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p(vr) INCORPORATION DURING REPLACEMENT OF CALCITE

~ BY AIKALINE, FLUORIDE-BEARING SOLUTIONS

L. L. Ames, Jr. and R. FuJ_lerhon}'/

HANFORD LABORATORIES OPERATION -

General Electric Company
Richlend, Waeshington
ABSTRACT
, A me?:banism involving oxygen in U(VI) incorporation operative
- during the metasomatic replacement of caleite by fluorite in alka-
line, fluoride-bearing solutions was given further study. A Yates

 treatment of factorial design statisticel data showed that tempera-

~ ture hes & highly significant effect on the fraction of U(VI) re-
 moved from solution. An experimental comparison of oxygen-rich
and oxygen- deficient influents demonstrated the existence of two

mechanisms, the principal one involving oxygen, ‘a8 originally postu-

| la:bed, probably as the substitution of (uoh) for (cwu)

: ‘ INTRODUCTION

In a previous paper the relationship between temperature and U(VI) sub-

. etitutions during replacement of t‘.'a.(:o3 by CeF, vas discussed (1). It was hy-
pothesizgd thgt U(VI) removal from solution during calcite replacement by
fluorite in ajlcaline » fluoride-bearing solutions was related to the amount of
cxygen d.issol';red in the replacing solution. Evidence for an incorporation
mechanisiz involving oxygen was the inverse relatibnahip between U(VI) removal
from solﬁtioné end temperature. It wms concluded that the substitution might
be that of the ‘tetraoxouranate (VI) ion, or (Uoy)” 2, for cm;a (13), a mecha-

v nism that would account for the low temperature- u.raniferous fluor:lte association

' reported by Ga.bleman (4). | |

The proposed "oxygen" mechenism was investigated furt;her by statistical

- des:lgn of expériments end data treatment.‘ The results of this investigation

a.re presented- herelin.

1/ Work perfomed under Contract No. AT(45-1)-1350 between the Atomic Energy
Cmnmissiozz and Genersal Electric Company.
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‘ METHODS OF INVESTIGATION
To treat the problem of the relationship between U(VI) removal from

soiution and tem@erature, & factorial design was devised (3): The six
N supposedly independent variebles, U(VI) concentration, fluoride concen-

etration, 1nf1uent solution pﬂ, systen temperature, celcite surface ares
and column flow rate vere studied at two levels utilizing the experimental
epparetus of Figure 1. The fraction of U(VI) removed from solution was meas-
ured as the dependent varieble by enalysis of influent and effluent solutions.
‘The composition of the influent solutions is given in Table I.
Tdbie IL Composition of the influent solutions used in the factorial

studies. All solutions were 1M NaCl in eddition to their other con-
stituents .

~A) 0.0y NeF, 1.03 x 10~ U(VI) E) 0.05M NeF, 1.03 x 10~%M U(vI)
' soluxion PH = T.5 . solution PE = 7 5

'B) 0. om NaF, 1.03 x 10 9M u({vI) F) 0.05M Na:F, 1. 03 x 107 9M U(vI)
: solution PH = 11.2 . solution pH = 11.2

€) 0.01¥ NeF, 2.68 x 10-8y u(vx) G) 0.05M NeF, 2.68 x 10-8y u(v)
solution PH = 7.5 solution pH = 7.5 .

n) 0. om Na.F, 2.68 x 1o BM u(vI) H) 0.05M ReF, 2.68 x 10 -8y u(vI)
solution pH = 11.2 solution PH = 11.2 '

: Theée eiéht solutions were used to‘complete a 26 factorial design in one
half repiicate (3). This design yields only main effects and two-factor inter-
actione, with three-factor interactions usea as an estimete of error. Thie de-
-sign outline 18 shown in Figure 2. Calcite surface areas are inversely listed
beceuse calcite grain stze designations, rather than surface areas, were used

in theee experiments.
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Treatment of the anelytical results on U(VI) removal from solution was
by the metb.od of Yates (3) Bince only two levels were used, the t-test of
significa.nce could be utilized in gaging the relative importa.nce of the ef-
fect totals at some level of t. Thus the design indicates whether the in-
dependent ve.ria.bles affect the dependent variable, and the relative order of
v their effect.g The d.esign does not show what the mechanism of U(VI) remova.l
from solution is, or why it opera.tes.

- To substantiate the hypothesis thet oxygen d.s.ssolved in the 1nf1uent :
_solﬁ'hion is associa.ted with the removal of U(VI) from solution and incorpo-
rated 1nto ’che fluorite lattice, calcite was allowed to react with fluoride
ion und.er conditions similer to those previously»reportedv (1). Hovever , in
one case lM lira,aiio3 was used in place of 1M NaCl, and the results were compared.
wit.h U(VI) removal from the 1M NaCl solution. '.l'he Ne.2803 in solution effective~
ly removed. a.ny dissolved oxygen but did not red.uce the U(VI) to U(IV).

: 'l'he appropriate gulfite-sulfate couple in basic solution (9) is

208" + 803 = 80 +Hx0 42 E® = +0.930
o2 + 2Hp0 4+ be” = WOH  E°=s+0.01
aso3 +0, = asou ) EC = + 1.331

A ea.turated solu‘bion at 25 C and one a’cmosphere would contain O. 0079g
' 02/1, or 2. hh x 10 l'M 02(7), as & reasonable approximation. Now E = E°
.04522 1oglo -Q, where @ = ‘the product of the activities of the resu;l.ting sub-
: sta;nces divid.ed by the product of the activities of the reacting subsfances,
n - the %numbor of transferred electrons, and E° = the standard electiode po-

te:itial.f Let ug consider the reduction of oxygen in this system to barely
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detéctabie cbﬁcentrations or 3.0 x 10'6&_02.
; .
503"
805%)%(0p)

. _ 0.059 (4.88 x 107
-4 1.331 _._l 10310 o a

E=EC - -_222 log10 (

= 4 1.208, the potential at quantitative 0, removal.

These calculations show that all of the dissolved oxygen is removed from
the influent solution. Furthermore, the experiment was car:ied out soon after
solqtion;makegp to prevent readsorption of oxygen from the etmosphere. Let us
| now;calcéldté%whether or not the U(VI) was reduced to U(IV). The applicsble
éouéles ;iven?by Latimer (9) are:

B NazUOh + lmao +2 = u(on)h - oNa* + bom” E° = - 1.61
o 20H" +so3 = 80," +HO + 26" E® = +0.93
or éombiﬁing ? o

| Na2U0 + 38,0 + so3 = U(on)h» + 2Mat 4 20K + soh" E° = - 0.68
'at pH g:

' 2 -2, =
m - - 0. 68 __2 08, (vah) “(om") “(s0y )
(803%) N
;.. o 68 - 059 logy, {2) ®(2075)2(4.88 x 10
-e- . * —— l
(1)
= - o 29

Since the original oxygen concentration in the solution is approximately
2. hh b' S 10 *M the sulfate concentration after reduction of all the oxygen would
be twice this figure, or 4.88 x 10” hM It is assumed in the calculation that
solid Naavoh 15 the reacting species. In view of the low solubility of Na Uoh,
and the mono- and polyuranates of the alkeli metels in general (8), the essump- l

.tion is prdbably valid.
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'rhﬁs sulfite will not reduce U(VI) to U(IV). The stipulated emviron-
mental conditions were therefore fulfilled by substituting 1M Na 803 for lM
NaCl in’ the 1nfluent eolution. Dissolved oxygen was removed effecfbively while

U(VI) wa.s not reduced %o U(IV) ;
All chemicala used were of reagent grade in d.istilled water. Uranyl ace-
te.ée vas used as a source of U(VI) Urenium anelyses were by the Ana,lytical
Ia‘ooratories of the Hanford Ia,bora.tories Operation.
| | RESULTS |
Figure 3 gives the results of the factorial experiment in terms of the
b.fro.ction of U(VI) retained by the forming fluorite for each of the 1ndependent
va.;fia“olo cond.i‘tions of Figure 2, Table II presgents the effect totals and vari-

' o.noe ané.lysio of the date of Figure 3. ' . o

- Table II. Analysis of varience of data from Figure 3.

Effect  Factor Effect  Factor

- totals. designation Factors totals designation Factors

- 16,6936 c B - -

o 1.4738 e Calcite surface area  2.2438 a . Fluoride concen-
R . : o tration
1.3720 0 b Colum flow rate -.7280 ae
Chosz 0 v -hgk2 pe
~1.1k22 S e U(VI) concentration  1.5988 ebe  (error)

0552 . ae : o .6600 ce L
1.3774 " be L9614 ace gerror)
9248 © abe  (error) 4332 bee error)
1.2330 a Influent solution pH 1.0654 ebce = arf

. 7864 . ad . , .5802 ce :

1. 4750 - pa - 1.1210 ade %errorg

- .1860 . abd (error) 2548 bde error
1.4680 . cd ' -.8458 abde = ce
1.8308 = aed Eerror) : L0922 cde (error)
-.4580 " bed error) . .9246 acde = bf

L2466  &bed = ef . - -.Tho2 bede = af
' 5.7060 abede = £ Temperature -

(continued)
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0% = 0.0295
¢ = *0.1718
= (V32) (0.1718)

‘Bffect total
; $0.9718
3.169, for the 99 percent confidende level
and ten degrees of freedom.
$3.079 ,

t

: 60.9718)(3.169)

| : An erfect total is significant at the 99 percent level if greater than
% 3 0796 At a lower level -such as 95 percent - the F concentration, as
vell as the temperature would be significant. '

1 Note that there 18 only one significant effect at the 99 percent 1eve1
‘bof t under theae experimental conditione and that effect is for temperature.
In other vorde, with greeter than 99 percent certeinty, it can be stated that
»tempereture has a real effect on U(VI) removal. A simple visusl examination
of the independent varidblee of Figure 3 shows that this temperature effect is
T an inverse one, i.e., all other things being eqnal, the higher the temperature
’_ the less. U(VI) removed from eolution. Thus the original data (1), indicating
an 1nverse U(VI) removal-temperature relationship, was correct with a high de-
: gree of proba.bility.

Figure b -compares the results of the 1M NaCl and 1M Na, 803 experiments.
Note two removel curves, indicating two removal mechanisms. The effect of the
oxygen mechnnism 1s pronounced &t low temperatures. for exanmple, &t 25 c
88. h percent of the U(VI) removed can be attributed to the "oxygen" removal
mechaniam.

" An experiment uxilizing 0. 3M Na2803, rether than IM.NaQSOB, to duplicate
the 1on1c etrength of the 1M NaCl influent yielded U(VI) removals not signifi-
‘canply d;fferent than U(VI) removals from the original 1M Naésos'eolution.
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P DISCUSSION |
Annlysié of the factorial date demonstrated that the earlier postulnted
inverse relationship between U(VI) removal and temperature a.ctua.lly existed.
The re]ationship of U(VI) removal to temperature and oxygen con‘l:en‘b wes al-
80 shown by oomparing the results of two experiments, one solution contain-
‘ ving disqolved oxygen and the other containing 1ittle or no dissolved oxygen.
| There a.x’fé apparently two mechanisms operative in remo;ral of U(VI) during
the; repiacémeint of calcite by fluorite. In the ebsence of dissolved oxygen,
the normal" mechanism operates s probably by substitution of (UO,{_,) 2 e
F- (209.?) as postule.ted. previously (2). This "normal" mechanism operated
under nil conditions during replacement of calclte by apatite; i.e., oxygen
d1d not ‘ai’fect U(VI) removel during the replacement of calcite by apatite.-
An alternntive explanation of the shape of the U(VI) removel curve from M
| nta.aso3 ’ is the forma.tion of U(VI) sulfite complexes. -Although such complexes
E are nllud.ed to in the literature , no stebility data were found. Therefore
this possibility cannot be evaluated at present. The second, or "oxygen"
mechanism, is_ restricted to the calcite-fluoride replacement reaction (1) :
o and is pﬁro‘oa.bjly repregented by the u'bstitntion of (uoh)"" for (CaF),) -2 (13).
Thei U(VIj) removal curve labeled "J.g{ NaCl" in Figure &4 represents"the sum
of the "normail“ mechanism i)lus the "oxygen" mechanism. The curve labeled
"IM: Nazsb repreaento the effect of the "normal" mechanism only. At one
. atmosphere of Ppressure, the effect of increasing the solution tempere.ture
1= d.eoxygenation of the solution. Increasing the partial pressure of oxygen v
'would. tend to shift both of the curves shown in Figure 4 to the right, assuming

tha.t U(VI) remova.l rates for the nomal mechanism continue to increase with
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rising t;mperéture Hence, there is probably little change in curve relation-
‘ehips between one e.tmosphere oxygen partial pressure at 1mrer temparatures and
geversl atmospheres &t higher tempera.tures.

All other things being equal, the lower temperature fluorite deposits
would tend to be uranium-rich as reported by Gebelman (’4) The uranium
would be_i dissgmina.ted through the fluorite Jattice. The ﬁ.eld occurrences
of such %’luorélte deposits (5, 6, 10, 11 and 12) parallel the general relation-
ships be'i:weeng U(VI) ‘ion, temperature and resulting U(VI) removal from solution
as d.eteni;zinedi in the h‘bozfa.tory. v

A R ACKNOWLEDGMENTS
' The authors wish to acknowledge the helpful suggestions of Mrs. Olevia.
Stemer &uring the laboratory work.
S REFERENCES

1. Amea, J’r., L. L. (1961), The metasomatic repla.cement of limestones vy
: ; a.lkaline ’ :fluorid.e-‘bearing solutions: Econ. Geol. (in press).

2. Ames, J'r., L. L. (1960), Some cation aubstitutions during the formation
. of phosphorite from celcite: Econ. Geol., 55, 354-362.

3. Cochran, W. G. and G. M. Cos (1957), Experimental designs: J. Wiley
end Sons"z N. Y., 2nd. Ed., 1958-161-279.

b, Gabelman , J. W. (1955), Geogrephic relation of uranium and fluorite
" 4n the regional tectonic pattern: (abs.) Atomic Energy Coxmnisaion,
U S Geol. Burvey Symposium, U. 8. A. E. C. Papers, 6.

5. Gillerma.n , B. (1953), Fluorspar deposits of the Eagle Mountains, Texas:
U 8. Geol. Survey Bull. 987, '

6. Green , 7. R. and Kerr, (1953) , Geochemical aspects of alteration, Marys-
’ vale, Utah. U. 8. A. E. C, Publication RME-3046, 73-78.

7. Handbook of chemistry end physics (195#-1955), Chem. Rubber Publish. Co.,
01eveland, Ohio, 1608.

8. Hopkins,; B. 8. (1939), Chapters in the chemistry of the less familier
‘ 'elepxents‘: Stipes Publ.»Co.,’ Champsaiegn, Ill., 1l2.



Q=

' latimer, W. M. (1952), The oxidstion stetes of the elements and their
poﬁéntials in aqueous solutions: Prentice-Hall, N. J., 2nd. Ed., 300-
- 304, | '

_ lovering, T. G. (1954), Radlosctive deposits of Nevada: U. S. Geol. Survey,
| 1009-C, 91-93. | | | |

_ Steatz, M. H. and Osterwald, F. W. (1956), Uraniun in the fluorspar of the
- Thomas Renge, Utsh: U. 8. Geol. Survey Prof. Paper 300, 131-136.

i Thu;rston%, W. R. et sl. (1954), Fluorspar deposits of Utah: U. 8. Geol.

Weyi, W. A. (1951), Crystal chemistry of defective structures. I. Effect
~ of foreign atoms on the electronic properties of crystals: O.N.R. Tech-
- nical Reports, NR 032-265, Report 24, 13-1k. B '




 EFFLUENT

10~

~ INFLUENT
 SOLLECTION

INFLUENT i .
SOLUTION ___ © | rHERMOSWITCH

© THERMOMETER [ | 1\

STIRRER

; [:j::1  >‘

- COLLECTION

." k

'COLUMN

U u ™

SR | | | |HeAT
sTAINLESS ™ | L y} EATERS

. STEELTANK | | PRE-HEATING SR

. . L

- Fig. 1. Experimental apparatus.
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INFLUENT pH -
7.5 e
FLUORIDE
CONCENTRATION R
0.01M 0.05 M 0.01M 005 M
TEMPER- |
|ATURE . o » | |
L 25° | 60°C | 25° | 60° | 25°% | 60°C | 25°% | eo0°
' s AL SOLU- SOLU- SOLU-| SOLU-
FLOW |CALCITE
FL - TEICONCEN-| TioN TiON TION | TION
RATE |SURFACElTRATION | TION
AREA lozsioow] B | | F A e |
, { ; - | soLu-| soLu- SOLU- SOLU -~
0121 ) 268 x TION | TION “TION TION
m2/g ' J10°8m R . ‘
esa MO0 ¢ 6
~ Jmi/em®/he » | soLu-{ soLu- SOLU- SOLU-
| : : 'iécjg :; * | TION | TION TION TION
o032 {  ~ B F A B Y -
m2/3 | es x | SOLU- SOLU- SOLU- | SOLU-
B ot 3l BT TION. TION | TION
=1 o H c | 6 ,
103 x SoLU-| soLu- - soLu- SOLU-
| 03 x TION | TION TION TION
p1o-m :
ol21 | 8 F | A E
e/ | ee x| SOLU- soLU- soLu- | soLu-
2| TN TION -  TION | TION
- miem@/he Los x | Sotu-|. SoLU- SOLU~-| SoLU-
| : ] Trow TION | TION | TION
oo32'] T 8 F A E
me/g 268 x soLu- [ soLu- soLu- soLu- |
. jaeex TION | TION TION ‘TION
1078 M b Ho i G
‘ "Fig.' 2 | The exberimen‘czil‘design wider vhick the solutions of Table I were
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CINFLUENT pH o
75 ' 1.2
 FLUORIDE
CONCENTRATION| - . | ,
0.01M 005M | o00IM 005 M
TEMPER- '
ATURE : : .
: 25°% | e0% | 25°% | e0°% | 25% | e0o°c | 28°c | €0°C
FLow fcaLciTe co%gg;:- | T
RATE |SURFACE [soarion 199299 | - | 0.0009 0.3800 | 07111
AREA 3.03"0-9_! ‘ ‘ :
o.21 | 268« | B
I meg Liotm 0.7143 { 08000 | 0.8333 0.0769
] 294 ' :
- Imiem&/hr IO : - : : : o
o 02903 | 04934 | |o7ee7| 03333
oos2 | - ‘ :
mz/l 2 68 ' . . . : ' oo
. . 4 . : ’ .
 Jio-em jocesT| | o421t | 0.3667 | 0.6154
1.03 x , =
10-9 M |o2000 | 07467 | 0.5800 - | o.0010
0|2| T ' ' 3
m2/q 2 . : E
68 X - RE o
| 10-&w | 08857 - | os7e0 0.3333 | 0.5770
850 -
flem3/hr 103 ' . . :
| 0 Liomewm [04887 | {03643 0.3333 | 0.4944
oo32 | T ‘ ' ‘
m2/g : . - , . -
7 lesesx _ .
10-8 M 0.4048 o.stsg | os333 | [owor0

-Fig. 3. Fraction of U(VI) retained on & fifty-grem colum of caleite under.
’ " the listed experimental conditions. All solutions contained 1M
NaCl in addition to the above-~listed constituents -
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