
Studies in Solvent Extraction of Inorganic

Complexes

A Thesis submitted for the Degree of Docto
r of Philosophy.

\-\
x ' . xii.
\\j? 
\ 4'>

 *!> £>'

July 1959.

T. B. Pierce.

>t. Peter's Hall, 

Oxford,



COTJ7KNT8.
page

Introduction 1

Part I

The determination of trace <juantities of silver in trade

effluent

Introduction 6

Preliminary investigations 9

Concentration procedures 17

The use of ion-exchange resins 31

Solvent extraction 24

Separation stage 32 

The a"bsorptiometric determination of silver 36

Flame photometry 42

Radiometric methods 47

Part II

Some theoretical investigations into the application of

solvent extraction to complex chemistry.

Determination of acid dissociation constants 57

Observations on Job's method of continuous

variations 70

Calculation of extinction coefficient from

partition data. 99



of fornat.ioa' constant 100

Determination of partition coefficients 101

Determination of the forasati&n constant of

indium dithisonate 110

Fart in 

SxperiBiental section

General 119

Oo-preeiplt^tlon of silver 122

Solvent extraction of silver ISO

Oolorimetric determination of silver 139 

I>etermination of & ffor tbe silver dithiconate

eguillferittm 144

Tvo phase titratioa 146

Solubility determinations. 149 

The tttethod of continuous variations applied to

the Indltsn dithi^one system 154

Appendix A 187

Appendix B 165

References 171



INTRODUCTION

The phenomenon of solvent extraction hes been known 

for a considerable time, for as early as 1892 Rothe 

showed that ferric chloride could be extracted into 

ether from an aqueous solution. Nevertheless the 

utilisation of eolvent extraction as a tool in inorganic

chemistry has been exceedingly slew in developing and,

indeed, it is only in recent years that it has been 

generally accepted as a technique in pure and applied 

chemistry*

One of the reasons for this must undoubtedly be 

the lack of theoretical understanding of the subject 

which has made it impossible to predict what to expect 

from a particular system*

However, during recent years such knowledge has 

been steadily increasing* and, as a result, the u$e of 

solvent extraction has been quickly spreading.

In this theses use in made of solvent extraction

in both applied and pure analytical chemistry, and some 

new aspects of solvent extraction are investigated from
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the theoretical point of view.

The work carried out in deriving a method for the 

determination of silver In trade effluent at a conoen-
Q

tration of 1 part in 10 is divided up into three 

distinct sections, 1) the concentration of the silver, 

2) the separation of the silver fr6m elements that

night Interfere in the final analysis, and 3) the 

detor:;inationt

Although several methods were investigated it was 

finally found that concentration by solvent extraction, 

which at the same time provided a preliminary separation, 

separation b a suitable choice of sequestering reagents, 

which back extracted solely the eilver, and finally a 

colorimetrlc finish, which involved extraction of a 

chelated silver complex into an organic solution, provided 

the most convenient and efficient method of analysis.

The determination of the stability constants of a 

metal MI*^ by the normal tltratlon technique, is not 

possible if it is insoluble in an aqueous phase. If 

the complex Is soluble in an organic phase, however, it

is often possible to determine a mixed stability constant
t

K where



n

(the subscripts o and w referring to the organic and 

aqueous phases respectively) which involves a partition

coefficient.

This is not altogether satisfactory since compari­ 

son of the change© in stability constant observed |ptng 

from one compound to another in a series of closely 

related completing agents, involve concomitant changes

in the partition coefficients p_ and p^ of the reagent*  c

HI* and of the complex MI^ respectively.

A method is derived from theoretical principal©

which enables the true formation constant X of

to be obtained if the* metal M is labelled with a radio­ 

active isotope,

An added complication is the possible presence cf 

lower complexes ML, ML* ... in the aqueous phase, A 

full theoretical study of the equilibrium between a

solution containing metal complexes WL* (J » 0 to N)
j

in the anueous phase, in equilibrium with an immiscible



>rganic phase v Into which only the formally neutral 

specieo &Jin Is extracted, ohowr that, a) the relative

concentrations of the Intermediate et>f»e5er io lower

than for n single phr.?'.f? syat^ra, anel b) tho overall 

degree of formation is hl^h r« It has alfc-o been rhown

that Job'e method of continuous* v ri tione applies 

equally to a two phase ey^tcra, and enables the compos­ 

ition of the extracted epeeles to be determined with 

greater reliability than In the caec of a one phaor 

system. If the radioactive Isotope of _; In available 

eo that the total concentration of tho iaotj»l in the
* ^y

aqueous nhane (2 * o^'^ll^ en^ *^n ^ ie or^?m- c phano
f   i /^ (JML J ) IB known, thor th stability constant© p n

of all of the intermediate cosiplexec may be calculated,

w 

By u !© of radioactive t>ilverf the solubility of

some substituted dlthi zones in wst^r and r^verol orr ro 

solvents ir obtained in order to calculate the partition 

coefficients*

Also the two-phase method of continuous? v riot 

10 applied to the Inditija-dithiBone ®ystemt and the
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THE DETBRMINATIOH OF TRACI~QUANTITIES OF SILVER

IN TRADE EFFLUTNTS.

Introduction

Silver adversely effects the aneroblc bacterial

reactions in sewage treatment and there are indications 

that this inhibition of natural processes may have insti­ 

tuted outbreaks of poliomyelitis. It is also toxic to 

fish and other aquatic life, A need has therefore arisen 

for the determination of small amounts of silver in water 

which may have become contaminated with trade effluent, 

since local authorities may require a limit on the amount 

discharged. Any proposed method must be capable of 

determining trace amounts of silver down to 0,1 p.p.m.

Many methods have been proposed for the determination

of small amounts of silver, but few of these are reliable

in the presence of organic material or at the concentration 

levels now imposed* Interference from common metals such 

as coppert lead and iron has not always been overcome.

For example in Jelly 1 s method y said to be sensitive 

to 50 ug. in a 50 ml, sample, silver is reduced in an



am&oniacal solution in the presence of gelatine, and 

the colloidal metal determined ooloriffietrlcallyf 

coppert cobalt f nickel, cadmium and iron interfere* 

Members of he Analytical Methods Committee who have 

investigated this method found it insufficiently sensi­ 

tive and adversely affected by organic matter and 

foreign metale *

Proceduree fcr determining silver down tc 0.5 and 

even 0.1 p.p»m« have been claimed involving abeorptio- 

metry of its complexes with dithizone or p-diethyl- 

aminobenzylidene rhodanine^. As will be shown later 

the Be procedures fail where organic material and sub­ 

stantial amounts of other metals are present. In any 

case aorae L easure of concentration by a factor of 10 

to 100-fold would be required before the method could

be applied to wat«*r containing only 10 ug. per litre.

Heller, Kuhlat and Maehefc have described the con­ 

struction and op* ration of a still desiimed to concen­ 

trate trace metals in several litres of natural waters 

prior to their determination polarographically or 

otherwise . Oaldwell and McLeod recovered 3.06
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from a total of 3.29 mg* of silver in a 40 litre sample 

(concentration about 0,1 p.p,m.) by 'occlusion 1 on the 

gelatinous precipitate obtained by adding ammonia, 

mercuric chloride, hydrochloric acid, and magnesium metals 

the element was determined gravimetrically in the form
K

of metal after cupellation . There are obvious reasons 

for avoiding methods of this kind which demand, inter 

alia, large volumes of sample, and in the absence of 

special apparatus and duet free rooms, sample volumes 

of greater than 1 litre would appear to be excessive*
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Preliminary InveBtigBtions*

A considerable amount of work had been undertaken 

at the request of the Analytical Methods Committee of 

The Society for Analytical Chemistry, and some early 

methods thought to show promise were reinvestigated* 

For example t-

1. Preliminary separation of silver, with or without 

previous destruction of the organic matter, was attempted
»

by chromatography on Zeooarb resin, silica gel, alumi­ 

nium oxide and on paper, followed b/ subsequent elution
\ 

with various combinations of organic solvents nnd aqueous

acids, or ammonia .

2. Aldridge*s method fcr the separation of silver as 

the cyanide followed by indirect determination of the
7silver* The cyanide is converted to cyanogen bromide 

by the addition of bromine water and, after the removal 

of excess bromine with sodium araenite, the amount of 

cyanogen bromide present is estimated by the Intensity 

of the orange-red colour obtained upon adding a dilute 

solution of beneldine in dilute pyrldine. The colour 

concentration depends, amongst other things, upon the
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water content of the pyridine and the time of standing 

of the solution.

3« Colorimetric determination of the silver after
o

reduction with aldehyde or euorose . This method has 

been reported to produce a detectable colour when the 

silver is present in a concentration of only 1 part in

25t000,000. The colour deepens upon standing.

4. Separation as silver iodide followed by liberation 

of iodine and its determination absorptlometrically in 

carbon tetraohloride«

5. Reduction of silver salts to metallic silver on a
q paper fibre and comparing the quantity of hydrogen

peroxide decomposed catalytlcally under standardised 

conditions with the amount decomposed by a series of 

standard samples. The degree of decomposition depends 

upon the surface area of the silver film, and therefore 

its thickness must always be the same for all analyses*

6« Coagulating and separating the silver rhodanine 

lake at the interface of an immiscible solvent.

Some of these methods had a limited success but a
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very serious difficulty was encountered in the readiness 

with which silver is absorbed on and not subsequently 

removed from glass (both soft and Pyrex), porcelain* 

silica and possibly calcium sulphate * Kamance has 

confirmed the absorption of silver on calcium sulphate 

and emphasised the need for solubilising any suoh solid 

residue from wet oxidation before proceeding with the 

final determination1®,

11 Hakaorura and Pukami have observed considerable

losses during the oupellation of silver in amounts of 

less than 2 mg« and, using Ig as tracer f found that 

most of the lose was due to absorption in the cupel* 

The loss increased with decreasing amounts of silver*

Crorsuch has recently shown that up to 47# of silver 

can be retained on ignition of its nitrate at 500° for

16 hours in a silica crucible, but his data (loc. cit. 

Table XX) points to a maximum loss of 5# in wet oxida­ 

tions involving a total weight of 10 ug. of the element*

However it is important to realise that if such a loss

were due simply to adsorption on the reaction vessels 

the actual weight of silver adsorbed might be of the
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same order when only a total of 1 jig* of the metal Is 

involved, in which event the total loss eould amount 

to as much as 50#. Such losses have been confirmed in 

reality when quantities of 1 ng. or lees of silver are 

manipulated in ordinary laboratory glassware and it has 

been shown that they can be significantly reduced by 

giving all glassware a water repellant coating of silica 

by treatment with a suitable reagent (see later)*

It is worth noting that ordinary untreated Pyrex 

glassware 9 in which a dilute silver solution has been 

evaporated to drynese, retains the silver so firmly, that 

even boiling with concentrated nitric acid for a conside­ 

rable period of time fails to redissolve the silver.

Sherrat has examined Sandell and Neumayer's method ^ 

for the determination of silver after wet oxidation of 

organic matter with a mixture of sulphuric and nitric 

acids, he established the conditions for preparing 

reproducible standard curves for minute amounts of silver 

in distilled water using a solution of rhodanine in ace­ 

tone and alcohol as a colour forming reagent. Inter­ 

ference by common metals and especially by excess of 

reagent could be supressed by controlling the acidity* 

Ifitrie acid was found to be preferable to sulphuric acid
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for this purpose but It must be freshly prepared by 
distillation from urea to remove all traces of nitrous 
acid.

The extraneous eolour froat 1 ml. of O.l£ rhodanine 
could be euprcssed by using 4 ml* of freshly prepared 
N-nitrio aeid diluted to 50 mle, with distilled water* 
The limitations of the method for the present purposes 
are clearly shown by the results given in Table I *

Table I

Recovery of silver from 100 mis. of drinking water* to 
which 0*05 g* of Quebracho Tannin had been added

Metal added jig A B C B K PO
Silver 0 5 20 0 5 10 20 Lead 0 0 0 100 100 100 100 Mercury 000 100 100 100 100 Iron 0 0 0 100 100 100 100 Optical 0.015 0.032 0.08? 0.030 0.032 0.048 0.102Density 
O.D, - 0.017 0.072 - 0.002 0.018 0.072corrected 
for blank 
Silver found - 2.5 11.2 - 0.2 2.7 11.2
n Hardness of drinking water was 120 p.p.m. calcium 

(as CaCOO and 44 p.p.m. magnesium (as %CO«)

The calibration curve, using a 1 cm. cell and a 
Ho. 604 filtert was prepared for 0-25 JUg. silver in a 
final volume of 25 mle.
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Some work has been carried out, as will be seen 

later on the determination of silver by the rhodanine 

method but it was not found to be sufficiently reliable 

at the concentration levels required. The results appear

to be very sensitive to changes in the aoidity of the 

final solution*

Scope of the present Work*

In the view of the proved inadequacy of the present 

procedures a new approach was called for. The alter­ 

natives would appear to be a search for a new procedure 

of adequate sensitivity or a study of concentration 

techniques which would enable some well tried analytical 

procedure to be used as a finish.

It would be unjustifiably optimistic to hope to

improve the sensitivity of existing absorptiometric 

procedures by the necessary factor of between 10 and 100 

times, except by fortuitous discovery of an entirely new 

type of reagent* Oa the other hand neutron activation 

analysis would appear to provide the required sensitivity 

in that a sample of only 1 ml. should ouffice if the
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 Q 
estimated ultimate sensitivity of 5 x 10 * g, could be

1*5
realised . This would, however involve Irradiation 

in a nuclear reactor for a period of a month, and 

although the subsequent chemistry could be greatly simp­ 

lified or Indeed replaced by tf-ray spectrometry it 

was felt that a speedier and less? specialised technique 

would be more generally acceptable*

The problem thus resolves Itself into an examination 

of three separate stages viz, (1) concentration, (li) 

separation from interfering elements, and (ill) final 

determination* Several possibilities were examined in 

each case and the final procedure which is given in full 

in Appendix A represents a compromise between acceptable

accuracy and general convenience*

Use of radioactive Silver,

In addition to the preliminary trials of a new 

method for determining traces of silver radiometrioally, 

of which account Is given later, extensive use has been 

made of radioactive silver to investigate the completeness 

of concentration and separation procedures, and especially 

to follow the losses of silver that may occur at all



stages, more especially through absorption.

Previous investigations have had limited success 

because the silver may be assayed by conventional means 

only when substances likely to Interfere have been 

removed, that is to say at the final et©g£ of an analy­ 

tical determination and no check is possible on the 

efficiency of any of the intermediate steps.

Flnoe radioactivity is a nuclear property, not only 

can each step involving a radioactive traoer be examinee!

for lo&s, but th® actual position of the radioactivity 

may be accurately followed, which is of great value when 

there la surface adsorption*

An essential requirement in using radio tracer 

procedures Is that the added metal crust be In the same 

chemical form and valency state as that in solution* 

When* any doubt exists about completeness of exchange 

due note must be taken when Interpreting results| 

nevertheless the method does hold considerable advantages 

over normal procedures.

If practicable neutron activation followed bf tf~ 

speotrometry would be a more satisfactory method, but,

as mentioned earlier, the Inconvenience of this pro­ 

cedure precluded its
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Concentration Procedures

A
It physical concentration by distillation is to be 

rejected, the possibilities presented by co-precipitation,

the use of ion-exchange resins, and the technique of sol­ 

vent extraction must be explored. Studies have been 

made in each of these fields using * labelled* silver 

throughout* It will be obvious that if the concentration 

stage can also be made selective, or ideally specific, 

for silver, the second stage* that of removing elements 

likely to interfere in the final determination, will be 

greatly simplified and overall losses may be greatly 

reduced*
c

The absorption of silver on amino-mercuric chloride^ 

has already been mentioned, Sandell and Heumayer 

recommend the collection of silver on tellurium * and the

same procedure has been used recently by Hamaguohi and 

Kuroda.

The lew solubility of silver sulphide suggests its 

possible collection on a suitable carrier sulphide* if 

this were a sulphide of Group II the precipitation in

acid solution would have the additional advantage of 

breaking down the most soluble complexes of silver with
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proteins and their degradation products, and also of 

minimising surface  b*?orption on glassware.

Oo-preolpitatlon by mixed crystal formation Is 

preferable since this could provide the separation from 

other metals which has already been mentioned as desir­ 

able* Lead, copper and mercury have all been used 

effectively as collectors and the use of all these 

metals was examined using thloacetamide and well washed 

hydrogen sulphide gas as precipitants*

Prom Table II it can be seen that recoveries of 

better than 99£ are easily attainable* The main dis­ 

advantage of scavenging with a sulphide in this manner 

Is that it will collect all Group II metals and thus 

the preliminary separation of metals which was hoped 

for» has not been achieved.

Sandell and ffeumayer's method was also investigated! 

in this the silver is co-preeipltated on tellurium pro­ 

duced by adding first sodium tellurlte and then stan- 

nous chloride to a sample of the water, containing 

silver, made 2!¥ with hydrochloric acid.

It was found that the tellurlt© solution was more 

effective if added in several small quantities rather
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than one large addition, and if the rolution was stirred 

in between additions until coagulation war complete. 

The method also appeared to work well if large quantities 

of organic material were present (tannin was used to 

simulate organic matter) but it was noted that at very 

high tannin concentrations the precipitate did not settle
s

due to the viscose solution*

The method is reported to be efficient down to 

0*5 p»p.m« and the present radiochemioal measurements 

confirmed this* Iron, cobalt* nickel and zinc may be 

separated from silver in this way, but lead is precipi­ 

tated as the chloride and the tellurium precipitate was 

found to carry down both copper and mercury.

This is inconvenient since, as will be seen later, 

it appeared that dithizone (diphenyl thiocarbazone) was 

the most acceptable reagent for the final determination, 

and these metals strongly interfere in the abe^rptio~ 

metric determination of silver by dithizone. Also 

ueiag Te ^ as traeer Mabuchi has found evidence that a 

1*8 x 10~^H solution of dithizone in carbon tetraohloride

will extract tellurium at pH 1, the same pH region as is
17 used for the extraction of silver dithisonate .



However it waa not possible to confirm this 

unequivocably.

It is therefore possible that whilst co~precipl- 

tatlon may be used as a quick and convenient method for 

eolleotlng small quantities of silver from solution, it 

cruet be followed by an extensive separation procedure 

if Interfering metals are to be removed* Nevertheless 

it is likely that the method would prove useful as a 

preliminary stage when the effluent contained substances 

which reacted with the other, more selective , concent­ 

ration reagents mentioned later*

Table 2

the efficiency of various metals for collecting silver 

by co-precipitation

Carrier Acid used Percentage
Precipitated

HgS ^4N HOI >98.5
OuS 44H HOI >99
PbS 0,1N HOI >95

Te 4 *H HC1 > 99
Te <4N HC1* >99 

ii Containing up to 5 g* per litre of tannin.



The use of ion-exchange resing *

There would appear to be nothing to be gained from 

the point of view of selectivity by attempting to con­ 

centrate the metals present in polluted water by means 

of a cation exchange resin* On the other hand the 

use of anion-exchange resins presents some interesting 

possibilities* This silver is known to be absorbed by 

suoh a resin in the chloride-ion form with values of 

the distribution coefficient Ept ranging from about 

1000 in neutral solution to zero in 10M hydrochloric
%o

acid , These differences are sufficient to permit 

its separation from palladium which is retained firmly
1Qeven in 10M acid . Marcus reports values of log 

ranging from 5.15 to 0*95 for the absorption of silver

on to Amberlite IRA-400 from 0*004M to 5.50M solutions
20 respectively of sodium thiosulphate .

Extraction from a cyanide medium should have many 

advantages since the high stability of this ion would 

ensure that the silver would be absorbed irrespective 

of the form in which it might be originally held as a 

complex in aqueous solution*



The danger of losses by adsorption on containers 

would also toe reduced* Furthermore, since compara­ 

tively few metals form stable complex cyanides the 

process of concentration would also achieve useful 

separation*

Using radio-silver and Amber lit e IRA-400 In its 

cyanide form the following values were found for the 

distribution coefficient at various concentrations of

«yanid« in the aqueous phase.

* This worfc was done by Mr. 0.L, Reed but for the sake 
of completeness is inserted here*

Molarity of
cyanide in 0*25 0*50 1*00 1.50 2,00 3*00 4*00 5.00
aq» phase

log K 4.04 3.53 3-03 2.70 2.42 1.87 1.44 0.95

These figures imply that if 100 mis. cf water con­ 

taining 1 jig, of silver were to be equilibrated with 10 

grams of cyanide resin such that the concentration of 

the cyanide ion in the aqueous phase was Q.25M or lees,

99*0£ cf the silver or better would be absorbed. Thie

was confirmed by experiment, using radio-silver, and 

excellent decontamination from a number of other elements



was shown to be possible without significant loss of 

silver* for example copper, lead, and mercury were 

found to be eluted by 20 column volumes of 2M potassium 

cyanide*

The removal of silver quantitatively from a cyanide

resin was found to present unexpected difficulties* 

"Plutlon with 6M potassium cyanide was effective but the 

resulting solution contained large amounts of ions which 

seriously Interfered with the subsequent determination 

of silverf quite apart from the unpleasant nature of 

the eluant. Strong ammonia and 5$ hydrochloric acid 

were ineffective and large volumes of ace tone-hydro­ 

chloric acid mixture were needed to effect a quanti­ 

tative elation. Dry ashing of the resin lead to con­ 

siderable ICSP of silver. Wet ashing with concentrated 

sulphuric acid induced carbonisation but the use of a

mixture of concentrated nitric and perchloric acids was 

very effective. The most convenient method of removing 

the silver quantitatively was found to be by warming it 

with concentrated nitric acid in an evaporating basin* 

The contents of the basin are then taken to dryness 

under an infra-red lamp and the residue treated with



molar sulphuric acid, any remaining resin being removed 

by centrifugation*

Silver was found to be quantitatively absorbed on 

an anion-resin in the chloride ion form from a solution 

containing a large excess of lead, copper, iron, mercury 

and tannin* Elution was readily carried out using 2M 

ammonium hydroxide* This procedure appeared to be 

more suitable than the cyanide method for it produced 

the desired concentration of silver and provided a 

solution containing no heavy concentrations of s- Its or 

interfering ions. Since, however, the value of Kp is 

rather critically dependent upon the concentration of 

chloride ion, which reduces the percentage absorbed by 

the resin when present in even quite low concentration, 

this procedure could not be recommended for natural 

effluents of unknown and variable halide ion concen­ 

tration*

Solvent Kxtraotion

The immense advantages of this technique for 

purposes of concentration and separation hardly need 

emphasising* The apparatus io Inexpensive, being
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limited to a few separating funnels$ the noperations 

nay be carried out quickly, thus the technique lends 

itself to use in laboratories which hare a need for 

frequent routine analysis* Although in practice it is 

not usually possible to obtain a sensitive reagent 

specific for one metal onlyt by Judicious control of 

pH and the use of competitive completing reagents which 

will with~hold either the required metal or the unwanted 

ones t a very fair degree of separation may be obtained. 

Experiments can conveniently deal with volumes of
«

up to a litre 9 and if the partition coefficient of the 

complex is high (ea* 10*) over 99$ of it may be extracted

into 10 mis* of an organic phase, effecting a concent-
o 

ration of 10 in one pass. Consequently solvent

extraction not only offers the advantages of concent* 

ration, but at the same time a chance of preliminary 

separation*

In order to extract ionic silver it is first nec­ 

essary to convert it into an uncharged complex by 

coordination with a suitably charged ligand. The 

chemistry of silver suggests that chelatlon through 

sulphur would be preferable to chelatlon through



nitrogen, and that phosphorus or arsenic would be even
21 

better ae donor atom® « Few oultablo ohelating agenta

baaed on phosphorus or arsenic have been examined and 

the choice between the sulphur compounds BAL 

eroaptopropanol) and dlthleone (lv $*»diphenyl« 

oformasan) wa© made on the basis of the difficulty of 

removing silver from its complex with the former, and 

greater selectivity of the latter*

If the dissociation constant of the acid conjugate

to the llgand I* i© given by

Cll

and the stability constant of the complex mL is

and the partition coefficient of the reagent 1®

Pr - o

and the chelate

Pc o
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assuming that the m&tol forme no appreciable amounts of 

hydrolysis or arirm coordination complexes, a**d t at the 

concentrations of 1&p intermediate species are negligible,

then the distribution ratio q, where

<l - Thf* total concentration of aetal in the organic phase

The total concentration of metal in the aqueous phase 

is given by

and from I f 2 f 3 t 4 and

6

a* 1C n

8inee t therefore t the fti^riwttion of the metal between 

the aqueous and organic phaeer is determined for the

weakly acidic rea&ent dithissone (HDz) by the equilibrium
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CSAEH 1

The extraction curves of some metal dithizonates into

chloroform

100

/o Ex

PH



given In equation 7 considerable selectivity a&ay be

i; posed upon the concentration stage by the appropriate 

choice of pH,

Graph 1 shows typical extraction curve 0 of the metal 

dlthiEonates from chloroform. It can be seen that this 

reagent provides silver complexes which are very stable 

in acid solution* In tha presence of excess of the 

reagent this stability appears to be even more strongly 

pronounoed, with extraction not falling below 9$# until 

the acidity of the aqueous phase is greater than 12 

normal*

If eouation 6 is applied to silver dithi«onate 

(AgDs) and copper dithiaonate (OttD«2 ) e

and
_ o

QuXtt <•> i\ CjUJDSE'o OtlljR — r O **.^p^^»^^^ ^^ 4M^ i^* ^^ "—— ^^ ' Ljt ^^ ̂ ^»^«^ ^^ *7 ^^ ^*^ n
________^"'- — t^mfummaJSmam '•TMOi• .mi•—•—— — ---- -• —— •*

T?

and dividing ? fey 9

s -
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where S is the separation factor. Taking approximate 

values of 1018 for ft p, 1027 for

10 for pp and 10** for K^ and inserting in equation 10,

S is found to he 10 , thus affording considerable separ­ 

ation*

The solvent extraction of very dilute solutions of 

silver in sulphuric acid (down to 0,01 p. p.m.) was 

studied with the aid of labelled silver. Over a wide

range of acidities the extraction of silver was effect­

ively quantitative in a single extraction, and tannio 

acid, used to simulate organic matter present in trade 

effluent i was found to have no adverse effect in concen­ 

trations of up to 5 grams per litre. Over 95# of the 

silver was removed at one pass from such a solution 

containing 20 jag. of silver per litre,

At any given pH the extraction of silver takes place 

in preference to that of mercury, copper , zinc, lead 

etc., and if the extraction is continued until a further 

portion of (diluted) dithiaone remains green, the 

removal of silver will certainly have been complete.

The high stability of the silver dithiaone complex and



the favourably high distribution coefficient in strongly 

acidic media has the further important advantage that 

the metal can be extracted from aqueous solutions in 

which it may be present as complexes with amino-acide 

or other breakdown products of proteins* Considerable 

concentrations of chloride ions were not found to

inhibit the extraction.

By using a synthetic effluent containing, besides 

silver tannin, mercury, lead, copper, and iron dissolved 

in ordinary tap water it wa© shown that after acidifi­ 

cation with sulphuric acid to approximately 0*5**, three 

extractions with 5 ml* portions of dithizone solution 

(10 mg/1*) were sufficient for the quantitative removal 

of silver fro® up to 500 mis, of sample*

The procedure is therefore admirably suited for the 

primary concentration of silver by a factor of 10 or 

better and it has the added advantages of speed, the 

use of readily accessible apparatus and reagents, and

the immediate separation of silver from much organic 

matter and from the alkaline earth metals which, in any 

wet ashing procedure, provide a bulky residue of solids 

on which the silver is readily and strongly adsorbed*



In a few experiments with synthetic effluents, a 

solid sometimes separated at the water-carbon tetra-

chloride interface. Measurements of its activity 

showed it to contain appreciable quantities of silver. 

Whenever such a scum appears it should be transferred 

with the organic phase for further treatment*

The separation

!Phe choice of method to be used in the final deter­ 

mination of silver will, of course, decide the extent 

to which a preliminary separation of interfering ele­ 

ments will be necessary, and it will influence equally

the choice of the primary method of concentration.

After some experience with the rhodanlne method 

fcr silver It was decided to use an absorptlometrio 

finish for silver with dithlsone as colour developing re­ 

agent.

The red~colcured product formed by p~dlethylamlno- 

beneylldene-rhodanine with silver is Insoluble, so that 

the determination with this reagent le based upon the 

photometry of a colloidal suspension. The colour is

reported to vary with the time of standing and the pH,



the optimim aoidity being 0.05 N.

The relation between the colour of the colloidal 

suspension and the silver concentration is linear only 

up to 1 p.p.m., but as little as 0.05 p.p.m. can be 

detected* Gold, mercury, and palladium also react in 

acid solution. Measurements showed that 0.05 N acid 

solution indeed provided the maximum colour intensity, 

but upon increasing the acidity to 0.08N the optical 

density of the solution dropped from 0.096 to 0.076.

The definite instability of the colloidal pre­ 

cipitate and its sensitivity to acidity changes made 

rhodanine a much less convenient re agent to work with 

than dithizone.

"Merkupral" (tetraethylthiouram dishlphide) has 

recently been recommended for the determination of

sliver in its ores and is send to be specific fcr this
op

element . This procedure depends upon the bleaching

by silver ions of the colour of the merkupral copper 

complex and the sensitivity does not appear to be so 

great as that of the dithizone method, which can be 

made as specific b a suitable choice of reaction 

conditions.
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Kxhaustlve extraction by dlthizone of an aqueous 

phase 0.5N with respect to sulphuric acid will remove 

varying amounts of mercury, copper, and palladium In 

addition to the whole of the silver* The presence of 

large amounts of palladium Is not anticipated in trade 

effluents and up to a 10-fold excess will not invali­ 

date the final determination of silver*

Using radioactive silver we confirmed that when an
*

organic solution containing the dithissonates of sllver9 

mercury, and copper was shaken with an acidified sol­ 

ution of ammonium thiocyanate the silver is reverted 

into the aqueous phase, and that the process is quanti­ 

tative for ammonium thiocyanate * provided that the con­ 

centration of the (sulphuric) acid was below 2!f. Other 

experiments showed that copper and mercury remained In 

the organic phase* The acidified ammonium thiocyanate 

was also found to dissolve any Interfaclal scum containing 

silver, presumably as an anionie complex*

Before the final absorptions trie determination of 

silver it was necessary to remove all thiocyanate ions*

This was most conveniently done by adding sulphuric acid 

and taking down to fuming under an Infra red lamp* The
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residue oould then be taken up quantitatively in a little 

nitrie acid to which urea and hydroxylamine were added 

to prevent any oxidation of the dithieone by nitrous 

fumes in the final stage.

A0 previously stated, radioaotive silver was used 

to study the completeness of every stage and combination 

of ?tages in the proposed procedure. It was soon dis­ 

covered that losses of silver by adsorption on the 

walls of the vessel eould be very serious* For example 

losses of up to 50# occurred from simply shaking a solu­ 

tion of silver nitrate (1 p.p.m.) in a clean stoppered 

£yrex tube* This adsorption was moat troublesome when 

a dilute silver solution was evaporated to drynass and 

considerable difficulty was experienced in devising a 

method to reeover all the silver after fuming with 

sulphuric acid* Porcelain, pyrex and even polythene 

surfaces all adsorbed silver in the oold and the amount 

always increased upon heating. However it was found 

that absorption on a fused silica surface was very small 

and even losses sustained during evaporation could be 

made negligible if heating were carried out by means of 

infra-red heaters*



The importance of using fused silica vessels in

conjunction with infra-red heaters for evaporations, 

and of coating all glassware with a silicons surface 

cannot be emphasised too much, since if these precau­ 

tions are not taken there can be no hope of carrying 

the silver all the way through the analysis*

The absorptiometrio determination of silver

The final stage can be carried out by

1* Measuring the absorption due to the yellow silver
  * 

dithieonate complex at 462 npi ^

2* By measuring the decrease in absorption of a stand­ 

ard dithizone solution at its maxima of 620 mu or 450 mu.

3* By a reversion procedure*

4. By observing the colour change that occurs Then 

silver, due to its superior completing power with dith­ 

izone, replaces copper from a solution of copper dith- 

ijsonate.
*

Determination of silver in the range 0 - Ijog, was 

studied using a dilute solution of dithizone in carbon
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tetraohloride (5 mg/1.). In order to obtain adequate 

sensitivity when tiny quantities of silver were present, 

only a limited volume of extract was available and it 

was necessary to use micro-cells with a light path of 

10 mm. and holding about 0*5 ml.

When using a 'Spekker* absorptlometer the Ilford 

Spectrum Orange No* 607 filters (with maximum trans­ 

mission near 600 mu.) were found to be the most suitable 

for measuring the concentration of the residual dithi-

zone (method 2), but the mixed colour determination of 

silver dithizonate ( \rnax * 462 m) in the presence of 

excess dithlaone (method 1) was found to be very unreli­ 

able owing to the closeness of this maximum absorption 

to the secondary absorption peak (450 mu) of dithlzone* 

Under these circumstances any Increase in the absorption 

at 462 mu. due to the formation of more silver dithi-* 

zonate will be offset to a certain extent by the decrease 

in concentration of the dithizone itself. Since the 

extinction coefficient of dithizone at 462 mu is about 

18 x 10 t and that of silver dithleonate at the same

wavelength 30,5 x 10^ the sensitivity of measurements
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carried out would be the same as that achieved with a 

monoeolour determination when the extinction ooeffi~ 

dent had the relatively low value of 12   5 x 10^.

Moreover the beet Ilford filter available In this 

ease had a comparatively low transmission and the over­ 

all sensitivity WBB poor* It was not considered satis­

factory to rely upon a mono-colour method which would 

entail stripping excise of dlthlfcone from itr extract- 

tion mixture with silver dlthissonate with alkali, since, 

although the keto dlthleonate is reported to be stable 

to alkali 9 a red solid, (supposedly a polymeric 

form ^) irreversibly separatee upon standing.

If the final silver solution to be determined still 

oontalaed comparable amounts of copper or rorrcury the 

reversion method could be used to advantage. Por if

<L. O^t CL and CU and the concentrations and p . ^ t S T o m u c B W c o
and c* are th® molecular extinction coefficients m ca

of silver dithi£onat<* 9 eopper dlthiaonate» mercury dlth-

iEonate, and the ditfaizone excess respectively, the total 

abeorbancy AJJ and AR before and after shaking with

acidified thioeyanat© (which will revert only silver 

dithieonate to an equivalent amount of dlthl&one) will 

be given by
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and

- V. * £c°c * 4°m * Vd

whence the reversion value A « (A^ - A^)   C (£* - £

As predicted the reversion curve (the plot of A 

against the concentration of silver taken) was linear 

over the range 0*2 jig* The reversion method has the 

advantage that the slope of the calibration curve can 

be readily cheeked by carrying out the reversion proce­ 

dure with a single known concentration of silver, since 

the calibration curve passes through the origin* A 

greater advantage in practice is due to the circumstance 

that the position of the calibration curve does not

depend upon the actual concentration of dithieone used,

so that problems involved in preparing or maintaining 

solutions of this notoriously unstable reagent are 

largely circumvented.

In preliminary work during which anion exchange 

resins were considered as a moans of concentrating 

silver it was anticipated that the final determination 

of nilver might have tp be made in the presence of small
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amounts of copper.
24 The method recommended by Leopoldl was therefore

re-examined, which makes use of the fact that silver 

will displace copper from the violet cuprlc keto-dithi- 

zonate to give a series of mixed colours ranging from 

violet to yellow. This method was found to be excell­ 

ent for the determination of silver in the presence of 

copper but the simple method, 2» or the reversion pro­ 

cedure, 3i was preferred because (a) the colour changes 

are more definite If visual matching is used (b) the

standard solution of copper'dithizonate appeared to be 

quite photosensitive and needed frequent restandardi­ 

sation and (c) absorptiometrlc determination of the 

optical density of the mixed colour solutions Involved 

the use of the Ilford Spectrum Blue filter and the 

sensitivity and reproducibility were less satisfactory 

than in the other methods examined*

If no photoelectric instrument is available it is 

possible to assess the eolour intensity of the final 

dithizone solution by visual comparison, although it is 

much more satisfactory to use an absorptiometer, or 

better a spectrophotometer for the final determinations.



41

The aqueous phase containing the silver, after destr­ 

uction with thlocyanate, is placed In a micreatestube, 

a dilute dithizone solution io added and the two phases 

mixed by agitating rith a glass rod flattened at one 

end.

The final colour of the organic phase in then 

compared with a series of standard* made up previously*

If the quantity of silver in the standards is varied by 

about 0,2 jog* the final determination should be accurate 

to within £ 0.1 jjig*

The final procedure for the determination of 

silver using solvent extraction to concentrate the ele» 

ment, selective reversion to separate It from inter­ 

fering elements, and an absorptiometrlo determination 

with dithiaone is fully described in the Appendix* 

Over the range 0 «*> 1 jig, in the final solution an 

accuracy of £ lOjfc was achieved under optiiaum conditions 

which would appear to be adequate for the proposed lo^er
o

limit of 1 part in 10 when using a 100 ml* sample* 

With higher concentrations of silver there is an 

appreciable increase in accuracy.



flame Photometry

It has be^n reported that by the use of arc 

spectrographio methods, silver may br estimated down

to 0,03 p*p«m* by comparing the 328 up. silver line 

with the 325.6 line of an indium standard*

Clearly a time consuming epectrographic method 

would not find favour for frequent routine analysis 

but It is possible that laboratories with flame photo­ 

meters could uee them with advantage for the determin­ 

ation of silver If the method proved adequately sensi­ 

tive.

Using a Beckman flame photometer with a natural 

gas-oxygen flame a detection sensitivity of down to
OR

2 p*p*m* has been reported but this may be Increased

under favorable conditions, fhe sensitivity may be 

compared with that of other elements by dividing the 

detection sensitivity Into one hundred. Some values 

are given below, the wavelength® in mu* to which these 

figures refer ©re given in brackets after the aentsltl- 

vlties

Ag Cu Fb Ha
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The relative positions of the more common lines are shown 

in Graph 2.

It is unlikely that a flame photometer could be used

directly for the analysis of tha sample of effluent 

because of interferences due to both anions and cations 

present.

The second most p^rsistant silver line (338 m») is 

known to decrease in intensity with added anions in the 

order nitrate, acetate and sulphate and although the 

first persistent line 328 mjcu remains unaltered copper 

(327 n») is likely to interfere at this wavelength*

It is not feasible to introduce dilution tech­ 

niques to reduce interference! due to the initial low 

concentration level of the silver, neither can radiation

buffers be used, since the nature of the nterfering

substances is not likely to be known and will vary from 

determination to determination.

Consequently if flame photometric analysis is to 

be used it znuet be proceeded by concentration aad sepa­ 

ration stages In order to obtain a final solution suit** 

able for measurement*

As can be se^n the lines for silver (328.1 and 338.3



GRAPH 2

Background prodaced by hydrogen - oxygen and gas

oxygen flames
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mu) fall on a region of high wat"r background and it is

importantf in order to get good accuracy, to measure as 

narrow a band width as is feasible. This gives the 

best signal to background ratio*

By courtesy of Messers Unlearn Limited it was possible 

to carry out measurements of the S.P.900, a new direct 

reading prism flame photometer of high resolution, 

incorporating an oxy-acetylene burner* Solutions con­ 

taining between 1 and 50 p.p.m. of silver in sodium 

perchlorate solution were measured by scanning the silver 

bands 9 using the narrowest band width.

It was found that the silver peaks do not appear

to stand out well above the water background f even with 

relatively large quantities of silver, and, in addition, 

the sensitivity leaves much to be desired.

Prom the results quoted below in Table 3 it appears 

that less than 5 p.p.m. may not be determined with this 

instrument and at higher concentrations considerable 

er- ore may be involved

Table 3 

Ag p.p.m. Scale reading (0-10)

50 3.6
25 1.7
10 0.8
5 0.43
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It appears that no advantage will be gained by sub­ 

stituting flame photometry for the more conventional 

methods of absorptiometrio analysis*

From the foregoing data a method for analysis of 

silver in trade effluent was proposed in the form to be 

found in Appendix A at the end of this section* The 

method has been devised bearing in mind the simplicity

of equipment and convenience of handling* Solutions

were made up as in Table 1 tc simulate effluent con­ 

ditions, and varying amounts of silver added*

Table 4

ver added

15.0 ;ag
10.0
5.0
0.95
0.70
0.50
0.50
0.20
0.50

Quantity of
solution

100 mis.
100
100
100
100
100
200
100
500

Parts^per
108

15
10
5
0.95
0.70
0.50
0.25
0.20
0.10

Silver
found

13.3^
8.5
4.3
0.85
0.60
0.40
0.42
0.20
0.25

An independent series of experiments were carried out at

the laboratories of British Drug Houses Limited and the 

results obtained are in Table 5 below



Table 5

Silver Added Silver recovered

3 2*80
5 4.70

10 9*70

A number of measurements were also carried out at the 

laboratories of Boots Limited and efficiencies achieved 

varied between 67^ and 90J&«

Hadiometrie methods

Although it was considered preferable to develop- a 

method which did not involve the use of radiometrie measure­ 

ments in its final form, some experiments have suggested 

that a new method for the determination of silver could be 

developed from the following considerations,

Let us suppose that a solution of silver keto-dithi-

zonate in an organic solvent is prepared from radioactive 

silver and completely freed from excess of unreacted silver 

or dithieone.

If this solution is equilibrated with an aqueous solu­ 

tion containing a much smaller amount of inactive silver
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the Isotopes will exchange and the amount of the radio­ 

activity In the aqueouB phase will be a measure of the

airount of Oliver originally preeent there* If the 

specific activity of the silver available Is sufficiently 

highf a very sensitive method becomes available for the 

determination of traoea of silver*

If the equilibrium constant for the reaction

Ag* - HIte « AgBz + 

10 given by

K « [AgDBlCHfl u

and making use of equations l t 2» 3 and 11

12

Mo

Specifically let

s a * number of moleo of radioactive eilver originally

In the organic phase

S^ * ntmber of taolee of inactive silver originally 

present in the aqueoue phaee
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m the number of mole a of silver which, at equilibrium, 

have gone from the organic to the aqueous phase

» the concentration of acid la the aqueous phase 

? and V « the volumes of the aqueoue and organic phases 

From the above JAgDaJ o » (S& -

whence

at constant hydrogen loa concentration*

fhe total amount of activity in the system 1® pro~ 

portlonal to 8 . fhe total amount of silver In all forme 

is Sa *  S. and the amount present In the aqueous phase 

at equilibration will be S^ *  x^. The activity of the 

aqueous phaee will thus be proportional to the quotient

If the specific activity of the r.llvor is a o«p.m« 

per gcu mole, the radioactivity of the aqueous phase 

be given by
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14
(sa

et oonstant hydrogen Ion concentration equation 13 gives 

«

Applying the general solution of a quadratic equation to 

15

J» ^,0. yi f * 4 16

and subetitutlnr the value of x from 16 Into 14

-> as
4. - 4 S 17

t  

\
JL. C«* " J

It S^ IB e&all compared with Sa» and since K 1   Is large 

compared with 1 equation 17 becomes

Sl *

A linear relationship between the count of the atfueoue
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*

t 3QO .

III
Calculated ajid eacperimeatal points for the 
equilibrium between radioactive silver 
dithizormte solution and inactive silver 

aqueous solution

(0 - 10 pg silver)

O Qalcialated 
s\ Experimental

(0 - 1 ig silver )



phase and small amounts of added silver would therefore be 

expected so long as the assumptions made in deducing 

equation 18 were valid.

A strong solution of radioactive ©liver dithizonate 

in carbon tetrachloride was shaken with twelve times the 

volume of aqueous phase made 0,5 N with respect to sul­ 

phuric acid containing varying amounts of silver. The

aqueous phase was then c unted* Independent measurements 

making use of the optical density of the silver dithieonate 

solution, its extinction coeff cient and count provided 

a value for a hence the value for H could be calculated* 

It is clear from Graph 3 that the experimental data con­ 

forms to that theoretically predicted, and the calibration 

graph is linear over the range 0-1 )*g. It should be 

quite possible to determine quantities of silver as low 

as 0*01 ug. by this method.

The only difficulty with the method, apart from the 

need to silicone all glassware 9 was the inaccuracies pro­ 

duced by a red solid which separated out from the silver 

dithiBonate solution on standing. To avoid any inaccur­ 

acies that its formation might &neur» the silver dithi-



Eonate solution must be freshly made up before use*

If no inactive silver be added equation 13 reduces to

K   \V»^   *..  / » f ^i Q

By measuring the activity of the aqueous phase and 
knowing »8 t a aeries of value K for x.^ may be obtained for 
varying hydrogen ion concentration, and hence K* ay be
calculated.

7 Values of K1 varied between 1,73 x 10' in 6.34N sul-
7phuric acid to 5*57 x 10' in 0*63 # sulphuric acid.

Talues cited in the literature obtained by more convent-
7 27 ional methods are 1.5 x 10 for 6 W sulphuric acid ' and

7 Pfl»7 x 10' for ionic strength 0.1 .
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Etadig chemical check on the efficiency of analysis,

It le possible, in spite of losses during an analy­ 

tical assay, to carry out an exact analysis by means of 

an Isotope dilution method.

Suppose that a solution contains x ug. of silver 

which is unknown, and which is to be determined, and to 

this is added a known amount y j*g. of active sllvorf of

known specific activity affl o.p.m. per gnu mol*H
After passing through the analytical process the 

total quantity of silver is found (0ay eolorimetrioally 

as silver dlthlzonate) and the amount of activity present

Is also measured. Let ue aacurue that thp final volume of 

silver solution upon which the assay takes place Is V mis. 

and for the final determination only a fraction of the 

initial silver f remains. 

The total amount of silver initially is

* y) icr6 mole

where Ag is the atomic weight of silver 

and the final concentration Is

iff""3 T
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The abeorbenoy of the silver dithizonate at thfc absorption 

maximum (462 zju) will be

A - (* f f) 10~3 g £ 462 22 
Ag V

If f .g2 is the extinction coefficient of silver dithl- 

zonate at 462 nip. and 1 cm. cells are used*

Now the activity of the added silver solution will be

R * y 10**® ag o.p.a«

For the final count the specific activity will now be

T. .a8

so the final count should be

«*6t* * y .a... x 4> y * 10 K p  --

Any difference between 1^ and !L therefore is a measure of 

the leas of active silver in the solution and if this 

exchanges with the inactive salver it is a measure of the 

total loss of silver during analysis,

i.e. T * B
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So from 22 and 23

- y 24

1 fl
10 462

In practice it is more convenient, as was mentioned 

earlier, to measure the decrease of the optical density 

at 620 mu due to the formation of the silver dithizonate.

When no silver is present f if 1 cm. cells are used,

Al s * HBz cl 25

°2 26

The extinction coefficients referring to 620 ran 

Subtracting 25 from 26

C2 

But since silver dithizonate is a Isl complex c-% - c * e«

- A2 = ^A = £ HD* (cl - c) "

From 21 f 23 and 27 we then get.

x - AtAg, V R4 _ y gg

Thua equations 24 and 28 provide a method for the calcula­ 

tion of x.
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SOME THEORETICAL INVESTIGATIONS INTO THE APPLICATION 

Of SOLVENT EXTRACTION TO COMPLEX CHEMISTRY

The Determination of acid dissociation constants.

It would be of considerable value if the utility of 

a particular analytical reagent could be assessed from 

theoretical principles. Much work has been done in an

attempt to make this possible, data has been accumulated,
23and many valuable deductions have been made *

The methods used consisted of comparing the acid 

dissociation and metal stability constants of a number of 

closely allied compounds, having previously determined 

these constants by tltration, with either hydrogen or 

glass electrodes as hydrogen Ion concentration indicators.

This method has been used extensively for substances

which are soluble in water but, unhappily, it may not be 

applied directly tc compounds which are soluble in an 

organic phase but only slightly soluble in water. 

Although measurements have been made in mixed solvents, 

the interpretation of results to make them comparable with 

those obtained in purely aqueous media is difficult, and 

there has been a general tendency to quote a mixed



stability constant of the type K1 in equation 12 ^ * ** . 

Since this involves the partition coefficient of

both the acid and the metal chelate, clearly any diffe­

rence in the value of K1 obtained when altering the chel-
\

ating agent will reflect, not only changes in the stability 

constant, but also variation in the partition coefficients 

involved in the constant K*«

In order to obtain a clearer picture of these changes 

attempts have been made to obtain true acid dissociation 

constants for such substances as dithizone in which the 

partition coefficient is very much in favour of the 

organic phase*

Thus measurements of the distribution of a weak acid

between water and an immiscible organic solvent lead tc

values of a 'mixed 1 dissociation constant K' wheref

..... tad

from which, value of the true acid dissociation constant 

may be calculated , provided that the partition coef­

ficient pr has been determined from a subsidiary series 

of experiments
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Dyrsren has obtain d value e for the true stability 

constant of dlthl&one by making use of solubility measure 

ments^t and for oupferron and oxine by mean© of a two 

phase tltration technique » The last method is likely 

to prove the moat convenlentt since a series of experi­ 

ments are replaced by a single tltration* Consequently 

some time was given to th® problem of applying a two 

phaee tltration to the measurement of the acid dissoci­ 

ation constants of dlthieone and its related compounds*

Let us assume that a solution of dlthieone in

carbon totrachloride t in contact with an aqueous phase, 

IB titrated with strong caustic eoda from a micrometer 

syringe 9 eo that there is no appreciable change In volume 

of either phase.

Applying the condition of eleotroneutrallty

[IT] - [art + [ir] 29
or [if] !? Qtatl * &*1 - V [H] 30

If, therefor^, the hydrogen ion concentration of the 

solution Is known f the free llgand ion concentration IT

may be calculated from the known concentration of added 

alkali »
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If the volume of the organic phase is VQf that of the 

aqueous phase V_, and the Initial concentration of the
WF

ligand [snQ T

T To   M o To » < M * ^J ) Vw 31 

and Inserting values from equations 3 and 1 into equation 

31 we get

vo

If Y py Vw which Is likely since VQ will be of the 

same order as Vw and pr will be large, equation 31 reduces 

to

»r * __ 33 
JVJ

For dithieone PjKy will have a value of the order 

for the carbon tetraohloride water system, JHlfr will

mAbe of the order of 10 , so if YW « VQ the following 

related values for the hydrogen ion oonoentratlon and the 

reolprooal of the free ligand ion concentration are 

obtained
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or) i/ [IT]
10~U 1.01 x 1Q~4

io~10 1,1 x icT4
2,0 x 10~4

1,1 x io~5
10~7 1.01 x 1Q**6

The significance of these figures Is that If the free 

llgand Ion concentration JjcT] IB to be calculated from 

equation 30 Its value Is likely to be too small to be 

determined accurately In solution more acid than pH 8, and 

the differenees likely to b<* met with are likely to be 

very email at pH's 111 excess of 9* Hence significant pH 

measurement® are limited to those obtained from solutions 

of acidities varying between pH 8 and 9 f a difficult region 

to work with in unbuffered solutions,

It Is, howevert possible to earry out titratlons in 

the preeenoe of a buffer, making work in the pH range 8 

to 9 practicable.

If the acid diesoelation constant of the buffer Is 

given by

34



then equation 29 becomes

+ [H*] * [or*] + [IT] «. [B~] 35

now

[HB] T « [HBJ * jr] 36

assuming that neither species JWJ or IVj appreciably 

partitioned into the organic phase. 

Thus combining 36 with 34

37

Inserting the value of IB J from 37 into 35 we get

38
p]

and this value may be inserted into equation 33.

A number of titratione were carried out to test the 

validity of these equationa t using dlthiajone as the lig~ 

and acid HL, but results were not found to be satisfactory 

due to the time taken to achieve equilibrium after adding 

alkali. It was found that immediately after addition of 

alkali the aqueous phase became more alkali than the
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equilibrium value, but as the phases were well mixed the 

equilibrium value was slowly achieved.

The method of stirring is quite clearly of prime 

importance but it was found that even when a most efficient 

centrifugal stirrer was used, which forced one phase 

through the other at high speed, between five and ten 

minutes were needed to obtain a stable state. The time 

required for a titration was therefore likely to be con­ 

siderable 9 and so 9 for the sake of convenience* values of

were obtained from a series of individual equili­ 

bration experiments9 and pr found independently by 

measurements to be described later.

The deteriaination of metal stability constants for complexes 

which are insoluble in water

It was mentioned earlier, that when the chelating 

agent, HL, and the metal chelate MLn are only slightly 

soluble in water, but favour an immiscible organic phase,

it was common practise to define a mixed constant of the

type K 1 in equation 12,

It would appear possible, however, to find the true
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stability constants for stepwlse equilibria, even when 

equilibrium between 2 phases is involved, if use is made 

of the additional information which can be obtained by 

using a metal 'labelled 1 with a radioactive isotope*

Let us assume that an aqueous solution containing 

a total amount of metal CM (added as perchlorate), is in
MK*

contact with an equal volume of immiscible organic phase.

containing a total amount of ligand 0** Concentrated 

alkali 9 say caustic sodaf is added from a mlorometer 

syringe t so that there is no appreciable Increase in volume 

during the process of tltration*

If the metal Is divalent and only a neutral speoles 

is extracted, we have

and

• IHL] + I~L] 4-fnL] * 2 fin*,,] «• 2 [ML-/] ^ •* LHL! 40* * • * *'\ i. fj ri "• •• n

Applying the condition of electro neutrality

*J * [ML*]

Substituting for O from 39 Into 41
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[H] - [OH] » pj + [ML] * 2 [ackj + 2 [ML^ 42

and substituting from equation 40

[wa] + In] - [OH] « c^ - (m] - [HL| O 43

and from 1 and 3 equation 43 becomes

r~7t
44

Thus provided that the;partition coefficient and the 
acid dissociation constant e-f the acid conjugate to the 

ligand [iTJ are known, it is possible to calculate the 

free ligand ion concentration [x»~].

The normal procedure to complete calculation for a 

one phaae system would be to combine equations 39, 42 and 

2» (pr " P0 "  0), giving an equation of the type

PO - M

and by substituting the values for JY] from 44 into 45, 

for different quantities of added alkali, a number of 

equations may be obtained which may be solved for and
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Unfortunately if this procedure is carried out for 

a system for which p and p are not negligible compared 

with If then on solving equation 45, values for /3, and

p would be obtained! but it would be impossible to

find the individual values of /3L and pc without additional 

information*

Iff however, the metal is radioactive, its distri­ 

bution ratio, q, may be measured*

Hew q » total amount of metal in the organic phase
\

total amount of metal in the aqueous phase 

so q » p0 ft2 |LJ 46

It will be obvious that in equation 46 the term A^ is not 

multiplied by (1 * p ) as in equation 45»

If, therefore, in addition to measuring the hydrogen 

ion concentration of the aqueous phase, upon adding alkali 

to the two-phase system containing metal and cholate, 

the distribution ratio of the metal between the two phases 

is determined, a further equation relating p , /3 , A and

is obtained from which can be calculated »/3
e and hence p «



From the purely practical aspect It should be 

remembered that experiments of this type may be carried 

out as a continuous tltratlon or as a series of separate 

extractions*

Provided that equilibrium between the two phases Is 

quickly established, the former is the more convenient, 

but in this case the tltration vessel must be modified to 

allow asBay of the activity of the two phases after each 

addition of alkali*

The stability constants found in this way are true 

stability constants and may be directly compared with

those obtained from measurements carried out in a single 

aqueous phase, provided that the two phases are immiscible. 

In practice, of course« the system is not made up of two 

completely separate solvents, but two solutions of one 

solvent saturated with the second.

If there is any effect due to the criseibility of the 

two solvents, it might be expected to make itself apparent 

in two different ways. It might affect the hydrogen ion 

concentration reading or the value obtained for the parti­ 

tion coefficient*

Since the partition coefficient of the llgand between
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an aqueous organic-solvent pair should be equal to the 

ratio of the solubilities in these two phases (sec later) 

it i8 possible to determine the partition coefficient by 

this means when the two phases are separate and when they 

are in contact.

It was found that there was little difference in the 

two values for the partition coefficients of dithizone 

between water and carbon tetrachlorlde so measured.

In addition, the curves for the titration of a water

soluble acid and base were exactly eupsrposable, whether 

the aqueous phase was in contact with a carbon tetra- 

chloride phase or not, suggesting that the effect of 

miscibillty of the two phases could be considered to be 

negligible.

For many purposes it is not necessary to know the 

stability constants of the intermediate complexes, 

provided that the formation constant of the uncharged com­ 

plex, ML_, is known.

Unfortunately, many methods used to carry out these

calculations have, oulte wrongly, assumed that intermediate 

complexes are present in negligible proportions. It is,



69

however y possible, as will be seen In the next section, 

to approach this eondltlon more nearly by talcing advantage 

of the particular properties of a two phase system and 

applying them to Job* a method of continuous variations.
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OBSFHVATIONB ON JOB 1 8 MFTHOD OP CONTItWOtJS VA'JATIOHS 

AND ITS FXTrHPIOH TO TWO-fRASE

The method of continuous variations, first enunciated
IK

by Job**' and treated in great detail by Vosburgh and 

Cooper^ t is one of the laost widely used procedures for 

determining the composition of a soluble metal oofflplex 

formed in solution from a metal M and ligand L (charges 

are omitted for the aake of generality)* To facilitate 

the nub sequent discussion the basic procedure will be 

recapitulated.

Mixtures of M and L arc prepared in various pro­

portions subject to the condition that the total mole­

cular concentration of th- two components should remain 

constant* For each mixture soiae property characterising 

the complex ML (e.g, its optical abrorbeney) is deter­ 

mined and from this is subtracted the corresponding 

quantity calculated on the assumption that no complex 

formation has taken place* A plot of the resulting

value (the Job ordinate. A,) against the mole fraction
j

of one component will have an extr< mum from which the 

actual composition of the complex is readily calculable*
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Thus for the reaetiont
M + nL ,,

. . n
(1) If there Is no reaction,

xC ^ < (1 - x)C 0

(ii) at equilibrium

(1 - x~ ncOc of C

47

The value of the characteristic ordinate, A. f is then 

given by

- o( )0 + (1 - x -

- x)0£L i (£0 «f M»

i and 5^ are the molecular extinction coef­ 

ficients of the species Mt L, and MLn reepectivelvy and 

a li^ht-path of 1 cm* is assumed. It follows thati

- C(fC -

s Constant x (dot /

and that the position of the extrenrum in the Job plot will 

be most readily determined when<f<? is large compared with
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£n »nd £ L » Tf the stability oonntant for th** complex 

is defined by ^ m tjifcn 3/ [nlli] n f logarithmic diff~ 

er*nttati*n and in«artio& of th® condition

0 1-ad© at once to the ds?p,ir«*d result t

or n » (1 -x)* 49

at the turning point*

Extension .

One escrntial r ouirr>af nt of thf* procedurtt outlined 

above ie that th& nyetew should be homogeneous. In

CUBC^S thi^ 10 iapraoti cable. F-^r although the

cation will be soluble in water but not In organic 

eolTents, the rtv^ree ie often tru*» of the li&and, 

espeoially when this ie a lt*r$® orgar.lo molecule* 

n<jt«*l Inner ooEiplejcee are very sparingly soluble in water

though soluble in organic ®olvtnte« To overcome there

difflmiltl^s ^iatturee of solvents (e.g. wat^r-i,^thanol» 

chloroform) have been us«?d to provide a single phase 9 

but the low solubility of th® metallic innr-r complex hae 

often proved the limiting factor* » It fcouia clearly 

be of considerable general value if Job's zu= thod could
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be applied to a two-phase system. Although this has been
•jQ

tried practically and with apparent success"5 no theoretical 

Justification for the procedure has yet been put forward.

Consider a reagent, HL (e.g. oxine or dithizone), 

capable of partition between water and an organic solvents 

allow it to react with a metal cation, M, to give an 

uncharged complex, ML , which can itself be extracted into 

the organic phase. At equilibrium the system can be 

represented diagrammatically thust

Aqueous M + *HL I0n + n "*
phase

Organic 
phase

f//n** // / ,«*'lw/////.
Partition coefficients for the reagent (p ) and uncharged

metal complex (p^) are defined by:c

Pr - fHLV fmj .and pc - fMLj

where the subscript o distinguishes the organic from the 

aqueous phase. We assume that the system as a whole



74

contains *C moler, of metal and (1 -* )C moles of the 
reagent, HL, which is the acid conjugate to the ligand 
ion, IT. The reagent may be added initially in the form 
of a solution in the organic solvent. The metal ion will, 
of course v be present initially in the aqueous phase which 
must be buffered to eneure constancy of pH and should pre­ 
ferably have a constant salt background to preserve con- 
stant ionic strength^ in defaiilt of which the application 
of the law of mass action to the system may be invalidated 
For simplicity we postulate that the solvents are com­ 
pletely immiscible and that the volumes of aqueous and

organic phases are equal*
•1QProvided that there are no intermediate step-complexes"^

such as MLj (i -=j^ n), or more complex species such as 
H^H^L, and their hydrolysis products f the concentration 
of the unioue extractable complex ML in the aqueous phase 
after equilibration will be denoted bye*C. The concen­ 
tration in the organic phase will then be [MLn 1 s <xC&. 
Considerations of mass balance lead to the following 
equations!

xC « [*» j * [«J * [?0,n i 0 50



and

- x)C « [BLl * [itt] 0 «• n[MLn] * n[MLj o 51

whence \lP+] s xC - *<C(1 «> pe ) 52c 

and

[(I -x)C -r^C(l 4^ pc)^ /(I * pr) 53

If the equilibrium constant for the reaction taking place

in the aqueoue phase is defined byi

then by substituting Ci5inl s *£ « an* values for 

and HL from equetione (52) and (53) we obtain «

n

Differentiation gives i

 

Pe) 1 -X
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If Aj is the absorbency of the complex ML in a 1 cm. 

layer of the organic phase t them

57

whence

dA^/d* » db£ (doC/dx) 58
w

Maximum absorbency will occur when dA/&* " Q» whence 

d<A/dX » o at the extremum* Inserting thir condition 

into equation (56) givesi

or n * 1 - V)X 49

as before. Hence with 1 si, Ii2, and Is3 complexes the 

extremuia will occur when X s 0.5t 0,33 and 0.25 res­ 

pectively, Just as in the familiar method of continuous

variations applied to a homogeneous systenr^ 1 ^ * ^^. 
In this extension of Job's method the most sensitive

wavelength at which to carry out measurements will be 

that for which £ c is greatest.

Measurements at High pH and with a Coloured Reagent, 

If the pH of the aqueous phase is high enough a sub­ 

stantial proportion of the reagent may be transferred 

from the organic to the aqueous phase and it will be
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necessary to take Into account the concentration of the 

ligand lont lT» Filiations (51) and (53) now take

the fonat

« [HL]

and

-x )C -n*C(l ^ p)/l * p -^ (K/) 53a

where Kr a [flf] [L"

The reagent Itself may be coloured (with a molecular 

extinction coefficient of iT ) and it Is necessary to 

examine what effect this will hatre on the condition for the 

extreiaura. Thp actual absorbency In a 1 cm* layer of the 

organic phase will be given byt

H*

And by mabtraetlng the contribution

/ i » P
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which would have "been given, by the reagent had no complex 

formation taken place, we arrive at 8

,     
Thus, as before, dA../£x » constant x(dc(/dx).

If the corrected value for ^HlT] from equation (53a) 

is introduced into equation (54), differentiation and 

insertion of the condition fcr an extremum, D<A/OV » 0 

leads at once to equation (49), showing that the theory 

of the simple Job method is equally applicable to these

more complicated systems.

Since both po and Pr ̂  1> equation (57a) may be 

simplified tot

which suggests the possibility of working at wavelengths 

such that £ cj}fr or f^£c *or Jaaximum sensitivity 

in locating the extremum.

Location of the Extremum Radiometrically

As already stated, the value of the Job ordinate, A 

is derived from some convenient and distinctive property
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of the complex ML whose composition is under investigation. 

Optical absorbency hea been most often used and it ie 

essential to choose a wavelength for which £<

£ » £ t and <£i*lLj(J . n)» Pv©n eo f the contribution to 

the total absorbency from intermediate complexes, ? L' . 

(J £ n) may be appreciable when the iaole fraction of 

metal ia large compared with that of th# ligand* Thle 

advera^ feature is absent from the two-phase modification 

of Job's procedure since only the formally neutral complex 

ML is present in the organic phase. Moreover, advantage 

can be taken of the great gain in sensitivity in locating 

the extreisura secured by labelling the metal with a highly 

radioactive nuclide. (Graph 4) ©hows how the activity 

in the two phases varies with x  

Graph 4 shows that the activity of the aqueous phase 

increaspe very slowly at first with x since most of the 

metal ±B being extracted into the organic phase as the 

radioactive complex, MLn» Once the value of v exceeds 

1/(1 + »)» the activity rises rapidly, «P shown in curve 

B* On the other hand tht activity of the organic phase 

rises steeply with x until the extreaua at X » 1/(1 T n) 

and then fall© steeply a? shown by curve 0* Th<* maxi­ 

mum is well defined and ita location can be ascertained
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independently of the optioal absorption of the possible 

components of the system. Indeed, by thie modification 

Job's method of continuous variations can be applied to 

systems in whi oh all the re ao tents and products are 

optically transparent*

Errors in Concentration Measurements,

A fundamental postulate in the method of continuous

variations is that the total molar concentration of metal 

and ligand should remain the same while X ia varied, 

This ie usually met by examining mixtures prepared from 

ml* of a stock solution of metal with (l~x.)\J ml. of a 

stock solution of ligand of exactly the same molarity* 

We now propose to consider what errors will be Introduced 

if these two stock solutions are not equimolar, but of 

concentrations C and 0* respectively.

In a one-phase system* where the concentration of the 

complex at equilibrium is assumed to be given by 

t it is easily shown thats

[(1 - x)C f - 59

By differentiation and insertion of the condition, b*



s 0 for the extremum, we find:

n * (1 - *)/{* - o( (C' - C)/OJ
or - C)

Similarly, in the two-phase syst m, if [MLj "o( C 1

and fML 1 « p^cA Cf , then t 
J, n-lo c

n - (1 - x)/f x -c( (1 4. prt )(0 f - C)/c}
I c j

or

x « 1 . n /-, ^ . 49b
(1 * n) (1 V n)

Equations (49a) and (49b) reduce to equation (49) when

c = C*. In the single-phase system ^ ^ 1* In the two-

phase system the partition coefficient Pc^ l f but the

product oC (1 *  Prt ) cannot exceed unity. In both cases
c

the error in the position of the extremum will therefore 

be determined by the product I n/(n 4- l)jxJ(C f - C)/CJ . 

If a 10J* error in the concentration of one of the sup­ 

posedly equimolecular stock solutions is assumed, the 

maximum range of X values for the extremum could lie 

between 0,55 and 0.45 for a Itl complex, between 0,40



and 0.27 for a 2tl complexf and between 0*325 and 0,175 for 

a 3il complex* Thus, even with a systematic error of

in making up one of the stock solutions there is little

chance of wrongly identifying a 111 complex from the 

position of the extremum in a Job plot* But imxsorrect 

conclusions might easily be drawn when 2*1 or 3*1 (or 

higher) complexes are involved* depending on which of the 

two stock solutions was the stronger* 

The Effect of Intermediate Qomylexea.

Up to this point we have assumed that the complex 

MLn is in direct eciuilbrium with M and L, i.e. that inter­ 

mediate step-complexes ILj () » 1*2, , .*(n - 1) or higher 

complexes (jsn+lt n+2, ..,) are present only in 

negligible concentration®. By a careful choice of wave­

lengths it has been possible in some cases to establish 

the composition of more than one step-complex in an 

equilibrium mixtox1®^ * . An obvious restriction is 

that each step-complex must have a sufficiently wide 

range of existence j tore explicitly * the concentration 

of metal and ligand must be such that the range of values

of the free-ligand concentration covered by the Job curve 

(and more particularly in the neighbourhood of the extremura)
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should be such that the corresponding value of the degree 

of formation of the system nt should approximate to that 

of a in the formula MLft of the complex under investigation* 

In brief, the relevant values of Q»l should correspond 

with a plateau or at least a gently rising portion of the 

formation curve (n against pL) where MLn is the predomi~ 

nant species* Failure to realise this condition has led 

a number of previous workers to draw erroneous conclusions
•iQ

from experimental Job curve s^ ,

It will be obvious that errors due to ignoring the 

presence of intermediate complexes will be greatest when 

the complex under investigation is extensively dissociated 

and where the lower complexes are of comparable stability,

i«e» when the suceesrive stability constants K^ f K? , . .. 

are of comparable size and not too large* Although it 

is impossible to formulate explicit equations for the 

errors caused by neglecting the effect of lower complexes, 

even in the simple case where n   2, some insight m^y be 

gained by considering particular cases.

Consider the application of the method of continuous 

variations to a homogeneous system in which the complexes 

coexists with "!Lf M and L. If the total concentration

of reaotants, 0 - l(T3K f and K s X/M]L]- 105 and
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K2 s tML2 ] /D&l M* 10^, it is possible to calculate 

conjugate values of |jL,\ n, and > from the following 

equations:

_ CT - [L] (i - x)c - [L!
MM    _ ** *«J «M* j£f\« n- — " i """" 1 " — - —— — - — — —— — — 60

Differentiation of equation (60) yields t

from which it is clear that as x increases, since d rv/d [L3 

is always positive , both L and rv, will decrease monoto*- 

nically (sf. Graph 5» curve E),

The actual concentration of the complex MLg is -iven

j~ML2 ] 2 |S2 M

and, with an optimum choice of wavelength, the value of 

  the Job ordinate, A^ f will be proportional to this* 

The rn suits of such calculations are presented diagram- 

matically in Graph 5 (Curve A), As might have been 

expected* even on the ligand-rich side of the graph

1 the degree of formation of the system is very



G.LAPH 5

Calculated degrees of format ioa,Jit as a function of the mole 
fraotioa, x, of B6*£L in ^grsteas for which log ^ * 5 a 
= 8. 
The total concentration of jaetal and ll^and for curves A, B,

C is 10"3f 101"2 and 10T1 respectively*
Curve 0 presents the- data for a two phase system at a total 
coaoentratiojtt ot J«T$ M vvhere the partition coefficient of 
the species MI^ i8 .S99»
CXirre £ is the fonaation curve ( 5 versus pL = -log^Q L) for 
the single pihase system corresponding to curve A.

fbe vertical lines cutting carves A, B, C and D show where the 
ertrema wxald bive ©ocurred in a Job plot.

•r
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much below 2 and the concentration of lower complex ML 

and of free metal ions M cannot validly be neglected* 

When the metal is in excess (X    *1) the degree of form- 

atlon9*Mr, falls off steeply and the Job curve is markedly 

distorted* But of greater significance is the striking 

result that the maximum of the Job plot occurs when 

* = 0.27t from which the erroneous conclusion would be 

drawn that the complex had the composition ML.* and not

If the method of continuous variations had been 

applied to the same system with solutions ten times as 

strong (0 * 10 M), calculations on similar lines lead to 

the data plotted as curve B In Graph 5» Here the degree 

of formation is much higher (about 1,67) in the neigh­ 

bourhood of the extreraum; but, although this occurs at 

a higher mole fraction of metal (x « 0*301), this fraction 

lies between the values expected for a It2 complex (x » 0.333) 

and a It 3 complex (x « 0.250) and the choice in practice 

would be still harder owing to the inevitable experi­ 

mental uncertainty in measuring abeorbenoies.

One way of raising the proportion of flL^ in the 

equilibrium mixture is to increase the concentration.



88

Curve C In Graph 5 Is based on data obtained by calcula­ 

tions for the same system as before with solutions of 

total concentration, C « 10 M. In this case the 

extremum is found at x *» 0.321, pointing unequivocably 

to a Ii2 complex* At this point the degree of forma­ 

tion is as high as 1.88 and about 90$ of the total metal 

is present as the complex ML*.

We now consider the application of the method of 

continuous variations to the same system of metal com­ 

plexes but postulating that the uncharged species MLp 

can be solvent extracted into an organic phase*

If V, V are the volumes of the aqueous and the

organic phase respectively, and C f x» and £ are de­ 

fined as before, considerations of mass balance lead to 

the following equations!

- X)CV * (pT| * fBILj o 2 jttj )T

and

xCV s (pfj 4- [ML] 4- [^)V *

for the case where BCL2 is th*> extractable complex* 

Similar equations may be written for more complex systems.
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For equal phase volumes, ? » V f and it follows thatt
o

n. Total concentration of bound ligand 
T Total concentration of bound metal

2(1 *P)2i 60a

Equation (60a) is identical in form with equation (60) f 

the only difference is that A « has been replaced by 

^(1 ̂  po). In other words, the degree of formation 

of the system as a whole corresponds to that which would 

result had the stability constant of the highest complex 

been increased by a factor (1 *  p ). Since the per­ 

centage of any complex, ML. 9 i® given by the quotient

\L] (l * ft 1>1 - fe M * "  fin 
effect of increasing the value of (^(relative to those

of & ,# jJ 2 t «*tc.) is to decreaee the proportion of lower 

complexes ML^ (j <C n) relative to that of MI*n itself, 

so that such systems approach mere and more closely to 

the ideal case postulated in the simplified treatment of 

the method of continuous variations and represented by 

equation (47)* Siac«? the effect of solvent extraction is 

equivalent to increasing the important overall constant



90

n for the complex MLn by the factor (1 + pQ ) f the 

extension of Job's r.ethod to two phase systems should 

have the further advantage that the position of the 

extremum should correspond more closely to the theoretical 

value, so that the possibilities of incorrect deductions 

should be diminished*

We illustrate this for caluclations for a two-phase 

system with ^ « 10 , (& 2 s 10 , and 0 = Kf^M, assuming 

the reasonable value of p * 999 for the partition coef­ 

ficient of the complex MLg* The results are plotted as 

curve D in Graph 6. The extremum is well defined and 

corresponds exactly with the formation of a It2 complex* 

It will be recalled that the Job curve for this system at

the same concentration in a single phase (Graph 6, A) 

would have suggested a Ii3 complex* At the extremum the 

degree of formation of th© system (as a whole) is 1.94 f 

appreciably higher than in the case of solutions even 100 

times a® strong (Graph 6, curve 0) in a monophase* How­ 

ever since ^he-.unique extractable species has the formula 

MLg, the degree of formation in the organic phase is always 

two, so that the effective degree of formation in the 

aqueous phase is actually decreased in consequence of
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solvent extraction whioh always removes twice as 

ligand as metal*

That curves obtained by applying the method of con­ 

tinuous variations to a two  phase system may yet lead to 

the correct conclusions even though the degree of forma­ 

tion is very low can be illustrated by the rather extreme 

case presented by the solvent extraction of a metal com­ 

plex (e.g. a metal-dithizone complex) for whioh we post­ 

ulate/5 x * 106 t/£ 2 « 1010 , andy* 3 » 1012 . The total 

concentration of reaotants is assumed to be as low as 

10~*M and the partition coefficient of the complex, p m

1 x 10 t and that of the re agent f pr » 7 x 10*, both 

strongly favour the organic phase. We further postu­ 

late that the acid, HL, conjugate to the ligand is a 

weak one with K - 10** f and that the aqueous phase is

buffered at pH 5. The equations characterising this 

system will bet

XC

W

and
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and
&-T. i » wt pirn **/ PI -*_ _ rvT ^.^ FT.T ^ ^.P*

*\-
x

f/5

Since pH * pK <* 1, 90$ of the uneorapl^xed llgand

acid in the? aqueous phase will be in thfc fora of free 

ions, L| but the actual concentration will be very low

because pr is so large, ia consequence of which the bulk 

of the uneomplexed reagent remains in the organic phase, 

notwithstanding, the results calculated and plotted in 

Graph 7 Indicate clearly that the maximal® concentration 

of th species ML* in the organic phase does occur when

x » 0.33.

It is of interest that if one of the Intermediate 

species had been coloured it would have been possible to 

apply th<^ ordinary Job procedure to the aqueous phase at 

the eame time i^,;/order to establish its composition*

Itt the two-phase systems, the decrease In free llgand

concentration du© to the extraction of the ligand acid 

into the organic phase is compensated b>y the apparent 

increase In the stability constant from its true value 

to Its "effective* value^U * pc ) which produces 

a great inor*a®e in the degree of formation of the specieB
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ML (relative to that in a mono-phase with the same free- 

ligand concentration) and causes the system to approach 

more closely to the ideal case postulated in equation 

(47).

Had the equilibria discussed above been established 

in a monophase (so that pc * pr * 0 in the relevant 

equations) the degree of formation in the aqueous phase 

at equal values of x would be found to be higher than that 

in the aqueous phase of the preceding case. However, the 

way in which the concentrations of the species >£L f ELp* 

and MLj now vary with x is shown in Graph 8 f and it is 

clear that if the method of continuous variations had 

been used to ascertain their composition the rpecies ML~ 

could have been identified as a 5si complex and the 

species ML^ as a 2*1 complex,

Calculation of Stability Constants from Job Curves.

The Job curve for a 111 complex has its extremum 

when x * 0.5, and the degree of flattening in this 

neighbourhood is a measure of the extent of its dissoci­ 

ation into the components M and L. Indeed the ratio of 

the measured value of A., at the extremum to the value
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obtained by the intersection of the tangents at x * 0 

and x - 1 forms an accurate measure of the concentration 

term [ML] , whence £M] s [.L] can be calculated and thence 

the stability constant . Although this treatment is 

rigorous when applied to eyeteins in which only a 1*1 com­ 

plex is formed it should be obvious from the foregoing 

disougeion that it cannot vslidly be extended to calcul­ 

ations of the stability of higher complexes riL^, ML-, <?tc» 

unless it is possible to demonstrate that lower complexes 

do not contribute materially to the equilibrium mixture,

i*e» unless ^i»/$2f ••• & ft n* ^e geometric cons-
I

truotlon needed to obtain the value of the Job ordinate

corresponding to no dissociation (e.g. by drawing tan­ 

gents to the curve at x » o and x » 1) may be subject to 

considerable error, especially on the llgand-rioh side 

of the diagram (cf. Graphs 6 and 8). Confronted with 

this difficulty some authors have Identified the "theo­ 

retical" value of A 4 , corresponding to no dissociation of

the complex L , with the point of intersection of the 

tangent to the Job curve at x - 0 (since thin is usually 

well defined) and the ordinate through x * i/(i * n). 

Unless the extremuia of the Job curve also coincides with



98

this value of x v the ratio of the experimental to the 

calculated value of A., will not give a correct measure of 

the concentration of the species MLn , In ;my oase f for

any value of jS^ computed from this ratio alone tacitly it 

is assumed that all lower complexes are of negligible 

stability* These objections do not appear to be

generally appreciated, as may be seen from a number of
iq publications in recent years'* *
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CALCULATION OF BXTIHCTIH COEFFICIENTS FHOM

Making the same assumptions as in the method of 

continuous variations we may define the distribution 

coefficient t by

61
INI * [»

Prom equation 52 and assuming p to be large 

with 1

1 « xC - d Op 62

If besides measuring the radioactivity of both 

phases the optical ftbeorbancy if the species Min in the 

organic phase le measured

d 63

where A is the abeorbancy of the organic pha8e t t is 

the extinction coefficient and d is the cell length in

erne*
From 62 and 63
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6x0 d
A

- 1 64

So that the plot of 1/Q against acO/A should give a 

straight line of slop® £ d f or, If d * 1 of slope £.

Pet ̂:rinlnatlonof the formation constant

The formation constant of a metal complex ML may 

be defined as

65

Hence

Making uoe of ©citiatlon© 1 and 61

*

Finally from equations 52 * 53 and 67

P - x)C -

n

66

67
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*^«;lnee ^0|>e ciay be fotiad frois optical measurements, 
provided pr and K^ are Imown, K+ may be calculated*

The .atel^EBJxwtion of partition coefficient®*

The investigation of certain aspect© of ©olvent 

extraction from the theoretical point of view has lod f

a© has been seen in the previous section, to a po«. ible 

method for the det ̂rrdnation of the true acid diasoei* 
ation and stability constante of chalates vh oh are 

only Rli-htly so uble In water, but which are appreci­ 

ably soluble in an organic phase*

Prom the foregoing equations it can be seen that 
before 1^ J^ay be found the partition coefficient and 
acid dissociation constant of th® completing a^ont 

n^iet be determined*

The m^aaureHent of the partition coefficient ia

likely to prove very difficult experimentally and o 
an attempt was first made to devise a isethod by which 
this quantity could be determined,

A concentration partition ooeffloientf defined by 

ncentration of chela



102

should be detersdnable by any method whioh will allow the 

measurement of the concentration of chelating agent in

both phases* Unfortunately, however, although their

solubility in an organic phase is reasonably large» 

often in excess of 1 gram per litre, the partition coef­ 

ficient of many chelating agents is very large, and 

measurement of the low concentration in the aoueous phase 

is a particularly difficult matter* If the substance 

has a high extinction coefficient! separation of the 

aqueous phase followed by extraction into a much smaller
• ij ' A •-

volume of organic phase may provide sufficient colour 

to enable accurate epectrophotometric measurements to 

be made* This has been done for tropolone with satis***
A2factory results .

A saturated aqueous solution of diphenyl thio* 

oarbazone, P w _ of the order of 3 at 10*t will have a
JOJEhK

concentration of the order of only 10**' moles per litre, 

so if 4 cm* cells are used for measurement after a 10 

fold concentration! an optical density of 0.12 will be 

found. This i© still a very low value and little 

confidence can be placed upon results obtained from 

solutions of higher transxaittancies than this.
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A method likely to provide greater sensitivity nay 

be devised using a radioactive 1sotope»

After equilibration, the two phases are 0eparatedt 

and each treated with an Isotope of the oetnl, wh*ch 

forms a complex with the particular chelatlng agent 

being Investigated.

If the chelating agent in the aqueous phase Is 

completely converted into chelat© by adding exoeea of

metal| and this is then extracted quantitatively into

an organic phase f assay of the radioactivity of this 

solution will give a measure of the concentration of 

the metal chelate, and hence that of the original 

ohelating agent In the aqueous phase.

Similarly If the organic half of the equilibrium 

mixture is shaken with an aqueous solution containing 

excess metal, metal eh®late will be formed. If all the 

chelating agent is converted to complex and this is 

quantitatively extracted into the organic phase, assay 

of the activity of the organic phase will enable the

original concentration of the chelatlng &gent in the 

organic phase to be calculated.
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If the aqueous phase has been concentrated m times 

and if a0 is the specific activity of the metal tinder 

given conditions of counting, <* is its oonoentration 

and -A the absorption factor of the organic phase f the 

count of the organic phase will be given by

*1 * as °1

For the solution containing the chelate t which was 

originally in the aqueous phase t after a m fold concen­ 

tration will be

» a@ Cg a -A. 70

Hence from 61 and

JL s
in

If the Btoichiometry of the complex is ltnt the 

ratio of the metal concentrations C/C in the two phaaes 

will be enual tc that of the ligand

71
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Thus direct radio chemical assay and knowledge of the 

concentration factor m will enable pr to be found. If 

the specific activityf a^t of the metal is high a very
81

sensitive method is available for the determination of 

the concentration of the ohelating agrirt* fhe apparent 

value of aa may be increased by using a radiation detector 

of high sensitivity, and the overall sensitivity of the 

method is enhanced b making A. as low, and m as high as

possible*

Due to the very low concentration of ligand in the 

aqueous phase it will facilitate measurement if the system 

is as near saturation as is pooniblet since at saturation 

the concentration of the ligand in the a<|U©o is phase is 

at

fhe partition coefficient obtained in this way fcr a 

solute distributed between two immiscible phases should 

be similar tc the solubility ratio* fhis however is 

only true if, in the first placet $he ratio of the activity 

coefficients of the solute remains in the two phases

unchanged as the total solute concentration increases and 

in the second place there is no appreciable miscibility of
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the solvents. Serious discrepancies may occur If there 

is aotual complex formation between the solvent and the 

complex but compotuids of this type were not expected to 

occur between substituted dithlssones and the solvents 

used.

Since the concentration of the ligand in the 

organic phase is likely to be of the order of 10,000

times that in the aqueous phase, a major source of error 

in these partition measurements is likely to be that 

caused by incomplete separation of the phases, because 

very small quantities of organic phase entrapped in the 

aqueous phase will make an appreciable difference in its 

apparent ligand concentration* It would therefore 

appear preferable to calculate the partition coefficient 

from the ratio of solubilities, since solubility 

measurements can be carried out in the absence of the

second phase.

Whilst nwanurement of the solubility of the ligand

acid in the organic phasfc 1® unlikely to present mach 

difficulty, Sandell has pointed out that equilibrium Is 

established exceedingly slowly between an aqueous acid
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and solid dlthli'One and the overall results are more 

satisfactory if a little organic phase such as carbon 

tetrachlorlde Is present* Experiments were carried out

which verified this, Sandell also noted that e<mili«» 

brlum was attained more quickly from the supersaturated 

side as opposed to the unsaturated side, the comparative 

times being a few minutes and an hour respectively.

From th foregoing discussion two points become 

evident« In the first place the system must be as near 

saturated as possible to give the maximum concentration 

of llgand acid In the aqueous phase* Secondly, In 

order to establish equillbrlumy an organic phase nust

be present* Consequently partition coefficl nts of

dithieone and Its related compounds were found from sol­ 

ubility measurements» making sure when determining the 

solubility In an aqueous phase, that the organic solvent

present did not appreciably alter the solubility of the
A •> 

dlthifcone In water ^,

Optical methods were used wherever possible to 

determine the actual solubility of the delating agents 

In the various solvents used, and to do this the
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extinction coefficients of th© ligande had to be found. 

This was done in on© of two waysf either by the standard

tltratlon method * or by a new radio one udcal method,

The absorbanoy of any solution is given by A * £cd« 

Thus If the absorption of a solution of complex in an 

organic phase of known extinction coefficient, is 

measured, the concentration of the solution will be given 

by

If this is converted to the complex M&n by adding excess 

of a radio-isotope la an aqueous solution, then c/a 

be the concentration of the metal and

l l 72
n

from equation 69 the count obtained uader given 

counting conditions will be ^rlven

73
n
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Combining 64 and 65

dl n 74

If th< same procedure is carried out for a second ligand 
also forming a nil complex for which £ 9 the extinction

if

coefficient is not known then

75

And from 74 and 75

* *i 76

All quantities except £ 2 aro k21^™ ̂ us 8.2 

calculated.

fh<? disadvantage of this method over a tltration 

method is that standardisation measurements must be made 

using a ligand whose extinction coefficient is accurately

known,

The advantage o are that the radioohecilcal method

is more sensitive and may be uoed to provide accurate
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results for very dilute solutions. Al«*o ;he strength 

of the metal solution Is not important provided that 

excess 10 preoent, whieh obviate8 ©rrors that might ooour 

due to absorption of jaatal on glassware from the exceed­ 

ingly dilute solutions often ne«4^d for titratione, 

Solubilities of aome dithi^onee

Solvent

Bithlsone

Di(p~fiuor-
ophenyl)
dithlKon©

phonyl)
dithissone

phenyl)

Di(p-tolyl)

Watr-r 
X

1.36

1.79

1,39

Table ̂

Carbon
tetr®«» 
olilorlde

0.39

0*1

10*3

o

Chloroform 
sr 10-3

69.53

4.83

5.B9

1.19

50,7

4,84

1*36

dttgrrjinati.on .of thj?.. .fo.rsfition congtiant of

Bithizonoto,
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Indium dlthlzonate, in common with most metal dith~ 
ilonates is only very slightly soluble In water, but 
appreciably soluble in organic solverat£* Investigations

have been limited by its unstable character (stable

between pH 5 and 6 when e x tractad into carbon tetra~ 
chlo Ide) but it 10 reported to be a 3*1 complex^ with

an extinction coefficient of 87 x 1( and a (mixed) 
formation constant

s 8.62 x 1030

It was decided to Investigate indium dithisonate 
by means cf the method of continuous variation® in a 
two phase system, and since the method was being used 
for the first time, the stochlometry was checked by a

second sclvent-extractlon method.

Prom equation 7 it may be seen that

log t * log C + n log [HI] 0 - n log [VJ

If considerable excess of reagent is present, then 
a plot of log q against pH should give a straight line 
of slope n*
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Extraction - pH data was obtained for.Indium dithi~ 

zonate with carbon t^troehlorld®, chloroform, and n~

hexanol as organic phase® and the resulting plote are 

given in graph (9).

From this it can be neon that in all three eases 
n « 3.

The method of continuous variations waa applied to 

the indium - dithi&one - carbon tetraehloride ~ water 

system using labelled Indium* Full details are given 

in the experimental section.

The plots of the ^ob ordinate at 620 tap and 510 sp

against the mol© fraction of indium are given in grapftta 

10 and 11. It can b© seon that the extrema occur at

the point wh®n> the mole fraction of metal in the eyetem 

is Q«J?5t iJ-plyia^ a Ii3 complexf in agreement with 

«xtraction data already mentioned.

A plot of radioactivity of each of the phases 

against mol« fraction of netal nay be aeon in graph 12,

From th© similarity betwean this graph and graph 4 it is 
obvious that the experimental results ?i^ree with those

expected from the theoretical argument deduced earlier. 

The turning point once aoro occurs when the jaol© fraction
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of the metal is 0,25 indicating a It3 complex,

By inserting valuer in equation (64) the plot of 

Ox/A vs. 1/q in graph 13 is obtained» whence the slope 

gives the value of 86.1 x 10^ for the extinction coef­ 

ficient, in good agreement with Fililenko's v>.lue of 

87 x 103 .

Finally, by making use of equation (68) th*s 

following values of ft^ were calculated.

xC 1026 x Kf

0*2 2.35
0.25 1.63
0,3 0.80
0.4 1.26
0,5 1.97
0.6 0.99

Mean 1.5 ± 0,75

Calculations were not carried out on measurements 

obtained froa solutions of very low ligand or metal 

content 9 since under these conditions it is not possible 

to measure either the distribution ratio or the optical 

density of the metal complex with sufficient accuracy.

If the value for Kf is taken as 1,5 x 10^f then 

by using the value for K^, already quoted

pc * Kj/Kj Z 5.75 x 104
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SECTION

General

A series of radiation detectors were available for 

counting d , A or jT rays, the choice of counter 

depending upon the radio isotope used* Since most of the 

activity was / f and In solution, scintillation counters

for counting liquids were moat frequently used*

Two different crystals could be incorporated into 

the counter. One was a well - type crystal 2-fr inches
n_

in diameter, into which was placed a plastic phial of 

diameter 0,6 inches f which contained the liquid i the 

other was a smaller crystal 0*6 Inches in diameter 9 which 

fitted into the centre of a specially shaped polythene 

cup. The well-type assembly provided higher geometry

and resolution, and only two mis. of liquid were needed* 

However, since the cups for the smaller crystal held

10 mis. of solution the overall count rate was higher 

for a given solution in consequence of the increased 

quantity of liquid, than if the well orystall was used. 

The crystals were used in conjunction with a wide-band



amplifier, a single-channel pulse-analyser and standard 

mealare. Provision was made for connecting the eealars 

in tandem if a high counting rat® precluded the uee of a 

mechanical register*

For work with radioactive indium a Oeiger counter 

(20th Century Electronics Type M6) designed for liquid

counting wae used* Since the liquid container ie an 

integral part of the counter* The absorption of any 

radioactivity on the walla of the container» which ie 

unavoidable with silver, will increase the apparent back­ 

ground of the counter ar:d eventually make it useless. 

Consequently metal® which are likely to cause contamin­ 

ation muot be avoided* With the well crystal set up, 

only the phials are likely to be contaminated and since 

theee are relatively inexpensive th*»y *s&y be dispoiled of,

All counts given in the experimental section have 

had the background deducted and are the average of at

least three separate count . Wherever poe ible the total 

number of counta was 10t000, to obtain a statistical 

accuracy of 1#*

Purification of reaffi nts and cleaneing of apparatus^

Due to the sensitivity of dithiuone to sjuall asiounts
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of metals great care imst be taken to purify solvents and 

clean glassware.

In order to remove metals from water it was first 

distilled from an all~Pyrex still and then passed through 

an Elgastat mixed-bed deioniser, and accepted only if it 

had a resistance of more than 4 ac 10 ohms per centi­ 

meter.

Glas -ware was soaked in a chromic acid bath, then in 

a Isl nitric acid bath andv after washing v ith deIonised

water, it was shaken v/ith a very dilute solution of dith~ 

izone.

The glassware was considered clean enough if the 

dithizone retained its light green colour*

Befcre use with silver the glassware was treated in 

the following manner.

1 eo* of "Repeleote* silicone water repellent 

(Hopkin and Williams) was diluted with a little benzene, 

and any surface that was likely to comt into contact with 

metal was washed with this solution. The apparatus was 

then placed in an oven and baked at for 110°C, over night*

fhis treatment provided a most satisfactory silicone coating 

which reduced to negligible proportion© the absorption by
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silver on glassware.

Oo-syeciffitation of silver. 

With mercuric sulphide*

A series of solutions were made up containing 40 

of hydrochloric acid of various concentrations* 1*0 ol,

of 0*1 M mercuric chloride golutiont 0*4 ml. active 

silver solution containing approximately 2 j*g of silver

per ml. and 2*0 mis. of thioacetamide solution (2*6 g« 

in 50 mis*). The mixture was placed in a large centri** 

fuge tube (capacity 50 mis,) which in turn was placed in 

a water bath, and was stirred by a airtall glae paddle 

driven by an electric motor*

The water in the bath was gradually brought up to 

boiling by which time the mercuric sulphide precipitate 

had formed*

After coolingt the tube and contents were centri-

fuged. the Buperaatent liquid withdrawn, it@ activity 

counted and the acidity ascertained by titratlon with 

standard alkali*
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The count was compared with that obtained from a 

standard made up by adding 0*4 mis. of silver solution 

to 43 mis* of dilute nitric acid,

A check on the mass balence was made by dissolving 

the precipitate, after oentrifuging, in the minicaua of

concentrated nitric acid, diluting to 43.4 trie* and

counting. 5?he count rate observed can be seen to be in 

good agreement with the count rat® of the standard.

For the iao?t acid solution (experircn^ 4) & second 

addition of mercury solution was made, but this did not 

increase the efficiency of the eo~preeipit<tion 

appreciably.

fable 6

Solution Acid Count of % 0o~
liquid precipitated

A 5.30 H 1.57 e.p.s, 92.55
B 4.14 0§34 98.4
C a*79 0*29 98-6
D 1,40 0.23 98.9
E 0.91 O.n 99.5
F 0,54 0*10 99*5
a 0.12 Ot08 99*6
H 0.13 0.08 99»6

The average count for a immber of different stand- 

ards was 21*12 c«p*e.
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The following solutions had the supenmtent liquid 

decanted and the precipitate dissolved in warm concent­ 

rated nitric acid, which was then diluted to 43*4 mis.

Table 7 

Solution Count

A 19*5 o.p.e*
B 20*7
C 20,94
B 20.9

Co-pro oi pi tat ion with copper In a sulphuric acid medium

Exactly the eame method was used as for mercury, 

explained in the previous section except that 1*0 ml. of 

0,1 H copper sulphate was added instead of mercuric 

Chloride, and sulphuric acid was used* The value of

the standard was the ©asie 21*12 c«p*s«

fable 8

Solution Acid Count of % Co-
liquid precipitated

A 9*05 N 0.16 c.p*e. 99*25
B 6*3 0,12 99*43
C 4*55 0.06 99,72
D 3.21 0,07 99*64
F 2*02 0*11 99.5
F 1*05 0,15 99*3
a 0.52 0.15 99*3

Mercury and sulphuric acid

The method was again the same. fhe mercury was



added as mercuric sulphate solution

fable 9

Solution Acid
strength

Oount of

A
B
C
J>
Ey0

8,5
6,6
4.4
2*26
2.06
1*04
0.5

0*13 e.p.s.
0.10
0.1?
0.01
0.07
0.06
0.05

precipitated

99.39 
99.53 
99.19 
99.95 
99.97 
99*72 
99,75

Lead and hydrochloric acid

fable 10

Solution

A
B 
C

Acid

0.001 H
0.01
0.02

Oount of
liquid

0.132 c.p*s*
0.266
0.303

0Q*»
precipitated

99.38 
99*87 
99.57

Thallium

A series of experiments were carried out in which 

thallium was uoed as carrier in a sulphuric acid medium. 

fhere was no evidence fro® the c results, obtained

widely varying acid and thallium concentre tlons, that 

thallium would prove an efficient carrier for silver and

consequently this line of research was discontinued.



126

Co-precipitation as telluride.

30 mis. of hydrochloric acid solution were pipetted 

into a large centrifuge tube* To this was added 1 ml, 

of tellurium solution (100 mg. Te in 100 ml. of a hydroch- 

loric acid solution containing 10 mis. concentrated

hydrochloric acid per 100 mis, of solution) and 0.4 mis. 

of active silver solution.

As before, after allowing the precipitate to formt 

the mixture was centrifoged and the count of the liquid 

ascertained.

Table 11

Solution Acid 
strength

A
B
C
D
E
Fd
H

8.0
6,1
4.3
2,1
1.4
0,8
0.06
0.01

Count of 
liquid

0.28 c.p.s.
0.01
0.06
0*05
0,03
0.04
0.06
0.05

Co- 
precipitated

98,45 
99.95 
99.72 
99.78 
99.86 
99*81 
99.72 
99.76

Co-precipitation of silver by means of tellurium in the

presence of tannin.

From the previous experiment it can be seen that 

tellurium provides a suitable method for the collection
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of silver from aqueous solution, since, however, there 

ie likely to be suspended organic matter in effluent,

the efficiency of the process must be Investigated in 

the presence of organic material*

Solutions of taanln of varying strengths were made 

up in 2N hydrochloric acid and 30 ials» of these solutions, 

together with 10 mis. of etannoue chloride solution, and 

0*4 als* of active Oliver solution, placed in a large 

centrifuge tube*

After precipitation the mixture wae centrlfuged and 

the ctivity of the aqueous layer determined.

fable 12

Solution Strength of Aqueous % Co-
tannic acid count precipitated

A 1 g./l. 0,12 c.p.a. 99.43
B 3 0,12 99.43
C 5 0.14 99.33
J> 7 0.11 99*48
E 8 0.09 99.97
* 10 0*15 99.29
0 12 0*10 99*53
H 15 0*07 99.67

It was noticed that with strong tannic acid solutions 

(ca 30 g./l*) although a dark precipitate war formed upon 

the addition of stannous chloride solution* it did not 

settle f due to the high viscosity of the solution, and
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oentrifuging did not appear to help*

Cowprccipitation of silver from synthetic effluent toy

means of tellurium,

Synthetic effluent was made up containing 100 ug Pto, 

100 jig Hgt 100 ;xg Fe 0.06 g. tannio acid and 8 ug. active 

silver per 200 mis* of solution*

200 mis* of this synthetic effluent was placed in a 

250 ml* beaker and vigorously stirred, whilst 10 mis* of

stannous chloride solution were added* At intervals of 

about three minutes t three further additions of 1 ml* of

tellurium solution were made and the whole centrifuged* 

The aqueous layer was then removed by means of a suction 

pipette thus leaving the precipitate in the tube* Coag­ 

ulation of the precipitate was found to occur in the cold 

and it was not necessary to heat the solution to boiling 

and keep it there for 0*5 hr* as suggested by Sand ell. 

The 250 ml. beaker was washed with 40 mis. of normal 

sulphuric acid and the washings transferred to the centri­ 

fuge tube, the mixture stirred and finally centrifuged

once more. The precipitate was washed again with N
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sulphuric acid and then twice with deionised water to 

remove all the chloride and as much of the organic matter, 

that might have adhered to the precipitate, as possible, 

The centrifuge tube containing the precipitate was 

then placed in a water bath, three mis. of concentrated 

nitric acid added, md the water in the bath brought to

boiling* The clear liquid was then transferred to a 50
i 

•1* beaker and two more elutions of th© precipitate made

with three als. of concentrated nitric acid, when control

experiments showed that there was no activity remaining in 

the centrifuge tube*

Wpon evaporation af th© nitric acid extracts it was 

found that the residue contained some organic matter, 

which had presumably been occluded on th© silver tellurium 

precipitate but this could be easily destroyed by repeated 

evaporations with concentrated nitric acid.

In a series of experiments the nitric acid extract 

from the precipitate was diluted to 50 mis. and the count

of the solution compared with that obtained from a dilute 

nitric acid solution containing 8 jaig of silver. From 

these results it appeared that the co-precipitation of
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r from trade effluent* as carried out In the above 

procedure was better than 99# efficient.

Solvent ^traction 

Speed of equilibration

A series of experiments were carried out to ascertain 

the time required to achieve equilibrium In the nilver** 

dithlcone system*

20 mis* of approximately If/10 sulphuric acid contain­ 

ing 0*4 jug* motive silver solution were pipetted into a 

shaking tube and 20 tale, of a solution of dithlsone in 

carbon tetraohloride added*

The tubes were shaken for varying lengths rcf tlae on 

a mechanical shaker oscillating at approximately 225 cycles 

per minute y the two phases were then separately withdrawn 

by means of a suction pipettu, centrlfuged to remove any 

of the second phase that ; i ht be entrapped» and the

activity counted*

From the results obtained, in Table 13 t it may be seen

that equilibrium Is established in lees than 10 minutes 

and therefore at this acidity the time needed for equlli-
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bration is unlikely to hinder extraction experiments.

Table 13

Equilibration Time % extracted

A 10 mine* 99*48
B 20 99.41
0 40 99.54
B 60 99t61
E 100 99.52
F 120 99*48
6 200 99.49

Experiments were carried out to determine the range 

of acidities over which silver may be extracted from 

aqueous solution by a strong dlthlzone solution.

20 mis* of a solution of dlthlKone in oarbon t^tra- 

chloride (10 mg./l«) were shaken with 20 mis* of sulphuric 

acid solution containing 0.4J1&* of silver ror 30 minutes,

the phases separated, centrifuged, and the activities

The aoidlty of the aqueous phase was determined by 

tltration with standard alkali*

Table 14

Experiment Aoidity % Fxtrootion

A 0.03 N 99.28 
B 0.058 99.0



Experiment Acidity $ rxtraetion

C
B
B 
F 
0 
H 
I 
J 
K
L
$ 
N

y tract Ion of silver frost ari aqueous phase oontajili'iiii; 

tannl o acid r means of solvent extraction

0.118 If
0.17
0,66
0.90
1.50
2,88
4.60
8.40

10.50
12.40
14.70
18.40

99.3
99.3
99.05
98.9
98.4
98.47
98.2
98.2
97.8
87.38
20.5
2.8

Having found that the ©liver was extract d by dlthl- 

Bone over a very wide range of acid eoneentrwtlr nr , th®

effect on extraction of adding tannlc acid to the aqueous 

phase wae Investigated.

It wae fou?id f during the first series of experiments, 

that the maes balence, given by the sum of the activities 

of both phase e f that of the organic phase being corrected 

for absorption of activity, wa© far from being eonatant, 

and In many cases wae under half that expected. Thin 

was traced to a scum of organic material, which separated
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at the interface of the two phases and onto which the 

silver absorbed very firmly. This scum tended to form 

in larger quantities, the higher the acidity of the 

aqueous phase, but could be reduced to negligible pro-
- . .—V ...r^S

portions for all but the most highly concentrated organic 

solutions, by keeping the acidity of the aqueous phase 
below 0.1 N.

In the following series of experiments, solutions of

0.1 N sulphuric acid were made up containing 0»8 /ttg, of 
active silver and different amounts of tannlc acid. 20 

mis. portions of these solutions were shaken at 225 cycles 
per minute for 30 minutes with a carbon tetrachloride - 
dlthizone solution (S mg./l.), th phases separated, 

centrifuged, and the radio-activity assayed.

Table 15

Experiment Tannic acid % Extracted
strength

A 7 g./l 96*4
B 10 98.3
C 15 97*2
B IB.5 97.2
B 27.5 96,1

Removal of silver from the dithizone phase.

The solution of dithizone in carbon tetrachloride is
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likely to contain^ in addition to silver, mercury, oopper, 

and organic material, either dissolved from the aqueous 

phase, or else due to oxidation of the dithiaono itself. 

Consequently the organic phase is of no use for the

determination of the silver and the silver nust be

removed from it. One method of doing thin, nuch pract­ 

iced in biochemical analyses, is to destroy the dithl- 

gone by heating with acid, to evaporate off the organic 

solvent and to remove any organic residue by repeated 

evaporation with nitric acid, sulphuric acid or hydrogen 

peroxide* After the metal residue has been dissolved 

its silver content in then determined by a suitable method, 

which is insensitive to the other metals that may be 

present.

After trial® of this method of destroying the dithl- 

zone it was considered that it would be more satisfactory

if evaporatiiin of the solvent could be avoided, since it 

was found that even with much care some loss occurred due 

to * spitting'*

Although solutions of dithlaone are stable to quite 

strong solutions of nitric acid, it was found that only 

a very small quantity of concentrated nitric acid was
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needed to decompose quite large quantities of dithizone

solution*

Consequently silver was extracted into a solution of 

dithizone in oarbon tetrachloride (10 mg./l.) and vary­ 

ing quantities of nitric acid added. After vigorous 

shaking the green dithizone solution was seen to be 

destroyed, whereupon the aqueous phase was made up to 

20 mls* 9 the phases separated, oentrifuged and the counts 

assayed* It can be seen from fable 16 that as little as 

0.125 ml* of concentrated nitric acid is effective.

fable 16

ml. cone. acid strength aft^r $ Extraction.
nitric acid dilution to 25 Is. into aq* phase

1*0 0.84 # 99.68
0.5 0*42 99.55
0.25 0,22 99*56
0.125 0.01 99*04

Back extraction with .tfriooyanate*

Whilst it doee appear that the destruction of dithi­ 

zone by nitric acid may be carried out effectively with 

quite small quantities of acid, this is far from being 

the ideal method of baok~extraction, for any metals that

happen to have been co-extracted into the organic phase
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will find their way Into the aqueous phase v/ith the silver. 

In addition, if, during the preliminary extraction of the 

silver, an interfaeial scum has separated, this will have 

to be transferred with the organic phase, and complete 

destruction of the coraplexed silver will entail destruction 

of this organic matter which will be a lengthy procedure.

It has been suggested that if a lairture of silver, 

copper and mercury dithieonatee are shaken with a dilute

acid thiooyanate solution, only the silver will be 

extracted* Consequently the efficiency of the thlocyanate 

extraction was investigated,

25 ml, allouot portions of 2# ammonium thiocyanate 

solution in dilute sulphuric acid solution were shaken fcr 

15 minutes at 225 cycles per minute with 25 mis, of a 

carbon tetraohloride phase, containing a mixture of dlthi- 

eone and silver dlthlsonate. The phases were separated, 

centrlfug@d and the activity of the two phases determined.

fable 17

Experiment Acidity % Extraction

A 0*28 H 99.8
B 0.57 99,7
C 1.2 99.6
D 2.4 99.49
K 4.1 97*8



137

Similar experiments were carried out in 0.1 N sul­ 

phuric acid for oopper and mercury independently in order 

to ascertain whether the separation of the e two metale 

from silver would be complete.

Since no radioactive copper and mercury was available y 

the thiocyanate extract was evaporated to drynees, the

thiocyanate destroyed with sulphuric acid and the residue 

dissolved in water* This aqueous solution was made 0,1

N by adding sulphur!o acid and then shaken with dilute 

dithifcone solution. If copper and mercury dithizonates 

had been present they would, have formed dithizonates and 

this complex formation would have been apparent by the 

drop in absorption at ^^^^ *<>r dithieone i.e. 620 rap and 

by the increase in absorbency at the * n- for oopper and
*£ic*<,JSh

mercury dithizonates.

The experiments showed that no copper r merc\iry was 

back extracted by thiocyanate under thfse conditions,

Further it was found that treatment with 2% thio­ 

cyanate solution removed the silver that had been adsorbed

en any interfaoial scum, so that the appearance cf this 

scum did not preclude accurate analysis, but merely
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meant that the scum had to "be transferred with the organic 

layer, to be extracted with thlocyanate solution.

Prior to the final determination, the thiocyanate
*

had to be destroyed and this was done by the addition of 

concentrated sulphuric acid to the aqueous solution and

subsequently evaporting to dryneee. Occasionally a very 

small amount of organic residue was left at this stage 

but this was easily destroyed by faming with a little 

concentrated nitric acid,

Considerable difficulty was experienced at this stage 

due to the absorbtion of silver on the vessel in which 

the evaporation was being carried out* The eilioone 

surface, whioh had proved so valuable, up to this point, 

in preventing the absorption of silver, wae decomposed by

heating with concentrated acids*

Heccverits after evaporation in porcelain vessels

proved little better than those for untreated glass, 

"Eventually it was found that fused silica vessels retained 

little or no silver if a solution was evaporated to dry- 

ness in them, even if the silver solution was very dilute.

Heating of silica vessels was carried out in the 

first instance by means of a hot-plate, but 5t was found
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that losses due to spitting were hi£:h. The most effect­ 

ive way of heating was by infra-red heaters from above 

and below.

The colouring trie, determination of silver*

The use of p-dlmethylamlnobenssylidene rhodanine as 

a oolorimetrlc reagent for silver was examined first. 

The colour was found to be rather unstable» varying a 

little with time and a great deal with acidity. The 

dependence of absorbency with acidity may be seen in Table 

IB. The strength of the rhodanine used waB 0.05 g«/100 

ml, of ethanol*

Table 18

Acidity Abeorbenoy

0.16 R 0.044
0,08 0.076
0.04 0.096

In light of other experiments (not recorded) it was 

decided not to carry out furthex* work with this reagent*

A method which has been much recommended for the 

determination of silver, especially in the presence of 

copperf uses copper dithizonate a© reagent. A» silver
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replaces the copper, the colour of the solution v ries

between the reddish-br^wn colour of copper dithizonate and 

the yellow colour of silver dithizonate.

A series of experiments were carried out shaking 10 

ml«» of a solution of copper dithizonate in carbon tetra- 

chloride v/ith 10 mis* of an aqueous solution containing 

silver, after which the fcbsorbenoy of the solution was 

determined by aoans of a "Spekker" absorptioiaeter.

It was found that the only suitable filter was an 

Ilford blue filter, end the ll^ht transmittanoy of this

filter at 550 rsu, the A of copper dithlzonat~>, was 

low thus decreasing the sensitivity of the method,

For visual comparison it was thought that the colour 

change from red-brown to yellow was lese decisive than the

change from green to yellow, hence dithinone was considered 

to be a more satisfactory reagent for silver.

It is desirable to use as little reagent solution as 

possible in order to get the maximum colour change, and in 

order to obtain satisfactory equilibration when using 

these small quantities of liquid, a special micro-separator 

made* This is shown in Pig, It 

An aqueous solution was placed in a micro-separator



MICRO-SEPARATION APPARATUS 
(full size)

Pig 1
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together with 0.5 nits, of a solution of dithizone in carbon 

tetrachloride and nitrogen, pr^saturated with the organic 

phase, passed in at point A to agitate the solution until 

equilibrium had been established. The nitrogen supply 

was then disconnected from A and pressure applied at B, 

whereupon the dithizone-silver dithonate solution was blown 

out of the micro separator at point A and could be collected

in a micro-cell for determination*

Visual comparison may be made, by adding the silver

solution after destruction of the thiocyanate to 0,5 ^Is* 

of dithizone solution in a micro testube, and the two phases 

agitated by a rod flattened at one end. Equilibration of 

the two phases could a*lso be carried out, as before, in 

the micro-separator.

Comparisons are made with solutions made up in a 

similar way but containing known amounts of silver.

Dithizone standards and calibration curves were always 

obtained from frelfily prepared dithizone solution, immediately 

before they were required, since it was found that over

extended periods of time the results obtained varied*

F.?ore conslstant results were also found f e reducing
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agent was added to the aqueous phase during the final 

determination.

Absorption factor for silver in carbon tetrschloride.

In order to compare counts obtained from counting 

carbon tetrachlo ide solutions with those from an aqueous 

phase J^ ccl for silver had to be found where

JLcoi ** Count rate of a given amount of silver in org. phase
Count rate of a same amount of ,-ilv^r in aq» phase

For this a solution of silver dithiaonate in carbon 

tctre chloride was made up and the count rate accurately

det mined* A number of 5 al» portions wer then shaken
»

with an aqueous phase which was 0*2 M with respect to both

sulphuric acid and ammonium thiocyanate* The phases were 

then Beparatedt centrifuged and the radioactivity assayed* 

From the count of the organic phase it wae clear that all 

the activity had been extracted and direct comparison 

between the count of the aqueous phase and that of the 

original organic phase gave a value for 

The value found was 0*976,
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PETFRMINATIOH OF K* FOR TIF SILVTR DITHIZOWF

EQUILIBRIUM

A solution of'silver dithiaonate was made by adding 

excess of a solution of dithizone in carbon tetraehloride

to a solution of silver on 0.5 M sulphuric acid. After

equilibration of the two phases the organic phase was 

separated t and shaken up several times with dilute

ammonia (ItlOOQ) in order to remove any excess dithizone 

present until the ammonia phase showed no sign of yellow 

colour* The resulting silver dithieonate solution was 

centrifuged to remove any entrapped wator droplets and 

its absorption measured at 273 ^p.* and 462 EJU* The 

absorption at 620 was also measured to make sure that 

the solution contained no free dithieone.

5 mis* of the organic phase and 5 mis* of the 

aqueous phase containing the appropriate strength of

acid were then shaken together for 10 mins. at 225 cycles

per u inute on a mechanical shaker. The mixture was 

then centrifuged and the phases separated. Hesuits are 

given below



145

Table 23 

Sulphuric Acid 107 x K'

6.34
5.07
3.80
2.54
1.27
0.63

1.68
2.11

65
78
60

2. 
2.
3
5.58

Table 24

Parameters calculat» d for a two-phase system with 

I s 6, log 2 • 10, log * 12, £3 • 7 x 105 , 

£ <• 7 x 10 , £r « 10 , pH » 5, and the total concen­ 

tration of reaetanto » 10** I".

pL
9.000
8.699
8.523
8.398
8.301
8.222
8.155
8.097
8.046
8.043
8.000
7.979
7.959
7.921
7.886
7.854

102 E
0.09f9
0.1996
0,2992
0,3985
0,4980
0.5965
0,6952
0.7938
0,8943
0.9412
0.9903
1.0393
1,0882
1.1860
1.2836
1.3810

x
0.9291
0.8583
0.7876
0.7174
0.6468
0.5765
0.5065
0.4365
0.3667
0.3319
0.2971
0.2622
0.2275
0.1581
0.0886
0.0197

105 />T]
9.2817
8,5656
7.8526
7.1422
6.4356
5.7306
5.0294
4.3303
3.6344
3.2877
2.9411
2.5951
2.2504
1.5624
0,8746
0.1946

io7 [ML]
0.9281
1.7131
2.3556
2.8571
3.2178
3.4383
3.5206
3.4642
3.2710
3.1233
2.9411
2.7249
2.4754
1.8749
1,1369
0.2224

IO11 (MLo]
0.0928
0.3426
0.7067
1.1429
1.6089
2.0630
2.4644
2.7714
2.9439
2.9672
2,9411
2.8611
2.7230
2.2499
1,4780
0.3813

1 IO17 &C
0.0093
0.0685
0.2120
0.4571
0.8045
1.2378
1.7251
2.2171
2.6495
2.8183
2.9411
3,0042
2.9953
2.6999
1,9214
0,5339

w

Table 25

Parameters calculated for the some system of metal 
complexes in a monophase at pH « 5.
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n 10 105 |ML]

6,301
6,000
5.699
5.523
5.398
5.301
5.000
4.824
4.699
4.602
4.523
4.456
4,398
4.347
4.301
4.260
4.222
4.187
4.155
4*125
4,097
4.046

0.3361
0.5075
0.6842
0.7775
0.8372
0,8802
1.0002
1.0689
1.1206
1.1637
1,2012
1.2347
1,2651
1.2929
1.3186
1.3423
1.3645
1.3851
1.4046
1.4228
1.4400
1.4716

0.7443
0,6569
0.5807
0.5440
0,5203
0.5026
0.4450
0.4056
0,3678
0.3351
0,3044
0.2712
0.2472
0.2202
0.1941
0.1686
0.1438
0.1195
0.0956
0.0722
0.0492
0.0040

4.95392
3.26419
1.91014
1.33010
1*00841
0.80422
0.37080
0.22219
0.14708
0.10385
0.00760
0.00570
0,00433
0.00332
0.00255
0.00195
0.00148
0.00110
0.00079
0.00054
0,00034
0.00023

2*4770
3.2642
3.8203
3.9903
4.0334
4.0211
3.7080
3.3328
2.9416
2.5962
2.2813
1.9944
1.7330
1.4939
1.2748
1.0783
0,8875
0,7157
0,5504
0.4083
0.2710
0.2108

0.1P38
0*3264
0.7641
1.1971
It6134
2.0106
3.7080
4.9992
5.8832
6.4906
6,8439
6*9806
6,9320
6,7227
6,3739
5.9031
5.3249
4.651S
3.8946
3.0621
2,1637
1,8973

0.0006
0.0033
0.0153
0,0359
0,0645
0.1005
0.3708
0.7499
1.1766
1.6226
2.0531
2.4432
2.7728
3,0252
3.1870
3.2467
3.1043
3,0237
2.7262
2.2960
1.7309
1.7076

Two Phase Tl trfttions

In order to test th<?» utility of & two phase titratlon 

technique for acid dissociation »nd stability conetant

measurements a special piece of equipment was built and a
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fig. 2 

Two phase titration cell as described in text
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sketched diagram s given in Pig, 2.

It consists of a glass vessel of approximately 350 

mis, capacity surrounded by a water Jacket A t which is 

kept at a constant temperature with water from a thermo­ 

stat. It was found that if the intervening piping was 

well lagged by means of asbestos string, the temperature 

of the liquid in the vessel was kept to within 0*1° of 

that ret by the thermostat.

The reference electrode B and glass electrode 0 weB 

positioned in the rubber bung D so that they were immersed

in the aqueous phase but not in the organic phase, and the 

capillary tip of a micrometer syringe, or micro buerette 

£ also dipped into the aqueous phase.

Stirring was found to be of the utmost importance, 

and the normal propellor type stirrer was not found to be 

satisfactory.

A stream of nitrogen, passed in to the system through 

G, could be made to effect efficient stirring, but tended 

to splash when passing through the solution at a suffic­ 

iently high rate, and also lifted globules of the organic 

phase to the surface, where small quantities remained.
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Finally a stirrer of extreme Bimplioity was designed which 

provided excellent stirring* It consisted of a glass 

tube which was rotated at high speed by an electric motor t 

and had two small holes blown in it about an inch above

the bottom. If these holes were placed slightly above

the aqueous - organic interface, a stream of droplets of 

the lower phase were thrown through the upper phase, and 

violent mixing ensued without splashing, provided that 

the stirrer was rigidly held*

In order to follow small changes in acidity, a 

special high stability voltage comparator was built, and 

full details are given in Appendix B.

With this piece of equipment it was found that potential 

changes of 0»1 mV could be accurately followed, and satis- 

'factory results were obtained for substances which achieved

equilibrium quickly*

For dlthizone, however, the speed of equilibrium was 

too slow to make two phase titrations a satisfactory pro­ 

position*

Solubi.1.1 ty determina11 ons 

It has been pointed out ^ that if a solid, whose solu~
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bility is to be determined, IB shaken with successive 

portions of solvent, the concentration of solute in the 

solution so obtained should remain constant until all the

solute has been dissolved, whereupon further additions o? 

solvent will decrease the concentration of solute. A 

method of this type is satisfactory for substances which 

are moderately soluble in the solvents used, but if the 

solubility is high, large quantities of solid are needed 

to saturate the solvent in the successive equilibrations* 

A straightforward aethod of shaking th^ solvent with 

•olid is likely to provide good results for dithizone 

with solvents in which it is fairly soluble, but, as

Sandell has shown ' this method breaks down when applied

onto aqueous solutions sine© the speed of equilibrati

so slow*

"Pven if the equilibrium is approached from the super 

saturated side it is uncertain whether a true equilibrium 

is achieved unless an organic phase is present*

Consequently solubility measurements in an aqueous 

phase were carried out by the following method*

150 mis, of aqueous phase and 2 mis, of carbon tetra



151

chloride were placed in a flask and sufficient purified 

dlthlzone to saturate the system added* The aqueous 

phase was supersaturated with the dithizone by making 

alkali with It1000 ammonia and then precipitating with 

the very minimum (2 drops) of diluted isopiestlc hydro- 

ohlorid acid solution.

The flask and contents were then shaken for at 

24 hours at 20° C the phases separated by centrifugationt 

and solid suspended in the aqueous phase which was not 

removed by centrifugatlon removed by filtration through

a fine glass sinter. The dithlzone was then extracted

from the aqueous phase into a much smaller quantity of 

organic phase, usually effecting a concentration of about 

10 times and the optical density of the organic solution 

measured. If the colour cf this solution was too weak 

to be accurately measured then the pH of the aqueous phase 

was brought to approximately 2 and excess active silver 

added to the aqueous phase 9 whereupon the dlthizone was 

converted to silver dithiaonate and assay of the organic 

phaee gave a measure of the concentration of the dlthizone 

present, if the stolchlometry of the silver complex and 

the specific activity of the silver is known.
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The concentration of the dithizone in an organic phase 

was obtained by dilution followed by measurement of the 

optical density of the diluted solution. In cases where 

the concentration of the solute in the aqueous phase had 

been measured rndlochemically, a portion of this diluted 

organic solution was converted to the active silver complex 

and direct comparison of the assays of the activity of the

complex derived from the saturated aqueous and organic

solutions and a knowledge of the concentration and dilution 

factors involved gave a measure of the partition coef­ 

ficient and the solubility of the eomplexlng agent in the 

aqueous phane,

Determination of pH extraction curves for Indium from an 

aqueous phase into an organic dithizone phase,

25 &!• of a solution of dithizone in chloroform was 

pipetted Into a shaking tube, together with 25 ml. of

active Indium solution N/10 sodium perohlorate solution, 

both solutions being saturated with respect to the other 

phase to prevent a volume change on mixing. The pH of 

the solution, which was unbuffered, was altered to that
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required by adding drops of hydrochloric acid or si, oniat 

approximately determining the pH of the solution toy means

of pH papers*

Tho shaking tube and its contents were shaken at

223 cycles per minute for 1 hr. end after this the 

activity of both aqueous and organic phases were counted 

by pipetting 10 ml. Into the polythene scintillation 

counter cups, th* outside of the pipette being carefully 

cleaned to remove any surplus drops, fhe pH of the 

remainder of the aoueous phase was determined by using 

the Morton electrode system, in conjunction with a glass 

electrode. Solutions of dlthlfcone in chloroform, carbon 

tetrachlortde, and n-hexanol were all Ui ed and found to

indicate a It3 complex.

The solution of dithizone in n-hexanol was found to

be photcsensitlve t particularly to fluorescent laboratory 

lighting, and consequently measurement® were carried out 

In subdued lighting, and solutions were only shaken for 

half an hour.

fhe n~hexanol - watrr mixture wa found to produce 

emulsions easily, and all solutions had to be centrifuged
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for ten minutes before separation of the phases*

Distribution of active indium between an unbuffered

aqueous phase and a solution of dithisone in chloroform. 

(Table 26). Distribution of active indium between an 

unbuffered aqueous phase and a solution of dithizone in 

carbon tetrachloride (Table 27)• Distribution of active 

indium between an unbuffered aqueous phase and a polution 

of dithizone in n-hexanol (Table 28).

Th@ method of continuous Variations applied to the Indium- 

d thi gone system.

Solutions of Indium p^rchlorate in an acetate buffer,

snd of dithizone in carbon tetrachloride were made up, of
—5 strength 2«2 x 10 ' moles per litre.

The sodium acetate - hydrochloric acid buffert which 

was used gave a pH of 5.49 when measured by means of a 

glass electrode system. The solutions were made up so 

that the total amount of metal and ligand present in the 

system was always the same, and the total volumes of 

each of the two phases was brought to 20 mis. by thn 

addition of carbon tetrachloride or puffer, as required.
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The solutions were placed in a shaking tube and 

shaken vigorously for ten minutes, the solutions separated 

by means of a withdrawal pipette and centrifuged to make 

sure that one phase was completely free from the other* 

The absorbanoy of the organic phase was then measured at 

the wavelengths 450 11911, 510 mu and 620 mu. on a speetro- 

photometer and the radioactivity of both phases assayed.

The absorption factor for the indium - carbon t^t:ra-

chloride system was found to be 0.92*

It was found, that due to the photosensitivity of

indium dithizonate f experiments were more satisfactory if 

carried out in subdued light. Results are given in

Table 29.

Table 29.

Expt,

A
B 
0
D
K
F 
G 
H 
I 
J 
K 
L 
M

Mole
fraction 
of metal

620 Organic Aqueous 
phase phase 
Activity, c.p.s.

0.0
0.05
0.1
0.2
0.25
0*3
0.4
0.5
0.6
°*Z
0.8
0.9
1.0

0.000
0.054
0.133
0.232
0.246
0.220
0.209
0.178
0.151
0.115
0.074
0.032
0.000

0.000
0.082
0.174
0*303
0*305
0.297
0.256
0.210
0*174
0.133
0.082
0.041
0. 000

0.0
2.88
5.77
B.53

10*00
9.73
8.20
7,18
5.ro
4.32
2.77
0.98
0.01

0.0
1.02
1*94
4*04
6.76

11.11
16*07
24.02
29.64
38.13
44.53
52.20
57.2^
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DETERMINATION OF SILVER IN TRADE

Appendix A 

Principle of the method*

The silver will be accompanied by other metale in 

the effluent and in the presence of chloride lone and 

organic materials it may be largely present In the fora 

of complexes*

The silveri together with a number of other matals, 

is first extracted into a email volume of concentrated 

dlthizone solution, in carbon tetraohlorlde, whence it 

Is removed selectively by treatment with e*n aqueous solu­ 

tion of ammonium thiocyanat©. After destruction of thie 

thiocyanate, and re-eolution of the silver in dilute

nitric acid, the final determination la made color!- 

metrically*

Range*

For a 100 ml* sample with a silver concentration of 

0.2 - 20 micro grams per litre, a visual colour comparison, 

or an abeorptiometric procedure with micro cells holding
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0.5 - 1,0 ml. was adopted. If the absorptiometer avail­ 

able has cells holding 4-7 mis. a correspondingly 

larger sample must be taken,

Applicability.

The method is of wide applicability, There is no 

interference by the presence in each 100 ml, sample of 50 

fflg, of organic material, tannin, and 50 micro grams each 

of copper, ferric iron, lead and mercury, in addition to 

the constituents normally present in this volume of tap

water.

^« Preliminary concentration of the Silver,

1. For each 100 ml, sample, contained in a 500 ml, conical 

separating funnel acid 1 ml, of concentrated sulphuric acid.

2. Extract the silver by shaking for 1 minute with 5 ml, 

of the concentrated dithlssone solution (A) collecting the 

extract in a 20 ml, centrifuge tube,

3. Repeat the extraction twice more with 5 ml, portions 

of the strong dithizone solution, combining the organic
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phases in the centrifuge tube* Reject the aqueous phase* 

Note (a)

In the presence of excessively large amounts of 

organic material f a scum may form at the interface of the 

two phases. This must be transferred with the organic 

phase* 

Note (b)

If the volume is as high as 500 mis* a further two

extractions with 5 mis. of concentrated dithlzone (A) should 

be undertaken using a second centrifuge tube.

4. Spin and remove the aqueous phase with a suction 

pipette. Add 2 mis. of distilled water, spin, and again 

reject the aqueous phase. Transfer the solution of silver 

dithizonate in carbon tetraohlorlde to a 50 ml. separa­ 

ting funnel.

B* Separation of the Silver from the Organic Solution.

5. Add 4 mis, of 2% ammonium thiooyanate to the centri­ 

fuge tube no as to collect any remaining droplets of

organic phase and any scum, gently agitate the contents 

and transfer quantitatively to the separating funnel*
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Stopper the funnel, shake the mixture for 1 minute, allow 

the phases to separate, and, with a suction pipette, trans­ 

fer as much as possible of the aqueous phase to a 25 ml. 

silica crucible.

6* Repeat stage 5 twice more. Run off and reject the

organic phase from the separating funnel, and add the last 

few drops of the aqueous phase to the silica crucible. 

7* Add 1,5 ml. of concentrated sulphuric acid, evaporate 

to fuming under an infra-red lamp and then to dryness by 

radiant heat from below as well as above the crucible. 

Add 0*3 ml. of 2N nitric acid, and warm until any solid 

residue is completely dissolved. Add 1 ml. of 10$ urea 

solution, 1 ml. of 20$ hydroxylamine sulphate solution, 

and digest the solution for 5 minutes near its boiling 

point under the infra-red lamps. Cover the crucible with

a watch glass and allow to cool to room "benperature.

0, Determination of Silver.

8, Transfer the contents of the silica crucible to the 

micro separator (Pig. 1) with a suction pipette. Rinse 

the crucible twice with 2 ml. portions of N/2 sulphuric 

acid.
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9. Add 1 ml, of dilute dithizone solution (£) and mix 

with the aqueous phase by passing, for two minutes, a

stream of nitrogen which had been pro saturated by passing 

through a carbon tetrachlorlde solution of dithleone.

If the colour of the organic phase has a greenish 

hue, the amount of silver can be estimated as less than

1,5 micro gram s. In this case the determination can be
*• 

carried out in one of the following ways.

a. Direct visual comparison.

Prepare visual standards by adding to each of 9 

micro-teatuba3 (ignition tubes), of dimensions 74 oms. x 

1 em, dla«, 1 ml, of the dilute dithizone solution (B) 

followed by 0.0, 0,2, 0.4, 0.6, 0.8, 1.0, 1.2, 1,4, 1.6

fflls, of a dilute standard silver solution and 3*0, 2.3, 2.6

... mis. of K/2 sulphuric acid.

Extraction of the silver is effected by agitation 

of the organic and aqueous phanos together for 2 mlns. 

with the aid of a thin glass rod flattened at the bottom, 

starting with the solution poorest in silver. By 

applying pressure at the top transfer the mixed colour 

organic phase from the micro separator to a tenth tentube
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and wash it in with 3*4 ml8* of the aqueous phase. Com­ 

pare the sample and the standards and estimate the silver 

content to the nearest 0.1 microgram. Direct sunlight 

must fce avoided* 

b. Absorptiometry using miero cells.

After mixing the aqueous and organic phases in the 

miero separator, transfer the mixed-colour carbon tetra- 

chloride phase to a micro cell and replace the lid* 

Measure the absorbancy in a Spekker absorptiometer, using 

an Ilford Orange Filter Ho* 607* or in a Beetaaan or Unicam 

Spectrophotometer at A * 620, against a comparison eell

filled with the dilute dithizone solution (B). Prepare

a standard curve by adding a known amount of silver in 

the range 0*2 ~ 1*5 mierograms to 0.3 mis* of 2R nitrie 

acid, 1 ml* of 10£ urea solution and 1 ml* of 20# hydr~ 

oxylamine sulphate, and after the addition of 1 ml* of 

dilute dithizone solution (B) carry out the whole extrac­ 

tion proeese from stage 9*

Subtract the blank obtained by carrying 100 mis* of 

distilled water through the whole process from stage 1 

to the final determination.
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D» Procedure for Large Quantities of Silver.

If the colour of the organic phase in stage 9 is a
•>

clear yellow (showing that there is no excess of dithi- 

zone) further 1 ml* portions of the dilute dithizone 

solution (B) are added and the equilibration repeated 

until a definite mixed colour is observed* Note the 

total volume t x, of the dithizone used.

The concentration of the silver can then be deter­ 

mined, either by the visual method (Procedure a.) or on

an absorptiometer (Procedure b*)t or using an absorptio- 

meter with micro cells if the volume of the organic phase 

is sufficient.

In each case the number of micrograms of silver is 

calculated by multiplying the figure obtained in this way 

by the factor x.

Reagents 

Distilled Water

Laboratory distilled water was passed through an

Elgastat type B 102 portable deioniser.

Concentrated Sulphuric Acid.

Lab reagent. S.G. 1.838 - 1.844 at 15°o.



lt/2 Sulphuric Acid,

Gone* acid diluted with distilled water*

2 N Nitric Acid,

Cone, acid diluted with distilled water*

Carbon Tetrachloride.

For solution A Harrington's Pure. 95# boils between 

76 - 78°0.

For solution B it was purified by standing with 

bromine for two weeks, after which it was re fluxed with 

sodium hydroxide solution, shaken with a solution of 

hydrojtylamine hydroohloride and distilled,

Dlthizone,

Solution (A) B.D.H, reagent in carbon tetrachloride (100 mg./l) 

(B) " " " w " (5 mg./l)
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APPENDIX B

In order to follow the acidity changes likely to ocour 

during a two phase Mtratlon, it ie necesrary to detect

changes in potential of <* 0,1 mV. in a glass electrode- 

reference electrode system*

It is possible to draw only a minute current from 

this system since a larger current will cause polarisation 

of the eleotrode to occur, the effects of which may take 

more than an hour to wear off. Consequently some form 

of voltage comparator is needed which may be adjusted so 

as to provide an equivalent potential to that of the 

electrode system* and then this potential may be deter­ 

mined by an instrument likely to draw an appreciable 

currentt without any 111 effects*

After much experimentation a design was decided the 

circuit of which is given In the accompanying diagraa

Despite its notorious reputation for instability, 

the apparatus incorporates ft& electrometer triode (F.T 1) 

as a sensitive nullpoint indicator, because this parti­ 

cular valve was available when the apparatus was being
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made, it was found that, provided certain precautions

were taken, (see later) the equipment worked well over 

long periods of tiiae,

The connection from the glasp electrode, is taken 

from the ceramic owlton 82 to the grid of the valve. 

The potential of the calomel electrode is opposed by a 

potential derived from the potentiometers PI and P2 and 

provided by the battery B, The potentiometer P3 is 

employed to pre-set the grid bias of the v>lve between 

0 and -2 ?• When the system Is in balance between P2 

and the electrode cell the net potential on the valve grid 

will be enual to that provided by P3«

The potentiometers P4 and P5 in the anode circuit 

are used to adjust the voltage at the valve anode to

exactly +6 V.; in this condition there will, of course, 

be no current flow through the galvanometer G. If 

however the voltage on the valve grid changes th« current 

passed by the valve will correspondingly alter, and so 

therefore will the current at the anode. The galvano­ 

meter 6 will therefore deflect*

The 500 micro ammeter is used, together with the
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operation of P3 to set the current through the vslve to a 

reasonable value. P6 is used to set the? filament current 

through the v^lve, the power supply is derived from the 

high capacity accumulater AC. C, The voltmeter V and 

its associated switch $5 is provided for monitoring purposes.

The operation of the instrument is as followst- 

The batteries were connected by means of switch S4 and the 

filament current brought to 0*09 A. by means of switch P6,

With P4 and P5 set at their middle point th<3 grid bias

was adjusted by ?3 to bring the current through the micro- 

aza&et^r to 350 jaA* At least an hour was allowed for the

electronic circuit to settle down.

The electrode system was now connected and measurements 

commenced. Balance was attained by altering the potentio­ 

meters PI and P2 until no deflection of the galvanometer 

occurred on either position of the ceramic switch S2. At 

this point the potential derived from P3 and the net pot­ 

ential of the electrode-potentiometer systems was then 

equal. The potentiometers P4 ?ind P5 were reruired at 

intervals to set accurately the zero on the galvanometer

when S2 IB in the first position. In thiF position also,



168

the output of the internal potentiometer system vhich is 

of low impedance in made available on terminals, to permit 

its measurement on an external precision potentiometer* 

The switch B2 tuet make before it br<akc. Other­ 

wise the glass electrode acts a© a condenser, and upon 

making a connection between the glas?* electrode and the 

"T 1 a pulse Is passed which causes an annoy'ng deflection

of the galvanometer which oast be then allowed to come to

rest before proceeding with adjustment.

The FT 1 waB counted on a thick pad of sponge rubber 

to deer-"-ae* unsteadiness th#t i^i^ht ^oc^r due to r.icro— 

phonic noise and all the components were placed in a metal 

box and were kept dry by meant? of silica gel* The conn­ 

ecting wire from the glass electrode terminal to switch 

82, and from 82 to the FT 1 must not allow any 1 aka&e and 

therefore thj s part of the circuit was constructed froa 

screened wii ,

No screened room wae available and it was found that

instability wa© caused by switching a$|aratus on and off 

in the same laboratory, and rven by bringing clothing n.ade

of tcrylene near the equipment, To avoid trouble of this
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type all accumulator leads were made of sere-ned c^ble 

and the whole apparatus -nlaced in a cage of perforated

zinc.
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ABSTRACT

Th® ©olvent extraction of inorganic complexes has 

been etudied in connection v.ith two distinct problem©, 

(i) the deter?dilution of email quantities of silver at
A

a level of 1 part in 10" in trade effluent, and (ii) 

the measurement of the stability constants of metal 

completes which arc very sparingly noluble in watert 

though soluble in an organic solvent.

(i) The method finally proposed for the deter­ 

mination of small quantities of silver in trade effluent 

conttdning organic material in addition to copper, iron,

lead, mercury, and calcium, etd* was arrived at after 

detailed study of

a) The concentration of the silver

b) The separation of the silver from elements 

likely to interfere in the final determination*

c) The abeorptiomctric determination. 

a) Concentration of oilv^r by co-precipitation was 

investigated using Ag as a radioactive tracer. It 

found that silver was quantitatively co-precipitated
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as sulphide with mercury, cop™r, n/id l<s»af% If organic 

material was present in the no, ution it we.?! mor^ nr.tlB* 

factory to co-precipitate th^ silver v;;;th elrment iry 

telluriun.

Although efficient es a aean«? of concentration! 

co-precipit- tion die) not provide a sntisfr ctory sepa- 

rrtion of e«lver from tho metals lively to interfere 

in th^ "l.nal determination.

The silver complex of dithiaone (dipheiiyl thio- 

carbesjone) is soluble in organic solvents, and Its 

considerable stability to acid solutions suggested that 

it would provide a very useful method of concentration 
of eilver by a factor of 10 or better, nince only 

mercury and aom@ copper are likely to be eo-erfcraeted. 

These predictions-were v^r'-fiod e^tperiaentally and, in 

addition to concr-ntr?»tion f a preliminary reparation of 

silver was thus effected.

b) It was shown that a solution of dithizone in carbon 

tetraohloride would ratain copper and mercury even in

the prenene* of a^ueouj? thl^eyanate, but that the

Buper'or stability if thf thiocyanate complex of silver 

over that of the dithiaone complex, permitted its
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Quantitative beefr extraction i ito an acidic aqueous 

phase* F^leetive extraction was thus obtained, 

Aft^r the thiocyanate had b<*en destroyed by wet ashing 
the whole of thf eilver was obtained free from DO tale

which could interfere in th<? final determination, 
c) p-Bimethylaminobeni^fli5G7if» rhodnnlne t t^traethyl- 
thiourasi dimtlphlde and dlthissone wer^ all considered 
for the abeorptiometric determination of ellver* 
Dlthlsone was finally chosen ae it was considered to 
provide the b^st compromlce between overall accuracy and 
general convenience for the determination of the concen­ 
tration of silver after destruction of the thiocyanate 
with tsulphuric acid. Both visual and photoelectric 
determinations were found to be accurat to £ 0*1 

In the range from 0-10

It was found that traoeo of silver are absorbed

upon glassware vory readily. If f however, all surfaces 
which are likely to cose into contact with the ^Icmrnt 

are? griven a coating of silica b;f treatment vnth a 

commercial silicons preparation, It was found that the 
absorption could be reduced to negligible proportions. 

(ii) The detcruination of the stability constant 

of the lactal complex fCLn by the normal tltration
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nique IB not possible if it is insoluble in an anurous

phaee* If the complex is BOluble in an organic phaee f 

however, it is often possible to determine a mixed 

stability constant K f where

(the BUbficrlpto o and w referring to the organic and 

n.oueoufl phae^f? respectively) which involves a petition 

coefficient*

Thir is not altogether satisfactory, einco compari 

son of the changes in this stability constant observed

£oing from one compound to another in a oerirs of

related coiaplearin^ etgente, involve concomitant

changes in th© partition coefficient® pv and p t of the
Jk V*1

reagent HI» c.nci the coapleat MI*n

/, method ie »3er^red from thtoretic-l 

which enables th^ true for?, ation constant K* of ML

to be obtt Ined if the inrtal M is labelled with a radio­ 

active ieotope.

An added coi plication is the possible precr nor of



lower complexes ML, iTLg ... in the aqueous phase. A 

full theoretical etttdy of equilibrium between a solution 

containing metal complexes ML, (j « o to N) in the 

aqueous phf <se f in equilibrium with an ira^iscible organic 

phase in to which only the formally neutral species 

ML is extracted, shows that

a) the relative concentrations of the intermediate species 

is lower than for a single phase system, and b) the

overall degree of formation is higher. It hae also

been shown that Job's Method of Continuous Variations 

applies equally to a two-phase system and enables the 

composition of the extracted species to be determined 

with greater reliability than in the? case of a one- 

phase system* If the radioactive isotope of M is

available no that the total concentration of metal in
3 m *<- 

the aqueous phase (J » 0£(ML/J ) and in the organic

phase ( [j£knl 0 ) is known, the stability constants^ 

of all the intermediate complexes may be calculated,

where f n = [^ / firf w
By use of radioactive silv rf the solubility of

coiae substituted dithissones in water and several organic

solvents is obtained, in order to calculate the partition



coefficients.

Alro the tv^-plr-se method of centin '< '-MS Y riations 
is ap-il-4 ed to the indiuia-dithizon^ system and the 
extinction coefficient and the ov-rall formt.tion constant 
of indium dithizonate c? Icul^ted.


