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PREFACE 

The 1963 ftProposal for a Water Resources Institute at North Carolina State 

Collegett contained the following paragraph: 

"The urgency of the need for water resources development infor- 
mation calls for ar, expanded program of research or, possibly more 
realistically, a shift in research emphasis towards water resources. 
Such increased research activity, together with the inevitable in- 
crease in activity of water-oriented action agencies, will create 
an mprecedented demand for specialists trained in associzted areas. 
In view of the tremendous nationwide interest expressed at all levels, 
this demand for personnel will soar far beyond the present capacities 
of this nation's universities to satisfy. Hence, it is crgent that 
provisions be made for training and expeciaEEy for graduate study in 
wat er-related areas .I1 

Since that time, an enormous increase in interest and in activity in water 

research has been realized at local, state, national, and worldwide levels. The 

interest has stirred inrlo-~ation in all government agencies with the result that 

those generally interested in oceanography, water purification, conservation of 

natural resources, etz, have beep. attraczed to the fundamental research of chem- 

ists whose interests 1Pe in the area of aqueous solutisn chedstry. In the past 

two years, specialized symposia on the chemistry of aq-zeous solutions have been 

conducted by the American Chemical Society (1966) and the Gordon Research Council 

(1967)~ and one has onLy to scan the current pyograms of naticnal scientific meet- 

ings in order to see a growlng emphasis on bask research which is related to 

water resources. 

This writer came to Ncrtki Carolina State University in ,964 snrith an active 

interest in the basic chemistry of aqueous systems and was immediately attracted 

to the Water Resources Research Institute of the University of North Carolina. 

A proposal szbmitted to this agency subsequently provided the opportunity for the 

develcpment of a small program of graduate research concerning the hydrolytic 



behavior  of metal i ons .  Since it i s  t r u e  t h a t  i n i t i a l  research  genera tes  macy 

p o s s i b i l i t i e s  f o r  f u r t h e r  research,  it i s  i n  t h i s  sense t h a t  t h e  support of t h e  

Water Resources Research I n s t i t u t e  of t h e  Univers i ty  of North Carol ina i s  g ra te -  

f u l l y  acknowledged. 

The author wishes t o  tha rk  those  st-adents a t  Ncrth Carol ina S t a t e  Unive r s i ty  

who have worked on t h i s  p ro jec t :  R .  G. Beach, A, P. B r i l l ,  111, R. G. Stoner,  Jr., 

and R e  D. Wauchope. The e f f o r t s  ~f Mrs. Anna G. Deese fn t h e  typing  of t h i s  re -  

p o r t  a r e  a l s o  appre z i a t ed .  

-- For res t  6 .  Hentz, Jr. 

January, 1968 
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INTRODUCTION 

This  r epor t  c o n s l s t s  of a  d iscuss ion  of t h e  two phases of t h e  p ro jec t  which a r e  

a -&s tan t i a l ly  complete (Report I and Report 11 ) .  These have been includgd i n  much 

t h e  same form a s  t h a t  submitted f o r  pcb l i ca t ion .  While it might seem t h a t  TSo lub i l i ty  

E q ~ i l i b r i a  I m o l v i n g  Metal Ofides and Acpeous Metal Perchlora tesfT Is a t i t l e  only re-  

motely r e l a t e d  t o  t h e  sub jec t  mat ter  i n  t h i s  r epor t ,  such i s  not  t h e  case. It should 

ke  remembered t h a t  e q u i l i b r i a  can (and o f t e n  should) be approached from opposi te  

d i r e c t i o n s ,  e s p e c i a l l y  in cases  winere slow k i n e t i c s  a r e  poss ib le ,  Thus, i n  t h e  r e -  

search described here in ,  we have approached t h e  s o l i d  oxide by stepw5se hydrolys is  

o f  t h e  metab i o n  i n i t i a l l y  i n  aqueous so lu t ion .  The reverse  process would, of course, 

izvolve  t h e  stepi&se d i s s o l u t i o n  of t h e  o d d e  i n  t h e  presence of a c i d  and/or metal- 

s a l t  soiut icms,  

It should not be implied t h a t  t h i s  r e p o r t  is,  i n  t h e  l i t e r a l  sense, a  ffcompLetionw 

r e p o r t ,  Neither  should it be implied t h a t  t h e  thorium and titaniunz systems a r e  t h e  

3nly  ones inves t iga ted  i n  t h i s  p ro jec t .  Other systems which have been i n v e s t i g a t e d  

ic a  p r e i i x i n a r y  but  rzot r e a r l y  t o  a  s t a t e  of completion, a r e  a s  follows: 

(1) S o l ~ 3 i L i t y  s t u d i e s  of t h e  systems MO-aq. ~ ( ~ i - 0 ~ ) ~ ~  where M = Cd, Mg, Zn, and 

Pb. Hel-e equi l ibr ium i s  a t t a i c e d  very  sloxpPy afid problems a r i s e  from solu- 

b i l i t i e s  t o o  low Lo a l low i n v e s t i g a t i o n  of the  s a t u r a t e d  so lu t ions ,  

( 2 )  Hydrclysis  s t u d i e s  invo lv i rg  t h e  apprczch t o  p r e c i p i t a t i o n  of hydrocs oxide of 

3-t a+ ihe ions :  k2'$ Cr Fe , e t c .  

( 3 )  The possYbi l i ty  of forming he teropolycat ions  by add i t ion  c f  base t o  mixed metal- 

sa l t  so lu t i cns ,  and t h e  scbsequent formation of %&xed b a s i c  s a l t s o f f  

(L) The i n v e s t i g a t i o n  of  Z r ( 1 ~ )  i n  ac id  pe rch lo ra te  so lu t ion ,  i n  much t h e  same manner 

a s  T ~ ( I V )  0 

Of t h e  i tems l i s t e d  above, (4)  i s  a c t i v e l y  i n  progress.  It i s  f u l l y  a n t i c i p a t e d  t h a t  

we ~ L l l  continue our research  i n  t n i s  a rea  of aqueous s o l u t i o n  chemistry. 
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REPORT I 

LIGHT-SCATTERING MEASUR;EMENTS ON HYDROLYZED SOLUTIONS 

OF THORIUM(IV)  NITRATE^ 

(1) From a thesis su~bmitted by Robert G. Stoner, Jr., to the Graduate Faculty 
of North Carclina State University in partial fulfiilment of the requirements 
for the M, S o  degree, 1967. 

Abstract 

Light-scatt ering measurements at 25 O C  on ~h (NO? )& solutions cant aining 
- 

0, 1, 2, and 3 bound hydroxyls per thorium atom (hydroxyl number, n) have been 

made over the range 0.01-0.10M in total Th with each solution also 1,OM in NaNO 3"  
The weight-average degree of polymerization calculated for each stage of hydrolysis 

agrees essentially with that found previously for a perchlorate medium; however, 

the estimted charges at she lower hydroxyl numbers are substantiably less, in- 

dfcating complexing of the thorium species by nitrate. The results indicate 

equiaibrium solutions and degrees of polymerization near unity at hydroxyl numbers 

0 a ~ d  P, and degrees of pc?_ymerization of 3-4 at hydroxyl number 2. At 'E = 3, 

a degree of polymerization near 120 was found for clear solutions aged approxi- 

mately one month; after an additional two-month aging period, an increase of 

some 25% in molecular weight was observed, with solutions of Th concentration 

above 0.07M showing faint visible turbidity. Some preliminary kinetic measure- 

ments for thorium solutions hydrolyzed to > 3 are reported. 



Introduction 

The hydrolysis of the thorium(1~) cation has been the subject of numerous 

investigations since the first reports2j3 of a tetrameric aggregate some twenty 

(2) R e  Schaal and J:Faucherre, Bull. Soc. Chim. France, g, 927(1947). 

(3) P . Souchay, ibid., u, %3(1948) . 

years ago; however, a thorough description of the hydrolysis scheme has as yet 

not been possible. Recent studies4' in perchlorat e solutions have indicated 

(4) F. C . Hentz, Jr., and S .  Y. Tyree, Jr., Inorg. Chem., 4, 873(1965). 

(5) F. C. Hentz, Jr., and J. S .  Johnson, ibid., 5, 1337(1966). 

that in the range 0.01-0.10M hydrolysis becomes appreciable at hydroxyl number 

one ( p ~  -- 3) with formation of low molecular-weight species, and proceeds, in 

solutions at apparent equilibrium, to at least E = 2.5 (PH < 4) where the weight- 

average polymerization number is near eight, At 73 = 3, equilibrium was not at- 

tained in the ultracentrifuge,' and the degree of polymerization was estimated 

in excess of BOO and was increasing from day to day; an instantaneous value of 

@a. 150 had been indicated previously by light-scattering measurements. - 4 

495,6 The pertinent literature has been reviewed recently and the results for 

(61 C. F. Baes, Jr., N. J. Meyer, and C. E. Roberts, ibid., 4, 53_8(1965). 

perchlorate medium are generally in agreement; nevertheless, questions remain as 

to whether equilibrium is established at n < 2.5 in non-perchlorate media (partic- 

ularly chloride5"), and whether the hydrolysis is the same in the presence of 

(7) S .  Heitanen and L. G. Sillen, Acta. Chem. Scand., 8, 1018(1964). 



other anionse8 We have therefore reinvestigated the thorium hydrolysis by means 

( 8 )  W, S .  Brey, private communication. 

of light-scattering measurements, this time in nitrate solutions at 25OC. 

Experiment a1 

Stock and Experimental Thorium Solutions-Stock solutions of the appropriate -- 
hydroql number were prepared by midng analyzed solutions of T~(NO~)~*&H~O (~aker 

and Adamson AR) and 2M NaOH (carbonate-free), as before From each stock so- 

lution eight experimental solutions of Th concentration 0.01-O.lOM were prepared 

by dilution. The requisite amount of dried NaNO was added to each solution so 3 
as to make each solution 1,OOM in this salt. 

Analyses--Thorium was determined gravimetrically as the oxide. Total 

(9) W. F. HiPlebrand, -- et al., ."Applied Inorganic Analysis, " 2nd Ed., John Wiley 
and Sons, Inc,, New York, 1953, pp. 503,542. 

nitrate was determined by ion exchange using Reqm 101(H) and titrating the 

eluted HNO3 with standard base. The NO3:Th ratio in bhe unhydrolyzed stock 

solution was 3.95. (~ound: Th, 0.4880M; NO3, 1.930M.1 

Light-scattering Measurements--Turbidity measurements at 4358i were made with 

a Brice-Phoenix photometer (~odel 2000) using dry, thiophene-free benzene as a 

secondary standard. The absolute turbidity of benzene was taken as 7'71 x 10 '4 
30 

cm-l ; using the opal diffusor supplied with the instrument, this quantity was 

(10) D. K. Carpenter and We R. Krigbaum, J. Chem. Phys , , a, 1041(1956). 
-4 -1 

determined to be 7,59 x 10 cm One 3-cm square cell was used for all measure- 

ments. Solutions were clarified and the excess turbidites determined as before, 4 



Refractive index increments (4358i) were measured with a Brice-Phoenix dif- 

f erential ref ractomet er (Model ~~2000~) calibrated with KC1 solutions. 11 

(11) A. Kruis, 2. Physik. Chem., a, 13(1936). 

Other Measurements-Solution densities were determined pycnometrically at 

25T. Measurements of pH were made at 25.0 i O.l°C using a Heath recording 

electrometer (Model EuA-20-11). The pH data were reproducible to h 0.05 units 

except for solutions at 'n = 3.0. 

Results g& Discussion 

The light-scattering data were interpreted as before4 on the basis of a 

monomeric thorium component of the form 

(12) G. Scatchard, J. Am. Chem. Soc., 68, 2315(1946). 

where z 9  = 4-E-v. In this three-component system, the weight-average degree of 

polymerization, N,, is related to the excess turbidity, ~ $ 6 ,  due to the thorium 

solute by 

where 4 is the solvent volume fraction, N is Avogadrots number, n is the refractive 

index of the solution, A is the wavelength, and M is the molarity of the background 3 
(NaN03). The primed quantities MI, z r  , and 9' refer respectively to the molarity, 

charge, and differential refractive index of the monomeric thorium component. 



The definPtion of the thorium component also requires that 14' and M be expressed as 3 

- 
The small corrections of the stoichiometric hydroxyl number, n, for free acidity 

were no% made, 

Turbidities, Refractive kdex Increments, Solvefit Volume Fractions, - and 

Scluticn z--For each hydrcxyl number a plot of the gross soliltio~ turbidity as 

a funekion of Mq was linear and converged to a common intercept at MP = 0. This 

intercept was subtracted from all measurements to give the excess turbidity, T.". 

Similarly, plots of the differeme in refractive index between the thorium solution 

alzd LOOOM NaNO3 (refractive index increment) were also linear with zero intercepts 

and s'lo~es I? . Values 3f Eh/ 311 decreased with increasing E, being 6 .Oh x 

-1 5.1Lxi0-~, 4.30 x 1 0 - ~ >  and 3.02x10-~  mole for hydroxyl numbers 0, 1, 2, 

and '3, respectively. The differential refractive index for NaNO?, in/ %, was 
-7 

& 

f o m d  ' c  be csnstant ~t 9.40 x lo-' pmoie over the range 0.5-i.2M and was used for 

calc-clatian of $ ' .  SoLvent vohne fractions were computed as beforeO4 The pH of 

eack solution is tabillated w i t h  the data in Table I. 

Degrees of PoL;ymerieatiog Estimated Monomeric Charges--Equation (1) was 

applied by caicXLafion of the reciprocal of the degree of polymerization, 1/N,, , 

for eiich series of solutioiis using 2 '  as a variable parameter. The quantity 1/Nz, 

was then plctted MI, giving a family of lines whose si~pes depend upon the zs 

chosen, The value of z s  giving the slope nearest zers was asszmed to best represent 

the system and allowed simuEt%neous evaluation of the weight-average degree of 

polymerizatim, N3Lr, and estimation of the mcnomeric charge, z' .13 Figures 1 and 2 

(13) R e  S o  Tobias and S. Y o  Tyree, Jr., J. Am. Chem. Scc., 81, 6185(1959). 



show t h e  r e s u l t s  f o r  t h e  hydrolyzed so lu t ions  s tud ied .  

Taken a t  f a c e  value,  t h e  r e s u l t s  f o r  t h e  unhydrolyzed s e r i e s  were found t o  be 

Nw -. 0.6 a t  z T  - 1. The d ivergerce  of Nw f  ram u n i t y  and t h e  low charge i s  i n  marked 

con t ra s t  t o  t h a t  f o w d  i n  perch13rate4'5 and m y  be due t o  t h e  formation of n i t r a t o -  

hLp 1 5  
zhori.m zomplexes o r  t o  a c t i v i t y  coe f f i c i en t  va r i a t ions16  i n  t h e  system 

(a) E. I,. Zebr s k i ,  H. W, Al te r ,  and F. K. Heurnam, i b i d ,  73, 56&6(9951). 

(15) R. A ,  Day, Jr.,  and R. W. Stoughton, i b i d ,  82, 5662(~960) .  

(16) A. N .  Kirgerhsev and A .  V, Lukyanov, Russ. Jour .  Phys, Chem. ( ~ n ~ l i s h  TransE.), 
2, 38961965) 0 

N ~ N ~ ~ - T ~ ( N Q ~ ) ~ - H ~ ~ .  Likevise,  t h e  r e s u l t s  a t  = 1 ( N ~  - 1.2 ;  e l  -- 0)  i n d i c a t e  a 

predominately .nomomerfc d is t , r ibut ion  of thorium species  complexed extens ive ly  by 

n i t r a t e  a r lons .  F u t h e r  hydrolys is  t o  E = 2 k a d s  t o  cc;.zsiderable aggregat ion of 

t h e  t h a r i m  p n t i c L e s .  Values of N x =  3 - br, we?e ca lcu la t ed  on t h e  b a s i s  of a 

cnarge i;eap zero.  

F s r  s - l u t i a n s  a2 hydroxyl nurnker 3 ,0 ,  s h e  ~aTzuEat ions  reqizired z '  = 0 and 

eqvdIibriuLm7Jlsas ~ ? c t  a t t a i n e d  o-,~er a period of f h e  mo-hths. Af ter  aging one month, 

an apparent NTfl zl" 2. 12.3 was f m r d  f o r  v i s i b l y  c l e a r  s a l u t i c n s ;  reneas~remeul_ts on 

the  same sobuticns a f z e r  xi-, addiLionaQ %we months showed an approxhmte 25% incr-ease 

$K N , Except f 3 r  the  tj\ro mcst conzectrated sclut iorm (cTh > O.07l4) a l l  s o l u t i o n s  
bJ 

x e r e  f r e e  of v i s i b l e  tcrqcLdity a t  t h e  eyd of f i v e  months. 

Sa.elSxrS_rary S i c e t i c  Measurements--Measurements of ~ $ 6 ~  An, and pas  a functior,  

of time x e r e  made over a period of two m h h s  f o r  s o l u t i c i ? ~  ( t h e r m s t a t e d  a t  

25 f P O C )  a t  hydroxyl aumbers 2.5, 2.75: 3 ,O, and 3 .,. Our preli:ninary r e s u l t s  

i r d i a a t e  t h a t  1M NaN03 saCutions a t  i: = 2.5 (N - 61, and probably those  a t  
fl 

- 
r. = 2.75 N 2 0  a r e  a t  l e a s t  a t  a s t a t e  o f  pseudoequilibrium, although very  

siow =hanges cannot be ru led  3u t .  The t u r b i d i t y  and TJl, i nc rease  s lowly  over a 

per iod  of 90 days a t  = 3.3, as ind ica ted  above; however, a s l i g h t  inc rease  of 



the stoichiometric hydroqyl number to 3.1 clearly leads to relatively rapid changes 

in the measured solution turbidity. For both series of B > - 3, only- the solution 

turbidity shows measurable week-to-week changes; ary changes in refractive index 

increment and density over a period of sixty days are immeasurably small. Assuming 

zero charge, increases in molecular weight are therefore paralleled by increases in 

solution turbidity. The results for n = 3.1 are shown in Table 11; extrapolation to 

zero time gives Nw approximately 180. 

Conclusions--These results indicate that the hydrolytic aggregation of thorium, 

under comparable conditions, is much the same in nitrate as in perchlorate solutions. 

It is perhaps a significant difference that the estimated monomeric charges for the 

lower degrees of hydrolysis are, as might be expected, bower in the presence of 

nitrate. As in the case of perchlorate medium, solutions are at apparent equilibrium 

through at least E = 2.5. Equilibrium is not attained in extensively hydrolyzed 

thcriwn solutions ( T i  2 3 )  and it is possible that the kinetic data will be difficult 

to reproduce and that these solutions will yield significant precipitates on suf- 

fiaierrt aging at 2 5 O C .  We are continuing our investigations along these lines. 



Turbidities and Refractive Index Increments (4358i) 
Densities, and pH of Solutions at 2 5 O C  

+(- Solutions aged one month 

4%:- SoS~~tions aged three months 



Hydroxyl Number 2.9 

Hydroxyi Number 1.0 

M' 

Fig. 1 - I/N,, vs, Ms ~ ~ 6 t h  z 7  as a parameter; hydroxyl nurnbers 

1.0 and 2.0 



.d 
Fig .  2 - 10  /N, , v s .  MI f o r  hydroxyl number 3 .O (computed f o r  z '  = 0); 

s o l u t i o n  age shown. 

Hydroxyl Number 3.0 

(1 month) 

(3 months) 



TABLE I1 

Preliminary Kinetic Data for Hydroxyl Number 3.1 (values 

representative of 

Solution 
Age (days) 

the data for CTh = 0.01-0.10M) 

of Nw are 

(a) Representative turbidity data for C = 0.0547M; solution visibly 
Th 

clear over two months. 

(b) Computed for 8' = 0; an/8M1 constant at 3 .OO x l,-mole-' during 

aging period. 



LIGHT SCATTERING MEASUREMENTS ON PERCHLORIC A C I D  SOLUTIONS OF TITANIUM(IV) 
1 

(1)  From the  predoctoral  work of M r .  R .  D.  Wauchope, candidate f o r  t he  Ph.D. degree 
i n  chemistry, Department of Chemistry, North Carolina S t a t e  University, 1968. 

2-4 
Several  inves t iga to rs  have found evidence f o r  monomeric t i t a n t i u m ( 1 ~ )  

(2) D. Delafosse, C .  R e  Acad. Sci . ,  Par is ,  2k0, 1991(1955). 

(3) J. Beukenkamp and K.  D. Herrington, J. Am. Chem. Soc . , 82, 3025(1960) . 
(4) A ,  K. Babko, G o  I.  Gridchima, and B. I. Nabivanets, Zh. Neorg. K i m . ,  1, 

132 (1962) ; J. Inorg. Chem. USSR, 1, 66(1962). 

species i n  aqueous ac id ic  media, although the re  i s  disagreement a s  t o  t he  nature 
2+ 

of these  species.  The p o s s i b i l i t y  of a  t r u e  " t i t any l "  ion [ T i 0 1  , ex is t ing  i n  

solut ion seems small, but monomeric hydroxo species have remained an open question. 

(5)  J. Selbin, Angew. Chem. i n t e rna t .  Ed., 2, 714(1966). 

We have undertaken a  l igh t - sca t t e r ing  study of solut ions  
6  

T ~ o ( c ~ o ~ ) ~  ' xH20,, i n  2 .  and 3M perchlor ic  ac id  i n  hopes 

of " t i t a n y l  perchlorate': 

of c la r i fy ing  t h e  s i tua t ion .  

(6)  V. Krfshnan and C .  C .  Pa te l ,  Indian J. 



Experimental Section 

Turbidites (43581) of month-old, visibly clear, titanium solutions and of 

2.00M and 3.00M perchloric acid were measured on a Brice-Phoenix light scattering 

photometer, calibrated by the Brice "working standardf1 method.? The results are 

( 7 )  B. A. Brice, M. Halwer, and R. Speiser, J. Opt. Soc. Amer., 40, 768(1950). - 

shorn in Table 1. Refractive index increments at 43581 were measured with a 

Brice-Phoenix differential refractometer calibrated with KC1 solutions. 

The excess turbidities ( 7 3 6 ,  the solution turbidities minus the turbidities 

of the medium) are quite low, indicating a low degree of polymerization. In ap- 

pearance, the data were linear with respect to titanium molarity, and the values 

for the two series of solutions in the two media were consistant. A leaast-squares 

treatment was thus used to smooth the data. The degree of aggregation (N~,) for a 

charge z h a s  then calculated for each solution at trial values of 0, +1, +2, and 4-3 
8 for e l ,  using the Tobias-Tyree equation for a three component system , 

(8) Re S. Tobias and S. Y. Tyree, Jr., J. Amer. Chem. Sot., 8, 6385(1959). 





and the results extrapolated to MI = 0 (infinite dilution in Ti). The resulting values 

of NZ, are given in Table 2. 

Table 2. MZ, values at M' = 0 

Results and Discussion 

i 

Since in both series a trial charge near three is required to give a reasonable 

value of N,,, i.e,, at least a monomer, these data strongly indicate that in equilib- 

rium solutions where the Ksp of titanium hydroxide has not been exceeded, the pre- 
p 

3+ dominant titanium species present is a monohydroxo ion, [T~OH](~~), probably in equi- 

librium with a smaller amount of the lower-charged [T~(oH) ] 
2+ 

2 (aq) 
ion. The singly- 

+ 
charged species proposed by Beukenkamp and Herrington , [T~(oH)~](~~), which was in- 
dicated by ion-exchange studies on solutions supersaturated with respect to T~(IV) 

hydroxide, may therefore be the precursor to the precipitation of hydrous titania. 

There is no evidence at present that titanium(1~) can form the type of polyions ap- 

parently exhibited by ~irconium~~~~without proceeding on to the formation of colloidal 

particles with the hydroxide ultimately precipitating. 

(9) J. S, Johnson and K. A. Kraus, J. her. Chem. Soc., 3, 3937(1956). 

(LO) R. I,. Angstadt and S. Y. Tyree, Jr., J. Inorg. Nucl. Chem., &, 913(1962). 


