Perrhenic Acid: 1. The
Alkali Metals and Ammonium’, J. Am. Chem. Soc., 70, 354 (1948},

18icinann, H., and Kleese, W., "Chemistry and Electrochemistry of
Rhenium: VI, Solubility of Potagssium Perrhenate in Waier Between
10 and 518 C", Z. anorg. sllgem, Chem., 237, 172-76 (1938).

Jaeger, F., and Beintma, J., "Crystal Structure of Perrhenates",
Prac. K, Akad. Wet. Amst.. 16, 523-28 (1933).

‘Jnr‘.%nd#r, N,, Hollate, J., and Fiacher, J,, “Alkali Flunborates,
Alkali Fluorosulforrates, and Potassium Perrhenate", Ber., 65B,
535-58 (1932},

- .
237y

R - Tuts o .
c3ETsaiii,; W, P RRLTE DL rerroe

— & X L 44 -y - - - o
!.. ety il LMLV ELTINE 1T GVY

n
Metals”, J, Am, Chem,, Soc., 73, 77 {1951).
Druce, J., EKhenium, pp 42-43, University Press, Cambridges, 1748,

o b LT IFER e mmarawown B Heeommmms svion w13 A oy
TiE SRR TR AN -0 = . M

=3 ey ry T H o omesa 2 2o

fodr 0y . rwd Hewzanik, W, "Rhepium Fivorides (Eapecia}}y Heryq.
¥ ; R&uz és R&E':gg and KoRef g}, L. dnorg. aligoin, Lhein,
it i}

Toa VT E L LE BMOE 3 & AL P s T LT U7 e




278,

279,

2380,

Z8i.

o * oy 1 1 T, T
[<R 1% SN U PE R I LURLAIEE NSNS A 2 GRG0 USSR B

Z. anorg. allgem. Chermnoo 2206, 0 (10700

5 T N R N .
i‘i'\\ru, Lo Sidiallic RhunowayD dao: MeTLETU L N eulie
e e

MceGraw-Hill Book Co., New York. iu3a,

}'}38*‘111 Ho ] ;‘-33’\} S".c':‘;tfl‘t:».. 1\: > rlI{hPfliilflt s i eaditatie
allgera. Chem., 215, V1112 {1933,

Juza, R,. and Biltz, W., "Contribution to !t v Drcirine of Sysicioo.
Affinity: LIl. Affinity af Sulfu: for Rheninm, I
Z. Electrochem,, 37, 498-501 {1931},

oo pdurn Disultidge™

Briscoe, H,, Robinson, F., and Stoddart, ., " T'he Suliides and
Selenides of Rhenium', J. Chem. Soc,, (931, 1439-43,

briscoe, H,, Robinson, P.,, and Stoddart, E., "BRhenium Tetra-~
chloride and the Rhenichlerides', J. Chem. Soc.,; 1931, 2263-68,

Enk, F,, "Potassium Rhenium Acid Chloride (or Potassium
Chlororhenate)", Ber., 64, 791-97 (1931).

Brukl, A., and Zeigler, K., "Rhenium Oxychlorides', Ber., 65B,
916-18 (1932).

Druce, J., "Rhenium, p 54, University Press, Cambridge, 1948.

Ruff, O,, Kwasnik, W,., and Ascher, E,, "The Fluorination of
Rhenium', Z. anorg, allgem. Chem,, 209, 113-22 (1932).

Druce, J., "Rheniuin, p &1, University Press, Cambridge, 1948,

Hieber, W., and Fuchs, H., '"Metal Carbonyls: XXXVII, Rhenium
Pentacarbonyl", 2, anorg. allgem, Chem,, 248, 256-68 (1941).

Druce, J.;, "Trimethylrhenium", J. Chem, Soc., 1934, 1129,

Kiemm, W.. and Frischmuth, G., "Coinplex Rheniwn Oxycyanide",
Z, ancrg, allgem, Chem,., 233, 215-19 {1937

auling, L., "A Resonating-Valence-Bond Theory of Metals and
Intermetallic Compounds”, Proc., Royal Soc. { London}, Al196,343-62
{1949),

L

R

Rulis, C,, and Elviag, P., "Oxidation Levels of Rhenium: I,
Oxidation of Rhenide at the Dropping Mercury Electrode, Nature of
the Rhenide Species in Hydrochioric Acid Media', J, Am. Chem,

e
Soc., 73, 3287-92 {10851,

o TOT O Lk R OEO R A L {5 T1Y 3T E




288,

289.

290,

291-

292,
293,
294.
295.

296,

297.

L

iacimaastryt, Chens,

~ b y of
%' Y i
Tt nncands
11, Oxtditiiee: .- ol v
Protentiag o 1 . . "3‘*, 2iB2-
90 (19-42).
Young, Ko, coa te ‘ : s : oo Okides of
Rhentum'', L AL
Manchot, W., Schimu!, o, o0 0 o R L EFLTRE PR PRV |

Its Behavior on Oxidation {'rernn
64B, 2905-2908 (1151)

Biltz, W., Geilmann, W, and Wrigpe, @5 "Rhenouis drichlo. ide’,

Ann., 511, 301-303 (1934),

Manchot, W., and Dusing, J., "The Lowest Valences of Khemum
and Ruthenium, - Crivalent Rhenium and Univalent Ruthonan', Z,
anorg. allgem, Chem,, 212, 21-31 (1933),

Manchot, W., and Dﬁsing, J., "The Lower~Valence Stages of
Rhenium', Aan., 509, 226-40 {1934).

Tribalat, S., "The Valences 1V and V of Rhenium?'', Compt, rend.,
222, 1388-90 {1946).

Turkiewicz, E., "lLower Degrees of Oxidation of Rhenium', Roczniki
Chem.g E, 589-97 (1932)0

Tr.balat, S., "Study of Certain Physico~Chemical and Analytical
Properties cf Rhenium®, Ann., Chim., 4, 289-351 (1949).

Maun, E., and Davidson, N., "Investigations in the Chemistry of
Rhenium: I, Oxidation States IV, V, and VII'', J. Am. Chem, Soc.,
12, 2254-60 {1950),

Noddack, W,, "The Chemistry of Rhenium', Z. Elektrochem., 34,
627-29 (1928).

BATTELLE MEMORI AL iNSTITUTE




298.

299,

300.

301,

302.

303,

304,

305,

306.

307,

308,

309.

310.

311,

3le,

313,

~-141-

Jezowska, B.. "Reduction of Perrhenic Acid", Roczniki Chem., 13, ‘1
1661-87 (1934). s

Tribalat, S,, "Valence V of Rhenium'", Compt, rend., 220, 881-83
(1945).

Jakob, W., and Jezowska, B,, "Quinquevalcnt Rhenium', Z. anorg,
allgem, Chem., 220, 16-30 (1934).

Noddack, I, and W., "Oxygen Compounds of Rhenium", Z, anorg,
allgeni, Chem,, 181, 1-37 {1929}.

Noddack, I. and W., "Oxygen and Halogen Compounds of Rhenium",
Z. anorg, allgem, Chem., 215, 129-84 (1933).

Druce, J., Rhenium, p 29, University Press, Cambridge, 1948.

Noddack, 1., "The Development of the Chemistry of Rhenium", 1X
Congr. intern. quim, pura aplicada, Madrid, 3, 334~40 (1934).

Geilmann, W,, and Wrigge, F,, "Rhenium Sesquioxide ~ Re203", Z.
anorg. allgem, Chem., 214, 239-43 (1933},

Jruce, J., "The Preparation and Properties of Some Compounds of
Rhenium’, Chem, News, 143, 66-67 (1931).

Briscoe, H,, Robinson, P., and Rudge, A,, "A New Oxide of
Rhenium, Rhenlum Pentoxide", J, Chemn. Soc., 1931, 3087-88,

Roth, W., and Becker, G., ""Rhenium Pentoxide'', Ber., 65B, 373
(1932).

Biitx, W,, Lehrar, G., and Melsel, K., "Rhenium Trioxide: 1I.",
Z, snorg, allgem, Chem,, 207, 113~20 (1932},

Biltz, W., Wrigge, F,, and Meiasel, K,, "Rhenium Blu:", Nachr,
Ges., Wiss, Gs‘ttingen, Math, - physik., Klasse, Fachgruppen III,
(N.F.)1, 161~73 (1936).

Nechamkin, H., Kurtz, A., and Hiskey, C,, '"The Prepzration of
Rhenium (VI) Oxide', J. Am. Chem, Soc., 73, 2828-31 (1951},
: >

Naray- Szabo, I,, "The Structure of Compounds ABO; 'Sister
Structures'', Naturwissenschaften, 31, 466 (1943).

Roth, W,, and Becker, G,, "Heats of Formation ¢f Rhenium Oxidea',
Z. Physik Chem., Al59, 415-16 (1932).

BATTELLE MEMORII AL INBTITUTE l
Saay

—
g,




3id,

318,

319.

320.

321,

32a.

323.

324.

325.

326.

327,

328,

i*-ﬁf:

- am
oo g e w
F an ¥ —y

:
. . - . -
P, and Hudgs, &, Y"The Highes! Oxida of

i BUGY, L.y BRODLABIN;

Rhenium', Nature, 129, 618 (1232},

.

Dobbne, I, sud CGuishour; 4., "Preperaztion of Perrhenic Acidy,

do A, Chem, Soo., 2E, 204as {1334),
Druce, J., Rheanium; p 64, University Pre.s, Cambridge, 1948,

7i.; "Physical Chemisiry of Rheanium', Z.
27.126 [1a32}
A B b

Y A d

Roth, W., and Beclkor,
physik. Cheams, AL5S,
Feit, W., "Sulfur (Thio-) Derivatives of Perrhenic Acid"”, Z., angew,
Chem., 44, 65~66 (1931).

Hzagen, H,, and Sieverts, A., "& Color Reaction Between Rhenium
Heptoxide and Hydrogen Peroxide and (a Note) Regarding Rhenium
Peroxide", Z, anorg. allgem. Chem., 208, 367-(8 {1932).

Fonteyne, R., "Raman Spectrum and Structure of Perrhenic Acid
and the Perrhenate Iron", Natuurw, Tidjschr., 20, 20-30 {1938).

Druce, J., Rhenium, pp 39-40, University Press, Cambridge, 1948,

Pushin, N,, and Kovack, D., "Solubility of Potassium Perrhenate in
Water, and Some Physicochemical Constants of its Solution', Bull,
soc. chim, roy, Yougoslav, 2, No. 1, 25-31 (1931); Z. anorg. aligem,
Chem., 199, 369-73 (1931).

Smith, W., "The System Potagaium Perrhenate - Potassium Chloride-
Water", J. Am. Chem, Soc., 68, 394 {19<6).

Pushin, N., and Tutundsic, P,, "Electrolytic Conductivity of
Potassium Perrhenate Solutions", Z. anorg. allgem, Chem., 193,
420-24 (1930).

Briscoe, H,, Robinson, F., ang Stoddart, E., "The Reduction of
Potassium Perrhenate'', J, Chem. Soc., 1931, 666-9,

Krauss, F., and Steinfeld, H., "Preparation of Pure Rhenium
Compounds", Z. anorg. allgem, Chem., 193, 385.-90 {1930).

of B i gonts {ipon Sulfuric Acid Sclutioas of _
Potassium Perrhenate™, Z. anorg. ailgem, Chem., 220, 33-42 (1934).

Hglemaxm, H., "Chemistry and Electrochemisiry of Rhenium: III.
Reductior of Perrhenates With Zinc Chloride and Potentiometric
Methcd of Determination for Septivalent Rhenium', Z. anorg. allgem,

______

BATTELLE MOE M O3 oA TN STIYT LT E __‘J,




331?

333,

334,

335,

336.

337.

338.

339.

340,

341.

342.

Do, des VMrrmancs. T RIo et and Pavvhenate'', J. Chem, Soc,,
k) o

1925, $56,

“The Saliz of Perrvhenis Acidl Il. The= iron Faniily and Manganese®,

o * - T T o= . %

Srmith, W, az:.é U svwell, G.. J. Am, Chem, Soc., 71, 578 (iv9e9;

#The Perrhenates of Copper, Wickel, and Cobalt", Brizcoe, H,,

P ¥ e i b vyl o s - oag '
Robinson, P., and Hudge, A., J. Chem, .., 183!, 221113,

Smith, W . and Maxwell, G., '"The Salts o1 Perrhenis Acid: 1V,
The Group II Cations, Copper (1I) and Lead (11", J. Am, Chein, 3cc.,

73, 658 (1951),

Wukc-DSr!urt, E., and Gunxert, T., "New Salts of Perrhenic Acid",
Z. anorg. allgem. Chem., 215, 369~87 (1933).

Neusser, E., "Perrhenatee of & Few Cobalt-Ammonia Complex
Salts", Z, anorg, allgem, Chem.,, 230, 253-56 (1537),

Druce, J., Rhenium, p 47, University Press, Cambridge, 1948.

Scharnow, B.; "Mesoperrhenates', 2. anorg. allgem, Chem,, 215,
185-89 (1933).

Ruff, O.,; "New Developments in the Chemistry of Fluorine', Angew,
Chemo 5 ié, 739"42 (1933)1»

Aynsley, E.,, Peacock, R., and Robinson, P., '""The Reaction of
Fluorine With the Oxides sxnd Oxycompounds of Manganese and

Rhenium", J. Chem- SOCQ > !25 I 1622"24:

I‘..mele{xs, H., and Gutmean, V,, "The Fluorides of Niobium,
Tantalum, Tungsten, and Rhenium®, J, Chem., Soc., 1950, 2115~18.

Dr-ce, J., Rhenium, pp 49-52, University Press, Cambridge, 19418,

Rulfe, C., and Elving, P., "Rhenium lodide and Chloride’, J. A,
Chem. Scc., 72, 31304 {1950).

izigge, F., and Bilte, W., '"The Moiecular State of Red Rhenium
Cnlor-ide in Solution', Z, anorg. allgem. Chem,, 228, 372-82 (1936),

Geilmann, W., snd Wrigge, F,, "Some Reactions of Rhenium
Chloride", Z. anorg. allgei:, Chem., 214, 248-60 11333).

Geilmann, w,, sz“igge; F., and Biltz, W,, "Rhenium Trichloride',

Nachr, Grzs. Wisw. Gottingen, Math-physik, Klasse, No. 5, pp 579-
87 (19312,

BEATTE Gw & MEHM o= ac IENBTITUTE

\



4s

348.

349.

350,

351,

352,

353,

354,

356,

357,

359,

Hlemm. W. . and Frischmuth, G.. "Ammoniates o1 Khentum
Tribelicdes", Z. anorg. allgem, Chewmn,, 236, 20Y-11 {ty3/).
Veosio 7oL snd Shall, Goy "Donsity and Moleewlar Stare ot Rhenium
Tetrachloride and dhentum Hexachloride in the Goszous State'',

J. Am. Chem, Soc., 51, 4657~-h1 (1932),

Lealmann, Wo o, Vel . on T IR I “taemium Pentachloride',

L LS ERL S, 2

Z. anorg. allgen . Chem, _l__l_i, 244-47 (13

Schroter, W, , Das Phenigm, p 39, Verlag von Ferdinand Enke,

Stutigart, 1932,

Jezowska~Trezebiatowska, B., and Jodko, ., "Complex Chlorides of
Quadrivalent Rhenium', KRoczniki Chem., 19, 187-98 (1939).

Krauss, F., and Dgxhlnmnn, H., "Chemistry of Rhenium: IV,
“{falogen Compounds of Rhenium', Ber,, 65B, 877-80 (1932).

Druce, J., Rhentuwn, p 26-9, The Unwersity Press, Cambridge,
1948.

Schmid, H., '"Studies in the Chemistry of Rhenium: I, Potassium
Rhenium (1V) Chloride, and Urganic Derivatives cf Tetravalent
Rhenitm', 7. anorg., allgein, Chem,, 212, 157-97 (1933).

Krauss, F., and Steinfeld, H., "Chermstry of Rhenium: 1II,
Compounds of Tervalent and Tetravalent Rhenium', Ber., 64B,
2552-56 (1931).

Geilmann, W., and Wrigge, F., ''Double Salts of Rhenium Tri-
chloride With Rubidium and Cesium Chlorides', . anorg. allgem,
Chem,, 223, 144-48 (1935).

Biltz, W., Wrigge, F., Prange, E., and Lange, G., "Rhenium
Hydropentaiodic Acid', Z, anorg. allge.n, Chern., 234, 142-49
(1937).

Briscoe, H., Robinson, P,, and Rudge, A,, "IPotassium Hheni-
Iodide", J. Chem. Soc., 1931, 3218-20,

Wiechert, K., "Preparation of Oxyfluorides With Anhydrous Hydrogen
Flucride", Z. anorg. allgem, Chem., 261, 310-23 (1950).

Briscce, H,, Robinson, P., and Rudge, A, J., "Rhenium
Oxychloride', J, Chem, Soc., 1932. 1104-1107,

Brukl, A., and Plettinger, E., '""Rheniom Oxytetrachloride', Ber,,

66B. 971-73 (1933},

” 2T TR K MFMORIFATL NS TET VT E




N cto 2Rl AL L sl Chexlsn, E PRbentnom OGxvhromides, Manao h, ,

63. 329-34 {1935},

341, Jakoo, w. . and Jerowske, B., "The Electroreduction ot Ferrhenic
AciiT, Dor,, £8%, de1-n0 {1039)

3n?. Jakob., W., and Jezowska. B., "The Elccircroduction of Acid
FPerrhenate Sclutions. 1 he (.cmplex Culuside of Quingus valent
Rhenium', Z, anorg. allgem, Chem,, 214. *37-53 [1933),

363, Schulten, H.. 'Metal Carbonyle: XXX, Coopounds of Rheninm With

;A N

Carbon Monoxide'', Z. ancrg., allgem, Chem., Zai, i04-73 {i33%).

364, Hieber, W., Schuh, R., and Fuchs, H,, '"Metel Carbonyls: XXXVII,
Rhenium Hslopentacarbonyls, Thalr Tendency of Formation and
Properties', Z. anorg. allgem. Chem,, 248, 243~55 (1941),

365, Feit, W., '"Monothioperrhenic Acid", Z, anorg, ellgem. Chem.,
199, 262-70 (1931).

366. Biltz, W., and Weibke, F., '"The Systemic Doctrine of Affinity: LVI,
The Affinity of Rhenium for Sulfur. 2. Rhenium Heptasulfide', Z.
anorg, allgem, Chem, 203, 3-8 (1931),

367, Haraldsen, H., 'The Svsremic Doctrine of Affinity: LXIII, The
System Rheniur-©. sphorus, Z. anorg. allgem, Chem., 22}, 397-
417 (1935).

368. Wslibaum, H,, "Disilicides of Columbium, Tantalurmn, Vanadium, and
Rhenium'', Z. Metallkunde, 33, 378-81 (194i); Chem, Zsantr, 1942 1],
9.

369, Weichmann, F., Heimberg, M., and Biltz, W., ‘‘Systemic Study
of Affinity: LXXXV. The Affinily of Rhenium for Arsenic', Z.
anorg. allgem, Chem., 240, 129-38 {193¢%).

370. Weichmann, F., Heimberg, M,, and Biltz, W,, "Systemic Stu
Affinity: LXXXV, The Affinity of Rhenwum for Arsenic; A Corr
7.. snorg. allgem. Chem., 240, 368 (1939).

tD v,
w'
]
e

371. Rulfs, C., and Elving, P,; '""Solubility of Thallcus Rhenide’, J, Am,
Chem. Soz., 12, 3304 (1950),

72. Drace, I., Rhenium, p 68, University Presa, Cambridge, 1948,

373. Gilman, H,, Jones, R,, Moore, F., and Kolbezen, M,, "Reaction of
REhenium Trichloride With Methyl Magnesium lodide', J. Am, Chem,
Soc. ., 63, 2525-26 (1941).

¢ FETTERT; Lr,, P
— -~
L7 ¢ L3 LR B Y

A »
e «

B ATTEL!LE MEMORII AL PR T T WY R

\ 



é'a.. v
»

379.

Lat
0
=

381,

383.

384.

385,

386,

<87,

(VY]
i
13

389,

-145 .
ey
Lyugs, 4., CEihoxides and iaopropexides of Manganeee and Rhenury’,
L T 1Y YAGTLIAAR,
Lebzdicl b, 0L and lvmney - Emin, B., "Complex Ehenium Come-
Sermmes 0 el Thens, (JZEBRY 10, 283,05 {1943) (English Summsry
p LZon-abi,
FHyebey, W_ . aug Fuchs, 3., TMetz] Cavrbonvles: XXXIX, Amino -
Subsiitul -.-'.3 ?,i:'»'-‘x ™ Carbonvis', Z. anorg. e.ll"em. Chem, , 248,
269-7% {19
‘e . . - .
Holemann, H,, "Chemistry and Electrochemistry of Rhenium: V.,

Investigations on Complex Thiocyanates of Rhenium and Rhenium
Oxychloride!, Z, anorg. ailgem, Chem., 235, 1-24 (1937).

Tribalat, S., "*"The Complex Thiocyvanates of Rhernium', Compt. rend.,

223, 34-36 (1946).

Druce, 1., "Rhenium Uxythiovyanate”, Rec. trav. chim., 54, 334-35
(1935).

Miller, C,, "The Behavior of Rhenium and of the Complex Thiocyanates
of Rheniunm and Melybdenum With Toluene - 3, 4-Dithol", J. Chem,
Soc., 1941, 792,

Geilmann, W., and Brﬁnger, K., ""Analytical Chemistry of Rhenium:
IV. Some Microchemical Tests for Rhenium', Z, anorg. allgem,
Chem., 199, 77-90 (1931)0

Kronman, E., and Bibikova, A., "Microchemical Detection of
Rhenium'", Mi :ochemie, 12, 187-88 (1932).

Kronman, E., and Berkman, N.,, "New Microchemical Test for
Rbenium', Z. anorg. saligem. Chem., 211, 277-85 (1933).

Druce, J., Rhepium, p 19, University Press, Cambridge, 1948,

Yagoda, H., ""Detection of Rhenium in the Sodiumn Carbonate Bead",
Izd, Eng, Chem.; Ansl. Ed. . 8. 133-34 (1936).

Poluektov, N,, "Sensitive Catalytic Spot Teast for Rhenium", J,
Applied Chem, (USSR}, 9, 2312-14 (1926) (in German, p 2315).

Psluektov, M., "Deieciion of Rhenlum by a Spet Test', J, Appiied
Chem. (USSR), 11, 534-38 (1938) (in German, p 538).

Anisimov, B, "Identification of Rhenium by the Drop Method', I,
Applied Chemn, (USSR), 17, 638-59 (1944).

"

B ATTELLE MEMOR: AL L - B SN B R Y

i.%
H

.




3%1.

393,

394,

395.

396,

9.

398.

399.

400,

401,

!
3 vidierachemical Reaciwns of Rhentum Comopounde', Pubsi
'
.oinvest, mcregeime . Unwv, nacl, 2terai {Roesario, Arg. ) ),

Duval, C., '""Critical Study of the Reactions of the Cations: Iil.
Rhenium', Anal. Chim, Acta, 2, 3il1-12 (1948).

Wenger, P’., and Duckert, R,, "Critical 5. .y of Qualitative Reagente
for Cations: V. Regents for Detecting Rheawum Gations and Fer-
rhenate Anions', Helv, Chim, Acta, 25, 599-604 (1942).

Kso, C., and Chang. T., "Detection of Rhenium in Noyes' and Bray's
System of Qualitative Analysis', J. Chinene Chem. Soc., 2, 6-12
(1934).

Geilmann, W,, and Wrigge, F., "Anajytical Chemistry of Rhenium:
XII, Some Crystal Tests for Rhenium Trichloride and for Chlororhenic
ACid”, z. morg. .llgem¢ Chem., 231’ 66"77 (1937).

Hurd, L., Scott's Standard Methods of Chemical Analysis, 5th Ed,
p 768-7i, D. Van Nostrand Co., New York, 1939,
Geilmann, W., and Wrigge, F., "Analytical Chemistry of Rhenium:

IIT. Reactions in the Dry Nay'', Z. anorg. allgem, Chem., 199, 65~
76 (1931),

Yoe, J., "Some Observations on Reactions Between Certain Metallic
Ione and the Ammonium Salt of Aurintricarboxylic Acid", J. Am,
Chem. Soc., 54, 1022-23 (1932),

Geilmann, W., Wrigge, F., and Weibke, F., "The Analytical
Chemistry of Rhenium: VIi. Detection and Determination of Smali
Quantities of Rhenium With the Aid of Potassium Thiccyanate and
Stanncus Chloride", Z. anorg. allgem, Chem,, 208, 217-24 (1932).

Hurd, L., and Babler, B., “Determination of Rhenium: 1i, The
Geilmann Resction, Ind, Eng, Chem., Anal. Ed., 8, 112-14 (1936).

vrd, L., '"Determination of Rhenium: I. Qualatative", Ind, Eng.
Chtm. 9 An‘l. Edq ) 2’ l‘-ls (!.936).

Wenger, P., Duckert, R., and Ankajdi, E,, '"New Method of General
Analysis for Cations Based on the Use of Potassium Ethyl Xanthate:
11", Helv, Chim. Acta, 28, 1592-1609 {1545).

McAilpine, R., and Soule, B., Qualitative Chemical Analyeis (Based
on the Text by Prescott and Johnsen), pp 293-96, D, Van Nostrard,
Co., New York, 1933,

8 AT TELLE MEMORI AL IN8YTITUTE i




406,

407,

408,

409,

410,

411.

412,

13
[
[

414,

415,

Tt

-148 -

]

RPN I S

I S NN 1 LR A N R o LRI .
} LA l‘\ [ B R e A S R A 4 [ R S USSR R0 2 A

LU LRI .
R IR} ‘_l‘-} Py 3 .»_lllf:l,

5c¢1, Papers Inst. Phys. Chein. Rescavch (Tokyo), 31, 55-84 (1937).

Miller, C.. "Qualitative Sennimicruvanalysis With Reference to Noyes
ond Bray's System: Thoe Copper and Ue Telluriuis Group', J.
{ hem. Sae. 19dl. 7R6-92.

“ n']\vw‘ v owa e \l: aewAd WAadao j &4 HLAw=d '. 3 T aarsiy ot me g Uliondciare e
Yl e B S EAmaabd y LA™Y 3 \-.lﬁu P A ] a&da ] & J&\a&’ L v s Crea A d A taeAiANARLLg
XXi. Separation of Rhenium From the Ei«.. “nts of the Hydrogen
Sulfi_ds Grcup' I. Separ?_tsrv\ From Qi‘\lor, Ms“-rnr.,-- T onr‘ Ricma: th,

Copper, and Cadmium', Z. anal. Chem_. 132, 25yu-74 (19‘31)

Geilmenn, W., and Bode, H., ''Analytical Chemistry ¢t Rheniam:
XXIl. Separation of Rhenium From Arsenic, Antimcny, Tin, Gold,
Germanium, Selenium, and Tellurium", Z. anal. Chem., 133, 177~
92 (1951).

Heyrnvsk\;, J.; "The Cata]ytlc Depostnon of Hydrogen on the Dropping
Mercury Cathode', Privoda, 28, 212-12 (1935).

Schleicher, A,, ''Qualitative Microanalysis by Electrolysis and
Spectrography', Z. anal, Chem., 101, 241-54 (1935).

Tougarinoff, B,, "Two Color Tests for Rhenium', Bull. soc. chim.
Belg., 43, 111-14 (1934),

Prevot, A., "Detection and Determination of Rhenium by Means of
X-Ray Emission Spectrum', J, chim, phys., 45, 251-57 (1948).

Tribalat, S., "Determination oi Rhenium With ¢ -Benzildioxime",
Compt. rend., 224, 469-71 (1947).

Geilmann, W., and Weibke, F,, '"Analytical Chemistry of Rhenium:
II, Determination of Rhenium as Nitron Perrhenate After Previous
Precipitatior as Sulfide'', Z. anorg., aligem. Chem,, 195, 289-308
(1931).

Ceailmann W and W-ilﬂr- = HThe Amaledi~l ~f

[ X e
- - - - -y v e 3 -~ , - A T J;‘l‘A’b - A \Jll\»il‘l‘)‘n‘ , VL
Rhenium: VI. Simple Me:hod for Separating Molybdenum and
Rhenium', Z. anorg. allgem, Chem,, 1599, 347-52 (1931},

Bibikova, 1., "A New Method for Separating Molybdenum From
Rhenium in the Colorimetric Datermination of the 1. atter', Redkie

Metal. (Rave Metals), 1335, No. 6, 24-26,

Michailova, O., Pevsner, S,, and Archipova, N.; "Microchemical
Methods in the Determinsation of One Milligram of Rhenium After
FPreliminary Separation of Molybdenum', Z. anal. Chim,, 9i, 25-28

Ffxmanan

B ATTELLTE MEMOR I AL INSTITUTE -




4io,

419,

420,

421.

422.

423.

424.

425.

426.

428.

-149 .

o . R T
xuu.ng. R. 3 Sl .,31!‘&8‘ @, & . UrusBiliee SJuutte wi omnww—e L :
Graviineis oo Mrisrminations snaoiving thy Joe of Hydrogen Teraxlds

Follewed hy Nitron", Ind. Eng, Chem., Anai. Ed., 12, 90 {194¢).

Mullew, J., a0 welandc, ¥, "The Precipitation of Rhenium Sulfiée

From Ammoniacal Solution. A Separaticn of Riieatuni and Melybdanum®,

J. Am. Chem. Soc.. 55, 2376-78 (1933}

CGeilvianan, W, and Beds, H |, "Anaivtical Cneinisicy
X1X. Solu‘bﬂ‘l‘;y’ oz Rhenium Heploxids in Allkali Sulfide ard Poly~
suiiide Solutions”, Z. ansl, Chem. . 130, 320-23 (1950).

Geilmann, W,, and Lange, G,, "Precipitatizcn and Deternination of
Rhienium as a Sulfida", Z, anal. Chem., 126, 321-134 (1544).

Geilmaan, W., Wiechmann, F., Wrigge, F., et al.;, "The Anslytical
Chemistry of Rhenium, Precipitation of Rhenium of Different
Valences as Sulfide", Z, snal. Chem,, 126, 418-26 (1944),

Geilmann, W,, and Bode, H., ''Analytical Chemistry of Rhenium:
XVIII. Precipitation of Rhenium as Sulfide by Sodium Thiosulfate",
Z. anal. Chem,, 130, 222-~32 (1950).

Pushin, N., "Rhenium and its Compounds', Bull, ecc. chim, roy.
Yougoslav, 2, 111-28 (1931).

Krauss, F., and Steinfeld, H,, '"Chemistry of Rhenium: II,
Determination of Rhenium as Thallium Perrhenate', Z, anarg.
allgem. Chem., 197, 52-56 (1921).

Geilmann, W,, and Weibke, F., "Analytical Chemistry of Rhenium:
V. Separation of Rhenium by Distillation With Hydrogen Chloride'",
Z. anorg. allgem. Chem., 199, 120-28 (1931).

Kronman, E., "The Analytical Chemistiry of Rhenium", Z, anal.

Hoffman, J., and Lundell, G., "Volattlizatmn of Meunic Compounds
From Soluiions ia FETCRICTIC ©F Suaive i e s we erie-Zo 0 Natls

Bur. Standards, 22, 465-70 (1939).

Hiskey, C., snd Meloche, V., “Determination of Rhenlum in
Molybdeanite Minerals", Ind. Eang. Ckem., Anel. Ed.. 12, 503-506

{10 ANy
\a*)nv,-

Geilmiann, W., snd Bode, H., '*Analytical Chemistry of Rhenium:
XX. Sepnraticn of Rhenium by Distilistion', Z. arel. Chem., 130,

JI-J I 4 \..u»-.-,.

B ATTE . LE MEMO®R AL INS T TR

b




435,

420,

432,

433,

435,

436,

437!

438,

439,

440,

4* '59

-

Hettman. J., and Lundell, ., “Separation and Colorumetric

— R . s s s Ty I T R TS .
Trpr e s s iy e va RTAIFYY RYSEY AT RV Y& jriatss . o Ré..:-_n.x‘nn :,q-.-{l.-, .R\qu

S

. .
- R S SR T I s $43 y
wiaintei o8y wJ, N7 -508 (VR LN

Furd., L., and Hiskey., C., "Determination of Rheniv Ea tion
in Fviolusite', Ind, cng. Chem., Anai. Ed., 10, 623 2(, (1538},

Getlimann, W., and

—tl

3r~

dode, H., "Ansalytical Chemistry of Rhenium:
re .

MVI, Colgrimetric T rmination of Small GQuaniities of Rhenium',
~ r} i )
Z. anal. Chem,, 128, 48935 (1548;.

Geilmann, W., sand Bcde, H., "Analyticel Chemisatry of Rhenium:
XVII. Separation and Determination of Smail (uantities of Rhenium
in Technical Products', Z, anal. Chem., 128, 495-507 (1948).

Malouf, E., and White, M., '"Colorimetric Determination of Rhenium?',
Anal. Chem,, 23, 497-9 (1951).

Melaven, A,, and Whelsel, K., "Colorimetric Determination of
Rhenium', Anal, Chem., 20, 1209 (1948).

Willard, H., and Smith G., "Tetraphenylarsonium Chloride as an
Analiytical Reagent, Determina‘ion of Rhenium'", Ind, Eng. Chem,,
Anal, Ed., 11, 305-306 (1939).

Tribalat, S., "Extraction and Determination of Traces of Rhenium,
Especially in Thz Molybdenites", Anal. Chim, Acta, 3, 113-25 (1949).

Tribalat, S., "Extraction of the Chloride and Perrhenate of
Tetraphenylphosphonium by Chloroform', Anal. Chim. Acta 4, 228-34
(1950).

Tribalat, S., "Extraction and Determination of Rhenium by
Triphenylbenzylphosphonium Chloride', Anal. Chim, Acta, 5, 115
(1951).

i.aCoste, R., Earing, M., and Wilberley, S., "Colorimetric
Estimation of Various Metal Derivatives of Sodium Diethyldithio-
rewharmatsl! Anal CChem 7.1; R7i~74 (1951).

S o mmamssmn sy Jacamo, po-b ol 4 =
-7 —
—

Geiimann, W., and Hurd, L., "Analytical Chemistry ot Rhenium:
VIII. Volumetric Determinsation of Rheniurn Oxides', Z, anorg,
allgem, Chem,., 211, 277-80 (1933).

Geilmana;, W., and Hur?, L., ‘*Anelytical Chemistry of Rhenium:
X. Determination of Rhenium ag¢ the Dioxide', Z. anorg, allgem,
Chem., 214, 260-68 (1933).

B AT I &L L E WM E MO R AL I ST!IT U E



444,

445,

440,

447,

448,

454,

455,

~-151-

Ceiimann, w and Wrigge, Fo. VAnalylieal Lnemisiiy ol Nhonirem

LN s ey - F -
i, YoilutmetTis Nedermination of the Valence of Rhenium L,or‘npcm!dlir",

FLoanutg. wiigmi . Chem . ‘223, 56-64 (1935],

Meagce, J,.. "Velemeiric Estimasation of Foiassium Perrhenate’, Chem,

Itews, 143, 166-87 (1932).

Geilmann, W., and Hurd, L., "Analyiical Chemistry of Rhenium:
¥, Determinaiion of Chlororhenic Acid ia the Presence of Per-~

shenic Acid”, 2. 2norq. allgem, Chem,, Zi3, 336-42 {1933},

Tcnu’:ek, O. and F., "An Flectro-Ansiysical Tatimation nf Rhenum”,
Traa, Electrochem. Soc., 76, 105-iil1 {1939).

Voigt, A., “Analytical Chemistry of Rhenium', Z. anorg. aligem,
Chem., 249, 225-28 (1942).

Furman, N,, Bricker, C,, and McDuffie, B,, '"Method for the
Detevrmination of Certain Metals Present in Minor Concentration in
Various Suhstances”, J. Wash, Acad, Sci., 38, 159-66 {1948).

Lingsne, J., "Polarographic Investigation of Rhenium Compounds: I.
Reduction of Perrhenate Joz at the Dropping-Mercuzy Electrode",
J. Am, Chemn, Soc., 64, 1001-1007 (1942).

Gzyer. R., "The Polarographic Reduction of Rhenium", 2, anorg.
allgem, Chem,; 263, 47-62 (i950).

Rulfs, C., and Elving, P., "Oxidation Levels of Rhenium: I,
Polarogrephic and Coulometric Reduction of Perrhenate', J. Am.

Poluektov, N., "Colorimetric Determination of Rhenium by a
Catalytic Reaction', J. Applied Chem, (USSR), 14, 695-702 (1941).

Young, C., "Plating Rhenium and Rhenium-~-Nickel Alloys", Metal
ind., N. Y., 34, 176-77 {1936).

Hurd4, 1... Colehour, J., and Cohen, P,, "Toxicity Tests With
Potassium Perrhenate", Proc. Soc. Expid., Biel., M, Y, 30 926-28
{1911},

Maresh, F,, Lustock, M., and Cohen, P., "Physiolégical Studies of
Bhenium Compounda', Picc., Soc. Exptl. Biol. Med., 45, 576-79
(1540).

Jrace, J., Rhenium, p 71, University Press, Cambridge, 1948,

2 AT TE L v ow R ow o M AR I NS TITUTE



'1S
L
o

o
]
-~

458,

459,

460.

461,

462,

463,

4564,

465,

460.

467,

“68-

469,

182
hidl S ]
Noddack, W, and 1, {!o Siemens and Halolic AL~ ) “Cataivat for-=y
{Oxidation Prncesses', Brit, Pat, 346, 032 {Cciober B, 1929}, ' "‘"7

"Catalyst" (to Siemens and Halske A, -G, ), Fr. Pat. 082, 446
(September 30, 1529,

"Catalytic Reactions and {Rhenium) Catxzly st for Use Therein
(Oxidation of Arnmonia)’" {to Siebert Ges. :.:. . H.), Brit. Pat,
385, 859 .June 8, 1932),

"Use of Rhenium as a Catalyst" {to N, - V

\
Maatschappij), Brit, far, 3535, 180 {July 2

". de Dataafsche Petraleum

"Hydrogenating Carbonacious Materials (to International Hydrogenation
Patents Co., Ltd.), Fr. Pat. 761,632 (March 23, 12234),

Tropsch, H., and Kassler. R., '"Catalytic Properties of Rhenium",
Ber., 63B, 2149-51 (1930).

Anisimov, S., Krashenianikcva, V., and Platonov, M., "Catalytic
Properties of Rhenium and of Some of Its Compounds", J. Gen.
Chem. (USSR), 5, 1089~65 (1935).

Platonov, M., Anisimov, S., and Krashenianikova, V., '"The
Catalytic Properties of Rhenium", Ber., 68B, 761-75 {1935).

Platonov. M., Anisimov, S., and Krasheninnikova, V., '"Catalytic
Froperties of Rhenium: II. Dehydiogenation of Propyl Alcohols',
Ber., 69B, 1050-53 (1936).

Tyler, P., "Depression Period Well Past for the Rare Metals and
Minerals', Miring Met,, 17, 17-22 (1938).

Fiatonov, M., and Tomilov, V., "Catalytic Properties of Rhenium:
[II. Methods of Obtaining Rhenium Cataiysts"; J, Gen, Chem,
(USSR}, 1, 776-77 (1937).

Platonov, M., and Anisimeov, S,; "The Catalytic Properties of
Rhenium: V. Dehydrogenation of Butyl Alcchols", J. Gen. Chem.,
(USSR), 7, 1360-63 (1957},

Platonov, M., and Tomilov, V., "Catalytic Propertiag of Rhenium:
1V, Catalytic Decomposition of Formic Acid and Ethyl Alcohol”,
J. Gen, Chem. {USSR), 7, 773-81 (1937).

Platenov, M., Tomilov, V,, and Tur, E,, “The Catalytic Properties
of Rhenium: VI, The Deccmpostition of Methanol Over Rhenium',
J. Gen, Chem, (USSK), 7, 1803-1804 (1937).

- AT T ZL LK MEMORI A L ENS T 0



v
-
Vo

474.

475.

476.

477,

4178,

479,

480,

481.

482,

13-

G P Anisineev, 5.0 and Platonov, M., TCatalyin
Rheavim: VI Dehydration ot Gycioneaonot vnoe Dheniea. 1 Gen,
Chem_ {USSR), 7. 2895-98 (1937) (In English, p 2898),
Piatonov. M., "The Catalytic Pruperiics ¢f Rheniam-
Dehydrogenation of Alcohols Over Rhenium Disulfide’™, 1. Gen,
Chem, (USSR), 1i, 683-85 {§941),

Tiaivat 7, B, Ve G cadvere Laopertio o -0 cnoacam: VI
L‘ehyc}rcgenazion of |hoan]yl Alcohol“, Je e, Lvern, f\f;;;_;:.f; tﬁ_. _:_E .
590-91 {1941).

Platanov, M., and Anisimos, 5., "Catalyst for the Dehydroegenation
of Alcohol', Russ. }’at. 52,780 (March 31, 1938).

Kleese, W,, "Possiblc Applications of Rhenium Metal and Its Alloys',
Metall., 5, 153-56 (1451).

Zenghelis, C., and Stathis, K., "Preparation of Rhenium in a
Colloidal State and Its Catalytic Properties', Atti X° congr. intern,
Chim. ’ g_) 821‘24 <1938)n

Zenghelia, C., and Stathis, K,, "Preparation of Colloidal Rhenium
and Its Catalytic Properties”, Compt, rend. 209, 797-99 (1939).

Zenghelis, C., and Stathis, K., "Syntheais of Ammcnia Catalyzed
Wi h Metallic Rhenium'", Osterr, Chem. Zig., 40, 80-81 (1937).

McGeer, J., and Taylor, H., "Ammonia Decomposition and Related
Phenomena on Rhenium Catalysts', J, Am. Chem, Soc., 13, 2743-
51 (195i1).

Deutsche Gold~und Silber~Scheideanstalt vorm, Roessler, "Catalyst
for Carrying Out Catalytic Rezactions in Gasecus Phase', Bel, Pat,
445,998 ( "uly 31, 1942).

N. ~-V. de Bataafsche Petroleum Maatschappij, '"Catalyst for the
Hydrogenation of Coal, Tar, and Mineral Oil", Ger. Pat, 693,707
{Tune 20, 1940},

Tribalat, S., "The Catalytic Action of Rhenium on the Reduction of
Nitrogen at Different Degrees of Oxidation', Bull, soc. chim,
France, 1951, 131~34,

Schulze, A,., "Thermo~Elements ai High Temperatures", Z, Ver,
deut., Ing., 77, 1241-42 (1933},

B ATTELL®E e owm oW st INSTYTITUTE



483, Coedecke, W., Ulhcrmuoroupies and iue heps vduvibility of Their 799 —
Data. Criteria for Their Usefulness in Measuring High Temperatures", }
Siehert Festschritt, pp 72~99 (1931

484, Laisgse, C., "Refractory Alloy Lompositiva', Drit, Par, 524, G258
{April 12, 1940),

485, Weiger, J, {to ¥. . Aallory aud Co. ), - i Rhemurs or Its
Alloys tor Electrical biahe -and Dreak floae 5o 018§ Pai, 1,877,

26! (September 13, 1933).
486. Noddack, I, and W., {to Siemens and Haiske A C0), F o tiny Lamp

Filaments, etc. With Rheniuin'', Ger. Pat. 527, 105 (5 ¢ 3, 1929).

487, Siemens and Haiske A. G., "“Incandescent Eleciric Lamps With
Filaments of Rhenium', Brit, Pat. 350, 204.

488. Noddack, W. and L., (to Sienaens and Halske A, G.), "Use of
Metallic Rhenium as an Electric Glower for Incandescent l.amps,

Etc., U. S. Pat, 1,829,756 (November 3, 1931},

489. Stauffer, R., and Smith, Wm. (1o Eastman Kodak Co.) '""Photographic
Emulsion', U, S. Pat, 2,158, 442 (January 4, 1y4Y),

490, Esperson, G,, "Thermionic Emitting Properties of Theoria-Rhenium'",
J. Applied Physics, 21, 261 (1950).

491. Diuce, J., Rhenium, p 73, University Press, Cambridge, 1948,
492. Arend, A.. "Rnenium'", Indust. Chemist, 21, No. 245, 293-296
(1945).

References to Rhenium
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