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ABSTRAOT 

A spectrouhotometric study of the behavior of uranyl 
solutions ?1' concentrations from 0,,004 M to 0" 16 ll! $ll'td 
pH values bet,WGen 2000 and 4030 Ma been made" The 
absorption spectrum of U02"'if is asaumad to be 'given t\y· 
studies at pH 2" Baerg a Law is obeyed a.t this pH" 

The fit of the date!. obtained to ths dimedzation eque.~' 
tion propcsed by Best~Taub~ and Longsworthv 

2 U02~~ ~ ~O ~ UOSoU0299 9 2 H~ 

has beeu investigated" It -is .found that the above rs= 
actlon~ ~th iii\. mass action con8tantv K g lo35xlO=6~ 
does not adequately expla.in the rel:lults under condi=, 
tiona of advanced hydrolysis" 
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A SPECTROPOO'l'OWTRIC STUDY OF THE HYDROLYSIS OF URANYL ION 

• 
In the course of study of the solution physical chends;try ot 

hexavalent uranium and its complexes» it became apparent the,tthe 
hydrolysis of ~&nyl ion deserved conn derable attentioDo 'I'lles color 
of a uranyl solution deepens with increasing basicity» and theretoiG~ 
optical methods of analysis show promiae 0 Tb!l spectrum was explored -
in great detail as a fUnction of pH and uranyl concentrations over 
the range ot wavelengths from 210 ~ to 500 mpD a8 disou'8~d in the 
work below" Previous 'WOrk by Beato Taub» and Longswcrth\ 1) was rc= 
examined critically and correlation of the conclusions with tht!)8e/ 
studies ~a8 attemptedo 

Experimental 

The s-pectrophotaneter used vas the Beckman Quartz s,pet:tlr'o'" 
photometer v which gives a minimum band width of approximately ona 
millimicron (never more than two) over .the range from 210 to :WOO, 
mUe Quartz absorption cells ranging in length from 0",5 to 10 am 
are used in an effort to. keep the optical density between O~l land 
1 since values below 0,,1 are inaccurate' and above 1 are found t.o b5 
questionable due to the scattered light in the instrument~ The 
Beckman Laboratory Model pH Herter was used for the determination of 
pH values" 

Uranyl perchlorate was prepared by fuming ura.nyl ni tX'ate 
repeatedly with perchlotic acid and then finally' fuming off most 
of the exoess perchlorio acid and diluting to a convenient con.oen~ 
.trationo It was also prepared by adding an approximately equiva= 
lent amount of concentrated pe rchloric: acid to a weighed saTll'ole 
of uranyl oxide(2) <> The UOs Waa prepared according to the di~e~tion8 
ot, 8e8t~ Ta.ub~ and Longsworth by precipitation of' uranyl peroxide~ 
ignition of the washed solld w suspension of Phs ignited solid several 
times 1n w~ter~ followed finally by ignition to obtain an anhydrou~ 
producto The HCI04 solutions of UOS were made up to a oonvonient 000= 

centration and analyzed for uranium oon~ent by gravimetric analyaieo 

Solutions for sp8ctrophotometri c study were then made up by 
taking aliquots of the stock 80lut1on~ diluting to the proper eon~ 

'/oentration and adjusting to the desired pH by adding 6 N sodium 
hydroxide or concentrated perohloric acid", Many of th<!'se solutions 
were again checked for concentration and pH after the t;lbsorption 
curve had been takeno 
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Results' 

Preliminary absorption curves were obtained using Mallinokrodt 
uranyl nitrate over the concentration range 2x10=3 to 4xlO",,5 1.1 in 
order to <ie.tennine workable conoentrati on and wavelength rallge! (. 
No attempt was made to oontrol the pH or these solutions" Tha8e 
curves soon made it clear that the uranyl nitrate system 18 not. SI 

simple one ~ _ince agreement with Beer~ s Law 1'18.8 not obtfAlneQ o ' The 
ourves Showed a weak peak at about 410 iDpv a~ minimum at 370 mp;l G\ 

pronounoed rise. ~th a shoulder at about 305 ~~ to a very strong 
absorption in the ultra violet rislngrapidly &t about 250 ~o There 
Beemed to be a peak at around 225 mu n ' Attempts to determine the 
molar extinotion ooeffioient or this peak, by investigating more di
lute solutions showed that the "peak" "Was not wi thin th8 wavelength 
range or the instrument sndthat the apptU"ent decrease beYOl:3,cl ~ m~.x= 
imum was due toaoattered light obtained when ;~ tungsten lamp watt u3ed 
as the light source rather than thBmore appropriata hydrog~m lamp<, 

. Further explora.tory work was carried out at pH 2",0 (OoOl,N 
INOa) since BeerOs law was obeyed at this pH ror wavelengths greater 
than 330!llJ1o The 8 tudies showed that nitrate. ion was re span!!:\. ble 
for a great dea.l of the light absorption in the far ultraviolsto 
The experimental curve .for the molar ItIIxtinction coerficient if of 
ni trio aold is given in Figure 1 as, a functi on of' the w8.vell!).ngth" 
(The molar extinction coefricient £ is the negative decade logarithm 
of' the transmittance 1/10 for one centimeter light path in a solution 
containing one mole per liter of absorber",) There is a weak bQlld at 
302 DIll and a strong one starti ~ at 250 lDf1 and extending beyond the 
range of the instrument c It was found possible to detect 10=5 M 
nitric acid with eas. at 210 mpo Considerable difficulty 'Was encoun
tered in adequately cleaning absorption cells that had been uiI)ed vn:th 
nitrate solutions because of this very strong absorptiono 

It was shown that the perchlorio acid has no appreoiQble ab~ 
sorption within the range of the inetrument o and therefore all sub=
sequent work was done with perchlorate solutlonso It \VaS then shown 
that the original uranyl nitrate curve was approximately correct. 
for uranyl 10n o except ror-t~ peak near 225 m~. The ~b8orptlon 
appears to irlCreaS8 indefinitely at shorter wavelength!!!,' This necel5~ 
sitated the uee of til. much lower peak at 410 mp for further work. It 
WIlS aleo shown that uranyl ion obeys Be~n·t 8 law ovar the ranga or 
ooncentration from 1=40 mg/ml in solutions or pH 2" 'fhis is :Ulus=> 
trated 1n Figura 2 whi~h shows the optical density of a numbe~ of 
uranyl solutions of wi dely differing concentrations and Figure 3 
which shours 'the oT)tical df!)n&ity as a funotion of' concentration for 
two representative wavelengths" (The' optical density D is tha nega= 
tive logarithm to the base 10 or the transmittance; it is equal to 
the produot of the molar extinotion ooeff'iciento the molar conOen~ 
tration~and the length of the oel1 in omo) Figure 4: gives the ab= 
sorption spectrum. of' uranyl ion" as arrived at by !Averaging &11 or 
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the molar extinction coefficients obtained from the data used in 
proving the obedience of Beer ll s Lawo The dotted line below 250 mJt 
is believed to be the best curve obtainable from the experimental 
data; the 'Points \;elow this curve are probably due to scatuu'ed light 
in tm instrumentc 'Ehe complexi ty of the curve should be of' con= 
aiderable theoretioal interest. 

Attempts to extend these studies to solutions in "he pH r~ge 
of 3-6 soon led to many diff'iculties. At pH .4 it was fOUIld th&t not 

. only is Beer" 8 Law not obeyed h but that duplicate result5 with solu
tions which were supposedly identical were difficult to obtain. Upon 
fnrth8r cheoking of these aolutions p it waS found that the molar ex= 
tinotion coefficient was an extremely sendtive funotion both of pH . 
and also of uranyl ion ooncentration. S'olut1ons identioal except 
for a few hundredths differenoe in pH gave molar extinotion coetfi
ci~nt differences of as rreat as 5 or .10% (Figure 5)0 At first this 
was thourht to r.lve indication of great promise. since this was a 
readily observable p very sensitive function both of pH and of uranyl 
ion concentratlonQ It Doon beoame apparent~ however~ that the op~ 
tical measurements were too sensitive, for pH meter inconlistencieo* 
and analytical difficulties were great enough to make it impoasib1e 
to obtain a consistent set of data. Procurement of a new pH me~r 
~d reconditioning of the old one reducad these difficulties Bomawhat 
but experimental scattering of the points waS still observed c 

Interpretation of the Reaul t8 

A aearoh of the literature tor quantitative data or theory of 
the hydrolysl,s of uranyl ion showed that the paper of Bestj) 'raub., and 
Longsworth,l) is virtually the only contribution in the field" They 
present two theories of hydrolysis. The first involVed a two ztap 
hydrolysis: 

U0200~ ~ U03 9 H~ 

U02~Q <j)o H20 a: U02cOH~r '" aq> 

(1) 

(2) 

Mass action constants» based on concentrations rather than acthi.ties" 
for these reactions of II ~ 406~lOF4 and 12 g 6~OxlO=5 fit their . 
data satisfactorily for the pH of solutions of U03 in Help but failed 

110 The perohlorate oo~oentr6\tion in these solutions was O~,Ol Mo It is 
possible that scme of the difficulty enoeuntered 1n measuring the 
pH was due to preoipitation of KC104 in the salt bridge of the 
ca.lomel electrode" 
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completely to fit the data tor the pH of uranyl chloride solu.tiollS 
as a. function of concentratiollo They discard this theory therefore 
in 'favor of one depending on the dimerization of uranyl long as 
follows: 

2 U~~~ ~ H20 ~ U~QU02~~ v' 2~ (3) 

For this equation they g1 va the conc@ntration mass act10n coruitant 
IP 'iii 1 o 35x10"'6 c It was decided to make a critical study of their date. 
to see how sensi t1 ve the titration and hydro lysb curves wer0 to var'" 
lous trial values of K' 0 Values of the .pH as a. funotlon of 
[U03J/[HCl) or of (U02C12J were calculated for v&l~es ~f KU varying 
from 1 0 00%10=6 to L,60xl0=6 and the ourvos Em plottsd along with 
their experimental data" in order to study the effect of the constant 
on the fit to the observationso Since ~e pH meter measuree hydrogen 
ion activitY9 1t was necessary to convert the readings to concentra= 
tion" ThiB was accomplished through the use of the activity ooeffi
cients estimated by Bea'b v 'l'arub and Longsworth" Tbese studies" shown 
in Figures 6 and ~indicate tbat i' 8 lo35X1o=6 r,ives the best tit to 
both 8ets of data. It will be noted that the calculated curv'",s f'ail 
to explain the low pH of th.e solution wit, 0.,90 equiw:lents ot' U03 
per equivalent of Reln This discrepancy might be explained by the 
formation of the ion U30e9 <\.>" Attemptl!! to formulate a quantitative 
picture includin~ this thlrd con~tituent were dropped becauss of 
mathematical diffioulties, 

A pre lim1ne.ry attempt to 1'1 t the present results to th:ls theory 
W&B promising enouc;h to 'Warrant e. detai led studyo If the ionio species 
in Equation (3) are the only colored ones !,>rcaent., the obst'H""lffld gross 
molar extinction coefficient ~obl should be a linear function of the 
fraction F of the I;otd uranium ion in the dimerlc foruu 

(obS = = 

. 

(U02~~ (1=F) ~ !U205~e F ~ 
2 

tU09 9>1l' + ( EU~05i)·.e. 
'" ~ 

( I 

U02~~) F (4) 

The method of calcul.tion of F followso Let:lt lS ~02<\}~tJ W lS~03cU0211V)i). 
h. §i (Bv] (,) e.ri.d then the total uranium concentre;tion c 8 :x ~ 2wo · FrQm 
equation (3) 3 .. .. 

wh2 wh2 K' g 
~ .. ;;. -: (0=2w)2 : 

4 KOw2 = 4 K~cw Q wh2 ~ (tc2 0 0 

4 K'l.2 = (4 Kvc {; hZ) 11 ~ KUo2~ 0" 

w ~ 4 IPo -!;. h2gh Va ito\\> hZ-

SK'! 

F :g 2riV/e 

(5) 

(6) 

\ 
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Values of " and F were oalou~ated from the measured pH 
values and total uranium oonoentrations p 0u for a large numbor of 
solutions with pH values from 2 to 4,,3 and with UVI oonceutr&tion 
from 0.,08 to 0,,004 Ma In Figure 8 there is plotted the obl.':erved 
IDC?hr extinction coeft1clento EObst.l at 420 mil as a .t\mction of 
this degree of' dimerizatlon.ll. Fo The deviation from the predicted 
linear relation (F~uatlon (4» 1s greater than can be attributed 
to experimental error... The curved line is the best that Oilll be 
drum throue-h the experimental points; too straight broken line 
indicates the possible linear behavior up to F ~ 0040 .. where 
equation (3) has the greatest possibility of representing ths reo 
actions in solution" The upsweep beyond this value is probably due 
to the formation of higher polymers (as for instance U308~~) with 
greater extinction coeffici'ent per U atcm than occura for U2(}SC>o jl 
which itself must have a greater absorption coefficient per U atom 
tbim U02'ii''i1' in order to account for the observed facts (> 

The absorption characteristics of hydrolyzed uranyl solutions 
sbow interesting qualitative 88 well as quantitative changes trom 
the spectrum of unhydrolyzed uranyl so lutions. The tine structure 
in the spectrum of the solution at pH 2 disappears gradually &8 the 
degree of hydrolysis increases and tbe peak originally at 413 .~ 
broadens and shifts a few millimicrons to longer wQvelengthsQ this 
is shown graphically in F1gurfl 9" which has several curves IlhC1Wing 
the absorption spectra 9£ solutions predicted to be hydrolyz@d t® 
various degreel" 
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