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ABSTRACT

A method is given for the separation of aluminum
from beryllium using the reagent sodium hexametaphosphate,
which, although five years ago was a laboratory curiosity,
is on the market today as an inexpensive chemical.

Essentially the process consists in a preliminary
removal of about 60% of the aluminum at a pH of 3.93 by
the addition of 5.92 grams sodium hexametaphosphate for
each gram of Al1*** present. A small beryllium loss is
experienced, After filtering and washing the precipitate,
the filtrate is made more alkeline until a final pHLof S.4
is attained. At this pH, 1.78 grems of (NaPO3)g are added
for each gram of aluminum originelly present. Precipitates
obtained during this letter step are saved and dissolved in
acid, and the original separation is repeated. 4 total
yield of 85-88% of the original beryllium results,

An alternative procedure is offered in whieh 60% of
the aluminum is removed at a pH of 3.93, and the solution
boiled with an excess of sodium hydroxide to precipitate
the beryllium. This results in a recovery of 86.2% of the
beryllium,

The method has been shown to possess certain advantages
over the alum process, chlief of which are economy of heat,

time, and precipitating reagent.
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I. INTRODUCTION

The element beryllium has received a great deal of
notoriety during the past few years because of its property
of forming many light metal alloys whieh may have appliecation
in various industries. The metal is about one-third lighter
than aluminum and has many of the same physicel and chemical
properties. It is this similarity to aluminum that has re-
tarded the production of beryllium. The two elements oceur
together in the form of a beryllium aluminum silicate, and
the separation from aluminum is extremely difficult. The
problem is further complicated by the fact that even after a
pure compound is obtained the conversion to the metel is at
present rather costly. BHowever, it is believed that if low
priced beryllium sslts csn be produced, the metallurgy wmay be
greatly improved.

The disintegration of the ore is aceomplished by a
secret heat treatment process which is followed by sulfurie
acid extraction. The problem of separating the resulting
aluminum and beryllium sulfates has been attacked by using
many different reagents. Most of those that produce reasonable
results either involve laborious procedures or are prohibitively
expensive. Any method of improving this separation must be
considered a contribution to the beryllium industry.

About five years ago sodium hexametaphosphate, which had



&

formerly been a ladoratory curiosity, was produced in large
quantities and edvertised as a solvent for caleium stearate
and related compounds. The proximity of caloium and
beryllium in the Periodic System suggested the possibility of
the selt having distinetive sction towards either alumimm or
beryllium compounds, which might be useful in effecting a
separation. Qualitative experiments indicated the probadility
that the desired results might be attained,and the research

reported in the following dissertation was undertaken.



IX. A HISTORY OF ARALYTICAL AND LARGE SCALE
SEPARATION METHODS FOR BERYLLIUM AND ALUMINUM

I. ANALYTICAL

Probably the first method employed for the separation
of beryllium and aluminum was that éf Vauquelin} 1798, who
discovered the element beryllium. He found that by digest-
ing a mixture of beryllium and aluminum hydroxides in eon-
centrated ammonium carbonate, beryllium‘hydroxide passed
into solution, and the aluminum hydroxide was not attacked.
This proecedure does not give quantitative results.

Ancther early process of separating beryllium and
aluminum was developed by &malins, in 1840. This method
consists in treating a suspension containing bveryllium and
aluminum hydroxides in a& volume of 30 c¢c.c. with enough con-
centrated sodlum hydroxide to give a c¢lear solution. On
dilution to 500 o.o0. and boiling 2-3 minutes, Be{OH)g
precipitates in granulsr form, while aluminum stays in solution.
Although there are certain ratios of Ai+7ﬂa* whieh do not
permit good analytical results, it is ¢laimed that if aliquots
of a standard Be'' solution are added to all urnknown solutions,
the nmethod@ may be used successfully. The proportions whieh do
not give results are all high Al to Be ratios. In the manner
desoribed, the ratio of Al/Be is reduced and rather accurate
results are obtainable.

Among early methods whioh bave received adverse critiolism
there may be mentioped that of Borzeliusa, who advocated treat-

ing the hydroxides with saturated emmonium chloride solution,



and thenr bolling until all free ammonia zas was liberated.
Barthiar‘ proposed boiling a solution of aluminum end
beryllium hydroxides in sulfurocus acid, or concentrated
ammonium hydroxide szturated with sulfur dloxide, to expel
sulfur dioxide snd precipitete: aluminum hydroxide, Hart®
used a strong solution of sodium cerbonste to precipitate
the greater part of aluminum hydroxide, beryllium remaining
in solution, from which i1t eould be precipltated on diluting
and boiling.

In 18585, Debray fcund that sluminum ¢ould be precipl-
tated as besic sulfate dy the additlon of zine to a sulfurie
acid solution of beryllium and aluminum®,

In 1884, Gibbs fused a mixture of the two oxldes with
FAF. The fused masg was lesohed with bolling water eontsin-
ing a 1ittle hydrofluorie acid, tc extract the beryllium as
a double fluoride, which orvstallized out on uoolingv.

Rossler in 1878 was able to preclipitate beryliium as
a double ammonium phosphmte by the addition of ammonium
phosphete in the presence of cltriec eacld, This method is
extremely limited in practice; only when small amounts of
aluminum are present will the beryllium oompletely preuipit&t«e.

Vincent, in 1880, proposed a method which has as 1lts
basis the fact that beryllium hydroxide ls insoluble in
exocess dimethylamine, while aluminum hydroxide is soluble.
Renz later showed that either methylamine, moncethylamine

or diethylamine oould be used for preelipitating beryllium



hydroxide, leaving aluminum in salutiong’lo

Haven's method, which is used somewhat even today,
was worked out in 1897, and depends on the insolubility
of AlClg.8HyC in coneentrated hydroohlorie acid and ether
saturated with 1C1 gas. This involves double precipitations
Tor even small quantities of Be(l and AlpCz (as little as
0.1 g.) and if larger quantities are present may involve
even more precipitations. The use of small samples for
analysis seems to be imperative, and the strongest commenda-
tory point of the procedure is the crystalline character of
the eluminum precipitate produced.

Haber end VanOordt found that basic beryllium acstate,
which could be crystallized from glacial acetic acid, was
soluble in chloroform, while aluminum acetate was not. This
procedure is useful for the preparation of pure beryllium

for s%andard samples.l2

Parsons and Barnesl5 modified Hert's sodium carbonate
method, by substituting sodium bicarbonate, NaHCOy; these
investigators found that on boiling beryllium and aluminum
hydroxides in 10% NeHCOz, beryllium dissolves and aluminum
is unaffected. Brittonl% reviewed the rmethod, and believes
it satisfactory provided that the quantities of BeO and
Alg0z 40 not (each) exceed 0.1 gram and provided that very
efrficiert stirring is used. Parsons and Barnes themselves
give figures which show that double precipitations are

necessary.

Wunder and Jenger fused & mixture of the oxides, and



with an exceas of sodium carbonate. Water exiraction put
aluninum in solution as sodium aluminate, while beryllium
remained undissolved as an oxide or carbonate, This method
hes recsived favoradle comment by later 1nvestigatars%4’15’lﬁ

Kling and Gelin found that basie beryllium acetate
could be distilled under reduced pressure, any sluminum
remains in the residue. This method according to Britton
gives results ascurate to within 2%‘14,1?

More recent methods proposed for analytical separation
of bderylliwm and eluminum ineclude the following: Probably
the best of these methods for analytical purposes is the
8-hydroxyquinoline method, due to Kolthoff and Sandell, later
modified by Lundell and EKnowles, still later by Knowles, in
whieh aluminum is precipitated from a very slightly aeid
solution, buffered with emmonium acetate, &s aluminum
oxyquinolate, which may be weighed as such after dryling at
135°C. Beryllium, left in the filtrate, is then precipitated
as Be{OH), by the addition of emmonia. Certain preceutions
ere necessary in this latter step to recover the beryllium
completely.

Fischer developed a colorimetric procedure for the
determination of bderyllium in the presence of aluminunm,
using quinalizarin (1,2,5,5 tetrahydroxyanthraquinone)
In absenee of bderyllium, and presence of sodium
hydroxide thie indiecator is violet; beryllium colors

it blue. Aluminum causes no interference, but iron

is objeetionable, and special procedures must be followed at



different Fe/Be ratios. The method has not become very
popular, although guinalizarin has become & standard
qualitative test for deryllium, in the presence of
aluminum.

Adami states that beryllium mey be separated from
iron and aluminum by converting to formates by evaporating
to dryness twice with formic asid. The resulting formates
ere then placed in & platinum boet and heated with formie
acid in a long glass tube sealed at one end and connected
at the other to a vacuum pump. Ignited under vacuum at
180-200°, beryllium formate sub}imes and erystallizes in
the cold pert of the tubo.al

Willard and Fowler believe it possible to separate
beryllium and aluminum by thermal decomposition of the
sulfates. They c¢ite some data showing very good analytical
raaults.zz

Guanidine earbonate is the reagent advocated by
Jilek and Kota for beryllium aluminum separation. Ammonium
tartrate is used to hold up aluminum, and with certain
modifications in case ammonium salts are in high concentra-
tion, the solution is made feintly acld to methyl red, end
4% guanidine carbonate added. The beryllium precipitate 1is

ignited to Beo.?"3

Moser uses tannin for beryllium aluminum separations.
To the slightly acid solution of the sulfates, contalnlng
++
about 0.1 g. Alf and not muoch more Ba**, hot water 1s

added to make the volume 500 oc.e¢. Then quieckly while



stirring 3 g. tannin in 100 ml. saturated ammonium acetate
solution is edded. The mixture is then digested at.aﬂo
and finally boiled for two minutes, filtered and washed
with emmonium nitrate sclution. The precipitate ies ifgnited
and weighed.

Minnlg has en anslytical method which uses the
insolubility of AlClg.6HgO in & 4-1 mixture of acetone and
acetyl chloride. Beryllium ehloride is soluble in this
reagent. Double and triple preocipitations are usually

Becessary.
JI. LARGE SCALE SEPARATIONS

Fogg and Coughlin reported a xmethod cof extrecting
beryllium, caesium and rubidium from beryl. The mineral
is fused with Cal, then sulfuric acid added to the slag,
and water. By evaporationm, silica is dehydrated, and
removed, and ealcium sulfate along with it. The filtrste
is allowed to erystallize; and the alums of potassium,
caesium and rubidium are separated. aAmmonium sulfate is
added to the mother liquor, amd alum A separeted out. The
mother liquor is conoentrated, and alum B erystallizes.
Ammonium hydroxide is now added to the mother liquor, and
iron and aluminum hydroxides precipitated. Hydrogen sulfide
is passed in, and ferrie and cupric sulfides precipitated,
?0 the filtrate ammonium hydroxide and ermonium carbonate are
added, and the solution boiled, basie beryllium carbonate
precipitates. asfter evaporeting the filtrate, and filtering

off ammonium sulfate, sodium cerbonate is added, and lithium



sarbonate precipitated.
Lebsau volatilized much of the silica in beryl by

intenssly heating in an electrie furnace. The ore residue
dissolved readily in narz. Lebeau's apparatus was quite
expensive however, and required large power consumpticn.
After Lebeau had drivem off the SiOg by evaporation, he

had left AleC, BeC, FeSi and CS5i. He subjected the mass

to weathering conditions, and followed this with & treatment
of H.Fs in H2S04 which expelled SiF,. The residue of
Alp(SO,),, BeSO, and ReSO4 dissolved in water was partially
neutralized with KgCOs, and potassium alum erystallized.
After filtration the filtrete was saturated with azxmonia gas
and an excess of ammonium carbvonate was added.

Mest methods of attaeking beryl consist in use of
fluxes such as calciur fluoride {Carz), potassium fluoride,
emmonium aoid fluoride (HE4£IS), godium or potassium
hydroxide, sodium or potassium carbonate, or sodium fluo-
silicate, Eu381rs. The finely ground ore is intimeately mixed
with the particular flux, and the mixture heated to the
fusion point.

Parsons fused with KOH; then treated the melt with
sulfurie acid, and heated to render 510 inscluble, leaching
the melt with hot water dissolved the beryllium, iron and
aluminum as sulfates. Potassium alum was then orystallized
‘from the solution. The remainder of the aluminum, and most

of the irom was preoipitated from the solution by boiling with
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saturated sodium bicarbonate. The resulting filtrate

was diluted and boiled to precipitate beryllium hydroxide.
A second NaHCOg treatment is usuelly necessary for complete
iroa and aluminum removal.

Engle and Hopkins used alkali carbonates for fluxes.
The ratios used were 500 g. beryl, 400 g. Naacoa, 400 g.
KosC0g. They obtained goed decomposition of the ore.

These investigators also used sodium fluosilicate.
This compound deccomposes at 7500, giving EiF4 and NaF., The
former is very reactive and at 850o it decomposes beryl.
KﬁaBnr‘ and Na, AlFg are formed. Some s;eg is converted to
8114 and volatilized. NagAlFg 1s very slightly soluble in
water. NagBeFs is fairly soluble. Zngle and Hopkins recovered
80-90% of the beryllium theoretically ohtalnable by extracting
with hot waterZS.

Sloman used Napg3iFg &s flux, extracted the beryllium
with water and then treated with sulfurle acic to volatilize
Hzrz. He then divides his solution in four parts and treates
one-fourth with ammonie, precipitating Be(aﬁ)a and impurities,
as Si0p, ?9(0513, etec, He then stirs this precipitate into
the remaining three quarters of the BelO4 solution; the
Be(OH)a and a very smell amount of impurities precipitate S50,
By repeating this process, very pure Be(OH), was obtained.2?

Britton uses X0H fusion in a nickel crucible, To the
melt, sulfuric acid is added to decompose the siliccaluminate

of beryllium and potassium. The precipitated H23103 is
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Tendered amorphous by heating on & sand bath, and then

the solution diluted and filtered. The acidity of the
filtrate is now adjusted to 5N by KOH addition. The
solution is now saturated with potassium sulfate while
boiling and set to crystallize at 0°. The BeO is extracted
from the mother liquor by adding e concentrated soclution of
sodium hydroxide in the cold in such gquantity that the last
drop Just causes re-solution of the precipltated hydroxides.
The sclution is then diluted with water, and boiled. It may
be mentioned here that if the initial volume, where eddition
of ECH is made, is not small, then the yields will dbe low,.
Yields of 90% or better should be obtained by this process,
Britton recommends in the potassium alum crystallization
process that the solid phases obtained be tested. It is not
unusual for small amounts of BeSD4.K2804 to erystallize out

here, Presumebly if the solution has tto small a volume

during this crystellizetion, large beryllium losses may be

experienced.za

Dyson speaks of fusing beryl with caelcium carbide,
followed by HpF, and sto4 treatment. He also mentions
passing phosgene (C8Cly) into molten beryl whereby the metals
are converted to chlorides, whioch sublimes., Beryllium is then

29
separated by the carbonate method.

30

Minerals of beryllium, listed by Negru“ are the

following: Bertrandite (4 Be0.2810p.Hg0, 42% Be0), found in
Bohemia, France and the United States; Beryl (3 Be0.Alg0Oz.
65i0p, 14% BeO), found all over the world; Beryllonite



12

(NagP0y.Be P 0, 19.7% Be0) found in Maine; Chrysoberyl
(Beﬂ.alaes, 19.8% Be0) found in Brazil, Ireland, Siberia,
Ceylen, Moravia, United States; Gadolinite (2Be0.FeO,
2Y03.23105, 10% BeC) found in Greenland, Ireland, Norway,
United States, Siberia, Sweden; Denalite (Be,Fe,Zn,kn)
8136183,14$ Be0) found in Colorado, Massachusetts and New
Hampshire; Helvite (Mn,Fe)S.3(Be,Mn,Fe)3104,13.5% BeO found
in Finland, Hungary, Norway, Saxony, United States; Herderite
(CaF.BePOg, 15.4% BeO) found in Saxony and United States;
Phenscite (2Be0.Si0,, 45.6% BeO) found in the Urals, France,
Mexieco, Switzerland and United States; Euelase (2Be0,.2SiCp.
41,04.H50,17.3% BeO) found in Brazil, the Urals, Austria and
the Alps; Hambergite (4Be0.Bp0s.Hs0, 53.3% Be) found in
Norway; Leueophane (NaF.3Be0.3Ca0,5310p,10.3% BeO) found in
Forway, ;Meliphanite (NeF,2Be0.2Ca0,3310p,13,1% Be0) found in
Norway, and Trimerite (Mn,Ca),S104.BepS10,,16.6% Be0) found
in Sweden.

Negu elso mentions the following methods of separation:
Vauquelin, who discovered beryllium used KOH fusion in
conjunction with the emmonium carbonete process. Scheffer
introduced zine into the acid solution of sulfates, which
formed zine sulfate, and baslic aluminum sulfate was precipitated.
In dilute solution, aluminum is completely precipitated, but
beryllium stays in solution. Zine is later thrown out of
solution by adding potassium sulfate, a double sulfate being
precipltated. Hydrogen sulfide is later passed in, to remove
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the last treces of gzinc, in the presence of ammonium
acetate.

wyrouboff fused beryl with KCH, separated 3102
in the usual way. The solution of chlorides was then
evaporated to a small volume, and treated with a concen-
trated solution of potassium oxalate. A erystalline
precipitate of oxalates was formed. On treating with a
small quantity of water, only-BB00204.5K20204 remains,

Pollock used caustic soda fusion and HCl evaporation
for silica removal. The solution was treated with ammonia
and the precipitates dissolved in hydrochlorie acid. He
now saturated this HC1l solution with hydrogen ehloride gas;
4lC1l3.6HpO precipitated. The filtirate was concentrated to
a sirup and saturated ammonium carbonate solution added
with stirring. Beryllium remains in solution and irom

and aluminum are precipitated.
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ITI.RECENT PATENT LITERATURE

Bucher patented a process, U. 3. Pat. 2,010,844,
1935, for rendering silica dehydrated in the treatment
of beryl. He digested the fused ore with coneentrated
sulfuric acid, and added a controlled amount of water
80 as to generate enough heat for conversion of the
oxides of bderyllium end aluminum to sulfates, and at the
same time not enough to hydrate the silica present.

Ferkel and Ellis, irn U. S. Pat. 1,986,567, 1934,
seens to use more than enough sodium hydroxids to dissolve
the hydroxides of aluminum and beryllium., They speak of
a "suitable excess"™ whereby they believe that sluminum
is definitely eliminated in the Be(COH)y obtained on
boiling the diluted solution of these hydroxides. They
use as a fusing flux soda ash. It 1s interesting that
they provide a means of reeovering silica in the form of
water glass,

Claflin, in U. 5. Pat. 2,082,404 gives a method of
obtaining metallic beryllium by electrolysis of a fused
mixture of emmonium beryllium fluoride amd alkali or
alkaline earth fluorides, at a temperature below 1000%.
In U. S, Pat. 1,861,656 he ehlorinates beryllium oxide,
or beryllium carbonate, mixed with C, by feeding chlorine
into & vertical silica tube which 1s externally heated and
contains the beryllium oxide-carbon mixture. Carbon

monoxide, and gaseous beryllium chloride result. These
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are passed into a molten slectrolyte bath of sodium
ohlorids; deryllium chloride condenses, and carbon
monoxide esosmpes. MNetallic beryllium is obtained by
the electrolysis of the molten material,

Kany patents for producing coherent beryllium have
been issued. Cooper, in U, 38, Pat, 1,775,589 presses
beryllium powder to s coherent body and melts it with
halides of alkeline earth metals. IStook and Goldschmidt
in Ro. 1,427, 910 electrolyze a fused dbath containing
essentially an alkaline earth metal fluoride and a
beryllium oompound, the bath having & high melting point
(1200-1300%). Diokinson, 1,511,829 patente a very similar
process, EKroll, in 1,740,857 obtalns coupect beryllium
by chemical decomposition. He reacts fluorides of
beryllium with an alkalime earth metsl under anhydrous
eonditions, A temperature of 1300° is produced by the
heat evolved in the reaction. The produst of the resotion,
beryllium metal, is removed, and melted agelin with a
mnixture of beryllium fluoride and slkeline earth metal
Tluori@e. Beryllium salts used here are of oourse
anhydrous, and are diluted with other fluorides(more
eleotrcpositive) to render the reaction less violent.

Pries and Cooper, U, 8. Pat. 1,710,840 desonpose
beryllium minerals by heating with twlce the weipght of
ore of equal parts celolum oxide and caloium fluoride.
Sulfuric aeld is added to dehydrate cilica. Solution of
aoluble sulfates in water follows, then the solution is



16

eveporated to a specific gravity of 1.31, when calcium
sulfate is filtered off; the solution is again evaporated
to a speeific gravity of 1.41, end ﬁ12(304)5 and BeSQ4
are allowed to crystallize. The mixture of these sulfates
is ignited and fused with sodium carbonate. This is
followed by water extraction leaving beryllium in the
residue and putting sodium aluminate in solution.

Lowenstein, in U. 8. Pat. 1,777,122 fuses beryl with
pyrite and carbon, and does this by means of an electriec
furnace under reduced pressure. Volatile oxides and
sulfides of aluminum and beryllium are produced. UHe
obtains these as sublimates, and extracts them with hot
alkall solutions, sometimes with addition of sulfides or
polysulfides. ZExtracts are filtered, and treated by care-
ful addition of aeids. Flakelike deposits form, containing
berylliuﬁ and sulfur, not aluminup. In another patent,
1,777,267, Lowenstein separates Be(0 end Be3 from AlgOs; and
Alzss by fractional condensation.

Fischer in U. 8. Pat. 1,815,056 heats beryllium bearing
minerals with silicofluoride to incandescence. He comminutes
the fused mass and leaches with cold water. He then adds,
to the cold water solution, an alkaline earth hydroxide,
subjects the resulting precipitate to further treatment
with ecid (HX), leachee the product with cold water to
separate the resulting BeXp from CaFp, ete. In U. 5. Pat.
1,820,655, he fuses with alkall cerbonate in excess, only

to sintering, not fusion, then adds X, to form a paste.
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The paste is added to a solution of alkali metal
carbonate, or of sodium bicarbonate. The clear
solution i1s separated from the precipitate and
hydrofiuorie acid added, forming BeFg. The beryllium
fluoride solution is treated with ammonium sulfide
whieh removes the iron precipitate, and separates the
beryllium fluoride from solution.

Kangro, U, S. Pat. 1,893,331 uses chlorine gas to
decompose beryl, obtaining volatile BeCls.

Ziseh, U. 5. Pat. 1,966,371, finds that by fusing
beryl with e very large excess of calcium oxide, or
compounds furnishing caeleium oxide on ignition, (in
the proportion 1 mol beryl to 11 mols Cal) he puts Al,

Fe, Cr, ete., in a form scluble in hydrochlorie acid.

Beryllium, presumably as oxide, is left in insoluble form.

He then heats the beryllium residue with H2304 to dehydrate

siliea, beryllium sulfate formed is then soluble in water.
Brush, U. S. Pat. 1,656,660, makes mixtures of

A
aluminum and beryllium oxide of different ﬁ%%gg ratio.

He heats the ore with alkaline flux, deconposes the mass

with sulfurie acid, dissolves the sulfates of aluminum

and berydlium, removes 8102 and iron, and ignites the

mixture of Al,(804)3 and BeS0, to obtain a corresponding

mixture of the oxides. He varies his Alp0Os/Be0 ratio by

controlling aluminum removal &s scdium alum, NaAl(S04)5.12H50.
3awyer and Kjellgren in U. S, Pat. 1,823,864, use
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heat treatment to render beryl attackable by fairly
concentrated sulfuric acid., They find that heating
above 1000° rapidly decreases the resistance of beryl
to acids, 1f melted at 1500°, there is practically no
resistance, provided the molten beryl is quenched in
water. Beryllium and aluminum may be either extracted
successively or simultaneously, as desired, depending on
the degree of modification of the beryl, the concentra-
tion of the acid used, the temperature and time of
reaction between the acid and comminuted beryl. Silica
is left completely dehydreted if the temperature is
sufficiently high. A complete separation of aluminum
is claimed, based on the fasct thet an alum such as
ammonium alum or potassium alum is substantially in~
soluble in an agueous solution of suitable concentration
and temperature, containing a mixture of beryllium sulfate
and for example ammonium sulfate or an alkali sulfate.
The beryllium sulfate solution should be saturated, and
contain 8% of the weight of beryllium sulfate of amonium
sulfate.

Zimmerman, U. 3. Pat, 1,851,476, heats beryl with
gaseous HgFs t0 @ temperature of 100-900°C until no
51F4 escepes, extrects the reaction mass with water at

10-100°C, rilters and precipitates the beryllium from the

filtrate with emmonium hydroxide.



In this brief review of the patent llterature on
beryllium, no attempt has been made to include all the
patents which have been issued, but it is believed

that the most pertinent of them have been reviewed.
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IV. THE CHEMISTRY OF THE ALKALI WETAPHOSPHATESD

It has long been known that several different forms
of sodium metaphosphate existed. Graham found that by
gradual heating of microcosmic salt, sodium acid pyro-
phosphate was first formed:

RNH [NaliPOg4 —gr%am NaghgPgpley + ENHg + Hgl
On further slow gradual heating, a vitreous cake was
formed. Graham stopped heating et tbis point, which
eppears to have been, when other investigetors' work is
considered, about e temperature of 850°. Graham found
that by treating the cooled ceke with water, a portion
was found soluble, and enother portion insoluble, The
names "Graham's soluble salt” end "Graham's lnsoluble
salt"” have been used by later Investigators to denote
these salts. Crsham believed the soluble salt was a
trimetaphosphate, (NaPOz)z; he believed thst the insoluble
selt wes the monometaphosphate, NaPOg. OGraham's insoluble
salt is identical with "Maddrell's salt", laddrell
prepared the same salt leter. It is interesting thet
Paseal by electrical conductivity measurements, using the
rule rfor determining basicity of acids, verified Graham's
soluble salt as the trimetaphosphate (NazP3lg), but belleves
bis insoluble salt, because of freeziug point measurements,

i3 a complex of high molsoulsar weight.
Pascal 's method of preparing sodium dimetephosphate
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is as rollowszsa

Sirupy phosphoric acid (HgPO.) is heated for a
limited time at moderate temperatures (320°) and heat-
ing 1s stopped at the first appearance of ill defined
erystals of an inscluble polymer. The product is
dissolved in ice water to avoid rehydration (to pyro-
phosphoric acid, H4P207). Addition of the theoretical
amount of sodium hydroxide gives a pure solution of the
neutral salt. Excess alecohol precipitates an oil which
rapidly erystallizes as a hydrated salt, Hag(P03)3.5Hgﬂ.
This salt, NapP20g.3H,0 is very soluble in water, much
more so than Maddrell's salt, so that Maddrell's salt
should not be oonsidered a dimetaphosphate.

Travers and Chu®® ¢laim that Pascal's method always
glves a product conteining a little NagﬂaPaoq. Pure
NagPp0g 18 obtained on heating to 2500 in vacuo for eight
hours e mixture of five parts NepghPO4.12H,0, one part
HH‘NOS and one part NH,C1l, when, after slow cooling,
solution, neutralization and recrystallization, well
crystallized NapPp04.3Hg0 18 obtained, any very soluble
NagH,Pp0p formed simultaneously remaining in solution.

Mellor>> states that I1f the oxide or other salt of

copper, manganese, zinc or cobalt be heated between 316°

and 400° with excess HzPOy, the dimetaphosphates are
formed in each case. Barium, lead, cadmium, silver and

bismuth, however, glve hexametaphosphates. It 1s possible
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to prepare dimetephosphates of other metals by double
decomposition reactions such as:

Zng(Py08)g + &NagS —> WagPy0g + 2ZnS
Pascal has stated that the dimetaphosphates claimed here
are really tetrametaphosphates, by the electrolysis rule,
in solution.

Boullé,in two artioles?4'35 in one of which he studies
X-ray specira of different sodium metaphosphate polymers,
and the other in which he studies these polymers by means
of thermal analysis, finds that Hagﬂaonq, dehydrated
below 250° gives insoluble Maddrell's salt, NasPsog*,
designated A'. A' heated to 400-550° forms an insoluble,
and unknown polymer B, (NaPOz)n. A' (whieh is (NaFOz)g)
or _B, heated above 550° but below the melting point (640°)
gives a soluble produst A with spectrum identical with A,
and therefore (RaPOs)S. A, A' B, fused and cooled quickly
form vitrecus, soluble sodium hexametaphosphate, (NaPO3)6,
designated C., C, if reheated at 300-625° passes into A,
the more quickly the higher the temperature. Knorre's
(NaPOgz)3 1s identical with A, which is unaltered by heating
at 300-625°. Schematically,

520-90°  640°
Ar A B ° 9» A <t O

o0 4 a

where A' = A = (NaPO3z)sz; B is unknown, C is (N3P03)6: and

all changes are irreversible. Note that Boulle does not

find (HaPoaj‘, sodium tetrametaphosphate.

#* Note inconsistency with stetement on Page 20.



23

Travers and ohu°k maintain that Knorre's so-called
sodiwm trimetaphosphate is really identical with their
sodium dimetaphosphate. Knorre heated NaNH4HPQ4 (micro-
cosmie salt) or NeHgPO, at 245°C. Note thet A' and A
would then be sodium dimetaphosphate, not trimetaphosphate
a3 Boulle claims.

The dimetaphosphate (Travers and Chu, and Pascal's
method of preparation used) in solution passes into
HgPpOy (which must be why Pascal believed the dimeta-
phosphates of Nellor, were tetrametaphosphates). Pascaldl
states that all other polymetaphosphoric acids go directly
to orthophosphoric acid, the dimetaphosphate alone forming
the acid pyrophosphate. Here Pascal must reconcile his
former statemsnt that dimetsphosphates in solution were
salts of a tetrabasic acid.

It appears that tetrametaphosphates are really di-
metaphosphates which in solution are changed to pyrophosphates,
Flatmann had claimed the tetrametaphosphates could be
prepared by heating mixtures of orthophosphates of metals
with excess HgPO4 a8t 200°. The mass was extracted with
water and digested with NapgS or XpS (sodium or potassium
sulfide), end small erystals of the sodium or potassium
salt are obtained, Electrical conductance of the scdium
salt corresponds with that required for a tetrabasic acid.

Pentametephosphates have been claimed. If one heats
ermonium dimetaphosphate at 200-2500C, and extracts with
water, he obtains presumably (NH4PO3z)g. If he treats the
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solution with NeCl or LiCl he obtains LigNH4Pg0y5 and
Ra NH4Pg015, the electrical conductance of which indicates

five ect&on;sa.
There aseems 1o be no dispute concerning the sxistence

of sodium hexemetaphosphate, NagPgOyg, obtained by heating
o
NagHePpOy, NaHgPO, or NeliHyHPO, to above 640 and rapidly

cooling the fused mass,
Higher polymers have been claimadsa.
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V. EXPERIMENTAL PART

Purity of Materials

Beryllium nitrate was obta;ned from the Brush
Beryllium Company of Cleveland, and was shown by the
Pontachrome Blue Black R test>® to be free of aluminum.
Iron was proved absent by the thicecysnate test.

The potassium alum used was a reerystallized
product made by recrystallizing ordinary C.P, potassium
alum from 1% sulfurie acid solution. It was shown by the
thiooyanate test to be free from iron.

€.P. aluminum nitrate (A.C.S. reagent quality), free
from iron was also employed as a source of aluminum.

The 8-bhydroxyquinoline used for determining eluminum
geve no residue on ignition and melted at 76°C. This was
a product of the Eastman Kodak Company.

The sodium hexametaphosphate was donsted by Calgon,
Inc., of Pittsburgh. It is a white flaky substance of &
high degree of purity. This salt contains a trace of iron
but not sufficient to interfere with Al or Be determinations.
One mol of it prevents two mols of trivalent metal from

precipitating with ammonium hydroxide., It decolorizes
Fe(CNS)z readily.
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Methods of Analysis

Aluminum. Aluminum wes analyzed by the 8-hydroxy-
quinoline method &s recently modified by Enowlesl®. Tnis
consists in precipitating aluminum in & volume of 200 ml.
from a slightly seid solution (PH = 6.8) in the presence
of ammonium acetate.

Beryllium. Beryllium was determined by the standard
method of precipitetion, with ammonfium hydroxide, as a
hydroxide from s solution containing sufficient ammonium
salts. A concentration of at least 2% emmonium nitrate,
or acetate is required. In the presenece of 8-hydroxyquinoline,
an excess of ammonium hydroxide is required, and it is also
necessary to allow the solution to stand overnight{covered).
Filtrates were always tested with more ammonium hydroxide
to see if preeipitation was complete,

The above method of determining beryllium was tried on
& pure sample of basic beryllium acetate. A known weight
of basie beryllium acetate was treated with dilute sulfurie
asid and boiled till it was ecompletely changed to soluble
veryllium sulfete. The solution so obtaeined, now free of
acetic acid, was treated with nitrio acld and boiled until
a clear solution resulted. This final solution was diluted
in a volumetric flask. Samples were witndrawn, and pre-
cipitated with ammonium hydroxide. To remove the adsorbed
sulfate the preecipitates were diesolved and re-precipitated

in the presence of 24 ammonium nitrate, filtered on ashleas



ar

filter paper, washed with slightly ammoniacal emmonium
nitrate until sulfate free (barium ohloride + ecid), and
ignited to BeO in platinum cruocidbles., Following are the
results obtained:

Analysis of Xnown Samples of Beryllium

Be Present Be Pound Dire.
0.0283 0.0225 +0.0002
0.0558 0.0557 =0,0001
0.1116 0.1117 +0,0001
0.2232 0.2224 -0,0008

Mixtures of known econcentration of aluminum and
beryllium were made up and esnalyzed by Knowle's modifica-
tion of the 8-hydroxyquinoline method:

Analysis of Known Al®*- Be®* Mixtures

ufﬁ Al*" Bﬁ** Be*t
present found Diff, present found Diff,

0,02614 0.02607 -0,00007 0.0713 0.0713 . 0.0000
0.0052¢ 0.00516 -0,00008 0,0713 0,0711 ~0.0002

In later work 8-hydroxyquinoline method had to be
employed when the solution contained metaphosphate polymers.
The procedure then followed was: Solutions contasining A1**Y,
Be'!, metaphosphate polymers and poesibly orthophosphate,
were boiled one hour in 10% sulfurie acid, or until fumes

were produced. More water was then added and allowed to
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evaporate again to SOx fumes. This procedure hydrolyzed
all metaphosphate polymers to orthophosphate. The
solutions were cooled, acidity adjusted to pH 3-4,
ammonium nitrate added to meke the solution 1.5 ¥ in
NHNOg, and diluted so that sulfate ion was not over 5%
by weight., Enough ammonium molybdate reagent was added
to completely precipitate all the orthophosphate, then
solutions were warmed to 70° in a water bath for cne hour.
After cooling, the phosphomolybdate precipitates were
filtered off and washed five times with cold distilled
water; washings were added to the filtrate. Filtrates
were now treated with an excess of five to seven drops
coneentrated ammonium hydroxide beyond litmus blue, where-
by beryllium and aluminum hydroxides containing adsorbed
molybdate ion were produced. These precipitates were
dissolved in dilute nitrie or sulfuric aeid (10%), and
reprecipitated with concentrated smmonium hydroxide, an
excess of 3 - 5 drops being used. After solution of these
precipitates in hot 10% nitrie acid, another re-precipita-
tion with goncentrated ammonium hydroxide, using an excess
of 1 - 2 drops followed. After resolution in 10% nitrie
asid, hot, solutions were diluted to 200 e¢.o., 15 c.c. of
emmonium acetate solution (30 g. NH4Ouc, 75 ml. Hg0) was

added, a drop of 0.4% bromeresol purple, and ammonium

hydroxide added until the indicator became distinotly purple.

An excess of 8-hydroxyquinoline was added, and solutions
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heated to boiling. If, on settling, the filtrate was not
colored a good distinet yellow, more 8-hydroxyquinoline
was sdded, until a &istinot yellow eolor was obtained.
Aluominum precipitates so obtained were filtered on weighed
Gooeh crucidles end dried at 135° for three hours.

Beryllium was determined in the filtrates by adding
a sufficiently largs excess of ammonium hydroxide, and
allowing to stand overnight. The precipitetes obtained
were ignited to BeO in platinum crueidles,

This method was tried on known solutions of A1***
and Be*® containing 5.00 c.c. of 108 (NaPOs)., end 10 c.c.
18 M HpS04 with the following results,

Analysis of Al and Be in the Presence of (NaPOg),
Attt Attt Pet?t Be tt
present found Diff. present found pire.
0.0845 0©0.0846 +0.0001 0,0048  0.0052  +0,0003
0.0428 0.0423 0.0000 0.0097 0.0093 -0,0004
0.0423 0.,0419 -0.0004 0.0244 0.0247 +0,0003

Phosphate. FPhosphate was determined by the alkall-
metric method for esmall amounta®?, and weighing of magnesium

smmonium phosphate hexahydrate for large amounts,

pH. Hydrogen ion conscentration measurements were taken

with the glass eleotrode and by the colormetric method.



Separstion of Aluminum from Beryllium

The idea of using sodium hexametaphosphate to
separate beryllium and aluminum was conceived while
studying the action of this reagent in forming complex
ions with certain divalent metals.

Sodium hexametaphosphate hes the property of
preventing many metals from precipitating on the addition
of the usual analytical reagents to their solutions. One
mol of this compound will prevent two mols of trivalent
metal from precipitating. The undissociated compound
Hg*ﬁsole is thought to be formed. One mol of bivalent
metal, ¥**, is kept in solution by one mol of sodium
hexametaphosphate, with the formation of the complex ion
[3‘56018]%- Zine and beryllium are two bivalent metals
whieh require larger amounts of sodium hexametaphosphate
to prevent their precipitation than would be calgulated by
the above assumption.

Qualitative experiments showed that much greater
amounts of sodium hexametephosphate were necessary to hold
Be** i{n solution than for 21***, when a hydroxide was used
es the precipitating reagent. The procedure used in these
tests was as follows: (1) Ammonium hydroxide was added to
a solution containing 0.04986 g n** and 0.8 g. (NaPOgs)g
in a volume of 23 ml. until the phenolphthalein end point
was reached. The aluminum gave no precipitate. (2)

Beryllium solutions at the same volume containing 0.0229 g.

30
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Be'*and 0.8 g (HaPOS)B beoame solid jellies on adding

ammonium hydroxide until alkaline. (3) Aluminum

*** i1 volumes from

solutions eontaining 0.0992 g. Al
30 to 50 ml., on adding 1.2 g (N&P03)6 {as 10% solution)
and then ammonium hydroxide until alkaline gave a small
precipitate whioh peptized to a turbid solution on boiling;
(4) Beryllium solutions containing 0.0092 g. Be** in a
volume of 30 ml. gave on adding the seme quantities of
(HaPOs)6 and NH,OH, a precipitate which remsined on boiling.
At larger volumes, the precipitate was peptized on boiling.

In light of these results it was thought worth while
to obtain some quantitative data, and the following
experiments were tried:

(1) To 0.0496 g. A1*** and 0.0229 g. Be** and 0.8 g.
(NePOg), in a volume of 15 ml,, 10 ml. of water were added,
then some macerated filter paper, and EH;OH until alkaline.
The precipitate was filtered and anslyzed, It was found
that 56.9% of the original aluminum had precipitated along
with 59.0% of the original beryllium. The precipitate
carried large guantities of metaphosphate.

{2) To 0.0992 g. Al+H and 0.0459 z. Be'* in & volume
of 30 ml., 12 ml. 10% (NaPO3), were added, then ammonium
hydroxide until alkeline, then some macerated filter paper,
and the whole heated to boiling. The precipltate was
riltered off and enalyzed. B86.9% of the original alumioum

nad precipiteated along with 88.2% of the original beryllium.
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These resulis were somewhat discouraging and wholly
unexpested. The aluminum apparently coprecipitated with
the beryllium in large amounts.

Another procsedure was now tried., It is well known
that concentrated ammonium hydroxide has an appreciable
solvent action on sluminum hydroxide. An excess of & ml.
ammonium hydroxide will dissolve 0.007 - 0.01 g. aluminum
hydroxide caleulated as A1***. fTo see if sodium hexameta-
phosphate enhanced this effect, the following experiments
were performed. 0.0166 g. Al*** in a volume of 100 ml.
when poured into a mixture containing 0.5 - 0.6 ml, 2%
(RaPOg)g and 6 ml. NH40H, gave no precipitate on heating
to 80°, Even half this quantity of Be'‘' gave a large
precipitate under these conditions. Order of addition of
resgents affects these results somewhat. Solutions contain-
ing both aluminum and veryllium do not give & precipitate
free of aluminum when 0.5 - 0.6 ml. 2% (NaP03)5 and & ml.
conc. EH,OH are used for each 0.0166 g. Al**? present. In
an actual run, with 0.0850 g. Be'’ and 0.1668 g. a1**" 1n
100 ml. volume, poured into a solution containing 5.1 ml.

2% (NaPOz)g and 51 ml. conc. KH,OH, the precipitate obtained
contained en analysis 71.3% of the original slumipum and
96,0% of the original beryllium.

These results were of course unsatisfactory and it was

decided to next study the effect of the hexametaphosphate on

the separation of beryllium and aluminum as proposed by
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Cmelin., This was done in the following manner: Solutions
containing sluminum and beryllium in a volume of 30 nl.
wore treated with 2 M NaOH if Al+++ did not exceed 0.4 g.
or 4 M NaOH if it did, until the precipitetes dissolved
and & clear solution resulted. Solutions were now

diluted to 500 ml., and (NaPOz)g, &s 2F solution, added
with stirring. After the {HaP03)6 addition, solutions were
heated to boiling for 2-3 minutea. Preeipitates were
filtered and washed wlth water until free of sodium, then

anelyzed. The foliowing table gives the results of these

studiss.
TAELE I

Influence of (faPOg), on the Separation

of Be' and Algewatﬁ an Excess of KaOH
Al""" Bef'.' (NaPQS)s A1++‘.' Bevf*
present present present in ppt. pptd.
0.4000 g. 0.2000 g. 0.00 0.0008 0.1999
0.4176 * 0.0850 " 0.00 0.0108 0.0814
0.4176 " 0.0850 * 0.01 0.0143 0.0736
0.4176 * 0.0850 " 0.02 0.0080 0:0804
0.4176 " 0.0850 = 0.04 0.0182 0.0779
0.4176 " 0.0850 "= 0.16 0.0148 0.0705
0.8000 * 0,3370 * 0.00 0.0216 0.3308
0.8000 " 0.3370 " 0.32 0.0210 0.3332

It is seen that the hexametaphosphate may decrease
the aluminum coprecipitating, but there is e critical
amount which varies depending on the ratio Al***/Be**and

possibly on the amocunts of aluminum and beryllium present.
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It is doudbtful if the aluminum would be completely
eliminated. Reprecipitation in the absence of meta-
phosphate would eliminate the aluminum, snd traces of
orthophosphate would not be present (as is the case when
sodium hexametaphosphate is used).

In earrying out the foregoing experiments it was
observed that if sodium hexametaphosphate were added to
an A1*** solution above a pH of 3, & permanent preeipiﬁate
wag obtained. Qualitative experiments showed that RBe**
solutions gave no precipitate until higher pH values were
reached. Al**" precipitates analyze Ell(POg)s]x at lower
PE values and become basic salts on an ineresse of pH.
These observations suggested that it might bs possible to
remove all or a great part of the aluminum by controlling
the pH of solutions conteining A1*** and Be'*, and adding
(KaPOsje slowly. Table II shows that separation of
beryllium and aluminum may be partially sccamplished on
the acid side. In all cases, mixtures of beryllium and
eluminum solutions were initially at a volume of 100 c.c.
The term "apparent acidity” was arrived at in the following
way. The standard solutions of beryllium nitrate, end
geluminum were individually titrated with stendard 0.1 N
sodium hydroxide using phenolphthalein. An "apparent"
acidity usually near 2N was obtained. This is not the
true acidity. The pH values were less than pH 3, an

actual acidity of about 0.001 N. In adalyses recorded
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in the table given, amounts of A1*** standerd solution
and Be*' standard solution were always the same.

Dilution to 100 ml. of the standard solutions was in

all cases the procedure, followed by addition of definite
quantities of stendard base (0.1 N NaOH). A solution
containing 5 ¢.¢. of Al***solution and 4.25 c.c. Be**

¢.25 x 2.00
selution eontained, for example, 1600 equivalents

"spparent” aecid. On adding 9.00 e.e. 0.1 X base, there
were left 0.01950 - 00,0009 or 0.0184 equivalents “apparent"™
acid. On dividing this latter value by the volume of the
solution end multiplying by 1000, the value of the
"apparent® acidity wasa obtained. Different quantities of
standard base were added to the solutions conteining the
sluminum end beryllium, snd the apparent acidity calculated,
These sclutions were run for pH by MeIlvaine's standard
buffer method, exeepting the one marked with an asterisk,
whieh was determined with & gless eleotrode. 1In all cases,
after addition of the tenth normal base, 5.00 ml. of 10%
sodium hexametaphosphate was edded, and the preeipitate

analyzed after washing with water.
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TABLE 11

Effect of Acidity on the Separation of Be**and
A1*** with (NePOg), (0.50 g.)

ALt Be** Pinal Apparent % Al % Be
present  presgent vg%. Aciaity pH ppt.  ppt., Temp.
8. .

0.0834 g. 0.0411 ° 122 0,140 N 3,7 23.9 5.4 Room
0.0834 0.0411 13 0.120 3.8 29.%5 4.8 "
0.0845 0.0397 140 0.103 3.8 44.1 6.6 "
0.0845 0.0597 147 0.09356 3,93 859.1 5.7 "
0.0845 0.0397 153 0.0848 4.0 65.4 10.9 "
o .0845 0 00&80 310 0 - 0651 e 6? . 8 18 .0 i
0.0845 0.0420 215 0.0493 - 86.4 37.7 "
0.9845 000‘80 218 0.0485 - 9506 58.1 "
0.0845 0.0420 220 0,0382 - 95.8 b5z.8 "

Aluminum and beryllium fisures are percentages of the
materials originally present in the solutions whioh were
present in the precipitates obtained.

Feeping the aluminum and beryllium content of the
solutions constant, the effect of inersasing the amount of
10% sodium hexsmetaphosphate was studied. The following
are the results:

TABLE 111

Effect of Varying Amougts °f4(§$£°3)s on
the Separation of Be'* and Al

Al Be (RaPOz)g  Apparent % Al % Be
present present used acidity pH pptd, pptd.
0.0834 0.0411 0,50 g. 0.120N 3.8 29.5 4.8
0.0834 " 0.55 " " 30.0 6.4
0.0834 " 0.60 ® " 34.9 6.1
0.0834 " 0.75 " " 56.1 18,4
0.0834 * 0.90 " " 49.1 11.9




A maximm is reached where the beryllium sceompenying the
sluminum (which also reaches a maximum) is too large to be
of any velue. It is observed from Table II that by increas-
ing the pH this meximum value of eluminum may be realized
without at the same time inoreasing the beryllium ampreciably,
by using a smsller quentity of (NaPOy), than 0.75g. mmd the
optimum pH is 3,98, where 59% of the A1**" is precipitated
end the bdervllium loss is but 6%. The faet that the pH
should not eoxceed 3.93 is shown by data of Table II, wherse
beryllium loasses at apparent acidities below 0,0935 (pH =
3.98) sre quite high. In Table III it is shown that a
sufficiently large oxcess of hexametaphosphate wlll dissolve
the preoipitate.

Buffers may not be satisfectorily used in the above
separations., If 10 g. ammonium nitrate be used to buffer
the aluminum-beryllium solutions at a pH of 2.83, and then
5.00 m1, 10% (HaPOs)6 added, 77.09% of the originel aluminum
is presipitated (which would be sdvantageous) but 27.4% of
the beryllium escoompanies it. In this connection 1t is
interesting to note that sodium scetate and ammonium acetate
allow of no precipitation at all at = pi of 3,03, Evidently
if acetic acid is the acid present, a new set of desirasbdle
pH values must be vorked out. Either this, or ammohium
agetate and sodium acetate dissolve the preclpitate,

Aasmonlum hydroxide, 0.1 K, if used in pluoce of G.1 X
sodium hydroxide to adjust the solutions to a ph of 5.93

gives somewhat different results on adding sodium hexameta-
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phosphate. Aotual determinations showed 62.03% of the
aluminum was precipitated, along with 1l.1l% of the
beryllium. In this case, sinece 11.1% of the beryllium

is too great & loss, a somewhat lower pH should be used,
This greater precipitation of beryllium is undoubtedly

due to the buffering effect of the ammonium nitrate formed.

Results thua far indicate separation of about 59%
of the aluminum, accompanied by & small beryllium loss is
possible at the pH 3.93, using 5.92 cc of 10% (NaP03)6 for
eash 0.1 gm., of A13* present in a volume of 140 ml., and
provided that ammonium salts or other similar buffers are
absent.

Having accomplished & preliminary aluminum removal
by use of sodium hexametaphosphate, it was now decided to
reinvestigate the processes mentioned at the beginning of
this discussion, on the alkaline side., Here & preliminary
aluminum removael had not been made. Four methods were
described. The first used a small volume, 8 ml. 10% (NaPOgz)g.
to keep 0.0496 g. Al*** in solution on NH,OH addition in
the cold. The second used a rather small volume, 12 ml.
(8:?05)6 for preventing 0.0992 g. al*** from precipitating
on NHqOH addition and heating to boiling. The third
consisted in pouring Al*** - Be** solutions containing no
free acid in a volume of 100 ml., into a solution contsining
0.5-0.6 ml. 2% (HaPOs)6 end 5 ml. cono. NH40H for each
0.0166 g. A1*** present in the other solution. The fourth
introduced (NaP03)6 into Gmelin's method of hoiling NeCH
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solutions of the hydroxides.

Three of the four methods were again tried, after
the preliminary aluminum removal,

Bxperiments using the first method will now be
considered.

(1) To a solution of 100 ml volume, containing
0.0845 g. A1*" and 0.0397 g. Be**, 0.1 N NaOH was added
to an apparent acidity of 0.0935 N. 5 ml. 10% (NaPOg)g
were slowly added. The precipitate was filltered and
washed.

To the filtrate 4 ml. 10% (NaPOs)6 were added, and
then 1 M. NH,OH until alkaline to phenolphthalein. This
gave a new precipitate which was filtered off and analyzed.
It contalned 33.62% of the original al***, and 79.0% of the
original beryllium.

(2) This was a duplicate of (1} but 1 ¥. NaOH was
added to the filtrate in plece of 1 M, NH40H. Anslysis of
the final precipitate gave 33,62% of the original aluminum

and 79.,0% of the original beryllium.

(Z) To the solution containing 0.0845 g. Al*** and
0.0397 g. Be**, 0.1 N NH,OH was added to an apparent acidity
0.0935 K, then 5 ml. 10% (NaP05)6 added, The precipitate
was filtered and washed,

To the filtrate, 4 ml. (NaP05)6 were added, and then
1 ¥ NH,OH until alkeline. The precipitate obtained was

filtered, washed and analyzed. It contasined 33.93% of the
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original eluminum snd 76.2% of the original beryllium.

{(4) This was a duplicate of {3), but 1 M.KaOH
was added in the last part, The prscipitate analyzed
33.59% of the original aluminum, and 75.4/% of the original
beryilium.

it is seen from this that combination with the
first procedure is of no value, the final precipitate not
only still contains large amounts of aluminum, but large
quantities of beryllium are left in solution,

The second procedure was not tried because results
on previous experiments showed that it precipitated even
higher amounts of aluminum along with the beryllium.

The third procedure was tried. A typical experiment
and result is:

To a solution containing 0.0845 g. A1*** and 0.0397 .
Be*' in a volume of 100 c.c., 0.1 N NaOH was added to the
apparent acidity of 0.0935 N. 5 ml (NaPOz)g (10%) were
then added slowly and with stirring. The precipitate was
filtered and washed with water.

To the filtrate, # ml. 10% (NaPOj)g was added, then
cone. NH,OH, 10 ml. in excess {beyond litmus blue). The
precipitate was filtered and analyzed; it showed 89.7% of
the original beryllium and 17.69% of the original aluminum
came down with it.

This prooedure while giving better results than the

first was of course like the first, of no value, but it
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suggested that if the same quentity of scdium hexameta-
Phosphate were used in another run, together with an
éxcess of sodium hydroxide, results would be considerably
better, for sodium hydroxide should have & greater effect
in dissolving aluminum hydroxide than would ammonium
hydroxide.

The percentage of eluminum appearing in the last
precipitate dropped to 13.6 on using the quantities of
4 ml (HaP03)6 {(104) and an excess of 2,00 ml. 1 M NaOR
beyond phenolphthalein in the filtrate, after having made
the preliminary aluminum removal, This precipitate contained
86.2% of the original beryllium. Use of 3.5 ¢.c. 1 M, NaOH
excess dropped the aluminum to 10.4% and inereased the
beryllium to 89.0%, but larger amounts of 1 M. NaOH did not
eliminate the aluminum and cut down the percentege of
beryllium precipitated, showing that beryllium hydroxide was
being dissolved. This modification of the third procedure
therefore appeared to have no value as it stood.

It now appears that our preliminary separation may
not be @irectly combined with either of the first three
proeedures. Next, it was combined with the fourth procedure,
which is Cmelin's method of separating beryllium and sluminum,
in the following manner:

To two solutions, each containing 0,084% g. att
and 0.0414 g. Be** in a volume of 100 ml., 0.1 N YaOH was
added to an apparent aecidity of 0.0935 N. This regquires
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about 40 ml. Then 5 ml. 10% (NaPOg), were slowly added
with stirring. The precipitates were filtered, and washed

with water,

The filtrate was now treated with 2 ¥ KaOH until
the precipitates obtained were completely peptized, and a
very slightly turbid solution was cobtained. Solutions were
now diluted to 400 ml and boiled 2-3 minutes. Precipitates
were flltered off and washed until free of sodium. Analysis
of these precipitates revealed that aluminum was completely
absent, and that after hydrolysis in 10% sulfuric acid, only
& very slight precipitate of emmonium phosphomolybdate was
obtained on treating with ammonium mclybdate reagent.
Beryllium determinations agreed closely and showed that
86.%% of the original beryllium was precipitated.

It is seen that the procedure may be directly combined
with the Gmelin method, but yields of beryllium obtalned are
not entirely satisfaetory.

It is obvious from the above tests that the original
idea of precipitating the beryllium and holding up the
aluminum with hexametaphosphate could not be applied even
after 60% of the sluminum had been removed. Reference to
Table II indicates that the remainder of the aluminum may be
removed with hexametaphosphate if the pH is inereased to 5.4.
%ith this idea in mind, the experiments outlined in the
following parsgraphs, and summarized in Table IV were performed.

In one example, a solution containing 0.0845 g. Al***
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and 0.0409 g. BeH in a volume of 100 ml. was adjusted
to the apparent seidity 0.0935 or pH 3.93. S ml. 10%

(SaP‘Os)5 were added. The precipitate was filtered and
washed.

The filtrate was treated with 45 ml. 0.1 N NaOH,
which resulted in a pH of 4.7, then 1.5 ml. (Ha?05)5 was
added. After filtration an aliquot of the filtrate was
tested for aluminum. Al**" was present by the Pontachrome
Blue Black R Test, but in quantity less than one part in a
million. The filtrate was therefore directly treated with
NaOH until alkaline, and the former precipitate was saved.
The new precipitate (obtained from the filtrate by NaOH
addition) was dissolved in acid and an aliquot tested.

A" was present but mueh less than before {in the filtrate),
end on analyzing the precipitate, 8-hydroxyquinoline gave

no aluminum oxyquinolate precipitate. 65.8% of the beryllium
free of aluminum was recovered by this procedure.

The precipitate which was saved, and which contained
practically 100-59 or 41% of the original aluminum, and
about 30% of the original beryllium, was dissolved in 20 ml.
SN HC1l. Sodium hydroxlde was now added in such concentration
and volume as to approach a volume of 140 ml and & pH of 4.0,
A slightly greater pH was obtained, and 3 e¢.c. of (NaPOg)ﬁ
(10%4) was added. The precipitate was filtered, washed end
discarded. The filtrate was adjusted to a pH of 4.8 and a
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few drops (NaPOg)g added. After filtration and washing,
the filtrete was treated with NaOH until alkaline., The
precipitate was washed and anelyzed. Aluminum wes absent
and 21,.3% of the original beryllium was recovered. The
A1***_Be** precipitate here (obtained at pH 4.8} was not
worked up, but disocarded. In the two operations 87.1% of
the beryllium, frse of scluminum, was recovered. Results
of several determirzations of this same type are summarized

in Table IV.

TABLE IV

A et Separations with (NaPOz)g

Using Suceessive Precipitation

T Inltlal AI %%, Bevt Ist Final 18t Be'¥  Znd Dev+
Lo, YVolume present pH pH recovery _ recovery
1 140 0.0845;0.0409 5.9 4.7 65.8% 21.%%
2 140 0.0845;0.0386 " S.4 60.7 not run
3 140 0.0845;0.0386 " 5.4 - 30.1
4 140 0.0845;0.0386 " 5.4 64.2 18,6

The first pil is the point at which the preliminary
aluminum removal is made; the final pll is the point at which
the filtrate wes next brought for conplete aluminum removal.
In Pune Yo. 2,2 and 4 & filtration was usually made at a pH
of abtout 4.7 in order to tcet the filtrute for aluminum. As
rentioned in the typicel example, @ test for aluminum was

usually obteined at this pil, elthoush by compurison with
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standards it was less than 1l pert in 1,000,000, The new
filtrate was then brought to the final pH noted and again
filtered., More (NaPOg)y was added - 1.00 ml at a pH of
4.7 and 0.50 ml1l at the final pH - before these filtrations.
The first beryllium recovery is the yield of beryllium
obtained from the origirnel solution; second, beryllium
recovery is the edditional yield obtained by putting the
acid solutiorn of the second aluminum beryllium precipitate
through the same procedure again.

In addition to using the above procedure, the follow-
ing was found successful.

To solutions corntaining in all cases 00,0845 g, A1***
and 0.0414 g. Be** in a final volume of 140 ml., after
adjusting to the pH 3.93, 5 ml. 10% (NaPOz) . were added
and the precipitate filtered, washed and discarded. The
filtrates were now treated with varying smounts of C.1 N
sodium hydroxide (as shown in the table below) and the new
precipitates filtered through Number One Whatman and washed,
New filtrates were then trested with £ ml. 10% (NaP03)6 and
1 M NaOH added until phenolphthalein changed color, then

2.0 ml excess. Precipitates were washed and analyzed.
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TARLE V
Separations by Incomplete Aluminum
Removal
0.IN¥ NeOH % original ~% original Bev¥
added pH Al***in last in last ppt.
pot.
IOQGO ml. - 13.98 86.1
20,00 " - 7.58 a7.3
25'00 " - 4.82 79‘5
30.00 " - 3.06 8l.5
35,00 * 4,35 absent 70.6

It is obvious that this procedure may also be used to
produce Al*** free beryllium. If the precipitate obtained
at a pid of 4.35 is thrown back in the orizinal, there is
no loss of beryllium.

It should be noted here that final beryllium
precipitates, of Tables IV and V, while free of aluminum
contained metaphosphate in appreciable guantities.

In coneluding the experimental part of this
dissertation it should be mentioned that what we have
termed the "preliminary aluminum removal" is a process
entirely comparable with the alum process which is
extensively practiced today in beryllium - aluminum
separations. T™is is confirmed by the followins experiment:

In a duplicate run, with 0.0845 g. A1**" and 0.0%97 g.
Be** in a volume of 50 ml., acidity of Hp304 was adjusted to
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5 N; the solutions were saturated with potessium sulfate,
heated to boiling, and set to crystallize at 0°. 63.8%
of the sluminum erystallized out as potassium alum,
KA1(804),.12H50, but 3.6% of the beryllium erystallized
with it. The hexametaphosphate process which uses only a
small quantity of a cheap chemical, and requires no heat,
or time consumption is quite comparable in aluminum
removal, and what is far more important, it results in an

immediate recovery of 65% of the beryllium free from
aluminum.
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V¥I. CONCLUSIONS

1. Sodium hexametaphosphate may be used to
effect a complete separation of beryllium and aluminum

by the following process:

Solution containing Al***, Bet?t, Adjust to pH
3.93. 4Add 5.92 ml 10% (NaPOz)g for each 0.1 g. Al**+*
present, slowly with stirring. PFilter the precipitate,

wash with water.

Precipitate Filtrate. Contains 94-5% of the Be**.
T~ 40-41% of the Al*¥t, aidd
59.1% of A1*** as 0.1 N NaOH to pH 4.7. Adad 1.18 ml.

slightly basic 10% (NaPOz)s. Filter. Test filtrate

metaphosphate. for Alt++,

Small Be*t loss. Ppt (1) 1 Filtrate

Discard Contains both If AI¥FF present,
Al*** and Be*'; | add more 0.1 N NaOH
dissolve in to pH about 5.4. Add
repeat the pro- | Filter, test filtrate
cedure. for Al**+,

Ppt. (2] [ Filtrate
Al an A1¥¥¥ 1s

as basic now absent.,
metaphos~ | Ad4d NaQOH or

phates NH,OH until

combine alﬁaline.

with {1). | Ppt. is
Be(COH)s +
Be (Poﬁig

Advantages of the process are that a cheap reagent
is used, and beryllium recovery of over 87 is possible.
In eddition, methods are simple -~ involving only aeddition
of reagent, obtaining e precipitate, and imuediately

filtering. lio external heat is required in the process.
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A disadvantage is that one must determine, in
particular, the first pH of 3.93 quite accurately. OSnmall
differences in pH affect the results wmarkedly.

2. Sodium hexametaphosphate may be used as a
preliminary means of removing a large part of the aluminum,
and ther the filtrete treated by the Gmelin method of
boiling the sodium hydroxide solution of the hydroxides.

3. Other methods of using sodium hexametaphosphate

for a somplete beryllium-aluminum separation are discussed.



50

VII. LITERATURE CITED

1. Vauquelin, Ann. Chim. Phys. 1798, 28, 155,
2. Gmelin, Pogg. Annalen, 1840, 50, 175.

3. Berzelius, vide H. Rose Handbuch der Analytischen
Ghemie, 1851, II, 6l1.

4. Berthier, Ann. Chim. Phys., 1843 (iii) 7,74.

5. Hart, J. im. Chem. Soc., 1895, 17, 304,

6. Debray, Ann. Chim. Phys. 1855 (iii) 44,1.

7. Gibbs, Sill.Am, J, Sei., 37, 356.

8. Rossler, Z. Anal. Chem., 1878, 17, 148,

9. Vincent, Bu}l. Soe. Chim., 1880, 33, 157.

10, Renz, RBer,, 1903, 36, 275,

11. Havens, Chem. News, 1897, 76, 11l.

12. Haber, Z. anorg. Chem. 1903, 40, 465,

13, Parsons and RBarnes, J. am. Chem. Soc., 1906, 28, 1589,
14. Britton, analyst, 46, 359, 437.

15. wunder and .ienger, 4. anal. Chem., 1912, 51, 470-3.

16. Hills, Ind. Eng. Chem. Anal. kd., 4, 31-2.

17. Kling and Gelin, Bull. Soc. Chim. 1914, 15, 2005.

18, Folthoff and Sandell, J. Am. Chem. Soc. 50, 1900, 1928.
19, ¥nowles, Nat. bur. 5tds, J. Res., 10, 87, 1¢05.

[l

20, Churchill and Bridges, Ind. Ing. Chem., Anael. Ed. 2,
405-7, 1930,

21. Adami, Ann. Chim. Applicata, 23, 428, 1933.
22, willard and Fowler, J. im. Chem. 3oec. 54, 496, 1932.

2%, Jilek eand Kota, Collection Czechoslov., Chem. Comm,., 3,336,1931.,



51

LITERATURE CITED (CONT'D.)

£4,Fogg and Coughlin, Ind. Zng. Chem., 23, 318, 1931,

5.
26,
7.

34,
35.
36.

37.

Lebeau, Compte Rendus, 121, 641-4, 1895; 126,1202,1898.
Engle and Hopkins, ing. & Min., J. Press., 118, 49,1924,
Sloman, J. Soc. Chem. Ind. (London) 48,309,1929,
Eritton, J. Soc. Chem. Ind. (Trans.) I49-52,1922.
Dyson, Can. Min. J. 52,359,

Negru, Chen., & let. ing. 21,253, 1919.

Pascal, Conipte Rendu, 196, 828, 1933.

Travers and Chu, Compte kendu. 198, 2100,1934.

kellor's Comprehensive Treatise on Inorganic Chemistry,
Vol. 8, London, Longmens.

Boullé, Compte rend., 200, 658, 1935.
Boullé, Compte rend., 200, 832, 1935.
Lowe, C.S., Mester's Thesis, U. of Hd., 1937,

Parent, P.A., Master's Thesis, U. of Hd., 1935.



