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SUMMARY. 

Substoichionetry is a radiochemical technique which 

greatly improves the sensitivity of trace metal analysis 

by solvent extraction procedures. The basis of the 

technique is the use of a smaller amount of reagent than 

the stoichiometric amount required by the metal. In 

this way the same amount of metal is always extracted. 

This is convenient in isotope dilution analysis because 

the activity of the organic phase is then proportional 

to the specific activity. There is no need to measure 

the amount of metal actually extracted and a reagent can 

be used at a low concentration which nama be measured 

by conventional techniques. 

A method of determining mercury by substoichiometric 

solvent extraction, hich has previously been described 

by Ruzicka and Stary (RL), has been automated and its 

limitations investigated and compared with those of the 

manual method (B5). 

During the course of this investigation chloride 

was found to interfere by forming a ternary complex, 

mercuric chloride dithizonate. The reactions and 

properties of this substance have been studied and its 

stability constant has been determined (BG). 

Several methods of overcoming this chloride interference 

have been examined. Whilst exploring one of these 

methods, the addition of ethylene-diamine-tetra-acetic 

acid, another ternary complex, mercuric chloride



ethylene-diamine-tetra-acetate, was recognised and 

its stability constants have also been measured. 

Two papers have been published reporting this 

work (B5, B6) and a third is being prepared.
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G HA PF Bee ON E. 

THE DETERMINATION OF MERCURY BY SUBSTOICHLIOMETRIC 

ISOTOPE DILUTION ANALYSIS. 

Summary. 

In this chapter a general description 

is given of the substoichiometric method for 

the determination of mercury with dithizone. 

The factors which limit the precision, sensitivity 

and selectivity are discussed. It is concluded 

that the precision falls from * 2% fon 107? of 

mercury to = 50% for 107 of mercury and that 

gold, platinum and palladium are the only 

interfering metals.



2. 

Lidols The Demand for improved Trace Metal Analysis. 

In industry at the present time there is a great 

demand for trace metal analysis. Recent legislation 

requires that effluents discharged into inland 

waterways contain less than 1 pep m. of heavy 

metals. Trace amounts of metals are undesirable 

impurities in many industrial products :- Electroplating 

solutions, oil additives, foodstuffs, semiconductors. 

The analysis of all these materials for trace 

metals is required, 

In the semiconductor field, such very small 

amounts of impurity affect the conductivity that it 

is quite impossible to detect them by conventional 

techniques. As industry advances these greater 

sensitivities will inevitably be required in other 

fields. Once 1.4 p.pem. was considered a 

conservative upper limit for arsenic in phosphoric 

acid (a foodstuff additive), recently phosphoric 

acid with a maximum arsenic content of 0.1 p.p.m. 

has become commercially available. This limit 

presents a difficult problem to the analyst. 

Substoichiometric isotope dilution analysis, which 

combines the selectivity of solvent extraction 

procedures with the sensitivity of radiochemical 

techniques, represents one solution to such 

problems.



  

Lecbece The determination of mercury by substoichiometric 

isotope dilution analysis. 

The substoichiometric determination of mercury 

by solvent extraction using dithizone as the organic 

reagent has been described by Ruzicka (R1,R7). 

This method is the starting point for the work described 

in this thesis and will be used as an example to 

explain substoichiometric idotope dilution analysis. 

In this method two separatory funnels are used, 

one containing the sample dissolved in 10ml of 0.1M 

sulphuric acid, and the other containing just 10ml of 

O,1M sulphuric acid. Suppose that the sample 

contains O.lpg of mercury of normal isotopic composition 

(30% mercury 202, 23% mercury 200, 17% mercury 199 etc). 

The first step is to add to each flask exactly O.lpg of 

mercury which has been labelled with a radioactive 

isotope of mercury. Suppose that in this step 1000c/s 

of radioactivity have been added to each funnel. The 

second step i to react the mercury in each funnel 

with 4ml of a 107 solution of dithizone in carbon 

tetrachloride. This amount of dithizone is equivalent to 

Os Ch psity of:” mereury: , this is.less mercury than is present 

in either funnel hence the name — substoichiometry. 

Because each funnel contains excess mercury, the 

dithizone in each case will be completely aie 

to primary mercuric dithizonate, in both funnels 

 



  

O.Olpg of mercury will be transferred to the organic 

phase. In this step isotopic equilibrium will be 

maintained and some radioactivity will also be 

transferred to the organic phase. The final step 

in the analysis is to separate these organic phases 

and to measure this activity. In the case of the 

sample in the first funnel, the activity will be :- 

0.04. x 1000 = 2000/s. 
0.2 

but in the case of the standerd in the second fumnel :- 

0,0 x 1000 = 4.00c/s. 
Qg7 

It can be seen that the organic phase from the 

Sample contains less activity than that from the 

standard because of the greater amount of inactive 

mercury present in the sample. The speéific 

activity of the mercury isolated from the sample . 

is less than that isolated from the standard Isotope 

dilution has occurred. 3 

This reasoning may be applied to the general 

case of a sample containing an unknown amount of 

mercury. 

Let 

¥ = the weight of mercury in the sample. 

W 
a 

the weight of mercury added in the 

first step. 

= ul the weight of mercury extracted in 

the second step.



  

A = the activity added in the first step. 

= ‘die activity isolated from the standard 

in the final step. 

A = the activity isolated from the sample in 

the final step. 

  

  

then 
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In this derivation neither A nor YW. appear in 

equation 1/2, neither the exact reagent concentration 

nor the specific activity of the isotope used affect 

the analytical results provided they are the same 

for both the sample and the standard, 

Equation 1/2 is the fundamental equation used in 

substoichiometric isotope dilution analysis. The 

normal equation for isotope dilution analysis is :- 

W<.«W 
5S a



  

  

where 

Ss. = the specific activity of the isotope 

added. 

S, = the specific activity of the material 

isolated from the sample. 

Ws = the weight of mercury extracted from the 

sample in the second step. 

wee = the weight of mercury extracted from 

the standard in the second step. 

In substoichiometry an equal amount of the 

element is isolated from the standard and the sample 

See = See, and specific activities in the isotope 

dilution equation become activities in the substoichiometric 

equation. 

For a substoichiometric separation, a graph of 

A, versus of is a displaced rectangular hyperbola. 

The equation for a rectangular hyperbola referred to 

its asymptotes as axes is := 

eye :C 

Where C is a constant. Displacing this graph 

along the x-axis by a distance, a, and referring to a 

new variable, X. 

X= xa 

so that the equation for the displaced hyperbola is 

yX + ya= C. 

let X = Wy» vac A> es Wo C= WA.



A_W +W A =W aA 
s s a a 

y = WW or WT = ,; A cs 

A 
CTs ) 

this is equation 1/2 again proving that the graph is 

a rectangular hyperbola displaced along the We axis 

so that when W._ = 0, A =A, 
s s a



1-1-3. The advantages of substoichiometric isotope 

dilution analysis. 

(a) The substoichiometric method of analysis is 

more sensitive than the conventional spectrophotometric 

method because the substoichiometric reagent can be so 

dilute that it is not possible to measure the colour 

of the organic layer. The substoichiometric method 

is also more sensitive than conventional isotope 

dilution analysis. The sensitivity of normal isotope 

dilution analysis could possibly be improved by using 

modern techniques, such as square wave polarography, 

to measure the weights of element isolated from the 

sample and standard, but if this were done the 

sensitivity would be limited by adsorption just as 

it is in substoichiometry. 

(b) The substoichiometric method is more 

selective then conventional methods employing organic 

reagents because such methods use an excess of 

reagent which can react with an interfering metal. 

For example in the determination of mercury with 

dithizone, copper interferes in the spectrophoto- 

metric method but not in the substoichiometric 

one. 

(ce) As in normal isotope dilution analysis, 

the substoichiometric method has the advantage



  

that -the element to be determined need not be 

quantitatively isolated from the sample. All 

that is necessary ty thet enough is obtained to 

completely consume the reagent. 

(a) An important consequence of (c) is that 

adsorption of the metal on to the surface of the 

glass vessels used in the dissolution and subsequent 

processing of the sample does not affect the result 

of a substoichiometric analysis, only adsorption of 

the metal complex from the organic phase after the 

substoichiometric separation can do this. This 

adsorption is the most serious source of error in 

conventional methods of analysis of high sensitivity, 

(e.ge, Square wave polarography). Methods which do 

not involve chemical treatment of the sample also 

avoid this difficulty, (eeg., mass spectrometry, 

X-ray flouresence or neutron activation analysis).



  

16. 

Lele. The disadvantages and limitations of 

substoichiometry. 

(a) Substoichiometry is a radiochemical 

technique which requires special equipment to handle 

and measure radioisotopes, and laboratory personnel 

trained in the safety precautions needed in such 

work. 

(b) A suitable reagent must be available. 

Such reagents are usually available only for those 

metals which form the strongest complexes. for 

a large spectrum of reagents these metals are 

similar, Thus dithizone, diethyl- dithio-carbamate, 

di-alkyl- dithiophosphates, cupferron and oxine, 

‘il. Fain strong complexes with gold, mercury, 

palladium and copper. Methods for these metals 

ie easy to devise put methods for the alkali, 

alkaline earth, or rare earth metals are never 

very selective. (R2. and Ch). 

(c) Suitable isotopes with a long half-life 

(> 10 hrs) ie high specific activity (> 10mCi/gn) 

may not be available, (e.g, Al, B, Li, Si, Ni, Mo, etc.). 

(4) Many metals form ternary complexes with 

organic reagents when the metal is in excess. When 

such complexes are formed the sensitivity and 

selectivity are reduced. (see chapter a



Leste Precision and Accuracye 

In this section a statistical treatment of the 

precision with which mercury can be estimated by 

solvent extraction and substoichiometric isotope 

dilution will be attempted. . The solution of the 

sample end any pre-treatment required to ensure that 

all the mercury is in the same chemical state will 

be common to all methods of chemical analysis end 

may be neglected when comparing substoichiometry 

with other methods. 

1.2.1. The coefficient of variation and its components. 

The results of a large number of repeat 

analyses of the same sample will vary among, 

themselves. The precision is a measure of this 

variation. The mean of all these results will 

differ from the true result. This difference is 

the accuracy of the analytical method, 

The coefficient of variation will be used as 

a Measure of the precision; it is the standard 

deviation expressed as a percentage of the mean, 

The standard deviation is the root mean square 

deviation from the mean of a large number of 

results. When estimating the standard deviation 

experimentally only a small number (less than 

thirty) of results are usually available and 

equation 1/ is used to calculate the best 

estimate of the standard deviation.



  

s = the estimate of the standard deviation. 

N = the number of experimental results. 

x= the i'th experimental result, 

This equation together with several other 

statistical techniques used in this section are 

described in standard text books of statistics 

(Dl, D2, Nl). 

It is usually found that the deviations 

follow the normal distribution. If this is the 

case and if the coefficient of variation is one 

per cent, then two thirds of the results will be 

within one per cent of the mean and all but one 

twentieth within two per cent. 

Errors occur at each step in the analysis 

and each error contributes a certain amount of 

variation to the final result. In this section 

the way in which these errors contribute to the 

precision of the whole analysis is elucidated, 

and an experimental estimate of each error is 

givens In this way it is easy to identify those 

steps which must be improved if greater precision 

is required,



Joe le The combination of coefficients of variation. 

The coefficient of variation of the final 

result cannot be obtained by adding together the 

individual coefficients of variation of each stepe 

This combination must be accomplished by using 

equation 1/5. 

  

V(x) = V(a) a x ) + v(b).(9 x) + Vic) 

(Oa os (2b)a,c--- 

where 

x = F (a,b,c ----- ). 

V(x) is the variance of x and V(a) the variance 

of a etc. The variance is related to the 

standard deviation (S(x), S(a) etc.)., and the 

coefficient of variation (v(x), v(a) etc.)., by 

the following equations :- 

V(x) = ri) 

Mix) a ale) 2 10" 

V(x) = 10 (xivtx)) 

Unfortunately equation 1/5 is only applicable 

when there is no correlation between a,b,c, etc., 

that is when there is no reason to suspect that 

a positive error in a is always associated with a 

positive error in b (or always associated with 

a negative error in b)e As will be shown  



1h. 

below there is such a correlation in the case of 

substoichiometry and an expedient must be adopted 

to avoid this difficulty. 

As an example in the use of this equation 

suppose a sample of 250mg is dissolved, diluted to 

250ml and a 25ml aliquot pipetted out, and also 

Suppose that the standard deviation of the 

weighing is O.1lmg, of the dilution 0.1ml and of 

the pipetting 0.0lml1, that is each step has a 

coefficient of variation of 0.04%. The 

coefficient of variation of the weight of sample 

in the final aliquot can be calculated as follows. 

pet Wp gm be the weight of sample in the 

final aliquot of volume V, ml taken from a 

total volume of Vom in which the whole of the 

sample (Wgm) is dissolved. ‘Then :- 

Wp = W. Vy 

Vs   

Ou oe 
a. i

 
I
s
 

hm
 ees 

so that 

V(V, )e Ww : v(v,) ¥ wy": 

a: vs 
v(w a = V(W). Z 

  

St
h 

lo 

= Te Gees OY), ee + 10) ofr}? 
*) i



  

    

Ag A) ee ag, TOD gt WAYG) sagt M2) 
3 2 
We W vy v5 

v (Wp) = y-(W) + v(V,) + v"(V,). 

= (0, 0,)° + (0..04)° + (0. a.) 

v(Wp) 2 J3 x (0.Q,) 

An examination of this example will show that 

equation 1/5 will reduce to the simpler equation 1/6 

when the condition 1/7 is satisfied. 

v(x) ta) + v"(v) + v(¢) --~~---~- 1/6 u 

when 

d Oe Soe D x eS Cie 

a a a ? b dD 

  

In substoichiometry equation 1/2 is used to 

calculate the result, i.e., 

A pas W ( AL ) 

2 2 oe) V2 
4, ) 

Any errors in Wo A, or A, will contribute 

to the errors in W.. In this case equation 1/6 
i) 

cannot be used because the condition 1/7 is not 

satisfied. The reason for this will be clear



whenit is realised that when the sample contains 

very small amounts of mercury A. will be very nearly 

equal to A. and small relative errors in A. or A. 

will make large relative errors in the term the a 1). 

he 
The coefficient of variation of W will then be 

much larger than that of A. (or A.) Under these 

circumstances equation 1/5 itself must be used. 

Whichever equation (1/5 or 1/6) is used the 

variances of Woe An and 4A must be independent, 

and this independence is only achieved when 

measuring very small amounts of mercury, with very 

Small amounts of activity. Under these circumstances 

v(a,) and v(a,) will be due largely to the 

difficulties of measuring very small amounts of 

activity. vw.) will also be an error of 

measurement because Wo must be estimated <<) 

reverse substoichiometry (R2) (when W, is known 

and ¥ is estimated from the experimental values 

of An and. A.) These ‘three different errors of 

measurement are entirely independent and equation 

1/5 will be accurate. 

In normal circumstances, however, the amounts 

of activity involved are large enough for accurate 

measurements to be made and V(A_) and v(a,) are much 
a  



larger than the error of measurement (see 

TABLE 1/5B). ‘The additional contributions 

to v(A,) and v(A,) must be due, either to 

variations in the amount of mercury counted 

or. to variations in its specific activity. 

It is the additional variations in A, which 

are correlated with the variations in We 

This can be appreciated if an examination 

is made of the way in which v(a.), v(A,) and 

vw) contribute. to V(W.). 

Let an active mercury solution contain 

mercury having a specific activity of 

Fio/s/g. An aliquot of this solution 

containing W8 of active mercury, or activity 

Ac/s, is added to a sample containing W, & of 

inactive mercufy. Vm of a solution of the 

organic reagent are added and when the 

extraction is complete W g of mercury, of 

activity A,o/s are transferred to the organic 

phase. Vm of this organic phase containing 

Wy g of mercury, activity Aqo/s, are pipetted 

into a counting vial and the activity measured. 

(NeB. These equations differ from those 

derived in section 1/1 because in the previous 

section it was assumed that all the organic 

phase was counted.).



        

(es Wi 

In the standard x, = 0 

oe See ee ee ee 1/10 

A ae 28 = Bis. a, ° - (w + W ) eh nnasbesed 1/11 

4 i y Ne s EF . ‘Ss We 

Fig 
Nominally F We = F We but in practice these 

will differ because of experimental errors due to 

adsorption, pipetting etc. If these two factors 

cancel, equation 1/11 reduces to equation ais 

The fraction (W, + Ww) Z W, is identical in 

equations 1/9 and 1/11. Any error ( 5i,) in 

Me will be identical in both equations and will 

contribute to the variation of A, via equation 

1/9 end to the variation of W, via equation 1/11. 

 



These two contributions are merely different forms 

of the same error ( SW.) If equation 1/5 is used 

to calculate vw.) by differentiating equation 1/2, 

this error will be counted twice, once under v(A,) 

and once under v(w.). These two variances are not 

independent. The crux of this argument is the 

identical value of Ov, to be used in equations 9 

and 1i¢ A similar argument could be applied to 

We or F and might lead one into believing that A, | 

and AL are also correlated, but in this case 

two different extractions are involved and 3 e. 

will take different values for the standard and 

sample. 

In practice V(A,) is estimated from the 

variation between repeat tests in which the same 

active mercury solution is used. , Those 

variations in We associated with the 

standardisation of the active mercury solution 

will not contribute to this experimental variation. 

The variance corresponding to these standardisation 

errors will be called v(uw)» Those variations 

associated with the pipetting of the active 

mercury solution and the. adsorption of this 

active mercury will contribute to the experimental 

variation and will be combined with V(A,)e This 

procedure is arbitrary but convenient and allows



  

the use of equation 1/5 because V(MW_) and vV(A.) are 

not correlated. Equation 1/5 now becomes :- 

    

  

  

    

  

i 2 
+ V (A). Wy gail ad ih a oo 1/12 

Cale) 

Differentiation of equation 1/2 gives 

OX, ) - A. -A ai .. 

( a oe A, We 

0 W. ) ae 3 We - We ( A. ) 
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a s a 8 a a 8 ) 
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now 
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1.2.3. The sources of error contributing to V(A,)- 
  

The variance v(a.) can be subdivided in a similar 

manner to vw.) by differentiating equation 1/10 and 

substituting in equation 5, but in addition to the’ 

variations associated with F and We which are given 

by this procedure, there are also those variations 

associated with the measurement of radioactivity. 

If these are called V(t.) equation 1/5 becomes :- 

( 
(2) 
(dw) (de 

v(a,) = V(is, ) + V(W 

Differentiating equation 1/10 shows that 

condition 1/7 is satisfied, so that :- 

v"(4,) = v (tia, + v(W,) + v-(F) 

The variance V(MA, ) is composed of three 

parts; that due to the random nature of nuclear 

disintegrations which obeys the Poisson distribution 

law, V(PA.); that due to the deficiencies of the 

measuring instrument (i.e., E.H.T. drifts due to 

poor voltage stabilisation, variation in the gain 

of the amplifiers due to ageing components ete. ), 

V(I); and a part associated with the dead time 

correction V(DA, )» Thus := 

v* (iid, ) 7 v°(PA,) . 3h) s6 v'(DA,) 

(Da, cae v(F). (B*. e 

NS
 

N



The mean and variance of the Poisson 

distribution are equal, so that if the activity 

A is counted for a time T and the total number 

of counts accumulated is oe 

GO A M. eek VG) a Ba Be 
a a a a, 

by equation 1/5 

  

V(PA,) = AT 

ne 

2 a 4. 4. v (PA. ) = 10°. V(PA,) Ga ee aS 1/17 

A A. T. 
a 

So that v(PA. ) can be reduced without limit 

by increasing the counting time T, 

If the instrument has a dead time of “C 

sec/pulse and has counted 4, 7 pulses in tine 

T sec when the true count rate should be A, c/s, 

then 

total time for which pulses were not counted p 

SoBe le £. sec. 
m 

variance of this time 

fog ee = 
m 

(because fT is a constant and At has a 

Poisson distribution). 

Total lost counts = Ay. An Pees



  

this quantity would have a Poisson distribution), 

but for the variations in the time At T so that the 

actual variance of the lost counts is 

ee fh my f m ‘ 
cS Ave a, 2:4; ++ Be T.°C e A 

aon? 

m 

2 
Si. v'(pa,) =_10* ; t a. T.U + A mre = a, } 

5 ( ) 

now A = A so that 

  

w(Dh) 0" 
a Ny ose 

Comparing v(DA,) with v(PA.) it can be seen that 

2 : v(DA,) > Wek Vide 0 >: 4 
a a eee 

A 
m 

Such a high count rate as this (A = 1/ ) could 

‘not be used in practice because the dead time 

correction would be nearly the whole of the true 

count rate. In all the experiments described in 

this thesis the dead time correction was less than 

10% of the true count rate, often very much less, 

so that 

i, , 

v (DA, ) & v°(PA,) /10 and v"(DA,) 

. I, ; 

can be neglected with complete safety. & P



  

In this treatment it has been assumed (wrongly) 

that the dead time correction is accurately know 

and that the only source of variation is that caused by 

the random disintegration of atomic nuclei which mekes 

the actual dead time uncertain. In order to account 

for the errors which occur in measuring the 

instrumental dead time, another variance (V(MD) must 

be allowed to contribute to vw.) because if these 

errors are allowed to contribute separately to 

v(A,) and (va) & correlation is produced between 

A, and A,, and invalidate the use of equation 1/5. 

This correlation is apparent when it is appreciated 

that a dead time correction which is too high will 

cause both AL and. A, to be too high, The 

experimental estimates of v(a) and v(a,) will not 

be in error by this procedure because in any one 

series of repeat analyses the same dead time 

correction will be used. This procedure modifies 

equation 1/12 to 

vii.) = van) + vom,). {FW Ys vay. O Ye 
(A n ) (2a A. 

/ 2 
+ VBS) o Q ) 

8 pass ween 1/18 
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and equation. 1/14 to 

The dead time correction is A™ 

be modified 
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The variance (V(I)) cannot be calculated; it must 

be measured. Equation 1/21 can now be obtained by 

a 4 ‘ ria tg : ‘ 
substituting for v (PA.) into equation 1/16 from 

equation 1/17 and neglecting v (DA,)« 

v (lia, ) ey ee (LD) ------ --1/21. 

A. will vary considerably from experiment to 
a 

experiment so that it is usually more convenient 

not to state the Poisson error explicitly, this gives 

equation 1/22 

v(ita,,) = P(PA,) + v-(I) w-------1/22, 

vw) is due to several causes and three 

contributions can be measured; a variance V(Cl) due to 

variations in the amount of adventitious chloride 

causing variations in the amount of mercuric chloride 

dithizonate formed (see chapter 3); a variance V(R) 

due to variations in the strength of the organic 

reagent caused by oxidation, adsorption or by 

evaporation of the organic solvent or formation of 

secondary mercuric dithizonate; and a variance 

vv) due to variations in the volume of organic 

phase pipetted into the counting vial. These 

give : 
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v(W,) = v-(C1) + v“(R) + v“(¥,) aa eo 

The variance V(F) is due to two causes, the 

variation in the amount of mercury present as a 

blank in the reagents and the variation in the 

amount of isotopic exchange which occurs between 

mercuric dithizonate dissolved in the organi¢ phase 

and that adsorbed on the walls of the separating 

funnel. Both of these errors will be treated more 

fully below (sections 1.2.6. and 1.3.7. ). 

a4 : : Cos " : fan substituting for v (MA_) from equation 1/22 
a 

9 
ee 

and for v (Ww) from equation 1/23 into equation 1/15 

gives equation 1/24. 

A) = v-(Z) + v-(PA,) ov (0h) -+ v"(R) 

\ cs 7 
+ Vv (v,) + Vv (F.) wenn nna] / 2h 

a 
The subscript a added to v’(F) is to distinguish 

the variance due to the variation in the specific 

activity of the standard from that of the sample 

(v"(P,) (see next section. ). 

   



  

ng a s : fa 
de2eke The sources of error contributing to V(A_). 

=] 
  

The variance v(A,) is very similar. to the 

varience V(A,)e The variances V(I), V(C1), V(R), 

v(v.) will be identical in magnitude in the two cases. 

However V(PA. ) will be greater than V(PA.) because the 

activity A, will be less than the activity A. (It | 

is not usually worth the extra trouble to count the 

activity A for a longer time particularly when 

3 

automatic counting equipment is used). v (PA,) is 

given by equation 1/25 analogous to equation 1/17 

for v'(PA,). 

cee a5: 

  

v"(PA_) = 

The variance V(F,) will be smaller than 

v(F,) because the amount of mereury in solution will 

be greater than in the case of the standard and the 

effect of changes in the blank or changes in the 

amount of mercury adsorbed will be smaller, 

However the larger amount of mercury also lowers 

the specific activity and in most cases the 

coefficient of variation v(F_) is greater than 
bs) 

the coefficient of variation v(F.) (see section 1.3./e). 

in the case of the sample there is an additional 

source of error associated with the term 

+ W.). This isotope dilution 

 



  

  

variance v(I,) is due to errors in pipetting the 

standard and sample solutions. Le v(v,) is the 

‘variance associated with the pipetting of the 

standard active mercury solution and v(V,) that 

associated with the pipetting of the sample 

solution, then equation 1/5 will give :- 

Vit VV) 
a 

M st W M = / 
a a ; s se 

V V 
a 8 

Where M_, M_ are the concentrations of the active 
a Ww 

standard solution and the sample solution 

respectively 
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v"(A,) = v-(I) + v°(PA,) + v“(C1) + in) + v(V,) 

rr ee een ee) +v (F,) fps er (v.) + Vv (v.) ) 

(1 + q) ( ) 

------~- 1/26. 

1.2.5. A discussion of the magnitudesof the various 

sources of error and how they contribute to the 

precision of the analysis. 

Using equations 1/2) and 1/26 to substitute for 

v(4,) and v(4,) in equation 1/19 gives 

ores 27 ies 2 2 
Vv (w.) =v (MD) + v (uw, ) + Vv (v.) + Vv (v,) 

+( 164 q 
ed 

Ta 

: | 2, v(Z) +2 v-(C1) + 2 v-(R) 

t
d
 

3 2 2 2 2 
+2. ¥ (v.) +V (PA,) + ¥ (PA) + Vv (F.) 

2. 
+ Vv 0) 

ai
se
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e
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This final equation shows how the various sources 

of error mentioned above contribute to the precision 

of the final result. All twelve of these partial 

coefficients of variation have been measured 

experimentally and these estimates will now be 

compared in order to decide the most important 

sources of error.



  

v (aw) The errors involved in the standardisation 

  

of the active mercury solution are very small when 

strong solutions (>? 1076M) are used and the 

solution is prepared by lebelling an inactive 

solution of a mercury salt which has been 

standardised by conventional gravimetric or 

volumétric procedurese Typical results are given 

in TABLE 1/1 obtained from replicate standardisations. 

If dilute wel ateione are prepared by direct dilution 

of the commercially available isotope, the 

standardisation will be by reverse substoichiometry 

and will be repeated several times until the error 

in the mean result is much smaller than the error 

in the sample. 

v (MD). The dead time correction arises from the 

inadequate frequency response of the measuring 

instruments. During the course of this study the 

instrumentation was greatly improved. The 

equipment first used (made by Research Electronics 

Ltd. , Cleckheaton) had a dead time mainly due to 

the response time of the fast Decatron counting 

tubes. This time is definite and easily 

measured. The Research Electronics equipment was 

replaced by more sophisticated electronics (made 

by Nuclear Enterprises Ltd., of Edinburgh) in 
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3), 

which the limiting factor was the response time 

of the transistors used in the amplifier and 

discriminator. This is much less definite 

eared to increase at tg
 and the measured values ap 

ry 
low count rates. This creatly increased the Cc oO

 

magnitude of v(“@ ) and, as v(MD) is calculated 

fron v (@ ) via equation 1/20, the increase in 

precision due to the smaller dead time of the 

new equipment was not as great as anticipated. 

Table 1/2 shows the experimental values of ‘TV , 

v (), aa v (MD). 

by The improvement in instrumentation is 

most noticeable in v(I). ‘The voltage 

stabilisation used for the Nuclear Enterprises 

equipment was so good that this variation 

could only be approximately measured for this 

equipment. The results of several experiments 

designed to estimate v(I) are recorded in 

Table 1/l. During long counting times the 

peak voltage corresponding to the energy of 

the radiation being measured tends to drift 

out of the discriminator channel and to reduce 

the counting efficiency. - The drift in the 

peek voltage occurs because small drifts in 

the H.U.T. voltage cause large changes in the 

gain of the photomultiplier tube. This §
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Po effect can be minimised by choosing the upper and 

lower limits of the discriminator channel so that 

(if the peak voltage drifts upward) the counts 

1 lost above the upper limit are just compensated by 

the counts gained as the Compton scattering peak 

moves above the lower limit. . This procedure 

minimises the short term value of v(I) but as the 

counting time increases the drifts become larger, 

the compensation becomes less satisfactory, and 

v(I) increases with time. 

v(PA. ) and v(PA.). As mentioned above, these 
  

  

variations can be reduced by increasing the counting 

time. In the experiments described in this thesis, 

this time was selected so that v(PA,) was less than 

1%, in most cases it was less than 0.2% (TABLE 1/5B.). 

v(1iA, ) and. v(iiA, )« The precision with which A, 

  

and A, can be measured can be estimated from the 

2 = ay tine p 4 z 
sum of v (PA) and v (I) (see equation 1/16). 

Increasing the counting time decreases v(PA,) 

. f -- \ 1 4 oO 1.1 ! but increases v(I) so that for the greatést 

accuracy a compromise is necessary and the counting 

ie cn Te es me a . ik A sh e aoe time should be such that v(PA, ) and v(T) are 

approximately equal. It is possible to. reduce 

v(I) by, counting each vial for a short period and



  

  

1 4 
when every vial has been counted, repeating the 

whole procedure. Any desired precision can be 

Yeached if enough repeat counts are accumulated. 

The total time for which each vial was counted 

will govern v(PA,) but v(I) will be reduced, 

corresponding only to those variations which 

   occur within the time required to count all the 

vials once. This procedure is an example of 

the use of randomised blocks and for the best 

results the order in which the vials are counted 

should be chosen at random with the aid of a 

table of random numbers (D1). In 

substoichiometry it is usually unnecessary to 

take these precautions because v(A, ) and 

v(ilé, ) contribute very little to the overall 

error v(ii,). (TABLE 1/5B). 

)e v(V.)s v(V,) and v(V 
c Conway (Cl) has given 

a treatment of pipetting errors which will not 

be repeated here because the errors are of very 

small magnitude. TABLE 1/3 gives the 

experimental results obtained by weighing 

4 replicate deliveries of water (V_ and V_) or 
a s/ 

carbon tetrachloride (Ve 

v(A,), v(A), and V(C1). In all experiments 
 



  

  
  

the standard was replicated in order to obtain 

an estimate of the experimental error and the 

values obtained in this way are shown in TABLE 1/5. 

There are two kinds of experiments; in the first 

no precautions were taken against chloride interference 

and in these v(Cl) contributed to v(A.); in the 

second E.D.7.A. was added to overcome chloride 

interference and in these v(C1) did not contribute 

to v(A,)-» From the difference between the 

squares of these results an estimate of v(C1) has 

been obtained as shown in TABLE 1/5. Most of the 

terms contributing to v(A,) also contribute to 

v(A,) (compare equation 1/24 with equation 1/26) 

s0 that a separate estimate of v(A,) is not 

necessary, provided the differences between 

v(PA,) and v(PA.), and v(F.) and v(F.) are 

taken into account. A comparison of equation: 

1/17 with equation 1/25 shows that, if the same 

    

  

sa ZA ; é ‘ ae A : 
counting time is used for both, v(PA,) = “a8 v(PA,). 

A 
Ss 

With moderately strong solutions these two terms 

(v(PA, ) and v(PA.)) contribute very little to v(W.) 

and can be neglected, With very dilute solutions 

and very low activities this difference could be 

important, but in practice it is not because 

ty adsorption prevents the use of substoichiometry



  

  

at such dilutions (see sections 1.3.5. where a 

treatment is given of the dilute solution case 

and section 1.3.8 where this is compared with 

the limit of sensitivity due to adsorption. 

as / ety eae 
vViR vif and v(F ) ‘ pn ee 
(2), v( ? \ Be. The coefficient of 
  

variation v(A.) found in the presence of E.D.T.A. 

is due to the sum of the variations corresponding 

to the two coefficients of variation v(R) and 

v(F.), that is v(A,) = v-(R) + v(B,)e An 

attempt has been made to estimate v(R) separately 

by measuring the variation in the colour of the 

organic phase with the results given in TABLE 1/6. 

Unfortunately, the estimate of v(F,) obtained by 

difference using this estimate of v(R) and v(4,) 

in the absence of E.D.T.A., in the above equation 

is so inaccurately known that it could well be 

zero, although it is large in comparison with 

many of the coefficients of variation discussed 

above. Another estimate of v(F_) will be given af g 

je
 

w in section 1.3.7. where adsorption is treated, 

also in this section an attempt will be made to 

compare v(F.) and v(F.) (equations 1/1 and 1/42). 

a The contribution of variations in the blank to 

v(B,) and v(F.) is negligible because the blank
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“A 

H
e
 

tself is too small to measure even with 0.01 peg 

a a 
standards. 

v(W.). By comparing the estimates given in 
8 

  

TABLES 1/1 to 1/6, for the coefficients of 

variation which contribute to v(W,) it can be seen 

that v(Cl) is by far the largest source of error. 

If this is removed by adding E.D.T.A. v (R} and 

v(F) become the biggest terms in equation 1/27 

It will be shown in section 1.3.7. that v(F) increases 

drastically at low reagent concentrations and 

decreases at high concentrations, so that if 

high reagent concentrations are used v(R) will 

predominate but at low reagent concentrations 

v(F) will predominate. These conclusions must 

be modified when very small quantities of 

radioactivity are used when the Poisson error 

will predominate, this case is discussed in 

section 1.3.5. 

In all cases the final value for v(W,) 

the weight of mercury 

in the sample to that added to the standard. 

The amount of mercury i the sample will not 

normally be known so that it is useless to give 

a precise value to q but any value of a 71 

is acceptable provided results of the highest
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TABLE 1/1. The experimental estimation of 

v (MA). 

  

  

  
  

        

  

  

  

          
  

Solution | Method of analysis result jv(MA) 

Tl gravimetric as periodate 11.130 g/l 
tt " " 11.1.6 g/l 

(Exp. 0, 01% 
A25) volumetric versus thiocyanate411,1).6 g/l 

t " tt 11.16 g/l 

Weight of mercuric oxide used 

TA to prepare the solution 0,1L0000M 

(Exp. Volumetric versus chloride 0,09967M |0,09% 

171) " tt tt 0, 09997M 

volumetric versus E.D.T.A. 0. 09960M 
o ® ° 0. 09962M 

TABLE 1/2. The experimental estimation of 

v (MD). 

Apparatus dead time (¢)} v (%) |v (MD) 

Research Electronics single 
channel Y-ray spectrometer 265 pe. 4.7% 10.25% 

(Exp. 5h). 

Research Electronics strip . 
chart ¥ -ray spectrometer 16.0 ps. 10.2% 10.16% 

(Exp. 5h). 

Nuclear Enterprises single ei 
channel 9 -ray spectrometer 2.0 pse 37% 0, 08% 

(xp. 132). 

Nuclear Enterprises fully i 
automatic a -ray spectrometer 2,) ps. 4.8% 0.12% 

(Exp. 132). 

‘A = 1000 o/s. 

  

   



  

TABLE 1/3. Pipetting errors. 

  

  

      

          

Volume of v(v_) and v(V_) (H,0) v(V.) 
pipette ~ 2 (cor \ 

Exp.102 Exp.128 Exp. 132 / 

one 0, 059% 0. 060% 
2 cn? 0, 015% 0.050% 

4 0.115% 0. 04.1% 0, 036% 

0.25 on? 0.4% 0.161% 

0.02 om? | 0.29%       

TABLE 1/4. Instrumental errors. 

  

  

Apparatus Experiment (7). 

Research Electronics 60 0.20% 

Research Electronics 75 0.16% 

Research Electronics 102 0.65% 

Nuclear Enterprises 132 0. 033% 

Nuclear Enterprises 275 0, 021%         
  

TABLE 1/54. Experimental values of v(a" ) in the 

presence and absence of chloride interference. 

  

in a " Conditions v(A 7 ~ 
  

chloride interference present 

E.D.T.A. absent 2.28% 58 

chloride interference absent 

          

E.D.T.A. present 1.00% 42 

4 . 

v (C1) = 2.28°- 1,00° = 4.19. 

v (C1) = 2.05 

N.B. after taking adsorption errors into account 
9 

v (C1) = 3.50 - 0.47 = 3.03, v (C1) = 1.7% 

(see section Tudela )s 
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TABLE 1/5B. A comparison of v(A_) and. v(MA.). 

  

  

            

Exp. Chloride interference v(A,) v(PA) | v(A") 

58 present 3.70% | 0.25% 3.69% 

60 i" 2.60% | 0.15% | 2.57% 

61 ¥ 2. 00% 0.22% | 1.96% 

75 . 2.60% | 0.38% | 2.57% 

117 . ‘| 0.95% | 0.18% | 0.89% 

119 2 3.00% 0.07% | 3.00% 

120 . 0. 60% 0.17% 004.9% 

121 , 1.57% | 0.19% | 1.53% 

122 " 0.73% | 0.19% | 0.64% 

12h. " 1.04% | 0.19% | 0.98% 

133 ; 1.96% | 0.32% | 1.91% 
138 " 2.02% | 0.20% | 1.98% 

Vy. # 2.75% | 0.71% | 2.64% 

U7 " "| 3.03% | 0.50% | 2.96% 
1,8 " 3.15% | 0.51% | 3.10% 

24.8 absent 0.91% | 0.16% | 0.90% 

250 “ 1.01% 0.17% | 1.00% 

251 * 0.65% | 0.18% | 0.62% 

252 * 0.57% | 0.21% | 0.53% 

253 " 1.31% | 0.13% | 1.30% 

25h. " 1.60% | 0.10% | 1.60% 

255 . 0.29% | 0.12% | 0.27% 

256 " 145% | 0.11% | 1.44% 

N.B. (a) v-(MA_) = v(t) + v-(PA). 

(b) w(I) assumed 0.20%. 

(c) w(a",) = v(a,) = v"Qua,) 
(a) v(t) = sat next of the coefficient 

of variation of A, which is due to the errors of 

measurement. 

(e) v(a" ) = that part of the coefficient 

of variation of Aa which is due to other sources of 

variation. 
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FIG. 1/1 
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TABLE 1/8. Experimental estimates of Beds 

  

  

  

          
  

  
    

  

      
        

rat [He ] 

“‘I5x07> | 1074 ax 07" 5x10" 1x10" | oslo | Sx10* 

5.0 be Th 3.68 4. 60 6.19 

2.0 5.48 3.80 | 4.08 5.11 

1,013.66 | 4.03 4. O7 be 25 eS? | 458. | 5.96 5.10 

0.5 [3.92 4. 66 4217 be 55,40 52 4.89 de Sh. 5.28 

0.21.40 | 4035 | 5.00,4.82 5.18,5.03 | 6.42 | 5.80 6.00 

0.1 492 

0.05 6.10 

The results are quoted as -log ES ois and omitting those 

Values which are &= 6.0 the mean is 4.53 on 29 results. 

( Hg(HDz), Vins ete ci8 

TABLE 1/9. Variation of BE, be with initial primary 

mercuric dithizonate concentration. 

yoo 

oes Uug(wa), J | [HgDz | Beds B= Ei ps 

INIT. | a [Hepz 

33x10% | 56xn10°.| 2.8x10° | 7210 | 09x i0° 

atcie™ |kv x10? | tee 143 ze”. | wee 

6am ie? foo x te 4 1.2 210° | 3.6210° | 205x107 

36x10? | 13x10] 1.32107 | 6.6x10° | 39.2107 

16218? Leen we) cease ee eae. 4 7 Se 

6.3 x 107° 3.0 x o° |. -1.0 x 107° Tse es Lot £20 2 

2.0" = is” 1 ls i x 10 "Ol 36S te" } aoe 16 3.6 x 10 ? 

    

  

 



  

Le Je 30 The formation of hydroxy complexes. 

In alkaline solutions the sensitivity is 

reduced by the formation of undissociated mercuric 

hydroxide in the aqueous phase. This is governed 

by the reaction :- 

+ e+ ate EONS ae oH 
He + 20 Hg(0H),, + 

for which the equilibrium constant is (AL) :- 

2e 
J 

ATy oe a | He(OH), | LH 
K = 10 6. 3 = é A ete cam ilk rs es, eM 1/31 

ack 
ig= J 

  

using equation 1/31 to substitute for | He") in 

equation 1/28 gives :- 

  

19329 3 | Hg(HDz), J eas 

| HDz J org. Het OH), J 

corresponding to the reaction 

Hg( 0H), + 2H,D2 = Hg(HDz),, + 20,0. 

making the usual assumptions 

[ He(OH), ] = [ He(HDz), ] 
org. 

ray - ai fe dorpe 
a = 0 | Hel tl | H,Dz 2 dpe. iL [ Hg(HDz), | due: 

gives :- 

9 OF 
T(J a a a =26.9 

| Hg(iDz), J ope. Fae 

ee Pb - F545 
[ Hg(HDz),, ] at yp ate ee 1/32 

2.2 OLS.



  

This is the lowest possible reagent 

concentration, below which more than 0.1% of the 

reagent remains unconsumed, providing that the 

formation of hydroxy complexes is the only 

limiting factor. This is much lower than that 

found for secondary mercuric dithizonate, 

The formation of the secondary dithizonate is a 

more Serious limitation than the formation of 

the hydroxide. 

Equation 1/32 contains no terms involving 

[H"]. ‘The sensitivity is independant of pi 

providing :- 

sa ara: 
[ He( OH), j > [ He ] 

from equation 1/31, this is true when :- 

< 
[ HT J £ 10763 

[ Ht J < 1073+15- 

i.e. above pH 3.2. 

However if the pH is maintained by 

buffers, these will almost certainly be 

composed of anions which form stronger complexes 

with mercury than the hydroxide ion, and so will 

limit the sensitivity more severely (section 14.2. ). 

Upon hydrolysis, mercury also forms the 

anionic complex, Hg(OH) 5, and the polynuclear 

OD 

affect the previous conclusions however for the 

complexes, Hg (on)°* and Hg, 0H", These do not



  

former is only formed in strongly alkaline solutions 

and the latter are only formed at very high mercuty 

concentrations. 

fh Qf 

si yor PP. Gea) 

  

< 

vn + nw. 85 Se ee if poe < i i.e., above pH 14.85. 

  

(Al) 

    

Similarly the complex Hg(OM) is formed in 

acid solutions where hydrolysis wikl be of even 

less importance than with the dihydroxy complex. 

neat 
HeOh | pe L o B n ? 

  

i e( OH) 4 rt 2 
L ng Un) 5 J L il |





  

‘lie Dela The stability of the reagent. 

Very dilute solutions of dithizone are unstable. 

if the reagent decomposes appreciably between the 

time it is pipetted into the separating funnel and 

the time it is converted to the more stable mercuric 

dithizonate, differences may occur between the 

amounts of mercury extracted from the sample and 

the standard. The amount of mercuric dithizonate 

formed is not, by itself, important, but differences 

between the sample and the standard must be 

avoided. 

These differences may arise for several 

reasons; 1) because the greater concentration of 

mercury in the sample effects a speedier conversion 

to mercuric dithizonate; 2) because the reagent in 

one test is allowed to decompose whilst reagent is 

being added to the next; 3) because there are 

catalysts present in the sample which are absent 

from the standard or 4) because the sample and 

standard are at different temperatures. 

These effects are small and the reagent 

will be allowed to decompose, at the most, for a 

few minutes. Only reagent solutions which are 

decomposing very rapidly will affect the results. 

Unfortimately the decomposition of dithizone 

solutions is not a reproducable phenomenon. It is



  

60 

due to the presence of minute amounts of 

oxidising agents in the organic solvent and 

varies greatly between one batch of solvent and 

another. In practice solutions as dilute as 

107 have been used occasionally but sometimes 

even 10 M solutions cannot be used. If zinc 

dithizonate is used instead of dithizone, a 

greatly increased stability is obtained and if 

most of the oxidising agents in the organic 

solvent are destroyed by the prior addition of 

a slight excess of reagent, 107 solutions 

can be used for several weeks. Under these 

circumstances the stability of the reagent 

does not limit the sensitivity of the method. 

There are two considerations to be bor 

in mind when using zinc dithizonate. Firstly, 

it reacts more slowly with mercuric ions than 

dithizone. Secondly, the zinc ions 

liberated by the reaction compete with 

mercury for the dithizone and the sensitivity 

is lowered. Neither of these is important. 

The reaction is slowed down much more - 

drastically if E.D.7.A. is added to overcome 

chloride interference (chapter 4.) and zinc 

forms such a weak complex with dithizone 

that its affect on the sensitivity is 

undetectable. (see section Like he).



  

Le SeSs fhe limitations placed upon the 

sensitivity by the specific activity 

of the isotope used. 

When determining very small quantities of 

mercury, the precision of the method will be 

limited by the difficulty of measuring very 

small amounts of radioactivity. In order to 

calculate the sensitivity of the method, if this 

were the only factor to limit the Sensitivity, a 

minimum permissible precision must be decided 

upon and then the amount of radioactivity 

necessary to give this precision calculated, 

The following argument is often used in 

designing tests of a certain accuracy. Imagine 

a sample (A) containing a certain amount of 

mercury (x). The results of the analysis of 

this sample will vary around x because of the 

difficulty of measuring the small amount of 

activity used, If the distribution of these 

results is normal with a standard deviation O 

then 95/0 of these results will lie between 

Cd OS. Ee single analysis is carried 

out the probability of the result lying within 

this range is 0.95, Similarly if the analysis 

of another sample (B) gives the result y, then 

the true result will lie between y 2.8 

ON
 

as



  

FIG 1/2 

26= 01x 

THE PROBABILITY 7 
THAT u IS LESS THAN 
(x +26) IS 50% 
(THE SHADED AREA) 

        
FIG. 1/3 

462=0:1x 

THE PROBABILITY 
| THAT y IS LESS THAN 

(x+26) 1S 2-5%o 
(THE SHADED AREA) 
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with a probability of 0.95. Now a probability 

of 0.95 may be considered near enough certainty 

so that if it is desired to know the true result to 

within = 0.1x, then enough radioactivity must be 

added so that 

20 = O1x aeeennenna= 1/535. 

This argument is quite satisfactory 

providing the statistics used are understood. 

However analysts often believe that these 95% 

confidence limits represent the smallest 

difference which can be detected with certainty; 

that if the true result for sample B is x + 0.1x 

then an analysis will always reveal the difference 

between A & B, providing equation 1 is satisfied. 

This is untrue. There is, in fact, a chance 

of 50% that y is less than x + 26 as can be 

seen from FIG.1/2. In order to reduce mistakes 

of this type (know as errors of the second 

kind) a smaller value of G must be obtained by 

increasing the amount of radioactivity used. 

If the limit shown in FIG.1/3 is used viz :- 

AO = Ode eee ene ne 1/34. 

then the probability of making such a 

mistake is reduced from 0.5 to 0.025. 

As an example suppose that x is the 

maximum permissible limit for the amount of 

mercury in wheat to be used for cereal



  

menufacture. Then, if the manufacturer rejects 

all batches which upon analysis show more than 

0.9x, he will be certain of satisfying this limit 

if he adds sufficient radioactivity to satisfy 

equation 1/33. If, however, he has analysed a 

competitor's product and obtained the result x, 

and wishes to be certain of selling a cereal 

containing less mercury than his competitors by 

selling only material analysing at 0.9x, he must 

use equation 1/3) to choose a suitable activity. 

These limits are completely arbitrary and 

almost any relationship between x and @& could be 

ir] hosen. ‘Two other important limits should be 

mentioned, the two limits of sistien: 

If a result, y, is obtained, this result 

is significantly greater than zero if y is 

greater than Yq and 

29 Ya 

This is a limit of detection often suggested 

but if the sample actually contains x and x = Va 

there will only be a 50% chance of y being greater 

then yz. A better limit is Xa 

x = ko



  

The smallest anount of mercury which can be 

detected with certainty is Xs» and if x = Xa 

there is only a 2.5% chance that y will be less 

than Vac 

TABLE 1/9 summarizes these relationships 

in terms of the coefficient of variation (v) used 

in section 1/2, 

Having decided upon a minimum permissible 

precision the smallest amount of mercury which 

can be determined with this precision must be 

calculated, The general equation for the 

precision of the substoichiometric method was 

given in section 1/2 as t- 

v(W,) = v-(MD) + v (aw, . v°(v,) + v°(v,) 

  

oe 2 v-(I) + 2 v-(c1) + 2 ¥-(R) 
eo 

“2 v(¥,) + v°(PA, ) + v°(PA,) + v°(B,) 

+ v"(#,) 3 Do ae. rs 1/27. 

Amongst the terms included in this equation 

2 2 } ei only v (PA) and v (PA) depend upon the specific 

activity of the isotope used. The coefficients 

of variation v(F.) and. v(F_) are affected by the 
De] 

specific activity indirectly but are primarily 

functions of the adsorption of primary mercuric 

dithizonate on the walls of the Separating



  

funnel (see section 1.3.7.). In this section 

only the effect of specific activity is being 

considered and v(F,) and v(F,) will be both assumed 

to have the value of v(F.) calculated in TABLE 1/6. 

Substituting the numerical values given in 

section 1/2 to the other terms in equation 1/27, 

but assuming v(C1) = 0 (i.e., E.D.7.A. present) 

gives the equation :- 

l+gq 

)   

Ss 

N
N
 

\2 
as 2 ae y 4r'2.02 + v (PAL) ew” (PA 
a : 

v(W,) A 

ES 
In this equation v(MD), v(iiw), v(Vv_) and 

v(V.) have been neglected because they are too 

small to affect the final result. 

In ordér to relate this equation to the 

specific activity it is necessary to substitute 

for v(PA,) and v(PA.) from equations involving 

the amount of activity used in the analysis. 

Equations 1/17 and 1/25 used in section 1/2 

are, however, not applicable here because the 

activities to be measured are comparable in 

magnitude to the background activity. Indeed 

the background must be included because it has 

a direct effect upon the sensitivity. 

Let GC. be the number of counts 

accumulated in time T by the counter when 

counting the sample vial and let Ay be the



  

background activity. 

Bb = C A, 
8 s ~ > 

  

5 
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> 2 
ir es 

—r/an \ m 1 where Vis) = L analogous to the \ b/ . & 7 

9 
mo 

a 

- [oa = ] L- fz \ A - z 3 A > 

equations (1/17 and 1/25) developed for A_ and A, 
a 

in section 1/2. assuming the background is also 

counted for T sec. 

(A, + 2h, a 10* be
d oO -
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8 De 

Mm hone 

A, nie, 

Similarly 

2 fe oe 
v (PA) we th Se BR”) 10! 

a ee oe 
9 

"mA 

a 

let A a = Ne A Oa OR SR OE, arora carat ad e 

    

yn 
af ‘ |e 

vy (PA = d ee eo. 1e \ iat a, . \ a : 

5 5 
mT no oo 

tom 2 
De 

2 Ppcay ur /¢ \ sie + dy. 
v (A) a V CA 10 es 1 
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ie 

by manipulating equation 1/13 it can be 

Ree ii Bs 
snown that 

Thus 

2p, 
Vv (Pa,) 

v°(PA,) 

ul 

u 

«LO 
  

v(4,), (n te 

v°(A,)- (1 + g) ‘(n+ 2+ 2q) 

For the measurements of background activity 

. : ; ; d 5 
used in this thesis, 10° counts were allowed to 

accumulate so that v(A, ) = 1%, 

reduced by employing longer counting times. 

will be shown below 

This value can be 

Lo 

(section 1.3.8.) that the 

sensitivity of the substoichiometric determination 

of mercury not limited by the specific activity 

available but by the amount of adsorbed mercuric 

dithizonate on the walls of the separating funnel. 

Using a smaller value of v(A,) 

sensitivity calculated in this 

would increase the 

section and would



  

not change this conclusion. 

ye eee 
LU 1S f 20Ssible that the specific 

factor which limits sensitivity; 

minimum value of v(A, ) should be 

experimentally. 

For some other metal 

activity is the 

case the 

determined 

In this section, however, the 

value v(A,) = 1% will be used giving an estimate 

of the sensitivity that could be 

the technique actually employed. 

This gives :- 

il v°(W,) 

  

O
N
 

ee
 

attained with 

n(2+q) + (2q7 + 4g + 4.) ) 
2.02 + 
  

2 
n 

ite ae 
In order to obtain an equation relating the 

precision (v(w,)) to the amount of mercury in the 

sample (Ww) en equation is required relating W, 

This equation is obtained as follows. 

From the definition of q (equation 1/13) 

to n and q: 

%, 

let 

W 

a 

W 
8 

but from equation 

Ge ar 

gq V 16. 
ne 

4



 





  
 



TABLE 1/10. 

precision. 

The minimum permissible 

  

Only errors Errors of both 

  

  

            

Type of of the first the first and 
analysis kind controlled. the second 

kind. controlled. 

2G: 2s- x, BAO: cas 

Qualitative. : : 

v(W,) = 50%. v(W,) = 25%, 

26 «= 02, ke Se. O1x. 

Quantitative. : 
v(W.) = 5%. v(W,) =. Qos 

TABLE 1/11. ‘The smallest amount of 

mercury determinable. (w(min)). 

  

  

                  

v(W,) nq q | m Ay Ady M reag. W (min) We 

2.5 |11.5 |2.0|5.75|86.30/s|28.8c/s}4.6 x 10°” |0,0368pg 0, O1Sigrg 

5.0 | 1.7% 10.6 | 2.88/43. 2c/s| 27.0c/s| 2.4 x 10 |0, 0057p@ 0. 0092pg 

2.5 0.125 10.13 1.00/15. 0c/s| 13. 30/s) 8.0 x 100, 000,0ng|0. 0033 y¢ 

5.0 | 0,046}0, 08 0.58} 8.6c/s} 8.0c/s/4.6 x 10™o, ooca5peo. o01§yg 

     





  

1.3.6. <A comparison of the sensitivity of 

substoichiometric isotope dilution and neutron 

activation analysis. 

It is the specific activity which limits 

the sensitivity of neutron activation analysis. 

This limit may be calculated in a similar manner 

to that adopted in the previous section for 

isotope dilution analysis. 

The equation :- 

is the fundamentel equation for substoichiometric 

neutron activation analysis analogous to equation 

1/2 for isotope dilution analysis. Differentiation 

of this equation shows that condition 1/7 is 

satisfied, so that 

tle ee 2 Z 
v (Ww) = Vv (w.) + Vv (A,) + V (A,) 

This expression can be modified in the 

same way as the analogous isotope dilution 

expression (equation 1/l,). Including only the 

most important terms gives the equation 

v(W,) 3 8 wR) 2 CH) + v°(PA,) 

(N.B. v(PA,) will be very small because in neutron 

activation analysis the standard will have a



  

large, easily measured, activity). 

Be ea : ao ee ets 
Substituting the values. of v (R) and v (fF) 

gives := oO given in section 1/2 

nf io] 

v"(W_) =~ 2,02 4: (PA-) 
Ps nn 

    

      

but 

9 

v (PA,) V(PA.) (A, + 2 A) 

107" — TAS 
s s 

Let A, = mA: 

v"(PA ) = v(A, CF ee2.) oe 
m 

v(W,) a: 202" (m+ 2) —---------1/38, 
(ra) 

af v(A,) = 1% as in section 1.3.5. 

This equation is analogous to equation 1/36 

for isotope dilution. Following the same argument 

as used for isotope dilution instead of equation 

1/37, one obtains the equation :- 

W s+ -, Ye 7 \ 
s erennmpcsteuneenneremnat ° s 

367 x i072 " v.58 C 

Solving equation 1/38 for the minimum value 

of m, using the values of v(W_) given in TABLE 1/10 

gives the results reproduced in TABLE 1/13. It 

can be seen from this table that neutron activation 

analysis is more sensitive then isotope dilution



  

analysis even when the difficulties due to 

adsorption, which bedevil isotope dilution analysis, 

are overcome. If accurate quantitative analysis 

of a small amount of mercury is required neutron 

activation analysis is greatly superior. In this 

argument the same specific activity has been 

assumed for both methods of analysis. In 

practice, if the metal has one radioactive isotope 

with a long half-life, the commercially available 

isotope will be more active, giving some advantage 

to isotope dilution analysis, but if the metal 

has an isotope with a short half-life, the 

advantage lies with neutron activation analysis 

because such isotopes are inconvenient for 

isotope dilution. However, these minor 

differences are not important because it is not 

specific activity but adsorption which limits 

the sensitivity of isotope dilution analysis. 

The very great advantage of neutron activation 

analysis is the complete avoidance of this error 

so that the full sensitivity calculated in 

TABLE 1/13 can be obtained, ‘The claim made 

pov, 4 S eee Do\ - 1 Ce ax ee by Ruzicka and Stary (R2) that the sensitivity 

> of isotope dilution analysis rivals that of 

neutron activation analysis cannot be upheld.



  

2 \ADT 4 /a o> ‘ : ‘ + * : : 
‘ABLE .1/13. A comparison of the sensitivity 

of neutron activation and isotope dilution 

analysSiSe 

  

v(W_) Sensitivity Sensitivity 
eg of isotope of neutron 

7 dilution activation 
analysis analysis 

  

          

ut (b) W, (min) Me AL oe re 10719 te) 

VW Vv ey. 

where W, (min) is the smallest amount of mercury which 

can be determined and © is the specific activity of 

» V_ and 8) the isotope. The other symbols (4, ’ W V . 
oO 

hb 
are constants whose meaning is given in the text.



  

Le 56 /s The influence of adsorption on the 

sensitivity and accuracy. 
eee 

Adsorption may occur from either the 

aqueous or the organic phase. Adsorption from 

the aqueous phase does not affect the accuracy 

or the precision eceytit a sufficient mercury 

renains in the aqueous phase to react with all 

the reagent. The estimate of Ws does not depend 

upon the amount of mercury present but upon the isotope 

dilution law (equation 1/3). The radiochemically 

labelled mercury must, of course, be added before 

the adsorption takes place for this to be true. 

The amount of mercury adsorbed from the aqueous 

phase varies from 0,01 to 1.Qpg ; figures which 

show that adsorption from the aqueous phase can 

limit the sensitivity. The amount of mercury 

adsorbed in any particular case depends upon 

the complexity of the pretreatment and the surface 

area of the glassware used. 

Adsorption of mercuric dithizonate from 

the organic phase is a much more serious source 

of error. This has two effects corresponding 

to (a) the amount of mercury adsorbed and 

(b) the specific activity of the mercury adsorbed. 

If the concentration of the reagent is so 

low that adsorption accounts for an appreciable 

part of the mercury in the organic phase, then 

it is very unlikely that the same amount of 

mercury will be removed from (or added to) the





  

  

in section 1.3.5.). 

When carrying out routine analysis by 

wubiheCekCanetiy As is convenient to use a 

different set of separating funnels for each 

reagent concentration. If this is done 

adsorption does not alter the concentration 

of the organic phase because the mercuric 

dithizonate on the separating funnel walls is 

in equilibrium with that in solution, thus 

eliminating this source of error. This 

equilibrium is a dynamic one, however, and 

some mercury is always exchanged between the 

walls and the solution. The mercury on the 

walls will have a different specific activity 

to that in solution, the final specific 

activity of the organic phase will then be in 

error. As the magnitude of this effect will 

not be the same in the sample and standard, 

equation 1/11 will again not reduce to 

equation 1/1, because.?, aoek not equal F, 

and if the results are calculated from 

equation 1/2, they will be wrong. It is 

this specific activity effect which is most 

troublesome in substoichiometric analysis. 

Let Wy be the amount of mercury 

exchanged in time t and let ER be the 

specific activity of the mercury on the





  
  

so that 

i cs 2 3 ee) 
V(F_) Wee) We: Ge +5) 

s os Ww u iB 

F< ny 4 

  

Ss 5 le 
cement a CN a Aaa se et r voy 

+ - ie ae fc .< ¥ thts V2 
2 a 

These equations assume that V(E) is the same 

¥ 

for both the standard and sample. This is true 

because the separating funnels used for both will be 

selected at random from the same set of funnels. 

“(z,) ana v“( and v (F_) are the predominant Te 
ao. he 

Ss 

Ht 

a 

terms in equation 1/27 (section 1.2.5.), which 

will often be the case at low concentrations (see 

below), then :- 

  

v(W,) =~ (leq ( (8 vg (3 ) 
3 s a 

Nt
 
e
g
 

n
e
 

q tA 

ee : 2 cg ; ; 
substituting for v (F_) and v (F_) from equations 

Es] a 

1/41 and 1/42 gives 

  

v(W ie (ls aie pene ws VF) ( 9 
- t = -( (Vs) 

2 eo 5 ( 
q ee 

Amongst the terms in this equation only Wy and 

We vary with reagent concentration. The variations 

of 7 are due to the accumulated variations in the 

specific activity of the tests for which the funnel 

has previously been used, and are independent of



  

whe reagent concentration, Le@e, V\ 

sah acta aa re al BERTIER ngs Recon 
vary Wilton reagent Concentration. 

my Sik eae ta il ie eo sili ce: Nil Mb 
LNe LS0vopic exchange O1 Mercury between 

i a a a a i a ja ite ll 
solutions of mercuric aditnaizonate in caroon 

sya ee ee a aia on i as ae al ean 
vetracnLoride ana mercury aasorpea On to glass 

surfaces 1s the sum of two first order reactions 

ge with primary mercuric     correspone 

dithizonate on the glass (rate constant 1k = 1 hr) 

and with mercuric chloride on the glass (rate 

constant 1/k = 30 hr). During the time allowed 

for the extraction (t = 10 mins. for tests without 

E.D.T.A. and t = 30 mins. for tests with E.D.T.A.) 

only a small part of the meraury on the walls is 

exchanged and this part will mostly be primary 

mercuric dithizonate. Thus 

  (+ in mins. ) 

put from equation 1/39 

iT ame rc D ae } 

Ww 2 = mek lig(HDz), J 

sr w, = XK | Hg(upz), J ( T= (inet) 
& f 

a 
We Se [ wolupne,) — | 
2 = ¥ L eg HDZ)o a
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FIG. 1/4 

© RESULTS OF BEARDSLEY FOR GOLD 

@ RESULTS OF RUZICKA FOR MERCURY 

Log,, [MR n] 

 



  

no data suitable for such a graph has been obtained 

in this study. In most of the work the reagent 

concentration has been so high that other terms in 

equation 1/27 (section 1.2.5.) are comparable with 

v(B,) and equation 1/43 does not hold, As a test 

of the hypothesis in general, n has been calculated 

from the data given by Rati da (RL) for mercury 

and Beardsley (B3) for gold. The results are given 

in Table 1/1} and the graph is shown as Fig. 1/h. 

The results for gold are quite good but those for 

mercury are poor. It is extremely difficult to 

determine standard deviations accurately and many 

of these results are based on too few degrees of 

freedom. The values of'n'found (2.5 for gold, 

2.2 for mercury) do not differ significantly 

from 2 and in the subsequent treatment this value 

will be assumed. (See also "The quantity of 

mercury adsorbed" Section 1.5.7.). It gives the 

simple relationship :- 

She = -1 
v (W.) cc [He(HDz), ] 

(N.B. When the adsorption occurs from aqueous 

solution n usually takes a value between 2 and 

4, but no figures are available for adsorption 

from carbon tetrachloride. (G2)).



  

There is no proof in these figures that 

the changes in v(W.) with reagent concentrations 

are due to adsorption. Other explanations are 

possible, for example, greater instability of 

the reagent or the greater effect of 

variations in the blank. However the 

hypothesis is reasonable; the value of n 

obtained is reasonable; .the reagent concentration 

at. which v(W,) becomes very large is a 

concentration at which adsorption is known to be 

very important; and, finally, calculations based 

on the value n = 2 are in reasonable agreement 

with the entirely independent estimate of v(F,) 

given in section 1.2.6. 

To calculate the contribution of 

adsorption to v(W.) at the high concentrations 

used in this work it is necessary to assume that 

only this adsorption contribution varies with 

reagent concentration and also that this 

variation follows some known law. The law 

assumed here is that derived above from the 

, eee a ne ee Re eee . 
results of Beardsley (B3) and Ruzicka (2) te, 

equation 1/39 is assumed to hold with n = 2. 

In section 1.2 all the values of



  

v(A.), determined in the absence of E.D.7.A. 

were combined to give a single value regardless 

of reagent concentration. If these values 

are divided into groups with closely similar 

reagent concentrations TABLE 1/15 is obtained. 

This table reveals a clear trend of increasing 

experimental error with decreasing reagent 

concentration. The calculations which follow 

ascribe this trend to adsorption. 

By comparing equation 1/4 with 

equation 1/45 it can be seen that, when 

ne=2 % 

ra) 

v(z) = 10 uy. VCH) [e(t2)5] 
a 

  

9 9 
w= 5 ie 
a e 4 

e 5 
a 

This equation can be confimed by 

substituting the values given above for Ky kc, 

and V, into equation 1/6 which defines 

v(B)« Substituting this value of v(F), 

which as explained above does not vary with 

reagent concentration, into equation 1/41, 

gives the dependance of v'(F,) upon reagent 

concentrations, Viz :- 

v(F) = v-(F_) [He(HDz),] ——-- = 1/17 
a w tl =o 

substituting this value of v(F,) into 

equation 1/2). gives 

v(a,) = v(t) + ve(Pa,) + W (cl) + ®) 
2 2 oh date -1L 

+ V (Vv) + %V (E) [ Hg(HDz), ] 

<g
 

o
o
 

tal
 

~
~
 

i 

é 2 2 ro 2 
elt) + Vv (PA,) +v (Cl) + v (R) +7 (Vv) 

a= 1/48



  

: 2 : 
and assuming that v (x) does not vary with reagent 

concentration, equation 1/49 is obtained to 

A describe the way in which v(A_) varies with 
Ga 

reagent concentration. 

~ -1 

2 2 ae Ev TIT } Vv (A,) = v(x) + Vv (z,) L Hg(HDz), J ------=1/9. 

This equation must be used rather than 

equation 1/45 for two reasons; (a) the data in 

TABLE 1/15 refer to v(A =) not v(W,) as does the 

v. 

data of Beardsley and RuZidka and (b) the 

concentrations of the reagent given in TABLE 1/15 

are so high that v'(F,) no longer dominates 

equations 1/24. and 1/27 as assumed in the derivation 

of equation 1/45 (ise. v(x) cannot be neglected). 

Substituting the figures for the highest 

and lowest reagent concentrations from TABLE 1/15 

into equation 1/49 give a pair of simultaneous 

equationse 

v(x) + v (F) eeu oO 

v(x) + VE) x 107? 

s ; ie ; rs . 
Solving these equations give v (x) = 3.50 

ee 
Se 5h. 8. 

4, 02 

9D c 
a ‘ a | . 

and v (z) = 0.71 x10” litre mole ©“. There 
Ww 

are two checks on these values. Firstly, 

+.) 

calculating v(A,) at the remaining reagent 

concentration in TABLE 1/15 gives v(4,) ee ee 

which agrees with the value 2.57 given in the 

table. Secondly, it is possible to compare
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TABLE 1/1, Precision of the determination of 

Gold and Mercury at low contentrations. 

  

  

  

; oe ie nena a ore 

Reagent jpg added | pe Found | Standard | de 
Concentration | i (mean). (deviation | 

i | S pe. 

(a) .Gold.(B3). | i 
; ' ' 

-7 ; ' : i 

es ae + 1.00 LOS t,. 0505/ Pe Le O 

se 
oe a ©

 
e jo

a o
 Dp © © e Cc Pas
t 

oO F
e
 

e © 

955° x40 + 0.05 i 26.06 i 0.013 e120 

   

  

} ' 
3 i 

oO . - ee i i ae 
Le 0,0] , 0.015 j 0.00 ; ye 

i i i 
i ' j 
' ' ' 

i. * . Be DD + : f 

(b) Mercury(R1).} 

2 . .-6 ee : i oie danas ‘ be 
he f = LO ” i 2. {oO - 0, 014.0 ‘ te O 

; \ : ee | eT ‘ 
De x LU : ' U, Ua 5” ; 20 

1 1 ' 

1-4 1653 | 0,025 i io o,00uey  §. 0,k,. 
1 1 4 ' 

' { j | 

7x10 | 0.0056 | 0.0095 | 0.000,8* | 0.08 

| | i 
i i 

sd —. . ee tome eee     

all corrected to a value of gq = 1 using the formulae 

   



  

TABLE 1/15 Va 
: Le o ‘ 2 a riation of v(A,) with reagent 

  

  

  

meee rc cere cA SRE AN 2 AON RENE AR AR mR eR de. nian a 

} ; i 
iftr./tne) 7 \ ; i st ‘[He(HDz), ] |v(A ya Dp I Experiments. 

oo 1 ’ 

1.3 x 107M | 2.01% | 37 | 117,119,120,121,122,124,133,138, 

t Uy, 17,18. 

  

  

  

    

  

    

5.0 x10 M 2.57% |12 175 
' i ‘ 

eee i i 
: Lee ' = 

Let X 10 an 12.92% 7 58, 60,61 | 

i j 
s 

TABLE 1/16 Calculated limit of detection due to 

adsorption. 

} ‘ , ; _ 
1 ; a ; : 5 { 

{ v(W,) i q | W (min). | M(min). 

i ' | i ase i 

aoe | 1.0 i 230 pg | os 10 | 
i 

0 0.6 2 g Leo: x 107? i es ee a yt 
' ~ 1 , ‘A ' Zz . 5 ; P25 i Oy : Oo Opg ; Sel XS i 

| i j i i 
i i j “ i z vat j 
| 5 el i ).16n¢g 1 8 =x 10 
j 50 : “ j Ops i ; 

' i i ; 

TABLE 1/17 Experimental v(A,) at low reagent 

concentrations. 

| a ree] 
j e i H TH ” Vi W = j V 2 } ; Exp. ' Hg(HDz),] v(A,) p v(W,)(a=1). : V(H,)(cale). 

j z i a | i i i ages ' 

103 | 2x10 M| 3m 3 | ak | p0o% 
ee a7 a. ee ae ao 

} | { j 
i j j i       

from equation 1/51.



  

Les Summary - limits of sensitivity. 

In TABLE 1/18, the limitations imposed 

on the sensitivity by the factors discussed above 

are compared. The most important of these is 

adsorption. Under the best possible conditions 

Poli hs ee aia ete ale -8 : 
this limits the sensitivity to 10 g of mercury, 

5 ale eS ; ; ; 
and to 10 “g if the separating funriels are in 

poor condition and high accuracy is desired. 

  

TABLE 1/18, Comparison of the limits 

ef sensitivity imposed by various factors. 

  

Factor W_(min). Molarity 
. of 

j Reagent 

  

Completeness of reaction - 

    

      

gs so -8 yn. 
i hydroxide complexes 6x10 pg |3 x10 

' 

Completeness of reaction - 5 6 

secemercuric dithizonate 2 e210 pe Pied x 10 ~ 
' 

i i 
| Specific activity of the a | -10 

isotope * 4x10 pg |8 x10 

| Stability of the reagent ie -8 
solution 2x10 pe | 1. x10 

: 
i 

Adsorption of mercuric -1 | 4 

| dithizonate* 6x10 pg | x10 
| 

+ 
! 

* assuming v(W.) = 25% | 
; 
; 

:     
 



  

14. Selectivity. 
Ses re aa meee Ae 

  

Lediwls The interference of metals. 

If the sample contains metals other than mercury 

these may react with the mercury dithizonate forming 

some metal dithizonate. The organic phase from the 

sample would then contain less mersury than the standard 

and a high result would be obtained. 

The amount of metal dithizonate formed is 

governed by the reaction :- 

  

ne : a a oe ete 2M" +n He(HDz), == 2M (HDz), + n He 

which has the extraction constant :- 

n 
es ae as 5 2 fu 2+ 

i ie ge (iz), J org tS : li/hg = & eee tet ee aoe ne ct ee 1/52 

n n+ a 
He(HDz), ] [M] 

a org es 

a 

hi (HDz) fam 
-E n ‘ 

pore Hg(HDz) cw 2 

where n is the charge on the metal ion and :- 

  

E ee “(HD ) = [ M(abz) J gig tS | 

t 7-2 qr? 
LH,Dz | a] 

2 
org 

4 2+ 7 Boss eg Tu 
In addition to the usual conditions |Hg | 

[ Hg(HDz).] aoe and [M(HDz) J Snot [ Hg(HDz).] 

j 

: ae 3 pot me 

a third condities | me Oe ee 

imposed if a thousandfold excess of metal is to be 

tolerated. Substituting these conditions into



  

equation 1/52 gives :- 

iitc = oe 

However E. He(HDz), = 1076+ 66 (see section 3.3.8.) 

so that by equation 1/53 

1075+ 66n. = -12 

fd
 

> gj
 

N 
: n
e
d
 

8 

I 

Eu(upe).. 2) etree? 1/5h, 

If the metal extraction constant (i(ipe),? is 

less than the value given by equation 1/54, the metal 

does not interfere. If it is greater than this value 

then more than one thousandth of the reagent is 

converted to metal dithizonate. TABLE 1/18 gives all 

the known extraction constants for metal dithizonates 

into carbon tetrachloride. From this table it would 

appear that only palladium interferes seriously and 

that silver just interferes. In practice gold and 

platinum also interfere seriously (extraction constants 

not known) and silver interferes only at high 

concentrations; copper, bismuth ete., do not interfere. 

In section 1.3.4. it was stated that the use of 

zinc @ithizonate in place of free dithizone lowers the 

sensitivity. This effect can be treated quantitatively. 

: as ae a 
A a iH | mk iF t S As before [Hg] = [ He(HDz),] see also 

gy 
r at 5 ‘ i of is’ 

Zn" ] = [ He(HDz),] because the zine dithizonate 
r L 24 org





  

TABLE 1/19. The interference of metals. 

  

  

  

              

Metal Valence Extraction Comments 
constant 

} hw ' n M(HDz) 

Thallium 1 10729 (PL) No interference 

ut 1 10 {a2 Just interferes. 

Silver 1 10 /*° (T1) Just interferes. 

Tin 2 10 << (PL) No interference 

Nickel 2 1g el? (K1) No interference 

Lead 2 10°° 38 (K1) No interference 

Cobalt 2 ots (KL) No interference 

Cadmium 2 rote® (K1) No interference 

Zinc 2 sete" (K1) No interference 

Copper 2 or oor? ($1) No interference 

nu 2 zoe? Just interferes 

Palladium 2 10°/ (S2) Interferes 

Gallium 3 1071*3 (pz) | No interference 

Indium 3 10 2B. (P1) No interference 
9 

Bismuth 3 107° /9 (K1) No interference 
9G 

“> 3 10°9*79 Just interferes 

N.B. MT, ld ir represent theoretical metals which 

have extraction constants given by equation 1/5). 

  

 



  

  

ad
 

Lee2e The interference of complexing agents which 

form mercury complexes soluble in the aqueous phase. 

Ligands which form soluble undissociated complexes 

with mereury interfere by reducing the concentration of 

the mercuric ion in the aqueous phase and so reversing 

the reaction upon which the analysis is based. 

(see section 1.3.1. ). 

Consider a ligand (L) which forms complexes of 

the type, Hgh, n= 1,2,3, or 4 (} is the maximum 

co-ordination number of the mercuric ion). The 

charge on the complex ion will depend upon n and upon 

the charge on the ligand, and will not affect the 

quantitative argument. However if the complex is 

uncharged (e.g, Hglo, HgS,0, etc.), it may 

partition. In such cases the interference is more 

serious because even a weak complex will change 

the quantity of mercury extracted into the organic 

phase but if a large excess of ligand is added 

: Re 2= 
further charged complexes (e.g., Hel, Hg(S,0,) ) 

are formed and usually these do not extract. 

Charged complexes always have low partition 

coefficients into carbon tetrachloride because the 

low polarity of this solvent is unfavourable for 

ion-association complexes. 

Suppose that these complexes have a stability
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1 reduces 

  

         
{ \ a ee is aie eee re ie oa : (oe above pH 8,8 it reduces 

5 ee ee } 5 ) 
SECUTLON pe He Ke 

  

are 

  

= ede 06 10° eS 

  

    
gives the minimum reagent 

9 t+ is possible to use with 

coefficient when the pH is above 8.8,     concentration is clearly independent of how 

    

~ iia ie? ‘<. 

1/61, so that 

    

2 4 4 An ay l- bh a mab: Se $2 2 | 4.4 

it is necessary to work below pH 0.0 and the 

 





  

  

  

In the spectrophotometric method for deter 

  

often adadea 

  

vwne Same      

the treatment given 

    

. side : ie: 
an ana Lede fe S equation 

  

j f 
of equation 1/53. 

  

     
  

se \ 
to/ins ) 
Hg(HDz), 

“es 

ae | / 65- 

       

  

  

  

ep ys 5 Lit 5 
su £ Oj be Or and (b) U, Tf m5) 

ig a 

C give instead of e - equ 

be 

. / > ~~ - p% 7 Be ry "ES Rin et) 
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TABLE 1/20. 
+ 

The effect of adding E.D.T.A. upon 
  

the selectivity. 
a naeceannmeend 

  

  

  

      

Metal Valence | Stability log B Conclusion 
constant Pp 

(Ref. Re 3.) n log B, 
Ss \ 2 F 

(if) (n) | (Log 9 B,) 

Silver a t3 305 selectivity impaired 

Tin (IT) 2 22.1 +0. 3 selectivity unchanged 

Copper 2 18.8 -3.0 selectivity impaired 

Nickel 2 18.6 -3.2 selectivity impaired 

Lead 2 8.0 3.8 selectivity impaired 

Cadmium 2 16.5 =563 selectivity impaired 

Zinc 2 16.5 -5.3 selectivity impaired 

Cobalt 2 16.3 -5.5 selectivity impaired 

Iron (II) 2 Ly. 3 -7.5 selectivity impaired 

Manganese 2 14.0 -7.8 selectivity impaired 

Iron (IIT} 3 2561 -7.6 selectivity impaired 

Indium 5 25.0 —/e/ selectivity impaired 

Bismuth 3 22.8 929 selectivity impaired | 

Gallium 3 20495 -~12.4. selectivity impaired       

po
vv
ee
e 

_
     

  

 



  

TABLE 1/21. 

with various ligands. 

  

of palladium interference 

  

  

  

  

  

      impaired impaired     improved 
  

: | 
Stability product 

T 7 
; } j 

chloride bromide glycine ethylenediamine {| 
: | 
2 ay > , i 

FP dy Pp, \ P Ps i } 2 

a4 92% \ Zz a7 of ro \ e.0 (Mz) j Palladium {| 12.3 (L1) 13.1 (L1) 17.5 (M2) 26.9 (M3) 

aromier 5 ( 77 21.0 (wr) 190°9 (™ ) oF 2 mn i 
Mercury iis (di ) ieV (ML) bJee (SL G2Je? \84/) | 

; 

Le 7 oe ‘ eg Sas Bos a ; 
Conclusion] Selectivity [Selectivity | Selectivity | Selectivity
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1.5. Experimental. 

1.5.1. The determination of the dead time (Section 1.2. ). 

Various volumes (Vml) of a lebelled mercury 

he cr
 

tm
 5 solution (0.1 to 5.Oml) were diluted to 5.0ml and 

pints ark de wets 7 {kot activity measured (Ac/s). 

A graph was plotted of the measured activity 

a ree i ‘ ciel a \ 
per ml (y = A/V) versus the measured activity (x=A). 

ree 4 {a { 33 2 > 4 hg _ ze * 2% 
The slope of this graph | y/ ax) divided by the intercept + 

on the y axis gave the dead time of the instrument. 

  

graph should be a straight line. A 

cs s a a 4. i i ee oa ale Lat gual wa) aes & t line was fitted by the method of Least 

  

nd v4}ras calculated from the variation of . Ky @ ta
 

©
 

. ise 
tS around tos 

  

the experimental poin 

\ 

(see Dl). 

1.5.2. The determination of v(I) (Section 1.2.). 

A source containing a labelled mercury solution 

was counted for sufficient time to accumulate a 

s 6 ‘ . 
large number of counts (10° for the Research 

7 
Electronics equipment and 10° for the Nuclear 

: ‘ . \ 7 . 
Enterprises equipment). This count was repeated 

several times. Let be the count observed in N. 
4: 

the ith repeat and let there be m observations,



  

  

/ \ 

ve 10+ ( i=l ~ ft) 
inst —=> \ 

R ' 

1.5.3. The determination of v(A.) in the absence of 

E.D.TeA, (Seotion 152s). 

Ten ml. of labelled mercuric perchlorate solution 

(either.2.6 x 10 -M or 2.8 x 10 Si) in dilute perchloric 

2.4 el 4 Q i $ +A 
acid (10 “M to 10 M) was shaken for ten minutes with 

Zine dithizonate dissolved in carbon tetrachloride 

, a5 _ 

(1.3 x 10 M or igh x 16 Sr), The organic phase was 

filtered through a dry No. 41 Whatman paper and the 

me 
activity of 5ml measured, This procedure was repeated 

m times. If A; is the observed count rate in the ith 

  

experiment th en, is 

. np 

2 i é A, ey 
a = 10+ - isl ( i. ) 

4 2 a eo 4 
A ( m- 1 ) 

1.5.4. The determination of v(A.) in the presence 

of HeDe le Ae (Section to2. ). 

Ten ml. of a 2.6 x 10 A, solution of mercuric 

perchlorate, labelled with Hg - 203, dissolved in 

celia -1, pe -2. 10 “M ammonium acetate, 10 M acetic acid and 10 WM 

E.D.T.A. was shaken for thirty minutes with a 

1.3 x 10 M solution of zine dithizonate in carbon 

tetrachloride. The organic phase was filtered through 

a No. 41 Whatman paper and the activity of 5ml. 

+oaA fe} measured. This procedure was repeated m times. 

 



  

If A. is the observed result of the ith experiment then :- 
i E : 

i=m 

5 52 2. ad Se (4 =D) 
  

2 
a 

rt
 

_
 B 1 ui 

Le 55 De The determination of v(R) (Section 1.2.). 

c 

Ten ml of 1 x 10 -M mercuric perchlorate and 5ml 

of Q.1M perchloric acid were shaken for three minutes 

with 5.0ml of 1.3 x 10° -M zine dithizonate s 

  

olution in 

carbon tetra~chloride. The organic phase was filtered 
\ 

through a No. 41 Whatman paper and the absorbance measured 

in a lem cell at 490 nm. This procedure was 

replicated m times and, if A, is the absorbance of the ith 

replicate, v(R) was calculated from 
1= 

fs , f —\2 
2 fb (A, - A) 

    

Sek LO e i=l 

(EB) ee . 
ik (m - 1) 

N.B. 4.90 nem. is the isqbestic point see 

chapter 3. 

P rc < ° 7a E a Link i oe 1.506. Whe determination of ~ HgDz ASection 1.3.2.). 

Five molar perchloric acid and li mercuric 

perchlorate soluthon were mixed with 5M sodium 

perchlorate and water to give 10ml of an aqueous phase 

which had an ionic strength of 5M. The volumes of 

perchloric acid and mercury solution were chosen to 

give the desired final acidity and mercuric ion concentration 

This mixture was shaken 1 minute with 10ml of a 6.2 x 107i 

solution of primary mercuric dithizonate in carbon 

tetrachloride. The organic phase was filtered 

|



  

   



  

m1, 
1.5686 the kinetics of adsorption (Section fee la)e 

Two separating funnels which had previously been 

used with radioactive solutions of mercuric dithizonate 

ioe 107% were shaken with successive portions of 

inactive 1 x 107i mercuric dithizonate solutions, 

until no more radioactivity was extracted from the 

walls of the glass vessels. 

A graph was plotted of the total activity 

removed (y=A) versus the rate of removal (x = d4/dt). 

This graph consisted of intersecting straight lines. 

Further analysis showed these to be due to two first 

order reactions with very different rate constants, 

the rate constants for the two funnels being similar, 

: 1 zs -1 
(ieee, lel, le3 hes’ » me 30,25 bre). 

165.9 The quantity of mercury adsorbed. (Section a eed ys 

A 100ml separating funnel, which had been shaken 

with strong mercuric dithizonate solution until no 

more activity could be extracted, was shaken with 

carbon tetrachloride for 64 hours to completely 

remove the adsorbed mercuric dithizonate. This funnel 

Th 
was then sheken with 10 ‘M labelled mercuric dithizonate 

my for 2. hours. The activity was measured before and 

after the experiment and from the observed decrease in 

activity the amount of mersury adsorbed was calculated 

to be 0. 1opg. A similar experiment with 10 ne 
o



 





  

Zalele Description of the Technicon Auto-Analyser. 

The Technicon Auto-Analyser is a commercially 

  

lable apparatus for automatic chemical analysis. 

The machine consists of a sampler which places a 

nozzle in one of forty cups containing the samples. 

The cups are changed automatically at regular 

intervals. The sample and reagents are forced, by 

a peristaltic pump through glass apparatus which 

carries out the normal chemical operations (mixing, 

©
 

heating, filtering ete. )e The final solution 

is passed through a colorimeter or flame photometer, 

the electrical output of which is continuously 

recorded on a strip chart recorder. 

This system involves long lengths of tubing 

which would normally be difficult to wash out 

between samples. Technicon have overcome this 

« 

difficulty by breaking up the liquid stream with air 

  

bubbles so that no mixing can occur between 

neighbouring bubbles. This greatly improves 

  

. 1. > > ee a a ok 1 

the washing and speeds of 120 samples per four 1 = = 

are possible.
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Elis 

increased further by diluting the reagent and decreasing 

the. sensitivity and accuracy. 

In the arrangement presented in Fig.2/2 a low 

sampling rate is used to obtain a high sensitivity. Since 

the completion of this work RAYitca (R5) has designed 

‘a new flow cell which does not add to the carry over 

time. Air bubbles are passed through this flow cell. 

If many small bubbles are used the recorder chart is 

hardly altered because the counting statistics prevent 

@ smooth curve being dravm even in the absence of air 

bubbles. In this way higher speeds and higher 

sensitivities were achieved.  
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16 - 243 3 - 

100 ~ Diehl _ - 

Calcd. 

Vz 0.7) ml Zyl; min 0.81 min 

Caled. 

V= 0.5 ml ics min. 0555 min. 

TABLE 2/3. Stability constants of some 

monochlorometal ions. 

Ion. Log, Ref. Comments 

4 ner Ve og 
d 2.00 V1 Too weak 

2 : 
Sa" Q.11 M Too weak 

Fe 0.62 R6 Too weak 

Bi?’ 2.4.3 N3 Too weak 
a Z ‘eo PY 7 

tn es00 — 63 Too weak 
nh 

nl ye ot ‘ 5 her 

Pb ‘ 1.60 N2 Too weak 

2+ cr i ee ame ae on ) 
Pd 6.2 D3 Replaces Hg in Hg(HDz), 

La 

Rh?* 2.45 C2 Replaces Hg in Hg(HDz),, | 
, 

clube :          
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The mean value of R for TABLE 3/1 is 1.47 

and the maximum and minimum values are 1.23 

and 1.72 (neglecting the two very low values. 

TABLE 3/2 shows the calculated values of the 

standard deviation which are in satisfactory 

: . 1 1 : 1 . —% 
agreement with the experimental value (0.19). 

3,34. The effect of adventitious chloride on the 

extraction constant, 

The most serious difficulty in these experiments 

was due to the impossibility of preparing solutions 

and reagents entirely free from chloride. 

Chloride contamination causes low results for the 

stability constant because mercuric chloride dithizonate 

4 is formed even in the tests in which chloride 

should be absent. The activity 4, is then too 

al high. Several experiments suggest that chloride 
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TABLE 3/1. 

a ae ° 
chloride dithizonate a: 23 c. 

a 

The extraction constant of mercuric 

Or 

  

  

  

  

              

Acidity| | Reagent Equilibriug jActivityjActivity |Activity | Extraction 
of the | concentration| concentration] of the jof the fof the constant 
aqueous} in the of aqueous jorganic jorganic 

phase jorganic phasej;mercuric phase phase phase 
raat chloride corfaining}; not 
me Lippe] in the ichloride | omtaining 
an a aqueous | chloride 

= D. phase A, o/s. - o/s. A,0/s 

| [Hehg J ? 
; Molar Corrected for background 

activity = 10 c/s. 

10. lei séhe 1O™ feet eaoe b 8927.) pa foses® 0.82 

0 2.80 x 107° KF = 107° 4706 4421.6 392.1 0.21 

nO 2.80 210° 11.2 x10 | 331.2 (521.0 392.1 0. 7 

1,0 e605 10>: 3.4 x07 | me 1988.7 392.1 0.88 

wr 2.80 x 107? 18.9 x 107? | 2476.0 _|640.8 392.1 0.63 

0.1 g.52 £40" 13.68 10> 1 Oe f85028 22). 0 1.00 

Ol 2.54 x 107? 4.8 x 107° 91.4 |295.2 239.3 0.75 

Pe a 

O.1 26h IB? fib x AO <P SOI 156203 239.3 1.03 

0.1 Ob e107 106 se 10e" t 676, 5 1878.8 239.3 1436 

0.1 2.54 x107 19.5x107 |1798.1 2.8 239.3 1,01 

0.01 12.68 x10 |2.0x107° 52.8 1393.7 362.5 0, 2h. 

oo SEB ee das x 10: PF sys 72.2 362.5 0.55 

6.01: 20268 10 -1a.1 x 107) 1 aio. 1527-5 362.5 0.68 

0.01 {|2.68x107 19.0x107 |2397.0 |595.7 362.5 0.70 
 



99K 226, 

TABLE 3/2. Expected magnitude of the standard 

» the extraction constant deviation: of the result: et th
 

Fr oO Re
 

  

    

  

        

of mercuric chloride dithizonate. 

i = A/h, Calculated standard deviation. 

Lees 0.16 

ety. Ogi2 

eye 0,14 

TABLE 3/3. Comparison of reagent concentration 
  

determined radiochemically and spectrochemically. 

  

  

  

      

Reagent Molarity of reagent as determined 

solution Spectrophoto-| Radiochemically | Radiochemically 

metrically with no added with 
chloride 0.5 ppm added 

ae chloride 

ag 121 x 107? 1.38 x 107? 

1.18 x 107? 1.36 x 107? 

9; 1,17 x 107 1 ee 431x107 
FA ee 

ae io 1.28 x10 7 

<5 =5 =-5 
.. L3l'x 10 | ton x 1:31 < 16° 

1.20 x10 1.31 x 107? 

    

  
 



 



  

TABLE 3/6. The partition coefficients of 

mercuric 4d: e8 izonate and mercuric chloride dithizonate. 

  

Grade rate Fag Pt 
ro 30 Hg(HDz),, 

me oL of 
i; filter aa .

 

tration 

  

Noe 4b 53 ml/min oD ek LO 6.0 x 10° 

| 
> ey - Fe) ig r a 5 
No. 52 7 ml/min ~ 1.260550 10 

Li 
No. 42 5.5 ml/min Lik LO" 

‘ i i 
Thick pad} 0.43m1/min Bee LO   

+ 
| 

ca “ pln Pe ae 
NOe ds 10 ml/min _ | Le O05: #20 

    N
a
e
 

  

ahr + ~ f 2 

TABLE 3/7. Comparison. of variation hokwcen filter 

papers with that within one grade of filter. 
  

  

Grade | 
of | Conditions Results. (all with 

filter Hg(HDz),) 
  

No.41 papers | (a) many different [Standard deviation of 
papers used. Log, oF =a, 0.25. 

(b) Same filter Standard deviation of 

  

paper used throughout log. \P =~ 0.052, 

          
  

No.542 papers} (a) First paper, P = 65,000 
rate = 7.5 ml/min. 

f b) ae AAr ! 
(b cond paper, P= 7250, 00G 

Bae el ae. 3 mls ee L 
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The results are in good agreement. (TABLE 4/)). 

The maximum difference is 0.3). in iceck oe: and. 
* 

the largest errors only occur at a high chloride 

concentration where small errors in the activities Cmse 

large errors in the alpha coefficients. A better 

impression of the accuracy is given by FIG. 1,/2 

where the experimental estimates of the mercuric 

chloride dithizonate concentration are compared 

with those calculated from equetions 4/20 and 4/8. 

1. 
These results show that the concentration 

p 
. 

chloride required to reduce the mercuric chloride 

dithi z concentration to negligible 

  

proportions is too great for this ligend to be 

  

Sn a eat. ot A 41, & i me tH Pp m A . 

ligand suitable for this purpose E.D.T.A. was 

2 Aid ue he 
investigated.
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1.6. The use of EDTA. to prevent the formation 

of mercuric chloride dithizonate during the 

substoichiometric determination of mercury. 

It was shown in the previous section that 

E.D.7.A. forms a number of complexes with mercury. 

The particular complex which predominates depends 

upon the pH and the chloride ion concentration. 

The amount of E.D.T.A. required to obtain a certain 

alpha coefficient will depend upon the nature 

of the predominant complex and can be calculated 

from equations 4/25, 4/28, 4/22 or 4/20. The 

alpha coefficient required to prevent the 

formation of the undesirable mercuric chloride 

dithizonate can be calculated from equation 4/13. 

If alternatively the pH and chloride concentration 

are such that during the substoichiometric 

extraction more secondary mercuric dithizonate 

is formed than mercuric chloride dithizonate 

equation 4/12 should be used to choose an alpha 

coefficient which will prevent sufficient 

secondary dithizonate forming» to interfere. 

Also it must be recalled thet the alpha 

coefficient must not exceed that given by 

equation 4/11 or else free dithizone will be 

formed. Because of the rather complex nature 

of this situation these equations have been solved 

for a range of conditions normally encountered



in substoichiometric analysis and the results are 

presented in TABLE 1/8. 

The effectiveness of this procedure can be 

judged in the neutron activation analyses carried 

out in co-operation with the International Atomic 

Energy. Agency. When the extraction is carried 

out in the absence of E.D.T.A. mereuric chloride 

dithizonate is precipitated during the first 

extraction removing all the adventitious chloride 

from the adueous phase. In neutron activation 

analysis strong dithizone solutions are used 

(evaslo” Mi) 5 In isotope dilution analyses the 

Tus 
solutions are much weaker (c.a.10 ‘M) and 

mercuric chloride dithizonate does not precipitate. 

See chapter 3, section 3.1.3.). 

i n the second extraction no mercuric chloride 

dithizonate is formed because no chloride is 

present. The second extraction will give accurate 

results but the activity of the first extraction 

will be too high, When E.D.T.A. is added no mercuric 

4 
chloride dithizonate is formed, both extractions 

will have the same activity and both will give 
J 

accurate results. This is illustrated. in 

TABLE 1/9 and in TABLE 4./10 the results calculated tH 

from any of the extractions containing no mercuric 

chloride dithizonate are compared with the average 

résults from many leboratories quoted by the Atomic 

Energy Agency (Ti). Clearly the addition of E.D.T.A. 

overcomes the interference of chloride in manual 

fom i. 
substoichiometric analysis. 

   





  

of primary mercuric dithizonate in carbon 

tetrachloride. The organic phase was filtered 

8 through a dry No. 41 Whatman filter paper and 

20 ml shaken with 5 ml of an 0.01 M borax 

solution. Any mercuric chloride dithizonate 

was converted to sodium chloride which does 

not quench the liquid scintillator used to 

measure the activity of 2 ml of the filtered 

aqueous phase. 

The results are presented in TABLE 4/2. 

ue7e2. The experimental verification of 

equation 4/7. 

To 10 ml 6f an 0.1 M perchloric acid 

solution and 3 ml of a 2x 107? M mercuric 

perchlorate solution labelled with mercury - 203, 

were added xml (x = 0.25, 0.50, 1.0 and 3.0) 

of an 0.607 M sodium thiosulphate solution. 

Each of the above solutions also contained 

enough cadmium sulphate so that the final 

molarity of this salt in the aqueous phase was 

1.OM. The mixture was shaken for 2 mins. 

with 10 ml of 0.845 x 10 =? M zine dithizonate 

solution in carbon tetrachloride. The two 

phases were filtered through dry No. 41 Whatman 

filter papers and 5 ml of each counted in a 

yn. 

gemaa-ray spectrometer. The optical density of



  

: 
/ 

 







  

265. 

he7ey. The estimation of the ‘alpha coefficient 

when both E.D.T.A. and chloride are present in 

the aqueous phase. 

Four series of E.D.2.A. solutions were 

prepared. Within each series the E.D.T.A. 

concentration was fixed and the E.D.T.A. was 

dissolved in a buffer of one particular pH. 

The concentrations of E.D.7.A. and the 

composition of the buffer solutions used are 

given in TABLE 4/13. Each series consisted 

of four solutions, al x 107i labelled mercuric 

perchlorate solution, two chloride solutions, 

either 2M orl x 107M, and a solution only 

containing E.D.T.A. and the buffer. 

Thus one litre of the mercuric perchlorate 

solution used in experiment A (pH 2.68, 

3 
Cy = 2x 10° M) contained 2 x 10> mole of 

disodium ethylenediaminetetraacetate }. x 107? 

mole of perchloric acid and 1 x 10°¢ mole of 

mercuric perchlorate. 

An aliquot of one of the chloride solutions 

and 5 ml of the mercuric perchlorate solutions 

were diluted to 10 ml with the pure E.D.T.4./buffer. 

This mixture was shalzen for thirty minutes (if [C1 ] x 0.1M) 

or one hour (if [C1-] > 0.1M) with 10 ml of zine





  

1.765. The neutron activation and analysis of 
  

samples provided by the International Atomic 

Energy Agency. 

(a) Neutron Activation, 

Bach sample (1g) and standard ( 9 mg Hg) 

was sealed into a silica tube which was then sealed 

3 x ° © . larger silica tube. These were then all placed 

in a standard "A" can and irradiated under the 

\ 2 
Harwell radiation service (BEPO or DIDO) at 10 

vi) 

neutrons / em / sec for one week. The samples 

were allowed to decay for a further week before 

analysis, so that the activity due to mercury was a 

result of the activation of mercury - 202 to 

mercury - 203, most of the mercury - 198 having 

decayed. 

(b) Dissolution of the samples, 

The sample tubes were cut open and placed 

b
e
 n a 250 ml round bottomed flask together with 

5 ml of concentrated nitric acid (specific gravity 

1.42), 2.5 ml of concentrated sulphuric acii 

(specific gravity 1.8).), and 1.00 ml of the 

yy 

carrier solution, 0.1M mercuric perchlorate. The 

“a . 

flask was now attached to the $.A.C. apparatus 

(reference A2) and refluxed, adding nitric acid 

- 

whenever charing was observed. After wet o 
& © 

ashing the flask was cooled and the contents 

diluted with 50 ml of water (this water was used



  

  

to wash down the inside of the condensor and 

receiver), lg of urea was added to destroy the 

nitrous fumes and the resulting solution was 

sebcaracied to a volumetric flask and diluted 

to 100 ml. 

The standard was treated in the same way as 

the samples except that the carrier was omitted, 

(c) Substoichiometric extraction in the absence 

of BSD. tA. 

Fifty ml of the solution from each sample 

was successfully extracted with two 13 ml portions 

or 54% 107A a4-thi zone in chloroform. The 

extracts were filtered and 10 ml of each counted, 

In the case of the standard 5 ml of solution 

and. 1.00 ml: of 0.1 M mercuric perchlorate carrier 

were diluted ts 50 ml with 0.1 M perchloric acid 

~ and then extracted and counted exactly as were 

“the samples. 

(a) Substoichiometric extraction in the presence 

  

ml of the sample solution was neutralized 

‘with sodium hydroxide (Zu) to a pH of about 4. 

ee ~1, ; , : 
Ten ml of 1 x 10 “M E.D.T.A. in 1.0 M ammonium 

acetate 1,0M acetic acid buffer were added end the 

extractions were carricd out with two 13 ml portions 

of dithizone as described. above cL Uli G if Gh AGO w+ VOGe ADOV!E.
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Equation 4/20 
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TABLE 4/5. The anomalous results observed when 
  

using both chloride and E,D -T.A. together, 
    

as competing ligands. 
  

  ve 

  

        

  

  

Chloride Observed Calculated 

Experiment ae Pe He es HA. 

broths (Eqn 4/8) (Eqn 4/25) 

A, 

pH 2.68, 5.0 * 1072 9069 8.68 

Cp.s 2x 107M. 2.0 x 107 9.29 8.07 

Pasig 8.89 78h. 

5.0 x 107 8.43 7.76 

1.6 x 107" 7.83 wth 

0.6 x 107% 7219 7.14 

B. 

pH 3.42, 1.0 x 107 12.86 11.68 

oo 10". 6.0 x10" 12.28 10.92 

3.0 x 10° 12.06 10. 34. 

1,0°x.107° 11.41 10, 22 

5.0 x 10> 11.14 10.15 

2.0 x 107° 10. 29 10.17 

1.02107 10.62 10.19         
 



TABLE },./5 ee 3 \ 
4 Continued ) ° 

NS
 

  

  

  

  

  

Chloride Observed. Calculated 

vA ’ x ae ae oe a Hg 
Pane se tration (Eqn' 4/8) (Eqn 4/25) 

(Molar) 

Cc: 

pH 4.60, 5.0 x10 15.16 Wy.11 

C= 1x tok 1 2.02162] .aya5e 12.83 

46 wate Po to 12.47 

5.0 x 107° Ly. 00. 12.41 

202107 13.94. 12.4.3 

i Ox 10 12.90 12.4.5 

D. 

pH 5.58, 0 ¢ 107% 1 3h, 70 13.75 

Gove S15. x 2/0 ete 1. URE7 12.91 

107" M, 1:0.%.10~ 1, 13.82 12.72 

Gs 107 | ois 12.71         
  

 



TABLE 1/6. 

276. 

Comparison of experimental alpha-coefficients 

with those calculated upon the assumption 
  

that mercuric chloride ethelynediamine 

tetra-acetate was present. 
  

  

  

  

  

  

: ~ 

Chloride | log ol He log of. : Difference 

etc ion observed” calculated observed 
Experiment 4 ‘ concen= | (calcileted| (calculated ~calculated 

tration fron from 

Eqn 4/8 Ban 4/25 

A. 

pH 2.68 5.0x107 9.69 9.36 + 0.36 

@-= 2x 1071 2.0 x 107° 9,29 8.92 + 0.37 

Molar 1.0 x 107° 8.89 8.61 + 0.28 

5p 1678 8.4.3 8.30 Oc 

16 toc" 7.83 7.83 0900 

6.0 x10 7219 704-0 - 0,21 

B. 

pH 3642, 1s 10 12.86 12.56 + 0.30 

C. = £16 | Bore ie 12,28 12.35 - 0.07 

a? 

Molar 2.0x10- 12.06 11.99 + 0.07 

1.0x10- Lied: 11. FE = 6.30 

5.0 x 10 Tt sth 11.4.0 ~ 0,26 

2.0 x 107° 10.29 11,01 i: Bere 

1.0 x 107° 10, 62 10.72 -0.10           
  

   



mT x M7 = \ 
TABLE 14/6, (Continued) ° 

  

    

        
  

Phioride lop oh ae log oh 4 Da hGetenise 

Soh idauk ion observed |calcuvlated erred. 
. boncen- (calouleted|(calcalatea | ~Celculated 

bration from from 

Eqn 4/8) |Eqn 4/25). 

gi 

pH 4.60, 60.5 10.1 115/36 1.83 + 0.33 

C= 2.210 1o,.9 2107 Jase | wend + 0,08 

Molar 10x10 |p, U,.16 + 0.05 

5.0 x 1G * | 14,00 13.87 + O13 

20's 10." | 23,9, | 1548 + 0046 

eee 12.90 13.20 ~ 0230 

D. 

pH 5.56, 4oO x 10 1). 70 Ly. 57 i», Gras 

Oyiwignses Ml -2.0°x 107* | ie: P33 + Ocak 

¢,15¢290 7 | 1s0 x10 | 13.8 | 14.13 0751 

ucter Bes 10 132 35 13.86 Ee                   

 



TABLE. 1/7. 

  

278. 

Analysis of variance of residual errors. 

  

  

            
  

Source Total Degrees Mean F od 
of sun of of Square 

Variation squares Freedom 

pH (Note 1). 4.5148. 29 2 2, O74. 2.05 25% 

GL 6,937.67 10 69h, 0.68 50% 

error(Note 2)|9,106.71 9 1,012 - - 

Total 20,192. 7h, 21 - os S 

Note 1. The effect of pH is sna with that of ligand 

concentration but there are good chemical reasons 

for supposing that there will be no effect due 

to ligand concentration (see section 4.5.2.). : 

ote. 2h. emror = i nee nekiaes pi. x [el 4. 

Note 3.. 5.5. due to pHi Total S.S. - &.S. within pH. 

3.8. due to [C1 Total $.S. - S.S. within [Cl ]. 

S.S. due to error Total O.5. .— SsSe- due to pe 

sS.s — Dee due to [CY]. 

Note h(a) 23 results, 2 constants have been extracted, 

21 degrees of freedom remain. 

  

 





  

280, 

TABLE 1/8. The minimum concentration of E.D.T.A. 

necessary for accurate substoichiometric 

  
  

  

pH | 0 1 2 3 h 5 6 7 
a 2 

19.74 26.7-PIAsO 112.2 | 10.9: 956-1 758 fe: Gk: 

ON
 

4 

ee 

iL 18075015. 74 15.0 111k 9.9} 8.6 6.8 De 

2 Le Pde 1 es Ooh 10s 8.91 7.6 6.0 Ge 

2) 1627 F135. 7111.0:4 9.1 7.5] 6.2 6.0 6.6 

| SE aes 9.7.) 7.6) 62k 586. 0b 66 

5 T5.71},10.7) -98.0:) 6.4 15.67 5,8 5.6.04. 6.6                       

The table gives values of the constant 'A' for use 

in the equation 

Log, 5 Cy = A+ log, Os. + log, [He(tDz), J, n°, 

For example chloride concentration 107M, excess mercury 

left in the aqueous phase 107, reagent concentration 

107%, pH 5. 

Then As 7,6, and 

Log, Cy = Fit 5&6 ce eae 

: ol, r. 
i.e., at least 4 x 10 M E.D.T.A. must be used. 

 



TABLE 4/9. The effect of chloride interference on the 

activities extracted during neutron activation 

, 
) 

| 
| analysis. 

  

  

  

  

            

Experiment A. ~ Experiment B. 
Sample first irradiation. second irradiation. 

no E.D.T.A. added. E.D.T.A. added. 

Chloride Interference Chloride Interference 
Present. Absent. 

Activity Activity Activity Activity 
extracted extracted extracted extracted 

in the in the in the in. the 

first second first second 

extraction. extraction. extraction. | extraction. 

Treated 28 o/s 186 o/s 24.0 c/s 238 o/s 

Untreated | 2.1. o/s 1.6 o/s 2.2 o/s 2.2 c/s   
  

N.B. These two experiments were carried out on samples which 

had been irradiated separately and the activity in Experiment A 

are not expected to agree with those in Experiment B. 

 



° 
ates 

TABLE 4/10, The analysis of cereals for 

mercury by neutron activation analysis, 

  

  

  

Sample Result by Best Result 
the (Note. *), 

Substoichiometric 
method. 

Treated 4.9 ppm. 4.6 p.p.m. 

Untreated 0. Ol. ppm 0.044 p.p.m.           

Note: The mean resalt obtained by all those who 

collaborated with the International Atomic 

Energy Agency. 

  

TABLE 4/11. The experimental results used to confirm 

equation 1/7. 

  

(8,0,°7] [H,Dz] noe 
pH Q 

Molar Molar 

  

Lede x 107? | 1.01 1,50.) 7.0 x 107° 18.03 

=2 Q -5 2 g 
a Dae 10 1,02 | 0.808] 1.03 x 10 18.65 

=2 « a5 eo 
he 34. x 10 1.03 | 0.4.231°1.28 x. 10 19.15 

ce aah 

7.60 x 10 1, 09-}-0,2181] 2.52 x 10-7] 19.70             
 



  
TABLE 4/12, The experimental results used to confirm equation 4/8. (N.B.AL = 985 o/s). 

  

  

fore A, AL [HgCLHDz ] [He(HDz) .] Cs 108, 9 A ie. 

Molar o/s c/s Molar _ Molar Molar 

4.28 x 10° 987 | 3933 nee 9.25 x 107° 3.79 x 107° 19.18 

1.71 x 10° 104.5 3874, 1.16 x 10° 8.92 x 107° 3.74 x 10> 16.01 

856x167]. 119 | 3860 | 2.56% 10% 8.21 x 107° 3,72 x10 si. 66 

1.28 x10 7 | 120, | 370, | 4025 x 10" 7.39 x 107° 3.57 x07 13.57 

1.71.x 1077 1369 357k 1 Pode 107° 5.80 x 107° 3545 x 10> 12.16 

8,56:x 107° 1.36 351.9 8.70 x 107° ' 5.16 x 107° 3.42 x 107° 31.37 

4.28 x 107% | 14331] 35 | 8.65 x 107° 5.18 x 107° 3.30 x 107° 10.76 

1371 x 107° 1510 3338 10.135 x 107° bel x 107° 3,22 x 10° 9. 74. 

8.56 x10 | 1539 | 3376 | 10.70 x 10° ibe ce” 3.26 x 107° 9.08 

171 e106 Pea 5se 3286 | 10.54. x 107° 4.23 x 107° 3.17 x 107° 7.68 ® 

8.56 x 107% 1539 |. 3309 | 10.70 x 107° h.16 x 107° 3.19 +107" 7.08                   
 



TABLE 1/13. The composition of the buffers 

used in the experiments with both 

E.D.T.A. and chloride, 

  

28).. 

    

  

        

Experiment | pH Concen- Concen= Concen= Concen= 
tration of | tration of] tration of tration of 
disodium ammonium acetic perchloric 
ethylene- | acetate acid acid 
diamine- 

tetra- 

acetate 

A 2.68 | 2x10 | mil Nil 4 eo 

B 3.42 | 1x10" fb x10" |e x 107m Nil 

C 4.60 | 1x 107". b x 107m Nil 1 x 10749 
: Bech |p. sees Ay x 30 Nil         

  

TABLE 4/1. The experimental results obtained when 

the aqueous phase contained both chloride 

and E.D.T.A. 

  

  

  

Experiment Chl ortde Activity] Activity] Activity] Alpha 

concentration] of the of the of the co= 
aqueous | organic | standard| efficient 
phase phase 

[C1] Molar A. o/s A, c/s A, c/s og ol fe 

A. 

pH 2.68 1.96 x 107° 31.6 879 2: 702.8 9.69 

Cy mie sx 107 * dy 96m 107? 3170 815.8 T0256 9629 

a, ’ im 
9.6 x16. 3206 791.8 702.8 8.89 

46 x 107+ 52.7 778s1 702.8 8.43 

1,6:x107* | 32,9 T5l-e 8 702.8 17.83 
5.9. 1079 3266 7.3.65 702.8 17.19             

   



TABLE ),/14. (Continued). 
  

  

  

        
  

  

  

Experiment Chloride Activity | Activity|Activity Alpha 

concentration jof the of the of the co- 

aqueous organic |standard| efficiend 

phase phase 

{cr ] Moler A o/s A. o/s A, o/s 105 a 

Be 

pH 3.42 1.0% 10° 181), 27.6 | 236.1 1,292 

Gye lx10H! 5 o xa — hss 293.4 1 236akv | Oe 

0x ee 1790 361.5. 4236: 4 12,99 

1.0 x 107" 1813 27/02 1 O56 12.86 

5,0°x 107° 1802 276.0... p 2361 12.28 

2.0 x 107° 18.6 257.6. 1256.2 12.06 

1.0 x10 1829 258.9 | 236.12 | thd 

5.0 x 107° 1903 252.9 | 236eh [2 We 

2.0 x 107 1893 25342 [256.2 * Ps 10529 

1.0 x 107° 18),8 22.0 | 236.1 | 10,62 

C. 

pH 4..60 1.0 x 10° 1899 32h. 303.4. 15.65 

Cp =1x 107" | 5.0 x 107~ 1892 321 303.4. “ESS6 

1895 318 303. 1.52 

aan 34, 303.4 Uy,..21 

1939 316 303.2. U,.. 00 

1921 306 303.4, 13.94. 

1928 308 303.4. 12.90           
   



  

  

  

ponent cy 7 ‘ 

eS “Sf 286. 

TABLE 2/1). (Continued) . 

Experiment Chloride Activity| ActivityjActivity| Alpha 
concentration | of the of the fof the co= 

aqueous organic |standard] efficient 
: phase phase 

(C1~ ] Molar A o/s h. o/s. [As e/8- Flag ok 
8 ° 8 of ae 8S Hg | 

>. 

Cos 25-2 107M] 1.0 x 10° 4152 964.1 | 886.6 15.29 

60 x 20" 4.167 GyleO. |. CB3k-. de Ue 

3.0% 10 |. 4296 918.7: | @86:7. 1 Deaee 

1.0 x10. | 4296 1igke | 870.5 >: s,.Be 

ifs0 £407. | -AaI9 o.8. [865.5 | 13.35 

2.02 10 1,665 881.1 | 856.3 12. 94.               
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CONTINUOUS SUBSTOICHIOMETRIC DETERMINATION 

OF TRACES OF MERCURY BY RADIOACTIVE 

ISOTOPE-DILUTION ANALYSIS* 

G. B. Briscoz, B. G. Cooksey, J. RuzicKat and M. WILLiAMst 

Department of Chemistry, The University of Aston in Birmingham, Birmingham 4, England 

(Received 22 May 1967. Accepted 26 June 1967) 

Summary—The possibility of automating substoichiometric analysis 

by isotope dilution has been proposed previously. Automation where 

the analysis is based on solvent extraction has now been carried out 

experimentally. Preliminary experiments are described by means of 

which optimum conditions for this type of automated determination 

can be chosen and its reproducibility and selectivity checked. As an 

example traces of mercury down to 5 x 10-° g are determined and the 

method is applied to the analysis of low-grade cinnabar ores. 

IN recent years the substoichiometric determination of a number of metals by radio- 

active isotope dilution has been developed. This method has attracted interest 

because though its sensitivity can be comparable with that of neutron-activation 

analysis, it eliminates the use of a nuclear reactor and the need for special handling 

facilities. In a preliminary communication,” the possibility of carrying out continuous 

substoichiometric analysis by isotope dilution was recently discussed. This procedure 

would have several advantages. 

1. Safety precautions in a radiochemical laboratory aim to restrict radioactive 

contamination to a minimum. This is more easily achieved when the radioactive 

solutions are processed automatically by a machine. 

2. In many methods of trace metal analysis the accuracy is limited at low metal 

concentrations (below about 10-*M) by the reproducibility of the blanks. In an 

automatic process every sample is treated identically so that reproducibility of blanks 

and calibration is guaranteed. 

3. Preparation of the radioactive samples for counting is time-consuming and 

may lead to errors, especially when f-active samples are measured after evaporation 

on planchets. These difficulties are avoided in continuous analysis where flow-counters 

can be used. 

It was pointed out? that continuous substoichiometry might be based on precipita- 

tion, complexation followed by ion-exchange, or solvent extraction. The present 

paper describes the experimental verification of the last possibility. Trace amounts 

of mercury have been determined by continuous isotope dilution with mercury-203, 

a substoichiometric amount of zinc dithizonate in carbon tetrachloride being used as 

the extraction reagent. : 

* Presented at XXIst International Congress of Pure and Applied Chemistry, Paper A-27, 

Prague, Czechoslovakia, 7th September, 1967. 

+ On leave from Department of Nuclear Chemistry, Faculty of Technical and Nuclear Physics, 

Prague 1, Brehova 7, Czechoslovakia. 

+ Present address: Learned Journals Division, Pergamon Press Ltd., Headington Hill Hall, 

Oxford, England. 
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EXPERIMENTAL 

Reagents 

These were prepared from analytical reagent grade chemicals. 
Radioisotope. The isotope used was mercury-203, as the acetate, with a specific activity of 

500 me/g (Radiochemical Centre, Amersham, England). The material received from Amersham 
was diluted to give a mercury isotope solution of 500 g/ml. 

Standard labelled mercury solutions. Prepared by dilution of the mercury isotope solution with 
1M nitric acid. Various concentrations were used according to the range of calibration required 
(e.g., a 1-ppm standard gave a calibration graph covering the range 0-2-4-0 ppm of mercury). 

Urea solutions,1%. In water or 10-*M sodium chloride. 
Standard inactive mercury solutions. An approximately 0-05M solution of mercury(I] nitrate 

was prepared and standardized by Volhard’s method. This stock solution was diluted appropriately 
with 1M nitric acid. 

' Zine dithizonate stock reagent. Prepared by dissolving 0-05 g of dithizone in 10 ml of ammonia 
solution (s.g. 0-880) and diluting to 100 ml, then extracting with carbon tetrachloride until the colour 
of the organic phase changed from brown to pale green. This purified aqueous solution (free from 
carbodiazone) was mixed with a solution of 0-05 g of zinc sulphate (heptahydrate) in 90 ml of water 
and 10 ml of glacial acetic acid, then extracted with 100 ml of carbon tetrachloride. The organic 
layer was filtered through a dry No. 41 Whatman paper and the zinc dithizonate concentration 
(ca.5 x 10-*M) determined (after 100-fold dilution) from its absorbance? at 538 my (e = 9:2 x 104). 
The working solution was prepared by appropriate dilution of this stock reagent. A 2 x 10°M 
solution is suitable for determination of mercury in the range 0-44 ppm. 

Apparatus 

Technicon AutoAnalyzer (Technicon Instruments Company Ltd., Hanworth Lane, Chertsey, 
Surrey, England). The system used comprised, as its main items, a two-speed proportioning pump, 
a sampler (Model ID) and a strip-chart recorder (Bristol Dynamaster Model 570 single point, as supplied 
by Technicon). 

Scintillation counter. The detector used was a2 X 2 in. Nal(TI) well-type crystal: well-diameter 
1 in., volume 20 ml. This was associated with a single channel gamma-ray spectrometer (9000 Series, 
Research Electronics Ltd., Cleckheaton, Yorkshire, England). In all experiments a setting of dis- 
criminator voltage corresponding to 50 keV was used. This gave a background counting rate of 
10 cps. The output from the ratemeter (Model 9030) was fed into the strip-chart recorder. Satis- 
factory results were obtained with this combination only when no earth connection was used in the 
recorder; otherwise the recorder pen oscillated violently. If a matched ratemeter/recorder combina- 
tion is used, this difficulty should not arise. 

Flow-cell. Made from 32 cm of 3:5-mm outside diameter soda glass tubing, wound into a coil, 
2-2. cm in diameter and 2 cm high, which fitted into the well of our scintillation counter. 

The arrangement of apparatus shown in the flow diagram (Fig. 1) resulted fromall our investigations 
on continuous substoichiometry and was that used for the final analytical procedure. During the 
development of the method there was no dilution, in situ, of a more stable concentrated zinc dithi- 
zonate working solution with carbon tetrachloride: zinc dithizonate reagents of appropriate strength 
(see Figs. 2-5) were used directly. 

Sampler II is programmed to deliver alternately samples (for 5 min) and 1M nitric acid wash- 
solution (for 1 min). The samples (or nitric acid wash solution) and standard labelled mercury 
solutions were driven by the proportioning pump (A) into the first single mixing coil (B) where iso- 
topic exchange occurred. Urea solution, added to prevent oxidation of the organic reagent by nitrous 
fumes, was mixed with the solution from B in the second single mixing coil (C). The zinc dithizonate 
reagent was now added and this final mixture passed through the special extraction coil (D),° where 
solvent extraction took place. The two phases were separated in the electrolyte trap (B), the activity 
of the organic phase being continuously measured in the flow-cell (F) and recorded by the strip-chart 
recorder. 

Development of Method 
The determination of mercury with dithizone was chosen for this work because a manual sub- 

stoichiometric method by isotope dilution had previously been developed.’ Otherwise it would 
have been necessary, with the aid of the theory of substoichiometry,1 to select a suitable extraction 
reagent and to investigate the influence of pH and time of extraction. In either case the following 
routine tests must be carried out whenever a substoichiometric determination by solvent extraction 
is being automated. 
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Choice of reagent concentration 

The apparatus is set up as in Fig. 1 but with 1M nitric acid replacing the samples. During this 
experiment the concentration of the zinc dithizonate reagent is increased in a series of steps, from 
pure solvent to excess of reagent relative to the concentration of mercury in the labelled standard 
solution (Fig. 2). : 

The pumping action is started and the first level of activity registered (Fig. 2, plateau c) represents 
the quantity of mercury extracted by pure solvent. For successful substoichiometry this level must 
not be different from that of plateau b. As the concentration of reagent is increased, increasing 
amounts of activity are extracted (plateaux d, e, f, g) from the labelled standard solution until an 
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Fic. 1.—Flow diagram for continuous substoichiometric determination of mercury 

with the Technicon AutoAnalyzer. 

excess of reagent extracts all the mercury and no further increase in activity is possible (g, h). Fora 
substoichiometric separation any concentration of reagent could be used (d, e, f) which is below this 

limit. However, the concentration chosen (f) should be as high as possible so that the amount of 
mercury extracted minimizes statistical variations in the counting procedure. There is no need to 
repeat this experiment every time new reagents are prepared. The concentration of the proposed 
reagent should merely be checked by ensuring that it extracts less activity from the standard labelled 
mercury solution than is extracted by a solution of zinc dithizonate concentrated enough to give an 
excess of reagent with certainty. 

Adsorption problems. The difference between plateaux a (background of the scintillation counter 

alone) and 6 (background of scintillation counter with flow-cell in the well), both recorded before any 

liquid is introduced into the apparatus, is caused by contamination of the flow cell from previous 
experiments. This is small for a glass flow-cell (negligible at first, but building up slowly over ca. 
1 month, after which it is best to replace the cell and allow its activity to decay before reuse) but is 
important when plastic cells are used: most plastics strongly adsorb metal dithizonates (Tygon, 
Solvafiex, Acidfiex and polythene were all useless in practice). Because of this adsorption it is 
necessary to use Acidflex tubing instead of the Solvaflex tubing normally recommended for pumping 
organic solvents (both tubings available from Technicon). Solvaflex tubing will remove all the zinc 
dithizonate from the reagent for several hours after pumping has started; even with Acidflex it is 
necessary to wait a short time (ca. 10 min) for adsorption losses to come to equilibrium and a con- 
stant activity to be registered. The time needed to register plateaux a, b and c is, however, very 
short (ca. 30 sec). 

Stability of reagent 

Very dilute (10-* to 10-*M) solutions of organic reagents are often unstable. For automated 
substoichiometry the stability of such reagents is more critical than in the corresponding manual 
methods, because standards and samples are not processed simultaneously.
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To test for reagent stability in the determination of mercury, the apparatus was arranged to 

deliver a substoichiometric reagent concentration. If the reagent is stable there should be no ob- 
servable decrease, even after several hours, in the activity extracted. Figure 3 shows such a test with 

dithizone or zinc dithizonate as the extraction reagent. Clearly, zinc dithizonate is much more stable 

than dithizone and so it was used in all subsequent experiments. 
In the present case the stability of the extraction reagent limits the sensitivity of the method and 

in order to determine 5 x 10-* g of mercury it is necessary to dilute, in situ, a more stable concentrated 
zinc dithizonate working solution with carbon tetrachloride as shown in Fig. 1. 
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Fic. 2.—Extraction plateaux obtained with different concentrations of zinc dithizonate 
solution (standard labelled mercury solution: 3 x 10-7M). 

Time of extraction 

It is important to check that extraction is complete in the time allowed by the AutoAnalyzer 
system. This is easily done by inserting a second extraction coil and seeing if there is any change 
in the activity extracted. It is particularly important to check this when a metal complex is used 
as the extraction reagent. 

Choice of sampling rate 

The maximum sampling rate depends primarily on the time required to replace with new solution 
all the old solution in the flow-cell and the electrolyte trap. This can be determined by measuring 

the time necessary (tp min) for 95% of the maximum deflection to be registered on the strip-chart 

recorder. The maximum sampling rate is then 60/tp samples/hr. For the arrangement shown in 
Fig. 1, tp is 6 min, giving a maximum sampling rate of 10 samples/hr. 

The sampling rate can be increased in two ways. 
1. By increasing the rate at which the organic phase is pumped; however, if the sensitivity is 

to be maintained under such conditions, a more dilute extraction reagent would have to be used and 
this might be unstable. For a given sensitivity the stability of the extraction reagent limits the maxi- 
mum sampling rate that can be used. 

 



  
  

Continuous substoichiometric determination of traces of mercury 1461 

2. By reducing the size of the flow-cell, but this would reduce the counting efficiency and hence 
the sensitivity. 

The compromise represented by Fig. 1 gives a high sensitivity but a low sampling rate. 

Interferences 

The effect of interferences on the extraction was investigated by using solutions of various cations 

(as their nitrates or sulphates), anions (as their potassium, sodium or ammonium salts) and other 

substances (e.g., hydrogen peroxide) in the cups of Sampler I. Figure 4 shows the results of some of 

these studies. An interference is represented by any change in the otherwise constant activity extracted 
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Fic. 3.—Stability of extraction reagent. 

a—Zinc dithizonate (1 x 10-*M). 
b—Dithizone (initially 2 x 10-°M). 

(Standard labelled mercury solution: 2 x 10M). 

from the standard labelled mercury solution (e.g., palladium and chloride in Fig. 4). Table I sum- 

marizes the results for 58 ions and compounds. 
It should be possible to overcome most interferences fairly easily and, for routine analysis, 

automatically. Cations can be masked with a suitable reagent; oxidizing and reducing agents can 

be destroyed with say hydrogen peroxide. Thus, silver and bismuth should be complexed with 

chloride and EDTA. Permanganate, dichromate and chlorate should be reduced with hydrogen 

peroxide or iron(II) sulphate. Tin(), platinum(), sulphite and hypophosphite should all be 

oxidized by hydrogen peroxide. 
The anions in the last column of Table I present a more serious difficulty, particularly chloride, 

which is almost impossible to remove at the very low concentrations where interference is still 

encountered (calculated to be down to about 0-001 ppm). These anions appear to form ternary 

complexes of the type Cl-Hg-HDz’ (H,Dz = dithizone) so that a given amount of zinc dithizonate 

could extract twice as much mercury from solutions containing them as from solutions in which 

mercury is extracted as the primary dithizonate, Hg(HDz)2. This will lead to an increase in the activity 

extracted, in contrast with other interferences (e.g., palladium in Fig. 4) which cause a decrease. 

It can be predicted theoretically that interference from chloride will be overcome if its concentra- 

tion is between 6 x 10-5 and 6 x 10-8M, under which condition all mercury is present as mercury(I) 

chloride. This has been confirmed experimentally and we recommend the use under all circumstances
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of a 1% urea solution in 10-*M sodium chloride. This method is, of course, only satisfactory if an 

empirical calibration graph is constructed. The chemistry of the reactions is being investigated more 
fully and will be reported at a later date. 

Calibration graph 

The calibration graph (Fig. 5) was prepared by using standard inactive mercury solutionsin the 

cups of Sampler II. A fresh calibration graph should be prepared whenever new reagents are made 
up, particularly when the method given above to overcome interference from chloride is used. 
If a very large amount (ca. 1M) of bisulphate or nitrate is present, a similar amount should be added 
to the standard inactive mercury solution to compensate for their small but noticeable interference. 
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Fic. 4.—Effect of foreign ions (conditions as detailed in Table I). 

As can be seen from Fig. 5, as little as 2-5 x 10~’ g of mercury in 5 ml of solution (0-05 ppm) can 
be determined (in a 6-min run 4-8 ml of sample solution are consumed). The lowest amount of 
mercury we have determined by this method is 5 x 10-* g in 5 ml (0-01 ppm). 

Analysis of Test Samples 

In order to demonstrate the usefulness of the method, we analysed several samples of low-grade 
cinnabar ore which had previously been analysed spectrophotometrically for mercury at the Warren 
Spring Laboratory. 

One g of ore (received as fine powder and used directly) was refluxed for 30 min with 25 ml of 
sulphuric acid (s.g. 1-84) and 1 g of potassium nitrate. After cooling and dilution, 1 g of urea was 
added, the mixture filtered through a No. 42 Whatman paper, and the filtrate diluted to 250 ml in a 
calibrated flask. 

The solution was analysed with the apparatus as shown in Fig. 1, using the following solutions: 
standard labelled mercury solution—5 x 10-°M; urea solution—1% in 10-*M sodium chloride; 
zinc dithizonate working solution—5 x 10-*M. The AutoAnalyzer was run at a rate of 5 samples/hr, 
and gave the results shown in Table II. 

DISCUSSION 

Our results for the determination of mercury in the low-grade cinnabar ores 
(Table II) by continuous substoichiometry are in good agreement with the spectro- 
photometric results, though for Sample 3 there was disagreement with the spectro- 
photometric values reported by Warren Spring Laboratory. For the determination  
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TABLE I.—STUDY OF INTERFERENCES*} 

  

  

Metals which Ions Tons 
interfere which Substances which Anions 

by competing interfere which interfere which 
Substances which with mercury by interfere by interfere 
do not interfere for the oxidizing by reducing _ by forming 

at a concentration zine zine complexing mercury ternary 
of 1000 ppm dithizonate dithizonate mercury to metal complexes 

NH, Se SO; Auts MnO,- CN-{ Sn?*+4] Ccil- 

Kt Tes, Clos%3 Paes Cr,0;?- SCN- N.H;*t Bra 

Nat TI* Acetate Ptte NO,- i HPO,- 

Mg** Cr*+ Citrate Pia ClO;-it SO,?- HSG,-** 

Ca*+ Mn?+ Tartrate Agtt Cet S,03?-] NOs-Tt 

Ba?+ Fe?* Oxalate Bi} F- 

Al*+ Fe®+ Borate EDTAt 

Ga*+ Co?+ Molybdate 

In? Nit* 2 S;0,7- 

Ce Cut: Heo; 

Th*t Zn?* H,O; 
Sb*+ Pb2+ 

As?+ Be?+ 

  

* Standard labelled mercury solution: 2:5 x 10-°M; zinc dithizonate working solution: 
5 x 10-7M; acidity 1N in HNO, (chosen so as to overcome the known interference from 
Bi*+ and Cu?*) except during the examination of H.SO, and HNO, when the total acidity 
varied from 0-01 to 10N. 

} Any ion or substance changing the activity extracted by more than 1% is assumed to interfere; 
concentrations down to 0-1 ppm or less interfere unless stated otherwise. 

} Interferes if present in excess of 100 ppm. 
‘| Investigated only at 1000 ppm. 

** Interferes if present in excess of 0-05M. 
Tf Interferes if present in excess of 0-5M; interference from using 1M HNO; as a working 

medium can be compensated for by adding it to the standards used for calibration. 
++ Interferes if present in excess of 10 ppm. 

of traces of mercury with dithizone, continuous substoichiometry is more sensitive 
by an order of magnitude than spectrophotometry as judged by comparing Fig. 5 
with spectrophotometric data.® 

The advantages of the automatic method mentioned earlier should be weighed 
against the disadvantages which are now evident. First, there is a slow contamination 
of parts of the instrument (tubing, nipples, glass coils, etc.) by adsorption of radio- 
mercury. Secondly, the automatic method is less sensitive than manual substoichiom- 
etry (by about one order of magnitude in the case of mercury) because the flow-cell 
is small and the organic phase passes rapidly through it. Fortunately radioisotopes 
of other metals are available with higher specific activities than that of mercury-203, 
many of them as carrier-free isotopes. This should permit determination of these 
metals at even lower concentrations than in the case of mercury.
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Fic. 5.—Calibration graph for determination of mercury (standard labelled mercury 
solution: 5 x 10-§M; zinc dithizonate solution: 7 x 10-7M). 

TABLE IJ.—ANALYSIS OF LOW-GRADE CINNABAR ORES* 

  

Mercury, % 
Method of analysis   

Sample 1 Sample 2 Sample 3 Sample 4 

  

Continuous substoichiometry} 0-017 0-064 0-069 0-030 

Spectrophotometry in this 

laboratory{t 0-021 0-071 0-066 0-036 

Spectrophotometry at 

Warren Spring Laboratory] 0-020 0-068 0-045 0-033 
  

* Provided by Dr. P. G. Jeffery, Warren Spring Laboratory, Ministry of Technology, 
Stevenage, Herts., England. 

+ Results are the average of duplicate analyses. 
+ Using the Unicam SP600 and dithizone; sample dissolution as for continuous sub- 
stoichiometry. 

{ Using dithizone screened with EDTA and KSCN; sample dissolution as for continuous 
substoichiometry. 
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Because the volume which can be sampled by the AutoAnalyzer is small (maximum 
of 10 ml), an increase in sensitivity by increasing the sample volume would entail 
a preliminary extraction. However, this disadvantage could be outweighed by 
introduction of the radioisotope before the preliminary extraction. Because isotope- 
dilution analysis is being used, this preliminary separation need not then be quantita- 
tive. As the radioisotope is not being introduced into the AutoAnalyzer continuously, 
the strip-chart records and their evaluation would differ from those discussed above. 

Acknowledgements—The authors wish to thank The University of Aston in Birmingham for the 
provision of a visiting lectureship (J. R.) and the United Kingdom Atomic Energy Authority for the 

award of a research contract (B. G. C.) which enabled the work reported to be carried out. 

Zusammenfassung—Vor kurzem wurde die Méglichkeit angegeben, 

die unterstochiometrische Analysenmethode durch Isotopenver- 
diinnung zu automatisieren. Bei einer auf fliissig-fliissig-Extraktion 
beruhenden Analyse wurde die Automation jetzt experimentell 
verifiziert. Es werden Vorversuche angegeben, durch die die optimalen 
Bedingungen fiir diese Art automatischer Analyse ausgewahlt und 
deren Reproduzierbarkeit und Selektivitat gepriift werden k6nnen. 
Als Beispiel werden Quecksilbermengen bis herunter zu 5 x 10-® g 
bestimmt und die Methode auf die Analyse geringwertiger Zinnober- 
Erze angewandt. 

Résumé—On a proposé antérieurement la possibilité d’automatiser 
Panalyse substoechiométrique par dilution isotopique. On a mainten- 
ant réalisé expérimentalement l’automatisation pour les cas ot l’analyse 
est basée sur une extraction par solvant. On décrit des expériences 
préliminaires au moyen desquelles on peut choisir les conditions 
optimales pour ce type de détermination automatisée et vérifier la 
reproductibilité et la sélectivité. A titre d’exemple, on dose des 
traces de mercure pouvant descendre jusqu’a 5 x 10-® g et applique 
la méthode a l’analyse de minerais de cinabre pauvres. 
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Mercuric Chloride Dithizonate: Its Reactions, Properties, and Stability 

Constant 

By G. B. Briscoe" and B. G. Cooksey, Department of Chemistry, The University of Aston in Birmingham. Gosta 

Green, Birmingham 4 

Dithizone reacts with an excess of mercuric chloride to form mercuric chloride dithizonate, not primary mercuric 

dithizonate. The reactions of mercuric chloride dithizonate are studied and its solubility, extinction coefficient, 

partition coefficient, and stability constant are measured. 

In a previous paper + we noted that chloride interferes 
in the substoicheiometric determination of mercury and 
attributed this interference to the formation of mercuric 
chloride dithizonate: ClIHgSC(‘N-NHPh)-N:NPh or 

HgClHDz. 
This substance has been prepared by Webb and his 

co-workers? by mixing, in the correct proportions, 
solutions of mercuric chloride and dithizone in diethyl 
ether. The present paper describes the reactions and 

1 G. B. Briscoe, B. G. Cooksey, J. Ruzitka, and M. Williams, 
Talanta, 1967, 14, 1457. 

properties of this substance and the determination of its 
stability constant. 

EXPERIMENTAL 

Reagents These were prepared from analytical reagent 

grade chemicals. 
Mercuric perchlorate solutions. These were prepared by 

dissolving mercuric oxide in perchloric acid. They were 

standardised by titration with EDTA using a urotropine 
buffer (pH 4) and Xylenol Orange indicator. 

2 J. L. A. Webb, I. S. Bhatia, A. H. Corwin, A. G. Sharp, J. 
Amer. Chem. Soc., 1950, 72, 91.
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Dithizone and Zinc dithizonate solutions. Prepared by 

dissolving dithizone (0-05 g.) in ammonia solution (10 ml.) 
(d@ 0-880) and diluting to 100 ml., then extracting with. 
carbon tetrachloride until the colour of the organic phase 

changed from brown to pale green. When dithizone 
solutions were required this purified aqueous solution was 
acidified with Im-hydrochloric acid and extracted with 100 

ml. of carbon tetrachloride. The organic phase, filtered 
through a dry No. 41 Whatman paper, was about 1 x 10M. 
When zinc dithizonate was required the purified aqueous 
solution was mixed with a solution of zinc sulphate (hepta- 

hydrate) (0-05 g.) in water (90 ml.) and glacial acetic acid 
(10 ml.), then extracted with carbon tetrachloride (100 ml.). 
The organic phase, filtered as above, was about 5 x 10‘M. 

Mercuric dithizonate. A solution of dithizone (0-5 g.) in 

0-1m-sodium hydroxide (50 ml.) was added dropwise to a 
solution of mercuric oxide (0-3 g.) dissolved in 1m-perchloric 

acid (100 ml.). The precipitate was filtered off and dried 
-in a vacuum-desiccator. This product is the monohydrate 
Hg(HDz),,H,O, having a solubility in carbon tetrachloride 
of 2 x 10%m. Refluxing the monohydrate with carbon 
tetrachloride in a Dean and Stark apparatus gave the 
anhydrous salt Hg(HDz), having a solubility in carbon 
tetrachloride of 1 x 10*m. Analysis of the monohydrate 
by the Dean and Stark method gave 0-:19% H,O; the 

theoretical value for Hg(HDz),,H,O is 0-25% H,O. 
Radioisotopes. The isotopes used were mercury-203, as 

the acetate, with a specific activity of 500 mc/g., and 
chlorine-36, as sodium chloride, with a specific activity of 
850 uc/g. (Radiochemical Centre, Amersham). 

The mercury-203 solution was used to label a 1 x 10™4m- 
solution of mercuric perchlorate and a 1:35 x 10m-solution 

of mercuric chloride. 
The labelled sodium chloride solution received from 

Amersham was evaporated to dryness, the residue weighed, 
redissolved and diluted to 50 ml. (=1-3 x 10m). All ex- 
periments involving chlorine-36 used solutions of this 
specific activity. 

Apparatus.—Nucleonic equipment. The scintillation 
counter used for the measurement of the mercury-203 

activity was a 3 x 3 in. NalI(Tl) well type crystal. This 
was associated with a single channel y-ray spectrometer. 
In all experiments a setting of discriminator voltage cor- 

responding to 50 kev was used. 
The chlorine-36 activity was measured either by evapor- 

ation on to planchets and counting with an end-window 
Geiger—Miiller detector (window thickness 2 mg./cm.*) or by 
means of a liquid scintillation spectrometer using NE 220 
scintillator. 

Spectrophotometer. The spectra and absorbancies were 
measured with a Unicam SP 600 spectrophotometer. 

Filter paper. Whatman No 41, carefully dried, was used. 

The Reaction between Mercuric Chloride and Dithizone.— 
A solution of dithizone in carbon tetrachloride (ca. 

2 x 10°m) was standardised by taking 8-0 ml. of a 
2-5 xX 10°°m-solution of mercuric perchlorate in 0-IM- 
perchloric acid and titrating it with the dithizone solution. 
The end point was determined spectrophotometrically. 

Accurate results can be obtained only when the organic 
phase used for the spectrophotometry is returned to the 

separating funnel in which the reaction is conducted. This 
is due to the formation of mercuric chloride dithizonate in 
the initial stages of the titration owing to contamination 
by traces of chloride. During the titration this substance 
is destroyed and at the end point primary mercuric dithizo- 
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nate alone is present (see ‘ The reaction between dithizone 
and mercuric chloride dithizonate ’). 

An excess of mercuric perchlorate solution (15 ml. of 
2-5 x 10m) and potassium chloride solution (1 ml. of 
2 x 104M) were shaken for 15 min. with 9-0 ml. of the 
standardised dithizone solution. This causes the com-- 

plete precipitation of mercuric chloride dithizonate. 
The organic phase was discarded and the aqueous phase 

centrifuged to remove the precipitate. The amount of 
mercury remaining in the aqueous phase was determined by 
a spectrophotometric titration exactly as in the standardis- 
ation of the dithizone solution. In three experiments it was 

found that 1 mole of dithizone reacted with 0-97, 1-02, and 
0-95 mole of mercuric chloride to form mercuric chloride 

dithizonate. 
The Solubility of Mercuric Chloride Dithizonate in Carbon 

Tetrachloride.—This solubility has been determined by two 
methods. In the first, carbon tetrachloride was saturated 
with solid mercuric chloride dithizonate and the absorbance 

at 480 mu of the resulting solution measured. In the 
second a 2 x 10‘m-solution of dithizone was shaken with 

an excess of labelled mercuric chloride and the activity of 
the filtered organic phase measured. Both experiments 
were conducted at 23°. The solubility as determined 
spectrophotometrically was 2-0 x 107m and radiochemically 
was 2:1 x 10°. 

The Extraction of Chlorine into the Organic Phase.—An 
aqueous phase (5 ml.), Im in nitric acid, and containing 
various amounts of mercuric nitrate and labelled sodium 
chloride solution, was extracted with 5 ml. of a 7 x 10°m- 
solution of zinc dithizonate in carbon tetrachloride or with 
5 ml. of carbon tetrachloride. The organic phase was 
filtered, an aliquot portion evaporated to dryness on a 
planchet and the activity measured. ‘The results are given 

in Table 1. 

TABLE 1 

The distribution of chlorine between the organic and 
aqueous layers 

Chloride 
Mercury Chloride inorganic 
added added layer 
(ug-) (ug) (ug-) Conditions 

156 24:3 3-5 Excess HgCl,; 50% Hg extracted 
156 24:3 3-1 Excess HgCl,; 50% Hg extracted 
78 24:3 0:04* No H,Dz; CCl, only 
78 12-2 0-2* Excess H,Dz; 50% H,Dz used 
31-2 486 0-1* Excess H,Dz; 50% H,Dz used 
4:46 486 0:01* Excess H,Dz; 5% H,Dz used 

* Limit of detection. 

The Reaction between Dithizone and Mercuric Chloride 
Dithizonate. A solution of mercuric chloride dithizonate 

_ was prepared by shaking a 2 x 10 %m-solution of dithizone 
in carbon tetrachloride with an excess of a 5 xX 10°m- 
mercuric chloride solution. This solution was washed with 

0-1m-perchloric acid and filtered to remove any mercuric 

chloride solution present as droplets of aqueous phase. A 

measured excess of the dithizone solution (as above) was 

added to the purified solution and the excess remaining 

estimated from the absorbance at 620 mp. In five indi- 

vidual experiments, 1 mole of mercuric chloride dithizonate 

was found to react with 0-95, 0-93, 0-92, and 0-95 mole of 

dithizone. 

The Reversion of Mercuric Chloride Dithizonate to Dithizone 

with Iodide or Thiocyanate.—A purified mercuric chloride
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dithizonate solution was prepared as in the previous experi- 
ment. This was shaken with 5 ml. of 0-1m-perchloric acid 
in which 1 g. of either sodium iodide or sodium thiocyanate 
was dissolved. The dithizone liberated was estimated from 
the absorbance at 620 mu. When iodide was used, 92% of 
the dithizone was recovered; with thiocyanate 98% was 
recovered. 

The Suppression of Chloride Interference by Thiosulphate 
and EDTA.—A mercuric ion solution (5 ml.) (1-0 x 10-4), 
dissolved in any one of: (a) 0-Im-perchloric acid, (b) 
0-25m-sodium EDTA, (c) 1-0 x 10%m-sodium thiosulphate 
in 1-:0M-ammonium acetate, was added to 20 ml. of a 
2-75 x 10m labelled sodium chloride solution. The 
mixture was extracted with 25 ml. of a 3-1 x 10m-solution 
of primary mercuric dithizonate in carbon tetrachloride. 
The organic phase was filtered and 20 ml. shaken with 5 ml. 

of a 0-01m-borax solution. This solution was filtered. and 
the activity of 2 ml. determined. Any mercuric chloride 
dithizonate was converted into sodium chloride which does 
not quench the liquid scintillator used. This counting 
method was preferred to planchet counting as it gave the 
most reproducible results. 

The amount of chloride extracted in the presence of either 
thiosulphate or EDTA was not statistically significant 
when compared with the background. 

The Extraction Constant for the Formation of Mercuric 
Chloride Dithizonate-—Excess of chloride was added to the 
labelled mercuric perchlorate solution to give 1 x 10™4m- 
solutions of mercuric perchlorate and mercuric chloride 
having the same specific activities. From 1-0 ml. to 25-0 ml. 
of the murcury solution was diluted to 25 ml. with perchloric 
acid to give a final acidity of 0-01m, 0-1m, or 1:0mM. Each of 

these solutions was shaken for 15 min. with 10 ml. of a 

5 x 10m-solution of zinc dithizonate in carbon tetra- 
chloride. The organic phase was filtered and the activity 

of a 5 ml. aliquot determined. 
The extraction constant was calculated by comparing 

the activities extracted in the presence and absence of 

chloride. 
The Partition Coefficient of Mercuric Chloride, at 25°.— 

The organic phase produced by shaking 10 ml. of the 

1:35 x 10 labelled mercuric chloride solution with 200 ml. 
of carbon tetrachloride was filtered through a paper im- 

pregnated with carbon tetrachloride. This was carried out 
by soaking the paper successively with mixtures of alcohol 
and carbon tetrachloride containing 10%, 20% etc. to 100% 
carbon tetrachloride. These impregnated papers were used 
to prevent the extraction of mercuric chloride by water 

absorbed by the normal papers. The filtered organic phase 
was shaken with 10 ml. of water and the activities, A, and 

A,, of 5 ml. of the aqueous phases from both extractions, 
measured. The partition coefficient P(HgCl,) was calcu- 
lated from: 

1/P (HgCl,) = [(A,/A2) a 1] (Vorg/ Vag) 

where Vorg = volume of the organic phase and Vag = 

volume of the aqueous phase from the second extraction. 

This is a modification of Sandells > method. 
The Extraction Constant of Mercuric Chloride Dithizonate 

using Chlorine-36.—In two experiments 10 ml. of 0-1M- 
perchloric acid was mixed with 1, 2, or 5 ml. of the 

1:31 x 10m labelled chloride solution. In a third experi- 
ment 5 ml. of 0-1m-perchloric acid was mixed with 10 ml. 

of the same labelled chloride solution. Each mixture was 
made up to 16:0 ml. after the addition of 1-0 ml. of a 
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1-0 x 10‘m-mercuric perchlorate solution, and shaken 
for 15 min. with 10 ml. of an 8 x 10°m-mercuric dithizonate 
solution in carbon tetrachloride. The organic phase was 
filtered and 2 ml. evaporated to dryness. The residue was 
dissolved in 2 ml. of dioxan, mixed with 10 ml. of NE 220 
scintillator, and the activity measured. 

The Partition Coefficient of Mercuric Chloride Dithizonate, 

at 23°.—To 10 ml. of a 2 x 105m primary mercuric dithizo- 
nate solution in carbon tetrachloride was added 1-8 1. of an 
aqueous solution 0-1m in mercuric chloride, 0-4m in sodium 
perchlorate, and 0-1m in perchloric acid. The mixture was 
shaken for 10 min. and the two phases were separated and 
filtered. The aqueous phase was then shaken with 5-0 ml. 
of carbon tetrachloride, the two phases were separated, and 
this second organic phase was filtered. The absorbance of 
both organic phases was measured at 480 mp and the 
partition coefficient calculated from the ratio of these 
absorbancies. 

An attempt was made to determine the partition coeffi- 
cient of primary mercuric dithizonate in a similar manner, 
substituting 2 x 10°m primary mercuric dithizonate solu- 
tion in carbon tetrachloride for the first organic phase and 
omitting the mercuric chloride from the aqueous phase. 

RESULTS AND DISCUSSION 

The Evidence for the Formation of Mercuric Chloride 
Dithiozonate.—Several lines of evidence suggest that 
dithizone reacts with mercuric chloride to form mercuric 
chloride dithizonate and not primary mercuric dithi- 
zonate as is formed with mercuric nitrate and per- 
chlorate. 

(1) Reaction of dithizone with an increasing excess of 
labelled mercury, and plotting a graph of the activity 
of the organic phase versus the activity of the aqueous 
phase gives, in the absence of chloride, a horizontal 
straight line, characteristic of a high extraction constant. 
In the presence of chloride a curve is obtained, charac- 
teristic of a low extraction constant. At high mercuric 
chloride concentrations the amount of mercury ex- 
tracted tends to twice the amount extracted in the 
absence of chloride because dithizone reacts with twice 
as much mercury when forming mercuric chloride 
dithizonate (I) as when forming primary mercuric 

(I). ClHgSC(‘N-NHPh)-N-NPh or HgClHDz 

(II) PhN:N-(PhNH-N:)CSHgSC((N-NHPh)-N:NPh 
or Hg(HDz), 

dithizonate (II). From these curves (Figure 1) it was 
first implied the interference of chleride in the sub- 

stoicheiometric determination of mercury was due to 
mercuric chloride dithizonate. 

(2) When concentrated (ca. 10m) solutions of dithi- 

zone react with mercuric chloride a precipitate is formed ; 

this does not happen with mercuric nitrate or per- 

chlorate. This precipitate is mercuric chloride dithizo- 
nate whose solubility in carbon tetrachloride is only 

2 x 10m. When this precipitate is formed mercury 
reacts with dithizone in a molar ratio of 1: 1 not 1:2 as 

when primary mercuric dithizonate is formed. 
(3) When mercuric chloride is labelled with chlorine-36 

and reacts with dithizone in carbon tetrachloride, 
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activity is found in the organic phase. This is not due to 
isotopic exchange between chloride and carbon tetra- 
chloride, or to the partition of mercuric chloride be- 
cause when the dithizone is omitted no activity is ex- 
tracted, (Table 1). 

The Reactions of Mercuric Chloride Dithizonate.— 
Mercuric chloride dithizonate reacts with dithizone to 
form primary mercuric dithizonate: 

HgClHDz + H,Dz == Hg(HDz), -+ H+ + Cl- 

This reaction explains why mercuric chloride dithi- 
zonate is not encountered when determining traces of 
mercury by the spectrophotometric dithizone method. 
In this method an excess of dithizone is used and the 
chloride dithizonate is destroyed; in the substoicheio- 
metric method an excess of mercury is used and special 
precautions must be taken to prevent the interference 

_ of chloride. 
Mercuric chloride dithizonate can be reverted to 

dithizone in the same manner as primary mercuric 
dithizonate® by using a reagent (e.g., iodide or thio- 
cyanate) which forms a very strong complex with the 
mercuric ion. On the other hand a reagent can be 
selected (e.g., thiosulphate or EDTA) which will de- 
compose the chloride dithizonate but not the primary 
dithizonate. This is the basis of one method of over- 
coming the interference of chloride in the substoicheio- 
metric determination of mercury. 
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Ficure 1 The extraction of mercury from mercuric salts 
by dithizone 

When shaken with alkaline solutions the chloride 
dithizonate is converted rapidly and completely into 
secondary mercuric dithizonate: 

HgClHDz + OH- === HgDz + H,O + Cl- 

Even distilled water is sufficiently alkaline to accom- 
plish this conversion. This is in complete contrast to the 
primary dithizonate which once formed reacts only 
slowly and incompletely with Im-alkali.4 

The Spectra and Extinction Coefficient of Mercuric 
Chloride Dithizonate——When primary mercuric dithi- 
zonate (orange) is converted into mercuric chloride 

dithizonate (yellow) there is only a slight change in 
colour. The two spectra are compared in Figure 2. 
The extinction coefficient of mercuric chloride dithizo- 
nate is 37,000 at the absorption maximum of 480 mu. 

The Extraction Constant of Mercuric Chloride Dithizo- 

J. Chem. Soc. (A), 1969 

nate-—The activity extracted by a fixed amount of 
dithizone, from a solution containing an excess of 

labelled mercuric perchlorate was measured. The 
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Ficure 2 The spectra of mercuric chloride dithizonate and 
primary mercuric dithizonate 

measurement was repeated with the addition of enough 
chloride to convert all the mercury into mercuric chloride. 
The extraction constant was calculated by comparing 
these activities. Let A, = the activity of 5 ml. of the 
aqueous phase which contained chloride, after extraction 
with dithizone; A, = the activity of 5 ml. of the organic 
phase in equilibrium with the aqueous phase containing 
chloride; and A, = the activity of 5 ml. of the organic 
phase in equilibrium with the aqueous phase not con- 
taining chloride. Then, E(HgClIHDz) = 4(A, — A,)?/ 

A,(2A, — Ag) 
where E(HgClIHDz) = 

[HgCIHDZ]org*/[HgCly][Hg(HDz)elorg 
the equilibrium constant for the reaction 

HgCl, + Hg(HDz) (org) === ZAGCIHDZ (org) 

where ‘org’ denotes the organic phase, in this case 
carbon tetrachloride. 

The mean of the experimental results is 0-83 and their 
standard deviation is 0:19. (Table 2). In calculating 
these values the results 0-21 and 0-24 have been dis- 
carded because the interference of chloride is greatly 
magnified when the concentration of mercury in the 
aqueous phase is very low. 

Contamination of the reagents with chloride is the most 
serious source of error in these experiments. If the 
results are corrected for the small amount of chloride 
believed to be present, the constant is raised from 0-83 to 
1-3. However, because of the arbitrary nature of this 
correction, the experimentally determined value of 
0-83 has been used in subsequent calculations. Other 
possible sources of error are the partition of mercuric 
chloride and the formation of secondary mercuric dithi- 
zonate, (HgDz). The spectra of the organic phase did 
not show the presence of secondary mercuric dithizonate 
even in the experiments carried out at pH 2. The 
partition coefficient of mercuric chloride 

P(HgCl,) = [HgCly}org/[HgCle] 
3-H. Irving and R. S. Ramakrishna, Analyst, 1960, 85, 860. 
4 G. Iwantscheff, ‘ Das Dithizon und seine Anwendung in der 

Mikro-und Spurenanalyse,’ p. 106, Verlag Chemie, Weinheim, 
1958. :
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between water and carbon tetrachloride has been 

measured. The observed value, 1-0 x 10° (twenty four 

results with a standard deviation of 0:4 x 107%) is too 
low to affect the results reported in Table 2. 

This extraction constant has also been determined 

using chlorine-36 to measure the amount of mercuric 

chloride dithizonate in the organic phase. The measured 

activity will depend, in this case, on the amount of 

inactive chloride in the aqueous phase, originating from 

the reagents, i.¢., the blank. If y =the amount of 

inactive chloride in the tests; x = the amount of active 

chloride added; s = the specific activity of the active 

chloride used; z= the amount of chloride extracted 

into the organic phase as mercuric chloride dithizonate ; 
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the amount of inactive chloride present in the tests, 

which account for the large variations in the estimates of 

E(HgClIHDz). However, the results are consistent with 
those obtained with mercury-203. . 

The Partition Coefficient of Mercuric Chloride Dithizo- 

nate.—The partition coefficient of mercuric chloride 

dithizonate between water and carbon tetrachloride has 

been determined by Sandell’s 5 method. The measured 

value (Table 4) is higher than Duncan’s result ® for 

primary mercuric dithizonate, 3 x 10% (logy) P = 3°48). 

This is the reverse of the order expected and an attempt 

was made to determine the partition coefficient of primary 

mercuric dithizonate also. Unfortunately the amount 

of primary dithizonate dissolved in the aqueous phase 

TABLE 2 

The extraction constant of mercuric chloride dithizonate using *°*Hg at 23° 

Equilibrium Activity of Activity of 

concentration organic phase organic phase 

Acidity of Reagent of mercuric Activity of containing not containing 

the aqueous concentration chloride, in the aqueous phase HgClHDz HgClHDz Extraction 

phase in CCl, aqueous phase (counts/sec.) (counts/sec.) (counts/sec.) constant 

{H+ {H,Dz] [HgCl,] : 2 E(HgClHDz) 

(m) (M) (M) (corrected for background = 10 counts/sec.) 

1-0 2-56 x 10-4 4-1 x 10°5 89-7 344-1 280-0 0-82 

ey 2-80 x 10-5 75 x1107% 47-6 421-6 392-1 0-21 

- as 1-2 x 10°5 331-2 521-0 392-1 0-74 

aa a 311 xr1d* 874-6 588-7 392-1 0-88 

a i, 8-9 x 105 2476-0 640-8 392-1 0-63 

0-1 2:62 <.10°* 3-6 x 10-5 648-4 350-0 224-0 1-00 

ce -54 x 10° 4-8 x 10° 91-4 295-2 239-3 0-75 

4, 7; 1-6 x 10-5 307-6 342-3 239°3 1-03 

ee ik 361x710 676-5 378-5 239-3 1-16 

e % 9-5 x 105 1798-1 412-8 239-3 1-01 

0-01 2-68 x 105 2:0 x 10% 52-8 393-7 362-5 0-24 

” sh 31x 10° 348-3 472-2 362-5: 0-55 

rt os 3-1 x 10-5 844-9 527-5 362°5 0-68 

9-0 x 105 2397-0 595-7 362:5 0-70 

and A = the measured activity corresponding to z, then 

the specific activity of the chloride in the test will be 

sx](y +x) so that A = 2sx/(y + x) or 1/A = (1/sz) + 

(y/szx). 
A series of tests were carried out in which x varied 

(i.€., %,%, *** %,) giving a corresponding series of values 

of A (A;, Ag,***A,). In these tests z was kept con- 

stant by using a fixed amount of mercury in the aqueous 

phase and a fixed concentration of primary mercuric 

dithizonate in the organic phase. From the intercept 

of a plot of 1/A,, versus 1/x,, z was determined and hence 

the extraction constant of mercuric chloride dithizonate 

calculated. 
The experimental results lie on a very poor straight 

line, and so this estimate of z is subject to a large error. 

The deviation of the results from a straight line is due to 

a variation in the amount of inactive chloride in the 

aqueous phase and this blank can be determined by 

treating the results in a different manner. Consider two 

tests using different amounts of active chloride. Then 

Ay = 28%/(y + %) and A, = 28%4/(y + %2) 
Eliminating z and s gives 

y = (Ag — Ay)/[(Ail%) — (As/*2)] 

The results (Table 3) show that there are variations in 

was very much smaller than the amount present as 

suspended droplets of the first organic phase which had 

not been removed by filtration. As the filtration was 

improved the apparent ‘ partition coefficient ’ increased 

TABLE 3 

The extraction constant of mercuric chloride 

dithizonate using °*Cl; at 23° 

Inactive chloride (blank) 
Experiment (ug) Extraction constant 

A (8 tests) 4: 2-0 
6-9 

B (3 tests) 11-8 0-8 
74 

C (4 tests) 9-7 0-2 
8-3 
5:3 

(Table 4). We can only conclude that the partition 

coefficient of primary mercuric dithizonate is greater 

than 108 (logy) P = 6). 
Another explanation for these results is the adsorption 

of the primary dithizonate on the filter paper. The 

thicker filters adsorbing the dithizonate more com- 

pletely. If this were the true explanation, then suc- 

5 R. W. Geiger and E. B. Sandell, Analyt. Chim. Acta, 1953, 

8, 197. 
6 J. F. Duncan and F. G. Thomas, J. Chem. Soc., 1960, 2814. 

a
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cessive filtrates, from the same aqueous phase through 
the same filter paper, should contain increasing amounts 

TABLE 4 

The partition coefficient of mercuric chloride dithizonate 

and primary mercury dithizonate (logarithmic values) 

Type of Mercuric chloride Primary mercuric 
filter dithizonate dithizonate 

No. 41 4:15; 4-16; 4-16; 4:09; 4-13; 4:26; 4:43; 4-45; 
Whatman 4-08; 4-09; 4-13; 4:14; 4-68; 4-70; 4-74; 4-76; 
paper 4:09; 4-10; 3-98 4-80; 4:83; 4-86; 4-87; 

4-91; 4-92; 4:92; 5-00; 
5-04; 5-04; 5-19; 4-92; 
4:92; 4-76 

Mean = 4-11 Mean = 4-78 
s = 0-05 s = 0-25 

No. 42 4-24; 4-23; 4-22; 4-27; 5-29; 5-29; 5-30; 5-36; 
Whatman 4:15; 4-15; 4:14; 4-15; 5-40; 5-41; 5-42; 5-42; 
paper 4-28; 4-05; 3-96; 4:10 5-52; 5-41 

Mean = 4-16 Mean = 5:38 
s = 0:09 s = 0:07 

Thick pad 4-29; 4-50; 4:00; 4:19; 6-04; 6-27; 6-04; 5-95 
4:30; 4:32; 4:20; 4-48; 
4-53; 4-46 

Mean = 4:33 Mean = 6-08 
es = 0:17 s= 0-14 

of dithizonate, because a filter paper which has already 
adsorbed some mercuric dithizonate from the first 
filtrate will adsorb less from the second. This is exactly 
the behaviour observed with mercuric chloride dithizo- 
nate and thick filter pads. The first filtrate giving 
P = 30,000, the second P = 22,000, and the third 
P = 19,000. This final result should be compared with 
that obtained with No. 41 and No. 42 papers when all the 
filtrates gave the result P = 14,000. With primary 
mercuric dithizonate however, no evidence of adsorption 
was obtained. 

The Extraction Constant of Primary Mercuric Dithizo- 
nate.—In order to calculate the stability constant of 
mercuric chloride dithizonate an accurate value for the 
extraction constant of primary mercuric dithizonate is 

required. 

E{Hg(HDz)5} = (Hg(HDz)}ore[H*]*/[H Dz ong*{He**) 
which is the equilibrium constant for the reaction 

He?* + 2H,D2Zorg) == 2H* + Hg(HDz)a:0rg) 

Many authors have reported values of this constants®® 
but the results have been calculated in different ways 

TABLE 5 

Recalculated logarithmic values for the extraction 
constant of primary mercuric dithizonate 

Halide anion used 
he 
  

Author Chloride Bromide Iodide 
Pilipenko....:........+++ 24-63 25-93 26-80 
‘Kato  .ccccccccsscseese 27-27 — 26-90 

Breant .......sseseeseees — — 26-83 

Duncan ....cseeeeeeeee 26-23 —_ — 

  

7 A. T. Pilipenko, Zhur. analit. Khim., 1953, 8, 286. 
8 M. Breant, Bull. Soc. chim. France, 1956, 948. 
® T. Kato, S. Takei, and A. Okagami, Japan Analyst, 1956, 5, 

689. 
10 Y, Marcus, Acta Chem. Scand., 1957, 11, 599. 

J. Chem. Soc. (A), 1969 

using different values for the stability constants of the 
mercuric halides. We have recalculated these values 
(Table 5) by substituting the experimental results 
obtained by these authors into the equation: 

(He HD) al *F(1 ce par) 
[H,DZ]org”C ug 

where Cyz = the total concentration of all forms of 
mercury in the aqueous phase, 

= [Hg?*] + [HeX] + [HgXe] + 
[HgX3] + [HgX,]; 

  E[Hg(HDz), = 

X = Cl or Br- or I-; 

= [HgX,,]/[Hg**][X]". 

The values of 8, we have used in our calculations are 
those of Marcus.!° The values of E[Hg(HDz).] obtained 
by Pilipenko” have also been corrected for the partial 
ionization of sulphuric acid.1! The results Pilipenko 
obtained using chloride are low owing to a gross ionic 
strength effect from the high concentration of sulphuric 
acid (3M). These results have not been included in the 
calculation for the best value of log,, E[Hg(HDz),]. The 
mean of all the other values is 26-66, the mean result by 
any one author using any one halide being treated as a 
single result. The 95% confidence limits of this value 
are 26-15—27-17, based on variance between these 

results. 
The Stability Constant of Mercuric Chloride Dithizonate. 

—The stability constant of mercuric chloride dithizonate 
is given by: 

K(HgCIHDz) = [HgCIHDz]/[Hg?*}[CI-][HDz-] 

corresponding to the reaction 

Hg?* + Cl + HDz” === HgClHDz 

where the reactants and product are in the aqueous 
phase. 

This can be calculated from the equation: 

__ E(HgClHDz)p,(CI-)E[Hg(HDz),] 
K(HgClHDz)* = “Sp recIHDz)PE(HDz)® 

where E(HgClIHDz) = 0-83, 6,(Cl~) = 101%? (ref. 10), 
E{Hg(HDz),] = 1068, P(HgCIHDz) = 1-4 x 104, and 
E(HDz) = [H*+)}[HDz-]/[H,Dz]org = 1:6 x 10° (ref. 12); 
these values give log, K(HgClIHDz) = 24-55. 

Ternary Complexes in Substoicheiometric Solvent Ex- 
traction.—Substoicheiometry has two advantages over 
conventional analytical methods; 1° it is more sensitive 
and more selective. However, we have shown 

in this paper .that chloride interferes in the 

11 T, F, Young, L. F. Maranville, and H. M. Smith, in ‘ The 
Structure of a ae Solutions,’ ed. W. J. Hamer, Wiley, 
New York, 1959, p. 5 

12H. Irving and C. F. Bell, J. Chem. Soc., 1952, 1216. 
13 J. Ruzitka and J. Stary, Atomic Energy Review, I.A.E.A., 

Vienna, 1964, 2, 3.
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substoicheiometric method but not in the conventional 
method. Even if the interference of chloride is over- 
come (by adding thiosulphate or EDTA) the conditional 
extraction constant 4 will be reduced, reducing the 
selectivity of the method, its sensitivity, and its advan- 
tages over conventional analysis. 

This is no isolated case. We have evidence for other 
similar complexes, mercuric nitrate dithizonate, mercuric 
bromide dithizonate, mercuric chloride diethyldithio- 
carbamate, gold chloride dithizonate, gold chloride 
diethyldithiocarbamate, palladium chloride dithizonate, 
and palladium chloride diethyldithiocarbamate. Com- 
pounds such as these present difficulties to the analyst 
and if it is intended to estimate a metal by substoicheio- 
metric solvent extraction a check should be carried out 
to ensure that the addition of common anions do not 
increase the amount of metal extracted. 
Summary of the Constants Determined in this Paper.— 

(i). The extraction constant of mercuric chloride dithizo- 
nate at 23° 

E(HgClHDz) = [HgCIHDz]ors?/[HgCly][Hg(HDz) lore 
ae “83 

14 A, Ringbom, ‘ Complexation in Analytical Chemistry,’ ch. 
VII, Interscience, New York, 1963. 
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(ii) The partition coefficient of mercuric chloride dithizo- 
nate between water and carbon tetrachloride at 23° 

P(HgClHDz) = [HgClHDz]org/[HgCIHDz] = 1-4 x 104 

(iii) The stability constant of mercuric chloride dithi- 
zonate 

K(HgCIHDz) = [HgClHDz]/[Hg?*][CI-][HDz-] 
= 3-5 x 10% 1.2 mole? 

(iv) The solubility of mercuric chloride dithizonate in 
carbon tetrachloride at 23° is 2 x 107m. 
(v) The extinction coefficient at 2,,,, 4800 A of mercuric 
chloride dithizonate dissolved in carbon tetrachloride 

at 23° 
e(HgClHDz) = 37,000 

(vi) The partition coefficient of mercuric chloride be- 
tween water and carbon tetrachloride at 25° 

P(HgCl,) = (HgClsJorg/{HeClelaq = 1 x 10° 
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