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IRTRODUCTION

The phenomenon of solvent extroetion hes been known
for a considerable time, for as early as 1892 Rothe
showed that ferric shloride could be extrreted into
ether from an aqueous solution, Nevertheless the

utilisation of solvent extraoction as 2 tool in inorganle
chenistry has been exceedingly slow in developing and,

indeed, it is only in reeent years that it has been
generally aaoepted‘és a technicue in pure and applied
chemiatry.

One of the reasons for this must undoudtedly be
the laek of theoretical understanding of the subjeet
'whieh has made 1t inpossible to predioet what to expect
fronm a partioular systen.

However, during recent years such knnwledge has
been stendily inoreasing, and, as a result, the uee of
solvent extraction has been quickly spreading.

In thics thesces use is made of solvent extraction
in both applied and pure analytical chemistry, and some

new aspeets of solvent extraetion arc investigated from



the theorctiecal point of view.
The work earried out in deriving a method for the
determination of silver in trade effluent at a congen-

tration of 1 part in 108 is divided up into three
distinet seotions, 1) the concentration of the silver,
2) the separation of the silver frém elements that

right interfere in *hc final enalycis, and 3) the
detor: ination,

Although several methods were investigeted it was
finally found that concrntration by solvent extraction,
which at the same time provided a preliainary separat-on,
separstion b & sultable choice of sequestering reagents,
which back extracted solely the silver, and finally a
colorimetric finieh, which involved extractionof a
chelated zilver complex inso an organic solution, provided

the most convenient and efficient method of analyeis,

The determination of the stability constants of a
metal ML, by the normal titration technique, is not
possible if it is insoluble in an agueous phase, it
the complex is soluble in an organic phase, however, it
is often poseible to determine a mixed stability constant

K; where



’ - ] e -l
Kp = [.m'nJ o/[Mn ] w,;I‘]w
(the subsoripts o and w referring to the orgenic and

aqueous phases reepeotively) which involves a partition

coefficient,

This is not eltogether aati&tactory since compari-
son of the changes in étability constant observed going
from one compound to another in a series of clo:ely
related ecomplexing agents, involve concomitent changes
in the partition coeffiecients pr’and Po of the recagent
HL and of the complex ML, respecetively,

A method is derived from theoretical principals

which ennbles the true formation constant Kf of %Ln
g = [m,) o ], (]2

to be obteined if the metal M is lebelled with a radio-
cetive isotope.

An added complication 1s the posszible presence of
lower complexes L, MLZ ¢es. in the agqueous phase, A
full theoretical study of the equilibrium between a
solution containing metal complexee MLJ (j =0 to N)
in the anueous phase, in equilibrium with an immiscible



srganic phase, into which only the formully neutral
epecies li, is extracted, chow: that, a) the relative

coneentrations of the intermediate enccies 1o lower
than for - cingle phese systen, and b) the oversll
degree of foruntion i hi~hou, It has aleo becn chown

that Job'r method of continuous v ri tions applies
equally to a two phasc cy:tcm, ond rrables the 00npPOSe
ition of the extracted speeles to de detrrmincd with
rreater rollicbility than in the case of a one phase
aysten, If the rrdincctive isotope of . 1+ availoble
80 that the total conecntration of the nictsl in the
aqueous ~h:ine (g : gf[}Li]) ond in the organic nhone
(b, ],) i known, ther th ntedility comstante [n

of 2ll of the int-rmedintc complexes may be canleulated,

vhere fn = [Lﬂ] '/ b&i"h} - LL- ,::.
By uv.e of radicactive cilver, the esoludility of

somec subctituted dithizones in water and covercl orgimnie
golvente i~ obtained in order to ealoulate the partition
coeffielonts,

Al=n the two=phasc method of econtimuous v: rictions

is applied t0 the indiume-dithizone syster, and the



est netisr eaafficl mt and the ov - roll Tormction enetont

oF “‘noium ithioennte calcoculnted,



THE DETFRMINATION OF TRACE~QUANTITIES OF SILVER
IN TRADE EFFLUTKTS,

Introdugtion

8ilver adversely effeots the anerobie baoterial

reactions in sewage treatment and there are indications
that this inhibition of natural processes may have instie
tuted outdresks of poliomyelitis, It is also toxie 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 rmst be capable of
determining trace amounts of silver down to 0,1 p.p.m,

Many methods have been proposed for the deternination
of small amounts of silver, but few of these are reliable

in the presence of organio material or at the concentration
levels now imposed. Interference from common metals such
a8 copper, lead and iron has not always been overconme,

Por example in Jelly's methodl, said to be sensitive

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



amrmoniaecal solution in the presence of gelutine, and
the 6nlloidal metal determined colorimetrically;
eopper, cobalt, nickel, cadmium and iron interfere,
Members of ‘he Analytioal NMethods Comnittee who have
‘nvestigated thie method found it insuffieciently censi-
tive and sdvercely affected b’ organie matter and
foreign metalsg.

Procedures for determining silver down to 0,5 and
even 0.1 p.p.m. have been claimed involving absorptio-
metry of 1ts ocomplexes with @ithizone or p~diethyl.
aminobenzylidene rhodaninaa. As will be shown later
theze procedures feil where orgenie materisl and sube
c¢antial amounts of other metale are present. In any
case pone ..easure of concentretion by a factor of 10

t0o 100-fold would be required before the method oouild

be applied to water containing only 10 ng. per litre,
Heller, Kuhla, and Machek have deueribed the con-
struction and operation of a still dersigned to concen=-
trate trace metals in several litres of natural waters
prior to their determination polarographieally or

otherwise‘. Caldwell and MeLeod recovered 3.06 mg.



from a total of 3.29 mg. of silver in a 40 litre sample
(concentration about 0,1 p.pem.) by 'occlusion' on the
gelatinous precipitate obtained by adding ammonia,
mercuric chloride, hydrochloric aeid, and magnesium metal:
the element was determined gravimetrically in the form

of metal after cupellation5. There are obvious reasons
for avoiding methods of this kind which demand, inter
alla, large volumes of sample, and in the absence of

special apparatus and dust free rooms, sample volumes

of greater than 1 litre would appear to be excessive,



Preliminary Investigations.

A considerable amount of work had been undertaken
at the request of the Analytioeal Methods Committee of
The Society for Analytical Chemistry, and szome early
methods thought to show promise were reinvestigated.
For example t-
1. Preliminary separation of silver, with or without
previous destruction of the otganic matter, was attempted
by chromatography on Zeocard resin, sflica gel, alumi-
nium oxide and on paper, followed b  subsequent elution
with various combinations 6} organic solvents nd aqueous

acids, or ammonia6.

2. Aldridge's method for the separation of silver as
the cyanide followed by indirect determination of the
silver7. The eyanide is eonverted to cyanogen bromide
by the addition of bromine water and, after the removal
of excess bromine with sodium arsenite, the amount of
eyanogen bromide present is estimated by the intensity
of the orange-red coiour obtained upon adding o dilute
solution of bengidine in dilute pyridine, The colour

congentration depends, amongst other things, upon the



10

water content of the pyridine and the time of standiag
of the solution.

3. Colorimetric determination of the silver after
reduetion with aldehyde or suarnaea. This method has
been reported to produce a detectable colour when the

silver is present in a concentration of only 1 part in

25,000,000, The @olour deepens upon standing.

4. Separation as silver iodide followed by liberation
of iodine snd its determination absorptiometriecally in

carbon tetrachloride,

5« Reduetion of silver salts to metallie silver on a

E and compuring the suantity of hydrogen

paper fidbre
peroxide deaconposed catalytically under standardised
conditions with the amount decomposed by a series of
standard samples, The degree of decomposition depends
upon the surfacee area of the silver film, snd therefore

its thickness must always be the same for all analyses,

6 Coagulating and separating the silver rhodanine
lake at the interfaee of an immiscible solvent.

Some of these methodes hed 2 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 possidbly ealecium mulphates. Hamenee has
confirmed the absorption of silver on ealeium sulphate
and emphasised the need for solubilising any such solid
residue from wet oxidation defore proceeding with the

£inal determinationi®,

Nakamura and Pukamill have obaserved considerable

losses during the ocupellation of silvexr in anounts of

less than 2 mg. and, using Ag 1 O%

as tracer, found that

most of the loss was due to absorption in the cupel,

The loss inoreased with decreasing amounts of silver,
Gorsuch has regently shown that up to 47% of silver

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

12 but his data {(loc. eit.

16 hours in a silica crue¢ible,
Table XX) points to a maximum loses of 5% in wet oxida~-

tions involving a total weight of 10 npg. of the ~lement.

However it is important to realise that if such a loss

were due simply to adsorption on the reaetion vessels

the actual weight of silver adscorbved might be of the



same order when only a total of 1 nug. of the metal 1s
involved, in which event the totsl loss eould amount

to as much as 50%, Sueh lossee have been confirmed in
reality when quantities of 1 pg. or less 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, in which a dilute silver solution has been
evaporated to dryness, retains the silver so firmly, that
even boiling with concentrated nitric acid for a conside-
rable period of time fails to redissolve the silver.

Sherrats has examined Sandell and Neumayer's methodl3
for the determination of silver after wet oxidation of
organie matter with a nixture of sulphurie and nitrie
acids, he ectablished 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 ¢olour forming reagent. Intere
ference by common metals and ecspeeially by exceas of
reagent could be supressed by controlling the aeidity.
Nitric acid was found to be preferable to sulphuric aecid
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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 from 1 ml, of 0,1% rhodanine
could be supressed by using 4 ml, of freshly prepared
N-nitric acid diluted to 50 uls, with distilled water.
The limitations of the method for the present purposes
are clearly shown by the results given in Table 114

Table I

Recovery of silver from 100 mls., of drinking water® o
whieh 0.05 g. of Quebracho Tannin had been added

Metal added jng A B c D r r G
Silver 0 5 20 0 5 10 20

Lead 0 0 0 100 100 100 100

¥ereury 0 0 0 100 100 100 100
Iron 0 0 100 100 100 100

Optiosal 0.01% 0,032 0, 087 C.030 0.032 0,048 0.,10¢
Dengity

04D, - 0.017 0,072 - 0,002 0,018 0,072
corrected

for blank

Silver found - 205 11.2 - 002 2.7 11.2

# Hardness of drinking water was 120 p.p.m. caleiunm
(as 03003) and 44 p,p.m. magnesium (as mgco3)
The calibration curve, ueing a 1 om, cell and o

No. 604 filter, was prepared for 0 - 25 ng. silver in g
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 1t was not found to be sufficiently relizble

at the concentration levels required. The results appear
t0 be very sensitive to changes in the acidity of the

final solution,

Seope of the present Work,

In the view of the proved inadequacy of the present
procedures a new approach was c¢alled 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 fuctor of between 10 =nd 100
times, except by fortuitous diseovery of an entirely new
type of reagent. On the other hand neutron aetivation
analysis would appear to provide the required sensitivity
in thaf & sanple of only 1 ml. should suffiece if the
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estimated ultimate sensitivity of 5 x 10’9 g. could dbe

realisedls. This would, however involve irradiation
in a mueclear remetor for a period of a month, and
although the subsecuent chemistry eould be greatly sinmp-
lified or indeed replaced by §~ray spectrometry it
was felt that a speedier and leses specialised technigue
would be more generslly scceptable,

The problem thus resolves itself into an examination
- of three separate stages viz. (i) concentration, (ii)
separation from interfering elements, and (1ii) final
deteruination, Several possibilities were examined in
each case and the finsl procedure which is given in full

in Appendix A represents a compromise dbetween acceptadble

accuracy end general convenience.,

Use of radiomsaetive Silver.

In addition to thevpreliminary trials of a new
method for determining traees of silver radiometrieally,
of whieh aceount 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 lossees of silver that may occur at all
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stages, more espeeially through absorption,

Previous investigetione have had limited success
becuuse the rilver nay be assayed by conventionsl means
only when substences likely to interfere have dbeen
removed, that is %0 say at the final stage of an analye
tiecal deternminntion and no check is possidle on the
efficliency of any of the intermediate asteps,

finoce radiocactivity is a maclear property, not only

can each step involving a radioaetive tracer be exgnined

for loss, but the actual position of the radiosctivity
may be accurately followed, which is of great value when
therc is surface adsorption,

An essential requirement in using radio tracer
procedures is that the added metal zust be in the same
chemieal form snd vulenoy state as thet in solution,
Vhere any doubt exists about completeness of exchange
due note must be taken when interpreting results}
neverthelese the method does hold considerazble advantages
over normel procedures,

If practicable neutron asctivation followed b; ¥ -ray
speetrometry would be a more satisfactory method, but,

as mentioned earlicr, the inconvenicnee of this proe

cedure precluded its use,
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Concentration Procedures

If physieal conecentration by distillation4 i1z €0 be
rejected, the possiblilities presented by coe-precipitation,

the use of ion~exchange resins, and the technique of s0le
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 oconcentration
stage oan also be mede selective, or ideally specifie,
for silver, the ceeond stage, that of removing clements
likely to interfere in the final determination, will De
greatly simplified and overall losses may be greatly
reduced.
The absorption of silver on amino-mercuric chloride5
has already been mentioned, Sandell and Neumayer
recommend the collestion of silver on tellurinm13 and the
sane procedure haes been used reecently by Hamaguchl and
Kurodal®,

The low solubility of silver sulphide suggests 1ts

poesible colleotion on a suitzble earrier sulphide, IT
this were a sulphide of Group II the precipitation in

acid soiution would have the additional advantage of
breaking down the most soluble complexes of silver with
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proteins and their degradation produets, and also of
minimising surface armorption on glassware.

Co-presipitation by mixed erystal formation is
preferable since this eould provide the separation from
other metals whioh hae already bdeen mentioned as desire
able. Lead, oopper and merocury have all deen used
effrotively as colleotors and the uce of all thesze
netals was examined using thioacetamide and well washed
hydrogen sulphide gas as preoipitants,

Prom Table II it can be seen that recoveries of
better then 99% are easily attainsble. The main dis-
advantage of seavenging with a sulphide in this manner
18 that 1t will collect all Group II metals and thus
the preliminary separation of metals which was hoped
for, has not been achieved.

Sandell and Neumayer's method was also investigated:
in this the silver 1s eo-~precipitated on tellurium pro-
duced by adding first sodium tellurite and then sten-
nous chloride to a sample of the water, containing
silver, made 2N with hydrochloric acid,

It was found that the tellurite solution was more

effective 1f gpdded in several small quantities rather
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than one large addition, and if the -olution was stirred
in between additions until eosgulation wac complete.
The method also appeared to work well if lsrge quantities
of organic materisl were present (tannin was used to
simulate organic matter) but it wes noted that at very
high tannin concentrations the precipitate did not settle
due to the visecse solution,

The method is reported to be affieient down to
0.5 pep.in. and the precent radiochemical measurements
confirmed this, Iren, cobalt, nickel and zine may bde
separated from silver in this way, but lead is preecipi-
tated as the chloride and the tellurium precipitate was
found to carry down both copper and mercury.

Thie i1s inconvenlient since, as will be seen later,
it appeared that dithizone (diphenyl thiocarbezone) was
the most acceptable reagent for the final detornination,
and these metale =trongly interferec in the sbs rptioew

netric determination of silver by dithizone. Also
using Te129 as tracer Mabuchi has found evidence that a
1,8 x IO‘BH aolution of dithizone in carbon tetrachloride
will extract tellurium et pH 1, the same pH region as is

used for the extracotion of asilver dithisonatel7.
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However it was not possible to confirm this
unequivoeadly.

It 1s therefore possible thet whilet co-preeciple
tation may be used as a quick and convenient method for
eollecting small ruentities of silver from solution, it
mist be followed by an extensive separation procedure
12 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 seleotive, concente

ration reagents mentioned later,
Table 2

The effioiensy of various metals for collecting silver

by co-precipitation

Carrier Acid used Percentage
Precipitated

HgS < 4N HCL >98.5

Cus <4N HCL 99

PbS 0.18 HC1 >95

Te < 48 HCl >99

Te <48 HCL® >99

% Conteining up to 5 g, per litre of tannin,
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The use of ion-exchange resins®.

There wduld appear to be nothing to be gnined 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 t0 be absorbed by
such a resin in the ehloride~ion form with values of
the distribution coefficient KD' ranging from about
1000 in neutral solution to zero in 10M hydfochloric

aeidla. These differences are sufficient to permit

its separation from palladium whieh is retained firmly
even in 10M acidlg. Marcus reports vslues of log Kb
ranging from 5.15 to 0,95 for the absorption of silver
on to Amberlite IRA-400 from 0,004M to 5.50M solutions
respeetively of sodium thioaulphate2o.

Extraction from a oyanide medium should have many
advantages since the high stability of this ion would
ensure that the silver would be sbsorbed irrespective
of the form in which it night be originally held as a

complex in aqueous solution,
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The danger of losses by adsorption on containers
would also be reduced. Purthermore, since compara-
tively few metals form stable complex oyanides the
process of concentration would also achieve useful
separation,

Using radio-silver and Amberlite IRA-400 in its
cyanide form the following vslues were found for the
distribution coeffieient at various concentrations of

oyanide in the aqueous phase.

% This work was done by Mr.‘G.L. Reed but for the sske
of completeness is insexrted here.

Molarity of
eyanide in 0.25 0.50 1,00 1.50 2,00 3.00 4,00 5.00
aa, phase

log Ky 4.04 3.53 3.03 2,70 2.42 1.87 1.44 0.95

These figures imply that if 100 mls. of water con=-
taining 1 pg. of silver were to be equilibrated with 10
grams of cyanide resin such that the concentration of

the eyanide ion in the agueous phase was 0.25M or less,
99,0% of the silver or better would be absorbed. This

was confirmed by experiment, using radio-silver, and

excellent deeontaminetion from a number of other elements
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was shown to be possible without significant loss of
silver, For example copper, lead, and merocury were
found to be eluted by 20 column volumes of 2M potassiun
eyanide,

The removal of silver quantitatively from a eyanide

resin was found to present unexpected difficulties.
Flution with 6M potassium oyanide was effective but the
resulting solution contained large amounts of ions whioch
seriously interfered with the subsequent determination
of silver, quite apart from the unpleasant nature of

the eluant. Strong ammonia and 5% hydrochlorie aocid
were ineffective and large volumes of acetone-hydro-
chlorie acid mixture were needed to effeot a quanti.
tative elution, Dry ashing of the resin lead to eon-
siderable loss of silver. Wet ashing with concentrated

sulphuric acid induced carbonisation but the uce of a

mnixture of concentrated nitric and perchlorie 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 trcated with
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molar sulphuric aold, 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, eopper, iron, mercury
and tannin, Flution 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 eilver and provided a
solution contalning no heavy oconcentrations of s:1lts oxr
interfering ions, Since, however, the value of Ky 18
rather eritically 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 veriable helide ion concene

tration,

_glvent rxtraection

The imzense adventages of this technigue for
purposes of ooneentration and separation hardly need

emphasising, The apparatus ic inexpensive, being



limited to & few separating fumnelsy <the separstions
may be ecarried out quigkly, thus the teohnioue lends
itself to use in laboratories which have a need for
frequent routine analysis, Although in praetice it is
not usually possidble to obtain a sensitive reagent
specifioc for one metal only, by judicious eontrol of
pH and the use of eompetitive complexing resgents which
will with-hold either the required metel or the unwanted
ones, & very faly degree of aseparation may be obtained.,
Experiments oan conveniently deal with volumes of
up to a litre, and i1f the partition coefficient of the
complex is high (ea. 104) over 99% of it may be extracted

into 10 mls. of an organie phase, effeoting a concent-
ration of 102 in one pass, Conseruently solvent
extraction not only offers the advantages of concente
ration, but at the same $ime a chance of preliminary
separation.

In order to extract lonie silver it is first neec-
essary to convert it into an uncharged complex by
ecoordination with a suitably charged ligend, The
chemistry of silver suggests that chelation through

sulphur would be prcferable to chelation through
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nitrogen, snd that phosphorue or arsenic would be even
better as donor atammal. Few suitablc chelating agents
based on phosphorus or arsenic have been exanined and
the choice between the sulphur compounds BAL (2,3-dim-
eronptopropanol) and dithigzone (1,5-diphenyle3em-roapi-
ofnrmazan) wes nade on the ﬁasia of the difficﬁlty of
removing silver from its complex with the former, and
greater eeleotivity of the latier,

If the disnoeiation constent of the acid conjugate

40 the ligand L is given by

L?i%i\ - 1

and the stability constant of the complex ﬁLn is

[k ]

‘EMLH]‘ * Bn 2

and the partition coeffielent of the reagent is
Py - [%%9 o
(I 3
and the chelante

Pe = ] 4

(¥, ] °
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as-uming that the metcl formc no sppreeiadble amounts of
hydrolysis or arion coordination complexes, and t .ot the

conaentrations of the intermediat~ :upocies are negligible,

then the distribution ratio ¢, wherxe

q - The total concentration of metal in the orgunie phase

The total coneentration of metal in the aqueous phase

1s given by

« 1,7, 5
‘Mn*iv[yL;]

and from 1,2,3,4 and %

qa =Pn Py .Krn [H4]3 6

Prn (g]n
80
q = K ® [hﬁ]o n 7

(5]

Sinee, therefore, the dispritution of the netal between
the squeous and orgenie phaces is determined for the

weakly acidic reagent dithigone (HDz) by the equilibrium
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GRAPH 1

The extraction curves of some metal dithizomates into

chloroform

9 10 11 17I%
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given in cquation 7 conciderable eelecctivity may be

iiposed upon the oongentration stage by the appropriate
ohoice of pH.

Graph 1 shows typicel extraetion curves of the metal
dithizonates from chloroform, It cen be seen that this
reagent provides silver complexes which are very stable
in acid solution, In th> presence of excess of the
reagent this etability appears to be even more strongly
pronounced, with extraction not falling below 984 until
the soidity of the aqueous phase is greater than 12
nornal,

If equation 6 is applied to silver dithironste
(AgDs) end eopper dithizonate (OuDs,) :e get

quBz w 3 AgDe pAgDz Kr ?Eﬂ{ 8
Pp B LY
and
: 2
ioups = B Oube, Pounsz Ki (HR! 9
pf Ll

and dividing 8 by 9

9gD | ,
M el Au—” D Pr it 10
Cubey pouds, Poude,, *
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where S 1s the separation factor. Teking approximete
values of J.O18 for 3 AgDe pAgDz' 1027 for /30@52 pCuDzz,
10 for p_ and 107> for K, snd inserting in equation 10,
S is found to be 104, thus affording considerable separ-
ation,

The solvent extraction of very dilute solutions of
silver in sulphurie acid (down to 0,01 p.p.m.) was
studied with the sid of labelled silver, Over a wide

range 0f aocidities the extraction of silver was effecte

ively quantitative in a single extraction, and tannle
acid, used to simulate organic matter present in trade
effluent, was found to have no esdverse effeet in concen-
trations of up to 5 grams per litre. Over 954 of the
silver was removed at one pass from such a solution
containing 20 pg. of silver per litre,

At any given pH the extraetion of silver takes place
1nlpreference to that of mercury, copper, zine, lead
ete,, and if the extraction is continued until a further
portion of (diluted) dithizone remains green, the

removal of silver will certainly have been complete.

The high stability of the silver dithizone complex and
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the favourably high distribution coefficlent in strongly
acidic medin has the further important advantege that
the metal can be extraoted from aqueous solutions in
which it may be present as complexes with amineo-acids

or other breakdown pfoducta of proteins, Considersable

concentrations of chloride ions were not found to

inhibit the extraection.

By using a synthetic effluent containing, beeides
silver tannin, m-roury, lead, copper, and iron dissolved
in ordinary tap water 1t was shown that after asecidifi-
oation with sulphurie acid to approximately O,5N, three
extractions with & ml, portions of dithizone solution
(10 mg/1.) were sufficient for the quantitative removal
of silver from up to 500 mls, of sample,

The procedure ia thercfore admiredly suited for the
primary concentration of silver by a faotor of 10 or
better and it hap the added adventages of speed, the

use of readily eccessidle apparatus and reagents, and

the immediate separation of silver from much organic
matter and from the alkaline earth metals which, in any
wet ashing progedure, provide & dbulky residue of solids
on which the silver is readily and strongly adeonrded,
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In a few experiments with synthetic effluents, a

80lid sometimes separated at the water-carbon tetra-

chloride interface. Measurenments of ite activity
showed it to contain appreeoiable quantities of silver.
Whenever such & scum appears it should be transferred

with the organic phase for further treatment,

The separation stage

Tﬁe cholce of method to be used in the final deter-
mination of silver will, of courze, deocide the extent
to which a preliminary sépuration of interfering ele-
ments will be negessary, and it will tnfluenee equally

the choiece of the primary method of concentration.

After some experience with the rhodanine method
for silver it was deeided to use an absorptiometrie
finish for silver with dithigone as colour developing re-
agent.

The red-coloured produet formed by p-diethylamino-
bengylidene~rhodanine with silver is insoluble, so that
the determination with thie reagent is based upon the

photometry of & colloidal suspension, The ¢olour is

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



the optimim acidity bdeing 0,05 N.

The relation between the colour of the colloidal
suspension snd the silver concentration is linear only
up to 1 p.p.m., but as little zs 0.05 p.p.m. can be
detected. Gold, mereury, and palladium also react in
acid solution, Measurements showed that 0,05 N acid
solution indeed provided the moximum colour intensity,
but upon inereasing the aeidity to 0.08N the optieal
density of the solution dropped from 0.096 ¢o 0,076.

The definite instability of the colloidal pre-

eipitate and 1its Beneitivity to acidity changes made
rhodanine a mueh less eonvenient rcagent to work with
than dithizone.

»Merkupral® (tetraethylthiouran dishlphide) has

recently been recommended for the deteraination of
gilver in ite ores and is sa‘d to be specific for this
elementzz. This procedure depends upon the bleaching
by eilvrr ions of the colour of the merkupral copper
complex and the sensitivity does not appear to be so
great as that of the dithigzone method, which can be
made as specific b; a suitable choice of reaction

conditions,

33
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Fxhaustive extraction b, dithizone of an aqueous
phase O,5KR with respeot to‘sulphurio a0id will remove
varying amounts of mercury, copper, and palladium in
addition to the whole of the silver. The presence of
large amounte of ralladium is not anticipatéd in trade
etrluents and up‘to a 10-fold excess will not invali-
date the final determination of silver,

Using radiosetive silver we confirmed that when an

organie solution containing the dithizonates of silver,
meroury, and eopper was shaken with én acidified s0l-
ution of ammonium thioecyanate the silver is reverted
into the aqueous phase, and that the proecess is quanti-
tative for ammonium thioeyanate, provided that the con~
centration of the (sulphuric) acid was below 2N, Other
experiments showed that copper and mercury remained in
the organic phase, The aecidified ammonium thiocyanate
was also found to dissolve any interfacial scum containing
silver, presumably as an anionic complex,

Before the final absorptiometric determination of

silver it was necessary to remove all thioeyanate ions,

Thie was most oconveniently done by adding sulphuric acid
and taking down to fuming under an infra red lamp. The
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residue could then be taken up quantitatively im a little

nitrie acid %o whioh urea and hydroxylamine were azdded
to prevent any oxidation of the dithizone by nitrous
funes in the final stage.

As previously stated, radioactive silver was used
to study the ocompleteness of every stage and combination
of stages in the proposed procedure, It was soon d4is-
covered that losses of silver by adsorption on the
walls of the vessel eould be very serious. For example
losczes of up to 504 occurred from simply shsking a solue
tion of silver nitrate (1l p.pem.) in a cleen stoppered
Pyrex tube. This adsorption was most troublesome when
a dilute silver solution was evaporated to dryness and
considerable difficulty was experienced in devising a
method €0 recover all the silver after fuming with
sulphuriec acid., Poreelain, pyrex and even polythene
surfages sll adsorbed silver in the cold and the amount
always increased upon heating. However it was found
that absorption on a fused silica surfaece was very small
and even losses sustained during evaporation could be
made negligible if heating were ocarried out by means of

infra~red heaters,
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The importance of using fused silica vessels in

conjunction with infra-red heaters for evaporstions,
and of coating all glassware with a silicone 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 absorptiometric determination of eilver

The final stage can be earried out by
). Measuring the abaorption due to the yellow silver
dithizgonate complex at 462 qn

24 By measuring the deorease in absorption of a stand-

ard dithizone solution at its maxima of 620 nu or 450 mu,
3. By a reversion procedurs.

4. By obeerving the eolour change that occurs vhen
silver, due to its superior ocomplexing power with dith-
igone, replaces copper from a solution of copper dith-

izonate.,

{ <
Determination of silver in the range 0 - 1 ng. was
studied using a dilute solution of dithigone in carbdon
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tetrachloride (5 mg/l.). In order to obtain adequate
sensitivity when tiny quantities of silver were present,
only a limited volume of extraet was available and it
was negessary to use micro-cells with a light path of
10 mn., and holding about 0.5 ml,

When usingya 'Spekker' absorptiometer the Ilford
Speetrum 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-

gzone (method 2), but the mixed colour determination of
silver dithizonate (,Xmax = 462 qp) in the presence of
excess dithizone (method 1) was found to be very unreli-
able owing to the closeness of this maximum absorption
to the seoondary’absorption peak (450 qn) of dithizone,
Under these oircﬁmetancea any inerease in the absorption
at 462 mu. due to the formation of more silver dithi-
zonate will be offset to a certain extent by the decrcase
in eoncentration of the dithizone itself, Since the
extinotion coefficient of dithizone at 462 mu is about
18 x 103, and that of silver dithizonate at the same

wavelcngth 30.5 x 103 the sensitivity of measurements
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carried out would be the same as that achieved with a
monocolour deterninetion when the extinetion coeffiw
cient had the relatively low value of 12,5 x 10°,
Moreover the best Ilford filter available in this
case had a comparatively low transmission and the overe

all sensitivity was poor, It wes not considered sutis-

faetory to rely upon s mono-golour method which would
entall otripping excess of dithigone from itr extraot-
tion mixture with silver dithizonate with alkali, siice,
although the keto dithigonate iz reported to be atadle
t0 alkali, a red solid, (supposedly a polymerie keto
rer-23) irreversidly separates upon etanding.,

If the final sllver solution to be determined still
contained comparsble amounts of copper or mercury the
reversion method eouid be used to sdvantage., FPor 1if
Cgr Cor Cp and C, and the concentrations and o , £e

£a and £a &re the molecular extinetion coefficients

of 24lver dithizonate, ecopper dithizonate, meroury éithe

igonate, and the dithizone excess respectively, the total
absorbaney Ay and Ap before and after shaking with
acidified thiooyanate (which will revert only silver
dithigzonate t0 an equiv:lent amount of dithisone) will
be given by
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ot G0 800 50 * S

by = B0, + 50, + %0, + %0y
whenog the reversrion valug A= (Mg - Ay) =C (id “'is)

As predicted the reversion curve (the plot of A
against the concentration of silver taken) was linear
over the renge 0 - 2 ng. The reversion method has the
advantage that the slope of the ealibration curve can
be readily checked by carrying out the reversion proce-
dure with a single known concentration of silver, since
the ealibration curve passes through the origin. A
greater advantage in practice is due to the circumstance

that the position of the calibrotion curve does not

depend upon the aotual concentration of dithizone used,

80 thaet problems involved in preparing or maintaining
solutions of this notoriously unstable rcagent are
largely circumvented,

In preliminary work during which anion exchange
resins were considered as a means of concentrating

gilver it was anticipated that the final determination
of silver might have %0 be made in the presence of small



amounts of copper.

The method recommended by Leopold124 was therefore
re~exarined, which mskes use of the faet that silver
will displaee copper from the violet cupric keto-dithi-
zonate €0 give a series of mixed colours ranging from
violet to yellow. This mé¢thod 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, 3, was preferred beééuse (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) sbsorptiometric determination of the
optieal 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
mach more satisfaetory to use an absorptiometer, or

better a spectrophotometer for the finel determinations,
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The aqueous phase containing the eilver, after destr-
uction with thioeyanat:, i3 placed in a niero-testude,
g dilute dithizone solution ic added and the two phoses
mixed Ey agitzting vith 2 glass rod flattened at ona
end,

The final colour of the organie vhase is then

conpared with a series of stendards made up previously,

If the quanti'y of silver in the standards i: veried by
about 0.2 mg. the final determination should be accurate
to within + 0.1 ng.

The final procedure for the determination of
silver using solvent ~xtraction to conccntrste the ele~
ment, srlegative reversion to separate it from inter-
fering elemeonts, and an abdsorptiometric determination
with dithizone ie fully described in the Appendix.
Over tho range 0 - 1 ng, in the final =olution an
accuracy of &+ 10% was achieved under optimum conditions
which would appear to be adecu-te for the proposed lower
linit of 1 part in 10° when using a 100 ml. cample,
¥ith higher concentrations of silver there ic an

appreoclable inerease in ageouracy.
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Flame Photometry

It has been reported16 that by the urce of are
speetrogrephie methode, eilver may be estimated down

to 0,03 p.p.m. by comparing the 328 mu, silver line
with the 325,6 line of an indium standard.

Clearly a time consuming speetrographic method
would not find favour for frequent routine analysis
but it 1s poseidle that laboratories with flame photo-
meters could use them with advantage for the determine
ation of silver 1f the nmethod proved adecuately sensi-
tive.

Using & Beckman flame photometer with a natural

gas=oxygen flaome a detection sensitivity of down to
2 P«.Pst, has been reportadzs but this may be inercased

under favorable conditions, The sensitivity may be
compared with that of other elemente by dividing the
detection sensitivity into one hundred, Some values
are glven below, the wavelengthe in ;. to which these
figures refer are given in brackets after the sensitie

vities

Ag Cu Pb Na
?33)1.) 9%00(3%4‘.)8) og.zdag{sa;) 10,000 (589)
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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

direetly for the analysis of the sample of effluent
because of interferences due to both anions and cations
present.,

The seecond most persistant silver line (338 qp) is
known to deercase in intensity with added anions in the
order nitrate, acetate and sulphate and although the
first persistant line 328 mp, remains unaltered copper
(327 mp) is likely to interfere at this wavelength.

It is not feasidle to introduce dilution tech~
niques to reduce interference, due to the initial low

concentration level of the silver, neither can radiation
puffers 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 muct be preceeded by concentration and sepa-
ration stages in order to obtain a final solution suite

able for measurecment,

As ecan be secn the lines for silver (328.1 and 338,.3
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GRAPH 2
Beckground produced by hydrogen - oxygen and gas -

oxygen flames

Gy 6 Gwam ¢ ey o cem—

hydrogen - oxygen

. §88 = oxygen
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3;) fall on a region of high wat r dackground and it is

important, in order to get good accuracy, to measure as
narrow a band width as 1= feasible, This gives the
best signal to background ratio,

By courtesy of Messers Unicam Limited it was possible
t0 oarry out measurements of the S,P.900, & new direoct
reading prism flame photometer of high resolution,
incorporating an oxy-acetylene burner, Solutions oon-
taining between 1 and 50 p.p.m. of silver in sodium
perchlorate solution were measured by scanning the silver
bands, using the narrowest band width.

It was found that the silver peaks do not appear

%o stand out well above the water background, even with
relatively large quantities of silver, and, in addition,
the sensitivity leaves much to be desired.

From 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:ors may be involved

Table 3
Ag PeDPom, Seale 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 oconventional
methods of absorptiometric 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 see¢tion, The
method has been devised bearing in mind the simplicity

of equipment and convenience of handling. Solutions

were made up as in Table 1 to simulate effluent con-

ditions, and varying asmounts of silver added.

Table 4
Silver added Quantity of Parts_per Silver

solution 108 found
15.0 ng 100 mls. 15 13.3 ng.
10.0 » 100 10 g.S a
5.0 100 5 4.3
0.95 100 0.95 0,88
0.70 100 0.70 0.60
0.50 100 0.50 0.40
0.50 200 0.25 0.42
0.20 100 0.20 0.20
0.50 500 0.10 0.2%

An independent series of experiments were carried out at

the laboratories of British Drug Houses Limited and the

results obtained are in Table % below



Table S

Silver Added Silver recovered

1l RE. gogg RE.
3 470
10 9.70

A number of measurecrients were also carried out at the
laboratories of Boots Limited and efficiencies achieved
varied between 67% and 90%,

Radiometric methods

Although it was considered preferable to develop- a
method which did not involve the use of radiometric 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 eilver keto-dithi-

zonate in an organic solvent is prepaered from radioactive
silver and completely freed from excess of unreacted silver
or dithigone,

If this solution is equilidbrated with an aqueous solu-

tion containing a mich smaller asmount of insetive silver
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the isotopes will exchange and the amount of the radloe
activity in the aqucous phage will be a meseure of the

amount of silvexr originally present there, If the
epeeific aotivity of the silver available is sufficlently
high, a very censitive method beoomes available for the
determination of traces ~f silver,

If the equilibrium constant for the reaction
Ag™ - HDz = Agdz + H'

is given by

kK = (agoe] (1] 11
[46°] (te]

and making use of equations 1, 2, 3 and 11

hrers] | (e - Kpg = K 12
E@i] [ipe], Py

Specifically let

Sa = nuober of moles of radicactive silver originally

in the organie phase
S1 =& nusnber of moles of inactive silver originally

present in the agqueous phaee



x = the number of moles of eilver which, at eguilibriunm,

have gone from the organic to the aqueous phase
@fj = the eonceantration of aeid in the agueous phase
vV, and Y = the volumes of the aqueous and organic phases
From the above [Agps] , = (5, - x,)/V,
k‘] » (81 - xi)/v

oz}, = *V,
whenge
Sg = X4 = X'/ Iﬁ‘ Y = K' 13
x, (8 + x,)

at constant hydrogen ion concentration,

The totsl amount of activity in the system is pro-
portional to 5. The total amount of silver in all forms
is Sa » Si and the amount present in the agueous phase
at equilidbration will Dde 51 * X4 The activity »f the
aqueous phase will thus be proportioncl to the quotient
(S1 "’i)/sa - si).

1f the specific activity of the cilver is 8, CeDel

per gz, mole. the radioaectivity of the aquenus phase 1l

be given by

49



R, = aa(si * xgl | 14
(5, + 5)

et oonatant hydrogen ion concentration cquation 13 gives

:es;nxiz + (5Kt 1) x, -5, = O 15

Aprlying the generasl solution of a quadratic equation to

eouation 1%

xi = ..E‘,.»if»r-(" -le (Si Kt & 1)2 - 4 KW Sa 16
oK

and subdbstituting the value of x4 from 16 into 14

Ry = 8 Sy =BE e 12 f(SK DT o4 8, K g
-4 X

———

g 5
‘a ¥ i

1f S1 18 =srall compared with Sa’ and since X'! is large

compared with 1 equation 17 becomes

2
D e T
S Sa

A linear relationship b tween the count of the adheaua
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GRAPH III
Calculated and experimental points for the
equilibrium between radioactive silver
dithizonate solution and inactive silver
in agueous solution |

e et

P
. i

~ U e .
: N : *
' g
Ao 3 p
r -
i
*

(0 - 10 pg silver)

.
¢

. ] v

i - i

! :

3 .

H 3 ! . 4 ' S
SV S L - e e e . .. e adn s ST

i ¥ .

,

i
+.L,-,,
ot !

o g . o falcmlated
o SRR ' f(j’Experimental
; "—%rfﬂi_f‘-; i. -

i

Y -
40N

P

S’ é | 10
aE ; silver added (Pg) -



82

rhase and small amounts of added silver would therefore be
expected 80 long as the assumptions made in deducing
equation 18 were walid,

A strong solution of radioaetive eilver dithizonate
in carbon tetrachloride was shaken vwith twelve times the

volume of aqueous phase made 0,5 N with respect to sul-
rhuriec acid contnining varying emounts of silver, The

aqueous phase was then ¢ unted. Independent measurements
making use of the optical density of the silver dithiszonate
solution, its extinetion coeff cient and count provided
a value for 8y hence the value for R, could be calculated.
It is ¢lear from Graph 3 that the experimental data con-
forme to that theoretibally predicted} and the calibration
greph is linear over the range O - 1 ng. It should bde
quite poseidble to determine quantities of silver as low
as 0,01 pg. by this method.

The only difficulty with the method, apart from the

need to silicone all glassware, was the inaccuracies pro-

duced by a red solid which separated out from the silv-r
dithigonate solution on standing. To avold any inaccure

acies thet its formation might incur, the silver dithi-
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gonate solution must be freshly made up before use,

If no inactive silver be added equation 13 reduces to

K*' = (8, - x,) H*v
xig

19

By measuring the activity of the aqueous phase and
knowing 8y & series of value- for x; may be obtained for
varying hydrogen ion concentration, and hence K' :ay be
caloulated,

Values of K' varied between 1.73 x 107 in 6.34% sule
phuric acid o 5.57 x 107 in 0.63 N sulphuric aecid.
Values eited in the literature obtained by more convent-
ional methods are 1.% x 10? for 6 N sulphurie acta?? and
4.7 x 107 for ionic strangth 0.128.



Radiochemical check on the effigiency of anslysis,

It is possible, in spite of losces during en analy=
tical assay, to carry out an exact anelysis by means of
an isotope dilution method,

Suppose that a solution containsg x pg. of silver
which is unknown, and which iz 40 be determined, and to
this is added a known amount y ug. of active silver, of

known specific activity e_ o.p.m., per gm., mol,

8
After passing through the analytical proceac the

total quantity of silver is found (say colorimetrically
as silver dithizonste) and the amount of activity present

is also measured, Let us ascune that the final volume of
silver solution upnon which the assay takes vnlace is V nls,
and for the final deternination only a fraction of the
initial silver T remains.

The total amount of silver initially is

(x + ¥) 10"%  nols
Ag

where Ag is the atomic weight of silver

and the final concentration is

(x + y) 1073 1 21
Ag
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The abeorveney of the silver dithigonate at the abaorption

maximum (462 @p) will be

he (xe3) 20731 ¢, 20
gV

It & 462 1 the extinetion coeffieient of silver dithi-
zonate at 462 mp und 1 om. cells ere used,

Now the activity of the added silver solution will be

Ri = Y 10"6 Bg C.DeM.
Ag

For the final count the speeiflie activity will now be

Y Y
X >y

8

80 the final count should bde

-l
lf - Y o&ao X+ ¥ o 10 = Ri
X -y Ag

Any difference between Rf and Ri therefore iz a measure of
the lose of active ailvei in the solution and if this
exchanges with the inactive silver 1t 1s a measure of the
total loss of eilver during analysis,

1.@0 T = Ej‘; 23

Ry
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So from 22 and 23

x = A.Ag.V.Ri -y 24
=3
10~ R <460

In prectice it is more convenient, as was mentioned
earlier, to nicasure the decrease of the optical density
at 620 mp due to the formaution of the silver dithizonate.

When no silver is present, if 1 cm. cells are used,
Al = EEHDz cq 25
Ao = Cup, © 4 Eagps ©2 26
The extinction coefficients referring to 620 mn

Subtracting 25 from 26

A -4 = AL = By, (o) -0) - €, o

But since silver dithizonate is a 1l:1 complex ¢ - ¢ = ¢,
80 AL =0y (&, - Gapy) 27
From 21, 23 and 27 we then get.
X = Atﬁ. \'4 Ri -y 28
107 R, (& gDz " € upg)

Thus equations 24 and 28 provide s method for the calcula-

tion of x.
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SOME THEORFTICAL INVESTIGATINONS INTO THE APPLICATINN
OF SOLVENT EXTRACTION TO COMPLEX CHEMISTRY

The Determination of eseid dissociation constants.

It would be of considerable value if the utility of
a particular analytieal reagent could be assessed from
theoretioal principles., Much work has been done in an
attempt to make this possible, data has been accumulated,
and meny valuable deductions have been madezg.

The methods used consisted of comparing the aecid
dissociation and metal stability constants of a number of
clocsely allied compounds, having previously determined
these constants by titration, with either hydrogen or

glass electrodes as hydrogen ion concentration indieators,
This method has been used extensively for substances

which are goluble in water but, unhappily, it may not de
applied direetly to 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 comparadble with
those obtained in purely aqueous media ic difficult, and

there has been a general tendenecy to quote a mixed
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atability constant of the type K' in equation 12 30, 31.
Since this involves the partition coefficient of

both the acid and the metal chelate, clearly any diffe-
rence in the value of K' obtained when altering the chele
ating agent will refleot, not only changeé in the stability
constant, but also variation in the partition coefficients
involved in the constant XK',

In order 1o obtain a oclearer pieture of these changes
attenmpts have been made to obtain true acid dissociation
econsgtants for such substances as dithizone in which the
partition coefficient is very mish in favour of the
organic phase,

Thus neasurements of the distribution of a weak acid

between water and an immieelible organic solvent lead to
values of a 'mixed' dissoeiation oconstant K'r where

_{n] @] = K, = K,

(AL] P
from which, value of the true scid dissociation constant
Kr may be caloulsted, provided that the partition ocoef-
ficlent P, has been detexmined fronr a subsidiary series

of experiments32.
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Dyrssen has obtain:d valuee for the true stability
constant of dithisone by making use of solubility measure-
mente33. and for cupferron and oxine by means of a two
phase titration teohnique>*, The laet method is likely
t0 prove the most convenient, sinece s series of experi-
ments are replaced by a single titration. Concsequently
some time was given to the problem of applying a two
phase titration to the mecsurement of the seid dissoci-

ation oonstants of dithigone and its related eompounds.
Let us assume that & solution of dithizone in

carbon tetrachloride, in contaot with an aqueous phase,
is titrated with strong ceaustic soda from a mierometer
syringe, g0 that there is no appreciesble change in volume
of eithex phase,

Applying the condition of eleotroneutrality

Ml s [17] = (o) « 7] 29
or [17] = (3"} « [#*] - Ko/ [H] 30

If, therefore, the hydrogen ion concentration of the
solution is known, the free ligand ion conecentration L~

may be ealoulated from the known concentration of added

alkali,



If the volume of the organie phase is V_, thet of the

0'
aqueous phase vw' and the initial concentration of the

1igand [mljT |
[L] pv, = [ED] , v, « ([t]«[m])v, 31

and inserting values from equations 3 and 1 into equation

31 we get
3: = [K] Vapr - V' - __ZE_______ 32
[I‘.] [HL] ? Vo Kp [HLJT Vo

If Yopr» V, whiech is likely since V, will be of the
game order as Vﬁ and Py will be large, ecquation 31 reduces

to

1:[11]22*% 33

[ 1] [E'jr K, [m] ? Vo

Por dithizone pr/xr will have a value of the order

109 for the earbon tetrachloride water systemn, [hg will

be of the order of 10"‘, so if Vh = Vo the following
related values for the hydrogen ion concentration and the
reciprocal of the free ligand ion concentration are

obtained
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Ly 1/ 7]

10-11 1.01 x 10™*
10~10 1.1 x 104
10-9 2,0 x 10~4
10~8 1.1 x 10~
107 1.01 x 10~°

The significance of these figures is that if the free
l4gand ion concentration Eﬂﬂ is to be oaloulated from
equation 30 its volue is likely to be too =smaell to be
determined accurately in solution more acid then pH 8, and
the differences likely to be met with are likely to be
very amall at pH's in excess of 9. Honce significant pH
measurenenta are limited to those obtained from solutions
of scldities varying between pH 8 and 9, a difficult region

¢0 work with in unbuffered solutions,

It is, however, poseible to carry out titrations in
the presence of a buffer, making work in the pH range 8
to 9 practicable.

If the acid diesociation consfant of the buffer is
given by

- (@ _(3 34
[HE]



then equation 29 deeomes
["a‘] * (H‘] = [OH’], g [1»'“] . [B"J 35
(48], = [ie]+ [-] 36

asguming that neither species [hﬁ) or [?f] appreciably
partitioned into the organic ph.se.
Thus combining 36’w1th 34

[*] - & [re] . 37

Inserting the value of LP:]‘ from 37 into 35 we geot

] = fet] o ) xy -fm]l,

[*] [} =

and thie value may be inserted into ecuation 33.
A mumber of ti%raiiona were carried out to test the
validity of these equati~ ns, ueing dithizone as the lig-
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and acid HL., but results were not found to be satisfactory

due to the time taken to aschieve equilibrium after adding
alkali, It was found that immediately after addition of

alkali the aqueous phase became more alkali than the



63

equilidrium value, but as the phases were well mixed the
equilibrium value was slowly achieved,

The methnd of stirring is quite elearly 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 s stable state. The time

required for a titration was therefore likely to be con-
siderable, and so, for the sake of convenience, values of

P,/K,. were obtained from a series of individual equili-
bration experiments, and Py found independently by

neasurements to be descrided later.

The deternination of metal stabllity constants for complexes

whigh are insoiuble in water

It was mentioned earlier, that when the chelating
agent, HL, and the metal chelate MLn are only slightly

soludble in water, dbut favour an immiseible organie phase,
it was common practise to define a mixed econstant of the

type K' in equation 12,
It would appear poesible, however, to find the true



stability constants for stepwise equilibria, even when
equilidbrium butween 2 phases is involved, 1if use is made
of the sdditional information which can be obtained by
using e metal 'labelled' with a radioactive isotope.

Let us assume that an agquecus solution containing

a total amount of metal C, (edded as perchlorate), is in
contact with an equal volume of immiscible oxrganie phase,

containing a total amount of ligand OL‘ Conocentrated
alkali, say oaustic soda, is added from a micrometer
syringe, 80 that there is no appreeiable increcase in volume
during the process of titration,

If the metal is divalent and only e neutral speecies

is extracted, we have
o = lul «[ml « D) o« Pm,], 39
and
¢, = [mL] « [1] +Dm) « 2[im,] «2pa@,] , ~ [HL], 40
Applying the condition of electroneutrality

B"]e 2[0* & (Fa*] + [11*] =(1°] & Coml. 2lc10,-
[mle 201 s [ma®) 4 ]a[x,"]:[ou']-.-zcm““

Substituting for G, from 39 into 41



[Fe]+ [u] - [oR] = [&] « [m] « 2 (@] + 2 pu,] 42

and substituting from ecuation 40
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[ve] « TH] - [oB) = ¢ - [m]- [m], 43

and from 1 and 3 equation 43 beeomes

L = 0 - [Fa] - [H] ~ [od] 44
(1+ pr)ﬁﬂ /Ee

Thus provided that the:partition coefficient and the
acid disuoeiation constant af the meid conjugate to the
11gand [L”] are known, 1t 1s possible to caleulate the
free ligand ion conecentration [Lﬁ].

The normal procedures to complete caloulation for a
one phase system would be to combine equations 39, 42 and

2y (pp = p, = 9), giving an equation of the type

[re] + (8 - [o] = [e]+ cyfsn + 201« p 38,17\

1L & (1 pc)/gl.‘

and by substituting the values for EL] from 44 into 45,
for different quantities of added alkali, a number of

equations may be obtained which may be solved for/S, and
ﬁzo



Unfortunately if this procedure is garried out for
a system for which Pq and P, are not negligible compared
with 1, then on sol!ving equation 45, wvaluee for 53, and

f,Py Would be obtained; but it would be impossible to

find the individual velues of ,Sland P, Without additional
information,

Ify however, the metal is radioasctive, its distri-
bution retio, q, may be measured,

Now q = <total am-unt of metal im the organic phase

total amount of metal 15 the aqueoue phase
50 qQ * P, ﬁzEb] ? 46
] Ll®
10(3‘{1» - @;LL

It will be obvious that in equation 46 the term ﬁz 13 not
maltiplied by (1 + pc) as in equation 45,

If, therefore, in addition to measuring the hydrogen
ion concentration of the agueous phase, upon adding alkali
to the two~phase syatem coantaining metal and ghelate,
the distribution ratio of the metal between the two phases
is determined, a further equation relating po.{& ’ pL and
fIJ is obtained from which can be caleulated ﬁ\ N (3:_ ’

ﬁPc and hence )
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From the purely practical aspect it should be
remembered that experiments of this type may be carried
out as e continuous titration or as a series of separate
extractions,

Provided that equilibrium between the two phases is
quieckly established, the former is the more convenient,
but in this case the titration vessel must be modified to
allow assay of the aotivity of the two phases after sach
addition of alkali,

The stability constante found in this way are true
stability constants and may be direotly compared with

those obtained from measurements carried out in a single
aqueous phase, ptnvidad that the two phases are immiseible.
In praetice, of course, the system is not made up of two
gompletely separate solvents, dbut two solutions of one
solvent saturated with the seoond.

If there is any effect due to the iriccibility of the
two solvents, it might be expeeted to nake itself apnarent
in two different ways. It might affeot the Lyldrogen ion
concentration reading or the value nbtained for the perti-
tion coefficient,

8inee the partition coefficient of the ligand between



an‘aqueoue organic-solvent palr should be equal to the
ratio of the solubilities in these two phascs (cec later)
it 1s possible to deternine 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 differecnce in the
two values for the partition coefficients of dithizone

between water and carbon tetrachloride so measured.
In addition, the curves for the tiitration of a water

soluble acid and base were exactly supsrposable, whether
the acueous phase was in contaet with a carbon tetre-
chloride phase or not, suggesting that the effect of
miseibility of the two phases ocould be considered to be
negligibdle. |

Por many purposes it is not necessary to know the
stability constants of the intermediatc conmplexes,
provided that the formation constant of the uncharged com-
plex, M&n, is known,

Unfortunately, many methods used to carry out thece
ealoulations have, ~uite wrongly, assuumed that intermediate

complexes are present in negligibvle proportions, It is,
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however, possible, as will be seen in the next seetion,
to approach this econdition more nearly by taking advantage
of the particular properties of a tvo phase aystem and
applying them to Job's method of continuous variations.
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NBSERVATINNEG ON JOB'S MITHOD OF CONTINUOUS VA'TATIONS

AND ITS TXTINEION T0 T®O-PHASE SYSTFRIC,

The method of contimious variations, first enunciated
by Job3> and treated in great detail by Vosburgh and
Oooper36. ie one of the most widely used procedures for
determining the composition of a soluble metal ocomplex
formed in solution from a metal M and ligand L (chargee
are omitted for the seke of generality). To facilitate
the subsequent discussion the basic proncedure will be
regapitulated.

Wixtures of ¥ and L urc prepared in various pro-

portions subjeet to the condition that the total mole-

eular oconcentration of tho two components should remain
constant, FPor each mixture some property characterising
the complex ML, (e.g. its optical adbsorbency) is detere
mined end from this is subtracted the corresponding
quantity caloulated on the assumption that no complex
formation hae takon place, A plot of the resulting
value (the Jobd ordinate, AJ) against the mole fraction
of one component will have an extr-mum from which the

actual composition of the complex is readily ocaloulable,



Thus for the reactiont

M + nL, —— ML
(1) if there is no reaction,

xC . - (1 - x)C 0

(11) =t equilibdbrium
(x =X (1 - x- nd)C o C
47

The value of the characteristic ordinate, Aj, is then

given by

g {lx-o)oy o (1 -x = nd)CgLdefc} - e
e (1 - x)CgL z (Ec -EM'-nfL)dc

where€ p,€ 1 » and&q are the molecular extinetion coef-
ficients of the species M, L, and ML respectively, and
a 1ligsht-path of 1 em, 1s assumed. It follows thats
2a./ox = Olfc -€u - "EL)R& /2% )
= Constant x (9« /9x)

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

be most rcadily determined when & is large compared with
a?

71



£ 8n0d € . Tf the stability constant for the complex
1s detinea vy B_ = [ )/ (Ml {17, 1ogarithute airr-

i

erontistirn ond insartion of the eonditiom d%/dx

0 l-zds at nnoe t» the desired recults
X® 1/(1+n), orn= (L-x)/x 49

gt the turning point,

rxtension to & Twoe-phuge ﬁxgtqg,

One escentisl rocuircuent of the procedure ocutlined
above ig that th~ system should be homogeneous, In
zany cusce thiz is impracticadle. Far clthough thea
metal ecation will be soluble in water but not in organic
solvents, the revirae is often true of the ligand, more

ecpeoinlly when thie ip & large orgaric moleoulet many

natsl inner complexes are very aparingly eclubdle in water

though soluble in orgenie solvente, To overcome there

aiffioulties nixtures of solvents (e.g. watareicthanole
ehlirroform) heve been used to provide s single phase,
put the low solubility nf the metallie inn~r complex has
often proved the limiting taetqr37. It woulé elearly

be ~f sonaiderable general wvalue if Job's 1. thod eould
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be applied to a two-phase systemn. Although this has been

tried practically and with apparent success38 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 solvent:
allow it to react with a metal cation, M, to give an
uncharged complex, MLn, which can itself be extracted into
the organic phase. At equilibrium the system can be

represented diagramuatically thuss

+
Aqueous Bt +  nHL W, + nE
phase A

V77
////

Partition coefficients for the reagent (pr) and uncharged
metal complex (pc) are defined by:

o= [0/ [ , wna vy = [ /)

where the subseript o distinguishes the organic from the

aqueous phase, We assume that the system as a whole
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containa xC moles of metal and (1 -~ x)C moles of the
reagent, HL, which is the acid conjugate to the ligand

ion, L. The recagent may be added initially in the form

of a solution in the organic solvent, The metal ion will,
of course, be present initially in the aqueous phase which
must be buffered to ensure constancy of pH and should pre-
ferably have a constant salt background to preserve con-
stant ionic strength, in default of which the application

of the law of mass action to the system may be invalidatedBQ.
For simplicity we postulate that the solvents are com-

pletely imniscible and that the volumes of aqueous and

organic phases are equal.

Provided that there are no intermedigte atep«complexeng
such as MLJ (3 % n), or more complex speeies sueh as
HhE&Ll and their hydroiysis produote4o, the concentration
of the unicue extreotable ‘eomplex ‘L, in the aqueous phase
after equilibration will be denoted by XC. The concene
tration in the organic phase will then be @Ln] 0 = “CE'
Conegiderations of mass balance lead to the-following_

equations:

xC = [lnj - [m'n] * [‘%nlo 50



and

(1 -x)C= (a] « [E] , «nlo,]enpa ], 51
whenoe [M™*] = xC = «((1 « py) 52
and

(HL] = {(1 -x)( =ns(1 & pc)k /(1 +p.) 53

If the equilibrium constant for the reaction taking place

in the aqueous phase is defined by:
k, = [o)(EN%Y (™) [w]”® 54

then by substituting (¥L ] = xC, and values for [ u™]
and [HL} from equations (52) and (53) we obtains

K, = _ «C (1 & pr)n L‘H‘] n 55
e ¥ frp T

Differentiation givess

» 2
2Llog K  &x f1 (1 + %) o D(1en,) \3
e 'VH‘} = :;7& ” « = x (1 # ,po) I —x~- r\t\uwa)
- | 1

n
- T 56
Xx= % (1+ ) 1-x-m(1lsp)

78
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If AJ is8 the absorbency of the complex MI.n in a 1 cm,
layer of the organic phase, thens

Ay = Dmple, =wxlwre. 57
whence
ar/ax = CpE, (ax/dx) 58

Maximum absorbeney will occur when dA/d% = 0, whenece
da/dx = N at the extremum, Inserting this condition

into equation (56) gives
X = 1/(1en) or n =(1-%)/x 49

as before,. Hence with 131, 112, and 1:3 complexes the
extremun will occur when X = 0,5, 0,33 and 0,25 rese
peectively, jJust as in the familiar rethod of continuous

variations applied to s homogeneous system35' 36, 39.
In this extension of Job's iethod the most censitive
wavelength at which t0 carry out measurements will be
that for which £, is greatest,

Measurements at High pH and with a Coloured Reagent,
If the pH of the aqueous phase is high enough a sube
stantial proportion of the reagent may be transferred

from the organic to the aqueous phase and 1t will be



negeseary to take into ascount the concentration of the

fre- ligend iom, L”. TFruations (51) and (53) now take

the fornms
(1 -x)C= [m)] « [H0], »nlin,] « nfpm), « (1] s1e
and

HL] = (1 ~%)C=na((1 & p)/{L + 0y~ (x/[E D)} 53a

where K = [K’l \_.L"] /[HL] .

The reagent itself may be coloured (with & molecular
ext:netion coefficicent of £.) snd it ic necessary to
examine what effeot this will have on the condition for the
extremun, The aetual sbsorbeney in a 1 om. layer of the

organic phasec will be given bys
A= [m ) e e [HD] &

- «C PCEC‘.' (1 - X)c - I\*C(l i pc)) P, £,
14+ p, ¢ (K HY )

And by subtracting the contribution

(1 « x) Cp & / {1 + D, + (K/ [ K] )§
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which would have been given by the reagent had no ocomplex

formation taken plage, we arrive at:

Ay =olC[Pafe = B(1 = PI PG/ {2+ 2y + (RY [#*]}] 574

Thus, as before, bAj/wbx = conetant x(dL/ dx).

If the correeted wvalue for [hL] from ecuation (53a)
is introduced into equation (54), differentiatinon and
insert¢ion of the condition for an extremum, d94/9X = 0
leads at once to equation (49), showing that the theory
of the simple Job method 1s equally spplicable to these

more complicated systeme,

Since both p, and p, > 1, ecurtion (57a) may be
simplified to:

Ay =dCpofe, = nE /{1~ (x/p, [B*D]]

which suggests the possibility of working at wavelengths

sueh that €. & or £, €. for maximum sensitivity
in loecating the extremun,

Location of the Extremum Radiometrically

As already gtated, the wvalue oi the Job ordinate, Aj'

is derived from some convenient and distinctive property
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of the counplex ML, whose composition is under investication.
Optical absorbency hes been most often used snd it 1is
escential t0 ohoose a wavelength for whieh &.7] &,

éL, g, 8nd Em; (4 + n). Iven =0, the contribution to
the total! absorbeney from intermediat: complexes, Fﬁj

(§ ¥ n) may be apprecieble when the uole fraotion of
netal is large compared with that of the ligand, This
adverse foature is aboent frow the two-phase modifieation
of Job's progedure since only the formally reutral complex
ML, is preoent in the organie phase, Horeover, advantage
can be taken of the great gain in sensitivity in loeating
the extremum seocured by labelling the metal with a highly
radioactive nuclide. (Graph 4) shows how the activity

in the two phasece variee with x .

Graph 4 shows that the sotivity of the aqueons phase
inereaces very slowly et first with X eince wmost of the
metsl ie being oxtracted into the organie phase cs the
radlonot ve complex, MLn. ‘'mce the value of ¥ exceeds
1/(1 « n), the aotivity rises rapidly, ar ehown in curve
B, "n the other hand the metivity of the organic phase
rives steeply with x until the extremun st X = 1/(1 « n)
and then falls steeply am shown by ocurve C, The naxi-

rmum is well defined and its loecation can be aseertained
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independently of the optieal absorption of the possibdle
components of the system, Indeed, by this modification
Job's method of continuous variationas can be spplied to
systemns in which all the reactants and products are

optically transparent,

Frrors in Concentration Jfeasurements,

A fundamental postulate in fhe method of continuous

variations isithat the total moler concentration of metal
and ligend should renaln the same while X is varied,
This ie usually met by examining mixtures prepared from x\
ml, of a stock solution of metal with (1 -x)J ml. of a
stock sclution of ligand of exactly the same molarity.
Ve now propose to conegider what errors will be introduced
if these two stock solutions are not equimolar, but of
eoncentrations C and C' respeotively.

In a one~phase systern, where the concrntration of the
complex at equilidrium is assumed to be given by [ML,|=
@', 1t 18 easily shown that:

$.= [m,] /7 (] {2]? =xer/(ze - mor) {(1 - x)or = 59
ndc'\n

By differentiation and insertion of the condition, O /d«
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= 0 for the extremum, we find:

n=(1-%/§% -d (o - 0)/c}

X = 1 n Lcc - c)
(1 + n) + ---—----(1 ) 5 ol 49a

or

Similarly, in the two-phase syst-m, if [ML ] =d ©C

and {MLn'lo = p,d C', then 1
n= (1- x)/{x -o (1 « p,)(C' - C)/C}

or

x= 1 n 49b
(' - @)
(1 + n) * (T + n) (1« pc) o

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¥ p, > 1, but the
product of (1 + pc) cannot exceed unity. In both cases

the error in the position of the extremum will therefore
be determined by the product {n/(n + 1)})({ (c* - c)/cf .

If o 10% error in the concentration of one of the sup-
posedly equimolecular stock solutions is agsumed, the
meximum range of X values for the extremum could lie

between 0.55 and 0.45 for a 13l complex, between 0,40
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and 0.27 for a 2:1 complex, and between 0,325 and 0.175 for
a 3:11 complex, Thus, even with a systematic error of

104 in making up one of the stock solutione there is little

chanee of wrongly identifying a 11l complex from the
position of the extremum in a Jodb plot. But incorrect
conclusions might easily be drawn when 2:1 or 3§l (or
higher) ecomplexes are invelved, depending on which of the
two stock solutions waa'tha etgonger.

The Fffcet of Intermediate Complexes.

Up to this point we have mscumed that the complex
MLn is in direet equilbrium with M and L, i.e. that inter-
medirte step-complexes MLJ (§=1,2, ...{n = 1) or higher
complexes (j =n « 1, n+ 2, ,..) are present only in

negligible concentrations, By a eareful choice of wave=

lengths it has been possible in some cases to establish
the composition of more than one step-complex in an
equilibriun mixture3® 39,  an owvious restriction is

that each step~complex must have a sufficiently wide
range of existence; #°T~ explicitly, the concentration

of metal and ligand must be such that the range of values
of the free-ligaend concentration covered by the Job curve

(and more particularly in the neighbourhood of the extremunm)
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should be such that the corresponding value of the degree
of formation of the system n, should approximate to that
of n in the formulae ML, of the complex under investigation.
In brief, the relevant values of (L] should correspond
with a plateau or at least a gently rising portion of the
formation curve (W against pL) where ML 1is the predomi-
nant species. Pailure to realise this condition has led
a number of previous workers to draw erroneous conclusions
from experimental Jodb curves39.

It will be obvious that errors due to ignoring the
presence of intermediate gomplexes will be greatest when

the complex under investigation is extensively diecocieted

and where the lower complexes are of comparable stability,

i.e. when the succescive stability constants Kl, Kz, oo
are of comparadble sige and not too large. Although it
is impossible to formulate expliecit equations for the
errors caused by negleocting the effect of lower complexes,
even in the simple case where n « 2, some insight m-y be
gained by considering partiocular cases.

Consider the application of the method of continuous
variations to a homogeneous system in which the complexes
MLZ coexists with "L, M and L. If the total concentration
of rcamctants, C = 1073F, and K, = [1)/[Ml[1]= 10° and
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K, = [ML,] /(] [L]= 10, 1t 1e possible to caleulate
conjugate values of |L,| 7, and x from the following

equations:

Byltl » 28,12 _ .-l a-xc- [z] o

I /31 (L] » (3’2 [_L]z Cu xC

Differentiation of equation (60) yielde:
ax/a(1] = - {1« x6(af/a{L] § /e(~+ 1)

from whieh it 1s clear that as x inercases, since dn /4 |L]
is always positive, both 1 and A will decrease monoto-
nically (sf. Graph 5, curve F).

The actual coneoentration of the complex MLQ is riven

by:

[m,] = R w[n1°

KKy (1] %.xe/(1 & &, (1) » %K, [1)2)

and, with an optimum choice of waveclength, the volue of
the Job ordinate, Aj, will be proportional to this,

The r~sults of sueh ¢aleculations are presented disgram-
matiecally in Graph 5 (Curve A)., As might have been

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

( x<1/3), the degree of formation of the system is very



Calculated degrees of formation,d, as a function of the mole
frection, x, of mokhl im e¥stems for which log g = 5 and log B,
The total concentration of metal and ligand for curves 4, B,
and C 18 1073, 1072 and 107" respectively,

Curve D presents the: data for a two phose system at a total
concentration of 103 M where the partition coefficient of
the species Mip is 999. ,

Curve B is the Pormstion curve ( B versus pL = =logyg L) for
the single phase system corresponding to curve A,

-

0.0 0.2 0o 0.8 0.0 .0

-+ The vertical lines cutting curves A, B, C and D show where the
extrema would have occurred in a Job plot,



much below 2 and the concentration of lower complex ML
end of free metal ions M cannot validly be neglected.
Vhen the metal is in exeess (X——>1) the degree of forme
ation,;i, falls off steeply and the Job curve is markedly
distoxrted. But of greater significance is the striking
result that the maximum of the Job plot occurs when

X = 0,27, from which the erroneous conclusion would be
drawn that the complex had the composition %LB and not
MI.‘?.

If the method of continuous variations had been
applied to the same system with solutions ten times as
strong (0 = 10724), esloulations on similar lines lead to
the data plotted as curve B in Graph 5, Here the degree
of formation is mueh higher (about 1,67) in the neighe
bourhood of the extremumji but, although this occurs at
& higher mole fraotion of metal (x = 0.301), this fraction
lies between the values expected for a 112 complex (x = 0,333)
and a 113 complex (x = 0,250) and the choice in practice
would be still harder owing to the inevitable experi-
mental uncertainty in measuring absorbencies.

One way of raising the proportion of ﬁLQ in the

equilibrium mixture is to inerease the concentration,



Curve C in Graph 5 is based on data obtained by caleula-
tions for the same system ze before with solutions of
total concentration, C & lO“lm. In this case the
extremun ies found at x = 0,321, pointing unequivocably
to a2 112 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 ﬂLz.

¥e now consider the application of the method of
continuous variations t0 the same system of metal com-
plexes but postulating that the uncharged species MLQ
can be solvent extracted into an organie phase,

.If v, VO are the volumes of the agqueous and the
orgenic phase respectively, and C, x, andp o BT dow
fined as before, considerations of mass balance lead to

the following equationss
(1 - x)ov = ([1] « [a] « 2 pw,])v s 2[41] v,
and
xev = ([i]) « [m] + [r3])v « [im)] v,

for the case where ML2 is the extractable complex,

Similar equations may be written for more complex systenms,
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For equal phase volumes, V & V , and i1t followe that:
0

A o Jotal concentration of bound ligund
Total eoncentration of bound metal

«(1-x)c- (1 , ﬁ;}lﬁ + 2(1 - Pc)ﬁgjﬁ? 60a
xC 1o (0 + (14 pg)g,[1]°

unatibn (60a) is identiocal in form with couation (60),
the only difference is thot (&2 hae been replaced by
ﬁe(l - pc)‘ In other words, the degree of formation

of the aystem g8 a whole corresponds to that which would
rssult»had the stability oonstant of the highest complex
been inercased by a faotor (1 pc). Since the perw
ocentage of any ocomplex, ﬁLJ, is given by the quotient

p’ {L] J/(l - ﬂl [L] - ﬁ? [Ia]z * 4o ﬁn [I:] n’), the
effret of increasing the vilue of f, (relutive to those
of 3 1» PQ' ete.) is to decrease the proportion of lower
complexes iil g (3 < n) rclative to that of "L 1teelf,
so that such systemse approach more and more olosely to
the ideal case poetulated in the simplified treatment of

the method of continuous varlations and r-presented by
e~uation {47). Fince the effret of solvent extraction ie

equivalent to inereasing the important overall eonstant
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R, for the complex ML, by the factor (1 « pc)’ the
extension of Job's :cthod to two~phase systems should

have the further advantage that the position of the
extremum should correspond more closely to the theoretiocal
value, so that the possibilities of incorrect deductions
should be diminished.

We 1llustrate this for ealuelations for a two-phase
eyetem with B, = 10, §, = 105, and ¢ = 1073, aseuning
the reasonable value of Pp = 999 for the partition coef-
ficient of the complex ML,., The results are plotted as
curve D in Graph 6. The extremum iz well defined and

corresponds exactly with the formation of a 112 complex.

It will be reoalled that the Jdb curve for this system at

the same concentration in a single'phase (Graph 6, A)
would have suggested a 113 complex, At the extremum the
degree of formation of the system (as a whole) is 1.94,
appreciably higher than in the case cf soiutions even 100

times as strong (Graph 6, curve C) in a monophase, Howe
ever, since $he unique extractable species has the formula

MLQ, the degree of formastion in the organic phase is always
two, so that the effective degree of formation in the

agueous phase is aotually decercased in consequence of
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solvent extraction which always removes twice as much
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 ie very low can be illustrated by the rather extreme
case presented by the solvent extraction of a metal come
plex (e.g. a metal-dithizone gomplex) for which we vost-
ulated; = 10°% 4, = 107, anag; = 20'%,  me total
concentration of recactants is assumed to be as low as

10”44 ana the rartition coefficient of the complex, P, *

7 x 107, and that of the reagent, p_ = 7 x 104, 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‘4, and that the aqueous phase is
buffered at pH 5. The equations characterising this
system will bDes

(1 - x)C - [L]{l e (1 & pr)[ﬂ‘j /j]:?j.. =

xC

pr ] + 2, [1]° *' 3g; [1] 2+ py)
1"'/31[1'] "ﬂz[“] "’/33[1']3 (1« pg)

and



and
[1u,) = x0g , [E] %/ [t 42 [1] %32 []° *{93 [+]°
X (1 p)]

Since pH = pK, + 1, 90% of thc uncomplrxed ligand
aeld in the aqueous phase will be in the form of free

ions, L3} but the actual concentration will be very low

becaus2 p,, is so large, in consequence of which the bulk
of the uncomplexed reasgent remains in the organic phase,
Notwithastanding, the results ealoulated and plotted in
Graph 7 indicate olearly that the maximum conecentration
of th - =speelesn ML3 in the organic phase doec- occur when
x = 0,33,

Tt is of interest that if one of the intecrmediate
species had been coloured it would have been rosaidble to

apply the ordinary Job procedure to the aqueous phase at
the same time %in order to establish its composition,

In the two-phaee systems, the deorcase in free llgund

concentration due to the extraction of the ligand aecid
into the orgunic phase is compensated by the apparent
inercase in the stability constant from its true value
63 to 1ts "effcetive” vuluegj 3(1 .- pc) which produces

a great inorrase in the degree of formation of the species

93
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MLB (relative to that in a mono-phase with the same free-
ligand concentration) and causes the system to approach
more closely to the ideal cease postulated in equation
(47).

Had the esuilibria discussed above been established
in a monophase (so that Po * P = 0 in the relevant
equatinona) 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 Vi, MLQ,
and MLB now vary with x is shown in Graph 8, and it is
clear that if the method of continuous variations had
been used to asgexrtain their composition the cpecies %LB
could have been identified as a 511 complex and the
species ML, as & 2311 complex,

Calculution of Stability Constants from Job Curves.

The Job curve for a lil complex has its extremum
when x = 0,5, and the degree of flattening in this
neigshbourhood is a measure of the extent of its dissoci-
ation into the components M and L. Indeed the ratio of

‘the mecasured velue of AJ at the extremum to the value
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obtained by the lntrrseetion of the tangents at x = 0

and x = 1 formas an accurate nmeasure of the concentration
term [ML] o whence [M| = [L] can be ecaloulated and thence
the stebility conetant®l.  Although this treatment is
rigorous when applied to eystems in which only a 1l:l come
plex is formed it ehould bde obvious from the foregoing
discuseion that it cannot validly be extendedé to calcul~
ations of the stability of higher complexes Loy MLB’ r+0.
unlees it i poasidble to demonstrate that lower couplexes
do not contribute materinlly to the ecullibrium mixture,

i.e, unless (Ql,[sa, oo «/’n‘ The geomet:ic conp-

truction needed to obtain the value of the Jodb ordinate

corresponding to nn dissociation (e.gs by drawing tane
gents to ths curve at x = 0 and x = 1) may be subjeet to
considerable error, especially on the ligand-rich side

of the diagrem (cf. Graphe 6 and 8)., Confronted with
this difficulty sonme authors have identified the "thro-
retical® value of ‘3' corresponding to no dis-ociation of
the complex éLn, with the point of intersection of the
tangent to the Job curve at x = O (since this is usually
well defined) and the ordinate through x = 1/(1 « n),

Unlees the extremun of the Job curve also coincides with

o7



this value of x, the ratio of the experiment=zl to the
caloulated value of AJ will not give & correot measure of

the oconcentration of the species L In :ny case, for

n*
any velue of 3 ecomputed from this ratio alone taeitly it
is assumed that all lower complexes are nf negligible
stability. Theee objections do not appear to be
generally apprecinted, as may be secn from a number of

publications in recent yearaBg.
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CALCULATINN OF FXTINCTION COEPFICIENTS FROM PARTITION

DATA

Making the same as-umptions as in the method of
contimous variations we may define the distribution
coefficient q by

q = M) o 61
L,] + [Mnf]

Pron ecunation %2 and assuming Po t0 be large conpared
with 1

1 olCPq

If besides measuring the r:diosectivity of bhoth
phases the optical absorbaney if the specles ML, in the

organic phase ig measured
A = oOpy & & 63

where A is the absorbancy of the organic phase, & is
the extinetion coefficlent and 4 is the cell length in

Cme,
FProm 62 and 63

99



100

= £x0d - 1 64
A

Q=

So that the plot of 1/q asgainst xC/A should give a

straight line of =lope €4, or, 1f£ 4 = 1 of slope €.

Detornination of the formation oonatangdgf

The formation constant of a metal ocomplex MLn nay
be defined as

Ke = EMLn] 65
[T (]

Henee
o]« 1 = x (] " o [] -

Making uce of equations 1 and 61

L= [ ml” .k o+ 1
q [Fﬁi n 67
i [ELB o .

Pinally from equations 52, 53 and 67

1= [m"“c(l*po)]Kf¢ (1 - x)C - nXC(1 = p,) ny] ]n
: R -

[H‘]“oaop T @A [
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Since 0<Ope nay be found fronm optieal measurenents,
provided Py and Kr are known, Kf rnay be ealoulated.

The U ntion of partition cocfficients.

The investigation of certoin aspeete of solvent
sxtraction from the theoretical point of view has lod,

as has been seen in the previous seotion, to a pes: ible
methnd for the detormination of the true scid dissoci~
ation and stanbility oonstants of chelates vh oh are
only sli-htly so uble in water, but which are aprreoi-
ably soluble in an organie phase,

Prom the foregoling equations it cun be seen that
before K, uay be found the partition ecoefficient and
aeid dissoeliction oconstant of the complexing asgent
mast be determined,

The neasurement of the partition coeffiecient is

likely to prove very difficult experimentally and wo
an attenpt was first made to devise o method by whiech
this quantity could be determined.

A concerntrution partition coefficient, defined by

o
¢ L UL A, Il w AL (2 4o (B ¥ g+ = g <o

pr - ongengration o ¢hielating asord il phe Organie paase
FLACTII VA L L NILAY Wl v
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should be determinable by any method which will allew the

measurenent of the concentration of chelating egent 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-
fielent of many chelating agents 1s very large, and
measurement of the low eoncentration in the saqueous phase
is a particularly diffieult matter. If the substance
has a high extinetion coefficlient, separation of the
aqueous phase followed by extraction into a much smaller
volume of oréghie phase may provide suffielent colour

t0 enable aceurate spectrophotometric menmurements to

be made, This has been done for tropolone with satise

taatory.results42.

A saturated aqueous solution of diphenyl thio=

carbagone, of the order of 3 x 104, will have a

t mex
concentration of the order of only 10“7 moles per litre,
so if 4 cm, cells are uced for neasurement after a 10
fold eoncentration, an agﬁioal density of 0,12 will be
found. This is still a very low value and little
confidence can be pleced upon resulis obtained from

solutions of higher transmittsneies than this,
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A method likely to prov'de greater sensitivity nay
be devised using a radioaoctive isotope.

After equilibration, the two phases are separated,
gnd each treatcd with an isotope of the metnl, whieh
forms a complex with the partioular chclating agent
being invectigated.

If the chelating agent in the agueous phase 1s
completely converted into chelate by adding execesn of

metal, and thie is then extracted nuantitatively into

an organic phase, ascay of the radioactivity of this
solution will give a meapure of the concentrotion of
¢he metal chelate, and hence that of the originrml
chelating agent in the aqueous phase.

Similarly if the organic half of the equilibrium
mixture ig shaken with an aqueous solution ocontaining
axcess metal, metal chelate will be formed, If all the
chelating sgent is oonverted to complex and this ie
quantitatively extraeted into the orgenic phase, assay
of the aetivity of the organic phase will ennble the

original congentrotion of the chelating sgent in the

orgenic phase to be caleulated.
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If the aqueous phase has been concentrated m times
and if 8, ia the speoifie activity of the metal under
given conditions of counting, ¢ is ite coneontration
and A the absorption fsetor of the organic phese, the
count of the orgenie phese will be given by |

N, =2 a 0, AN 69

For the solution containing th- chelate, which was
originally in the aqueous phase, after a m fold concene
tration will be

N2 = a, 0, M .A T0

Hence from 61 and 62

R -
L F o
HE 02 n

o

If the étoichiamstty of the complex is lin, the
ratio of the metal e¢oncentrations ol/cg in the two phases

will be e~ual o that of the ligand nel/ne2 s,

Py = £1~: n 71
4
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Thus direet radiochemioal assay and knowledge of the
concentration factor m will enable P, Yo be found, It
the specific activity, @y of the metal is high a very
sensitive method is available for the determination of
the concentration of the chelating ag-nt. The apparent
value of a, nay be inereacsed by using a redistion deteetor
of high senesitivity, and the overall sensitivity of the
method is enhanced b, making /. as low, and m as high as

posczible,

Due to the very low oconcentration of ligond in the
agueous phase it will fueilitate messurecment 4f the systenm
is as near sgturation as 1s pos-idble, since at saturation
the concentration of the ligand in the aqueois phase is
at “ts maximum,

The partition coeffieient obtained in this way for a
solute dictributed between two immiscible phases should
be sinilsr to the solubility ratio. This however is
only true if, in the first place, the ratio of the activity

coefficlents of the so’ute remaine in the two phases
unchanged as the total solute concentration inerecases and

in the seocond plage there is no appreciable miscibility of
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the solvents. Serious disorepancies may occur if there
is actual complex formation between the solvent and the

complex but compounds of this type were not expected to

ocour between substituted dithizones and the solvente

used,
ainece the congentretion of the ligand in the
organic phase is likely to be of the order of 10,000

times thot in the aqueous phase, a major source of error
in these partition measurcments is likely to be that
caused by incomplete separation of the ﬁhaaea, beocause
very small quantities of organic phase entrapped in the
aqueous phase will make en appreaiable difference in iis
epparent ligand concentration. It would therefore
appear preferable to caleulate the partition coefficient
from the ratio of solubilities, sinee =o0lubility

mensurements ccon be earried out in the ebsence of the
seoond phase,
Whilst meassurenment of the solubility of the ligand

aocid in the organie phase is unlikely to present much
dirfioulty, Sandell has pointed out that eauilibrium is
established exceedingly slowly between sn aqueous aaid
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and solid dithizone and the overall results are more
satisfactory if a little organic phase such as carbon
tetrochloride is present. Experiments were carried out

whiech verified this, Sandell also noted that enuilie
brium was attained more quickly frem the supersaturated
side as opposed to the unsaturated side, the comparative
times being a few mimtes and an hour respectively.

From th~ feregoing discussion two points become
evident, In the first place the system must be as near
saturated as poesible to give the maximum concentration
of ligand acid in the aqueoue phase, Secondly, in
order to establish ecuilibrium, an organic phesc mast

be present, Consequently partition coeffiei nts of

dithigone and its related compounds were found from sol-
ubility measurements, naking sure when determining the
solubility in an aqueous phase, that the ofganic solvent
present did not appreciably alter the solubility of the

dithizone in water’s,

Optieal methode werc used wherever possible to
determine the aetual solubility of the ch~lating agents

in the various solvente used, and to do this the
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extinotion acoefficients of the ligands had to be found,
This wag done in one of two waysy either by the standard

titration ms:thod“ or by & new radiochenieal method,

The absor’oahay of any solution is gilven by A & & ed,
Thus if the absorption of e solution of complex in an
organic phase of known extineotion coeffioicent, is
measured, the coneentration of the so ution will be given

by

0 * A

&d
If this is conv:ritcd to the conmplex _Mn by adding excees

of a radio-isotepe in an aqueous solution, then ¢/an will

be the coneentr-tion of the metal snd

0y = A 72

Prom equation 69 the count obtained under given
counting conditions will be given by

My = 3 i]_.../\. T3
n
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Combining 64 and 65

ag = K E 4n 74
4

If th- same procedure is carried out for a second ligand
also forming a nil complex for which &, the extinction

coeffielent is not known then

4,
And from T4 end T5
et d M4 o 76

All quantitie:s except &2 arc known thus £, may be
caloulated.
The disadvantage of this method over a titration

method is that stendardisstion measurementsmust be nade
using a ligand whose extinetion coeffielent is accurately

known,

The advantages are that the radiochemical method

is more sensitive and may be used to provide accurate
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results for very dilute solutions. Also he ptrength

of the metal solution s not important provided that

eveess is prescnt, which obviates errors that might oocur

due to chsorption of metal on glaseswoare from the exceed-

ingly dilute solutions often needed for tisrations,
Solubilitiens of some dlithizones

Toble’ 19
Solvent Wator Carbon Chlorofgorm Lengene
x 10~7T  teotrge » 10~ x 10-3
ochloride
x 10~
Dithigone 2.82 200 £69.53 4,84
Di(n-fluor-
h(”nyl 1036 0. 22 ‘1.83 1.36
gthizcne
Pi{p~chloro-
phenyl) 1.79 0.39 5489
dithigzone
Di(p=bromoe |
phenyl) 1.39 0.1° 1,19
dithigone
Di(p—talyl) 3-23 1003 5007
¢ithizone

Thr deterrninag

D;thizonnte.

on of the formation constant ~f Iraium
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Indium éithigonate, in common with most metal dithe
imonates is only very slightly soluble in water, but
appreociably soludble in organie solvents. Investigations

have been limited by its unstable character (stable

between pH 5 and 6 whenex tracted into earbon tetrae

an extinetion coeffiecient of 87 x 10° and a (mixed)

formation constant

ke = [I’f‘””], o = 8.62 x 103
[ms"'i [pe ] 3

It was decided to inve-tigate indium dithizonate
by means of the method of continuous viriations in a
two phase syetem, and since the method was being used
for the first time, the stochiometry was checked by a

second solvent-extraetion method,

From ecuation 7 it may be seen that
logq = log K e n log [HRJO - nlog[ﬂ]

If considerable excess of reagent is present, then
a plot of log q ageinst pH should give a straight line
of slope n,
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Fxtroetion - pH data was obtained for indiam dithie
zonate with carbon tetruchloride, chloro“orm, and ne

hexanol as organic phases and the resulting plotc are
given in graph (9).

From thisc it con be cecn that in all three oases
ns 3,

The method of continuous variations was epplied to
the indium -~ dithigone - g¢arbon tetranchloride - wator
system using labelled indiun, Mull det:ils ere given
in the experimentol seotion.

The plots of the Job ordinate at 620 mp and 510 mp

agoinet the mole fraction of indium are given in graphe
10 and 11, It oan be secmn that the extrema occur at

the point where the mole fraction of metal in the systen
ig 0,25, irplying a 1:3 complex, in agreement with
extroction date nlready mentioned,

A plot of radiosetivity of cach of the phases
againet mole fraetion of netal nay be seen in graph 12,

From the eimilarity betvean this graph cnd grarh 4 it is
obvisus that the exporimental results :gree with those

expectcd from the thenretical argument deduced earli-or,

The turning point once more ooours when the mole fraetion
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of the metal 1s 0,25 indiceting & 1:3 complex.

By inserting volues in equation (64) the plot of
Ox/A vs. 1/q in graph 13 is obtsined, whence the slope
gives the wvalue of 86,1 x 103 for the extinetion coef-
ficient, in good agreecment with Pililenko's v-lue of
87 x 10°,

Finally, by making use of equation (68) the
following values of Kf were osloulated,

%C 1026 « K,
042 2,38
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

Caleulations were not carried out on measurements
obtaincd from solutions of very low ligand or metal
eontent, since under these eonditions it is not possible
4o messure either the distribution ratio or the optical
density of the metal complex with suffieient accuraoy.

! If the vzlue for Kf is taken as 1,5 x 1025, then

by using the value for K; already quoted

Pe = Kp/Ky

5.7 x 104
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EXPTRIMENTAL SECTION

General

A series of radiation detegtors were available for
counting o , 4 or Y rays, the choice of counter
depending upon the radioisotope used.. Sinece most of the
activity was § , and in solution, seintillation counters

for sounting liquids were most frequently used,

Two different arystals oould be incerporated into
-the eounter.l Nne was a well - type erystal 24 inohes
in dismeter, into which wes placed a plastic phial of
diameter 0.6 inchaa,vwhich oontained the liquid; the
other was a smaller orystal 0.6 inches in d4iameter, which
fitted inte the centre of a speeially shaped polythene
oup, The well=-type assembly provided higher geometry

and resolution, and only %wo mls, of liquid weres necded.
However, mince the cups for the smaller orystal held

10 mls. of solution the overall count rate was higher
for a given solution in consequence of the inercared
quantity of liquid, than if the well orystall wes used.
The orystals were used in conjunction with s wide-~band
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amplifier, a single-channel pulse-snalyser and standard
acalars, Provision was made for eonneoting the sealars
in tendem if a high counting rate precluded the use of o

nechanioal rercircter,
For work with radioactive indium a Ceiger counter
(20th Century Flectronics Type M6) designed for ligquid

counting vas used, Gince the liquid container is an
integral part of the counter. The absoxrption of any
roadiosetivity on the walle of the container, which is
unovoidable with silver, will inerease the apparent broke
ground of the counter ard eventually make it uceless,
Consequently metale which are likely to c¢suse contamine
ation must be avoided. With the well orystal set up,
only the phials are likely ¢toc be oontaminated and since
these are relatively inexpensive they may dbe disposed of,

All eounts given in the experimrntnl ceection have

had- the background dedueted and are the average of at

least three separate count:, Wherever pos:ible the total

nuanber »f counts was 10,000, to obtain a statistical

accursey of 1%,

Purification of reag:-nte snd cleansing of apparztus,

DTue to the sensitivity of dithigone to s:.all amounts

$20
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of metals great eare must be taken %o purify solvents and
clean glasswore,

In ovder to remove metals from water it was first
distilled from an all«Pyrex still and then passed through
an Flgastat 1.ixed~bed deionisecr, and accepted only 1f it
had a2 resistance of more than 4 x 106 ohms per centie
neter,

Glas-ware was esosked in a chromic seid bath, then in
a 1:l nitric aeid bvath and, after washing vith delonised

water, it was shgken with a very dilute solution of d4ithe
izone,

The glassware was considered olean enough if the
dithizone retained i1ts ligzht green colour,

Before use with silver the glassware was troated in
the following menner,

1 ec, 0f "Repeleote™ silicone water repellant
(Hopkin and Willisme) was diluted with a little benzene,
and any surface that wes likely to come into contaet with
metal was washed with this solution, The apparatus was
then placed im an oven and baked at for 110°C. over night.

This treatment provided a nmost saetisfactory silicone coating

whioch reduced %o negligible proportions the absorption by
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ailver on glassware,

Co-preg¢ipitation of silver,

With meyrecuric sulphide.

A series of_solutions were made up eontaining 40 nls,

of hydrochlorie aeid of vurious eoncentrations, 1,0 ml,
of 0,1 M merouric chloride solution, 0.4 ml, nective
gilver solution containing approximately 2 ng of silver

per ml. and 2.0 mls, of thioacetamide solution (2.6 g.
in 50 mls.). The mixture was placed in a large centrie
fuge tube (oapaecity 50 mls,) whieh in turn was plaged in
a water bath, and was stirred by a snall glas: psddle
driven by an electric motor,

The water in the bath was gradually brought up to
boiling by whieh time the merouric sulphide preecipitate
had formed,

After cooling, the tube and contents were sentrie

fuged, the supermatent liquid withirawn, ite activity
gounted and the acidity asoertained by titration with

standard alkali,



The count was oonmpered with that obtained from a
standard made up by adding 0,4 nle, of silver solution
to 43 nls, of dilute nitric acid,

A oheck on the masc balenga was nade by dissolving
the preeipitate, after gentrifuging, in the minirmum of

goncentrated nitric aeid, diluting to 43.4 -ls, and

counting, The count rate observed can be secn to be in
goad agreement with the count rate of the standard,

For the mo-t acid solution (experircn’ A) a scoond
eddition of mereury solution was made, but this did not
inerecas. the efficieney of the co=-precipitction

appraciadbly.
Table 6
Solution Acid Count of % COw
strength liquid precipitated
A 5.30 K 1.57 CePes. 92.55 %
D 1,40 0.23 98.9
E 0.91 0.11 99.5
)4 0.54 0.10 99.5
(¢ o.%z 0,08 99,6
H 0,43 0.08 99.6

The average count for a number of different stand-

ards was 21,12 GsPuEe
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The following solutions had the supernctent liquid
decanted ond the preeipitcte dissolved in warm concent-

rated nitrie acid, which was then diluted to 43.4 nls,

Table T
Solution Count
A 19.5 Q.po Be
B 20,7
¢ 20,94
D 20.9

Co=preoipitation with copper in a sulpric aeid nmedium
Exactly the same methnd was used as for merocury,
explainc-d in the previous seection exoept thet 1,0 ml, of
0.1 ¥ copper sulphate was added instead of mercurie
ehloride, and sulphurie aoid waa used. The value of

the standard was the some 21,12 €GPS

Table 8 u
S~lution Acid Count of % Co-
gtrength liguid preoipliated

A 9.0% N 0.16 ¢.p.8. 99.2% %

B 6.3 0.12 99.43

C 4,85 0,06 99,72

D 3,21 0,07 99. 64

F 2.02 0,11 949.5%

F 1,05 0.15 99.3

Meroury and eulphuric acid

The method was again the same, The meroury was



odded ns mercuric sulphote solution

Table 9
Solution Aeid Count of
strength liquid
A 8.5 N 0.13 ¢.p.8.
B 6.6 0.10
C 4.4 0.17
D 2,26 0.01
E 2.06 0.07
F 1.04 0.06
¢ 0.5 0.05
Lead and hydrochlorie acid
Table 10
Solution Aeld Grunt of
strength licuild
A 0,001 N 0p132 CePuBe
B 0,01 0.266
c 0.02 0.303
Thallium

% Co-
precipitated

99.39 %
99,53
99.19
99.95
99.97
99,72
99,75

% Cow
precipitated

99.37
99.57

A series of experimonts were carried out in which

thalliun was uced as earrier in a sulphrie ccid mediun,

There was no evidence from the ‘e results, obtalned over

widely varying secid and thallium concentrutions, thet

thallium would prove an effigient ecarvier for silver and

eonsequently this line of researeh was discontinued.
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Co=precipitution as telluride.

30 mls. of hydrochloric acid solution were pipetted
into a lafge centrifuge tube. To this was added 1 ml,
of tellurium solution (100 mg, Te in 100 ml. of a hydroch-

loric aeid solution containing 10 mls. concentrated
hydrochlorie acid per 100 mls. of solution) and 0.4 mls.,
of aetive silver solution.

As before, after allowing the precipitate to form,
the nixture was centrifuged and the count of the liquid

agscertained.
Table 11
Solution Acid Count of % Co-
gtrength liquid precipitated

A 8.0 N 0.28 CePe B, 98.45 %
B 6.1 0.01 99,95
c 4,3 0.06 99.72
E 1.4 0,03 99,86
r 0.8 0,04 99,81
G 0.06 0.06 99,72
H 0.01 0.05% 99.76

Co-precipitation of silver by means of tellurium in the

presence of ¢annin,

Prom the previous experiment it can be seen that

telluriuvm provides a suitable method for the collection
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of eilver from aqueous solution, Since, however, there
is likely to be suspended orgeniec matter in effluent,

the efficiency of the process rust be investigated in
the presence of organic zaterial,

Solutions of tannin of wvarying strengths were made
up in 2R hydrochlorie acid and 30 mls, of these solutions,
together with 10 mls, of stannous chloride solution, und
0.4 mls, of aetive silver solution, placed in & large
centrifuge tudbe,

After precipitation the uixture was centrifuged and
the ctivity of the equeous layer determined.

Table 12
Soelution S¥rength of Aqueous % Cow
tannie acid count precipitated
A 1l g./lo 0.12 CePely 949, 43 %
B 3 0,12 99.43
C % 0.14 99.33
D g c.11 99,48
E 0,09 99,57
4 10 0.15 99,29
G 12 0.10 99,53
H 1% 0.07 99,67

It was noticed that with strong tannic acid solutions
(ce 30 g./1.) although a dark precipitate war formed upon
the addition of stennous chloride solution, it did not
gsettle, due to the high viscoality of the solution, and



centrifuging did not appear to help.

Co-precipitation of silver from synthetic effluent by

means of telluriunm,

Synthetic effluent was made up containing 100 ng Pb,
100 ng Hg, 100 ng Fe 0,06 g, tannic acid and 8 ng. aetive
gilver per 200 mlsg, of solution, |

200 mls. of this synthetic effluent was placed in a
2%0 ml. beaker and vigorously stirred, whilet 10 mle, of

gtannous ehloride solution were added, At intervals of
about three minutes, 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 preeipitate was found to occur in the cold
and it was not necessary to heat the solution to bolling
and keep it there for 0,5 hr, ss suggested by Sandell.

The 250 ml. beaker was washed with 40 mls. of normal
sulphurie 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 thc chloride and as much of the orgonie matter,
thet might have adhered to the precipitete, as poscible,
The centrifuge tube containing the precipitate was
then placed in a water bath, three mls, of eoneentggted
nitrie acid added, :nd the water in the dbath brougﬁ; to
boiling. The clear liquid was then transferred to a 50

ml. ﬁQaker and twarmore elutions of the precipitate made
with three mls. of concentrated nitric acid, when control

experiments showed that there was no gotivity remaining in
the centrifuge tube,

Upon GVaparatién of the nitric acid extrects 1t was
found that the residue eontained some organiec matter,
which had presumebly been nceluded on the silver telluriun
precipitate but this could dbe easily destroyed by repeated
evaporations with concentrated nitric acld,

In & series of exprriments the nitrie acid extract
from the precipitate was diluted to 50 mls. and the count

of the solution compared with that obtained from a dilute
nitrie scid solution ocontaining 8 npg of silver, From

these results 1t appeared that the oo-precipitation of
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silvey from trade effluent, as earried out in the above

procedure was better than 99% efficient.

Solvent Fxtrogtion

Speed of equilibration

A series of expiricconte were oarried out to aseertain
the time reauired tn achieve equilibrium in the silvere
dithizone systen,

20 mles, of eprroximately N/10 sulphurie acid contain-
ing 0.4 ng. aoctive silver solution were pipetted into a
shaking tube and 20 mle, of a solution of dithigone in
carbon tetrachloride edded,

The tubes were shaken for varying le:Zt%hs nf time on
a rechanical shaker nseillating at approximately 225 cyeles
per minute, thc two phases were then scparately withdrawn
dy means of a suotion pipette, centrifuged to remove any
of the seecond phase that 1:i ht be entrapped, and the

activity counted,
From the resulte ottained, in Table 13, it may be seen

that equilibdrium is established in less than 10 ninutes
and therefore at this agidity the tine needed for equilie
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bration is unlikely to hinder extraction experiments.

Table 13

Fquilidbration Time

10 mins,.
20
40

Qg IQtdb
3

% extraoted

99,48 %
99.41
99.54
99,61
99.52
99,48
99.49

Fxperiments were carried out to determine the range

of soidities over whioh silver may be extracted from

aqueous solution by a strong dithizone solutiaﬁ.

20 mls., of a solution of dithisone in carbon tetraw

chloride (10 mg./l.) were shaken with 20 mls. of sulphurie

eocid solution containing 0.4 pg. of silver or 30 minutes,

the phases separated, centrifuged, and the activities

asdayeda

The acidity of the aqueous phase was deternined by

titration with standard alkali,

Table 14
Experiment Aclidity
A 0.03 N

B 0.058

€ "xtraotion

99,28
99.0
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Fxperiment Aoidity € “wtrauetion
¢ 0.118 N 99.3
D 0.17 99.3
E 0,66 92,0%
F 0090 98.9
G 1.go 98.4
H 2,88 98,47
I 4,60 98,2
J 8.40 98,2
K 10‘50 97-8
L 12.40 87.38
& 14,70 20.5
N 18,40 2.8

C b,

rxtraction of silver from an aguecus phase cantainig‘

tannio seid by means of solvent extraction

Having found that the silver was extract d by dithi.
gone over s very wide range of aeid concentruticns, the

effeet on extraction of adding tennie acid to the aqueous
phase was investigated,

It was foupd, during the first ceries of experimente,
that the mass balence, given by the sum of the amctivities
of bodh vhases, that of the orgnnic phase being corrected
for absorption of activity, was far from being eogatant,
and in many cases was under half that expeoted, U%his )

was tiaced to s scum of organic material, which separated



133

at the interface of the two phases and onto whieh the
silver abeorbed very firmly. This soum tended to form
in larger quantities, the higher the acidity of the
aqueous phase, but conld be reduced to negligible prn-
portions for all but the most highly coneentrated organic
solutions, by keeping the socidity of the agueous phase
below 0,1 N,

In the following series of experiments, solutions of

0.1 N sulphuric acid were nade up containing 0,8 ng. of
active silver and different amounts of tanniec acid. 20
mls. portions of these solutions were sheken at 225 oycles
per minute for 30 minutes with & carbon tetrachloride -
dithizone solution (8 mg./l.), th  phases separated,
centrifuged, and the radio-activity ascsayed,

Table 15
Fxperiment Tanni¢ acid € Fxtracted
strength
A 7 &./1 96.4
B 10 98,3
C 15 97.2
D 18,5 97.2
T 27.5 96.1

Removal of silver from the dithigone phase,

The solution of dithiszone in carbon tetrachloride is
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likely to contain, in addition to silver, mercury, copper,

and organic materlial, either dissolved from the squeous

phase, or else due to oxidation of the dithigone itcelf,
Consequently the organie phase is of no use for the

deternination of the silver and the silver must be

removed from it. One method of doing thiws, much pract-
iced in biochemical anslyses, is to destroy the dithi-
gone by heating with acid, to evaporate off the organie
solvent and to remove any organie residue dy rapeated
evaporation with nitriec acid, sulphurie acid or hydrogen
reroxide, After the metal residue has been dissolved

its silver content i~ then determined by a suitable method,
which is insensitive to the other metals that may be

present,
After triales of this method of destroying the dithie

gone it was considered that it would be more satisfactory

2f evennration of the solvent could be avoided, since 1t
was found that even with puch care some loss occurred due
tc ‘spitting’.

Although solutions of dithizone are stable to quite
gtrong solutione of nitric scid, it was found thaot only

a8 very small quantity of concentrated nitric acid was
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needed to decompose quite large guantities of dithizone

solution,

donaequently silver was extraet-d into a solution of
dithigone in carbon tetrachloride (10 mg./l.) and very-
ing quantities of nitric acid rdded, After vigorous
shaking the green dithizone solution was sesn to be
destroyed, whereupon the aqueous phase was made up %o
20 mle,, the phases separated, centrifuged and the counts
assayed, It oan be seen from Table 16 that as little as
6;125 ml. of concentrated nitrie acid is effeetive,

Table 16
ml. conc. acid strength after 4 Fxtraction.
nitric acid dilution to 25 =ls, into aq. phase
1.0 0.84 N 99.68 %
0.5 0’42 99'55
0,2% 0.22 99.56
0.125% 0.01 99,04

Back extraction with thiocyansate,

Whilat it does appear that the dectruction of dithi-
zone by nitric scid may be carried out effrcetively with
quite small quantities of aeid, this is far from being
the ldeal method of becke~extraction, for any metals that

happen to have been co-extrascted into the organic phase
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will find their way into the aqueous phase vwith the silver,
In addition, if, during the preliminary extraction of the
silvey, an interfeoial scum has separsted, this will have
t0 be trancferred with the organie phase, and complete
destruection of the complexed silver will endtzil destruction

of this organie matter which will be a lengthy procedure,
It has been suggested that 1if a mixture of silver,
eopper and meroury dithigonates are shaken with a dilute

acid thioeymnate solution, only the silver will be
extracted, Consequently the efficiency of the thioeyanate
extraoction was investigated,

25 ml, aliouot portions of 24 ammonium thiocyanate
solution 4in dilute sulphurie a2c¢id solution were shaken for
15 minutes at 225 eyeles per minute with 25 nls, ~f a
ocarbon tetrachloride phase, containing a mixture of dithi-
gone and@ silver dithizonate, ‘The phases warec separated,

centrifugzed end the aoti~ity of the two phases deternined.

Table 17
Fxperiment Aeidity £ Fxtraction
A 0.28 N 99,8 %
B 0.57 99.7
c 1.2 9G. 6
D 2,4 99.49
F 4.1 97.8



Similer experiments were carried out in 0.1 N sul-
phuric aeid for copper and mercury independently in order
to aseertain whether the separation of the e two metals
from silver would be complete,

Since no rsdioasctive copper and mere&ry wae available,

the thiocyanate extract wase evaporatéd to dryness, the
thioeyanate destroyed with sulphurie acid and the residue
dissolved in water, This aqueous solution was made 0,1

N by adding sulphurie acid and then shaken with dilute
dithizone solution, If copper and mercury dithizonates
had been present they would have formed dithizonstes and
this complex formation would have been apparent by the
~ drop in absorption at A _ for dithigone i.e. 620 ma and
by the inerease in absorbeney at the Am&x for copper and
merocury dithizonates.

The experiments showed that no copper ~r mercury was

baeck extract-d by thiocyanate under the§se conditions,

Further it was found that treatment with 2% thio-

ocyanate solution removed the silver that had been adsorbed

on any interfaeial soum, so that the appearance of this

goum did not preclude aeccurate analysis, but merely
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reant that the scum had 10 be transferred with the organie
layer, to be extracted with thioeyanate solution,
Prior to the final determination, the thiocyanate

had to be d-stroyed and this was done by the addition of
ooncentrated sulphurie acid to the agueous solution and

subsequently evaporting to dryness, Oocasionally a very
small amount of organic residue was left at this stage
but this wae easily destroyed by fuming with a little
concentrested nitriec aeid,

Considerable difficulty was experienced at thie stage
due to the absorbtion of silver on the vessel in which
the evaporation was being carried out. The s8'licone
surface, which had proved so valuable, up to this point,

in preventing the absorption of silver, was decomposed by
heating with coneentratcd acids,

Recoveries after evaporation in porcelain vessels

proved little better than those for untreated zlass,
Eventually it was found that fused silica vessels retained

11ttle or no silver if a solution was evaporated ‘o 4ry-

ness in them, even if the silver solution was vcry dilute,

Heating of silice vessels was carried out in the

first instance by means of a hoteplate, but it was found
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that loeses due to spitting were hich, The most effect=-
ive way of heating was by infra-red heaters from above

and below,

The colourimetric deternination of silver,

The use of p-dimethylaminobenszylidene rhodunine as
a colorimetrice rcagent for silver was examined first,
The colour was found to be ruther unstadle, varying a
lit+le with time and a great deal with aocldity. The
dependence of absorbency with acidity may be seen in Table
18. The strength of the rhodenine used was 0.0% g./100
ml, of ethanol,

Table 18
Acidity Absordenoy
0.16 R 0.044
0.08 0.076
0.04 0.096

In 1light of other experiments (not rocorded) it was
decided not to ecarry out further work with this reagent,
A method which has been much recommended for the

determination of silvcr, especially in the presence of

copper, uses copper dithizonate as reagent. As silver



replaces the coppor, the colour of the solutinn v ries

between the reddishe-br.wn colour of copper dithizonaete and
the yellow colour of silver dithizoneate,

A series of experiments were carried out shaking 10
mle, of a solution of copper dithizonate in carbon tetra-
chloride with 10 mls., of an aqueous solution containing
silver, after which the absarbenqy.of the solution was
deternined by nrans of a "Spekker®™ absorptiometer, |

It was found that the only suitable filter was an
I1ford blue filter, and ﬁhe 1i~ht transnittancy of thia

filter at 550 mp, the A of copper dithizonat~, was

max
low thus decrcasing the sensitivity of the metiod.
For visual comparison it was thought that the colour

change from red-brown to yellow wae lese decisive then the

change from green to yellow, hence dithimone was considered

t0 be e nmor: satiasfaotory reagent for silver,

It is desirable to use as little reagent solution as _
possible in order tc get the maxirmum colour change, and in
order to obtain satisfactory equilibration when using
these small quantities of liguid, a special micro-separator
war made, This is shown in Fig. 1,

An aqueous solution was placed in a miero-separator
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MICRO-SEPARATION APPARATUS
(full size)

Fig 1
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together with 0.5 mls, of e solution of dithizone in carbon
tetrachloride and nitrogen, presaturated with the organie
phase, passed in at point A to agitate the solution until
equilibrium had been established. The nitrogen supply

wag then disconneoted from A and pressure apnlied ot B,
whereupbn the dithizone~silver dithonate solution was blown

out of the miero separator at point A and could be ecollected
in a micro-cell for determination,
Visual comparison may be made, by adding the silver

 solution after destruction of the thiocyanate %o 0.5 :.:ls.
of dithizone zolution in a micro testube, and the two phases
aglitated by a rod flattened at one end, Fquilibration of
the two phases could dlso be carried out, as pefore, in
the micro-separator,
Comparisons are made with solutions made up in
similar way but containing known amounts of silver,
Dithizone standards and calibration curves were always
obtained from fréﬁﬁly prepared dithizone solution, immediately

before they were required, since it was found that over
extended p riods of time the results obtained varied.

Yore consistant results were also found f & reducing
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agent was added to the agueous phase ‘uring the final

deterrination,

Absorption fouctor for silver in carbon tetraschloride.

In ordexr to compare counts obtained from counting
carbon tetrachlo ide solutione with those from an aqueous

phase -A.ccl4 for silver had t» be found where

Acor, = Count rate of a given emount of silver in org. phose
4 Count rate of a same amount of =ilver in aq., phase

For this a solution of silver dithizonate in earbon

tctroahloride was made up and the count rate accurately
det: rmined. A mamdber of 5 ml, portionz wer. <then shaken
with an squeous phase which was 0,2 ¥ with respecet to both

eulphurie acid and ammonium thiocyanate, Ti.e phasea were
then seperated; centrifuged and the radiocactivity assayed.

From the count of the organice phasze it waes elear that all
the activity had been extraocted and direet comperison

between the count of the acqueous phase and that of the
originel organic phase gave a value for A .

The value found was 0,976.



DETTRMINATION OF K' POR TH* SILVIR DITHIZ)NF

FQUILIBRIUM

A solution of silver dithizonate waes made by adding

excess of a solution of dithizone in earbon tetruzchloride
to a solution of silver on 0.5 i sulpmric acid, After

eauilibration of the two phases the organie phase was

separat-d, and shaken up several times with dilute

amsonia (111000) in order to remove any excess dithigzone
present until the ammonlia phase showed no sign of yellow
colour, The resulting silver dithigonate solution was
centrifuged to remove any entrapped wator droplets and
its absorption measured at 273 mp. and 462 nmp. The
absorption at 620 was also measured to make sure that
the snlution contained no free dithigzone.

5 mla, of the organie phase and 5 mls, of the
aqueous phase containing the appropriate strength of

acid were then shaken together for 10 mins., at 225 eycles

per rinute on a mechanical shaker, The mixture was
then centrifuged and the phases separzted. Results are

given below
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Table 23

Sulphuric Aeid 10’

M
3

O
U‘S‘QO\HO\
O WM OO

- & & & &
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W OJ
. ®# & @€ & o

Witw N N N

Table 24
Parasmeters ealculat-d for a two-phase system with
log = 6, log o = 10, 1og 3 s 12, 2, -7 x 105.

pp = 7 x 104, 5 =104, ol = 5, anda the total concen~

tration of reasctantc = 10‘4N.
102 & x 10°[M] 1070a] 101 (m,) 10%7 [, ],
0.09%9 0,9201 9,2817 0.9281 0.0928 59,0093

0.1996 0.8583 8.5656 1.7131 0,3426 0,0685
0.2992 0,7876 7.8526 2,3558 0.7067 0.2120
0.3985 0.7174 T.1422 2.85T1 1.1429 0.4571
0.4980 0.6468 6.4356 3.2178 1, 6089 0.8045
0.5965 0.5765 5.7306 3.4383 2.0630 1.2378
0.6952 0.5065 5.0294 3.5206 2.4644 1,7251
0.7938 0.4365 4.3303 3.4642 2.7714 2.2171
0.8943 0.3667 3.6344 3.2710 2.9439 2.6495
0.9412 0.3319 3.2877 3.1233 2.9672 2.8183
0,9903 0.2971 2.9411 2.9411 2,9411 7+9411
1.0393 0.2622 2.5951 2.7249 2,8611 3,0042
1,0882 0,2275 2.,2504 2.4754 2.7230 2.9953
1.1860 0,1581 1.5624 1.8749 2.2499 2.6999
1.2836 0.0886 0.8746 1.1369 1.4780 1,9214
1,3810 0.0197 0.1946 0.2224 0.3813 0.5339

Table 25

Parameters calculczted for the same system ~f metal
complexes in a monophase at pH = 5,



PL

6.301
6,000
5.699
5.523
5.398
5.301
5.000
4.824
4,699
4.602
4.%23
4.456
4,398

4.347

4.301
4.260
4,222
4.187
4.15%
4,125
4.097
4.046

ISt

0.3361
0.507%
0, 6842
0.7T71%
0.8372
0.8802
1.0002
1,0689
1.1206
1.1637
1.2012
1,2347
1,26%1
1.2929
1.3186
1.3423
1,364%
1.3851
1.4046
1.4228
1.4400
1.4716

X

0.7443

- 0.6569

0.%807
0.5440
0.5203
0.5026
0.4450
0.4056
0.3678
0.3351
0.3044
0.27%2
0.2472
0.2202
0.1941
0.1686
0.1438
0.1195%
0,0956
0.0722
0.0492
0.0040

10° |u

4.95392
3.26419
1.,91014
1.,33010
1.00841
0.80422
0.37080
0,22219
0.14708
0.1038%
0,00760
0.00570
0.00433
0.00332
0.00255%
0,0019%
0,00148
0,00110
0.00079
0.00054
0,00034
0,00023

10% ;]

2,4770
J.2642
3.8203

13,9903

4.0334
4,0211
3.7080
303328
2.9416
2,5962
2.,2813
1.9944
1.7330
1.4939
1.7748
1.0783
0.887%
0.7157
0.5504
0.4083
0.2710
0.2108

Two thape Titrstions

107[1,] 10° it ]

0.,1238
0.3264
0,7641
1. 1971
1,6134
2,01086
4,9992
5.8832
644906
6,8439
6,9806
6,9320

647227 .

6.3739
5.9031
5.3249
4,6%518
3.89146
3,0621
2,1637
1.8973

0.0006
0.0033
0,0153
0,0359
0,0645
0.1008
0.3708
0.7499
1.1766
1.6226
2,0531
2.4432
2.7728
3.0252
3.1870
342467
3.1043
340237
2.7262
2.2960
1.7309
1.7076

In order to test the utility of a two phase titration

technicue for acid dissoeiation end stadbility constant

measurcments a special piece of equipment was built and a
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N

Jig. 2
Two phese 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
mls. capacity surrounded by a water jacket A, which is
kept at a constant teiperature 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 et by the thermostat.

The reference eleetrode B and glass electrode C wem
positioned in the rubber bung D so that they were immersed

in the asqueous phase but not in the organic phase, and the
capillary tip of & mierometer syringe, or miero buerette
E 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, pascsed in to the system through
G, could be made to effeet 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 simplioity was designed which
provided excellent stirring. It consisted of a glass
tube which wae rotated at high speed by an electric motor,

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 follbw small changes in acidity, o
special high stability voltage comparstor was built, and
full deteails are given in Appendix B,

With this piece of equipment it was found that potent:al
changes of 0,1 mV could be securately followed, and satis-

‘fagtory resulte were obtained for substances which achieved
eouilibvrium quiekly.

For difhizone, however, the speed of equilibrium was
too slow to make two phase titrationes a satisfactory pro-
position,

Solubility determinations

It has been pointed out43 that if a so0lid, whose s0lu-
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bility 1s to be determined, is shaken with successive
portions of solvent, the concentration of solute in the
solution s0 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
soludility is high, large cuantities of so0lid are needed
to saturate the solvent in the sucecessive equilibrations,
A straightforward method of shaking the solvent with
golid is likely to provide good results for dithizone
with golvents in which it ies fairly soiuble, but, as

Sandell has a;m-mn‘5 this method breaks down when applied
40 aqueous solutions since the speed of equilibration is

so slow,

Tven if the equilidbrium is approached from the super-
saturated side it is uneertain whether s true equilidbrium
is achieved unless an organic phase is present,

Consequently solubility mecasuremrnts in an aqueous
phase were carried out by the following method,

150 mls, of aqueous phase and 2 mls, of carbon tetra-
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chloride were placed in a flask and sufficient purified
dithizone to saturate the system added. The aqueous
phase was supersaturated with the dithizone by making
alkali with 111000 ammonia and then precipitating with
the very minimum (2 drope) of diluted isopiestic hydro-
chlorid acid solution,

The flask and contents were then shaken for at least
24 hours at 20°C the phases separated by centrifugation,
and £0l4d suspended in the aqueous phase which was not

removed by centrifugation removed by filtretion through
a fine glass sinter., The dithizone was then extracted

from the agueous phase into a much smaller gquantity of
orgenic phase, usually effeoting a concentration of about
10 times and the optical density of the orgenic solution
measured, If the colour of this solution was t0o weak

to be accurately measured then the pH of the aqueous phase
wes brought to approximately 2 and excess active ailver
added to the agueous phase, whereupon the dithizone was
converted to silver dithizonate and ascay of the organic
phace gave a measure of the concentration of the dithizone
present, if the stoichiometry of the silver complex and
the specific activity of the silver is known,
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The concentration of the dithizone in an organie phase
was obtaincd by dilution followed by measurement of the
optical density of the diluted =olution, In cascs where
the concentration of the solute in the acueous phase had
been measured rﬁdiochemiéally, e portion of this diluted
organie solution was converted to the active silver complex

and direot comparison of the assaye of the asctivity of the
conplex derived from the saturated aqueous and organic

solutions snd a knowledge of the concentration and dilution
factors involved gave a measure of the partition coef-
~ficlent and the solubility of the complexing agent in the

squeous phase,

Determination of pH extraction curves for Indium from an

aqueous phase into an orgenie dithizone phase.

25 rl, of a solution of dithizone in chloroform was

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

active indium solution N/10 sodium perchlorate colution,
both solutions being saturated with respeet to the other
phase to prevent a volume change on mixing, The pH of

the solution, which was unbuffered, was altered to that



required by adding drops of hydrochloric acid or s:.. onia,
approximatﬁly detrrnining the pH of the solution by means

of pH papers.
-The shaking tube and its contents were shaken at

22% eoyeles per minute for 1 hr, cnd after this the
activity »f both acueous and orgsnic phases were counted
by pipetting 10 ml., into the polythene scintillation
counter cups, the nutside nf the pipette being carefully
cleaned to remove any surplus drops. The pH of the
recainder of the agueous phase was determined b, using
the lMorton eleotrode system, in aon:ﬁnotion with s glass
- eleetrode. Solutione of dithigone in chloroform, carbon

tetrachloride, nsnd n~hexanol were all u-ed and found to
indierte 2 133 complex,
The solution of dithizone in n-hexanol was found tn

be photosensitive, particularly to fluorescent latbuorat-ry
lighting, and coneequently measurements were carried out
in subdred lighting, and solutions were only shaken for
half an hour,

The n~hexanol - wat r uixture wa- found to nproduce

emulsions easily, and 2ll solutions huad to be centrifuged
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for ten minutes before separation of the phases,

Distribution of active indium betwern an unbuffered

aqueous phase and a solution of dithigzone in chloroform,
(Table 26). Distridbution of aetive indium between an
unbuffered aqueous phase and s solution of dithizone in
carbon tetrachloride (Tsble 27), Distribution of active
indium between an unbuffered agqueous phase and a rsolution

of dithizone in ne~hexanol (Table 28).

The method of continuous Variations apnlied 4o the Indiun~

d* thizone system.

Solutions of Indium perchlorate in an acetate buffer,

<nd of dithizone in carbon tetrachloride were made up, of
strength 2.2 x 10”2 moles per litre,

The sodium acetafe ~ hydrochloric acid buffer, which
was used gave a pH of 5.49 when measured by means of a
glasc eleotrode systen, The solutions were made up so
that the total smount of metal end ligand present in the
system was always the same, and the total volumes of
each of the two phases was brought to 20 mls, by the

addition of carbon tetrachkoride oy 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 absorbancy of the orgsnie phase was thel measured at
the wavelengths 450 ma, $10 mp and 620 mp. on a spectro-
photometer and the radiocactivity of both phases assayed.

The absorption factor for the indium «~ carbon tetisue
chloride system was found to be 0,92,
It was found, that due to the photosensitivity of

indium dithizonats, experiments were more satisfuotory if

carried out in subdued light, Resulte are given in

Table 29.
Pable 290
Fxpt. Mole Aj 510 AJ 620 Organie Agueous
fraction phase phase
of metal Activity, c.v.s.
A 0,0 0.000 0.000 0.0 0.0
B 0.05 0.054 0,032 2,88 1,02
E 0.2% 0.246 0.305 10,00 6.76
F 0.3 0.220 0,297 9.73 11.11
G 0.4 0,209 0.256 8.20 16.07
I 0.6 0.151 0.174 5.0 29,64
J O.g 0.115 0.133 4,32 38,13
K 0. 0.074 0.082 2.T7 44,53
L 0.9 0,032 0.041 0.98 52.20
M 1,0 0.000 0.000 0.01 57.23
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DFTFRMINATION OF SILVER IN TRADE FFFL'IVNT

Appendix A

Prigoigle of the method.

The silver will be sccompanicd by other metals in
the effluent and in the presence of shloride ions and
organic materials it may be largely present in the form
of complexes,

The silver, together with a number of other mg;als.
i first extraoted into =« small volume of coneentrafed
dithizone solution, in e¢arbon tetrachloride, whenece 1t
is removed seleetively by treatment with =n agueous solu=-
tion of ammonium thioegcyznate. After destruction of this

thiooyanate, and re-solution of the silver in dilute
nitric acid, the final deteruination is made colori-

metrically.

Renge.

For & 100 ml., sample with a silver concentration of
0.2 = 20 micro grame per litre, a visual colour comparison,

or an ebsorptiometric procedure with miocro cells holding
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0.5 - 1,0 ml, was adopted, If the absorptiometer avail-

able has cells holding 4 - 7 mls., 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
ng. of organic material, tannin, and 50 miero grams eaeh
of copper, ferrio irbn, lead and mercury, in addition to

the constituents normally present in this volume of tap

water.,

Ao Preliminngx concentration of the Silver,

l, Por each 100 ml., sample, contained in a 500 ml, conical
separat ng funnel add 1 ml, of concentrated sulphuric aeid.
2, Extraoct the silver by shaking for 1 minute with 5 ml,
of the concentrated dithizone solution (A) collecting the
extraet in a 20 rl, 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 tubde. Re ject the aqueous phase.
Note (a)

In the presence of excessively large amounts of
organiec material, a scum may form at the interface of the
two phases, This must be transferred with the organie

phase,
Note (b)

If the volume ie as high as 500 mls. a further two

extractions with 5 mls., of conecentrated dithizone (A) should
be undertaken using a second centrifuge tube.

4, Spin and remove the aqueous phsse with a suction
ripette. Add 2 mls, of distilled water, spin, and agsin
reject the agqueous phase, Transfer the solution of silver
dithizonate in carbon tetrachloride to a 50 ml, separa=-

ting funnel.

B, Separation of the Silver from the Organige Solution.

%, Add 4 mls, of 24 ammonium thiocyanate to the centri-
fuge tudbe 20 as t0 collect any remaining droplets of

organic phase and any scum, gently agltate the contents
and tranafer 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.

Te 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 nitrie acid, and warm until any solid
residue is completecly dissolved. Add 1 ml. of 10% urea
solution, 1 ml., of 20% hydroxylamine sulphate solution,
and digest the solution for 5 minutes near 1ts boiling

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

a watech glass and allow to cool to room tenperature.

0., Determination of Silver.

8. Pransfer the contents of the silica crucible to the
micro separator (Fig. 1) with a suetion pipette.  Rinse

the crucible twice with 2 ml, portions of N/2 sulphurie

acid.
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9. Add 1 ml, of dilute dithizone solution (B) and mix
with the aqueous phase by passing, for two minutes, a

stream of nitrogen which had been presaturated dy passing
through a carbon tetrachloride solution of dithizone,

If the colour of the organic phase has a greenish
hue, the amount of silver can be estimated as less than
1.5 miorograms. In this case the determination can be
carried outfin one of the following ways.

a., Direet visual comparison. |

Prepare visual standards by adding to each of 9 -
micro-testubes (ignition tubes), of dimensions T4 ems. x
1l em, dia., 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

mle, of a dilute standard silver solution and 3.0, 2.8, 2,6

ee. mls, of /2 sulphuriec aecid,

Fxtraetion of the silver is effroted by agitation
of the organic and aqueous phancs together for 2 nins.
with the aid of a thin glass xn0d 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 miero separator to a tenth testube



and wash it in with 3«4 mls. of the aqueous phase, Come
pare the sample and the standards and estimate the silver
content to the nearest 0.1 miecrogram. Direet sunlight
mast dbe 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 miero cell and replace the 1id.

Mcasure the absorbdbency in a Spekﬁer absorptiometer, using

an Ilford Orsnge Filter No. 607, or in a Beckman or Unicam

Speetrophotometer at ,\ = 620, against s eomparison cell

£i1led with the dilute dithizone solution (B). Prepare

a stendard curve by adding a known amount of silver in
the range 0.2 = 1.5 mierograms to 0.3 mls. of 2K n}trio
aeid, 1 ml. of 10% urea solution and 1 ml, of 204 hydr~
oxylamine sulphate, and after the addition of 1 ml, of
dilute dithizone solution (B) carry out the whole extrae-
tion process from stage 9.

Subtraet the blank obtained by ecarrying 100 mls, of
distilled water through the whola process from stage 1l
to the final determination.
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D, Procedure for Large Quantities of Cilver.

If the colour of the organic phase in stage 9 is a
clear yellow (showing that there is no excess of dithie
gone) 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, 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.), or using an edbsorptio-

meter with miero cells if the volume of the organic phase

is sufficient,

In each case the number of micrograms of silver is

caleulated by multiplying the figure:obtaihed in this way

by the factor x.

Regggnts

Distilled Water

Laboratory distilled water was passed through an

Flgastat type B 102 portable deioniser.

Concentrated Sulphuric Acid.

Labd reagent. S.G. 1.838 - 1.844 at 1504,
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R/2_Sulphuric Acid.

Cone. acid diluted with distilled water,

2 N Ritrie Aciad,
Conc, acid diluted with dietilled water.

Carbon Tetrachloride.

For solution A Harrington's Pure. 95% boils bes$ween
76 - 78%. |

Por solution B it was purified by standing with
bromine for two wecks, after which it was refluxed with
sodium hydroxide solution, shaken with a solution of
hydroxylamine hydrochloride and distilled,

Dithigzone,

Solution (A) B.D,H, reagent in carbon tetrachloride (100 mg./l)
(B) " " " n " ( 5 mg./l)
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APPENDIX B

In order to follow the écidity changes llkely to occur
during a two phase “itration, it is necescary to detect

changes in potential of « 0,1 unV. in a glass electrode~

reference eleotrode system,

It is possible to draw only a minute current from
this systen since é larger current will cause polarisation
of the eleotrode to ocaur46, the effeets 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

ocurrent, without any 111 effeects.

After much experimentation a design was decided the

eircuit of which is given in the accompanying diagram47.

Lespite its notorious reputation for instabllity,
the apperatus incorporates &fi, electrometer triode (FT 1)

as a sensitive nullpoint indicator, because this parti-

cular valve was available when the apparatus was being



nade, It was found that, provided certain precautions

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

long periods of tiue,

The eonneetion from the glass electrode, is taken
from the ceramie switeh 82 t0 the grid of the valve,
The potential of the calomel elretrode 1s oprosed by a
potential derived from the potentiometers Pl and P2 and
provided by the battexy B, The potentiomet-r P} i=s
employed %o pre~set the grid bias of the valve between
O and -2 V, When the systen ie in balance between P2
and the eleetrode eell the net potentirl on the valve grid
will be ecual to that provided by P3.

The potentiometers P4 and PS5 in the znode ocircuit
are uced to adjust the voltage at the vulve anode to

exaodly +6 V.3 1in this condition there will, of course,
be no current flow through the gelvanometer G, If
however the voltage on the valve grid changes the current
pas=ed by the valve will corregpondingly aiter, and =0
therefore will the current gt the anode, The galvano-
meter G will therefore deflect,

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

reasonable value, P6 is used to set the filament current

through the valve, the power supply is deriv~d from the

high capacity accumulater AC. C, The voltmet-r V and

its aamrociated switch 5% 1= provided for monitoring purposes,
The operation of the instrument is as followss=-

The bdatteries were conneeted by means of switech S4 and the

filament current brought to 0,09 A. by means of switch P6.
With P4 and P5 set at their middle point the grid bias

vae adjueted by P3 to bring the current through the micro-
anetcr %o 350 ua, At least an hour was sllowed for the

electronice cirouit to settle down,

The eleetrode system was now connected and measurements
commenced, Balance was attained by altering the potentioe
meters Pl and P2 until no deflection of the galvanometer
ococurred on eith'r position of the ceramic switch S2. At
this point the potential derived from P3 and the net pote
ential of the eleetrode-potcontiometer systemz was then
eaqual, The potentiometers P4 nnd P5 were recuired at

intervals to set accurately the zero om the galvanoncter

when S2 is in the first pocition, In thirs position also,
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the output of the intermal potentiometer system vhieh is
of low impedance is nmade available on terminals, to permit
its measurement on an extornal preeision potentiometer,
The switoh ©2 rust make before it breake. the e
vise the glase eleetrode acts as a condenser, ond upon
neking a connceotion between the glasa eleetrode and the

T 1 a pulse is pas=ed which couses an annoy’ng deflection
of the gelvenometer which mmest be then allowed to eome to

reat before proceecing with adjustment,

The ¥T 1 was mounted on a thiok pad of sponge rubber
to decr-aee unsteadiness thrt uisht ~recur due tn rmioro-
vhonie noise and all the componente were placed in a metal
box and were kept dry by mesns of siliea gel, The conne
eoting wire from the glass r~leetrode terminal to switech
82, and from 82 to the ¥T 1 must not allow any l-akage and
therefore this part of the cirouit we:z constructed from
soreened wir-,

No screened room was svailable and it was found that

instsbility was caused by switching epBeratus on and off

in the same laboratory, =né even by bringing eclothing rade

of trrylene near the equipuent, To avoid trouble of this



type all sccumulator lends were made of scre-ned coble

and the whole zpparatus =lsced in = cage of perfTorated

zing,
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ABETRACT

The solvent extraction of inorgsnic complexes has
been gtudied in comnection vith two distinet prodlems,
(1) the deteruinotion of small quantities of uilver at
a level of 1 part in 108 in trade effluent, and (1i)
the measuroment of the stebility constants of metal
complexes which arc very sparingly onluble in water,
though eéluble in an organiec solvent.

(1) The rmrthod finelly proposed for the deter-
rination of smell quantitiece of silver in trade effluent
contuining orgunie material in addition %o copprr, iron,

lead, mereury, snd osleium, etd. was arrived at after
detailed study of

a) The concentration of ‘he silver

b) The separetion of the silver from clements
likely to interfire in the fin.l determination,

¢) The abecorptiometriec detervination,
a) Concentration of silver b, co-procipitation was
investigat~d ueing Agllom ns & radioactive trocar. g
vas found thut silver was quantitatively co-preeipitcted



i1

a8 sulphide with mereury, copniry, nnd lensd, If organioc
naterial was prescnt in the co ution it vze mor- ortipe
Toetory to co-procipltnte the silver vwith elrucntiry
tollurius,

Although effielent se a means of eoneentration,
¢o=-pregipit-tion 44d not rr-vide a =atisf etory sepaw
retion of eilver from the rmetals lilvely 4o interfere

in the Tingl deternination,

The silver complex of dithizone (diphenyl thio-
carbegone) is soluble in orgsnic soiventz, and 1ic
consideranble gtability to acid solutions suggested that
it vould provide o very useful ucthod of concentrution
of silver by a8 faetor of 10 or better, nince only
nereury and some copper ars likely €0 be co=extruzoted,
These nr-dictionr were ver'Pied experinentally and, in
addition to conerntration, a preliminary ceparation of
silver wes thus effooted,

b) T¢ was shown that o ecolution of dithigone in carbon

tetrachloride would retain copper and mercury even in
the premsence of aqueous thi~eyanate, but that the

super or stability ~f the thiocyanate conmplex of silver
over that of the dithizone complex, permitted ite



111

cuant tative boekr extroetion 1.to an zeidie acueous
phnsge, feleative coxtraetion was thus ebteined,
After the thiocyanate had bdeen destroyed by wet ashing

the whole of the silver was obtained freec from rotals

whieh could interfere in the finesl determinntion.

¢) p~Dimethylaminobongylicene rhodenine, trtrecthyle
thiouram disulphide and dithizone wer~ all concidered
for the absorptiometric determination of ecilver,
Dithizone was finally chosen as it was concidered to
provide the bnst compromice between oversll accuraey and
general convenienee for th- deternmiiution of the concen-
tration of silver after deatruction of the thioayanate
with sulphasic acid. Both visual ané photoelectrie
deterninationa wer: found to be nccurat: to & 0.1 pg

in the runge from O -~ 10 pg.
It was found that traces of silver are :-bsorbed

upon glasswars very readily. Tfy however, all surfrees
whieh ore likaely to come into contset vith the elezent
are given e conting of silien by treatment with a
coomeraial silicone preparation, 1t was found that the
absorpiion could be rcdueed to nrgliglible proportions.
(ii) 1The detoriination of the stability constant

of the n~tal complex "1y, by the normal titration t-ohe-
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nique ie not possible 1 1t is incoludble in an aocucrous

vhase, If the complex is woluble in an orgeric phase,
however, it is ~ften poseibl: to determine a mixed

stebility constant x}. where

J -;;,.- i} | —~ n
Ky = L'Ln_l S [%"‘lw [L ]w
(the subsoripts 0 snd w referring to the org:nic and
squeous phaser reepectively) which involves a partitinn
aocfflcient,
Thic 418 not altogether antigf-etory, aince oomparie

son »f the changee in thies ptability constant ~bserved
roing from one compound to another in e corice of
alosely related coumplexing egente, involve ooncoumitant

changes in the partition coeffieients P, 2nd P,y of the

¢
rroagent HL cnd the complex ML, recrretively,
* methnd 4ia derived from theoretic: 1l »rineiples

vhich ~nables the true for: ztion eon~mtunt Kf of MLn

Kf - [;«’iLn] w/ [Hn*]w @‘~]3

to be obtrined 1f the r-t:1 M 18 lebelled with a8 rsdioe-
sctive isotone,

An gdded co.plicotion is the possible preccueer of



lower complexcs YL, MLQ eeo 1n the aqueous phase, A
full theoretieal study of equilibrium betwe-n a solution
containing metal complexes MLJ (j = 2 to N) in the

aqueous phece, in equilidrium with an immiscidle organie
vhase in to which only the formslly neutrsl species

an is extracted, shows that

a) the relative coneentrations of the intermediste species

'is lower than for a single phase system, and b) the
overall degree of formation is higher. It has also

been shown that Job's M~thed of CQontinuous Variations
apnlies equsally to & two~phase system and enables the
composition of the extraeted cpecies to be determin-d
with greater relisbility than in the case of 2 one-
rhase system, If the radiocetive isotope of ¥ is
evailr-ble =0 that the total concentration of metal in
the aqueous phacge (g : rgéﬁﬂ.ﬂ ) and in the organie
shase ( ML ] ) is known, the stubility constants@
of 3all the intermediate complexes may be calculated,
where§ , = [?.'?Ln] o an*]w (L"] f,:.

By use of radiozetive silver, the solubility of
some substituted dithigones in water and several organie

solvents is obtained, in order to caloulate the partition



coefficients,

Alco the *vo-ph-ze method of contivivas v-riations
is ap»lied to the indium~dithizon~ syst-m and the
extinction coefficirnt and the overell form:tion constant

of incium dithrizonate ¢:.lecul=ted.



