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SUMMARY 

1. The thorium nitrate titration method for fluorine estimation has 
been investigated. 

2. It is shown that the reaction between fluorine as NaP and 
thorium nitrate is different from that taking place between fluorine as 
hydrofluosilicic acid and thorium nitrate. In the first case, ThP. is 
formed, and in the second, H.ThP •. 

3. It is further shown that the reaction between thorium salt and 
hydrofluosilicic acid is not always the same and is determined by the 
manner in which hydrofluosilicic acid is distilled. Conditions have been 
indicated, which give rise to variations in the reaction between thorium 
salt and hydrofluosilicic acid. 

INTRODUCTION 

Numerous methods have been devised and employed for the determina­
tion of fluorine; but the one, which has received the widest acceptance 
amongst the workers on fluorine, is that developed by Willard and Winter 
(1933), requiring the titration of fluorine with thorium nitrate in the pre­
sence of zirconium alizarin sulfonate. The method subsequently has been 
modified by Armstrong (1936), who proposed the use of sodium alizarin 
sulfonate in place of zirconium alizarin sulfonate and carried out the titration 
with thorium nitrate in aqlLeous in place of 50 per cent. alcoholic solution, 
and by Hoskins and Ferris (1936), who introduced the use of monochloro 
acetic acid-sodium hydroxide buffer. 

Despite the modifications proposed by these and other workers, there is 
a considerable element of unreliability and confusion in the method, as is 
indicated below. The method has been thoroughly investigated, has been 
modified in some parts, and some of the confiicting points have been clarified. 

PRINCIPLE AND ACCURACY OF THE METHOD 

From its associated matter, fluorine is first separated by distillation 
with 50 per cent. sulphuric acid or 60 pcr cent. perchloric acid as hydro­
lluosilicic acid. The evolved hydrofiuosilicic acid is then titrated with 
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thcrium nitrate of suitable strength in the presence of' sodium alizarin 
sulfonate to indicate the end-point marked by the appearance of a pink 
colour formed as a result of the reaction between excess thorium. and the 
indicator. Besides the variations in the results obtained, usually ascribed 
to the pH, concentration of the indicator and the interference by other ions, 
it has been observed that the reaction between thorium nitrate and hydro­
fluosilicic acid does not take place, even under the most strict conditions, 
according to the laws of chemical proportions. Even fixed equivalence has 
not been observed under certain ccndilioJ1s, uSclaUy owing to the interference 
by other ions. Annslrong (1936) noted that the results of titration of 1· 25-· 
10'0," of fluorine in 48 per cent. alcohol fell on a straight line when plotted 
but the plotted data of the titration of 0,5-1, 25 I' of fluorine fell on another 
line. The smaller amounts of fluorine required more thorium nitrate than 
that which corresponded to the amOH,li, predicted from the projection of the 
first mentioned line. It was Rowky and Churchill (1937) who showed that 
the titration between thorium nitrate and fiuorine, when carried out at a 
pH of 2·9 to 3,4, gives results which are stoichiometrically correct. Such 
a titration gives correct results, when the interfering substances are not pre­
sent, for example, they have employed it with satisfactory results in the 
detennination of fluorine in lithium fillOiidc and in sodium fluoride without 
the previous separation of fluorine by distillation with sulfuric or pcr­
chloric acid. It should be noted in tbis case that, as distinguished from the 
normal procedure where thorium nitrate is titrated with hydrofluosilicic 
acid, the titration in this case has been carried out with sodium f1aoride or 
lithium fluoride, and that no distinction has been made between titration 
of fluorine as sodium fluoride with thorium nitrate and the titration of 
fluorine as hydrofiuosiJicic acid with thorium nitrate. The full significance 
of this difference will be pointed out later. 

ATTEMPTS MADE AT EXPLAINING AND OVERCOMING THE LACK OF 

PROPORTIONALITY IN THE REACTION BETWEEN THORIUM 

NITRATE AND FLUORINE 

Attempts have been made to expJain this lack of proportionality in tbe 
reaction between thorium nitrate and hydrofiuosilicic acid Of, failing that, 
to suggest methods to compensate for this anamoly or to standardise condi­
tions wherein any fixed proportionality between thorium nitrate and hydro­
fluosilicic acid can be obtained. Annstrong (1936), with a view to correcting 
the lack of equivalence of the thorium nitrate solution for amounts of 
fluorine greater or less than 1·25.jL, employed the followil1g measures with­
out any noteworthy success: (i) alteration of the am0l1l1ts of hydrochloric 
acid of various dilutions added in excess of that required to adjust the colour 
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of the indicator to greenish yellow; (ii) use of nitric acid for the adjustment 
of the acidity of the solution for titration; (iii) lise of mono-chloro acetic 
add-sodium hydroxide buffer of Hoskins and Ferris (1936); (iv) the addi­
tion of one drop of IN sodium chloride to 11,IC solution to produce approxi­
mately equal ionic concentration of all so',utions; (v) the usc of thorium 
nitrate solution in 48 per cent. alcohol; find (vi) various combinations of 
these measures. 

Williams (1946) postulated that, during the reaction between thorium 
nitrate and fluoride, a simple compound ThF, is neYer formed in stoichio­
metric equivalence to the fluorinc pre';cnt, even when an excess of thorium 
nitrate solution is added, owing tOlhe ionisation factors. When thorium 
and fluorine occur in correct stoichi()metric proportions, F ions rem:j.in free, 
owing to the dissociation of ThE" and these compete with alizarin S for 
Th!-H+ ions in the lake, causing th" latter to dissociate further and the yellow 
colour of acid alizarin S to pr·:dominate. For very small quantities of 
fiuorine, a few jLg in 50 m!. of wat':r, more than twice the theoretical equivalent 
of thorium is necessary before th.c end point is reached but when the titration 
involves larger quantities of fhlOrine, the necessary excess is progressively 
diminished through reduction Qf the percentage dissociated, due to (i) the 
increase in pH owing to dih,tion, (ii) the decrease in the concentration of 
neutral salts originally presellt, and (iii) the limitation in the number of free 
ions owing to the approaching saturation. According to him, a point is 
indeed reached. when fll,fther increments of F and Th become stoichio­
metric, Based on such considerations. he has indicated the importance of 
ensuring a definite con'lrolled degree of dissociation beforc any given Th: F 
equivalence can be l;elied upon at different fluorine concentrations, To 
achieve this, he has suggested that dissociation should be kept either at a 
minimum by addin't an equal volume of alcohol, acetone or glycerol to the 
reaction mixture Olf at a maximum by using acids. 

From the co\tsideratioll of the above points, it would appear that there is 
lack of appreci?.tion of the distinction between the reaction between fluorine 
as sodium fluoside and thorium nitrate and that between fluorine as hydro­
fluosilicic acH and thorium nitrate. It seems to have been assumed that 
the reaction between hydrofluosilicic acid and thorium nitrate and that 
between so(l,ium fluoride and thorium nitrate are identical, and that, in both 
cases, a co,mpound like ThF. tends to form, and that, by keeping the pH 
of the reAction mixture constant, and carrying out the titration in the 
absence 'Jf neutral salis, the equivalence between thorium nitrate and fluorine 
would 'Jepcnd upon the dissociation of TIlF" which, in turn, keeping the 
other factors constant, would depend upon the concentration of fluorine 
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in the reaction mixture. In other words, the equivalence between thorium 
and fluorine will tend to increase with increasing dilution of solution of 
fluorine as NaF or hydrofiuo~ilicic acid. 

RESULTS Of THE PRESENT WORK 

Numerous determinations of fluorine have been carried Ollt with a view to 
assessing the validity of these' a~umptions and consequent conclusions. 
The determinations have been carded out under strictly controlled condi­
tions presented in the Second Part. Some of the results obtained are pre­
sented below. 

TABLB I 

Titration of micro-quantities of jhwrine as hydrQjluosilicic acid 
with MjlOOO Th (NO.), solution 

The results are expresse'(l in mgrn. 

"-;tuori:!" FhlOrille T-~o~u·~~--T T~~~~~;~--
prc«;ent l found required i Fluorine 

0·654 

0·981 

1·308 

1·500 

2·000 

2·500 

"--,-------------"-
0-652 

0·990 i 2'016 

1·320 I 2·687 

1·539 I 3·133 

2·012 I 4·0g7 

2-046 I 5·132 

2·088 

2·048 

-----,i~lage-::2~o;­
! 

Ratio, Thorium : Fluorine in thorium :fluoride is 3' 054. 

From the data presented in Table I, it is clear that, dU'ring the rea<.:tion 
between hydrofluosilicic acid and thorium nitrate, a compound is formed, 
in which the ratio, thorium: fluorine, is 2·053, whereas, the I'atio, thorium: 
fluorine, in thorium fluoride is 3·054. This is further clarifiel'l by the data 
presented in Table II and Fig. 1. 
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TABLE II 

Volume of MIIOOO Tit (NO.). solution theoretically required for a 
given quantity a/fluorine as NaF and experimentally Tf'qufred 

for tlze same quantity of fluorine as H2 SiF. 

c.cs. of ~!jlOOO Th(NO,). required for 
Fluorine present ________ "" ______ _ 

(mgms.) , 
NaF I H~SiF6 

--------·1·--·---1----
0·0342 0·45 I 0·30 

0'0684 0'90 0·60 

i 

0·1026 1·35 0·90 

0·1368 1·80 1·24 

0·1710 2·25 1·56 
I 

0·2052 2·70 1'88 

Ratio, Thorium for NaF : Thorium for H2SjF~ = 3 : 2 

0'25 

0·24 

0·22 

020 

~ 0'18 .. 
E 0'/$ 
~ 

': 0-14 

.~ 0-/2 

~ 0·/0 

0·08 

0·06 

·6 JO is 
Vol«m' of M!JOOO Th[NO,14Soln. in C.Cs. 

3-0 

FIG. 1. Volume of MjlOOO Th (NO 3), solution theoretically required for a given 
quantity of :fluorine as Na F and experimentally required for the 

same quantity of F as H2 Si Fs. 

The reaction between sodium fluoride and thorium nitrate is different 
from the on~ taking plac~ b~tw~en h~drofillosilicic acid and thorium nitrllte, 
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The first one leads to the production of thorium fluoride and the s~cond, to a 
compound in which the ratio, thorium: fluorine, is 2· 053. The reactions 
between fluorine, as sodium fluoride and hydrofluosilicic acid, and thorium 
nitrate are shown by the following equations: 
4NaF + Th (NO.). -> 4NaNOs -I- ThF. (1) 
H2SiF. + Th (NOs). + 4H20 ->- Th (OH).SiF 6 + 4HNO, + 2H20 (2) 
H2SiF.-{- Th (NOs). + 4H20 ->H2ThFd- 4HNOs + H.SiO, (3) 
2H2SiF. --:- 3Th (NO,). + 2H20 -+ 3ThF 1 -I- 2H.SiO. +- 12HN03-1-4HzO (4) 

[t is understandable that the reaction between sodium fluoride and 
thorium nitrate takes place as shown by the equation (1). That, the same 
reaction between hydrofluosilicic acid and thorium nitrate does not take 
place either according to the equation (l) or according to the equation (4), 
resulting in the production of tborium fluoride, bas been amply demonstrated 
by the data present in Tables I and II and Fig. 1. This is further confirmed 
by the conductiometric titration of tbe same quantity of fluorine as sodium 
fluoride and hydrofluosilicic acid with thorium nitrate solution. The data 
are presented in Fig, 2. It is clearly shown that the reaction between 

0'10 

a05 

o ()'25 0'15 /·25 /·75 2-25 2-75 3.25 

Volume of N /10 Th[NOJ J4 Soln. in C.Cs_ 

Flo. 2. Estimation of the same quantity of F as NaF and H. Si F, by 
\'Onductiometric titration with N/to Th [NO,1. solution, . 
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Th(N03), and hydrofillosilidc acid does not follow (h" course leading (0 

the formation of thorium fluoride and that, for its completion, requires two­
thirds of thorium necessary fc1! the formation of thorium fluoride. That, 
the reaction betweeJl hydrofluosilicic acid and thorium nitrate does not take 
place as indicated in the equation (2) but takes place as shovm by the equa­
tion (3) is supported by the following evidence. 

(a) Solubility.-Th (OH)2SiFG is rdatively mllch more soluble than ThF 4 

and H2ThF.. Silico-fluorides or fluo-silicates, with the exception of barium 
and potassium salts, which are sparingly soluble, are soluble in water (Vogel, 
1946). 1000 C.c. of saturated solution of ThF 4 at 25° C. contain 0·17 gms. 
ThO. (Seidell, 1940) whereas, at the same temperature, one litre of saturated 
solution of H2ThF" contains approximately 5 to 6 mgms. of the fluoride. 

(b) Production of acidity.-In case the reaction between thorium nitrate 
wd hydrofluosilicic acid were to take place, as shown in the equation (2), 
there would result, at the end of the reaction. for one mole of hydrofluosilicic 
acid, the production of 4 moles of nitric acid, and 4 moles of nitric acid and 
one mole of silicic acid and 6 moles of nitric and one mole of silicic acid if 
the reaction were to take place as represented by the eq uatioJls (3) and (4) res­
pectively. In other words, the acid, produced during and at the end of reac­
tion, should be explicable all the basis of these equations. Experiments 
were carried out to determine the acidity at different stages of the reaction 
between thorium chloride and hydrofiucsilicic acid. 20 c.c~. of H,SiF. 
solution of knO\V11 strength were titrated with N/50 sodium hydroxide solu­
tion, using phenolphthalein as the indicator. The volume of the standard 
thorium chloride solution, of known acidity, required for complete reaction 
with fluorine, was calculated from the equations (2) and (3). Thorium 
chloride solution was next added in increasing volume to different 20 c.c. 
aliquots of hydrofiuosilicic acid solution, and in no case was the thorium 
solution added, which was in excess of the calculated value, as it has been 
found that the precipitate is soluble in the excess of thorium salt. After 
shaking for few minutes, the solutions were centrifuged, and the acidity was 
determined in an aliquot of the clear supernatant. The necessary correction 
was made for volume changes due to the addition of thorium chloride 
solution. The results are presented in Table III. 

It is seen that the total acidity, produced in the reaction mixture, is not 
explicable on the production of hydrochloric acid alone, if the reaction were 
to take place according to the eqnation (2), for the acid produced is more 
than that could be accounted for as due to hydrochloric acid and is less than 
\hat wJlich would be produced if the reaction were to take place acccordin9 
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TABLE III 

Determination of the acidity developed during the course of reaction 
between thorium chloride and hydrofluosilicic acid 

20e.cs. of H.SiF, containing 7'6 mgms. of F will require 5·37e.os. 
of Thel. solution containing 2· 770 mgms. of thorium per c.c. 

Acidity of 20 C.05. of H2SiF. sol ution corresponds to 19 . 66 c.es. 
of Nj50 sodium hydroxide. 

Acidity is expressed in C.cs. of Nj50 alkali. 

Acidity of H~Si F Acidity due Acidity due Acidity Acidity due 
solution after the addition to Thel", SO" to unreacted produced to Hel 

of?t c.cs. of ThC14 solution lution added H::lSiFs (a-b-c) produced 
(a) (b) (c) 

------
~-

I I 
c.c. 

19·54 0·77 16·00 2·77 2·31 

19·29 i 1.54 12·33 5·42 4·77 

19·01 

I 

2·31 i 8·67 8'03 7·15 

18·68 3·08 

I 

5·01 10·59 9·54 

5·05 18·21 

\ 

3·89 1·17 13·15 !l·92 

5·37 I IS·IO 4·13 ! 0·00 13·97 12'80 
I 

----

Remaining 
acidity 

-----

0·39 

0·f15 

0·88 

1'01i 

1·23 

1·17 

to equation (4). The acidity in the reaction mixture is not due to hydro­
chloric acid alone but due to more than one acid. This can be easily 
explained on the basis of equation (3). According to this equation, as a 
result of the formation of H. ThF G. both silicic acid and hydrochloric acid 
are produced. In such low concentrations, as have been employed, silicic 
acid does not precipitate but remains in solution. 

(c) Thorium content of the precipitate.-Thorium content of the precipi­
tate, obtained as a result of reaction between thorium chloride and hydro­
fluosilicic acid in strong as well as in weak solutions, has been determined 
and has been found to be 66,54, 67'52, 66'92, 67·25 per cent. 

From the percentage of thorium in different thorium and fluorine com­
pounds given in Table IV, it is clear that the thorium fluorine compound, 
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TABLE IV 

Percentage of thorium in different compounds of thorium and fluorille 

Compound \Thoriurn percentage 

ThF. .. 1 75·34 

Th(OH),SiF. 

"1 

56·87 

HzThF. .. 66'68 
. --------._-_._. 

formed as a result of the reaction between hydrofluosilicic acid and thorium 
salt, has the composition as represented by H2ThF6 and not the one given by 
Th(OH)2SiF. or ThF ,. 

EFFECT OF DILUTION ON EQUIVALENCE BETWEEN THORIUM AND FLUORINE 

A known quantity of fluorine as NaF and H2SiF6, contained in 1 C.c. 
of water, was titrated with thorium nitrate. Maintaining the quantity of 
fluorine constant, the solution was progressively diluted with water and 
titrated with thorium nitrate solution. The results are given in Table V. 

TABLE V 
Effect of dilution on equivalence between thorium and jfuorine 

-------------------

Fluorine present 
14,·75 p, in 

1 C.c. 

2 c.c. 

3 C.c. 

4 c.c. 

5 c.c. 

10 c.c. 

Fluorine found 

H 2SiFu 

14·79 

14·81 

14·81 

14·92 

"j 
14·92 

.. 15·70 

----~-----

Na!' 

15·12 

15·50 

16·12 

16·25 

16·9G 

18·12 

It is clear from the results presented that, despite the high dilution the 
solution has been carried to, the equivalence between ihorium and fluorine 
in the case of hydrofluosilicic acid is relatively not so much altered as that 
between thorium and fluorine as sodium fluoride. 

Thus it may 'be concluded from the data presented in the foregoing 
tables that (a) the reaction between sodium fluoride and thorium salt is 
<;Iilferent from the one between hydrofluosilicic acid aud thoriulll slIlt in 
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strong as well as in weak solutions; in the course of the first reaclion, ThF, 
is formed, and in the course of the second, H 2ThF.; (b) under strictly 
controlled conditions, 11nd within certain limits, the equivalence between 
thorium and fluorine in the case of hydrofluosilicic acid is not significantly 
influenced by dilution, indicating that the compound H2ThF., under these 
conditions of dilution, does not dissociate on dilution to a degree to cause 
a pronounced variation in the results. The compound H2ThF6 is insoluble 
and less dissociable. The equivalence between thorium and fluorine in lhe 
case of sodlum fluoride is inarkedly affected by dilution. This is due to 
relatively greater solubility and dissociation of thorium fluoride ThF 4' 

The reaction between thorium salt and hydrofluosilicic acid is not always 
the same and is detennined by dle manner in which hydrofiuqsilicic acid is 
distilled off. The reaction between thorillm salt and hydrofiuosilicic acid 
described above is obtainable only under a particular set of conditions. 
Though at present no chemical explanation can be put forth to account 
for this variation in the reaction between thorium salt and hydrofiuosilicic 
acid, by distilling, under different conditions. a known quantity of fluorine 
from sodium fluoride and calcium fluoride as hydrofluosilicic acid, and by 
reacting the evolved hydrofiuosiJicic acid with thoriUlll salt, and by 
determining the total thorium and percentage of thorium in the precipitate, 
results have been obtained, which indicate the conditions which give rise 
to the variations in the reaction between thorium salt and hydrofluosilicic 
acid. The results are briefly given below. 

(1) When fluorine is distilled from CaF2 as hydrofluosilicic acid, any' 
where between 135° to 145' c., in the manner that no fumes are formed either 
in the distillation flask or in the mouth of the condenser, on adding to the 
distillate two-thirds of thorium necessary for the formation of ThF 4, the 
precipitate is obtained, which has the composition as denoted by H2ThFa, 
and in which the ratio, Th: F, is abont 2·036. When more thorium is added 
to the distillate, the precipitate takes up more thorium till it forms a compound 
in which the ratio, Th: P, is about 2 ·443, and which probably has the 
composition as represented by HThFs; but when the total quantity of 
thorium, necessary for the fonnation of ThF" is added to the distillate, the 
precipitate is formed, which again has the ratio, Th: F, of about 2·036. 

(2) When fluorine is distilled from CaF2 as hydrofiuosilicic acid, any· 
where between 135° to 145° C., in the manner that fumes are formed either 
in the distillation flask or in the mouth of the condenser, on adding to the 
distillate two-thirds of thorium necessary for the formation of ThF 4, the 
precipitate is obtained in which the ratio, Th: F, is greater than 2·036, th. 
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rario necessary for the formation of H.TbF., and smaller than 2'443, the 
ratio necessary for the formation of HThF". As more thorium is added to 
the distillate, the precipitate takes up more thorium till it forms a compound 
in which the ratio, Th: F, is about 2'443; but when the total quantity of 
thorium, necessary for the formation of ThF 4, is added to the distillate, the 
precipitate is formed, which again has the ratio, Th: F, of about 2·036. 

(3) When fillorine is distilled from CaF. as hydrofluosilicic acid, any­
where between 1300 to 1450 C., whether gently or rapidly, whether with or 
without the formation of fumes in the distillation flask and tbe mouth of 
the condenser, on adding the thorium salt to the distillate, under no condi­
tions is the precipitak obtained, which has the composition or the ratio, 
Th:F, of ThF •. 

(4) When fluorine is distilled rapidly at 1400 to 1450 C. from sodium 
fluoride as hydrofillosilicic acid, on adding the thorium salt to the distillate, 
the precipitate is obtained, which has the composition and ratio, Th: F, 
of ThF •. 

(5) When fluorine is distilled gently at 135° C. or below from sodium 
fluoride as hydrofiuosilicic acid and without the formation of fumes in the 
disiillation flask and the mouth of the condenser, on adding the thorium 
salt to the distillate, the precipitates are obtained, which are similar in compo­
sition to those obtained when fluorine is similarly distilled from CaF2 as 
hydrofluosilicic acid. 

(6) When fluorine is distilled as hydrofluosilicic acid from sodium 
fluoride mixed with calcium oxide, on adding the tholium salt to the dis­
tillate, the precipitates are obtained, which are similar in composition to 
those obtained when fluorine is distilled from CaF2 as hydrofluosilicic acid. 
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