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A solvent extraction proeess for the purification of beryllium has been described previously in 
which ethylenediamine tetraaeetic acid (EDTA) is used as a masking or sequesteriiifí ageiit to 
retain metallic impurities in an aqueous phase from which the beryllium is extractad into au or- 
ganic phase (CCU) as a complex with acetylacetone (HX). Subsequent back extraction of the 
beryllium into nitric acid, follovved by the precipitation of beryllium hydroxide, filtering, drying, 
and calcination to 1000°C, has given HeO producís of high i)urity. Approximately 1300 gm of 
BeO have been preparad in 23 batches. The average impurity content of these batches (based 
on BeO) has been very low—less than 10 ppm each of Ca, Al. and Si; less than 5 ppm each of Fe,
Mg, and Cu; all other metallic impurities were below the level of detection by the spectrographic 
method of analysis. The máximum impurity contents for individual metallic species among all 
these batches were, in ppm BeO, Al-9, Ca-10, Cu-13, ^Ig-5, Fe-10, Si-11; these are considered 
to reflect the difficulty of keeping small batches free from contamination by dusty air and should 
not occur in larger operations.

A quantitative treatment of the extraction equilibria and masking equilibria involved in the 
proeess has been undertaken, Spectrophotonietric analytic techniques reccntly applied to the 
simultaneous determination of acetylacetone and its beryllium complex have greatly facihtated 
this study; radioactive beryllium-7 has been usod as a tracer to make possible the rapid deter­
mination of distribution coefficients. The results have generally been as expected; the formation 
constants for the mono- and di-acetvlacetonates of bervilium were calculated (at I  = 0.10') to be:

« -

Anomalously high distribution coeíBcients were noted under conditions associated with the 
presence of high concentrations of XaCl, and even the disodium salt of EDTA, in the aqueous 
phase. The significance of the anomalous conditions is discussed in terms of water activity and 
the degree of h3'dration of the acetylacetone complex of beryllium.

IXTRODl CTIOX of course, of interest to maiiy ctUTcnt studies of high-
The purification procedtire used iii this work was temperature reactors.

selected and developed on the basis oí a literature
, „  „  T j -u j I • a  P R E P A R A T IO X  O F  S M A L L  Q U A X T IT IE S  O F

survey by K. E. Aloore {1) .  I t  was described briefly

The choice of the acetylacetoue-EDT.V solvent 
extraction scheme was based largelv on its snccessful

in the proceedings of the Second Conference on 
Nuclear Reactor Chemistry (2)  and in more detail 
in a recent ORX'L report i3) .  Information con- 
cerning the properties oí puré' beryllium oxide is, analytical separatwn ot berylhum as

described by Adain, Booth, aiui btricklaiid iii 1952 
* This paper is based upon work perform ed at Oak R idge  gtudied bv otliers since that time (J, 6 ) .

X ation a l Laboratory  , which is operated for the U. s . Atonüc essential features of the extraction step are
E nergy Commission b v  I nion Carbide Corporation . , . . , n- . , . i

t O X E A , Argentina. In ternational A tom ic Energy extraction ot berylhum nito an organic phase
Agency F e llow  at Oak R idge  X a tion a l Laboratory. as a complex with acetylacetone aiul the retention
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BelCHjCOCHCOCHjjj

F i o . 1. The  system: carbón tetrachloride-acetylacetone- 
borvlliuiii acetylacetOlíate,

of niaiiy nietallic impurities iii the a(|ueous phase 
as complexes with E D TA . The steps, iii the process 
which was \ised for the first phase of tlie prograin, 
are:

1. ]íe ( OH )2 is dissoh’ed iii a sohitioii of acetylace- 
tone and carbón tetrachloride.

2. The organic sohition is washed with deionized 
water.

3. T iie organic sohitioii is extracteci severa! times 
with aii a<iueous phase saturated with ethylene- 
diamine-tetraacetic acid (E D T A ) whicli retaiiis 
metalhc inipurities as p ]D TA complexes.

4. The purifíed organic soJution is back-exti’acted 
with nitric acid.

ó. l i e ( ( )H )2  is precipitated by additioii of puré 
a(iueous .\TI4On.

(). Puré líeO is obtained by calciniiia; the puré 
B e ( ( ) I I ) 2 . ( Polyethyiene e(|uipment used to avoid 
ooutamination from glassware).

l-’igvu’e 1 shows the miscibihty of acetylacetone 
with carbón tetrachloride and the high solubility of 
the beryllium coinplex in the orgauic phase. Tiiis, 
of course, would permit a large scale process to 
operate with reasonably small volumes of the or- 
ganic phase. l'igure 2 shows distribution coetficients 
\’ersuK p ll for beryllium and sevei’al typical im- 
purities under particular concentratioii conditions. 
.V corresponding figure in ref. also presented valúes 
for the distributioíi of magiiesium. Other i'eferences 
do not show the extraction of niagiiesiuni, and the 
earlier results have not been coufirmed by later 
tests; it is not now believed that magiiesiiun is ex- 
tracted under our conditions. Table I shows the 
resvilts of spectrographic aiialyses of 2.'̂  batches of

pH

F i o .  2 .  D i s t r i b u t i o n  c o e f f i p i e n t s  v e r . s u s  p H

purified material and illustrates the agreement be- 
tween the results from two different spectrographic 
laboratories. The total amomit of BeO included iu 
these batches was approximately i;^00 gm. The 
recoveries in eaeh batch were (juite low. Because of 
incomplete separation of acetylacetone in the back- 
extraction step, the precipitated B e (()H )o  in early 
experiments was found to contain large amovuits 
of organic beryllium acetylacetonate— material 
which interfered with the calcination. A  partial 
neutralization to pH 2.8-3.0 and i'e-extraction with 
carbón tetrachloride, following the back-extraction 
step, removed all the acetylacetone from the aciueous 
phase, allowing a puré ñnal product to be obtained. 
But this treatment also re-extracted substantial 
amounts of beryllimn into the organic wash. To 
achieve higher yields, the acetylacetone could be 
removed from the aciueous back extract by múl­
tiple washings with an organic stripping agent.

Q i ’ A X T r r A T i v t :  o f  t h k

e . \ t r a ( ; t i < ) x  s c h k m e

The objectives of this phase of the program wen»; 
(1 ) to formúlate expressions for the eciuilibriuiu 
constants for the complexing of beryllium by acetyl­
acetone ( in the absence of E D T A ) and to relate 
these to experimentally determined parameters in 
an all-a<iueous system, (2 ) to convert these reía-



270 MOORK, E T  AL.

T A B L E  I

C O M P A R A T IV E  SPECTROGBAPHIC An 'ALY S E S  OF 23 

B aTC H E S  OF P U R IF IE D  M a T E R IA I ,

Prep. Analysis 1“ Impurities
Xo. re])orted (ppm)

Al
A2
A3
A4
A5

A()

J A I
JA2
JAS
JA4
JA5
JA(i
JA7
JA8
JAS)
JA lü
JAll

JAI 2 
JA13

PA2
PA3
PA4
PA5

N one
N a  <10  t ; M g  < 5  t 
Si <25 f t ;  M g  G; Fe 10 
N íi <10  t ; M g  < 5  ft  
A l, M s , Fe 5; Si, Ca 10; N a  

<10  t
Ca 5; B <1  t ;  N a  <10  t ; A l 

< 5  t 
L i 30; C;u 2 
Cu 2 
Cu 2
Si 20; M g, (,'u 5
A l 7, Si 10; M s  8, Cu < 5  t
A l, M fí 5; Si 20; Cu 18
A l, M g , Cu 5; Si 10; Ca <10 t
A l, M fí, (h i 5; Si 10
Si 15, M u 5; Cií <10 t ; P t  -  ft
A l, Si 10; M íi < 5  t ;  P t -  t
M g  < 5  t; Si 10; P t -  t

Si <10  t; M fí 5; P t -  ft 
A l 10; Si <10  t ; A lg  < 5  t;

P t -  t

N o iie
\ o iie

Xone

Cu 7; A l, í"e. Si 4 
(íu . Si 5
( 'u  7; A I, Si 5, M g  4 
Cu, Si 4 
Fe, Si 4
Cu 9; Si 5; M g  4 
(a i,  Si 5 
Cu 5; Fe, Si 4 
M g, Si 4 
A l, Si 5
Si, 1 ); A l 9; M g  5;

Fe 4 
A l, Cu, Si 4 
Si 11; A l 7; Fe 4

A l 5; Cu 14; Si 11 
A l, Cu, Si 5; M g  4 
Al 4; Si 7 
A I, Fe 5; Si 9

“ J. A . N íirris , Z. Coiubs, and co-workcrs, O R X L  Ana- 
ly tica l Cheniistry l)iv is i(in . Except those reported, other 
im purities were niit detected  or, if  presetit, were below 
the (lu a n tita tive ly  deteetab le levels  which genera lly  were 
as fo llow s: A l, Ba, Cr, K , X i, R b, Si, Fe, (;a  <10 ; Cfl, M n, 
M o, P b ,M g ,  Cu < 5 ; B < l ; T i  <20; Zn <25; L i, X a, Su < 5 -  
10; V <5 -20 ; Sr <10- 20 ppin. The synibols t and ft re fer to 
trace and fa in t trace.

' ' W . I).  Hurnuin el <il., V-12 Plant Spectrographic Lab- 
oratory, T he  qu an tita t ive ly  detectable levels for elements 
in Analysis I I  are as fo llow s: Ag , Cr, X i, Sn, (ia , M o, A l, 
( ’ u, M g, T i,  Au, Ce, B, Fe, M n, Pb, H f, Ba, ( 'o .  Si < 4 ; W , 
X h, Sr, Zr, T I, T a  <11 ; C'd <3 (i. The valúes were reported 
orig in a lly  in terms o f ppm in bery llium  metal and were 
rounded o ff to the nearest ppm a fter conversión to ppm in 
BeO. T he  alkali metáis and calcium were not reported in 
Analysis I I .

tionships to an exprpssion from wiiich tlie eciui- 
lihriiim coiistaiits coiild be determiiied, and to see 
how tliese constaiits were affeoted by various 
parameters, ('.V) to use these coiistaiits, plus other 
experimeiitally deteriuiiied relatioiisliips iiivolviiig 
the organic phase to calciilate disti'ibiitioii ratios 
for bervlhiim in organic-aciueous systenis, and (4 ) 
to test the calciilated constants again.st experimen- 
tallv measvired valnes of the distribntion ratio.

K(|uations (1 ) and (2 ) show the forniation of 
the mono- and diacetylacetonates of berylhiim. 
l’'or convenience acetylacetone is shown as I IX .

.\nalysis I P  Tmpur- 
ities reported (ppm) Be

Be+

+ +  H X  =  BeX**" 

+  2H X  =  BeXj -

- H + 

211"

(1 )

(2 )

K(luatioiis (3 ) and (4 ) deftne the formation ([uo- 
tients of BeX^ and BeXo.

[Be X+],,.[?!+],„ 
lI5e++]aJHX],,

|BeX2],jH+]^<,

(3 )

(4 )
lBe++l„JH X ]I,

The experimental technicine used in tlie deter- 
niination of 7vi and A'a involved a potentiometric 
titration with a glass electrode. A  sohition of con- 
troUed ionic strength containing, initially, known 
amounts of BeX 2 and FIX was placed in a stirred 
vessel at 25°C. X itric acid was then added stepwise 
in known amounts; foliowin»; each addition the pH 
of the resulting' solution was measiu'ed. As seen 
from lUjs. (1 ) and (2 ), any hydrolysis of B eX 2 

would be accompanied by the consumption of 
hydrogen ions. The difíerence between the measured 
hydrogen ion coneentration and that whicli would 
have been obtained in the absence of hydrolysis, 
[H^lf , provided a meastu’e of the extent of the 
hydrolysis resulting from each incremental addition 
of nitric acid. K(|uation (5 ) defines * as this 
difference and indicates its relationship to clianges 
in I IX  concentrations and to changes in tiu' con- 
centrations of acjueotis beryllium species.

A ir -  ^  [H^it -  [ I I I . . ,

= A[HX[,., = llix j, ,, -  [HXIi

=  2[Be++].., +  [BeX^I..., (5 j

Two new (juantities, F  and ñ, are defined in K([s. 
(()) and (7 ) in terms of parameters that can be 
measured experimentally.

[H X [,„ _  [IIX [i +  AH" 
[H+l,„ [i-n

2[Be"" [a., +  [B e X l,.,

(0 )

(7 )

Then, iu Etj. (8 ), the total beryllium in the solu­
tion is indicated as consisting of three species that 
can be evaluated tising /v i, A '2 , V, and Bet<t ■

E  =  [Be++¡,., +  [BeX+].„ +  [BeX 2 |a„ 

=  [Be^+[( 1 +  /viF +  7v2F^)
(8 )
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T A Ü L E  I I »

K f f e c t  o k  I o n i c  S t r b n g t h  o x  K i  a n d  K -2

pH AH*

/ =  0.1 (K X O 3)
5.11
4.91
4.75
4.()2
4.40
4.31
4 .2:3

4.15
4.00
:5.85
3.72
3.(iO
3.49
3.28
3.07
2.78
2.54
2.3()

9.348 X  10-' 
1.395 X  10 
1.849 X  10-3 
2.298 X  10-3 
3.179 X  10-3 
3 .(il3  X  10 '“ 
4.041 X  10-= 
4.4(12 X  10-3 
5.289 X  10-3 
(i.087 X  10-’ 
().8(il X  10-3 
7.020 X  10-3 
8.332 X  10-3 
9.080 X  10-3 
1.084 X  10-2 
1.217 X  10-2 
1 .299 X  10-2 
1.344 X  10-2

9.772 X  10-2 
1.4()5 X  10-1 
1.952 X  lü“ i 
2.438 X  10-1 
3.406 X  10-1 
3.889 X  10-1 
4.370 X  IQ-i 
4.849 X  10-1 
5.803 X  10-1 
6.741 X  10-1 
7.669 X  10-1 
8.585 X  10-1 
9.485 X  IQ-i 

1.122 
1.279 
1.474 
1.613 
1.711

I  =  0.() (KN O 3)

Y

1.434 X  10+3 
9.390 X  102 
6.713 X  102 
5.146 X  102 
3.299 X  102 
2.759 X  102 
2.364 X  102 
2.016 X  102 
1.500 X  102 
1.114 X  102 
8.586 X  101 
6.797 X  101 
5.477 X  101 
3.610 X  101 
2.338 X  H)i 
1.263 X  K)i 
7.490 X  U)i 
5.002 X  U)i

4.51 3.657 X 10 3 0.368 4.31 X  10+2
4.18 5.450 X 10-3 0.550 2.28 X  10+2

3.75 8.360 X 10-3 0.850 1.01 X  10+2
3.57 9.770 X 10-3 0.990 7.18 X  101

3.38 1.111 X  10-2 1.13 4.95 X  U)i
3.02 1.353 X 10-2 1.38 2.41 X  10'
2.7() 1.510 X 10-2 1.55 1.41 X  101

2.53 l.(i22 X 10 2 1.67 8.69

2.35 1.702 X 10-2 1.76 5.90

2.20 1.747 X 10-2 1.82 4.25

2.07 1.755 X 10-2 1.83 3.16

/ = 2.0(KN ().,)

5.05 1.0(i3 X 10-3 2.247 X  10-1 1.285 X  10+3

4.60 2.113 X 10'3 4.477 X  10-1 4.972 X  102

3.98 4.150 X 10-3 8.850 X  10-1 1.378 X  U)2
3.69 5.102 X 10-3 1.090 7.544 X  101
3.45 5.997 X 10-3 1.284 4.580 X  101
3.22 (i .791 X 10-3 1.457 2.829 X  101

2.99 7.408 X 10 3 1.593 1.728 X  101

2.80 7.868 X 10-3 1.696 1.136 X  10'
2.64 8.190 X 10 -3 1.773 8.017

2.51 8.410 X 10-3 1.824 6.003
2.41 8.()30 X 10-3 1.876 4.821

2.32 8.750 X 10-3 1.90() 3.941

2.24 8.770 X 10-3 1.915 3.271

2.18 8.930 X 10-3 1.954 2.870

2.11 8.770 X 10 3 1.923 2.421

2.01 8.740 X 10 3 1.925 1.91o
1.93 8.670 X 10-3 1.922 1 .575

(Terms involviti^^ hydrolyzed beiylliuni spocios 
were coiisidered, but their eñ'ect was irisig’iiificatit iii 
our experiineiits because of the high ratio of l iX  to 
unconiplexed bcryllium abo ve pH Au aiialof^ous 
treatmetit of the iiumerator of lít). (7 j and sub- 
stitution of (8 ) for the tem í iii the deiioininator 
perniits rl to be related to K i , , and Y  as shown 
iii E(i- (9 ).

[Be++](2 +  Kr F ) 
|Be++](l +  K , Y  +  K ,  y^)

2 +  lú  Y
1 +  lú  Y  +  K 2 Y-̂

(1»)

As is coinmon with schemes involvin»- oniy niono- 
niicleai- products, the acnieous berylUiun ion con- 
centration cancels from this last expression. Iu|via- 
tion (9 ) may be rearranged into Eíj. (10) úi which 
K i  and Á'2 appear as the slope and intercept of a 
hnear relationsliip.

2 — n ( í i  —  1 )
=  7vi ---- ----------- h A 2

Hi ~ n i
( 10)

Table I I  presents the results of experinu'nts at 
tlu-ee (hfferent ionic streiigths. Figure (hsplays 
theae resvilts accordiiig to E(i. ( lOj  and sliows the 
valúes of K i and Ko which were obtained.

Siiice an important objective of the work was to 
develop a (luaiititative treatment of t h e  eutire

“ T l i e  imm bprs in the  ta b le  h a ve  a s ign i f icance  whioh  is 

es tah l is l ied  b y  the  a ocu racy  and  p rec is ión  assoc ia ted  w i th  
t l ie  p H  read ings .  U ead ings  are  e s t im a te d  to  the  nearest  
In in d red th  o f  a j )H  unit  and  the  p rec is ión  is cons idered  to 

b e  ± 0 .0 1  nnit . F i i : .  3. D e t e r m in a t io n  o f K ¡  and K ,
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extmction scheme, it was next necessary to intro­
duce the distribvitioii of the BeX 2 complex betweeii 
the a(jueous and organic phases for a two-phase 
system. Eciuation (11) defines this distribution.

K -D B  =
[ BeX,

, 11 )
[BeXsla,

In tliis work it has been assumed that BeXo is the 
only beryllivim-containing species in the organic 
phase. Sohibihty measnrements for B eX 2 in puré 
water and in carbón tetrachloride show that tlie 
ratio of concentrations in saturated solutions corre- 
sponds to a K db of about 110, but this may uot be 
appropriate for dilute solutions where activity 
coeíficients are closer to unity. E(iuation 12 defines 
D  as the total beryllium in the organic phase divided 
by the total in the aciueous phase.

[BeX2]o
;i2 )

[Be^ +  [B e X + U  +  [BeX ].„

lntrod\icing K i  , , Y,  and K db into Bcj. (12) we 
obtain Eq. (13).

K dbD =
(1 7v2 r^) +  (K , K ; Y ) +  1

(1;3)

Examination of this relationship shows that the 
terms in the denominator involving K i , K i  , and 

become insignificantly small as the pH of the 
system is increased (since Y  becomes large). Conse- 
quently, valúes of K db for a particular ionic strength 
can be obtained from measurements of D  at high pH.

A  series of extraction measurements in the ab- 
sence of E D T A  in which D  was determined as a 
function of pH usiug beryllium-7 and in which the 
distribution of í i X  between the aíjueous and the 
carbón tetrachloride phases was detei'mined spectro-

T A B L E  I I I "

V a r i a t i o n OF D  W ITH p H  .^ND [H X ]a ,

p H D [H X ], , r I

7.35 7().8 0.0297 5.3 X  10“ 0.100
4.43 ()3.5 0.0297 8.0 X  102 0.100
3.85 41.3 0.0297 2.1 X  10* 0.100
3.32 17.3 0.0300 (>4.1 0.103
3.01 8.2 0.0330 33.8 0.110
2.78 4.7 0.0355 21.4 0.119
2.53 2.5 0.0404 13.7 0.137
2.31 1.35 0.0403 9.5 0.157
2.01 0.57 0.0550 5.() 0.18G

photometrically are presented in Table I I L  l''igiu-e 4 
shows a comparison of the observed D  valúes from 
these measm'ements with calculated D  valúes from 
E(j. (13). The Kdb,  /vi , and K 2 valúes used here 
were corrected for the expected effect of the change 
iu ionic strength invoh’ed in the measurements 
{Kdb varied from 76.8 to 82.0, K i  varied from 0.0(i8 
to O.Otíl, 7v2 varied from 0.00044 to 0.0003(i). The 
very small, bv\t systematic discrepancy at lower 
valúes for D  mav be related to the difficultv of

F ig .  4. Agreem ent between oalcvilated and experim ental 
valúes o f D.

“ In it ia l [BeXjJo ~  0.1 .1/, Phase ratio ~ 1 .
F i g .  5. E ffect o f ionic strength on BeX^ so lu b ility  and 

on K db  ■
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establishilig a siifficiently precise material balance 
for n *  at lo\\' p l l ’s where the accuracy of the glass 
electrode is taxed.

E X H A N 'C E M E N T  O F D

The effect of the E D T A  was expected to be 
straightforward, and it mostly was. Information in 
the literature suggested that it slioiild form strong 
complexes with many metallic impurities (7 ) and a 
relatively weak complex with beryllium (8) .  When 
the I'jD TA  concentration in the aqueous phase was 
\-aried, it was somewhat surprising to find that the 
■\ alues for D  appeared to increase with increasing 
concentrations of E D T A . But then it was found 
that dissolved NaC'l could cause even more re- 
markable elcvation in the D  valué; this elevation 
is believed due to the classical “ salting-out”  effect 
in which a neutral species, BpX 2 , is forced out of 
aqueous solution by the lowering of water activity 
upon increasing the ionic strength. I'igm-e 5 shows 
how great were the changes in both the BeXa solu- 
bility and K db upon raising the ionic strength. Both 
series of measurements were made in the presence of 
excess H X  at pH  5-7 so that dissociation of BeX 2 in 
solution can be negiected. Henee the measurements 
of solubility and of D  ) niay be related more
or less directly to the ac|ueous activity of B0 X 2 . I f  
it is assiaited that the effect is due entirely to hydra- 
tion and related to the change in the water activity, 
then calculalions from these data indícate that ap- 
proximately 18 water molecules are associated with 
each molecule of B eX 2 in the aíjueous phase. It  is 
belie\-ed that, wliatever the cause of the effect, it is 
probably the same as that which is responsible for 
the i-elatively greater sensitivity of /v'2 than K i to 
changes in ionic strength.

C O N C L U S IO N

Btudies of the extraction process are being ex­
tended to include tests of possible synergistic com- 
binations of extractants, and examination of kinetic 
factors in the process, particularly those relating 
to the formation of the B eX 2 complex. Xew  facilities 
have just been completed at our laboratory in which 
larger cjuantities of puré BeO are to be prepared 
using the precipitation technique recently described 
by Bamberger (9) ,  in order to have material for 
spectrographic standards, for irradiation and other 
testing, and for studies of the effects of controlled 
amoimts of additives 011 the sintering properties of 
BeO.
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