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THE SYSTEM THORIUM NITRATE - WATER - NITRIC ACID AT 25* 
AND THE HYDRATES OF THORIUM NITRATE 

by 

John R. F e r r a r o and Leonard L Katzin* 

ABSTRACT 

The dodecahydrate , hexahydrate , pentahydrate , t e t r a -
hydrate , and dihydrate of t ho r ium ni t ra te have all been r e ­
ported, and recent ly, a hemihydra te (Th(NOj)4'5.5H20). As 
a r esu l t of combined phase study of the t e r n a r y sys tem 
Th(N03)4 - H2O - HNO3, c rys ta l l i za t ion exper imen t s , and 
X - r a y information it has been es tabl i shed that the pentahy­
dra te and t e t r ahydra te a r e the stable hydra tes of t h o r ­
ium, n i t r a t e . Crys ta l l iza t ion exper iments have failed to 
yield a hexahydrate or dodecahydrate , and the al leged 
Th(N03)4'5.5H20 appears to be a mix ture of pentahydrate 
with some par t ia l ly hydrolyzed sa l t . 

The na ture of the hydra tes of thor ium ni t ra te has long been in a 
s ta te of uncer ta in ty . B e r z e l i u s , ! Cleve,^ and Koppel and Holtkamp-^ r e ­
ported prepar ing a dodecahydrate by allowing aqueous thor ium ni t ra te solu­
t ions to stand over sulfuric acid . When placed over very concentra ted 
sulfuric acid, the dodecahydrate changed to the t e t r ahydra t e . ^ Meyer and 
Jacoby^ and Fuhse^ repor ted the format ion of a hexahydrate f rom warm 
aqueous solut ions. B r a u n e r " p r epa red the pentahydrate f rom solutions at 

' 'tjrateful acknowledgement i s made to Dr, Stanley Siegel for taking 
and in terpre t ing the X - r a y powder d i ag rams of the sol ids studied in 
this pape r . 

I j . J , Be rze l iu s , Pogg. Ann. U , 385 (1829). 

2 p . T, Cleve, BulL soc . chim, (2) 2J., 115 (1874). 

3l. Koppel and H. Holtkamp, Z. anorg . Chem. 67, 290 (1910). 

4 R . J . Meyer and R. Jacoby, ibid. 27, 359 ( l 9 0 l ) . 

S o . F u h s e , Z .angew,Chem. . lO. 115 (1897), 

^ B . B r a u n e r , J. Chem. Soc. 73. 951 (1898). 
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80®C, containing n i t r ic acid^ and Heber t and L is te r^ p repa red it f rom s i m i ­
lar solutions at 25®. Kolb° repor ted obtaining a dihydrate by heating t h o r i ­
um n i t r a t e with fuming n i t r ic acid at 105 to 110*, Miscia te l l i^ did the f i r s t 
work with the compos i t ion - t empera tu re curve and identified a hexahydrate , 
Marsha l l , Gill, and Secoy made a study of the thor ium n i t r a te - water 
sys t em from room t e m p e r a t u r e to the decomposi t ion t e m p e r a t u r e of the 
sal t and identified a hexahydrate phase (M.P» 111*), a t e t r ahydra te phase 
( M ^ P » 151*)S and an unidentified lower hydra te phase. T e m p l e t o n l l 
studied the thor ium n i t ra te - water sy s t em from 20® to 160® and repor ted 
a t e t r ahydra t e phase and second phase , which he called a 5,5 hydra te . 

The presen t paper i s an investigation of the hydra tes of thor ium n i ­
t r a t e and the t e r n a r y sy s t em thor ium n i t r a te - water - n i t r ic acid at 25*. 
The r e s u l t s of these s tudies show that the s table hydra tes of thor ium n i t r a te 
a r e the pentahydrate and the t e t r ahydra t e . 

EXPERIMENTAL 

Method - Mixtures of water and n i t r ic acid were sa tura ted with Baker 
and Adamson Reagent Grade thor ium n i t r a te at a t e m p e r a t u r e around 70®C., 
and the solutions w e r e then equi l ibrated in a the rmos ta t t edba th at 25 + 0.03*'C. 
for a min imum period of 48 h o u r s . In the low water region Genera l Chemi­
cal Co, anhydrous n i t r ic acid and anhydrous thor ium ni t ra te^^ were used to 
p r e p a r e the solutions,. The method of wet r e s idues^^ was used. Thor ium 
n i t r a te was de te rmined by ignition of the sample to thor ia . Water was d e ­
t e rmined by t i t ra t ion with the Kar l F i s c h e r reagent . Nitr ic acid was d e t e r ­
mined by difference. 

Solids used for identification purposes and for X- r ay powder d i ag rams 
w e r e dr ied between shee ts of f i l ter paper . 

7j . A. Heber t and M„ W. L i s t e r , MX-185 (1945). 

8 A . Kolb, Z. anorg . Chem. 83 , 143 (1913), 

^P .Misc ia t e l l i , Gazz . ch im» i t aL60 , 833 (1930), 

lOw, L. Mar sha l l , J. S. Gil l , and C. H. Secoy, J . Am, Chem. Soc. 
73, 4991 (1951). 

l i e . Templeton, AECU-1721 (1950). 

12 J, R„ F e r r a r o , unpublished work. 

1 3 F . A. H. S c h r e i n e m a k e r s , Z. physik, Chem. U, 81 (1893). 
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Mater ia l s - Thor ium n i t r a te . Baker and Adamson Reagent Grade and 
labeled Th(N03)4'4H20 whose m a x i m u m l imi ts of impur i t i es were 0.003% 
for ch lo i ide and 0.01% for sulfate, was used. The solid had no well-defined 
c rys ta l l ine shape. The hydrat ion was well in excess of the t e t r ahydra t e , and 
the m a t e r i a l evidently contained hydrolyzed sal t . Anal. ThOz, 47.15 t 0.1; 
wa te r , 15.90 + 0.2, Nitr ic acid, Genera l Chemical Div., 70%, sp. gr . 1,42, 
and anhydrous ni t r ic acid, Genera l Chemical Div., total acidity 100% in in i -
mum were the other m a t e r i a l s used. 

DISCUSSION 

Thorium. Ni t ra te Pentahydra te - Thor ium ni t ra te pentahydrate c r y s ­
ta l s isolated from the phase s tudies , and from crys ta l l iza t ion exper imen t s 

# 
at 25*, a r e c lea r and t r anspa ren t , and have the shape i——W with face angle 

1:2 at about 140°. Anal. Calcd: ThOz, 46.33; water 15.79. Found: ThOg, 
46.33 ± 0„1; wa te r , 15.79 ± 0 .1 . The X - r a y powder diagram, of these c r y s ­
ta l s shows a pa t tern different than that of the t e t r ahydra t e . 

Thor ium Ni t ra te Te t r ahydra t e - Thor ium n i t ra te t e t r ahydra t e i s o ­
lated fromt the phase s tud ies , and from crys ta l l i za t ions at 25" from, anhydrous 
n i t r ic acid in a des icca tor over concentrated sulfuric acid, is ' f inely c r y s t a l ­
l ine. The solid can be p repa red free of n i t r i c acid by pumping at 50® 
(10 m m ) , or by s e v e r a l days ' des iccat ion over potash. Anal. Calcd: Th02! 
47.84; wa te r , 13.04, Found: ThOz, 47.86; wa te r , 13.09, The X- r ay powder 
d iag ram of these c r y s t a l s shows a pa t te rn different than that of the penta­
hydra te . 

Thor ium Nit ra te Anhydrous Phase - The thoriimn. n i t r a t e anhydrous 
phase isolated in the low water region from the phase s tudies appeared to 
be coordinated with ei ther two m o l e s of n i t r ic acid or the equivalent in weight. 
The X - r a y powder diagram, showed that the subs tance w a s l ^ Th(N(^)4'2N02. 

Poss ib le Higher Hydra tes - The re has been much confusion in the 
l i tera ture"regarding~the na ture of the solid isolated from aqueous solutions. 
As previously mentioned, the solid has been var ious ly identified as the 
hexahydra te , 5.5 hydra te , and even the pentahydrate ,^ It has long been 
known that when thor ium sa l t s d issolve in wa te r , the solutions become 
acidic . A 0.1 N thor ium n i t r a t e solution shows a pH of 2,46. Other evidence 
points to the fact that t he re is l iberat ion of the hydrogen ion with hydrolys is 
and an equil ibr ium of th is na ture occurr ing: 

Th(H20)^* + H2O = Th(H20)l^_ ,OH + HjO^ ( l ) 
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"Die analyses of solids we have isolated f rom aqueous solutions fit 
well with the analyt ical data of the solid Tem.pleton isolated and chose to 
cal l a hemihydra te (Th(N03)4'5,5H20), .and with that of F u h s e ' s ^ hexahydrate . 

% ThOa % H2O 

Th(N03)4-6H20 44.91 18.36 ^ 

Templeton's 5.5 hydrate 45,7 + 0.1 17.5 + 0.1 

Fuhse 's hexahydrate 45,5 17.6 

Our r e s u l t s f rom aqueous solutions 45,6 +_ 0.2 17.3 ^ 0.2 

Th(N03)4-5H20 46.33 15.79 

These solids a r e probably one and the s a m e . Moreover , the ni t rogen con­
tent of this solid, as de te rmined by the n i t r ome te r method, showed a 
N O j / T h ra t io of 3.98. 

X - r a y evidence shows that th is solid has a powder pa t te rn like the 
pentahydrate . No bas ic phase could be identified by X - r a y ; so it is probably 
p resen t to l e s s than 5%. A hypothetical formula shov/ing about 2 - 3 % basic 
phase can be calculated to fit the analyt ical da ta . Work in aqueous solutions, 
adding some known amounts of bas ic m a t e r i a l , although not conclusive, has 
given a rough value of 3% bas ic m a t e r i a l p resen t in the solid r ec rys t a l l i zed 
from w a t e r . It appea r s that th is solid is not a pure hydrate but r a the r a 
m i x t u r e of pentahydrate with some par t ia l ly hydrolyzed sal t . With the addi­
tion of only 1% ni t r ic acid one can obtain pure pentahydrate as the solid 
phase f ree of hydrolytic m a t e r i a l . 

Attemipts to p r epa re a pure hexahydrate have failed. Solids with 
c lose to six water molecu les per thor ium atom have been obtained froin 
aqueous solutions at 4°, but these were always contaminated with par t ia l ly 
hydrolyzed sal t . Thes6 sol ids had no well-defined c rys ta l l ine shape and a p ­
peared wet. Gentle drying of the sol ids between fil ter paper lowered the 
water content, and the ana lyses approached the composit ions of the solids 
isolated from aqueous solutions at 25°. Crys ta l l iza t ions at 80* from 1% 
ni t r ic acid solutions gave s imi l a r r e s u l t s . 

X - r a y powder d i ag rams of these sol ids gave a pat tern like the penta­
hydra te . 

Efforts to r ep roduce the work of Berze l ius 1 and Cleve in p r e p a r ­
ing a dodecahydrate failed. Solids with c lose to ten water molecu les per 
thor ium atom were obtained from 1% ni t r ic acid solutions at 4*, but these 
were ex t remely unstable at room t e m p e r a t u r e . 
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Poss ib le Lower Hydrates - Although Marsha l l , Gill, and Secoy^" r e ­
ported a t rans i t ion from t e t r ahydra te to a lower hydra te at 151° , Temple -
ton, H studying the sys tem to 160°, failed to identify a lower hydra te . Thus 
the p re sence of a hydra te lower than the t e t r ahydra t e i s s t i l l in question. 

Kolb r epor t ed isolat ing a dihydrate f rom fuming n i t r ic acid solu­
tions at 105-110®. The sol ids we isolated under those conditions w e r e always 
highly decomposed and contained water in the region of lour water molecu les 
per thor ium atom. 

The r e s u l t s of our t e r n a r y phase s tudies indicate that the t e t r ahy ­
d r a t e m a y be the lowest s table hydra te at 25°C. No indications of a dihy­
d ra t e w e r e found, which might m.ean only that i ts stabil i ty region in this 
sys t em i s so shor t a s to m a k e i t s resolu t ion difficult. 

The T e r n a r y System. - Thorium Ni t ra te - Nitr ic Acid - Water 
(Figure 1, Table l).. The solubility curve of thor ium n i t ra te pentahy­
dra te extends toward decreas ing solubility from a point at 36. 08% water 
and 62.7lfo thor ium n i t ra te to a point at about 25% water and 26% tho ­
r i um n i t r a t e . At this point t he re is an i nc rease in solubility up to a 
max imum at 17.70% water and 28.67% thor ium nitrate^ which appears 
to be the invar iant point of the t e t rahydra te -pen tahydra te p a i r . From, 
h e r e the solubility curve of the t e t r ahydra te d e c r e a s e s to a point at 
5.10% water and 21.13% thor ium n i t r a t e , which is the invar iant point 
of the t e t r ahydra te -anhydrous solid p a i r . The solubility curve then 
continues toward increas ing solubility in the d i rec t ion of the anhydrous 
solid. 

F r o m the phase d i ag ram it can be seen that the pentahydrate will be 
the phase crys ta l l iz ing out from solutions containing 1.2% to 54% ni t r ic 
acid. This co r re sponds with the data obtained from the c rys ta l l i za t ion ex­
pe r imen t s at 25°, which showed that only with solutions containing l e s s than 
1% n i t r i c acid would one fail to get the pentahydrate . With solutions con­
taining l e s s than 1% ni t r ic acid the solid changes, and a solid point at 
16.92% water and 83.60% thor ium n i t ra te is obtained. This solid contains 
par t ia l ly hydrolyzed sa l t . The liquid at this point is 35.96% water and 63.61% 
thor ium n i t r a t e . The aqueous sa tura t ion point appears to be at 35.88% H2O. 
The solid in equi l ibr ium is 17,56% H2O and 83.40% thor ium n i t r a t e , which is 
the solid isolated in c rys ta l l i za t ion exper iments at room t e m p e r a t u r e from 
aqueous solut ions. 
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FI6. I. THE SYSTEM ThCN03l4 - HgO - HNO3 AT 25 ^C. 

A: REGION OF HYDROLYSIS. 
B: PENTAHYDRATE AND VARIABLE LIQUID. 
C* PENTAHYDRATE, TETRAHYDRATE AND LIQUID. 
D: TETRAHYDRATE AND VARIABLE LIQUID. 
E: TETRAHYDRATE, LOWER PHASE ANO LIQUID. 
S: HOMOGENEOUS SOLUTION. 



Table I 

THORIUM NITRATE - NITRIC ACID - WATER AT 25° 

L iqu id Phase 

HjO 
(%) 

35.88 
35.96 

36.08 
35.90 
36.07 
36.19 
36.92 
36,17 
36.24 
35.48 
32.41 
31.97 
31.66 
25,44 
24.84 
20.60 
18.93 
18.31 
18.01 

17.70 

16.56 
13.87 
10.96 
9.43 
8.01 
6.02 

3.57 
3.38 
1.77 
5.30 
4.85 

Th(N03)4 
(%) 

64.12 
63.61 

62.71 
60.78 
55.34 
52.03 
47.10 
41.86 
41.24 
35.16 
30.11 
29.57 
28.76 
25.87 
26.04 
26.93 
27.95 
28.85 
28.27 

28.67 

27.93 
25.95 
23.46 
22.91 
21.11 
21.17 

22.45 
22.51 
24.48 
21.19 
21.07 

Sol id Phase 

H2O 

16,92 

16.29 
16.91 
16.44 
18.34 
16.31 
16.50 
16.12 
15.90 
16.57 
15.47 
20.60 
15.75 
15.49 
16.42 
16.01 
15.93 
15.89 

16,50 

12.82 
13.67 
12.92 
12.25 
12.31 
12.47 

0.81 
3.03 
0.21 
2.96 
1.80 

Th(N03)4 

(%) 

83.60 

83.80 
82.81 
83.90 
80.34 
83,38 
82.28 
83.24 
83.19 
82.79 
84.44 
66.64 
84.46 
84.51 
83.46 
83.74 
81.91 
82.91 

83.49 

75.68 
72.14 
74.23 
71.00 
71.39 
77.97 

68.37 
69.09 
67.52 
70.33 
68.42 

1 

Th(N03)4'5H20 + Hydro lyzed Salt 

Th(N03)4-5H20 

Th(N03)4»5H20 + Th(N03)4-4H20 

Tli(N03)4'4H20 

Tli(N03)4'2HN03 
o r 

ThL(N03)4=N205 


