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Abstract 

A study of the density of aqueous uranyl sulfate solutions 
is described which has had as its primary purpose the develop- 
ment of an analytical method f u r  the determination of uranium in; 
re la t ive ly  dilute solutions of this salt.  These solutions con- 
ta in  tram amaunts of contaminating elements. The presence of 
small amounts of free sulfuric a c i d  and moderate variations in 
the temperature at; which density measurements are made can be 
compensated for by the use of equations provided for the  calcu- 
lation of uranitmt concentration. 

__ . . . . . . . . 
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A study of ';he density at? aqueous solutions of uranyl s u l f a t e  was 

under-t;aken for  t h e  purpose of as rjer taFnfng t'ne feas ib i Lity of detemin-  

ing uranium concentrat ion by a n;et%lod based on density measurements. 

Such a mt;hod w o u l d  be prtAcularl.y applicaklle where I.arge numbers of 

essentially pure, relatively d i lu t e  so lu t ions  m u s t  be analyzed i n  a 

minimum mount of' t i m e .  

In order to prove usefuI as tne basis for a method for the deter- 

mination of n-raniim, the relationship h e t w l ~ e n  dezisity and coneenbra- 

tian of uranium must %e such t h a t  The density change i sused by some- 

w h a t  less than a one percent chaxge in wmim concentration is 

readi ly  measurable and reproducible1 It is deslra'GZe t h a t  the re- 

quired maoipuZal;fons be s h ~ p l e  and r ap id ;  iz determination should 

require no more %hart f i v e  minutes, 

There have been few carl-fer a-pplTeations of density measurements 

for Yne es t imtian of uranium i t :  wany l  su l fa te  solutions, Pinkston 

and Will~on'~) med a hydrameter xethesfl for  cietermining t h e  uranium 

concentration of salutions i n  large storage tanks but were interested 

in an accuracy of only 0.001 pomuls of wanLum per gallon of solution, 



f o r  the use of densfsy values for the calculat5On of %he roncentratfrsn 

of uranium and other constituents in solutions appears In en analytical 

manual by Rider and BoLSai'" and in an article by H m ~ r t o n  and Bruce I (31 

in these cases the a c c w z c y  of the uranium determimtFan may be impaired 

by the errors introduced by the sddi. tiorml pczral.le1 de-temimtiorrs that 

m u s t  be made for use in the so lu ' c i~n  of the mathema-kiicrzl expressions, 

The work reported in t h i 6  paper represents what; is believed to be 

the best  application of EI density method f o r  purely analytical p m -  

poses. The concentration of a s ingle  salute of such a high molecular 

weight can b e  de t emiwd  ~ 5 t h  a comparatively high degree of rtccwacy 

and precision. 

The scope of the present  t~arlr; wits extended to inelude SQ1U"cianS 

containing fyee m l f w L c  a c i d  and trace amounts of foreign ions 

Actual densiLy detemiri&,iions during %?lis study were l . h i t z d  

chiefly to soEuLions @oxltxzinimzg 5 to 7:~ mg/nl. of uranium, although 

same in-Sorma-tion f a r  cmmm.trations in tfze range 300 t o  400 IWJEII 

of uranfm is reported, Graphic representation oi' practic%L sub- 

divisions of these ranges yields cw7res which are esseatially 

styaight  lines. Simple mathematical expressions have bee3 provided 
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by meam of which w m i r m  c m c  

data. 

and deviations tn the temperature a t  which the density measurements 

Additional e2cpressio:1s9 which include the e f f e c t  of f r e e  acid 

are made, have also been formulated. 

Pycnometer Metliod. The f i ~ s t  density measurements were macle 

for  the purpose af determining the slope of ttie concentration-. 

densi ty  relationshipfor uranyl. sulfate solutions.  A pycnometer vas 

used to meas-me the  d e n s i k y  of' solutions whtch varied. i.n concentra- 

tian between 23 'to 50 m g / d  of uranium. 

was determined to be approximately O.OOl4 imi%s of density per 0.1 

"be coefficient of' variation 

m g / d  varia tian i n  nranium comeentratisn. 

cates t h a t  determinations of m n i m  are feasible by the densi ty  

method i f  densicy measurements r e l h b l - e  to the  fourth decimal place 

can be obtained. 

This information indi-  

The use of' a pycnometer is not p r a c t i c a l  when determinations 

m u s t  be made i n  large nunibers, however, 'because of the  Lime re- 

quired. A Westphal balance type of measurement i s  more rapid,  and 

an i n s t r m e n t  of this type having adequate sensitivity was sought, 

Instrument Testsl A g o u p  of densi ty  determinations was made 

wi th  a small Westghal balance and several modified analytical bal- 

-x__ 

anees enuipged w i t h  glass pl-iufimets, 

Ainsworth "Chainomati c'* and Mettles-. "Gram-atlc" balances I None of 

these instruments appears t o  be entirely satisfactory for several 

Included i n  t h i s  group were the 

reasons, but chiefly because of undesirable damping characteristies 
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which gave r i s e  t o  irrepYotkucib1Li ty of resul-cs . 
model of the  Christian Becker density balance (Style sG-1) did not 

give values that were reproducible in  the f ~ ~ t h  decimal place.  

A recerii; standard 

1ns~tr”tunen-t Selection. An early model of the Chris t ian Becker 

PraJectian Reading %lance (Model 911) was equipped with a f ive-  

gram plummet and otherwise successful ly  adapted fo r  making densi ty  

measmemnts accurately and reproducibly, This  balarrce can be read 

d i r e c t l y  from the second -to the fourth decimal. places by means of 

an op t i ca l  system whtch projec ts  an i l lwninated weight value i n  

accordance wtth the def lec t ion  UY the  barn. 

t o  add smaller than the 0.1-grun r i d e r .  

There a r e  no weights 

A considerable saving of 

time r e s u l t s ,  since it i s  not necessary to wait far  t‘ne beam t o  came 

t o  eauilibrium a f t e r  each trial addi t ion of weight m change in posi-  

t i o n  of the balancing chain. 

The performanee of this balance wa5 completely acceptable. The 

inherent precis ion of the balance, wii;pi magnetic damping applied a t  

both ends of t h e  beam, fs b e t t e r  %han 

repeated weighings of tbe same sample. 

0.0001 gram, as was shown by 

Density Balance Calibration. A check was made of t h e  accuracy -- 
Of the determinations made w i t h  the densfty balance deseribed i n  the 

preceding yaragrayh by eonparfssn with densi ty  measure~ents obtained 

by means of a 25-d yycnmeter. A group of standard solut ions w a s  

prepared i n  s u f f i c i a t  volume t o  provide ample f r e sh  solut ions for  

each type of determination. 

Temperature regulat ion for  the  abave determinations w a s  achieved 

by means of a constant temperature bath held a t  25 2 O.l°C, The 
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pycnumeter was f i l l e d  w i t h  cooled 8 o l u t i m  and sulrmrged i n  the bath 

in  the uaual manner". 

and the batt le  was then weighed, TPle pyaper temperature of the solu- 

tions i n  the densi ty  balance was maintafned by c i rcu la t ing  water from 

the constant temperature bath through a jacket around the c e l l  contain- 

ing the so lu t ion  being measured. This mthod was empLoyeB for d l  sub- 

The s9de ann was capped st the proper telrrperatuse 

sequent measurements made w i t h  this instrument. 

The densi ty  values obtainen by the two  methods were found t o  be in 

satfsfactory accord after s earrcct ion was made f o r  a i r  buayancy effects 

on the plummet and a ?-gram weight used &B a counterpaise fo r  t h e  plurmnet, 

These values aypecs;r i n  Table I. 

water t o  

of the  instrument. 

The determination of the aensity of 

0.0001 un i t s  was achieved as a f i n a l  t e s t  af the r e l i a b i l i t y  



Comparison of Hetaods for the Determination 
p_c 

Solution Density 

Pyc-nomatar Density hlance  Difference 
T B A-I3 

Explora-t;ory Test?.  

as mre crr less exploratory. 

ments were mde to determfne the eoncentration of uranium f n  uranyl 

The next phase of: t h i s  work may be &en;cr%%ed 

Actual applicatians of &nsity measure- 

solutions, Standard uranyl sulfate solutions were prepared, their  

densities were meaawed, and ealibration cuxyes we~e prepared. 

The results of these initial tests were encouraging. 

attention to temperature and in the absence of free m i d ,  the uranium 

With proper 

concentrations which were determined from measused densities by means 

of these experimental cu.rves were almost always within 2 one percent 

of the value obtained by the pavinetric method. 

Standayd Curve. It becme desirable at t h i s  point t o  establish 

as accurately as possible the  t rue relationship between density and 

concentration of uranyl  sulfate. The results in "able I represent 

one step tn this direction, alt l~ough further standards were needed 

Lo esta'blisb 8 r-eliable cal,ibraCion curve. 

. ...... - ................r....._ii - . ..I. -...- ..... ... ,.. .................. ...... 



Three groups of additional staitlasels were prepared by three individuals 

02 different dates. 

at P j o C  by mean8 of the density balance. 

The demities of these solutiona were determined 

The solutions were then 

analyzed gravimetrically to verify the actual uranium concentration 

at the t h e  the density was measured. The results appear in TFLble 11. 

The slope and intercept of the straight line described by the 

data from the first four groups of samples in Table I1 were obtained 

by the method of least squares. The eqmtion for the straight line 

so derived is: 

u =  
where: U =  

D =  

A plot of these 

737.4 D - 733e.4 

Concentration of uranium in mg/d 
D m s  i ty 

data appears in Figure 1. 

Density determfnations for the fifth group of solutions (in 

Table 11) of much higher concentration, were also made at 25OC by 

means of the density balance. The mathematical. expression given 

below (equation 2) for the line derived from these data was a lso  

determined by the method of least squares. 

U = 745.4 D - 743.7 (2 1 
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Denaity of Standaz'd Uranyl Sulfate Solutions 

Group 

1 

2 

3 

uranium, 
d m l .  

33-8 
47.6 
27-7 
44.3 

30 -9 
35 e8 
40.8 
50-7 

20.0 
24 -8 
29 -9 
35 -1 
40.1 
44.8 

15 -2 
30 -7 
44 a 7  

271 -0  
455 01 
579 3 
404.4 



Appl lca tdn  of the Method. The eqmtdn (1) a the preceding s e c L m  wrps 

used t o  calculate  uranium ecmcentmtions for  a mndm grmp of laboratory 

samples far  which the cfensity measurements had been made as the samples 

were received over a period of two weeks t ime.  

t he  concentration of uranium were camparad with those obtained by the 

volumetric method which contrists of passing the sample thraugh a Jones 

reductor, 

su l f a t e .  

sat is f actmy e 

!.€%e resulting values for 

a,ep&$ng, snd then f i n a l l y  t i t r a t i n g  w f t h  standard ee r i e  

The r e s u l t s  are set for th  in Table 111. The c o q w i ~ 6 n  is  
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Table 111 

Comparison of Volumetric and Density Methods 

For the Determination of Uranium - 
Uranium, mg/& 

Volumetric Method* Density Method Difference, Pement 
A B A-B 

24.3 
24.3 
24.4 
28.9 
30.6 
30.8 
31.2 
33 “I. 
37.3 
3;;. 2 
77 .’( 
38.0 
38.1 
39.1 
39.2 
39.5 
40.3 
40.0 
40.2 
40.2 
40.0 
40.2 
40.4 
40.2 
40.7 
40.7 
42.4 

24.2 
24.2 
24.4 
28.7 
30.6 
30.6 
31 .)I. 
33.2 
33.3 
36.7 
37.5 
38.0 
38.2 
39 *2 
39.2 
39.5 
39.6 
39.9 
39.9 
)to. 1 
110.2 
40.4 
40.5 
40.8 
41 .O 
41.0 
41.9 

0.4 
0.4 
0.0 
0.7 
0.0 
0.6 

-0.6 
-0.3 
0.0 

-0.8 
0.5 
0.0 

-0.3 
-0.3 
0.0 
0.0 
1.7 
0.3 
0 *7 
0.2 

-0.5 
-0.5 
-0.2 
-1.5 
-0.7 
-0.7 
1.2 

Algebraic Sum 0.3 

Inc idenee of : 
A = B  : 6 ,  
A ( B  : 11, 
A >  B : 10. 

* Jones reduetor, ceric sulfate titration method. 



ature  of 

frm the 

s h m  in 

water a t  

aqueous so lu t iom during derrsity determiristiotrs is obvious 

irarlations in density per degree change in temperature a6 

published babies af such Information, e,@;,, the dens-ity of 

A masonable value for dilute  solutions o f  uranyl mlfate vas dhtained 

by the i d l a w i n g  pmcedure : 

A solu-tion o f  many1 sulfate ms prepared to a given vcrlme i n  a 

volumekrie Flask, 

of t h e  range t o  be observed, 

at successively Xmer interarafs af %emperatwe. 

w'&s k q t  ecrnstant, wtthin the l i m i t s  of the expamior!. of glass, by midi- 

2% water up to the i ~ d e x  Line after each in.cervaP of temperature reuuc- 

tian. 

The solution WBS p r e p r e d  at, the raximwn temperature 

Yhe f lask and cantents verc then weighed 

The -~'01me of salu%ian 

The soluti-an was thereby held a t  constant uranium concentra'tiatx 
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y&jbE 1'v 

Change pf Density with Respect t o  Temperature of 

Uranyl. Sulfate  Solutiaus at, Constant Umnim Concentration 

4 Temperature Density Cliange, Coeff fc fen t  of 
Range, "C Total. VaiatAan, s LO 

20-25 0 0017 
25 -30 0.0013 
30-35 0 s 0015 
z5-1~0 0 e 0016 
$0-40 0.0057 
25 -35 o - 0028 
20-35 0 0041 

2 *9 
2.8 

The coefficient,  3 Y LO-4, mity be incorporated i n t o  the expression 

f o r  the density-caneentra-tiozz relationship (equation 1) t o  y ie ld  the 

following modification, .&ere t is the temperature ( O C )  at which the 

densi ty  measurement is made: 

Equation (3 )  holds t rue  for aensity measurements made within 1 0 ° C  

of the standar-dizatZbn temperature, 2!joC, a-t which the slap2 and intercept; 

constants were calculate$. 

Contxmination Tests f n  order -to provide assumnee that contaminants 

present i n  trace amounts do not adversely a f f e c t  the densi ty  me-thod far 

the determination of uTsbniax, tests were conducted v i t h  coatroJled mauni;s 

of the typical cantarninants, chrhLcrm and nick-e;L, These fdns were adcled 

to salu.t;ia;tl~, o f  ura.n-$.l sulfate, the uranium concentration of vhich was 

approximately 25 mg per ml. The various concentrations of nickel and 

chsam~um and the  r e s u l t i n g  increases i n  density w e  given in Table V- 



Effect  of 'Sfrace Contaminants an the 

Density Method f o r  the Determination of Uranium 

Contaminsnt, 7ln- i~  
Ti i Cr 

500 
200 
100 

500 
200 
100 

Density Inyrease 
x 2.0; 

1.2 
0.11 
0-2 

1 >2 
0 .G 
0.3 

These values, -Then comparecl with the coeff ic ient  of' var ia t ion of 

density w i t h  respect t o  uranium concentration, 1.4 7: 

indicate t h a t  the presence of 500 micrograms per m l  of e i t h e r  of these 

contaminants caused only a 0.4 percent variat ion i n  the apparent con- 

centrat ion of uranium. Such a value i s  less than t h e  accuracy normally 

required €or this Mmmhtion,On the basis of sinilar information, the 

per 0.1 mg, 

tolerance f o r  any given contaminant may be establlshed. 

density change caused by contaminants depends, of course, upon the 

A permissi.ble 

magnitude of the e f fec t  of a par t icu lar  ion and upon the required 

analytical accuracy. 

Ef fec t  of Free S u l f w i c  Acid.  A brief' study w a s  made of the e f f e c t  

of the presence of free sulfuric a c i d  on the density of uranyl sulfate 

solutions.  

the  effect  i s  additive, and this was demonstrated t o  be the case. A 

Consideration of the prdblem leads t o  the assumption t h a t  

gr0u.p of' standarc3 solut-ions w a s  prepared containing free sulfr~.r.ric ac id  

i n  the concentrations shown in TB-ble VI. The densi t ies  of t'cLese solutions 



25 
30 
35 
40 
':5 
50 

25 
30 
55 
140 
45 
50 

25 
30 
35 
40 
45 
50 

25 
30 
35 
11 0 
45 
50 

Table '1% 

E f f e c t  of Acid Concentration on Density 

Acid Concentration Observed Dens i ty 
H P1-I at 30% 

0.0 

0.01 

oe05 

0.10 

0.20 

2.52 
2*45 
2.37 
2.32 
z .27 
2.23 

2.03 
2.01 
1.99 
1.9'1 
1.97 
1.94 

1.142 
1 .hl 
1.41 
1.41 
1.41 
1. Jcl 

1.15 
1.14 
1.14 
1.17 
1.13 
1.12 

0.87 

0.85 
0.85 
0.85 
0.85 

0.84 

I. 031.2 
1.0379 
i oh52 
I. 0718 

1.0653 
1.0585 

1.0318 . 

1 .Oh 37 
1 .051~,\ 

1.0384 

1.0332 
1 * 0339 
1.04 68 
1. 0532 
1.06oJ; 
1.0672 

1.0348 
1.0416 

I .  1.0483 
1.0551 
1.0020 
1.0688 

1.03'76 
1.0448 

-0515 
I.og81 
1.064€? 
I. 0713 
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Graphic representnttonE of tile al-mve data y i e ld  parallel l ines  

f o r  each normality reportea, IT i s  sLgai.Cicant t o  note that the pres- 

ence of even small amounts of free acid obscures t h e  pH effect due t o  

variations i n  coneentrati-on of uranium, It thereby becomes possible 

t o  iden t i fy  easily the range of f r e e  ac id  content i n  solutions having 

a wide range of uranium concentration. 

The informatLon dealing w i t h  the e f f e c t  of free acita, shown in 

Table VI, was ueed t o  expand TurtZler the mathsmatical. expression fo r  

the densi"cy-coneentrzation re la t ionship .  

(H2S04) concentration in terms of n o m . l i t y ,  the modification of 

equation (I) becomes: 

Expressing the free ac id  

u = 737.4 x D x 10-0*013 - 735'1- (4) 

where u = eancentration of urauium, m g / d  
N = nomnaltty OT soluti-on with respect  tro H$O* 
D = aensi-ty 

When eauatj-on (1) i s  modified to include eorrectious f a r  mrFn%ions in  

both ac id  eontent and temperature, the Pollow-ing expression results: 

I n  a c t u a l  use equations ( )+) or  (5) would require the use of pH vs.  

normality ana logarithmic tables t o  translate the pH values for ac id ic  

solutions i n t o  a nmerical  value su i t ab le  f o r  use in  the abQW equation. 

-Experimental 'Tkchriique. -- A b r i e f  out l ine of the general procedure 

used t o  obta in  density values w i t h  the  deosity balance is appropriate. 

?fhe balance, 8 relatively straightfarward a&ytation of an ana ly t i ca l  

_w 

balance, bas already been d iscussed ,  The plummet replaces the left-hana 

pan and is counterpoised by brass weights on the right-hand pan. 



for circulat ion of water ar, catiszan-t, tempera-t-Lres e The s5 lu . t i .m  capa- 

c i t y  of the container i s  14 ml. for the ? - g r a m  plumnet. The cylinder, 

o r  cellpis placed i n  a heavy s t ,eel  base which aids i n  re-taining the 

proper pas i t i o n  under the pluminet. - 
Proper cleaning of the p L - m t  after each measurement i s  achieved 

by rinsing f i m t  with water, then with acetone. The c e l l  i s  dr ied by 

wiping wi th  a5sorbent; tfssue held i n  a large pair of forceps. 

The t o t a l  time required fo r  the compleke operation is no mare tksn 

three minutes provided the sample material does not vary widely frm the 

temperature of the thermostated cell. The rap id i ty  w i t h  which the bal- 

ance reading is obt.sined largely accounts fa r  the short .  t i m e  cycle, 

although systemiration of the loading and cleaning operations is  of 

great importance. 

The incidence of errors caused by l a c k  of temperature equilibrium 

and evolution of dissolved m s e s  are minimized as a r e s u l t  of tine in- 

herent charac te r i s t ics  of the balance. Since the second, third,  and 

fauyth decimal places of the weight value are projected by the light beam 

on an i;lluminated scale, it is possible t o  observe the d r i f t  caused by 

small temperature changes i n  the solutian, Tf dissalved gases are be -  

ing evolved from the solution during the measnrement, the disturbance 

of buoyancy is such t h a t  the Balance completely fa i ls  $;o reach equilib- 

rium, i-e., ceases ?;o drift. 

The calculs t ion of a density v a l u e  from the buoyancy readings ob- 

tained. with the a i d  of a modified balance, as described above, is made 

by means of' the  following expression: 
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where D = density, a t  25°C 
Z = zero reference weight of the plummet in  air  
R = density balance weight reading f o r  t'ne plumxnet 

R f  = dens i ty  balance reading t o  m e  decimal place 
V = TQ~UDE displaced by the plummet 

suspended in a tes t  solution 

0.0012 = weight of 1 cc of a i r  at ~ ? Q c ,  and 
8.4 = density of brass  ( i n  balance weights) 

The -portion of tbe expression, 

0.0012 (Z-R '  
8.4 0.0012v $. 

I s  the  correct ion f o r  the buoyamy of a i r  on the plummet and on the 

brass removed during a measurement; of dens i t y .  

for  the balance used €or t h i s  work w i t h  a 5-grara plummet would be: 

A typical calculat ion 

11.0fX~)o - R a 0.0060 + 0g0012~11~0~x') 
Density = 

5 

S fnce 

mg of u is 
express ion 

D =  

the R value for the dens i t ies  of solut ions containing 5-75 

of the order of 5;.+ the correct ion f ac to r  i.s 0.0053. The 

thereby reduces to: 

11.000 - x .., 0*00>3 
5 



Relat ively accu-ai;e measurements of the density of aqueous uranyl 

sulfate solut ions can be obtained easi.Pj w i t h  the equipment and tech- 

nique described i n  the foregoing paragraphs * 

of the m n i m  const i tuent  of these solut ions affords a favorably 

large coef f ic ien t  f o r  the change i n  density w i t h  respect t o  ehange 

-i.n coricentration. A rapid, precise  method for  the determination of 

uranium i s  thereby made possible since relatiTrely small concentra- 

t i ons  or conceritratim changes are r ead i ly  6etect;ed. 

The high atomic weight 

The s impl ic i ty  of the analytical procedure, the speed w 9 t h  which 

determinations can be  made, and the overa l l  precision and accuracy 

are satisfactory when campared w i t h  any of the more conventional 

gravimetric, volumetric, QT po%entiometric analyt-ical methods usuaLly 

employed -for t h i s  determination. 
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