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The solubility of beryllium oxide anci. atu.minum oxicle

in sarurated solutions of beryllium sulfate was investigated

over wide regions of temperature, time, and concentrationo

The ext,ent of dissolution l'¡as one mole of beryllium oxide

per two moles of surtate, with aluminum oxide showing much

less molar solubility" The effect of aqueous beryllium

sulfate on beryI frit was determined, since specificity w'ith

respect to beryllium oxide was i-ndi-cated, An extraction

Ievel of beryllium oxide approaching seventy per cent was

attaÍnedo
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PRESENT INDUSTRIAL PROCESSES



PRESENT rNpU_STllïAL FR qCESSES

Beryl, a double silícate of beryllium and alumínum -

lBe0"At203.6Si02 - is the only commercial- source of beryll-
ium at present, In pure form this mÍneral contains approxi-

mately fourteen per cent beryllium oxide (eeO), nineteen

per cent alurn-i-num oxide (41203 ) , and sixty-seven per cent

silicon dioxide (SiOr) " Commercial ores rarely contain

over 11,5 per cent beryllium oxide.

There are, in commerci.al operabÍon in United States

today, two entirely different methods of extracting beryllium
oxrde

from beryl ore (t).

CHAPTEB I

COPAUX-KAI¡IECKI PROCESS (Z)

This is the process used by the Beryllium Corporation,

Reading, Pennsylvania" Ïn brief, this process consists of

mixing the finely pulverized beryl ore with sodj.um ferric
fluorid-e, sodium fluosilicate and soda ash and roasting the

mixture at 75OoC (1382oF). The resulting sinter Ís ground

and leached. in waber to yield soluble sodium berylliun fluo-
ride and. insoluble silicon d.ioxicle, aluminum oxide, and iron

oxide. After several decantations through a polishing

filter, the liquor is treated with caustic soda" The beryll-
ium is first precipitated and then redissolved as sodium

I



beryllate" Heating to near boiling causes precipitation of

"( - berylfium hydroxide which is filtered- off , washed, dried.,

and ignited to beryllíum oxid.e at a temperature of about

lOoOoC (l83Oop)"

The sodiurn fluoride which is formed along with beryllium

hydroxide when sodium hydroxid-e is added to the sodium beryll-
ium ffuoride solution, is recovered by the addition of femic
sulfateo The sodium ferric fluoride formed is recycled üo

the beginning of the process where it is needed to convert the

beryl ore into sodium beryllium fluorid.e.

SA}ryER-KJELLGREN PROCESS (3) 
"

This is the process used by The Brush Berylì-ium Company,

Cleveland, Ohio. Beryl ore is completely melted (melting

point - 165OoC þOOOodlt and then rapidly quenched Ín cold warer.

The resulting glassy beryl frit is finely ground and treated
ur:ith hot, concentrated (%ftl sulfuric acid. This treatment

üriIl yield only 50 to 60 per cent of the ores'beryllÍum con-

tent" The unreacted beryl frit is subjected to additlonal
heat treatment at moderate temperatures which, after further
reaction with sulfuric acid, brings the value up to commerc-

ially acceptable levels, (This stage sha]I be discussed

later). After sulfating, the ore is leached, and the bul-k

of the aluminum sulfate is crystallized out of a-mmonium alumu

Then a suitabÌe chelating reagent (e,g,, the disodium salt of
ethylenediaminetetraacetic acid) is added to the mother liquor



to hold undesirable impurities (magnesiumu calcium, iron)

in sol-ution, Excess sodium hydroxide is added to convert

the beryllium and remaining al-uminum to beryllate and alumin-

ate respectively" Both of these compounds are quite soluble

1n cold alkaline solutionu but they differ in that the beryll-

ate decomposes on boil-ing to precipitate granular 4-berytlium

hydroxide, whereas the aluminate is unaffected" Careful

control of sodium hydroxide normality during beryllatÍon is

necessary in order to insure good recovery of beryllium

hydroxide, Some beryllium hydroxide which is too fine to
be separabed by centrlfuli*g, is filtered off and returned

to the alum crystallization step. (See Figure 1).
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Aqueous solutions of berylliuur salts are knolun to
dissolve considera.ble quantities of the trbasj-c carbonatetf

and the amorphous hydroxide (4) (sl (ó). This property
appears in mineral acid salts, such as halides, sulfate,
sel-enate, and derivatives of organic acicls, such as maron-

ate and tartrate. rn fact, the affinity is so strong
that a coneentra-ted sorution of the beryrlium sart of a

strong acid continues to dissolve the basic carbonate with
a brisk effervescence, even after onemore of base has been

added for each more of salt. sidgwick and Lewis (¡)
found that, upon the addition of basic berylrium carbonate
(whose composition and physical aspects vary with the nature

of the precipitation reaction, coneentra.tion of solutions
used, and the üemperaüure ) to a concentra-ted solution of
beryllium sulfate, followed by boiling to remove carbon

dÍoxide, there hras an increase in the solubility of beryll-
ium sulfate. A polynuclear species was posturated in
accordance with the datum that one molecule of salt dissolved

for every four molecules of oxide added, sidgwlck and Lewis

envisaged the formation of complex ions of the type

CHAPTER II
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Be(BeO)*(ttrO)r*_*, in which molecules of BeO replace, partially
or completely, four molecuLes of water of hydration on the

T+Be cation, to form the complex grouping Be + O = Be

Hzo -,

H,
0-
I
Be

1
0
Hz

<_0H2

++

This formula. is also attractive, since

to the normal valence of beryllium"

The hydrates of highly chargecl metallie
protons readily with the formation of hydroxo

M(H2o)41* e===r H* * [*trro)ror]

s04= 

->

6

whieh might dimerize, in the case of beryll-ium, to form the
oxo complex;

i"]
s" .-9s" I

å"]

lgQ 
-¡

or perhaps form the brÍdged hydroxy complex;

z I ne (H2o tron]. ç==å [ tHro) 2 Be (::)e" tH20 ) ,)*n

++

z [t"{*rro)3oH] ç==â ßrro)2ne-o-ee(H2o )rJ. * 3lzo

Attempts have been made throughout the litera_ture
(ó) 0) to correlate the above mentioned solubil-ity to simul-

taneous changes in conductivity, freezing-point depression,

s0, -
+

it conforms

ions lose

complexes

2H20



and osmotic pressure" Not only are bhe explanations con-

tradictory but, also, one cannot relate these phenomena

to composition in such highty concentrated solutions"
Pierre Silber (8) assesses the problem and warns ndans

Irétat actuel de la question, il semble que IÎon doive

utiliser les donnêes quantitatives avec circonspection,

surtout les d.onnées peu recentesr?"

This behaviour suggested to us that complex fornat-
ion could occur between ignited beryllium oxide and soluble

bery1J-ium salts" Such a reaction, should. it be possible

to bring about, promised to be relatively specific with

respect to attack of beryllium oxide in a mixture of metal-

Lic oxides, provided no highly basic oxide 'hrere present"

7



EXPERIMENTAL PROCEDURE



Saturated beryllium sulfate solution was prepared. by

dissolving excess BesOU'ltP.zo, supplied by Fisher scientific
Co., in distilled water at 22.5oC, Analysis showed 28"tl1

grams BeS04/100 grams of saturated solutionr or O.OOZTO\+

moles BeSO4/Sram of saturated solution (see (9) ). The

equivalents of beryllium and sul_fate were verified to be

unityo

The beryJ-lium oxide, supplied by MacKay and Coo ¡ trrrâs

ignited to 900oc to insure the absence of hydroxide. spectro-

photometrlc anarysis, employing 8-hydroxyquinoline in chl-oro-

form (fO) revealed 0"006/" 41203,

Ignited beryllium oxide, in excess of the amount that,
from preliminary work, was anticipated to dissolve and about

0"5 milliliters of saturated beryllium sulfate solution, ürere

weighed into heavy-walled Pyrex tubing of one-hal-f inch outer

diameter. The open end of the tube was sealed with a flame,

the tube placed into a short length of iron pipe, and the

Iatter sealed with a perforated metal câpo This precaution

was i.ntended for the protection of personnel. A number of

these assemblies Ììrere then placed in an airthermostat, whose

I

CHAPTER III

EXPERIMENTAL PROCEDURE
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temperature regulation was lIoC, 
and. then withdrav¡n after

an appropria.te tine interval.
After cooling, the tubes were removed, broken open

and the unreacted berylì-ium oxide collected on hlhatman No"

/¡2 filber paper, Ït'lashing with distilled water was continued

until complete removal of beryllium sul-fate was verified by

testing the filtrate with lead acetate solution. The oxÍde

hras then ignited to 900oC and weighed" This mass, when

used in conjunction with the masses of the solid and liquid
reactants, and the known analysis of the beryllium sulfate

soluti-on, permitted a calculation of the ratio of moles of

beryllium oxide dissolved per mole of beryllium sulfate in
the original charge.

Studies were made to show:

(a) the effect of temperature on the amount of beryll-
íum oxide dissolved, as summarized by the upper

curve in Figure 2 (see Tab1e I) "

(U) the effect of time on the amount of beryllium

oxide dissolved, as summarized by the upper

curve in Figure 3 (see Table II)" and

(c) the effect of the concentration of beryll-ium sul-

fate on the amount of beryllium oxide di.ssolved,

as summarized in Figure lç (see Tab1e V).

Because aluminum and beryllium generally occur to-
gether in nature, and because of the general chemical



similarity of this paír, ignited aluminum oxid.e was used

as a sorid reactant in a second series of determinations

designed to give some indicat,ion of the amount of separa-

tion that could be expected, The lower curves of Figures

2 and, 3 (see Tables II and IV) summarize the effeet of
temperature and time, respectively, on the solubitity of
al-uminum oxide in beryllium sulfate solutionsn

Nextr w€ wished to investigate whether bery1J-iunr

oxide could be selectively extracted, by the same tech-
nique, from beryl frit (supplied by The Brush BerylLium

Conrpany). This had been ground to -325 mesh,

Known amounts of the frit (approximately 1oo milli-
grams) were placed in heavy-waIled grass tubing, together

w:ith a known weight (approximately 0.5 milliliters) of
the saturated beryllium sulfate sol-ution" The tubes were

sealed, placed in metal piping as before, and heated in an

air-thermostat,

After appropriate time intervals, the tubes were re-
moved, broken open, and the contents washed onto filter
paper" The unreacted frit, thus collected, !ìras plaeed in
a platinum crucible, and the fil-ter paper removed by ignit-
ion. The method of analysis took advantage of morin

(2t ,t+, ,3 ,5 ¡ 7-pentahydroxyf lavone ) -beryllium f luorescence

as described by Riley (ft), using a Beckman Model DU spectro-
photometer equÍpped w'ith fluorescence aceessory and photo-

10



multiplier attachmento The more recent paper of sill and

WillÍs (fZ) el-aborates on modifications of the same procedure,

but by the use of chelating agents and the careful consider-

ation of pH, selectivity for beryllium is obtained by the

method of Riley.

Reagent grade morin was supplied by K & K Laboratories,

rnc" Although Riley found that technical grade mori.n gave

satisfactory resurtsr wê found that the use of reagent grade

was imperative. The latter gave far more reproducible re-
sults, stability of the fTuorescencehras enhaneed, and fading

of the fluorescenee was almost unnoticeable, even after two

hours.

The beryl frit was analyzed by the same method and

found to contain 9.8 per cent BeOo

As before, the knowledge of the rnass of liquid and

solid reactants, BeO content of the frit, fluorometric
analysis of the unreacted frit, and the known analysi-s of the

beryllium sulfate solution, permitted a calculation of the

ratio of moles of berylrium oxide extracted per mole of beryll-
ium sulfate in the original charge,

Studies, to date, were made to show the effect of time

on the amount of beryllium oxÍde extracted, The data are

collected in Table VI, and summari.zed by Figure 5o

As a comparison, the effect of concentrated sulfuric
acid on the frit was determined under similar experimental

conditions. At a temperature of 20OoC and a time of 2t+

11



hours, 0.021 moles of BeO were extracted per mole of sulfuric
acid. Referring to Table VI, we see that with beryllium
surfate, under the same condÍtions, approximately 0,1-8 mores

of beryllium oxide were extracted per mole of beryllium
sulfate" certainly, berylrium oxide seems to dissolve

much more readily in beryllium sulfate than in sulfuric acid.

t2



TABLE I
THE EFFECT OF TE}{PERATURE ON THE

OXIDE DISSOLVED IN SATURATED
THE TI}iiE IN AIL CASES hiAS

Temperature

o
90c

105oC

r200c

Grams BeO/
gram BeSO,

so1î n L+

AMOUNT OF BERYLLIUM
BERYLLIUM SULF'ATE
SÏX HOURS

t350c

l5ooC

l.65oc

1800c

2000c

2r5oC

23OoC

13

0"0123

0.0166

(o"ozo2
(
(o"ozr3

ß.azb?
(
(o"oe38

o.0255

o "4292
o'0308

0.0309

0 
" 
0307

o.o3o2

Moles BeO/
mole BeS04

0,182

o "245
o "2gg
0.314

o"359

o.352

o "378
o "432
O "451+

O,I+57

O.I+5b

o,l+51+



TABLE ÏT

THE EFFECT OF TEIVJPERATURE ON THE
OXIDE DISSOLVED IN SATURATED

THE TII\M IN ALL CASES

Temperature

1800c

2000c

2r5oC

23OoC

l4

Grams LLZO 3/
gram BeSO¡

sol- o n

AMOUNT OF ALUMINUM
BERYLLIUM SULFATE
ÍIAS SIX HOURS

o.oo97t+

o,oo953

0.0104

0" 0t0g

Moles LLZO3/

mole BeSOU

o "o353
a"o3b5

o "0377
o "o)96



TABLE III
THE EFFECT OF TTME ON THE AMOUNT OF BERYLLIUM OXIDE

DISSOLVED IN SATURATED BERYTL]UM SULFATE
THE TM4FERATURE IN ALL CASES ÏüAS 18,OOC

Time

3

5

6

hours

hours

hours

hours

Grams BeO/
Gram BeSO.

solen 4

19 hours

t5

0 
" 
0210

o "0282
0.0308

(o.o3o6
(

(o "o3to
o "0325

(o"o33t
(
(o 

"0337
o"a333

o "0339

2/e hours

96 hours

13b hours

Moles BeO/
mole BeS04

0"310

o "4r7
O "I+54

(o 
"t*iz(

(0.458

0 
" 
l+80

( 0.L89
(

ß "u97
o "I+92

0. 501



TABLE IV

THE EFFECT OF TIME ON THE AMOUNT OF ALT]MINUM OXIDE
DISSOLVED IN SATURATED BERYLLTUNI SULFATE

THE TEMPERATURE IN ALL CASES I/VAS 18OOC

Time

3 hours

5 hours

6 hours

I hours

19 hours

2l¡ hours

1l+4 hours

t6

Grams LLZO3/

gram BeSO¡,
solln

o.00596

0"00719

0.00974

0 
" 
00857

0. ol10

0"0105

0.0137

Moles A1-ZO'

mole BeSOU

0" 0216

0.0261

o "o353
0.03lL

o "o3gg

0"0382

o.o496



TABLE V

THE EFFECT OF CONCENTRATION OF BERYLLIUM SULFATE ON

ON THE AMOUNT OF BERYLLIT]M OXTDE DTSSOLVED
THE TEMPERATURE IN ALL CASES IVAS 18OOC;

THE TIME U/AS SIX HOURS

*Concentration

?o "gfo

7 5.L/o

tt+ "t+f/'

92"3/o

95.5f'

LOO 
"Ofo

L7

Grams
gram BeS04

tt*".korr"d 
as percentage by weight.

Beo /
solfn

0 
" 
0176

0.0300

o.0234

o "42Ì+7

o.0287

o,0308

Moles BeO/
mole BeSOU

o.355

o"589

0,410

o "396
O .lvhb

O 
"l+51+



TABLE VI

THE EFT'ECT OF TII\E ON THE AMOUNT OF BERYIIIU]U OXIDE EXTRACTED
FROM BERYL FRTT BY SATURATED BERYLLTUM SULFATE.

THE TEI'IPERATURE IN ALL CASES WAS 2O0oC 
"

Time

hours

Moles BeO
extracted/
mole BeSOU sol-cr

hours

18

0,110

0,112

o "087

2l+ hours

Percentage BeO
extracted

0. 114

o.L36

48 hours

3O/"

o "rg5
o "r73
o,L7 5

46/'

o"227

o "23O

o,2L6

6b/,

6V"
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DISCUSSÏON OF RESULTS



The data coll-ected indicate that the optimum con-

ditions for dissolving pure beryllium oxide in beryltium

sulfate solutions are 180oC, a time of six hours and that
a high concentration of beryllium sulfate increased the

rate of reaction considerablyo Figure 3 and some isolated
runs not included here, indicate that some species, very

stable in solutj.on, wÍth an empirical formula 2BeS04"Be0"xH20

is formed, the rate of formation being favored by high tem*

peratures. The region of stabil-ity of thís compound must

be fairly extensive since highly diluted soLutions obtained

in washj-ng the undissolved beryllium oxÍde onto a filter
show no tendency to reprecipitate the dissolved beryllium
oxide, even when al-lowed to stand for several months at

room temperatu.rêe Ït seems unlikely that this apparent

stability can be explained in terms of the inertness some-

times observed with polynuclear species,

The limited solubility of aluminum oxi.de i-s most

likely due to its having a basicity similar to that of beryll-
ium oxide and simply displacing some of the aquoberyllium

ions from solution, the displaced beryllium then entering

CHAPTER ÏV

DISCUSSION OF RESULTS

23



into polynuclear formation,

Vtrith regard to the resul-ts on the beryl frit r w€

would not expect to attain an extraction level of 0"! moles

of beryllium oxide per mole of beryllium sulfate (tfre maxi-

mum val-ue reached with t,he pure oxide ) , since a sJ-ight

excess of beryllium sulfate T^ras present in all cases,

In the straight fusion process used by The Brush

Beryllium Company, the opening of the ore is based entirely
upon crystallographic changes in the ore molecu1e, The

non-reactive beryllium oxide contenü of the quenched frit
after the first treatment with sulfuric acíd is believed

to be present in solid solution in the silica. By heat

treating the frit, this additional beryllium oxide can be

caused to precipitate out of solid solution. If, in this
studyr wê have approached the maximum extraction level of

beryllium oxide, it may indeed be due to the same cause "

Referring to Figure 5, the data at 48 hours indicate

berylliurn oxide extraction approaching /0 per cent, ït
does not seem unlikely that a p0 per cent extraction, or

better, could easily be reached. But the question of

selectivity with respect to beryllium oxide is yet undeter-

mined" This information can only be acquired by a com-

plete analysis of the beryl frit, and analysÍs of solid,
and solution, after reaction" Further studies should be

continued in this directiono

2h



The existence of a preferential solvent for beryllium
oxide, with suitable experimental conditions established,

could be used to advantage in specific metallurgicar situa-
tions" ïn the Brush process, for example¡ (see Figure I)
considerable simplification could be introduced. Reaction

of the ground heat treated beryl frit with saturated beryrr-
iwn surfate sorution, followed by decantation or filtration,
wourd eliminate sulfating with sulfuric acid, leaching with
water, and removal- of aluminum by ammonium alum crystallíza-
tiono Even the addition of chelating agents might be

avoided, or ab least the amounts reduced"

25
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