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From the Preface to the First Edition

For many years, the inorganic section of the “Handbook of
Preparative Chemistry” by L. Vanino was a laboratory standard.
By 1940, however, the third (and last) edition of the handbook was
no longer in print. Rather than simply reissue the Vanino manual,
the Ferdinand Enke Press projected a completely new book: in
contrast to the old, the new work would be written by a number of
inorganic chemists, each a specialist in the given field.

As editor, the publishers were able to obtain the services of
Prof. Robert Schwartz, If was Prof. Schwartz who laid down what
was to be the fundamental guideline for all subsequent work: that
only those procedures were to be included which had been tested
and confirmed in laboratory practice. Concerning the choice of sub-
stances, while not pretending to be exhaustive, the book would
cover most of the compounds of inherent scientific interest or of
importance for purposes of instruction. At the same time, it
was clearly apparent that the common commercial chemicals,
as well as those whose preparations require only the simplest
chemical operations, need not be included.

The organization of the work took account of the broad scope
and varied nature of contemporary preparative inorganic chemistry.
The increasingly rigorous purity requirements, the use of unstable
substances and those sensitive to air and moisture, the employ-
ment of ultralow and ultrahigh temperatures and pressures, etc.,
have increasingly complicated the experimental apparatus and
techniques. Thus, in the introductory part (Preparative Methods)
the authors have endeavored to assemble a number of experimental
techniques and special apparatusthat can be extended to applications
much more general than the original purposes for which they were
designed. This is complemented by an Index of Techniques at
the end of the work., This index links the contents of Part I with
the various experimental procedures distributed throughout the
work., Space considerations have forced abridgments in several
places. Thus, a literature reference must often take the place
of a more detailed description. Occasionally, different researchers
have solved a given problem by different experimental techniques.
Here again a reference to the literature is in order. Naturally,
the choice of preferred method is always a subjective decision of
the individual experimenter. Thus, our own selection may not
always seem correct or adequate fo every inorganic chemist,
As is customary, please forward any pertinent criticism to either
the editor or publisher. It will be gratefully received.
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vi PREFACE TO THE SECOND EDITION

What has been said above also holds true for Part II (Elements
and Compounds) and even more so for Part III (Special Groups of
Substances). In every case the decision as to inclusion or omission
was dictated by considerations of available space. Here, again, the
editor would be grateful for any suggestions or criticisms.

Preface to the Second Edition

The first edition of the Handbook of Preparative Inorganic
Chemistry was intended to fill a gap in the existing literature.
Because if accomplished its mission so well, it has won wide
respect and readership. Thus, the authors have been persuaded to
issue asecond, revised and enlarged edition, even though a relatively
brief period has elapsed since the appearance of the first.

The present edition is much more than a revision of the previous
work,

Several sections had to be completely rewritten; in a number of
cases, the choice of compounds to be included has been changed;
above all, recently developed processes, methods and apparatus
could not be neglected. The reader will note also that several new
authors have cooperated in this venture.

Thus, we are presenting what is in many respects a com-
pletely new work. Most of the preparative methods presented here
have either been verified by repetition inthe author’s own laboratory
or checked and rechecked in those of our collaborators. We trust
that the reader will benefit from the improved reliability and
reproducibility that this affords.

The editorial work could not have been completed without the
invaluable help of Dr. H. Barninghausen, Miss G. Boos, and my
wife, Doris Brauer., Credit for the careful layout of the more than
eighty new or revised drawings found in the book goes to Mrs, U,
Sporkert. To all of my co-workers, advisers, colleagues and
friends who have given their assistance, I wish to extend my
heartfelt thanks.

Freiburg, April 1960 G. Brauer



Translation Editor’s Preface

The Handbook of Preparative Inorganic Chemistry by G. Brauer
has been a valuable addition to the detailed preparative literature
for some years largely because of the number and diversity of me-
thods which are contained in its pages. The tranglation of this
work, therefore, will simplify the task of synthesis for chemists
whose German is less than proficient.

Because laboratory practice, as outlined in Part I of the Hand-
book, is in some ways different from laboratory practice in the
United States a number of additions and omissions have been made
in the translated text. These include: (1) the removal of the names
of German suppliers and trade names and the substitution of Amer-
ican trade names and suppliers, the latter only occasionally, (2)
conversion of German glass and ground-glass joint sizes to their
American equivalents, (3) substitution throughout the text of "'liquid
nitrogen" for "liquid air", (4) improvement in the nomenclature
where it was judged unclear. In addition, certain brief sections
have been omitted or rewritten when the practice or equipment de-
scribed was outmoded or so different as to be inapplicable in the
United States.

It is hoped that these changes have been consistent and wise de-
spite the diffusion of responsibility for the production of a book of
this size.

Reed F. Riley

Brooklyn, New York
August, 1963
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Conversion of Concentration Units

Dgt = density of solvent
sn = density of solution
Dge = density of solute
Mgt = molecular weight of solvent
Mge = molecular weight of solute

Unit a b c d
g./100 ml, . 100« c » Dy (100« d« Dgt
a solvent @ b e Dst (100 - Dgpy—c 100~d
b g./100 g, A b 100- ¢ 100 = d
solvent Dyt (100 « Dgyp)e-c 100—d
. g-/100 ml, 100 +a + Dy 1100+ b« Dy . 4D
solution (100 « D) +a T100+b sn
4| 8 /100 g. solution 100 «a 100. b c d
(wt. %) (100 « Dg) +a 100 +b Dgp
d e f
d g./100 g. solution d e« Dge 100 "
* B (
(wt. %) Dy 1+ T oS
100 « Dgn/Dge
ml, /100 ml, solution d e Dgp T 00— A\M..
1T /M
s€
les/100 1 100 100
moles moles —_—— ‘00 « D
f | solution (mole %) +<1°°— Mse 1 +( 100 - Dgyy _D Mse f
! d /Mg | ‘e.Dg Mgt
mole fraction = moles of solute/ total moles =1—56
molality = moles of solute/1000 g. of solvent = 1&—'1’
se
molarity = moles of solute/1000 ml. of solution =192 €

se

Example: The concentration of a solution of sulfur in carbon
disulfide (15°C, given Dgy, = 1.35, Dgt=1.26, Dge = 2.07) is 24.0 g.
$/100 ml. CS, or 19.05 g. S/100 g. CSpor 21.6 g. S /100 ml.
solution or 16.0 g. S /100 g. solution or 16.0 wt. % or 10.4 vol, %
or 31.2 mole %.
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Preparative Methods

P. W. SCHENK AND G. BRAUER

This part of the book describes special methods and devices for
inorganic preparations. We do not intend to present a compre-
hensive, thorough compilation of all the known methods of prepara-
tive inorganic chemistry, such asgiven in handbooks. An enterprise
of that kind would require too much space, and the appropriate
books are already available. Even through the several-volume
treatise by Stock, Staehler, Tiede and Richter is by now partly
outdated, many references, methods and descriptions of apparatus,
useful for solving experimental problems, can be found in special-
ized books, such as those by Von Angerer, Dodd and Robinson,
Grubitsch, Klemenc, Kohlrausch, Lux and Ostwald-Luther [1],
to name but a few. These texts canthus be consulied when the need
arises.

In Part I, only a more or less subjective selection of methods
and devices is presented. This selection was governed by certain
principles. Increased emphasis on greater purity of preparations
and the advent of extreme experimental conditions have imposed
more rigorous demands on the experimental equipment. Porcelain
dishes and beakers must increasingly be complemented or replaced
by more complicated apparatus for the preparation of unstable or
oxidizable substances. Such special demands placed on individual
preparatory steps have often led to the development of general
procedures which can be applied to alarger number of preparations
than was originally contemplated. An effort has been made to ex~
tract such standard methods and techniques fromlater sections and
to summarize them in this first part. Whenever a too detailed de-
scription had to be omitted because of space limitations, at least
the original literature reference is given. In addition to brief
descriptions of the more commonly used and well-known special
equipment, an attempt has also been made to describe some of
the experimental “art,” namely, those littletricks and short-cuts
which with the passage of time have become traditional in almost
every laboratory, but which somehow never seem to find their
way into the literature.
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Assembly of Apparatus

The classic Bunsen support with its clamps and brackets is
still the most frequently used framework for assembling apparatus,
There are various newer variations of it which eliminate the
movement of the clamps when the brackets are tightened.

It is best to assemble a permanent support so that the entire
structure can be easily carried about without having to dismantle it
each time and so that it can be set aside when not in use. Such an
arrangement is especially useful with the most commonly used
pieces of apparatus, e.g., pump assemblies consisting of forepump,
mercury traps and vacuum measuring instruments, or apparatus
used for the preparation, purification and drying of inert or other
frequently used gases. To construct more extensive assemblies,
it is best to interconnect individual uprights with round steel rods
13 mm. in diameter, and to increase the stability of the whole, the
uprights are fastened to similar rods, cemented into the wall.
It is also very helpful fo attach strong wooden strips, about 10 cm.
wide, horizontally along the wall above the working benches (one
strip about 30 cm., the other about 80 cm. above the bench surface).
The rods holding the uprights in place can then be screwed into
wall receptacles (1/4” size, available in hardware supply stores)
which are fastened to the wooden strips. These round wall re-
ceptacles can also be fastened with screws to the work bench to
hold the vertical rods, thus replacing the base plate of the support.
The cross braces fastened to the wall, or else suitable clamps,
allow the work bench supports fo be eliminated, and the entire
apparatus can then be mounted directly on the wall. This has the
considerable advantage of leaving the table space free, so that it
can be kept clean more easily, and so that spilled mercury can be
readily wiped up. If the apparatus is very tall, a “gallows” frame
(Fig. 1) canbeused, mounted on a table about 60 cm. above the floor.
This frame is free standing and, as a result, the experimental
apparatus can easily be reached from all sides. Similar structures
can be built on the free-standing center benches of the laboratory
by attaching four vertical rods fo the two short sides of a bench
and connecting them horizontally with matching roundrods. Suitable
perforated structural steel angles with corresponding bolts and nuts
are available for the various setups, even those built up from the
floor. These perforated angles can be assembled into very stable
structures resembling those which children build from Erector sets.
Additional suggestions and details about frame materials can be
found in G. C. Monch [2]. Inassembling the apparatus, special care
is required in selecting the rightlocation and the proper apparatus-
supporting clamps. Too many clamps, causing stresses which
are liable to break the apparatus, are just as bad as too few
clamps,
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Fig. 1. Frame for setting up a
free-standing experimental appa-
ratus (measurements in cm.),

Glass

The important types of glass used in chemical work are shown in
Table 1.

The chemical composition of the more frequently used types of
glass is shown in Table 2.

The ordinary starting material for the manufacture of laboratory
glassware and connectors consists of glass tubes of circular
cross section. The tubing is designated as hand-drawn or machine-
drawn; the size reproducibility of the machine-drawn tubingis con-
siderably superior.

Glassware is identified by a special brand number and by the
trademark of the firm manufacturing it. A helpful characteristic

Table 1
Linear coefficient of
Type of glass expansion
Flint glass (Kimble) 93 - 10~7 (25°C)
Pyrex glass 33 . 10~7 (0—300°)
Vycor glass 8 + 107 (0—300°)
Quartz glass 5. 10=7 (0—300°)




6 P. W. SCHENK AND G. BRAUER
is the color of the glass, the “hue,” which can clearly be seen
by transmitted light on a freshly broken end piece. The most
common colors vary from yellow to green.

Table 2

Chemical Composition of Some Types of Glass

SiOz BgOa NazO Kz20{CaO|BaO MgO AlgOs Fez03

Flint 67.7| 1.5 | 15.6§ 0.6| 5.612.0| 4.0 | 2.8
glass
(R-6)
(Kimble
Glass
Co.,
Toledo,
Ohio)

Soft

KG-33 80 | 13 4 |<0,1/<0.1 2 <0.1
(Kimble)

Pyrex 80 | 13 4 |<0.1(<0.1 2 <0.1
(Corning
Glass
Co.,
Corning,
N. Y.)

Hard

Vycor 96 3
(Corning)

In terms of its chemical resistance to attack by aqueous solu-
tions, laboratory glasses are generally classified according to
(a) hydrolytic resistance, (b) resistance to acids and (c) resistance
to alkali, as shown in Tables 3 and 4.

Many more details about the types of glass can be found in
the descriptive literature of the manufacturers.

The various parts of a glass apparatus are assembled into a
unit by using ground glass joints, rubber tubing, stoppers, ad-
hesives and especially by sealing glass tubing together with hand
torches. The handiing of these torches can be easily learned even
by one having no previous knowledge of glass blowing. A glass seal
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Table 3

Hydrolytic Resistance

ml, of 0.02 N Weight
Glass Conditions Time HCI/10 g. loss,
of powdered / 2
glass mg./cm.
Flint glass steam at .
(Kimble) 121°C 30 min, 7.8
Pyrex glass | VPt M | 48 hr. 0. 002
KG -33 steam at .
(Kimble) 121°C 30 min. 0.26
Vycor watS%z;Ca t 48 hr. negligible

at the ends of two glass tubes often can be formed in a shorter time
than is required for careful connection of the tubes with rubber
tubing. The technique of glass blowing is best learned under the
tutorship of an experienced individual; a description of manipulations
can thus be omitted here. However, a few hints will be offered:

1. Use glass tubing and other necessary glass from the same
manufacturer.

2. Protect glass from dust and store it horizontally; if it is
necessary to store it vertically due fo lack of space, cover the
openings.

3. Before using, clean the glass tubing by pushing or blowing
through a moist piece of cotton; clean tubes of larger diameters
with a moist rag pulled through on a string; never clean the in-
terior surfaces of glass tubing with anironor steel wire or another
piece of glass tubing. Ignoring this rule is a common cause of
cracked tubing during heating.

4. Only freshly cut surfaces, not touched by fingers, should be
sealed. When it is impossible to {rim an end piece in order to
obtain a freshly cut surface, heat the area with a torch and pull off
some glass with the aid of a glass rod, or melt the glass, blow this
area into a thin-wall bubble and strip it off,

5. When working with hard borosilicate glass (Pyrex), oxygen
is added to the air siream through a tee-connector tube.* The
difficulty of working at higher t{emperatures notwithstanding,

*Blowtorches and hand forches equipped with a valve for oxygen
addition are commercially available.
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borosilicate glasses are more amenable to glass blowing than the
soft glasses because they are much less likely to crack when un-
evenly heated.

Table 4
. . Weight lossg,
Glass Conditions Time mg. /om. 2

Acid resistance
Pyrex glass 5% HC1 at 100°C 24 hr, 0. 0045
Vycor 5% HC1 at 100°C 24 hr. 0. 0005

Base Resistance
Pyrex glass 5% NaOH at 100°C 6 hr. 1.4
Vycor 5% NaOH at 100°C 6 hr. 0.9

Industrial fusion of pure quartz yields clear quartz glass or
vitreous silica. It has the following advantages: low temperature
coefficient of expansion, transparency and relatively good, but
strongly selective chemical resistance. Tubing, ground joints,
etc., of quartz glass can also be made in the laboratory. Oxy-
hydrogen or hydrogen-air flames with additional oxygen are used.
In a pinch, a small industrial oxy-acetylene welding torch will
suffice. Despite the high softening temperature of 1500°C, manipu-
lation of quartz is no more difficult than that of ordinary glass.
However, the following hints will be useful for those working with
quartz glass:

1. Holes often do not close completely in the molten glass; fine
capillaries usually remain open. Such spots must be repeatedly
remelted or drawn together with a thin quartz rod.

2. Since SiO and SiO, vaporize, quartz glass becomes cloudy
in the melted area. Remedy: After completing the main sealing
operation, remelt the whole area until it is clear, using a large
but not too hot oxy-hydrogen flame; if necessary, follow with a
rinse of dilute hydrofluoric acid.

3. Rapid blowing is essential because the viscosity tends to in-
crease rapidly on cooling; blowing is best done with a rubber tube.

4. On cooling or on prolonged exposure fo heat, there exists
the danger of devitrification; that is, conversion of the meta-
stable, glassy form fo cristobalite may occur, Once it has started,
this process rapidly leads to mechanical failure of the apparatus.
The failure starts preferentially at the externally adhering impurity
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centers and proceeds very rapidly, especially at femperatures in
excess of 1000°C, Consequently, those parts of quartz glassware
which are to be heated and which have already been thoroughly
cleaned (with aqueous solutions or organic liquids such as alcohol,
acetone, etc,) mustnot be touched prior to heating because perspira-
tion (NaCl) acts as a devitrifying agent.

The upper temperature limit, when quartz glass is used in the
absence of a pressure differential, is 1250°C. Unfortunately, evacu~
ated quartz glass flasks start to deform in the 1150°C region. The
devitrification and warping phenomena make quartz glass vessels
unsuitable for experiments in which they must be exposed fo tem-
peratures higher than 1000°C over long periods of time.

Glasses which cannot be directly sealed together can be inter-
connected by means of graded seals. Seals having diameters of
7—=9 mm, (O.D,) are commercially available., They consist of a
series of very short tubes, each with aslightly different coefficient
of expansion. In this way, even soft glass can be connected to
quartz glass.

Sealing wires into glass is described in detail elsewhere [2].
With quartz glass only molybdenum can be used.

Cleaning of glassware: Glass equipment is usually cleaned with
CrO3-H;S0,4 cleaning solution by allowing it o stand in the solu-
tion for some time, and then rinsing with water. Laug [2] cautions,
however, that the glass absorbs CrOs; upon treatment with this
cleaning solution. The CrO3 cannot be completely removed, even by
boiling with water. According to Laug, one gram of glass takes up
about 5mg, of CrOj, of which 0.2 mg, remains in the glass even after
repeated boiling with water. In certain cases, it is preferable to
clean the glassware with concentrated nitric acid. Treatment with
alkaline permanganate solution, followed by successive rinsing
with water, concentrated hydrochloric acid, and again with water
is also very effective.

Glass tubing and apparatus parts which cannot be placed in a
drying oven because of their size should not be dried by rinsing
with organic solvents (alcohol-ether, acetone); such solvents are
often contaminated with low-volatility impurities and these, if
left on the glass walls, will causetrouble with sensitive substances,
or at high vacuum. Instead, room air should be drawn through the
tubes or apparatus by means of an aspirator, with only one opening
accessible to the air. This opening should be protected against
dust with a cotton wad or a piece of soft filter paper.

Apparatus that is to be taken apart should be provided with
ground glass connections. One can use for this purpose standard
tapered joints or ball joints. The latter are now manufactured
with great precision and are being used more and more. In many
cases flanged ground-face connections are advantageous (for details
see Monch [2)). The great advantage of ball joints is their flexibility
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and easy detachability; they are held together by simple clamps.
Their price, on the other hand, is greater than that of the corre-
sponding tapered joints. Ball joints designation includes the diam-
eter of the tube. The following sizes are available on the market:

12/5 18/7 18/9 28/12 28/15 35/20 35/25
50/30 65/40 75/50 102/75

In addition, the smallest size, with a ball 12 mm, in diameter,
is available with capillaries of 1—3 mm.

The designation of the tapered joints has been changed several
times. Table 5 lists the present standards for the different series.
All joints are ground with a taper of 1:10 [(larger diameter minus
smaller diameter): length of ground portion = 1:10].

The question of which part of the apparatus should carry the
male joint, and which the female, is often hard to decide. The best
general advice that can be given is to keep the reagents free from
contamination. Thus, if the ground joint is to be greased, the female
should be on top and the male below; in this case, however, cleaning
of the joint is usually more difficult. A groove formed in the ground
surface of the male (“two-zone grinding”) is veryuseful in prevent-
ing penetration of the grease into the apparatus. Parts which are
to be weighed on an analytical balance should carry the male, be-
cause it can be cleaned more easily. It is highly recommended
that small hooks be attached to both parts of the joint, so that the
latter may be held together with springs or rubber bands.

If joints of different materials are to be assembled and heat is
to be applied, the female should always be made of the material
with the higher expansion coefficient. This applies especially to
glass-quartz joints. In an assembly consisting of a glass male and
a quartz female, the latter will, as a rule, crack on immexrsion in
boiling water,

Greasing of stopcocks and other ground joints, as well as
suitable lubricants and adhesives, will be discussed later. In some
cases, it is advantageous to make the connections by cementing and
without using any ground joints, This method is especially useful
when very large tubes are to be connected, since such cemented
seals, if correctly prepared, can be removed without shifting the
other parts of the apparatus. The seal is made with a glass sleeve,
as shown in Fig. 2. It is best fo polish the two butting edges (so
that the cut on each is straight) andto interpose a narrow, annealed
copper ring, especially if the apparatus is to be evacuated; other-
wise, the glass edges may splinter due to the compressive force
of atmospheric pressure. To secure sufficient adhesive strength,
it is important that the cement be melted by warming the supporting
glass. This is especially important with metal cements, since in this
case leaks cannot be easily detected. To heat the places to be
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Table 5

Designation and Measurements of American Standard Taper
Ground Joints (CS 21—39)*

Long Medium Short
5/20 5/12 12/10
7/25 7/15 14/10
10/30 10/18 19/10
12/30 12/18 24/12
14/35 14/20 29/12
19/38 19/22 34/12
24/40 24/25 40/12
29/42 29/26 45/12
34/45 34/28 50/12
40/50 40/35 55/12
45/50 60/12
50/50 71/15
55/50
60/50
71/60

* The first number inthe designation indicatesthe larger
diameter of the ground section; the second, the length
of the ground section.

cemented, one can use a small pilof flame, 10—15 mm. long, created
by a glass or metal tip.

If certain precautions are taken, metals canbe easily and tightly
sealed to glass. This is especially true of Kovar tubing, which can
be sealed to Pyrex glass,

;cement

Cu ring

———

Fig. 2. Cementing large glass tubes

With rubber hose connections the edges of the glass tube should
be fire-polished. If this is not done, small rubber particles may be
scraped off and jammed between the hose and the glass wall, causing
a leak. If the hose is lubricated with silicone grease, instead of
glycerol or oil, it will not stick. “Frozen” rubber hoses should be
cut off. Losing a piece of rubber tubing is preferable to breaking
the glass. If one should have occasionallyto remove a thermometer
(or similar device) stuck in a valuable large rubber stopper, a cork
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borer, well lubricated with glycerol, should be introduced between
glass tube and stopper and the borer retracted several times, while
adding more glycerol.

If rubber stoppers are fo be bored, the borer should never be
turned in one direction only; instead, the direction should be changed
after each half turn, withdrawing the borer several times in order
to add more glycerol. Otherwise, the hole gets continually narrower,
since the rubber core inside the borer also turns. The hole is
then not cut by the sharp edge of the borer but, instead, the rubber
is torn out.

Ceramic Materials

The refractory ceramic materials used in the laboratorycan be
classified, as in Table 6, according to their properties and main
ingredients. Unlike glass vessels, their shaping is finished before
the high-temperature treatment (firing). Only limited subsequent
treatment is possible and this is restrictedfo mechanical modifica-
tion (grinding, cutting). Since firing is accompanied by shrink-
age, close tolerances can be maintained fo a limited extent only.
These characteristics restrict ceramic laboratory ware tocertain,
usually standardized items, e.g., straight tubes, rods, crucibles,
dishes, boats, etc.

Group 1. These materials, which consist essentially of Al;O4
and SiO,, are resistant to extended heating at higher temperatures,
but are often not as gas-tight as pure SiO,, although some of them
come close in this respect. Gas permeability depends very much on
the temperature and increases with rising temperature. Inaddition
to the well-known laboratory porcelain ware, some manufacturers
have developed special items which have higher chemical or
temperature resistances (cf. synopsis in Table 11). The maximum
use temperaiure for these materials increases with the Al.O,
content. Again, because of the typical ceramic method of manufac-
ure of these materials (shaping, firing), only some, usually stand-
ardized, laboratory items can be made (straight tubes, rods,
crucibles, dishes, boats, etc.). Glazes are appliedonly to porcelain.
Ability to withstand temperature changes is much lower than with
pure silica.

Chemical resistance at high temperatures is poorest toward
alkaline and strongly reducing materials (e.g., active metals).
Again, chemical and thermal resistance increases in proportion
to the Al;05content.

For special purposes (e.g., high chemcial resistance), materials
of Group 1 can be lined with substances which by themselves
are not suitable for ceramic manufacture (for example, MgO, CaO).
For example, according to Goehrens [3], one canapply to the vessel
a paste made of a mixture of finely ground, weakly ignited and
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Table 6

Group Body composition Designation

Dense

1 a| Aluminum silicate (mullite)| Lab. hard procelain

(silicate vitreous bond) (20-30% Al1,0,)

1b| As la, with special refrac-| Sillimanite 10a and other
tory additions, e.g., special porcelains
corundum, sillimanite,
and others

2 Sintered oxides with high Sintered alumina,
m.p., “single phase magnesia, beryllia,
materials” Al, 0, MgO, zirconia and thoria

BeO, ZrOz, ThOz
Porous

3 Same as 1, but less strong | Fire clays, mullite,
vitreous bond; partly pure sillimantine, corun-

oxides dum (kaolin-bonded)
4 Carbon Electrode carbon, retort
graphite, graphite (clay-
bonded)

coarse, strongly ignited magnesia in a saturated MgCl, solution,
This is then transformed by drying and gradual heating into a well-
adhering protective layer of MgO. In order to deposit a CaO layer
(which, among others, can also be applied to ferrous vessels)
calcium oxide is made into apaste with calcium nitrate; or, accord-
ing to W. Jander (3], a paste of CaO and water is painted on to a
thickness of 0.3—0.4 cm. Drying and subsequent heating should
start at 40°C and be increased very slowly up to red heat.

Group 2. For work at very high temperatures, reaction vessels
made of ceramic oxide compounds have proved especially suitable;
this refers to vessels which have been made by sintering oxides of
high purity and of very high melting point. Such materials excel
in their resistance to high temperatures and in their remarkable
tolerance of a wide range of materials at high temperatures. For
almost every material to be melted there canbe found an especially
suitable ceramic oxide material, as is shown below. Because of
the difficulties encountered in ceramic manufacture, the best
thermal and chemical resistance characteristics can be achieved
only at some sacrifice of flexibility in the choice of ceramic shapes.
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In the following tables (7—11), which summarize the available
practical experience and offer some suggestions for use,the mean-
ings of the symbols are: +++ not attacked; ++very slightly attacked;
+ slightly attacked; — strongly attacked; — — very strongly attacked;
— = — completely destroyed.

In using the physical technique of vapor deposition of thin sur-
face layers, some knowledge has been gathered about compati-
bility between the boat and crucible materials and the reagents
heated in these vessels (cf. Auwarter [4])). Table 12 summarizes
these data.

Group 3. Besides the materials of Groups 1 and 2, porous
ceramics are important. These often are more resistant to

Table 7

Behavior of Ceramic Oxide Apparatus with Fused Metals

Metal °C Al,O4 ZrO, MgO BeO
Li(H,)* 700 —_— % —_ —_
Na(H,) 700 +++ +++ +++
K(H,) 800 ++ F++ +++
Cu(ox) 1200 ++ +4++ +
Be(H,) 1500 - +++
Mg(H,) 800 ++ ++ +++ —_
Ca(Hy 1000 -+ - + —_
Al(H,) 1000 +++ +++ —_— —_—
Si(H,) 1600 +++ +++ e —_
Ti(H,) 1800 + + —_—

Zr(H,y) 1700 - ++ +++ ++
Sb 800 +++ +++
Bi 600 +4++ +++
Cr(ox) 1900 —_ —_

Cr(H,) 1900 +++ ++ +

Mn (ox) 1600 —_—— —_— —_

Mn(H,) 1600 ++ ++ +

Fe(ox) 1600 —_ —_ —_—
Fe(H,) 1700 +++ +++ 44Kk

Ni 1600 ++ +++ 4+ ¥k

Co 1600 +++ ++ kK

Pb 600 +++ ++ A+

Pt 1700 +H+ +++ 4Kk

Au 1100 +++ +++ 4+ %ok

*Only after previous coating of the crucible with molten LiF.
** Vessels made of impure oxides are less resistant.
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Table 8
Behavior of Ceramic Oxide Apparatus with Liquids

Agent °C Al,0, Zr0, BeO
H,S04 conc. 338 ++ + —_
HC1 conc. 110 + ++ -
HNO, conc. 122 + ++ +
HF conc. 120 ++ +++ —_—
H;PO, conc. ++ ++ -
NaOH 20% 103 ++ ++ ++

temperature changes. This latter characteristic is sometimes com-

bined with higher maximum use temperatures.

Some of these

materials are also available as pastes (insulating compounds).
Group 4. In thisgroup, use is made of the extremely high melt-
ing point of carbon, which is usually not reached in practice.

Table 9

Behavior of Ceramic Oxide Apparatus with Oxides, Hydroxides,
and Carbonates

Agent °C Al,O4 ZrO, MgO BeO

Na,0, 500 +++ ++ ++

NaOH 500 +++ +++ +H+ ++

KOH 500 +++ ++ ++ ++

Li,COy 1000 +++ +++

Na,COq 1000 +++ +++ +++

K,COq 1000 +++ —_

Cu,0 1300 ++ +++ +++

B,04 1250 +++ - —_— ++
. 1 + ++ —_ —_

si0, w0 | - —

PbO 900 —_ _— ++

Sby04 850 +++ +++

Cr,0; 1900 - - - -

MoQ, 800 4+ + —_

Wo, 1600 - ++ -

Mn,04 1600 2

Mn0, 1700

FeO 1500 g All of these materials are

Fey04 1600 S destroyed.

P05 600 ++




Behavior of Ceramic Oxide Apparatus with Molfen Salts

Table 10

Salt °C Alz 03 ZrOz Salt °C Ale 3 ZrOz
LiCl 800 +++ +++ K,S80, 1200 +++ +++
Li,SiO, 1300 +++ +4++ CuS 1300 ++ ++
NaCl 900 +++ +++ Cu, SiO, 1400 —— Kk
NaCN 700 +4++ +++ MgSio, 1750 —_ KK
NaF 1200 —_— ++ CaCl, 900 +++ ++
Na, MoO4 800 -+ 4+ CaF, 1500 i ok ok
NaNO, 600 +++ +++ Ca (PO,), 1800 +++
NaNO, 400 +4++ +4++ CasSiO, 1700 —_ ++
NaPO, 800 +++ +++ SrCl, 1000 +++ +++
Na,P, 0y 1200 +++ +++ Sr(NO,), 800 ++ ++
Na, SiO, 1300 +++ +4++ SrS0, 1750 + ++
Na, SO, 1150 +++ +++ BaCl, 1100 4+ +++
Na,SiF, 1200 - % BaSO, 1650 + +
Na, B4 O, 1000 +4++ +++ ZnCl, 500 +++ +++
Na, WO, 700 +++ +++ ZnSio, 1550 + —_—
KHSO4 500 +++ ++ PbB, 0, 1300 +++ +4++
KCl1 1000 +++ +++ PbSiO; 1300 +++ +H+
KCN 800 +++ + PbSO, 1300 + ++
KF 1000 - + PbS 1300 ++ ++
KBO, 1200 +++ +4++ FeS 1300 +++ ++
K,P,04 1200 +++ —_

* MgO +++, ** BeO ———, *** MgO ———; BeO ++.

9l

‘M °d
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A number of apparatus components made of pure carbon, pure
graphite or ceramic bonded carbon are commercially available,
The additives, however, cause some reduction in refractive proper-
ties as compared to pure carbon,

Smaller utensils can easily be prepared in the laboratory from
pieces of pure synthetic carbon or graphite, Tubes, plates, valves
and other shapes made of pure graphite, as well as of graphite
reinforced with synthetics, are commercially available,

Metals

Although glass and ceramics are the principal materials for
chemical apparatus, metals and their alloys are indispensable
for many applications. They are superior to glass and ceramics
in their high thermal and elecirical conductivity, mechanical
properties and in their higher ability to withstand temperature
changes, In addition, their specific chemical resistance may be
important in certain cases. Thus, reactions with fluorine or free
alkali metals require use of metal vessels. Metal vessels are
also indispensable for high-pressure work.

COPPER

In addition to applications resulting from its electrical conduc-
tivity, copper is very useful as a material for vessels employed in
work with fluorine (for details cf. Part II, 3 and 4). Aside from
this, copper is frequently used for cooling coils and other heat ex-
changers. Copper tubing of many different sizes is available on
the market. It is annealed before use, allowing it to be easily
shaped. Since it hardens again on bending, a second annealing may
be necessary. Flexible conduits, e.g., connections to steel cylinders,
are best made of thin-walled copper tubing, which can be either
soldered (hard or soft solder) to the connecting valves or fused fo
special glasses. Copper develops fissures when heated to red heat
in a hydrogen stream. Seamless tombac (a zinc-copper alloy)
tubing (also called “spring-tube,” “metal-bellows tubing”) is more
flexible than copper for this purpose (cf. below, Fig. 50 a). Its
flexibility is improved by corrugating the tubing walls. Tombac
tubing should not be annealed or joined with hard solder. It is joined
either with soft solder, or through a special commercially available
threaded fitting. The inside grease coating, applied during manu-
facture, is removed by rinsing with ether and drawing air through
while gently heating.

Where low heat conductivityis desired, German silver or similar
alloys are employed (cf. Handbook of Chemistry and Physics, Chem-
ical Rubber Publishing Co., Cleveland, Ohio).
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Table 11, Summary of Properties and Usefulness
By =
q)@“: [
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g |83 | 352 | 8 E
Material 38 4 = P S8 s
EO|I2B5| P o g 083 %3
g . =33 °, o 3,3% 0'E D 2 go
Sdl.ds ¢ £ 2 2Eg - 53
SE|SEE| 5| 3% | E5E | SB®| 5| &3
Selssgd = | S8 | 2% <353 | & 2R
Quartz
(Vitreosil) 1250 oo | YerY lexcellent | 10~ 2.1 1'°8hk°a}é/
(fused silica) g m. hr.
glazed |1100 _ at 20°C
Hard porcelain asolr680 [ VoY ?:c“;r 107 2.46 | 1.23 keal./
unglazed |1300 g y m, hr, °C
2005|1500 (1540 (1850 fairly good
FR 2107 1730 fairly good 2.2
Fire clay
HK 5 1(7:?»6 1700 1;;6 fairly good 2.4 | good
R }ggg 1600 (1825 | porous |verygood good
Sillimantine
60| 1600 porous |verygood
M;;z\;a::;laze d 1700 1825 | porous |[fairlygood 1075
K-mass (high
alumina) heat at 20°C
ca very
resistant porce-| 1700 1800 ood  [firlygood 1076 2.46 | 1.72 keal./
lain g m, hr. °C
im- ding
ca. hbove | ™M s ~0.5 gepen
- . n the tem-
10 a 1700 1800 ;:}e:l-;n; quite good 10-5 2.85 :”l‘(w:f‘/
.4 kcal,
Sillimanite gases m. hr, °C
slightly ~0.6. | 2.0 keal./
H |1700 1850 |3 2o | good 105 2.3 | 2.0 keak/
Pythagoras
mass (a hard {1700} %3 1820 |very good|fairlygood | 10-5 2.9 | L2 }')‘:al‘c/
porcelain) e
Sintered not
zirconia 1750 [1600 (cons- sli%l;:llsy good 4 low
(Z18i0,) tant | PO

Selection and data in this table were made for the purpose of gener-

al orientation only.

Their properties cannot therefore be guaran-
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of Some Important Ceramic Materials.
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Chemical properties

Behavior toward other
materials cited in
this table

Range of application

Begins todevitrify above 1150°C.
Resistsall acids, except conc.
phosphoric (above 300°C) and HF,
u? to thetmaﬂrgl}x)m g.emperagxres
of uge: attac ases an
h@si% bxi&gs v

Resistant to all raw
materials mentioned
here

Vessel material for metallic
alloy and acid oxide melts,
Attacked by Al, Te, Mg, and
Mn at high temperatures.

Goodchemical resistance, espe-
ciall{vl to acidic fluxes, except HF
and H,PO,; somewhat attacked
by strongly alkaline fluxes

Vessel material for metallic,
alloy and salt melts up to
1250°C

Resistant to basic steel melts
fluxes; slightly attacked by acid
steel melts

Satisfactorily resists alkaline
melts and acid fluxes

Vessels for metallic melts
(steels)

Resistant to flue dust and furnace
gases; reducing up to 1600 °C,
oxidizing up to 1300°C

Stable in reducing and oxidizing
atmospheres

Not attacked by Al,O,.
Caution required with
basic oxides, espe-
cially MgO

Protective tubes for tem-
perature measurements
(thermocouples) and for
furnaces

Similar to porcelain, but more
basic

Vessels for metal melts

Considerably higher chemical re-
sistance than that of porcelain;
more basic than porcelain

Vessels for metallic, alloy,
salt and glass melts

Good resistance to melts, espec-
cially acidic ones

Resistant to attack by ash
components and flue dust

Compatible with all
other materials con-
taining alumina and
silica

Vessels for metallic and alloy]
melts (Tamman crucible),
protective tubes for pyrom-
eters.

External protective tubes for

yrometers; sheathing tubes
ot_‘lelectric -oven heating
coilg

More resistant than porcelain to
all forms of chemical attack. Re-
sistant up to 1600°C to most acid
fluxes

Vessels for metallic, alloy,
salt and glass melts

Resistant to acids; attacked by
basic substances at high
temperature

Least compatible with
BeO, MgO

Vessels for metallic and alloy
melts

teed and this table should not be interpreted as recommendation of

specific products.
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Table 11 (continued)

b 3
0P [
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5 fasg Z 15388 |8 z
Material | g0 58 o £ | g8 | S5k =
2°. @89 7, g | 88 | &3% 2| E%
SElEsl & | =5 | 5%g | BES | 2| 5%
R = - f 4 =
SsiEsg 5 | 88 | 285 | 288 | S| £
Corundum
bonded with under
kaolin, sin- 1800[1700 2000 | Porous good 3.5 good
tered
(AL, 0, + 5%Si0;)
Sintered aluminaj1850, 10-7 3.4—
(Al;0,) lmTposs. 1750 | 2050 | good good to 3' 9 good
more 10~ :
Sintered
N ndert very very
?;:gl)lla 2200 2150] 2550 | good good 2.9 good
Sintered
magnesia 2200 | 2000|2700 | porous mwof,gately 10-5 2.8 good
(fused MgO) g
Sintered
zirconia 2500 [1900 2700 | SHBNHY | ), 107 [5.4 low
(zr0,) po
Sintered high |
thoria 2700 {1950(3000 | good poor [thermal 4.5 | 1w
(ThOy) expansion
coefficient
bove practi- very - ca. [3.5—8 kcal./
Carbon 3000 |"O7€ caflliy porous good 10 1.5 |m. hr. °C
infusi-
ble
e‘ practi-
Electro- abov cally " 1.5— | at 20°C
graphite 3000|"°"® knfusi- very good 10 1.7 100 kcal./
ble m. hr, °C
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Chemical properties

Behavior toward other
materials cited in
this table

Range of application

Resistant to alkali, alkali metals
and other metals as well as glass
and slag fluxes. Not attacked by
chlorine, carbon, carbon monox-
ide, hydrogen, hydrocarbons,
etc., even at highest use tem-
perature, Scarcely attacked by
even the strong mineral acids,
e.g., hydrofluoric or sulfuric

Incompatible with
Zr0,, ZrSiO, and
BeQ; compatible with
other oxides. Caution
recommended with
ThO, at temperatures
over 1500°C

Vessels for high-melting
metallic and alloy melts

Resistant to alkaline materials
and to reduction by molten metals,|
carbon, carbon monoxide and
hydrogen. Attacked above 1800°C.
Incompatible with SiO,

Compatible with ZrO,
up to about 1850°C; in~
incompatible with
other oxides

Vessels for high-melting
metallic and alloy melts

Resistant to basic materials even
at the highest temperatures. Not
resistant to (strongly re-

ducing) carbon at high tempera-
tures

Least compatible
with ZrSiO,

Vessels for high-melting
metallic and alloy melts

At the highest temperatures, re-
sistant to a very wide range of
acid and basic materials. Car-
bide formation with carbon at
high temperature

Very poor compati-
bility with Al,0,

Vessels for high-melting
metallic and alloy melts

Resistant at extremely high tem-
peratures, especially to alkaline
materials, Stable to reduction
by high-melting metals. Car-
bide formation with carbon at
high temperatures

Relatively good com-
patibility with all
oxides; best with
Zro,

Vessels for high-melting
metallic and alloy melts

Resistant to acid and basic fluxes
if these do not oxidize. Some
surface contamination when
metals are fused in vessels

made of this material

Formation of SiC
above 1400°C on con-
tact with silica-
containing materials

Vessels for silicate melts,
sinter processes, pro-
duction of refractory metals
and reduction of metal
oxides

Highly resistant; attacked only by
oxidizing agents, e.g., air
above 550°C, steam and CO,
above 900°C; stable to metals,

if these do not form carbides.
More suitable for melting ex-
periments than carbon crucibles

because less reactive

If the other material
contains Si0,, silicon|
carbide is formed
above about 1300°C.
Stable Al,0,, BeO,
and MgO up to about
1800—1900°C

Same as carbon
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Table 11 (continued)

on't [ £l
L5 © g
@ |=EE =l o
3 [853 2 1588 | £ . 2
Material | E9 8% ¢ | F | sE§ [$8E =3
£ :[F25| T | 26 | el Bl gL
SElEel 2| g8 | GE: | 2R | 3| &3
8583 = S & <0l <38 a £8
Silicon - slightly 0.5 8.5—4.8
carbide (SiC) 1500 porous very good 103 2.2 keal./
1500° m. hr. °C
almost
Graphite- imperm-
ca, 1700+ excel-
bonded clay 170001800 eable to lent 1.6 very good
(crucible) gases
when
glazed
SILVER

Silver, like copper, is used for its high electrical and thermal
conductivity and further, for its resistance to fused alkali. Pure
silver crystallizes on extended heating at red heat and becomes
brittle. An alloy with 0.1% nickel is free of this drawback.

GOLD

Pure gold is too soft for laboratory ware. Gold-platinum alloys
are sometimes used for their alkali resistance.

PLATINUM GROUP METALS

The metals used include platinum, rhodium, iridium and palla-
dium. Precautionary measures tobetaken in handling platinum are
well known through the literature circulated by firms producing
noble metals (cf. also Part II, 29, Platinum Metals). Rhodium is
ordinarily used only in alloys. However, it can also be used for
extremely high-melting crucibles, provided appropriate steps are
taken to compensate for its tendency to oxidize in air. Platinum-
rhodium alloys can withstand very high temperatures because their
vapor pressure is very low. They can thus be used for heat con-
ductors and thermocouples. Although iridium has an appreciably
higher melting point than platinum, its vapor pressure is more
than ten times greater. In spite of this, it is suitable in special
cases for vessels in which strongly basic oxides, like BaO, are to
be heated in an oxygen-containing atmosphere. For example, it
was used in the form of a channel heated by direct passage of
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Behavior toward other

Chemical properties materials cited in Range of application
this table
Resistant to attack by ash Good compatibility Suitable as external
components and flue dust with alumina and protection tube for pyrom-
silica materials eters due to its good
heat conductivity

Attacked by alkaline fluxes. Vessels for all metallic
With melts low in carbon and melts, except electron
containing Fe or Ni, possibility metal

of carbonization; this can be
prevented by an interior lining

current [G. Wagner and H. Binder, Z. anorg. allg. Chem. 297,
328 (1959)]. Platinum-iridium alloys are very hard and can be
employed as electrodes in the preparation of ultrapure chlorine
by electrolysis of acidic saline solution, provided they contain
a sufficiently high percentage of iridium. Palladium is cheaper

Table 12
Behavior of Some Materials that can be Vaporized in a High

Vacuum with Commeon Crucible Materials at Temperatures Above
1000°C (++ very suitable; + suitable; — unsuitable)

Crucible material
Heated material ol « | 2213 0lR
(Vaporization temperature, °C)| B |2 | & | < | R | @ | & | &
Al (1300) + | = = | H |+ =] + [+
Ti (1800) + | -] - ++
TiO (1600) =+ | =] - ++
Cr (1550) ++ | +
Fe (1550) +
Si (1550) +
Sio (1250) =+ | | |
Ge (1100) +
CeO, (1850) + | +
MgF, (1050) | | A ]
ZnS (1000) e B T B I =
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than platinum and is used as an alloying agent. The high perme-
ability of red-hot Pd fo hydrogen is used for the preparation
of very pure hydrogen.

TUNGSTEN, MOLYBDENUM, TANTAL UM, NIOBIUM

This group of metals possesses the highest melting points, lowest
vapor pressures, high strengths and low coefficients of thermal
expansion. They find many uses in the laboratory (tungsten and
molybdenum furnaces, seals with quartz and other glasses, etc.).
These metals are commercially available in large pieces, sheets,
tubes, wires, etc. At higher temperatures a protective atmosphere
or a vacuum is absolutely necessary. In the case of Mo and W,
the protective blanket may consist either of inert gases or of
hydrogen or a hydrogen-nitrogen mixture (synthesis gas). However,
only the inert gases should be used for niobium and tantalum,
Tantalum has a very high chemical resistance, with special resis-
tance to hydrogen chloride. Molybdenum is stable to free alkali
and alkaline earth metals even at high femperatures.

IRON AND NICKEL

Their use in the laboratory is well known. Very pure iron (e.g.,
carbonyl iron) and pure nickel, and sometimes also high-grade
alloy steels, serve as crucible and boat materials. In particular,
they are resistant to liquid and gaseous alkali and alkaline earth
metals at high femperatures,

JOINING BY WELDING AND SOLDERING

Welded joints are the best for most uses. Platinum group metals
are either welded directly in an oxy-hydrogen flame by melting to-
gether (thermocouple wires; see below under Thermocouples),
or they are heated to bright-red heat and joined by a sharp hammer
blow. Welding of other metals should be entrustedto an experienced
specialized machine shop (see Angerer [1]).

Hard soldering is applicable in most cases. Spelier solder,
silver solder (m.p. about 700°C) and pure silver (m.p. 960°C) are
used. The cleaned junctions are sprinkled witha generous amount of
borax, and when they are sufficiently hot the solder (as powder or
as wire) is added. With a large amount of borax and pure silver,
even Mo and W can be hard soldered.

Soft soldering with a lead-tin solder is common. This is usually
done with a soldering fluid (a solution of ZnCl, in HCI) or soldering
paste to deoxidize the junctions. However, a thorough mechanical
cleaning of these junctions is also essential. Special solders for
aluminum are also commercially available.
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GLASS TO METAL SEALS

The compatibility of Pyrex and Kovar has already been men-
tioned. Platinum and Pyrex are alsocompatible as are tungsten and
uranium with Nonex glasses. Other metals may be used with special
glasses available from the Corning Glass Co., Corning, N, Y. Only
those metals whose coefficients of thermal expansion between room
temperature and the transition point of glass differ by not more
than 10% can be used for making glass to metal seals.

For more information, see [5].

Plastics

Among the many kinds of plastics, some have secured a perma-
nent place in the laboratory, mainly because their resistance to
acids (especially HF) and to alkalis. Plastic tubing is transparent
and very durable; its advantage over rubber tubing is that if is
rather stiff and does not pinch. Plastic tubing should be slightly
preheated before slipping onto a glass tube (by dipping into hot
water, for example) and greased with a drop of oil. Thermoplastic
materials (Plexiglas) are readily workable by bending (when heated),
sawing, turning and cementing. They can be welded with a simple
hot-air device constructed for this purpose. In this device, the
temperature of the hot air is readily controlled and the welding rod
is of the same material as the other parts.

Polyethylene is resistant to strong acids and bases, It is attacked
by halogens. It can be used up to 70°C. On cooling with liquid nit-
rogen it invariably develops fissures. It is joined by heat sealing.

Polyvinyl chloride is resistant to strong acids and bases.

Teflon and Kel-F are especially resistant to boiling concentrated
mineral acids, including aqua regia, and to free halogens and most
organic solvents. (Teflon = polytetrafluoroethylene; Kel-F = poly-
trifluorochloroethylene.) While both of these materials are some-
what difficult to form and machine in the laboratory, they can be
used up to almost 300°C,

Pure Solvents

VERY PURE WATER

See also Part II, 1. Many excellent devices for producing single
and double distilled water are available. Ion exchange purification
is suitable for many purposes. For small-scale conversiona make-
shift apparatus of this nature can easily be constructed: e.g., a
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glass tube 50 cm. long, 3-4 cm, diameter, filled with granulated ion
exchange resin. Large-scale apparatus with electronic purity
control is commercially available,

ALCOHOL

The customary method of dehydration with quicklime yields appr.
99,5% alcohol, which is satisfactory for most purposes. For a
purer product, this can be further dehydrated by refluxing with
calcium chips, followed by distillation. It is better to perform
the regular distillation over lime not in a round-bottom flask but
in a copper still, which can be heated in an oil bath to 150°C. Only
in this way can the major part of the alcohol used be recovered,
since without vigorous heating a considerable amount is retained
by the lime. Such a still with a removable head pays for itself
after a short time, since glass flasks frequently break when the
solidly adhering lime cake is being removed. Even better, alcohol
can be heated with lime in an autoclave for 1-2 hours at 100°C,
and distilled off by opening the valve. Quick water removal can
also be achieved by boiling with calcium carbide (175g. CaC per
1000 g. alcohol; reflux 30 min.; add 1 g. CuSO4; reflux another
15 min,, then distill off, Caution! Useonly a water bath for heating;
the copper acetylide formed is explosive. The product is almost
99.9% alcohol. Very pure alcohol can also be obtained by de-
hydration with magnesium. A small amount of lime-dehydrated
absolute alcohol is added to a small excess of magnesium turnings
in a flask equipped with a reflux condenser. The quantity of furnings
(for binding the water) is calculated onthe basis of the total amount
of alcohol, according fo the method of Grignard. Following the
addition of a few grains of iodine, the flask is heated to boiling.
After the start of the reaction, commercial 96% alcohol is added
slowly through the condenser; the alcohol in the flask should, how-
ever, never become foo diluted with water or the reaction will stop.
Finally, the alcohol is distilled off. About 75-100 g. of Mg is re-
quired per lifer of alcohol. Methanol can, of course, be dehydrated
the same way. The troublesome heavy bumping encountered during
distillation of alcohol from lime can be avoided if the alcohol is
always kept at the boiling point. In other words, after the dehy-
dration is completed, the condenser head should be switched from
the reflux to the distilling position while the solution remains
boiling. Another efficient dehydration procedure for predried al-
cohol is refluxing for two hours with an addition of sodium (7 g. /liter)
and diethyl phthalate or diethyl succinate (25g. /liter), followed by
distillation of the alcohol from the high-boiling ester [Smith, J.
Chem, Soc. London 1927, 1288; see alsodJ. Amer. Chem, Soc, 53, 1106
(1931)]. The last method yields a product with a water content of
less than 0.01%. For determination of water content, see E.



PREPARATIVE METHODS 27

Eberius, “Water Determination with Karl Fischer Reagent,” 2nd
edition, Weinheim, 1958,

ETHER

Preparation of absolute ether by shaking with CaCl,, allowing
it to stand over sodium wire and subsequent distilling is well known.
Peroxides, which can be easily detected in ether with a titanium(IV)-
sulfuric acid mixture, are removed by shaking with a solution of
600 g. FeSO,, 60 ml.H5S0 ,and 1100 ml.water in a separatory funnel.
Separation of the layers is followed by distillation. Equal volumes
of ether and solution are used. It is then stored in well-filled
bottles over sodium wire.

For the purification of other organic solvents, consult the well-
known textbooks on methods of organic chemistry.*

Mercury

Mechanical impurities are removed by filtration through leather,
a glass suction funnel, aporcelainfiltering crucible or by the make-
shift device of filtration through a paper filter, the apex of which
has been pierced several times with a pin.

Dissolved base metals are removed by shaking with oxidizing
agents or acids, or by aeration; these processes are preferably
combined, as illustrated in Fig. 3. Shaking with 5% mercury nitrate
solution containing 15-20% HNO,, then with very dilute HNO,,
and finally with water is also recommended. Recently, treatment
with cold, saturated KMnO , solution was indicated tobe very effec-
tive. The mercury should be shaken repeatedly with fresh solution
until the color of the KMnO, no longer changes over a period of
half a minute. It is then washed with water, allowed to settle and
acidified with a small amount of HNOg4; with this treatment the Hg
coalesces. It is then washed, dried by heating in vacuum and finally
distilled.

Suitable devices for distillation, for example, that shownin Fig,
4, are commercially available. Figures 5 and 6 illustrate types
of apparatus readily made from Pyrex glass [cf. D, Goux,
Chim. Ind. 70, 216 (1953)]. The apparatus is attached to a suitable
stand and a small red control lamp is connected in parallel to
several coils of the electric heating element. Once the apparatus
is evacuated at 7, it will keep on continuously evacuating itself,

*For example, C. Weygand, Organisch-chemische Experimen-
tierkunst [Technique of Experimental Organic Chemistry], Leipzig,
1948,
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a thick layer of asbestos.)

should traces of gas enter along with the impure Hg, since tube B,
assuming its diameter is not larger than approximately 2 mm., acts
as the down pipe of a Sprengel pump.

Pure Hg should leave behind no “tail” on decanting. Mercury
tongs or a mercury pipette (Fig. 7) may be used to pick up spilled
Hg. The pipette is operated with an attached vacuum pump (water
aspirator). With this device, spilled Hg can alsoberetrieved from

cracks.

Sealing Materials and Lubricants

The choice of sealing materials and lubricants deserves
particular congideration, especially since a great number of
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suitable substances are available today to meet even specialized
requirements.

LUBRICANTS

These are principally used for ground joints and stopcocks.
Numerous commercial products are available; of these, the following
are most frequently used:

Ramsay grease has many uses and is commercially available
in two forms: ‘‘viscous,’’ chiefly for standard stopcocks and
ground joints, and ‘‘soft,’”” for large stopcocks and ground joints
as well as desiccators, and for use at lower temperatures. This
lubricant satisfies most of the requirements of preparative labora~-
tory technique and even suffices for high-vacuum work. It can be
prepared by mixing paraffin, vaseline and crude rubber (1:3:7
up to 1:8:16).

Apiezon greases are rather expensive, but indispensable for the
most stringent conditions of high-vacuum work, Their vapor pres-
sure is immeasurably low at room temperature. They are also
rather resistant to halogens but, because of their greater fluidity,
have the disadvantage of being more easily squeezed out of the
lubricated surfaces when used for large stopcocks and ground
joints. This can be prevented if a band of Ramsay grease is placed
at the upper part of the stopcock or ground joint. The Ramsay
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grease has less tendency to flow because of its rubber content.
In this case, care must be taken that the Ramsay grease does not
get into the apparatus fo be evacuated. Apiezon grease is com-
mercially available in two consistencies, P and R; P is the most
widely used.

Silicone grease, which is chemically very resistant, is also
recommended to prevent rubber from sticking to glass. Its vapor
pressure at room temperature is immeasurably low. It is also
serviceable at rather high temperatures. The author has ob-
served that, with this grease, stopcocks that have not been
used for a rather long time have a tendency to stick. When
warmed, however, they can almost . always be readily loosened
again.

Greaseless lubricants. If ground joints or stopcocks come into
contact with organic solvents, the use of the previously mentioned
lubricants is inadvisable. In these cases, a mixture of melted sugar
and glycerol can be useful. Kapsenberg recommends triturating
25-35 g. of dextrin ina porcelaindishwith 35 ml. of glycerol, added
gradually, and then heating the mixture over a free flame, with
stirring, until a grease of honeylike consistency isformed, This is
heated twice until it foams and is then filtered through cotton wool.
It should be stored in a glass-stoppered bottle. It is hygroscopic
and somewhat more viscous than vaseline, Apaste made from very
fine bentonite with glycerol is frequently useful.

Stopcock greases stable to chlorine can be obtained by chlori-
nation of paraffin-stearin mixtures at 150°C and additional treatment
with NOCl, The chlorinated mixtures are degassed by heating in
vacuum. At higher temperatures perchloronaphthalene may also
be used as a lubricant. Apiezon greases are also fairly stable
to chlorine, even without preliminary treatment.

REMOVABLE CEMENTS

Suitable cements should have low vapor pressures and should
not be too brittle.

Picein, vapor pressure approximately 10°* mm. (20°C), is
useful, It may be used up to approximately 60°C, and is readily
soluble in benzene and toluene. Other waxes with low vapor pres-
sures and variable hardnesses and usable up to 80°C are available
from the J. G. Biddle Co., Philadelphia.

In place of the opaque, black picein, clear and transparent
polyvinyl acetate may also be employed. Those polyvinyl acetates
which soften at a low temperature are used in a manner similar
to picein. It should be noted, however, that polyvinyl acetate chars
rather easily when in contact with a free flame. Polyvinyl acetate
is insoluble in water and aliphatic hydrocarbons but is soluble in
esters, ketones, chlorinated hydrocarbons and benzene.
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Polyethylene, in the form of afilm placed between the previously
heated surfaces of a ground joint, is especially suited as a sealing
material for joints used at higher temperatures.

CEMENTS FOR HIGHER TEMPERATURES

Silver chloride, melting point 455°C, adheres excellently to
glass, quartz and metals, but only if (according to Stasiw and also
Von Wartenberg) a few small granules of AggzO have been dis-
solved inthe previously fused AgCl; the Ag.Ois dissolved essentially
without decomposition. Monch recommends lowering the melting
point by addition of T1Cl, Amixture of 27.2 g. of T1Cl1 and 18.2 g. of
AgCl melts at 210°C, Amixture of 3g. of TICl, 4 g. of AgCl and 6 g.
of Agl melts still lower (131°C) [R, O. Herzog and H. M, Spurlich,
Z. physik, Chem. (Bodenstein Anniversary Volume), 241 (1931)],

Alloys. Wood’s metal, Rose’s metal (8ee section on Alloys).
Alloys of 40 parts Bi, 15 parts Hg, 25 parts Pb, 10 parts Sn and
10 parts Cd adhere especially well to glass. Pure indium metal
(m.p. 155°C) and various indium alloys (for example, 50% In +50%
Sn, m.p. 117°C) are suitable for joining metal to glass, quartz
orceramics. The surfaces of theparts mustbe very clean. Precau-
tions should be taken with regardtothe temperature ranges suitable
for the various alloy cements and for the materials fo be cemented.

PERMANENT CEMENTS

Glycerol-litharge cement. Glycerol is dehydrated as completely
as possible by heating at a high temperature; litharge is likewise
heated at 200 to 400°C., After cooling, 20 g. of litharge is
stirred with 5 ml. of the anhydrous glycerol. The surfaces to be
cemented are rubbed beforehand with glycerol. Setting time, ap-
proximately 1/2 hour. The cement withstands temperatures up to
approximately 300°C. The cemented spots can be loosened with a
strong sodium hydroxide solution.

Waterglass cements, Mixtures of feldspar and waterglass or
of talc and waterglass are serviceable up to quite high temperatures.
The two components are stirredtiogether to form athickpasteand the
cemented parts are then first allowed o dry in the air and later, slowly
inthe dryingoven. The cement withstands quite high temperatures.

Zinc oxide cements. Zinc oxide, stirred with zinc chloride
solution, hardens in a few minutes to a stonelike mass. Dental
cement (obtainable from dental supply houses) also belongs to the
class of zinc oxide cements; it consists of a solid and a liquid
component and after frituration hardens in a few minutes. The fact
that the volume remains constant on hardening is especially ad-
vantageous.
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Bakelite cements. Bakelite lacquer is used as a cement and the
cement is then heated in the drying oven. In this way, solidification
to a very hard mass takes place. Mixtures of Bakelite with talc,
prepared chalk or kaolin may also be used as cements.

Epoxy resins, when mixed with a hardening agent, cross link
on gentle heating; in this way, very strong and even vacuum-tight
joints between the following materials are obtained: metal, glass,
porcelain, thermosetting (not thermoplastic) synthetics, vulcanized
rubber. Epoxy cements can be cooled fo very low temperatures
without cracking and have very low vapor pressures (1078 to 107 mm.,
at room temperature.

In conclusion, various commercially available household cements
may be mentioned. It is not possible fo enumerate all of these;
however, they often prove to be very useful in the laboratory.

High Temperatures
COMBUSTION HEATING

Except in unusual circumstances, only gas burners need be
considered for the laboratory; these are commercially available
in a great variety of well-known types. With these burners, small
crucibles may be heated to approximately 700-800°C,and using a
Winkler clay forge, even to approximately 100°C higher. For still
higher temperatures, the well-known blast burners are used; the
compressed air necessary for their operation is produced either
by a water or an electrically operated compressor. A very
hot flame is produced by admixing O, to the blast in a mixing
tee. Highly recommended blast burners with finely adjustable
auxiliary connections for oxygen are also commercially avail-
able. It is not necessary here to go further into the subject
of the numerous types of gas furnaces, of which the Rossler furnace
is the best known. Furnaces based on the Schnabel principle of
flameless combustion on thermostable packing material are very
effective, Figure 8 schematically illustrates the construction of such
a furnace (J. D’Ans, E. Ryschkewitsch, T. Diekmann and E, Houdre-
mont [6]). With petroleum-oxygen mixtures, very high temperatures
(up to 2600°C) can also be attained (H, von Wartenberg [6]).

Acetylene hardly needs to be considered for use in laboratory
burners. On the other hand, special furnaces with oxy-acetylene
burners reach very high temperatures (up to 3200°C).

ELECTRICAL HEATING

Electrical heating apparatus is becoming r.ore and morepopular
in the laboratory, even for purposes for whichonly Bunsen burners
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were previously used. Hot plates, flask heaters, etc., are offered
by all distributors of laboratory supplies, but simple household hot
plates are also frequently used. Unlike Bunsen burners, electrical
heaters provide steady heat, not interrupted by occasional air
draft, and may be controlled by small commercially available and
inexpensive regulators. The latter are based on periodic current
interruption, the timing of which is controlled with a dial knob.
Naturally, one can also make use of transformers or rheostats;
however, the latter cause power losses, Various types of immersion
heaters, which for chemical work are available sheathed in quartz
glass, must be especially mentioned.

“_,.—sheet iron casing
o4 firebrick

Fig. 8. Furnace for flameless
combustion.

For rapid, loss-free surface evaporation of liquids, quartz
heaters, also called surface irradiators, are used. Various elec-
trically heated water baths and air baths are also on the market.
Air baths in which the heating elements do not reach red heat
are also assigned to the infrared heater class. They reduce the
possibility of igniting highly flammable fumes, Heating units in
the form of cushions, hoods or tape made from glass fabric with
embedded heating wire are available. They are known as “mushroom”
heating hoods or ‘‘electrothermal’’ mantles. These are especially
useful for heating flasks or tubing filled with flammable liquids.

Many well-designed electrical crucible furnaces are priced so
low and are so well known that detailed discussion of these is
superfluous. Electrical furnaces for heating fubes are often made
right in the laboratory because they have to be frequently adapted
for special purposes, for which adequate equipment is not com-
mercially always available. Loss of current and material can be
avoided by using the correct dimensions. Good thermal insulation is
particularly important, not only to save current, but for the workers’
comfort, especially during the hot summer months.
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The following furnaces are classified according to type of heating
element:

1. Wire-wound furnaces.

2, Silicon carbide rod or tubular furnaces.

3. Carbon (graphite) tubular furnaces.

4, Special furnaces: iridium and tungsten wire furnaces, high-
frequency heating furnaces, cathode ray ovens, arc furnaces, etc.

WIRE-WOUND FURNACES

The heating element consists of an alloy conductor in either wire
or tape form (Nichrome, Kanthal, Megapyr, etc.). The conductor
can also be platinum wire or tape or molybdenum wire.

Platinum-wound furnaces are commercially available. They are
especially useful in specialized small units where constant high
temperature is required. In such cases the furnaces are internally
wound. The making of such furnaces is further described below.
Furnaces with Nichrome, Kanthal, Megapyr, etc., elements are
constructed as follows: After the size of the furnace for the in-
tended application is determined, the tube on whichthe heating ele-
ment is wound is selected. For temperatures below 500°C alumi-
num tubes are satisfactory. Steel tubes can be used up to 600-
700°C. For higher temperatures only ceramic tubes are acceptable.
Metal tubes help ensure even distribution of temperature throughout
the furnace. Unglazed porcelain, Pythagoras mass, K-mass, Silli~-
manite, Sillimantine and sintered alumina can be used as ceramic
tubes. The use of alumina is reservedfor especially high tempera-
tures. Construction of a furnace is simple when threaded tubes,
on which the conductor is wound, are used. According to R. Fricke
and F, R, Meyer [6], very neat furnaces, with the additional ad-
vantage of transparency, can be made from pieces of glass tubing
(Pyrex, Vycor). These fine furnaces are restricted fo the lower
range of high temperatures. The tube is continuously wound with
the conductor, which is held inplace by the tightness of the winding,

To determine the length and cross section of the conductor, the
surface of the tube is first measured. Then the wattage needed
for reaching the desired temperature (assuming moderately good
insulation) is estimated according to the following empirical rules.

Up to 300°C, 20 watts per dm2* are required; for each 100° in-
crement up to 700°C, 20 additional watts per dm? over the basic
figure; therefore, 100 watts/dm? for 700°C. Between 700°and 1100°C,
30 watts are necessary for each additional 100°. Between 1100°
and 1300°C: 40 watts. Between 1300° and 1500°C: 50 watts. Above
1600°C: 60 watts; accordingly for 200°C, 700 watts/dm?are required.

*1 dn? = 15.5 in3
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The required amperage is then calculated from the available voltage.
As a safety factor, the voliagefigure shouldbe reduced by 10%. Re-
sistance in ohms and approximate wire length are then calculated.
For smaller furnaces the distance between spirals is held fo about
1 mm. Thus, about 2 mm, of tube length is required per turn. The
wire length is calculated from the tube circumference. As most
wire material has a resistance of 1 ohm/mm? of cross section,
an approximate figure for the cross section of the wire can now be
determined. This figure is sufficiently accurate for laboratory
purposes.

Sample calculations for a small laboratory tube furnace: the
furnace is to reach 900°C; the tube diameter is to be 2 cm,, the tube
length 30 cm,; the available power supplyis 220 volts. As mentioned
before, the latter should be reduced by a factor of 10%. Therefore,
the calculations are based on 200 volts, in order to assure the
attainment of the required temperature, as well as permit some
temperature regulation. The surface to be heated is about 2 dmZ,
and using the aforementioned empirical rule, 320 watts is re-
quired for 900°C, Af 200volts, 1.6 amp, is necessary. For 1.6 amp.
at 200 volts the conductor resistance must be 200/1.6 = 125 ohms.
At a 2-mm, coil pitch and a 30-cm. tube length we arrive at 150
turns, or, at a circumference of 6 cm. a wire length of 9 m.
The maximum load of the usual heating wire (Nichrome), 0.6 amp.
for each 0.1 mm, of wire diameter, is normally assumed. Thus, a
conductor of 1-mm, diameter will carry 6 amp. The resistance of
such heating wire is generally indicated on the spool (Nichrome
about 1,3 ohms/mm?; see also the Handbook of Chemistry and
Physics, Chemical Rubber Pub,) For wire of 0.3-mm, diameter, a
wire length of 9 m. is required at a coil pitch of 2 mm,

If platinum wire is chosen as the conductor, the high tempera-
ture coefficient of resistance, which at 1000°C is 3 to 4 times that
at room temperature, must be taken into account. Therefore, plati-
num furnaces should always be heated slowly, using a rheostat in
series with the winding. Otherwise the furnace is in danger of
burning out at the hot spots, since the heat transfer from the wire
to the furnace wall is not uniform. When the length of the con-
ductor has been determined, the winding of the wire can start.
For use below 1000°C it is advantageous to first wrap the tube with
a layer of moist asbestos paper. When that has dried, the wire is
wound on top of it. In high-temperature furnaces the wire is wound
directly around the tube. The wire cross section is increased at
the ends by twisting the conductor around itself and the wire is
fixed at each end by a loop or, even better, by a sleeve slipped over
the fube. Both ends of the winding are secured in the same manner.
In furnaces used up to 1000°C, a talc-waterglass paste is applied
in a layer approximately 1 mm, thick over the surface of the con-
ductor. For higher temperatures, an aqueous paste, made of
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equal parts of carbonate-free MgO and silica-free Al;O, can be
used (insulating compounds containing free silicic acid destroy the
conductor rather quickly at higher temperatures). After air drying,
the tube is dried in an oven and finally heated by passing current
through the winding. Now the tube can be placed in a pipe or a
sheet metal housing. The free space between the tube and the
housing is filled with magnesia or diatomaceous earth. Ready made,
easy to handle magnesia (plus additive) insulating material is com~
mercially available. Adequate furnace insulation can also be easily
made from asbestos pulp, cemented together with waterglass., The
free spaces are filled with mineral wool, loose asbestos or MgO,
if necessary in layers (MgO inside, mineral wool outside). For
low temperatures, wrapping with several layers of asbestos cord
is sufficient. The protruding wire ends leading to ferminals are
insulated with ceramic insulating beads (available from electric
supply houses). A ribbon conductor can be advantageously used
instead of wire. For evendistribution of temperature in the furnace,
we recommend closer winding at the endsthanin the middle, as the
ends always tend to be cooler than the middle of the furnace. How-
ever, it is difficult to find the right coil pitch without some careful ex-
perimentation. Therefore, it is sometimes desirable to add supple-
mentary windings near the ends and control them separately.

Furnaces with uniform temperature distribution over the whole
length of the tube, including the furnace ends, can be made from a
single block of aluminum or bronze (wall thickness 15-20 mm, with
a longitudinal hole drilled for athermocouple). Heating wire, strung
with insulating beads, is wound around the block.

The heating coil branches off at about 5-10 cm, from each end
of the furnace. Each branch consists of a twisted wire, connected
to the main coil. The middle portionofthe coil, in which the current
must be lower than in the endsections, is thus isolated. The branch
wires can be connected via a suitable rheostat, thus regulating the
current in the newly formed parallel circuit. Very good insulation,
projecting over the block ends, is mandatory.

Stands equipped with mechanisms for raising and tilting the
furnace are excellent for mounting purposes. Thistype of mounting
also permits the furnace to operate inan inclined position (see Fig,
9).

FURNACES WITH INTERNAL HEATING COILS

These are not as difficult to make as it would seem at a first
glance. With Pt wire, the wire length must be calculated based on
the resistance at maximum temperature. A round wooden core,
with a diameter 1-2 mm, smaller than that of the heating coil, is
turned out on a lathe. This core is then cut lengthwise into three
wedges as shown in Fig, 10. The partsare reassembled and wrapped
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with a layer of tissue paper,and a

thin string is tightly wound along

the whole length of the assembly.

The assembly is then wrapped with

a few additional layers of tissue
paper, the paper is lightly soaked

with oil, and the assembly is finally
wound with Pt wire. The wound
assembly is coated with a water-
dispersed ceramic powder and
allowed to dry. It is recoated after N
drying and inserted into a suitable £
porcelain tube while still moigt. Any

free space is filled with insulating Fig. 9. Stand for elec-
compound. After air drying, it trical furnace.
should be dried thoroughly in an

oven. The string is then carefully pulled out and the wooden core
removed by extracting the middle wedge. Again the coreless
assembly is thoroughly dried, and then slowly and cautiously heated
until the tissue paper has been in-
cinerated. After cooling, the inside of
the furnace is coated with insulating
compound, air dried, and then carefully
beked until complete dryness., A heat-
ing coil can also be embedded in
thermal insulation in the same
manner as described above. Such
furnaces can be used up to 1500°C
without difficulty, whereas externally wound Pt furnaces cannot with-
stand temperatures above 1250°C for any length of time. Rhodium
alloys should be used for higher temperatures.

Fig. 10. Wooden core

for making furnaces

with internal heating
coils,

MOLYBDENUM WIRE FURNACES

These can be used up to 1500°C. However, the heating coil must
be protected against burnout by a constant, slow flow of protective
gas (Hp water gas, i.e.,, CO +H,, or N, +H,). These furnaces
are easy to regulate, and thermal insulation is no problem. Larger
furnaces are rarely “home made” in the laboratory.

Tungsten, tantalum and molybdenum (more or less converted
into MoSi;) wires make excellent heating coils for specific applica-
tions. See R. Kieffer and F. Benesovsky [6]regarding compatibility
of these metals with ceramic materials and insulating compounds
at high temperatures.

Because of their low vapor pressure, Mo, W and Ta are well
suited for building small high-vacuum furnaces. These furnaces
are frequently operated under a glass bell. The available heating
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area is usually small, but very high temperatures can be reached.
The heating elements of suchfurnaces are horizontally or vertically
laid spirals of Mo, W or Ta wire., These must be well reinforced
by a ceramic structure since these metals soffen at high tempera-
tures and are thus subject to plastic deformation. A heating ele-
ment of this kind must be surrounded by metallic or ceramic
radiation shields or by a cooled housing (similar fo the apparatus
shown in Fig. 12).

All apparatus parts are mounted on a horizontal base, drilled
and fitted with vacuum-tight connections for cooling water and elec-
tric power. The base and the furnace are enclosed by a large glass
or metal bell, making for a vacuum-tight assembly (Fig. 12) (K. B.
Alberman; F, Davoine and R. Bernard [6)).

Fig. 11. Globar furnace: 1—External

jacket (metal); 2—insulationlayer (fire-

clay grit, MgO, diatomaceous earth); 3—

insulation support tube (fireclay); 4—

Globars; 5—inner tube (Sillimanite, hard

porcelain); 6—end plates drilled for
the inner tube and the Globars.

GLOBAR FURNACES

Globar furnaces are much sturdier than most othersbut are less
easy to regulate and, as they cannot be provided with as good
thermal insulation, are also less economical. The furnaces are
usually made with silicon carbide rods, though pipes are also in
use. They may be used without majorproblems up fo a temperature
of 1350°C and for short periods, even to 1500°C. Good electrical
contact at the conductor terminals is most important. Generally,
Globars are manufactured with tightly wound adhering wire or
metal ring connectors. It is not difficult to make a Globar furnace
in the laboratory, as suitable supports, tubes andouter shields can
be obtained ready-made.

It should be remembered that silicon carbide, a nonmetallic
conductor, has a lower resistance when heated than when cold.
Therefore, the furnace must be heated slowly, using a rheostat or
a transformer and an ammeter. With rising temperature, the
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Fig. 12. Tungsten furnace.
1—McLeod gauge; 2—brass base; 3—tung-
sten plate; 4—tungsten tube; 5—glassbell;
6—sample; T—screw cover; 8—copper jac-
ket; 9—copper cooling coil; 10—vacuum
pump; 11—power supply; 12—cooling water

input.

voltage should be lowered to avoid an undesirably high current. A
fuse or a circuit breaker should be included in the circuit.

CARBON TUBE FURNACES

The heating element of these furnaces, which were first con-
structed by Nernst and Tammann, is a carbon tube, Because of
their low resistance, they are also called short circuit furnaces.
The larger models have found wide industrial use. Thus, these
furnaces are commercially available. It does not pay to attempt
construction of such a unit in the laboratory. The most expensive
part is the transformer, needed because of the low resistance of the
carbon tube, and this must be purchased in any case., Depending on
the size, these units require some 100-1000 amp, at approximately
10 volts. Careful construction of the unit permits easy replace-
ment of the carbon tube (whose durability at high temperature is
limited). Temperatures of over 2000°C can easily be reached. A
reducing atmosphere must always be maintained inside the tube.
Should this be undesirable, then protective insert tubes must be
provided, For this purpose, alumina can be used up to 2000°C,
At higher temperatures, only sintered BeO or ThO, is effective;
MgO is subject to reduction.

A variation of this type of furnace, with slotted graphite tube,
has been described by W. J. Kroll [6] and has given satisfactory
performance in various tests. Graphite is more resistant fo oxida-
tion than carbon. The disadvantage of its lower electrical resistance
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is overcome by dividing the {fube into several current paths by
appropriate longitudinal slots. This arrangement also functions
in a vacuum or inert gas atmosphere.

TUBULAR TUNGSTEN FURNACES

Higher temperatures (up to 3000°C) are reached with fubular
tungsten furnaces. Because tungsten is sensitive to O,, and be-
cause of the improved thermal insulation, these furnaces must be
operated in a vacuum or at least in an H, or an inert gas atmos-
phere. A model with horizontal W tube is shown in Fig. 12, The
tungsten {fube, fixed in place with two sturdy, molybdenum-lined
clamps, is supported by two heavy brass bus bars. The latter pass
through a thick brass base plate, covered by a large glass bell.
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Fig. 13. Tungsten furnace: h—

tungsten tube; s—sight glass;

st—radiation shields; v—vacuum

bell; z—power input; the neces-

sary vacuum connections to the
base are not shown.,

One bus bar is insulated from the base plate. The tungsten tube is
surrounded by a copper sheet box, to which a tightly wound cooling
coil is soldered. The brass baseplate is drilled for two other tubes,
which serve as connections for a McLeod gauge and a vacuum pump.
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The connection to the vacuum
pump must be of a large diameter.
This furnace will reach 3000°C
at 10 volts and appr. 1000 amp.
and ata vacuum of 10~5t0 10”7 mm.
In other models, the tungstentube
is vertical (Fig. 13)s;alterna-
tively, a tubular sleeve made
of tungsten plate may serve
as the heating element (Fig. 14).

(H. Buckler; R. Kieffer and F. Fig. 14. High-vacuum fur-
Benesovsky [6].) Instead of tung- nace with a heating element
sten, tantalum can also be used; made of tantalum plate (hor-
the maximum permissible tem- izontal cross section). A—
peratures with tantalum are not tantalum heating sleeve; i—
quite as high as with tungsten (not insulator; 8 —radiation
over 2200°C). However, tantalum shield made of Ta or Mo
has the advantage of not becoming plate; v—vacuum bell.

brittle through recrystallization,
even after prolonged heating.

An iridium furnace has been described by Von Wartenberg [6].
Since iridium has a considerable vapor pressure at high
temperatures, the tube interior must be coated with a ceramic
compound.

INDUCTION FURNACES

The energy of a high-frequency (for example, one megacycle)
alternating current can be transferred through a large diameter coil
to anelectrical conductor, for instance, a metal or graphite crucible,
which is placed inside the coil. The conductor is thereby heated.
The ease of operation and the convenience of an induction furnace
are unsurpassed. Thus, the red-hot crucible can be en-
closed in a cooled quartz tube, in which a high vacuum or an
inert gas atmosphere can easily be maintained. However, the pres-
sure range of 1072 to 10! mm. cannot be used because of the inter-
fering glow discharge. With induction furnaces, temperatures of
up to 3000°C can be reached very rapidly, in fact within seconds.
Their disadvantage is the need for elaborate equipment, especially
electrical apparatus, and the consequent high cost. Suitable current
generators are commercially available. They are usually equipped
with large transmitter tubes. If is best to make the furnace itself
in the laboratory, designing it for the specific experimental purpose.
Under special circumstances, a ceramic tube can be the energy
receptor and thus serve as the heating element, provided the ceramic
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has a defect crystal lattice and consequently exhibits an intrinsic
conductivity at high temperature (H. Davenport et al. [6]). Fur-
naces with the Nernst compound as a heating element and operated
by direct current passage, which are sometimes recommended,
have not proved to be satisfactory for normal chemical
preparations.

ARC AND ELECTRONIC RADIATION FURNACES

Arc furnaces are useful in preparation of alloys and high-melting
compounds with low volatility such as carbides, borides, lower
oxides, etc. A small sample of the substance, a so-called button,
is melted by a high-current arc under vacuum or in a suitable
gas atmosphere at reduced pressure. The arc is struck between a
suspended, cooled tungsten rod and a horizontal, cooled copper
plate. The latter has cuplike depressions for melting the samples,
Such furnaces are commexrcially available but can also be made
without great difficulty in the laboratory (W. J. Kroll, G, Haegg
and G. Kiessling [ 6]).

Several authors have described laboratory furnaces in which
heat is transferred by electron bombardment (cathode rays). These
are used for special applications [6].

Both furnace types have recently gained industrial importance
for use with high-melting metals (Ti, Zr, Nb, Mo).

SOLAR FURNACES

Solar furnaces are suitable for special applications, e.g., for
heating in a pure O, atmosphere, in which other types of heating
elements are corroded very rapidly. In a solar furnace, the sun-
light is focused by a large parabolic mirror(e.g., 1.5 m, diameter).
Very high temperatures are reached at the focus which, of course,
must cover a reasonably large area [6).

Low Temperatures

Freezing mixtures or low-temperature bath (cryostats), cooled
with solid CO, or liquid nitrogen, are used for reaching tempera-
tures below the ice point.

Ice is used for most freezing mixtures. Adequate crushing of
the ice is important. This can be done in an ice mill or simply
by pounding with a wooden mallet on an even concrete block
40 X 40 cm., framed by a 10-cm.-high wooden strip. Such a block
should be set up next to the refrigerator in any case, even if an
ice mill is available. In this way the ice can be easily broken up
before using the ice mill, The bad habit of throwing large chunks
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of ice into the mill and breaking them there with mallef blows will
quickly ruin the most rugged ice mill,
Freezing mixtures based on ice:
3 parts ice + 1 part NaCl temp. —21°C
3 parts ice + 2 parts MgCl,-6H,O temp. —27°C to —30°C
2 parts ice + 3 parts CaCl, - 6H,0 temp. —40°C
2 parts ice + 1 part conc. HNO, temp, —56°C

The temperatures indicated for the last two mixtures can be
reached only whenthe CaCl; or HNO; is precooled in a refrigerator.
In all cases, ice and salts must not consist of coarse chunks
but must be well crushed and properly homogenized. If ice is not
available, mixtures of NH NO, and water (1 < 1; cools from +10° to
—20°C) or KSCN and water (2 :1; cools from +10° to —25°C) can
be used.

Lower temperatures may be obtained with solid CO,, which
can be purchased in blocks as “Dry Ice.” If bought in blocks, it
must be well crushed, preferably with a mill; or it can be pro-
duced as “snow” from a CO, cylinder., To make “snow” a strong
canvas bag is attached to the outlet valve of the cylinder. A short
nozzle screwed onto the outlet is very practical. The cylinder is
tilted downward and the valve opened as wide as possible. Strike
the bag vigorously while the carbon dioxide flows into it (with a
loud hissing noise) or the CO, snow accumulating on the inner
surfaces of the bag will clog the pores.

Even more practical than this primitive
contraption is a hardwood box of about
0.75 liter capacity with a screw-on cover
(Fig. 15). The cover has a groove around
its circumference and is cut out tothe diam-
eter of the wooden box. A conical canvas
bag is tightly fastened to this ring-shaped
cover with a wire in the groove. A metal
tube with a female adapter fitting the cylinder
outlet is attached to the top of the canvas
bag. The use of this smalldevice is obvious.
When the cover is unscrewed, CO, snow
can be easily removed from the box.

Solid CO, in blocks can be kept in brass-
plated containers or in large Dewar flasks
equipped with canvas bags, similar to those Fig., 15, Wooden
commercially available for food preserva- box for producing
tion with ice., Large glass flasks such as CO, snow.
these Dewars are easily broken; thus, re-
moval and insertion of a bag or container requires the greatest
caution.

Since solid CO, is a poor heat transfer agent, it must be dis-
persed in a suitable liquid prior to use. Ether is not acceptable

connection to
CO, bottle

canvas bag

wooden
box
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rubber hose because of its high flammability. Acetone
! e —air or the inexpensive methyl or ethyl al-
- % cohols are recommended. Trichloro-
ethylene is especially suitable, because
CO,, floats on its surface, thus preventing

safety the mixture from foaming,

Liquid nifrogen is available nearly
everywhere.* Small liquefiers for lab-
oratory use are also on the market, For
transport, “safety cans” invarious sizes
are used. The liquid nitrogen is either

Fig. 16. Device for re- decanted by means of a tilting mecha-
moving liquid nitrogen nism or with a small siphon, which can
from transport vessel. be made by any glass blower (Fig. 16).

A small rubber bulb provides the neces-
sary pressure for removing larger quantities.

Dewar vessels made of Pyrex are preferred. In the long run,
they are much cheaper than thermos bottles because the latter
break so easily. However, if one mustuse flasks of ordinary glass,
the unavoidable breakage factor will be considerably reduced by
prior rinsing with CCl, and slow cooling, while rotating the flask.
One should never decant from large Dewar flasks and those made
of ordinary glass. Such vessels should always be emptied by
scooping out the contents, Anappropriate scoop is made by soldering
a brasscup(40 mm. wide and 60 mm, high) to a brass wire 40 cm.,
long and about 3 mm, thick, Smaller thermos bottles are emptied
by putting a wet filter on their inner edge. It will freeze on im-
mediately, and the contents can then be decanted. The liquid should
always be poured out as quickly as possible. After the experiment
is completed, the liquid nitrogen is poured back into the transport
container via a sheef metal funnel. Glass or plastic funnels will
generally crack,

*Liquid air and liquid oxygen have been used in the past as lab-
oratory coolants. This unsafe practice has by now disappeared
almost completely in the U.S. Liquid air and liquid oxygen should
never be used when a relatively inert coolant, such as liquid nitro-
gen, is equally suitable. This, of course, does not preclude lab-
oratory use of liquid oxygen (for examples of the latter, see the
section on Fluorine).

If one is forced to use liquid air in the presence of oxygen-
sensitive compounds, the cooling flagk should be covered with a
protective jacket made of copper sheeting. The same protective
measure should be taken when liquid air isused for cooling vessels
containing activated charcoal (silica gel should preferably be used
in these cases).
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Cold baths (acetone, methylene chlo- N
ride, petroleum ether, pentane) are cooled
by means of a copper coil soldered to a
copper can (Fig. 17)., Liquid nitrogen is
forced with a siphon through one of the
tubes into the can, where it evaporates
and cools the bath fluid. The evaporated
cold nitrogen gas escapes through the
coil.

Constant temperature cooling baths,
with temperatures ranging from —20 to Fig. 17. Liquid N,
—190°C, can be obtained with liquid nitro- cooling bath,
gen slurries. The liquid nitrogen is mixed
with a liquid organic compound with suitable melting point, so that
the latter partly solidifies. This slurry is capable of maintaining
the melting point temperature for a considerable period of time.
A few suitable materials are listed in Table 13.

Cooling blocks made of aluminum have many

applications. These are machined as in Fig. v
18 and provided with suitable wells for a ther-
mometer and the vessel fo be cooled. The
block is suspended by a strong cord or in a

gauze bag. The Dewar flask, filled with
liquid nitrogen, is placed underneath the block,
which then may be raised or lowered within
the flask, depending on the temperature
desired.

Constant Temperature

No particular difficulties are experienced
in controlling temperatures in the region from
room temperature up to 300°C. Bimetallic
strip devices, Wheatstone bridge circuits (ther-
mistor activated) or mercury thermometers with capacitance de-
vices connected to relays can be used for control of bath tempera-
tures, For good control, the immersion heater should have the
lowest possible heat capacity and the bath should have as large a
volume as possible. Should the bath volume be small for whatever
reason, the heat capacity of the heater should also be low to pre-
vent further bath temperature rise after the current is shut off,
A thin Pt wire, wound around a frame, may be used as a heater in
these cases; it may be placed directly in the bath without any
insulation. Vigorous agitation of the liquid in the bath is im-
portant. Bath temperatures somewhat below room conditions may
be maintained by means of an immersed copper coil with a constant

Fig. 18. Aluminum
cooling block.
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Table 13

Cold Baths of Low-Melting Materials

M.p., °C
Isopentane (viscous when cold). . . — 158.6
Pentane., « o o v o« v v o v v v 000 — 130.8
Diethylether . ..... ... e — 116.3
Carbondisulfide . « « . .. v e e —112.0
Toluene. .. .. .. .e0.:00see. — 95
Acetone. . ... et i e e ae e e " — 95
Chloroform — 63.5
Chlorobenzene . « s s e e e e o s a0 o — 45
Ethylene chloride ........... — 25.3
Carbon tetrachloride ... ...... — 23

flow of cool water and a heater which regulates the temperature,
If necessary, the water may be precooled by embedding a second
coil in ice, Cryostats are preferred for temperatures below 0°C,

CRYOSTATS

At temperatures slightly below 0°C, the well-known Hoeppler
thermostat is supplemented by a Dry Ice-filled vessel, However,
lower temperatures are generally required and can be attained
with liquid nitrogen. Various methods have been described in the
literature; almost all of these are based on the principle of
allowing liquid nitrogen fo evaporate into a cooling coil placed in
a cryostat, If the temperature becomes foo low, a mechanically
or electrically controlled valve interrupts the input of liquid
nitrogen. One such cryostat [Peters, Chem, Fabr. 7,47 (1943)] has
a mechanical regulator actuated by the difference in expansion be-
tween an aluminum tube and a quartz rod inserted in it, The regu-
lator is contained inan aluminum cooling block and operates a small
valve at the outlet of the liquid nitrogen-carrying cooling coil; the
latter is also fused to the Al block. The inlet of the cooling coil
is connected to the bottom outlet of a liquid-nitrogen-filled special
Dewar flask. If the temperature falls below the desired level, the
valve closes. No additional liquid nitrogen canthen enter the cooling
coil because of the pressure init. Whenthe temperature rises, this
pressure is vented through the opened valve and more liquid nitrogen
enters. The storage vessel may be foo small for lengthy experi-
ments. It may be replaced by a 5-liter Dewar flask and the cooling
block may be replaced by a copper cooling coil (Fig. 19), in which
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copper 0

vaporizer
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Fig. 19, Cryostat with mechan-
ical regulator.

case the fresh liquid nitrogen flow is controlled by a double-walled
siphon, The connection between the copper coil and the glass should
be inside the bath to reduce coolantusage. A Mariotte-type bubbler
bottle provides the pressure head required. This self-explanatory
setup, shown in Fig. 19, works very well, The rubber stopper of
the liquid-nitrogen feed vessel can be provided with a sheet metal
funnel to facilitate filling. The funnelis stoppered by a cork. A cork
float, attached to a thin glass rod, permits easy observation of the
liquid level from the outside. Naturally, a vessel with a window can
also be used. A similar device, but with electrical controls, has
been described by Zintl and Neumayr [Ber. dtsch. chem. Ges.
63, 234 (1930)]. It differs from the above-described apparatus in
that the vapor pressure thermometer actuates an electrical control
system, The essentials of this device are shown in Fig. 20. The
downpipe f to the vaporizer d must be larger than the inner tube
of the siphon A so the liquid nitrogen is transferred drop by drop
and is not sucked in by the siphon. The tubes of the copper vaporizer
must be connected with glass tubes within the bath, using short
pieces of rubber tubing. Metal projecting outside the bath would
lead to serious thermal losses.

Using this equipment, temperatures such as —50°C can be
maintained with a fluctuation of only 0.05-0.10°, To maintain a
cold bath of 2.5 liters of acetone in an unsilvered Dewar flask at
-50°C for four hours, about one liter of nitrogen is required.

Thermostats filled with boiling liquids at constant pressure are
also quite versatile., Temperatures lower than —196°C can some-
times be reached by evaporating liquid nitrogen at reduced pressure.
The temperature is held constant by maintaining a specific pres-
sure with a manostat. Details of these devices may be found in
Grubitsch [1].
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It
N

Fig, 20, Cryostat with electrical con-
trol: p) bath liquid; 4) copper vapor-
izers /) down pipe; h) siphon; %) con-
denser; 1) liquid nitrogens;r) relay;s,)
power supply of about 2 volts; s,)
power supply of about 18 volts; ¢) vapor
pressure thermometer; uy) pressure
head regulator (manostat); v) electro-
magnetic gas valve; the valve plunger
must be sufficiently heavy not to stick
in its seat.

'HIGH-TEMPERATURE THERMOSTATS

Thermostats can be controlled to 300°C by contact thermometers;
expansion regulators are used up to 500°C. The latter are based
on the difference in linear expansion between a quartz rod and an
aluminum or iron tube. Alternatively, a contact thermometer may
be located in a cooler part of the furnace, provided a fairly con-
stant temperature difference can be maintained between the hot
reaction area and the cooler measurement section. The frequently
recommended arrangement consisting of an auxiliary furnace in
series with the main furnace, whereby the contact thermometer is
placed inside the smaller furnace, can only work if both furnaces
are very well insulated and have equal heat losses. This is not
easily achieved in practice.

Detailed description of the great variety of readily available
commercial devices for high-temperature control is beyond the
scope of this book. These devices are well described in the
catalogs of laboratory supply houses and instrument manufacturers.



PREPARATIVE METHODS 49

The available instruments range from simple and inexpensive to
highly sophisticated ones, designed to give very precise control.
Their proper application depends on circumstances and must be
left to the ingenuity and skill of the individual experimenter.

Temperature Measurement

LOW TEMPERATURES

Pentane and alcohol thermometers can be used only for gross

measurements, They are too unreliable for accurate measurement,
especially at low temperatures. The vapor pressure thermometer
described by Stock is very exact and easy to make (Fig. 21).
Since its dimensions are shown in the drawing, it is sufficient to
describe the filling process. After washing with
cleaning solution and water and drying in an air
stream, just enough pure Hg is added fo bulbe ||,
to fill the manometer, After the gas trapg and
the thermometer stem have been closed off by
fusion, vacuum is applied at 2 and the whole
apparatus, including the Hg, is thoroughly
heated. If the manometer is filled with a gas
which can be completely condensed at the tem-
perature of liquid nitrogen, the filling gas, from
an apparatus sealed on fo the vacuum flask,
can be condensed at g. About 1 ml, of liquid
is thus obtained. Opening 7 is then sealed off.
The filling gas is then allowed to warm up to
room temperature and evaporate. The excess
escapes through m, so that the flask will now
contain a gas atmosphere at a pressure ex-
ceeding atmospheric by about 25 mm. The
gas is recondensed at ¢ with liquid nitrogen,
Opening % is now sealed off and the Hg is A
poured from bulb ¢ into the manometer arm,
The thermometer is now ready for use. If
the filling gas cannot be completely condensed
with liquid nitrogen, it is necessary to trans-
fer the Hg before admitting the gas. The ther-
mometer should be provided with a millimeter
scale and attached to a suitable stand. Sub-
stances used for filling are:

57

7000

Fig. 21. Vapor
pressure ther-
mometer,

CS, (+ 2510 —~10°C). SO.(— 2510 —40°C), NH, (—30 t0 —77°C).
CO, (— 175 to — 100 °C), HCl (— 85 to —111°C), C,H, (—100 o —150 °C);

and for even lower temperatures methane and oxygen may be used.
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LIQUID-FILLED THERMOMETERS

These are suitable for temperature measurement up to 600°C.
Their accuracy is poor at temperatures below the melting point of
Hg. Mercury-filled thermometers are subject fo minor changes
during initial use; therefore, good thermometers should be artifi-
cially aged. Aside from this, the calibration should be checked
from time to time, at least at the freezing and boiling points of
water (correct for barometric pressurel). Ice must be finely
ground and should be well agitated during the measurement. The
boiling point of sulfur may be used asa high-temperature calibra-
tion point. Considerable inaccuracy may be caused by “emergent
stem.” This uncertainty is best avoided by bringing the whole
thermometer to the measured temperature. If this is not possible,
corrections must be made. The correctionis % = (¢—8)-(t—t,)- A
Here o =expansion coefficient of Hg, 8 = expansion coefficient of
glass, ¢ = indicated temperature, ¢, = average temperature of the
emergent stem, in degrees. The value of o—fB for common ther-
mometer glass is approximately 0.00016. The main uncertainty
present lies in the temperature ¢, A ‘‘differential thermometer?”
is most useful for its determination. The material of this thermom-
eter should be as close to that of the thermometer in use as pos-
sible, It is placed alongside the main thermometer in such a way
that its indicated temperature is close to the final measurement.
The differential thermometer is also provided with second, smaller
scale below the first. It is positioned in such a way that the meniscus
of the main thermometer and the point on the auxiliary scale of the
differential thermometer which corresponds to that temperature,
coincide. It is now easy to make the necessary corrections from
the indicated data. The error can amount to several degrees,

RESISTANCE THERMOMETERS

These can be used over a very wide range. Their principle of
operation is based on the large temperature coefficient of elec-
trical resistance of Pt and Ni (for example, the resistance of Pt
changes by 0.4% per degree). These thermometers are among the
most accurate temperature measuring instruments. It is not
difficult to make a resistance thermometer in the laboratory, but
the commercial instruments are preferable. The high-temperature
type consists of a mica cross inserted in a thin-wall quartz tube,
A fine double Pt filament is wound around the mica cross.

Recently, instruments for measuring low temperatures have
appeared on the market, In these, the Pt wire is fused into a
fine groove of a glass tube and coated with a thin glass film. Such
instruments have very low thermal inertia. For the most accurate
measurements the wire should be aged artificially by heating it
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at 100° above the intended use temperature until there is no further
change in its resistance.

A Wheatstone bridge is used for resistance measurement. De-
tails can be found in Kohlrausch [1].

THERMOCOUPLES

Thermocouples are used for higher temperatures, up to 1600°C.
Table 14 gives the usual wire combinations.

Table 14

Thermo-
electric

Couple Usable range, °C output,

+20°/

+100°C
Copper/Constantan — 200 to+ 400° (+ 600° | 3.45 mv.
Iron/Constantan — 200 to+ 600° (+ 900°) | 4.32 mv,
Nickel-chromium/Constantan] 20to+ 700° (+ 900°) | 4. 96 mv.
Nickel-chromium/nickel 20 to+ 900° (+ 1200°) | 3.22 mv.
Platinum-rhodium/platinum 20 to + 1300° ¢+ 1600°) | 0.54 mv

The figures in parentheses refer topermissible limits for inter-
mittent use only; the other figures, to temperatures permissible
for continuous use.

Please note: platinum thermocouples must not be heated in a
hydrogen atmosphere to temperatures beyond 900°C inthe presence
of a Si-containing material (including quartz and ceramic sub-
stances), since their mechanical strength is greatly impaired by
the uptake of impurities (K. W, Fréhlich, “On the stability of plati-
num at higher temperatures,” Degussa-Metallberichte 1941, No. 7).
For special purposes requiring higher temperatures, thermocouples
cansisting of, for example, combinations of fungsten and molybdenum
alloys may be used. However, because of various complications
encountered, optical or radiation pyrometers are usually preferred
in this temperature range.

The lead wires of these thermocouples are usually made of
0.35 to 0.5 mm, diameter wire. Sometimes it is undesirable to
have thermocouple wires sufficiently long to bring the connections
(which also form the cold junctions) directly to constant tempera-
ture, In this case the so-called compensators are used. These
may be considered lead wire lengtheners. Such compensating wire
may be ordered from the companies that supply thermocouples.
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The lead wires to the measuring instrument are then connected
either directly fo the thermocouples or to these compensators.
The two wires are fastened together with screw clamps and the
junction is kept at an exactly measured and carefully controlled
constant temperature (0 or 20°C, glass capillaryina Dewar flask).
Millivoltmeters equipped with a femperature scale are also sup-
plied for most of the popular thermocouple combinations, The
meter should have an internal resistance of a few hundred ohms,
so as to make the lead wire resistance negligible. For more
exact measurements the calibration should be checked from time
to time against a few fixed reference points. Only when accuracy
requirements are extremely high is it necessary to measure the
thermocouple e.m.f, by means of compensation switches. Except
when working with silicates (where the exposed junction may be
immersed directly in the melt), the thermocouple is sheathed with a
protective tube (quartz, unglazed procelain, mullite, alundum).
The wires should be insulated from each other by thin quartz or
ceramic tubes. Before use, the thermocouple should preferably be
annealed for a short time by passing through it a sufficiently high
electric current. Should the weld or the couple itself have been
damaged, it can be rewelded with ease. The damaged part is re-
moved and both ends of the wires are placed in a small, pointed
natural gas-oxygen flame, and touched just whenthey begin to melt,
A small bead of metal is formed and connects the two ends.

Should one of the lead wires have to be repaired, the resulting
bead is carefully shaped with a hammer so that it will again fit
into the insulation tube.* For calibration of thermocouples, the
following reference points are used:

Naphthalene b.p. 217.96°C Gold m.p. 1063.0°C
Tin m.p. 231,9 °C Copper m.p. 1083 °C
Cadmium m.p. 320.9 °C Lithium metasilicate

Zinc m.p. 419.45°C m. p. 1201 °C
Sulfur b. p. 444,60°C Nickel m.p. 1453 °C
Antimony m.p. 630.5 °C  Palladium m.p. 1535 °C
Silver m.p. 960.8 °C  Platinum m.p. 1769.9°C

*The home-made and home-calibrated thermocouples described
above should be used only if the commercially available products
cannot be procured for one reason or another, Fabrication of a
reliable and durable thermocouple, especially for use at high
temperatures, is a delicate business and should preferably be left
to the experts. Thermocouple manufacturers now supply literally
hundreds of variations, with all kinds of shapes, lengths, diameters,
protective sheaths and insulation. These thermocouples are also
available in precalibrated form. Recently, special thermocouples
with very fast response time and excellent stability, reproducibility
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RADIATION PYROMETERS

For temperatures above 1600°C it is best touse radiation pyrom-
eters, although these may certainly be used at temperatures above
800°C. Their operation is based on comparison of the intensity of
the radiation emitted by the measured body with that of an appro-
priately chosen incandescent bulb, By adjustment of the (known)
current fed to the bulb, the image of the filament, projected onto
the image of the radiating object, is made to vanish. The tem-
perature can then be read directly from the instrument scale.

Another instrument is based on focusing the total radiation
emitted by the measured body on a blackened thermopile by means
of a quartz lens. The e.m.f. of the thermopile then gives the tem-
perature., Both the optical and the total radiation pyrometers are
commercially available and are very convenient and easy to use,

High Vacuum and Exclusion of Air

The chemists’ requirements for high vacuum frequently differ
considerably from those of physicists, For a physicist, high vacuum
starts only when the mean free path of the gas molecules corre-
sponds approximately to the dimensions of the container (somewhat
below 10~2mm.), while chemists’ requirements are much more
modest. A chemist will frequently be satisfied with a good rotary
oil pump. Among the many models commercially offered, those
working with small, easily replaceable quantities of oil are pre-
ferred. Of these, the pumps operating onthe “gas ballast’’ principle
(that is, air is admitted during the compression cycle to prevent
condensation) are very convenient, since they can also be used to
remove easily condensable gases and vapors, without damaging
the pump with condensate. These are perfectly satisfactory for
simpler vacuum distillations, drying under vacuum, etc. When higher
vacuum is needed they may be supplemented by jet ejectors or
diffusion pumps. These last pumps require a forepump, since they
work only at pressures ranging from 0,1-30 mm., depending on
the type. The diffusion pumps are made of glass or steel and use
Hg or a special oil (for example, silicone oil) for the vapor jet.
Oil diffusion pumps have the great advantage of not diffusing Hg

and accuracy have been developed for missile and space use. These
are usually metal-sheathed andthe wiresare insulated by compacted
refractory powder. These sealed units, already provided with the
necessary leads, are available in diameters as small as 0.5 mm, or
less. Their cost is not exorbitant considering the many additional
hours of stable operation gained by their use.
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vapor into the vacuum, and thus do not need cooling devices for
keeping the mercury out of the apparatus; however, they are more
sensitive to reactive gases, Considering that in most cases the
chemist working with high vacuum alsouses Dry Ice or liquid nitro-
gen at the same time, he will derive no special advantage from oil
diffusion pumps (even though those deliver a vacuum of less than
10-% mm, without cooling). Thus, most chemical laboratories use
Hg pumps exclusively, except for special purposes. Since pump
throughputs are usually rather modest, except for work involving
vacuum furnaces, electricdischarges, or molecular or thinfilm dis-
tillation, the usual pumps made of glass or steel, with a suction
capacity of 1-5 liters/second, are perfectly satisfactory. Glass
pumps are best heated with electric heaters, and a safety pan
should be set underneath. Steel pumps of course obviate the danger
of breakage. However, cleaning of steel pumps is not as simple as
that of glass pumps, which require only rinsing with concentrated
HNO 5, followed by rinsing with water.

The most frequent mistake made in planning vacuum equip-
ment consists in choosing tubing or stopcocks of too small diam-
eter. The connecting tube between the pump and the apparatus
should have an internal diameter of at least 15-20 mm.; stopcocks
used on this line must have at least a 10-mm, bore. A simple
calculation of the pumping capacity will show that even with
lines of such diameter, a conduit length of a foot or so will reduce
this capacity, at pressures below 1072 mm., by an order of magni-
tude or more! Therefore, the lines in vacuum equipment should
be as short as possible, with the least possible number of stop-
cocks., The use of glass spirals, frequently recommended to make
glass apparatus less rigid and more ableto accommodate stresses,
should be avoided as far as possible, since these spirals offer a
high resistance to flow. To protect the pump in case of cooling
water failure, a small, easily made device is used (Fig. 22). A
small funnel with a small hole is pivoted and counterweighted. The
cooling water passes through the funnel, keeping it constantly
filled. Should the water flow fail, the funnel will be pulled up by

the counterweight as soon as it is empty,
ZEZLG thereby closing the stopcock on the

P suction side of the pump (this may be

either a pinchcock or an ordinary gas

B stopcock), Alternatively, the lever
movement may actuate an electric tum-
bler switch whichthen breaks the circuit.

Other devices based, for example, on a

mercury manometer, may of course be

easily designed. Electric flow switches

Fig. 22, Cooling water to guard against interruption of cooling
failure switch. water are also commercially available,
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PRESSURE MEASUREMENT

The first device is the ordinary U-tube manometer. Its two
arms should be of equal diameter (not less than 10 mm,; for pre-
cision measurements, about 15-20 mm,) because of the meniscus
depression, The calibration should preferably be etched directly
on the tube and readings taken against a mirror mounted behind
the tube so astoavoid parallax, Inthis way changes of 0.1 mm, may
be estimated without difficulty. A cathetometer must be used for
greater accuracy.

The construction of a good Hg manometer requires some care.
The tube is firstthoroughly washed with cleaning solution and dis-
tilled water and dried as described above under Cleaning of Glass-
ware; then the filling unit is fused on (Fig. 23). The required quantity
of carefully purified and distilled Hg is placedin the flask and con-
striction ¢ is sealed off, The manometer is then evacuated with
fore and diffusion pumps and the whole apparatus thoroughly
heated by fanning with a flame, with the pump on. Following this,
the mercury is heated until it starts to boil
in the vacuum, and constriction » isfused.

The assembly is then allowed to cool. The mmg&
mercury should not be allowed to distill

into the tube while the latter is being heated
and evacuated, as otherwise it will obstruct
the U-tube and an air bubble will be left
behind, The manometer is then tilted to A
pour the Hg into the tube, and the fused spot
at b is carefully filed open. Never break it
off, for the onrushing air stream will push
the Hg so violently that the shock will break
the manometer, Even narrowing the diam-
eter at ¢, which is very useful, would not be
able to prevent breakage if such a violent
impact of the mercury against the glass were
to occur. This is the simplest and most re-
liable method of filling a manometer; it is
preferable to the often recommended distil- @

lation of mercury into the tube, which does c

not always guarantee perfect filling. Filling

with subsequent degassing, which is often Fig, 23. Mercury
done, requires considerable experience and manometer  with
patience and is unreliable; it alsofrequently filling device.
cracks the manometer tubes.

When working with gases at varying pressures (high vacuum
to slightly above atmospheric pressure), a manometer of the
type shown in Fig, 24 should be used, One side of this manometer
is connected to the atmosphere via a mercury spray trap which
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serves as a gas outlet and pressure
release valve when the pressure in the
apparatus is too high,

A very convenient addition is a
barometer tube of the same diameter,
mounted next t{o the manometer; its
reading then furnishes the zero mark
for the manometer reading (see p. 67,
Fig, 41).

When working with reactive gases
which can contaminate the Hg, it is best to
use a “null manometer” rather than
cover the Hg with a layer of paraffinoil,
H_SO,, etc., as has frequently been
recommended. Such null manometers
consist of a simple U tube filled with
paraffin oil, H,S0,, silicone oil or
bromonaphthalene, both arms of which
are connected on top by means of a
stopcock (Fig., 25). For high tempera-
tures, these U fubes can be filled with
molten tin, The quartz spiral manom-
eters of the Bodenstein type (Fig. 26)
are highly recommended, for in their
case only quartz is in contact with the
gases, They are now commercially

Fig. 24. Mercury ma- available completely assembled with
nometer with pressure microscope or mirror for reading and
release valve. Dimen- require only careful mounting in a

sions in mm. vibration-free location. With good

Bodenstein instruments, pressure dif-
ferences of less than 0.1 mm, may be read. For shipping, such
instruments are usually filled with glycerol so as to protect the
very sensitive spiral from damage. Despite their fragility, most
of these instruments will withstand even a one-atmosphere pres-
sure difference between the inside and the outside of the spiral.
Thus, there is usually no need to worry, should such differences
occur as the result of a leak. Bodensteingauges can safely tolerate
temperatures up to 500°C without a change of the zero point; if
the temperature of the spiral goes higher, the constancy of the
zero point is not assured, particularly if large pressure changes
accompany the temperature rise, If large pressure changes are
avoided, the zero point will remain almost unchanged, even at
700°C. To measure small pressure differences, inclined tube
manometers filled with bromonaphthalene or silicone oil may also
be used; Hg develops too much friction in inclined tube gauges,
since very fine tubes must be used.



PREPARATIVE METHODS 57

_‘QEJ’_ , o

mirror . -
& microscope|_ | ]light

Fig, 25, Null ma- Fig, 26. Quartz-spiral
nometer, manometer, Boden-
stein type.

Figure 27 shows how to couple a null manometer to the system.
In this case, a Bodenstein manometer connection is shown,

LOW PRESSURE MEASUREMENT

The pressure gauge designed by McLeod, usually called
simply “the McLeod,” has been in use fora long time for measure-
ment of pressures down to 107 mm.,; however, it registers pres-
sures reliably only in the case of noncondensable gases, The Hg
used in the gauge should be carefully purified and dried (heating
in vacuum). The McLeod gauge is rarely used for preparatory
work in its original form. Should the need for such a manometer

9

@

|

air 1 lvacuum

Fig. 27. Connection of a null
manometer (Bodenstein ma-
nometer).
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arise, the reader may refer to the pertinent liferature (Kohlrausch,
Grubitsch, Lux [1]). If measurement only serves for orientation
purposes, the more convenient “Moser manometer” (Fig. 28 a, b)

Fig. 28, Shortened McLeod gauges.

or a “Vakuscope” (Fig. 28 c) is preferred. Both of these versions
of the McLeod gauge are commercially available. As far asother
types of manometers are concerned, e.g., instruments based on
gas friction, ionization, thermal conductivity,* etc., the reader
should refer fo the pertinent literature. These instruments are
rarely important in preparative work., For rapid orientation as
to the order of magnitude of vacuum in an apparatus, one can use
a small discharge tube with two aluminum electrodes placed about
10 cm, from each other, (Alternatively, two aluminum foil pieces
wrapped at the same distance around a glass tube in the apparatus
may be used.) A high-frequency vacuum leak tester (or a spark
coil) is connected to the electrodes; its discharge gives a green
fluorescence at 0,05 mm., whichdisappears completely at<0,01 mm,
Thermoelectric vacuum gauges (range 10 to 10~ mm,) are also
useful for many chemical purposes.

LEAKS

Hunting for leaks in vacuum equipment may sometimes prove
extremely time consuming. Leaks are usually caused by careless
cementing, poorly lubricated stopcocks or ground joints, or poorly
fused glass connections. A small high-frequency apparatus is in-
dispensable for detecting such spots in glass equipment. The
equipment is evacuated fo about 0.1-1 mm, and the suspected leak

*E. von Angerer, Technische Kunstgriffe bei physikalischen
Untersuchungen [Industrial Techniques Applied to Physical Re-
search], p. 165.
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points are brushed with the leak tester electrode., The inside of
the equipment will glow slightly. Wherever there is a leak, the
discharge spark will follow it. The leak is thus easily discovered
by the brightly glowing path of the current. However, thin fused
spots should not be touched, since these may be broken by the
discharge. Leaks in the glass must be resealed with a torch, or
else sealed with a drop of sealing wax or picein. Leaks at the
stopcocks are harder to find; thus all suspected stopcocks may
have to be regreased as a preventive measure. If possible, one
should try to limit the area of search by successive shutting of
the stopcocks, if those are present between sections of the equip-
ment, Larger leaks are easily detected by the noise made by the
entering air, or by creating a positive pressure in the apparatus
and painting the suspected spots with soap solution. Another recom-
mended procedure consists in passing a COjy-releasing hose over
the evacuated equipment while the latter is brushed with the high-
frequency tester. The color of the discharge will change from
reddish to white at the leak. Rubbing the equipment with a piece
of cotton wool dipped in alcohol will also change the color of the
discharge wherever the alcohol has directly touched a leaky spot
and the vapor has thus entered the apparatus, This method will
give results only if one makes sure that the CO, or the alcohol
vapor which might have entered will come in the path of the dis-
charge; therefore one should wait for a while before continuing
with the testing of further suspected spots. Cemented metal-to-
glass joints frequently are leak sites, as are pores in cast metal
parts. Occasionally, substances that release gases may simulate
a leak,

Excellent but expensive devices for locating leaks are com-
mercially available; they blow a halogen-containing gas (for example
Freon or difluorodichloromethane) from the outside ontothe suspect
spot; when this gas enters the evacuated apparatus through the
leak, it creates an ionic current in an attached ionization tube
equipped with a Pt anode. This signal is amplified and triggers
optical or acoustical devices.

STOPCOCKS

An important factor in the choice of stopcocks is a sufficiently
large sealing surface. In vacuum equipment, three-way stopcocks
are a constant source of trouble and should be replaced either with
two-way stopcocks or three individual ones, Stopcocks with hollow
plugs are usually preferred to those with solid ones because they
are lighter. The most important types of stopcocks are shown in
Fig, 29, “Schiff” stopcocks (Fig. 29 a, b) should be used wherever
possible; they stay more reliably leakproof, since no channels
connecting the tubes can form,
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Before greasing, the stopcocks are

ﬁ ﬁ carefully cleaned with benzene or ether
and brought fo body temperature (30-

% IF —W fi 40°C); a thin ring of grease is then

applied around the middle of the upper

and the lower halves of the plug by means

R of a wooden rod. In somewhat larger

—XJ/: stopcocks both rings are then connected
a b

with a thin strip of grease on a line

90° from the bore (Fig. 30). The plug is

then pushed into the slightly warmed seat

so that the stopcock is “open,” and furned

back and forth with slight pressure.

] [ _J..J== Never turn so far as to close it. Only
\ / -\‘L]I___ when the grease has been evenly spread
and the air bubbles have disappeared

; from the ground surfaces should the plug
be turned all the way around. This is

the only way to obtain lubrication free

Fig. 29, Various stop- from streaks. Vacuum stopcocks should
cocks (a, b are Schiff be moved gently and slowly, so as to
type). keep the movement within the flow rate

of the grease layer, and to prevent the
“tearing” of the grease film; otherwise
streaks and channels will form, resulting
in unavoidable leaks. With some ex-
perience, imminent exceeding of this
limit will be clearly felt by a somewhat
increased resistance to turning. If
Fig. 30. Lubrication streaks have formed, the stopcock should

of stopcocks, be carefully cleaned before applying

fresh grease.

Pipe cleaners, which are thin, 10-cm.-long brushes ob-
tainable from tobacconists, are very practical for cleaning
small diameter stopcocks. A wad of cotton wrapped on a
thin copper wire or a wooden stick may be substituted for
the pipe cleaners.

When working with gases or vapors that attack stopcock
grease, other greases (etherproof grease, P,O., H,50,) may be
used (but only temporarily in vacuum equipment, as the stopcocks
rarely stay tight for a sufficiently long time). Sometimes this
may be improved by sealing the upper and the lower part of the
plug with grease, and applying the other sealing agent (P;O4 to
the middle only. In general, it is best to use greaseless valves
such as the diaphragm valves made of Cu, Ag or Pt, the Boden-
stein glass valves, the Stock mercury valves and the “break-
seal” valves.
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STOCK MERCURY VALVES

Among the various Hg valves described by Stock the most im-
portant ones are the float andthe frif valves: the float valves afford
rapid passage of gases, but they function reliably only if made
exactly to the measurements given by Stock. The float should
be made of solid glass and have just one, very carefully machined,
ring-shaped ground zone (Fig. 31 a). Opening the stopcock,” will

1%

Fig. 31, Stock-type Hg valves. Stopcocks d

may be omitted, to avoid contaminationofthe

Hg by grease. In ¢, Sisafused-on glass rod,

the point of which touches the glass frit from

above and affords smoother downward flow of
the Hg. Measurements in mm,

let the air into e, pushing up the Hg, which then lifts the floats.
Evacuation of e will lower the level of Hg, thus releasing the
floats, which will drop (if they stick, tap lightly against the glass)
and open the way for the gas. The pressure difference between the
two sides of the valve should preferably be low when opening, A
tube attached fo a vacuum source, and available at all times on
the working table, is connected to the various valves when these
have fo be opened. The stopcock f is closed after each movement
of the valve,

The frit valves may be opened even when there is a considerable
pressure difference between the two sides of the valve, The frits,
which are impermeable to Hg, thus replace the rising floats (Fig.
31 b). They have the disadvantage of offering considerable resis-
tance to the gas flow. A modification of the frit valve, described by
Wiberg (see also the original model with filier candle by A, Stock
[1)), is also commercially available. Its functioning may be readily
seen from Fig. 31 c. The gas should flow from the top tfo the
bottom,
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BODENSTEIN VALVES

These valves, which may be made either of glass or quartz and can
be heated, certainly represent the neatest solutionofthe problem of
greaseless valves, since only glass is in contact with the gases
(Fig. 32). They consist of a capillary tube the opening of which
matches perfectly with a carefully ground and polished sphere at-
tached to a glass rod. A glass capsule, sealed to both the capillary
and the rod, is sufficiently elastic to allow slight movement of the
parts toward each other. A springcompressesbothparts with a force
of about 14 kg., thus closing the valve. The two working parts can be
slightly pulled apartby a screw working against the spring; stop pins
prevent breakage resultingfrom furning the screw too far. This valve
may also be used to introduce liquids into a vacuum, provided no
solid particles are suspended in the liquid. Even microscopically
small particles pressed onto the ground surface are almost impos-
sible to remove; they may also damage the ground surface (since the
spring exerts a strong force) and thus create a leak in the valve. In
this case even long rinsing with cleaning solution will be of no avail
and the glass part must be replaced. Should the glass break, it can
easily be replaced. Remove by melting the Wood’s metal that holds
the part in place; take the broken part out of the seat and replace
with a new one in such a way that the glass rod with its fused-on

auxiliary
opening

%’,/// T

Fig. 32, Bodenstein
valve,

glass bead is sealed in the screw andthe enlargement on the capil-
lary tube in the slot of the aluminum support. Immobilize both
by slipping small pieces of asbestos paper into the remaining
free space in the slot of the support. Then the whole unit is placed
vertically with the screw down and freshly melted Wood’s metal is
poured into the preheated screw seat. After complete cooling (the
screw should be at “open”), place the valve horizontally and pour
Wood’s metal into the slot containing the capillary feeder tube.
Should the valve be used in a warm water bath, litharge-glycerol
cement may be used instead of the Wood’s metal.

A slightly modified, very rugged version of the Bodenstein
valve has been developed by Kistiakowsky and described by Vaughn
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[7l. The shutoff surfaces of this valve are not glass-on-glass
but glass-on-AgCl, and the elastic sections of the glass capsule
are concave rather than convex.

BREAK-SEAL VALVES

For preparatory work, the rather expensive Bodenstein valves
may frequently be replaced by a combination of fusing of connec-
tions (closure) and break-seal valves (opening), if it is sufficient
to open or close a connection only once,

Since one rarely succeeds in satisfactorily fusing large diam-
eter glass tubes while these are under a vacuum, the tube spot to
be fused later in the experiment should be slightly narrowed,
thickening it at the same time by slightly compressing and then
pulling it. This will make it possible to close the opening when the
apparatus is under vacuum, To do this, the spot to be fused is
simultaneously heated and pulled in the direction of the tube axis,
or if this is impossible, it is pulled sideways with a glass rod.

Opening of a tube connection may be achieved by building in a
break-seal valve (Figs. 33 and 34). This consists of a fairly large
diameter glass tube with a fused-in smaller tube, whose tip has
been pulled to a fine capillary bent into a hook. Alternatively, the
inner tube end is blown out to a very thin-wall sphere. Before
making such valves, one should practice making sufficiently
thin-wall spheres or fine points, which can be reliably broken off
later (however, it may be preferable to buy ready-made valves).
Before enclosing the valve in the large tube, insert the ‘““hammer,’”

rQ
O b

Fig, 33. Break-seal valves: /) magnetically
operated hammer bar.



64 P. W. SCHENK AND G. BRAUER

a piece of iron rod encased in a glass tube (for example, a piece
of a large nail, fixed in the encasing tube with small pieces of
asbestos wool before fusing). The valve is set vertically while the
hammer bar is held by means of a strong electromagnet and set
carefully on top of the break-off sphere or point. The valve is then
ready to be fused fo the tubes connecting with the other parts
of the apparatus. When the valve is to be opened, the hammer is
lifted a few centimeters with the electromagnet and dropped onto
the point or the sphere, whichwill break, opening a path for the gas.
The break-seal valve may also be set up horizontally, and the
hammer appropriately directed by means of the magnet so as to
shatter the point. In addition to this design, many other similar
models have often been described, all based on shattering a capil-
lary tube or sphere ([7], Figs. 35 and 36).

U-shaped capillary tubes may
also be used to replace valves.
Cooling with liquid nitrogen causes
the formation of a small plug of fro-
zen gas, which will obstruct the
capillary., When low boiling sub-
stances, which do not solidify at
liquid nitrogen temperatures, are
used, a drop of Wood’s metal is in-

Fig, 34. Briscoe break-
seal valve, The capillary
point b is still open during
sealing to side 1, but sev-
eral scratches have been
made at ¢. Then » is fused
by means of a very small
flame introduced through ¢,
with air entering atd. Next
the valve is sealed to the
other side, the Hg-filled
hammer bar is carefully
introduced and 4 is sealed.
A sharp movement applied
from the outside will shat-
ter the valve.

troduced; in this case a slight en-
largement must be formed at both
sides of the bend. Depending on
whether the metal is made to solidify
in the enlargement or in the capil-
lary, the valve will be open or
closed,

We can discuss here only a few
of the numerous recommendations
on how to introduce small quantities
of gas into a vacuum, while retain-
ing precise control over the flow,
In many cases it is sufficient to
file fine grooves in the plug of a
glass stopcock, starting at the bore.
In these cases, stopcocks with in-
clined bores (offset arms) should be

used as much as possible, The Bodenstein valve is also usable
for fine control, although the adjustment is not exactly reproducible.
A metal needle valve is the best means of control.

NEEDLE VALVES

If the presence of a packing glandisnot objectionable, the usual
Le Rossignol valve can be used for fine control. Packless metal
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valves. in which a ground joint takes over =

the function of the gland and which can be

attached to glass equipment by means of

metal ground joints, can be readily made gem

by a machine shop. Such a valve is shown

in Fig. 37. Theneedle is attachedtoa screw

stem g. A groove is cut in the stem in

order to permit gas access. The top end 0

of the valve stem is rectangular in cross
section and fits into a slot in the ground
section. The handle on the ground part per-
mits rotation of the stem. If it is also de-
sired to avoid stopcock grease for sealing, Fig, 35. Vacuum
a tombac tube valve or a diaphragm valve, breaker, Stock type.
in which a tombac tube or a brass or copper

diaphragm provides the seal, is well adapted for this service
(Fig. 38). Further details on valves can be found in Mdnch [2].

VACUUM APPARATUS

A vacuum apparatus consists of a pump section, vacuum-
measuring devices, and a specialized part, the design of which
depends on the problem at hand., A Toepler pump (Fig. 39) is in-
stalled in those cases when gases not condensed at the tempera-
ture of liquid nitrogen are to be removed from the system and
measured or investigated. In that case, the pump section of the
vacuum apparatus assembly takes the form shown in Fig, 40, It
is useful to set up this section on a movable stand, and in such a
fashion that the assembly is readily understandable. The gases
aspirated by the Hg pump can be compressed into a gas burrette,
which is connected to the Toepler pump at b. Automatic Toepler
pumps have also been devised by Stock. The level vessel on the
Toepler pump permits the gases to be placed under positive pres-
sure, A condensation f{rap installed before ¢ prevents Hg vapor
from reaching the apparatus and
protects the pump from reactive «
gases or vapors. It is also advan- y
tageous to design the Toepler pump ﬁ
with an oblong cylindrical pump H
space instead of a spherical one, with
the oblong section placed on a slant Fig. 36. Vacuum breaker,
so that its shape and position is like P, W. Schenk type: g) in-
the boiler of the Hg distillation ap- dentation in the tube wall;
paratus in Fig. 5 [cf. E, Zintl and A. b) thin eccentric capillary
Harder, Z. phys. Chem. (B) 14, 265 tube which breaks on touch-
(1931); also F. Seel, Chem,.-Ing.~- ing ¢ when the ground joint
Technik 27, 542 (1955)1. is turned.
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Fig. 37. Metal Fig. 38. @) Tombac tube valve;
needle valve. b) diaphragm valve,.

Special Vacuum Systems

a
\\}0 Vacuum systems are used primarily
“~check  g,r work with very volatile or withair-
and moisture-sensitive materials, The
apparatus developed by Stock for the
investigation of boron and silicon hy-
drides is the prototype of a system
which may be generally used when work-
ing with sensitive materials and, with
modifications, also in many other related
cases., Where greased stopcocks can be
used, this system can naturally be sim-
plified by installation of stopcocks in-
stead of Hg valves. However, since
Fig. 39. Toepler pump. stopcocks must be regreased from time
to time, Stock valves are preferable. If
substances corrosive to Hg are present, Bodenstein valves or
break-seal valves and sealing-off points may be used instead of
mercury valves, Figure 41 shows the Stock “Universal System.”
Initially, the mixture of volatile substances to be studied is
condensed in a gas trap by cooling the latter with liquid nitrogen.
Such a trap consists of a U tube which is enlarged at the bend to
form a cylindrical vessel with a capacity of 25-50 ml. (Fig. 43 b).
Other condensation traps (Fig. 43 ¢~¢) can also be used. The wash
bottle type (Fig. 43 a, ¢, d) is especially recommended if it is con-
nected properly; that is, the gases should nof be brought in
through the inner tube, which is usually very readily plugged. If
the substance to be investigated is initially condensed in {rapa
(detail of the apparatus, Fig. 42), then the system is closed to the
atmosphere and evacuated and finally the sectionbetween g and f is

valve
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Fig, 40, Pump section containing
a Toepler pump and gas burette.
1) forepump; 2) diffusion pump; 3)
forevacuum flask (3-5 liters); 4)
drying vessel (PyO4); 5) fore-
vacuum manometer; 6) Moser ma-
nometer or McLeod gauge; 7) con-
densation trap for Hg; 8) two-way
stopcock; 9) Toepler pump; 10) gas
burette; 11) level vessel.

closed off., Then trap ¢ is heated on a bath with slowly rising tem-
perature until a vapor pressure of 30-50 mm, is registered at m,.
The vapor pressure and temperature (vapor pressure thermom-
eter) are noted, the valves ¢ and X are opened while r is closed,
and ! is cooled with liquid nitrogen, Some material is allowed to

)
MEHM

M
i

R A

Fig. 41. Stock’s Universal System. @) forevacuum
pump; b) diffusion pump; ¢) forevacuum reservoir;
d) drying agent.
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)]

W
il it

Fig. 42, Detail of the Stock Uni-
versal System,

ILE

a

Fig. 43, Condensation traps (gas traps).

condense in ! ; then X is closed, and the vapor pressure at m, is
allowed to adjust at the same bath temperature. If the pressure is
still the same as before, another portion isdistilled into . This is
continued as long as the vapor pressure in ¢ remains unchanged.
When it decreases, one candistill intowand . Thus the substance is
split into different fractions, depending onthe vapor pressure, with-
out any loss of material, If an error has been made, all of the sub-
stance can be recondensed inthe initial trap, again without loss, and
fractionation started again. The collected fractions canbe split fur-
ther, those belonging together can be combined, etc. The constancy
of vapor pressure at constant temperature from beginning to end
of the distillation is the criterion of purity. In order to determine
the vapor pressure, the distillation must, of course, be discon-
tinuous and sufficient time allowed for complete temperature
equalization, It may be mentioned that the vessels should be lightly
tapped during distillation—Stock specified an electromagnetic
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vibrator—and one should not distill too gas
fast. Stock also described gasreceivers container
(Fig. 44) for collection of materials which
are gaseous at room temperature inorder
to avoid having to keep these continuously
in liquid nitrogen. An ingenious with-
drawal valve ¢ permits removable stor-
age vessels to be filled at variouspoints
of the system. This valve consistsof two
glass frits immersed in mercury. The
gas can pass through only when their sur- Stock i
faces are pressed together. valve ||
Low-temperature distillation col- condensation
umns have been devised for improving trap
fractionation. These greatly shorten the
process and in very many cases are ab- |
solutely necessary for fractionation of
mixtures of substances with very close Fig.44. Gas collection
boiling points. Clusius and Wolf [Z. vessel,
Naturforsch. 2, 495 (1947)] have de-
scribed such an apparatus, which is shown in Fig, 45. This micro-
column is similar to those described by Clusius and Schanzer [Z,
phys. Chem. (A) 192, 273 (1943)], but has a capacity of 6-10 ml,
Besides vapor pressure, melting point and molecular weight
may be used for characterization of the fractions, Stock devised
a very simple apparatus for determination of the melting point
(Fig. 46). The thin glass rod with an iron core is first raised with
an electromagnet, and enough substance is condensed in the lower
half to fill it about halfway. It is thoroughly melted and solidified,
Then the current to the magnet is shut off, leaving the point ¢ of
the glass rod resting on the surface of the solid substance. The
rod is observed while the bulb k is slowly heated in a thermostatic
ath, The temperature read at the point at which the tip of the rod
begins to sink is the melting point. To render the movement of the
rod readily visible, a red or black glass bead is fused at d. To
determine the molecular weight, a preevacuated flask of known
dimensions and weight is connected to the system via a stopcock
and ground joints, If is filled at a measured gas pressure and
weighed again after removal. The molecular weight is easily
calculated from the pressure, volume and weight, The “Stock
buoyancy weighing” method is more rapid. It is based on the
buoyancy of a quartz bulb in the studied gas, the pressure of which
s simultaneously and exactly measured. The buoyancy of the
quartz bulb i8 compensated electromagnetically [cf. E, Lehrer and
E. Kuss, Z. phys. Chem. 163, 73 (1933)1.
While the Stock system, sometimes modified for special pur-
poses, is the standard apparatus for manipulation of readily volatile
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Fig. 45. Low-temperature fractionation
system: h,-hg stopcocks (preferably ]

vacuum stopcocks); 7, -7 z)manometers; / Iiic';'g;
/) crude gas container; intermediate con- g
densation in trap w; 7) microcolumn,
capacity 6-10 ml., with a heating coil 8

of Pt-Ir wire, vacuum jacket and level

limit for the cooling bath; 7 is shown ’
enlarged in relation to the rest of the Lo
apparatus. The volume between hj and

h, is known and serves for control of the i
withdrawal rate. The fractionated gas is

frozen out in d and transferred to re- Fig. 46, Melting
ceiver / by cooling ¢ to a low temperature, point apparatus.

substances, work with liquid or solid air-sensitive substances
necassitates considerably closer attention to the specific problems
at hand.

Moderate exclusion of atmospheric oxygen or moisture can
be accomplished by working in a dry box or a dry bag, which
are quite convenient. The dry box shown in Fig. 47 consists of
a large gas-tight box with a well-closed opening for introduc-
tion of substances, tools and instruments. It is equipped with
rubber gloved openings for the hands. Tube connections in the
side walls allow the inner space fo be filled or flushed with dry
air or inert gas. An air lock can also be mounted on a side
wall for introducing or removing the substances without dis-
turbing the internal atmosphere. In order to observe the work,
the box has a glass cover, or it can be completely built of clear,
trangsparent plastic. These or similar boxes are sometimes
commercially available; for example, they are also used for
work with radioactive materials.

For many purposSes one manageS with the much simpler dry
bags. A bag of thin elastic transparent plastic (e.g., polethylene),
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Fig. 48. Dry bag.

open at one end, has a hole af the closed end.
A glass tube with a stopcock is cemented into
the hole and sealed in securely with rubber-
stopper gaskets (Fig. 48). The materials and
instruments, e.g., a weighing bottle, spatula,
etc., are placed in the bag through the open
end, which is then closed by folding over
a narrow 8trip several times and clamping
it between two wooden strips. The inside of
the bag is evacuated through the glass tube
and filled to a low pressure with protective
gas. The items inside are manipulated from
the outside; the tools and vessels are grasped
through the soft walls of the bag [W. P. Pick-
hardt, L. W. Safranski, and J. Mitchell,
Analyt. Chem. 30, 1298 (1958); further refer-
ences are also given there]. P, Ehrlich, H. J.
Hein and H, Kuhnl [Chem. Ztg. 81, 329 (1957)]
describe a similar apparatus in which the bag
is mounted on a solid base plate.

For recrystallization of air-sensitive
preparations and, in general, for produc-
tion of pure preparations, an apparatus de-
vised by Ulich (Fig. 49) is used more
advantageously [H. Ulich, Chem. Fabrik 4,
278 (1931); a similar apparatus but with
standard ground joints is given by F.

Fig. 49. Appara-
tus for dissolving
and recrystalli-
zing (the tube
attachments ¢
and d canalso be
located in the
center sections).
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Frierichs, Chem. Fabr. 4, 318 (1931)]). The apparatus, the con-
struction of which is obvious from the figure, is filled with inert
gas through tubes ¢ and d, and flushed or evacuated, as neces-

Fig. 50a. System for precipita-
tion, purification and isolation

in the absence of air. #) con-
densation trap of the vacuum
system; J) reaction flask; X)
condenser; ) flask with P;O0g;
0) filter tube with extension 0’
and glass frit 0”; 1-7) ground
joints;e-j) stopcocks; 7%) metal
stopcock on a tombac tube sch.

Fig. 50b. Water flask for pre-
cipitation and decantation: &)
gas inlet tube; 5) tube for con-
nection with precipitation flask
with ground joint 5° and paral-
lel ground joint VV%1) drain
tube for water; R and ) pres-
sure tubes with pinchcocks.

sary. The substance to be purified is first dissolved in flask b. By
inverting the apparatus, so that flask @ is on the botfom, the
undissolved material can be filiered off on firt F. The dissolving
or filtration can be carried out either hot or cold. The middle
section of the apparatus can be heated by solvent vapors from the
heated flasks @ (or ) or by aheating mantle, whichever is handier.
The pure crystals are separated in flask @ by cooling or by evapo-
ration and removal of the solvent. The crystals and mother liquor
are then separated by again inverting the apparatus and filtering
through the frit. Washing, filtering and vacuum drying (cold or hot)
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of the crystals collected on the filter plate can be easily effected
via tubes ¢ and d. Finally, the flask can be emptied in a stream of
inert gas.

Fig. 51. Apparatus for precipitation inthe

absence of air. Arrangement for drying

and transfer of the precipitates: w—trans-

fer vessel with adapterX; Y—storage vessel

with sealing constriction Z; 2-10—ground
joints; g-n—stopcocks.

Fig. 50c. Apparatus for precipitationinthe absenceof air.
A water flask for precipitation and washing is included.

A closed system for the precipitation, purification and isolation
of highly sensitive substances [e.g., Fe (OH) 5] from aqueous solution
with complete exclusion of air was developed by Rihl and Fricke
(2. anorg. allg. Chem. 251, 405 (1943)]. This system has proved
itself in practice. The apparatus and use may be explained with
reference to Figs. 50a, b, ¢ and Fig. 51. First, looking at 55a, the
system is ftlled with dry, Os-free Nz through m% (tombac tube with
metal stopcock and metal joint). Now A and J are closed and the
system is evacuated through €. Then g is closed, air is intro-
duced through /, and A is removed from the apparatus at ground
joint 2. Next, J is filled with Ny through m#, and cap 7 removed
under a N, stream. Then vessel J is filled with the solution (which
passes through the fritted glass filter to retainthe solid particles).
The filling port is at 7. Using N pressure, the solution is forced



74 P. W. SCHENK AND G. BRAUER

through the filter into ./, In the meantime distilled H,O is boiled in
flask P (Fig. 50b) in a stream of N,. After closing ?, the flask is
inverted, and by brief openings of the pinchcocks at 7 and U, S and
T are filled with pure, air-free water. Now the filtration sections
¥ and 0 are removed and ground cap 5 is attached under a constant
stream of Ng. Thus, the apparatus reproduced in Fig. 50c is
obtained. Since there is a steady stream of N, no air can enter.
Now water is permitted to enter J, thusprecipitating the solution in
the flask. This is permitted to settle; tube S is pushed close to the
surface of the precipitate by moving the parallel joint /V'and
N, pressure is used to force the liquid outside the system via 7
and 7, The precipitate is washed several timesin a similar manner
with water from P, Finally the large trap # is put back in place
and the system is evacuated. The large trap is then cooled in
liquid nitrogen or Dry Ice and the apparatus is left to stand over-
night. This removes most of the water, which condenses in #, Next
day the substance is usually quite dry. Itis finally dried by opening
the stopcock to flask M, filled with P,O. The apparatus is again
filled with N, and the supplementary sectionisadded (Fig. 51, top).
By inverting the apparatus,thepowderis transferredto #, Nitrogen
may be introduced at m, J removed, the vacuum stopcock £ added,
and ! filled after evacuation. Finally 7, containing the desired
substance, can be separated from the system by sealing at constric-
tion Z. I. and W. Noddack (Z. anorg. allg. Chem. 215, 134 (1933)]
describe a similar apparatus. If is shown in F1g. 52. With it,
material produced under N, and contained in filter crucible » may

be washed with a solvent in an inert

atmosphere and dried in vacuum,

Wash liquid is added through ¢; the
system is later evacuated and the
PO ; vessel then connected.
An additional device—a dumbell
%% apparatus for precipitation and fil-
/ﬂ } tration inthe absence of air—is found

under the preparation of thiocyano-
gen in Part II, section on Carbon.
Numerous specialized types of
apparatus have been described for
carrying out reactions between solid
and gaseous components or ma-
terials which are volatile at high
temperature. Inall these devices the
reactions proceed in the absence of
air. Many such reactions are carried
out in apparaius which contfains as
Fig. 52. Apparatus for fil- its basic element a boat in a tube
tration inthe absenceof air. that can be evacuated or filled with

m
/PuP
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inert gas. Some operations can be carried out from outside the tube
(heating, magnetization); others may require direct manipulation
(introduction and removal of substance, crushing, etc.). This can
be accomplished using long-handled tools manipulated through one
opening in a stream of inert gas, Only one such opening should be
present in the apparatus. Because of the positive pressure exerted
by the gas stream, these reactions can be carried out inside the
tube without danger of penetration by air.

For the numerous designs devised to meet these problems the
reader is referred to the original literature [87].

Optical distortion of the interior by the curved glass walls can
be troublesome; this can be alleviated by using flat glass ports
which are cemented to short ground joints (Fig. 53), by which
they are attached to the tube. The tubes
shown in Fig. 54 can be generally used for
storageand transfer of air-sensitive solids.

The common principle on which these con- i port
tainers are based is thatthey canbe evacu-
ated and so opened that an inert gas flow cement

protects the opening fromair, Theirdesign

is based on the Schlenk tube, which was Fig. 53. Observation

devised for such purposes. port for reaction
The problem of pulverizing an air- tube.

sensitive substance produced in an inert

atmosphere or in vacuum, in order to transfer it either to Mark

capillaries for x-ray photographs or elsewhere for further reactions,

i

— n
f(i’_Jg*“f

(&=
N
analysis Mark
) bulb capillary
a

Fig. 54, Vessels for storage and filling of air-sensitive
solids (Schlenk tube):
a—a model used in the laboratories of Darmstadt and
Freiburg Universities; b—model of O, Schmitz-Dumont
[Z. anorg. allg. Chem. 248, 196 (1941)]. Section I is for
storage; Section II for transfer to glass containersor
Mark capillaries.
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was solved by Zintl and Morawietz with a vacuum ball mill, It
consists of a hollow bulb (10cm. indiameter, 4 mm. wall thickness)
(Fig. 55) containing grinding balls (10-15 mm. diameter). At the
left of Sz the tube is constricted somewhat on one side so that it
will not be closed off by aball duringremoval of the milled material.
The substance and the balls are introduced through S; while the
mill is purged with an inert gas. Then the mill is evacuated and
rotated in a suitable device. Naturally one can also mill in an
inert atmosphere, but working in vacuum is recommended, since
loosening of the joints is thus prevented and, in addition, the fine
powder is not elutriated as much. The speed of rotation is 70-80
r.p.m,; the milling time, usually 1-2 hours [Z. anorg. allg, Chem.
236, 372 (1938) (in which an arrangement for filling Mark capillaries
is also described)].

Fig. 55. Vacuum ball mill.

Pulverizing large, compact pieces of solid material or material
solidified in a boat or crucible can be accomplished by use of a
small dental grinding apparatus in an inert atmosphere. For these
methods, developed chiefly for air-sensitive alloys, see PartII], 5,
section on Alloys and Intermetallic Compounds.

"FARADAY SYSTEM'" (TEMPERATURE GRADIENTS)

In some reactions between a slowly reacting metal and a volatile
reagent, conducted in the absence of air, the metal must be heated
as high as possible, but the pressure of the gaseous reactant must
not reach a point at which it will burst the reaction vessel. For such
experiments W, Biltz et al. have successfully introduced the
““Faraday System’’ [E. F. Strotzer and W, Biltz, Z. anorg. allg.
Chem. 238, 69 (1938)]. The apparatus consists simply of a sealed
Vycor or quartz tube, with the metal and a supply of the other reactant
(for example, S or P) at opposite ends of the tube. The ‘‘metal side”
can then be heated to 700-1000°C, depending on the tube material,
while the other half of the tube is held at 400-500°C, depending on
the vapor pressure of the other reactant, until the reaction with the
metal is completed to the desired extent. By subsequently lowering
the temperature, the excess of the volatile component can be re-
moved from the reaction product. By breaking the tube, if necessary
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in an inert atmosphere, the reaction products canbe removed. The
extent of the reaction can then be determined by subsequent weight
determinations.

Similar devices with sealed tubes, which areplacedin a definite
temperature gradient, have proved themselves in synthesis andde-
composition of metal halides (cf. H. Schafer et al., Z. anorg. allg.
Chem. 1952 and subsequently).

Gases

As is evident from the preceding, inert gases are frequently
necessary for changing from vacuum to atmospheric pressure.
Even though gas production and purification are described in a
special section (Part II), a few general points will be discussed
here. Inert gases, N5, CO,, Hjs, Oj, Cl,, SO, NH; and many
others are stored in steel cylinders. The valves of the steel
cylinders are supplied with different threads: left hand threads for
flammable gases, right hand threads for all others. Furthermore,
the cylinder threads are not even always the same for all nonflam-
mable gases. Thus, different valve designs may have to be used in
each case. Usually, the cylindersare painted in code colors identi-
fying particular gases. Confusion is minimized through these
precautions.

Regulating valves are attached to the cylinder valves to provide
flow control during delivery. One either uses simply a fine regu-
lating valve, or a pressure reducing valve, whose spring-operated
mechanism on the outlet side permits adjustment to a definite
pressure, which is largely independent of the internal pressure in
the cylinder. Such pressure-reducing valves are widely available,
They sometimes are not able to assure a steady gas flow at the
relatively low rates necessary in the laboratory. The flow itself
is controlled by the needle valve at the outlet, after a pressure of
about 0.5 atm. is established on the low-pressure side of the
regulator, with the cylinder valve fully opened.

GAS GENERATING APPARATUS

The most widespread apparatus is still the Kipp generator. For
production of air-free gas, e.g., CO» for drivinggases into nitrom-
eters, it can be provided with an attachment that keeps the upper
chamber completely filled with the gas and prevents the penetration
of air into the decomposition acid. The operation of this apparatus
is shown in Fig. 56. Honisch’s variant of the Kipp generator, which
agsures complete utilization of the acid and prevents mixing of
the used with the fresh acid, is increasingly popular, although the
somewhat complex stopcock construction is sometimes troublesome.
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A gas generator equipped with standard ground glass joints,
which permits complete utilization of the acid and easy replenish-
ment, has recently been made commercially available.

All these devices have the disadvantage of not permitting
efficient degassing of the substances used to generate the gas. The
apparatus shown in Fig. 57 is a more effective producer of maxi-
mum purity gases. Using this apparatus, gases can be generated
from a liquid and a solid, or from two liquids. A liquid is always
placed in the upper bulb. The entire apparatus can be evacuated
before opening stopcock » and, if necessary, the liquids can also
be degassed by boiling. A modification of the apparatus which
uses, instead of stopcock A, a ground-in stopper s operated by a
glass rod, has been devised by Bodenstein (Fig. 58). If the stopper
is grooved down to the midpoint and the seat has a vertical groove
below the midpoint, the introduction of the liquid may be controlled
simply by rotating the stopper instead of raising it. If degassing
of the upper liquid by evacuation is desired, the glass rod of the
stopper must obviously be sealed against the atmosphere by a
rubber stopper.

Hg above
glass frit

Fig, 56, Kippgene- Fig. 57, Kippgene~ Fig. 58, Gasgenera-
rator for producing rator for producing tor with Bodenstein
air-free gases, air-free gases. dropping funnel,
May be evacuated.

Special devices are used for the generation of a gas from two
mixed liquids (see the preparation of HCl gas from concentrated
hydrochloric acid and concentrated H;SO4, Part II,Fig. 143).

PURIFICATION OF GASES
The scrubbing action of an ordinary gas washing bottle is

limited. In general, if the scrubbing liquid and the gas passed
through it are to interact in a satisfactory manner, the flow rate
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should not exceed 10 liters/hour. The flow rate can be roughly
estimated from the frequency of the bubbles. With tube diameters
of approximately 5-6 mm., one bubble per second corresponds
approximately to a flow rate of one liter per hour in a simple wash
bottle. A frequency of ten bubbles per second (i.e., that rate at
which single bubbles can still be counted exactly with the naked eye)
represents the upper limit for satisfactory interaction with the
wash liquid. Wash bottles with fritted disks are considerably more

y T

N R

Fig. 59. Efficient
gas washing tubes.

FRITTED-DISK WASH BOTTLES

The effectiveness of wash bottles can be greatly increased by
good dispersion and subdivision of the bubbles. Suchfine dispersion
of gas bubbles is effected in fritted-disk wash bottles by means of
a sintered glass disk through which the gas enters into the wash
liquid. For especially efficient scrubbing, a fritted glass disk of
medium or coarse porosity can also be inserted at the bottom of a
long glass tube, which holds the wash liquid. The disk is held in
place with a rubber stopper or by fusing to the tube. In a simpler
device, such as shown in Fig. 59b, a plain fritted glass filter S is
attached to a glass tube g of the same diameter.

Especially fine bubble dispersion can be attained with an un-
glazed clay cell used as a frit. The cell is attached to a glass
tube with a rubber stopper, and the assembly is held at the bottom
of a large-diameter glass tube by means of a second rubber stopper
(Fig. 59a). The rubber stoppers are secured in place with wire or
clamps. TFinally, the scrubbing effect can also be increased by
filling the wash vessel with glass fragments or glass beads.

For runs of longer duration, in which consumption of the wash
liquid must be taken into account, a wash tower may be used. It is
similar in design to that shown in Fig. 59b, but has a dropping
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funnel on top instead of the stopper, and a stopcock for removal of
spent wash liquid is fused on approximately at the level of g. It is
then possible to add fresh wash liquid during the operation and to
drain off a corresponding amount below.

DRYING OF GASES

Drying is carried out either with concentrated H,SO, in wash
bottles, or by passing the gasesover adrying agent in drying tubes,
or by cooling to low temperatures.

Table 15
Drying Agents for Gases

mg. Hzo/liter Dew point,

Drying agent oC Remarks

ZnCly 0.8 —33 Not to be used with

CacCl, 0.2 NH;, amines, HF
or alcohol.

CaSQOy 0.005 —63 Neutral. One of
popular U. S. brands
is Drierite,

CaO 0.003 —67 Not to be used with

KOH 0. 002 —170 alkali-sensitive

gases and those con-
taining CO,.
Conc. H,SO, 0.003 —65 Not to be used with

H,S, NH3, HBr,
CyHy or HCN.

Silica gel 0. 002 70 Can be regenerated at
200-300°C.

Aly,O4 0. 0008 —75 Very effective.
Mg(ClOy4 ), 0.0005 —178 Caution when used
with organic
substances! -
Py04 0. 00002 —96 Not to be used with

NH;3 or hydrogen
halides.

The drying agents listed before silica gel are virtually unusable in
high vacuum,



PREPARATIVE METHODS 81

The action of a drying agent is obviously limited. The degree
of drying that can be attained with any drying agent depends to a
great extent on the experimental conditions. The equilibrium
state, i,e., the humidity corresponding to the partial pressure of
water vapor in the drying agent, is practically never attained. For
this reason, the data of different investigators on the degree of
drying that can be attained with individual drying agents differ
greatly. The values shown in Table 15 give a survey of the approxi-
mate effectiveness of the most commonly used drying agents,

In particular, the following drying agents should be mentioned:

CaCl,. The values in the table are valid only for the fresh,
anhydrous salt., The drying efficiency can decrease greatly,
especially at higher ambient temperature and on prolonged use.

Silica gel is available commercially as a blue gel containing a
color indicator. With or without indicator, it is sold as gel pellets
approximately 3 mm., in diameter. The indicator form offers many
advantages. On exhaustion, a sudden color change fromblue to light
pink takes place. At the color change, the partial pressure of H;O
corresponds to approximately 1.5 mm.

It can be regenerated readily and as often as desired (drying
oven at 200-250"C), but must be used with caution, since, like the
even more active Aly;O,, it can also absorb large quantities of
many gases other than H;O, and this can be the unsuspected cause
of many an unexplained experimental loss of material.,

Phosphorus pentoxide generally contains traces of lower oxides
of phosphorus, which can be troublesome, sincethey form PHj with
Hy0, It can be tested by heating its solution with AgNO, or with
HgCly; reduction occurs if lower oxides are present, More rigorous
work requires Pz Oy that has been sublimed in a current of Oz be-
foreuse, preferably directly into the drying tube. For morereliable
oxidation of all impurities, the sublimation may be followed by short
contact with a Pt catalyst. The drying tube is connected to an
equally long and, if necessary, somewhat larger diameter glass
tube., The connector is a small glass tube approximately 5 mm. in
diameter and 6 cm. long. It is fused to the two larger tubes. The
drying tube is filled very loosely with glass wool and dried at a high
temperature ina stream of dry air (a CaCl, tube is sufficient), Some
Pt foil is now placed inthe empty tube and, following that, sufficient
P;0; is introduced in sucha way that a free channel for gas passage
is available over the entire length of the tube. A slow stream of
0; is now passed through. The tube with the glass wool is heated
somewhat and then the area of the Pt catalyst is heated almost to
the softening point of the glass. By heating to200-300°C, the P5Osg
slowly sublimes and passes over the catalyst. The heating should
start at the Pt foil and proceed gradually to the other end. The
P;Og is uniformly distributed in the heated tube containing the
glass wool (Fig. 60).
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Smaller drying tubes are also filled with glass beads or small
pieces of glass tubing. Figure 61 shows a usable form which,
because of the vertical position of the ground joints, can be readily
interchanged. Loose magnesium perchlorate (without a carrier)
as well as silica gel can bereadily poured in, since these materials
do not plug the tubes as readily as P Og.

glass wool P2 Us

Fig. 60, Purification of phosphoruspent-
oxide by sublimation.

The neatest and most efficient solution of the problem of the
drying of gases is cooling to low temperatures. In this procedure
the gas is passed through a spiral condenser
immersed in liquid nitrogen or in a Dry
Ice-acetone mixture,

NOBLE GASES
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While discussing purification opera-
tions, we should consider the purificationof
noble gases more specifically, since these
are not treated in Part II. Of these gases,
argon is an unexcelled protective gas for
highly sensitive substances. Helium and
Fig. 61. Phosphorus neon are equally effective andarealsoused

pentoxide tube. occasionally., These gases are stored in
steel cylinders and can be freed of theusual
impurities (HzO, Oy, COg) by the methods customarily used for
other gases (e.g., Np). A simple and very effective method for the
removal of moisture and O; from inert gases and from N, or Hz is
given by Harrison [9]. In this method the gas is passed through a
U tube (e.g., 40 cm, high, 2.5 cm. in diameter) partly filled with
liquid Na-K (25% Na, 75% K).

In addition, the problem of the removal of small amounts of Ny
from the inert gases, particularly from Ar, requires special con-
sideration here. The Np; may be combined with metallic Ca, Mg,
Ti or Zr; metallic U is also very useful.

Because of the low reaction rate, absorption on Ca, which is
thus converted to CasN,, must be carried out at 600-700°C, and
requires an iron tube to hold the Ca turnings. The apparatus is
shown in Fig. 62, The tube is approximately 70 cm. long and made
of stainless steel. In addition, the Ca shouldbe activated by a small
amount of CazN, to speed up the reaction (O. Ruff et al. [97).
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Similarly, Mg turnings can be activated with metallic Na; they
quickly absorb N at approximately 600°C, Several small pieces of
Na are added to the Mg turningsbefore the first heating of the tube;
the Na distributes itself automatically (Grube and Schlecht [9]).

steel wool ; 1

Ca or Mg turnings standard

ground joint

cooling cooling
water water

Fig. 62, Apparatus for absorb-
ing nitrogen on metallic cal-
cium or magnesium,

According to N, W. Mallet [9], N, can also be removed from
inert gases by means of Ti, Zr or U, As shown in Fig. 63, a quartz
tube, approximately 2.5 cm, in diameter and approximately 70 cm.
long, is used. The Ar, predried over Mg (ClO,) 5, is passed through
it. The Ti powder is placed between two steel wool wads in a layer
25 cm. long, containing approximately 150 g. of metal. The particle
size of the Ti powder should not be too low. The metal should be
loosened up by pulverizing afteruse, the frequency of such treatment
depending on how it is used. The sintered material should be re-
generated and the entire tube packing should be treated after it has
been in operation for a total of elght hours. Because of sintering,
a working temperature above 850 °C is possible only if Ti is present
in the form of coarse turnings. Before it is used, ordinary com-
mercial Ti must be freed of its generally high H, content by heating
in vacuum. When 30-40ml. of N5 (or Oz) per gram of Ti has been
absorbed during a run, the absorptivity of the packing is greatly
decreased and the material must be regenerated. A packing can
be thoroughly exhausted, without any danger of Nybreakthrough, if a
similar second tube is installed after the first.

A more recent method for purification of inert gases, which can’
also be used for H,, consists in passing the gases through liquid

steel wool Ti powder

:4/- -
—m_/lll AN AN m—W’
radiation shield E:j quartz tube

furnace (¢50)

Fig. 63. Apparatus for absorptionof
nitrogen on titanium,
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magnesium at 750°C, A steel apparatus is used, such as that shown
in Fig. 64 (I. Jenkins and D. A. Robins, Third Plansee Seminar,
Reutte 1958, and private communication),

FLOW RATE

Flowrate canbe estimated through bubble counting. It is meas-
ured with arotameter or a differential monometer. Therotameter is
based on the displacement of arotating float
N in a slightly tapered, calibrated tube. Both
-— the tubes and the floats already properly
cooling water calibrated, are commercially available.
- In differential manometers, the two
N arms of a U tube are bridged by a cali-
i . brated capillary tube through which the
E % liquid Mg gas flows (Fig. 65). Flow rate is propor-
Nt furnace tional to the pressure difference between
(~750°) the two sides of the capillary.
For exact measurements, the temper-
Fig, 64, Purification ature of the capillary should be constant.
of inert gases with A glass stopcock is connected parallel to
liquid magnesium. the capillary tube. Overflow of the manom-
eter liquid can be prevented by opening
the stopcock at the last minute; experience shows that attempts to
prevent trouble by controlling the flow rate usually come too late.
Addition of a filling tube to the manometer permits pouring in the
liquid after installation and drying of the manometer. The lip is
then sealed off. Suitable filling liquids include: concentrated
H5S0O4, paraffin oil, silicone oil, bromonaphthalene, Hg or even
stained water, depending on the purpose. By using inclined tube
manometers, even very small flow rates can be measured quite
well, employing only slightly constricted capillary tubes. Such
devices are commercially available and can also be prepared in
the laboratory.
The capillary tube shown in Fig. 65b can be readily interchanged.
A calibration is required for each gas.

VOLUME MEASUREMENT

Calibrated gasometers or gas burettes are used. A constant-
pressure gas burette was described by Schenk [Z. anorg. allg.
Chem. 233, 393 (1937)]. Otherwise, wet test meters-—commercially
available in precision types—are used. They are especially useful
in calibration of flow meters.

GAS RECEIVERS AND STORAGE VESSELS

Gases are stored in gasometers. The chief disadvantage of the
simpel gasometers is that, with the exception of bell-type devices,
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Fig., 65, Differential Fig, 66, Constant pres-
manometer, sure gasometer,

they do not permit removal of the contents at a constant pressure.
More recent models avoid this difficulty by having the feed line
from the upper container connect to an overflow flask instead of
reaching the bottom of the reservoir. Such gasometers can be
easily improvised from large flat-bottom jars or even 60-liter
flasks, The arrangement of thetubes canbe seen in Fig, 66. Tube d,
extending to the bottom of the bottle, serves for piping the sealing
fluid back to @. This can be effected either by putting the lower
container under positive pressure or by creating a vacuum in the
upper one. An immersion tube . in the upper container makes this
vessel a Mariotte flask, The gas pressure is determined by the
difference in height g between the outlet of  and the overflow tube
in the lower container. Such gasometers function very dependably.
Once set, the flow rate remains completely constant for many
hours. The one disadvantage is the necessity for large quantities
of sealing liquid. The use of saturated, degassed common salt
solution as sealing liquid reduces the danger of carry-over of
impurities. For some purposes suitable paraffin oil may also be
used. It must be heated and outgassed invacuum prior to use. Bell
gasometers in which the bell floats in a narrow, ring-shaped slot
filled with Hg offer even better protection against impurities.
Because of the considerable quantities of Hg, whichthey still require
in spite of their special construction, they are limited in size. As
can be seen in Fig. 67, a wooden shield serves to guide the bell,
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When a rigid connection between gasometer and apparatus is
desired, the gas can be removed via a glass tube fused at J (dashed
lines, Fig. 67) instead of through h.

Storage is often simplified if the gas is forced into evacuated
steel cylinders. A small pressure vessel, cooled with liquid
nitrogen, is used for this purpose. The gas is liquefied in this
container and then flows through a copper capillary into the evacu-
ated steel cylinder (Fig. 68).
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Fig, 67, Bell Fig. 68. Transfer of
gasometer, condensable gases into
steel cylinders.

If it is desired to prepare a gas mixture in the steel cylinder
(e.g., by filling it first with N to 30 atm. and then adding H, until
the pressure totals 120 atm., thus obtaining NH, synthesis gas) one
should remember that gases under such high pressures have a con-
siderable viscosity, which hinders complete mixing for days. There-
fore, convective mixing should be induced through heating. This
can be done by placing the cylinder in an inclined position, with the
valve on the bottom, and heating it by irradiation with a 60-watt
light bulb, Occasional analysis of the mixture serves as a useful
check of the constancy of gas composition.

Liquefied Gases As Solvent Media

A great deal of equipment has been devised for work with
liquefied gases, such as NH,, SO5, HF and others. This equipment
permits carrying out such operations as precipitation, filtration,
washing, drying, titration, etc., in complete absence of air and
moisture. The operations proceed either in vacuum at the vapor
pressure of the particular liquefied gas or in an inert atmosphere.
The following brief description of equipment cannot make any claim
to completeness.
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UG

Fig. 69, Apparatus for reactions in liquid
ammonia: I) reactiontube; II) condensation
equipment; 2 and 6) pressure release
valves; 3) condensation, drying and stor-
age of NH3;4) protection against spray and
fog—fritted glass or glass wool.

Zintl and Kohn [10] describe an apparatus for reactionof a salt
with a solution of alkali metal in liquid NH5. This apparatus may
be adapted to other similar uses (Fig. 69). The basic component
is an H-shaped tube. Leg b contains the salt (this leg is later
sealed off at ¢); leg a contains the alkali metal. A flexible con-
nection (e.g., a tombac tube) to the other parts of the apparatus is
provided at 5. After evacuation, the NHjis introduced through 1 and
condensed in 3, which contains sodium for drying the NHz. From
3, the NH; is distilled into @ and b and condensed there. Franklin
and Kraus [10] showed that NH,distilledonce over Na is completely
clean and dry. When the Na in @ has dissolved, the H tube is tipped
and the solution is poured through e into b. The connecting tube)
serves for pressure equalization. At the end of the reaction the
NH; is evaporated, the apparatus evacuated, and b cooled in liquid
nitrogen to loosen the substance from the walls, The apparatus is
then filled with N, and cut open at ¢, and the substance is crushed
with a stirring rod inserted through ¢ while a stream of N passes
through. For washing, the substance is transferred in a stream of
N into a well-dried “washing tube” (Fig. 70) (A. Stock and B.
Hoffman [10]), which contains a small inset tube surrounded by
glass wool or small glass beads. After filling, the N3 inlet tube is
sealed off. The tube is evacuated, NHj is introduced and con-
densed, and then the top of the “washing tube” is sealed off. The
tube is allowed to warm to room temperature and cooled on top
with water or ice. The NHs refluxes condenses on top, flows
down and extracts the substance on the glass wool. The extract
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runs down through the wool while the fresh NHj distills upward
through the small inset tube.

"

!

glass beads
or glass wool

p cooling
water

7

Vix

Fig. 70, Wash tube for Fig. 71. Extraction with liquid ammonia,
extraction with liquid
ammonia.,

To separate a mixture of solid substances with different
solubilities in liquid NHj (or SOgz) by extraction, the apparatus
pictured in Fig. 71 is used. It was devised by Biltz and Rahlfs and
improved by G. Jander, Wendt and Hecht [10], as well as by Klement
and Benek [10]. The solid starting material is placed in leg @ on the
fritted glass disk b. Purified NH; gas is then admitted throughc
and condensed in a by cooling., Affer the portion soluble in NHj has
dissolved, the cooling bath is transferred to leg d and the NH; is
forced by its own vapor pressure from g into d. The undissolved
residue remains on filter » ina. Fresh NHz is condensed ina by
cooling a instead of 4 and opening the connecting stopcock. By
repeating the operation, the insoluble residue can be multiply
extracted with NH,. The NHj; can be either directly recycled to a
or removed as a gas through ¢, condensed outside the apparatus,
and recycled., By using the special head g, equipped with a cooling
jacket holding Dry Ice-acetone mixture, instead of the ground glass
cap f, the extraction can be carried out with NH; continuously
trickling from g to a. The extract collects in d and can be removed
through e.

No foreign gases are permiftted in the free space of all such
apparatus or the recondensation of NH, (or SOz)will be appreciably
hindered. Thus, the free space is evacuated from time to time,
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while the liquid NHj (or SOy) is held back by cooling one leg, The
temperature should not be lowered to the point where the liquid
freezes, because of the risk that the filter plate may shatter when
rewetted.

analysis

: fused~-on

Mark capillaries
el

r

Fig, 73. Flask for re-

Fig. 72, Apparatus for actions in liquefied
reactions inliquid am- gases: e—addition tube;
monia. J—frittedglass;r—re-

action flask.

An apparatus for reaction of solutions of alkali metals in NH, with
solid materials (G. Brauer and V, Stein [10]) is shown in Fig. 72.
The alkali metal is sealed in a small ampoule which is provided
with a small hook at one end. The seal point is broken off; the
ampoule is suspended by the hook from a thin wire and introduced
into the apparatus. The ampoule contents aremelted in a stream of
N; and flow to 5. Then NHj is condensed in 5. The solid is already
in 4, and both substances are combined by tipping the apparatus.
After evaporation of the NH, the reaction product is transferred
to analysis flasks, Mark capillaries, or to containers such as
shown in Fig. 54a. From these it can be further transferred, as
required.

The Jander and Schmid [10] apparatus shown in Fig. 73 has also
proven useful in such reactions. The first condensation of NH, is
greatly facilitated by the addition tube e; the frit /can be used for
filtration in either direction. The greased ground joints remain
gas tight even on immersion in a Dry Ice-methanol bath, so long
as the pressure inside the apparatus does notfall below 50-100 mm.
In a higher vacuum, fine channels form readily in the lubricant
layer.



90 P. W, SCHENK AND G, BRAUER

An apparatus for liquid—liquid NH, reactions yielding solid
precipitates is described by Schwarz and Schenk and also by Schwarz
and Jeanmaire [10].

A description of an apparatus for titrating liquid NH; solutions
with standardized NH, solutions is given by Zintl, Goubeau and
Dullenkopf [10]. Furthermore, similar devices for work with
liquefied gases have been proposed by Juza, Schmitz-DuMont, F,
Seel, G. W, Watt and others. A selectionof the latest literature on
the subject is given in [10]. The reader should also refer to the
preparation of thiocyanogen in Part II, as well as to the section on
Carbonyls and Nitrosyls in Part III,

Electrical Discharges

One distinguishes here between the so-called “silent” discharges
at atmospheric pressure and glow discharges at reduced pressure,
Other discharge types such as arcs are not considered here, since
in those cases the specific discharge effects are masked by thermal
ones.

Silent discharges are obtained in a Siemens ozonizer, which is
a system of two concentric tubes. The gas flows through the
annulus (see Part II, section on Oxygen and Ozone).

Glow discharges are produced at reduced pressure (<10 mm.,)
between electrodes (Al, Fe) connected to ahigh-power, high-voltage
source (about 6000 v.,, 100-200 ma.). “Electrodeless” discharges
can be used when metal electrodes cannot. They are produced by
inserting the discharge vessel (a sphere or short cylinder) into a
coil made of a few windings of thick copper wire (primary winding
of a Tesla coil) and using the latter as an oscillatory circuit con-
nected to a high-frequency generator (quenched spark gap, emitter).
Especially effective are direct current pulse discharges, whichare
produced by charging a high-capacitance condenser from a high-
voltage transformer via a rectifier and high-resistance rheostat.
After reaching the break through voltage, the condenser discharges
across the spark gap and the discharge tube with an extremely intense
current surge. For a short time (10-° sec.), pulses of more than
100 amp. appear inthe gap. Suchapparatus is particularly suited for
prottliui:tion of active nitrogen. A fuller description will be found
in [11].

Aluminum foil is used for electrodes whenever possible. It is the
least dust-forming material. In the case of halogens, water-cooled
iron tubes (Schwab’s apparatus [11]) must be used. The discharge
tube is approximately 20 mm, I.D, andis enlarged at the end, where
a 40-mm.-thick Al electrode is placed. If the electrodes are
sufficiently close to the walls, the tube can carry a current of
200-300 ma. without special cooling. For higher currents a fan is
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used for cooling. Two such discharge tubes are shown in Fig. 74.
Good pumps are especially important when working with electrical
discharges, particularly when one of the reagents isa gas that does
not condense at the temperature of liquid nitrogen. For example, for
a throughput of one mole of gas per hour at 1 mm. pressure,
17,000 liters of gas, i.e., 5 liters per second, must flow through the
apparatus. Since in many cases one must work with still lower
pressures (0,3-0.5 mm.), very high capacity pumps as well as tubes
of at least 20 mm. I.D. are absolutely necessary.
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Fig. 74. Dischargetubes: D) sealing-off or
cutting-off point (removal of reactionpro-
duct frozen out inthetrap); &) tothe pump.

Purification of Substances

Purification is effected in most cases by distillation, sublima-
tion or recrystallization. In many cases, the mechanical methods
of elutriation and gravity separation are also useful. The progress
of the purification is followed by checking either the analysis or the
physical properties, especially melting point, boiling point and
vapor pressure,

DISTILLATION

Distillation columns are used for greater separation or to
accelerate the process. The disadvantage of a more or less con-
siderable holdup, which formerly required large quantities of
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substance in order to achieve effective fractionation, has been
largely overcome by the development of modern columns., As a
makeshift device, a 60-cm.-long column packed with metal or
glass Raschig rings, and insulated by a glass jacket, can be used
(Fig. 75). If the rate of distillationis adjusted so that for each drop
collected at the top, two or three drops fall back into the boiler, then
the separation is usually very good. Columns like Jantzen’s or
Podbielniak’s are used when purity requirements are higher (Fig.
76). The principal component of the Jantzen columnis a long, spiral
riser tube, which is thermally insulated by
a sealed-off, silvered, evacuated jacket.
The ratio of distillate to reflux is con-
trolled by the setting of the stopcock (cf.,
e.g., Bernhauer, Einfuhrung i.d.org. chem.
Laboratoriumstechnik [Introduction to Or-
ganic Chemistry Laboratory Technique],
Vienna, 1944, p. 119), The Podbielniak
column is used for fractionation of liquefied
gases. Columns with a rotating metal core
(also available as microcolumns) havevery
small holdups.

VACUUM DISTILLATION

The usual equipment for vacuum distil-
lation is so familiar that it requires no
special mention here, Although the main
use of short-path, thin-layer distillationis
Fig. 75. Distillation in preparative organic work, this method
column packed with is also useful in preparative inorganic

Raschig rings. work. In this type of distillation, the sub-

stance runs in a thin layer over a heater
surface at extremely low pressure, and the more volatile compo-
nents condense on a cooled wall directly above and a very short
distance from the heater. A great many devices have been designed
for this, One is presented in more detail in Part II, section on
Sulfur, when dealing with the purification of polysulfanes.

SUBLIMATION

Besides the usual sublimation equipment (an example of the
simplest type is a beaker covered with a water-filled flask) one
should mention an apparatus for vacuum sublimation which can
easily be assembled from a Pyrex evaporation vessel with a per-
forated cover, Figure 77 shows the construction.

Vacuum sublimation is used, above all, for purification of
metals. Except for a high-capacity pump (most metals give off
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vacuum, H,

a2 oGO0 o 1330~ 270 —1

Fig. 76. Podbelniak distil-

lation column: a)filled with

hydrogen at various pres-

sures; b) high vacuum; for

the sake of clarity, the dia-
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considerable quantities of gas upon heating) the equipment required
is relatively simple. Allthatis required isa large quartz, ceramic
or suitable metal (e.g., steel) tube into which the metal to be sub-

limed is placed, either directly or in a boat,
and a concentric cold finger cooled with running
water, on which the sublimed metal deposits.
The cold finger mustbe easily removable atthe
end of the sublimation., Figure 78 shows the
principle of the setup. It may be modified
somewhat, depending on the materials used
le.g., quartz in the apparatus of W, Klemm and
H, U. von Vogel, Z. anorg. allg, Chem, 219,
45 (1934)]. _
Less volatile metals can alsobedistilled, in
smaller quantities, in a tungstenboat heatedto
avery high temperature, They deposit onan ad-
jacent cooled surface. The layout corresponds

27,

=

M=

Fig, 77, Vacuum
sublimation ap-
paratus.
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cooling
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Fig. 78. Sublimation ontoa
cold finger.

very closely to the tubular tungsten furnace shown in Fig. 13. In
this case, however, the heating element is an open boat, made by
folding a sheet of tungsten, instead of the tube.

RECRYSTALLIZATION

Crystallization depends essentially on two factors; the crystal-
lization rate and the number of centers of crystallization, With
high supersaturation, the number of nucleation centers is large
so that many small crystals are formed. With only slight super-
saturation, the crystallization rate is controlling and only a few—
and therefore larger—crystals are formed. Although the widely held
notion that especially well-formed crystals are always highly pure
is not valid (impurities can be occluded with the mother liquor),
still, the production of large crystals for crystallographic purposes
is so important that we shall discuss the subject briefly.

CRYSTAL GROWING

Larger single crystals can be obtainedby recrystallization from
the gas phase, from a solution, from a melt and in metals (121,

Growing from the gas phase (sublimation) is effected by enclosing
the substance in an oblong glass or quartz ampoule and maintaining
a temperature gradient along the ampoule for some time. The
transport phenomena that occur during this process leadto crystal-
lized deposits. The process is widely applicable and is sometimes
very effective, even in reversible decomposition reactions with
participation of a gas phase. It is, however, suitable only for small
quantities.

Growing from a solution occurs through growth on already present
crystallization centers or on crystal seeds. The following general
rules are valid. The crystallization vessel should either be very
well insulated to achieve extremely slow cooling and a super-
saturated solution at a given temperature, or the vessel should be
maintained at a constant temperature (Dewar flask, thermostatted
bath with slowly decreasing temperature) while the solvent slowly
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evaporates. Large crystals are obtained more easily in large
diameter containers than in narrow ones. Crystallization centers
on the bottom of the container disturb the growth of the crystal
and should be avoided as much as possible, e.g., by polishing the
surface. After each crystallization, the best crystals are selected
for use as growth centers, and these are again inserted into a hot
saturated solution. (However, the saturation should not be quite
complete at the moment of insertion.) Some dissolution of the seed
crystals in a new crystallization run is necessary for even growth.
A single, well-shaped crystal can also be suspended in the solution
on a thread or wire. Small crystals formed on the surface of the
liquid should not be allowed to fall on the growing crystal; for this
reason the latter is protected by a cover, made, for instance, of
fibrous material.

Uniform growth is promoted to a large extent if either the
crystal or solution is in continuous motion, since local concentration
fluctuations are thus evened out. Freedom from vibration during
cooling—previously considered important—is therefore not neces-
sary in order to obtain large, well-formed crystals. Either the
crystal is rotated in the still solution or the liquid is permitted to
flow past the fixed crystal. For the firstcase, Johnson has devised
a simple setup, which is shown in Fig. 79. A stream of air controls
the evaporation rate of the solvent. There is a protective cover
over the growing crystal. For the second
case, that of moving liquid, the simplest stirrer
setup is an inclined, round-bottom flask
which rotates slowly about its axis in a
thermostatted bath with gradually de-
creasing temperature, Withmorestrin-
gent requirements, the Nacken apparatus
(shown in Fig. 80) is used. Constant
change of the solution, which is always
being saturated in the middle section of
this apparatus, is achieved by means of
the two check valves and a rubber bulb
attached at a. ,

When crystals are grown from a Fig. 79. Single crystal
melt, the simultaneous growth ofa great growing with movement
many crystallization centers must be of the growing crystal.
prevented. The growing crystal should
always be the coldest part of the surroundings by being connected
to a heat sink (a rod or a tube with good thermal conductivity).

An especially successful process for alkali halide crystals was
devised by Kyropoulos [12]. The experimental arrangement can be
seen in Fig. 81. The fused mass in the electrically heated crucible
is heated to about 150° above the melting point, then cooled to
about 70° above the melting point. The cooling rod is then

thermostatted bath
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immersed. Only then is the cooling of the rod started. When a
crystal forms at the tip of the rod, usually as a hemisphere, the
rod is carefully lifted by a micrometer device so that it barely
touches the surface of the fused mass. At this point there develops
a large, very clean, round crystal, provided the cooling of the rod
is adequate. Finally this crystal is lifted from the mass and very
carefully cooled.

——

crystallization
vessel

-

check - vessel
valves “{--Vpy--- -

._f;f;kfumace
""""" storage :
vessel
e
Fig. 80. Single crystal Fig. 81. Single crystal
growth in a moving sol- growth in a melt.

ution.

The growing of metal single crystals can be carried out via
several methods. Tammann and Bridgman [12] have devised an
apparatus for slow solidification of metallic melts, A tube filled
with the melt is lowered slowly and at a uniform rate (e.g., by
means of a clock mechanism) through a vertical, electrically heated
tubular furnace. In order to force the crystallization process to
occur at a fixed place and from only one crystallization center, the
bottom of the tube is drawn out to a capillary point (Schubnikow;
Straumanis [12].

By pulling, a single crystal metal fiber is drawn out of the molten
mass at a slow, uniform rate (e.g., 0.2 mm./sec.) while cooled and
protected by a stream of inert gas (N3, COgz). A small mica leaf
with a hole in the middle, floating on the surface of the molten
mass, serves as a die for the fiber and determines the thickness of
the wire-shaped single crystal (Czochralsky; Von Gomperz; Mark,
Polany and Schmid [12]).
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Other special methods for growing metal single crystals are
recrystallization with alternate mechanical deformation and anneal-
ing (systematically and successfully used till now with Al, Mg, and
Fe) as well as a crystallization process in which a volatile metal
compound decomposes thermally on a high-temperature filament and
the metal deposits on it. This procedure may be used also for the
preparation of some metals and very pure simple metal compounds.
Some of these cannot be obtained as pure by any other method
(Ti, Zr, Hf, Nb, Ta, etc.) (Koref; Van Arkel; Agte; Burgers; De
Boer [127).

Small crystals, required for powder pattern analyses, are often
accidentally found in cavities of solidified melts. In some cases,
this phenomenon can be artificially encouraged by inserting into the
metal (or alloy) mass a honeycomb of folded strips of sheet iron,
the nooks and crannies of which serve as cavities. In this case,
the container must be moved to and fro during slow solidifica-
tion, in contrast to other methods of crystal production (G. Brauer
and R. Rudolph [12]).

Zone melting. In this method for metals and semimetals, de-
veloped by Pfann, a small heating device is passed along a rod-
shaped sample of a solid, fusible substance in such a way that a
narrow fused zone gradually moves along the whole length of the
sample, Impurities are thus transported in one direction. Several
such passes result in ultra high purity material. The method is
usable for all substances (and compounds) with appropriate melting
properties [13].

GRAVITY SEPARATION

Of the mechanical methods of separation, which can be used
when chemical isolation of a product is either not possible or not
practical, density separation requires some mention. A solid
mixture of two components with different densities canbe separated
by means of a liquid of intermediate density. It is an essential
prerequisite that the solid be pulverized until every particle is as
homogeneous and free of inclusions as possible, but an unnecessarily
fine powder should not be produced. Various “heavy liquids” and
“heavy solutions” have beenproposed as separation liquids, in which
the lighter component rigses and the heavier one sinks to the bottom.
If somewhat elevated temperatures are permitted, then low-melting
substances can be included in this group and the range of the usable
density values widened a little more, Table 16 shows the substances
used most often for gravity separations,

0 ]The following gravity separation procedures are of importance
4],

Dense liquids and solutions. In the simplest case, narrow, tall

beakers or ordinary graduated cylinders are used; these are filled
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with liquid and the solid is stirred in with a glass rod and left to
separate. The light component can be decanted after settling or,
better still, scooped out with a nickel wire sieve. Ordinary
separatory funnels whose stopcock is mounted a few centimeters
below the vessel are also recommended. The bore of the stopcock
plug should be the same diameter as the funnel tube. For more
thorough separations an apparatus such as shown in Fig. 82 I can be
used., The mixture to be separated is poured into the large tube and
liquid is allowed to run through the funneluntil its level equals that
of the upper side branch., By repeated stirring with a glass rod,
the light components are elutriated toward the top. Then the main
large opening is closed off with a cork and more liquid poured in
through the funnel. This liquid sinks to the bottom, raises the lighter
components to the top, and thus permits them to overflow. The
operation should be repeated several times. For other recom-
mended apparatus, see [17].

|- a

L1-C

-
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Fig. 82, Apparatus for gravity
separation. 1) after Brauer
and Scheele; II) after Penfield.

Dense melts. The separationcanbe effectedina test tube, which
after solidification can be broken and the cake split up into two
parts containing the lighter and the heavier components, For more
separation, Penfield’s apparatus, shown in Fig. 82 II, is used.
A small container b» is placed in a Vycor or quartz test tube a.
Vessel b is connected by a ground glass joint to an adapter ¢. The
resulting tube (b plus ¢) is filled witha mixture of the powder to be
separated and the substance serving as the melt. Then the entire
vessel (@, b and ¢) is heated, e.g., in a water bath; the molten
substances will rise fully into ¢. After separationhas been accom-
plished, the closure tube d, provided withamale ground joint at the
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bottom, is introduced to seal off b, as shown in Fig. 82 (II). The
spatial separation of dense and light substances is so good that

after solidification of the melt, » can be loosened without difficulty
from ¢ and 4 by brief heating.

Table 16a

Liquids for Gravity Separation, Dense Liquids [15]

Liquid dmax Properties
Bromoform 2.9 Cheap, very mobile, transparent,
inert to ores, slightly sensitive
to light,
Todoform solution in bromoform 2,9-4,0 Similar to bromoform, but

strongly colored to the point of
capacity, At high CHI, con~
tents (m,p. 119°C) solid at
room temperature,
Tetrabromoethylene 3.0 Similar to bromoform; more light~
stable than bromoform, Evapo-
rates relatively quickly,
Potassium iodomercurate solution 3,2 Almost colorless, transparent,
(Thoulet solution) easily prepared, Poisonous!
Attacks the skin! Hygroscopic,
fairly viscous; decomposed by
Fe and many oxides and sulfides,
with Hg separation, Crystal
powder removal difficult be~
cause of adsorption.

Methylene iodide 3,32 Pure material almost colorless;
very mobile; easily washed with
benzene; fairly inert when pure;
sensitive to sunshine, heat and
less noble metals (Al), Rela-
tively expensive.

Cadmium borotungstate solution 3.36 Not poisonous, harmless; difficult
(saturated) (Klein solution) to prepare; fairly viscous; de~
composed by Fe, Zn, Pb and
carbonates,
Barium iodomercurate solution 3.59 Easily prepared; cannot be de~
(saturated) (Rohrbach solution) composed by carbonates; should
be diluted with KI solution
only.
Thallium formate solution 3.17 (12°C) | Densest known aqueous soltion;
(saturated) mobile; may be diluted with

water. Light yellow when
4,76 (90°C) freshly prepared, becoming
brown upon standing; the brown
color can be removed with
Thallium formate and malopate | 4,07 (12°C) charcoal by heating the diluted,
solution (1:1) (saturated) solution, Somewhat difficult
(Clerici solution) to prepare; marked changes in
4,65 (50°C) density with temperature and
5 (95°C) evaporation,
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Table 16b

Dense Melts [16]

Melt M.p. d Properties
Silver nitrate 198°C | 4,1 |Wide variety of uses, Can be diluted with
KNO; or NaNO;.
Mercury(l) nitrate 70°C | 4.3 |Decomposes on long melting; thus, addition

of several drops of concentrated HNO; is
advantageous. Risk of decomposition with
free metals,

Thallium nitrate 206°C | 5,3

Thalljum nitrate- 75°C | 4.5 |Prepared by dissolving proper amounts of Tl
silver nitrate to and Ag in HNO,;, Can be diluted with
(in ratios depending 4,9 water, with strong melting point depres-
on the powder to be sion, Colorless, mobile, transparent lig-
separated) (Retgers) uid, An Ag film forms under the influence

of strong light, This can be redissolved
with a little HNO3, Sulfides decompose
the melt, Silicates are partially attacked.

Thallium mercury(I) 76°C | 5,3 |Best heavy melt; highly mobile; clear solu~
nitrate (Retgers) tions with H, O in all proportions. Also
suitable for sulfides and silicates.

In all separations with dense melts, care should be taken to
maintain a constant temperature.

Analysis of Purity

Although melting point determination is of special importance
for organic analysis, it is often useful in inorganic preparative
work as well, Of course, the usual methods, using a capillary in
a thermostatted bath, cannot be used in most cases because of the
high melting points, Higher temperatures can be reached with a
copper or aluminum block [18]. For high temperatures, the
crucible method is used, in which the cooling rate of the melt is
followed with a thermocouple immersed in it. The method is greatly
simplified by adding to the setup a second thermocouple placed
next to the first and connected in a circuit with a third one placed
in a second crucible, which stands beside the melt and contains
a comparison substance (e.g., fine sand) (see Fig, 83, differential
thermocouple). As long as the melt and comparison crucibles
are at the same temperature, the two thermoelectric currents
cancel, As soon as a temperature difference develops as a result
of the heat of crystallization, the highly sensitive instrument de-
flects and the temperature corresponding to the first crystalliza-
tion is read off from the proper thermocouple, This method of
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differential thermal analysis is, in addition to melting point de-
termination, also quite generally suitable for the investigation of
all changes, reactions, etc., which are accompanied by thermal

effects.

furnace

melting | control

crucible

Fig. 83. Determination of
solidification point with dif-
ferential arrangement of the

thermocouples

For very high temperatures, or if only
verysmall amounts of material areavailable,
Burgess’s micropyrometer can be used [18].

Measurement of vapor pressure of low-
boiling substances has already been treated
in the discussion of Stock’s apparatus. With
substances boiling above room temperature,
a heated manometer must be used. For in-
stance, molten tin can be used asthe manom-
eter liquid and the flask containing the
substance together with the short manometer
lowered into the heated bath, while the second
leg of the manometer is connected to a Hg
manometer and a surge vessel, The pres-
sure is then compensated for until the tin
in both legs is at the same level, and the
pressure is read off on the Hg manometer.
Another very useful device is the isoteni-
scope of Smith and Menzies [18]. Here the
substance itself serves as the manometer
liquid, Figure 84 shows the apparatus. The

crucible

to Hg manometer

RS

- 0mm*

b— 50—t

Fig. 84, Isoteni-
scope

substance is poured into the small flask ¢ and the instrument is
evacuated; the material is permitted to boil a little and the in-
strument is then tilted so that a portion of the substance flows
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into the manometer leg., Then the entire instrument is brought
to the desired temperature and the pressure is so controlled that
the liquid levels in both legs are the same. The pressure is then
read off on the mercury manometer,

The best device, however, is the quartz coil manometer, the
coil of which can be heated to 500°C (in special cases to 600-700°C).
In all cases the null point of the instrument must be checked after
each measurement, Therefore the manometer should be provided
with a heating coil, whichdoesnotneedto be at the test temperature
but must nevertheless be at a sufficiently high temperature to
prevent condensation in the coil and in the capillary connections
(which are likewise provided witha heatingcoil). With compensation
to zero, the pressure is read off on the Hg manometer, In those
cases where it cannot be ascertained by the usual method (with a
thermometer and distillation flask) the boiling point is determined
more accurately by extrapolation of the vapor pressure curve,

1 706 ml
1 dry air
vacuum
pump
—L

7z

Fig. 85. Vapor pressure
eudiometer,

Vapor pressure eudiometer, This apparatus was originally de-
vised as atool for analytical checking of the course of decomposition
of ammines or hydrates, but it is also useful for preparatory pur-
poses, e.g., when determination of a definite stage of decomposition
is desired., Figure 85 shows the construction of this device. The
substance is enclosed in the smallest possibleflaska and a definite
quantity of the volatile component is removed from it., The right
leg of the manometer m is calibrated in milliliters from the
zero position (both legs at equilibrium) down, The volumes of
a, of the various tube sections between stopcocks h,, h, and hg4,
and of the auxiliary flasks b, ¢ and d are measured partly by
direct weighing and partly determined indirectly, using the gas
laws. The volatile component from ¢ is removed intermittently
and measured by means of auxiliary flasks » and ¢. The weight
decrease of the substance is followed by weighing flask @, which is
closed off by ~,; in order to be able to remove a at »,, dry air can
be introduced at h, (G. F. Hiittig; G. Jander and H. Mesech [18]).
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Powder Reactions

A certain mobility of the participating reagents as well as the
largest possible contact surface are necessary for reactions between
two solid substances, The mobility (rate of diffusion) and reactivity
can be enhanced by raising the temperature or raising the energy
content of the material by fine changes in the structure. According
to a rule first advanced by Tamman—which is only approximately
valid—~reasonable conversions are obtained innormal experimenta-
tion times (order of magnitude: 1-100% conversion, 0.1-100 hours)
only when at least one of the solid reagents is heated to over 2/3
of its absolute melting temperature [example: conversion of
Al,O,, m.p. 2320°K, is expected to be rapid only above 1550°K
(about 1300°C)].,

Fig. 86, Press forms for powder com-
pression,

A large common surface of the reagents, which favors dif-
fusion, is ensured by using a fine powder. The powders should be
completely mixed and mechanically compressed into briquettes,
A simple apparatus for the production of such briquettes (tablets)
is shown in Fig, 86a, Suchdevices may be easily built in the labora-
tory from iron rods and are also available commercially (e.g., to
make samples of combustible substances for cali