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ABSTF.ACT 

The pyridine and picoline thiocyanates.of the metals cobalt, 

nickel, zinc and cadmium were studied, at 25.00 C, in equilibrated solvent-

extraction systems. 

The distribution ratio, D, defined as 

D = Total metal concentration in organic nhase 
Total metal concentration in aqueous phase 

was determined for each metal as a function of the equilibrium concentration 

of pyridine or picoline. 

For an individual metal it was found that r~placement of the 

pyridine molecule in the complex by a picoline resulted in a change in 

the distribution ratio for that metal with respect to other metals. 

For each of the extracted metal pyridine and picoline thio

cyanate complexes, the product of the partition coefficient and the 

overall fo~~tion constant in the aqueous phase was found. 
. 

The effects of temperature~ pH, metal concentration, different 

solvents and steric hindrance were also studied. 

A method of separating these metals by means of this solvent 

extraction system is suggested. 
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= [A] T,o
distribution ratio defined by D 

[A] T,A 

where [A] T,o and LA] T,A are the total molar concentrations 

of A in the organic and aqueous phases, respectively. 

percent extraction defined by 

100 D E = 
D +.Y.. 

Vo 

where V and V 0 are the equilibrium volumes of the aqueous 


and organic phases, respectively. 


overall formation constant of the ith complex. 


stepwise formation constant of the ithcomplex. 


molar activity coefficient of A in aqueous solution. 


molar activity coefficient of A in non-aqueous solution. 


thermodynamic activity of A in aqueous solution. 


thermodynamic activity of A in non-aqueous solution. 


divalent transition metal. 


p,yridine or picoline. 


pyridine. 


picoline. 


pyridinium or picolinium ion. 


p,yridinium ion. 


picolinium ion. 


thiocyanate ion, or isothiocyanate ion. 


molar concentration of A, 'as A, "in aqueous solution. 
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LIST OF SYMBOLS (continued) 

LA] 0 = molar concentration of A, as A, in non-aqueous solution. 


p = partition coefficient. 


g = gram. 


mg = milligram. 


fAg = microgram. 

1 = liter. 

ml == milliliter• 

;-tl = 	 microliter. 

millimicron.mr == 
t> 

,A = Angstrom unit. 

mv = millivolt. 

. ma == milliampere • 

s == standard deviation calculated on the basis of N observationsx 
and N-l degrees of freedom. 
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PART I 


GENERAL INTRODUCTION 

I 



1. Introduction 

Solvent extraction maybe defined as the distribution of any 

solute between twO iIl:!lii'scible liquid p.1.ases. Its use is increasing, 

both in ~~alytical che~stry and in so~e che .. ~cal and ~etallurgical 

indus~ries. Morrison and Freiser (1) and Stary (24) have described 

the analytical uses. l.farcus (2) recently presented a thorough general 

reviel'1 of the field. Earlier basic papers by Irving and Willi~s (3) 

and by Irving, Rossotti and Williams (4) showed the need and the 

fr~it~~~ess of a thermodynamic treatment of solvent extraction, and 

there have been applications of this rigorous treatment (24,25,75). 

The present investigation co~prised a study of the solvent 


extraction of the pyridine thiocyanates~*"and the picoline thiocyanates* 


,of five divalent metals, from aqueous solutions into chloroform. The 

metals were cobalt, nickel, copper, zinc and cadmium. These metals 

were knoi'm to extract • Moreover, they are inq:ortant industrial ll'.etals. 

Therefore, ~ethods for their analytical or industrial separations from 

one another and from other metals rnay be of value. Thiocyanate was 

chosen because the relatively large size of this pseudo-halogen ion 

results in better extraction of the complexes into solvents of low-

dielectric constant, than ~~uld occur with the smaller halogen ions. 

Metal pyridine thiocyanates are well known. Some are relatively 

insoluble in water. Gravimetric determinations o~ ~ganese (29,85), 

iron (77), cobalt (6), nickel (7,S6), copper (5,8,87,88,89,90,91,92), zinc 

(9,93,94) ~~d cadrni~~ (10) are based on this insolubility. 

The solubility of some metal pyridine thiocya~ates in chlorofor:a 
, . 

and in other solvents has been exploited to provide useful analytical 

* For brevity, and in conforr.li.ty with co::.mon usage, the term thiocyanate is 
used thro:.l.ghout for the complexes. HO'.'Iever, the co."nplexes studied were 
in fact isothiocyanates (96). 

http:conforr.li.ty


-2

se:pa.rations. For example, Forsyt,he, Hagee and 'VJilson used solvent 

extraction to' make several se:t:arations; nickel and cobalt 1-[ere se:pa.rated 

(14) by extraction of their pyridine thiocyanate~ into chloroform and 

hexone, respectively; pa,lladiu.'n. ' ....as separated from r'..:.thenium (15), or 

fro.:;}. rhodium ar..d platinum (102), by extraction of the pY::::'idine thio

cycL~ate into hexone. 

The absorption spectra of the pyridine thiocyanates of cobalt, 

nickel and copper have been rep::>rted for the visible region (12). l'4.oeller 

and Zogg (11) later rep::>rted in r:lOre detail the spectrum. of copper 

pyridine thiocyanate. Ayres and Baird (13) used spectrophotorr.etry for 

the simultaneous determination of manganese, iron, cobalt, nickel and 

copper as their pyridine thiocyanates. Ver'.! recently, Larson and Hiezis 

(96) rep::>rted the infrared absorption spectra of the pyridine thiocyanates 

of cobalt, nickel, copper, zL~c and cadrr~um. 

Hunter and Miller (16) used anion exchange followed by solvent 

extraction into chloroform, for the separation of zinc, as the pyridine 

thiocyanate, from seventeen other elements. 

King, Koros and Nelson (98) used infrared spectrophotorr.etry 

to study the dissociation of cobalt pyridine ~~d 2-picoline thiocyanates 

in chloroform. Graddon and \'latton (100) have rep::>rted the magnetic 

properties, conductivities a~d absorption spectra in the visible region 

for cobalt 2-picoline and 4-picoline thiocyanates. The electronic 

spectra and magnetic moments of nickel pyridine, 3-picoline and 4

picoline thiocyanates have been rep::>rted by Nelson and Shepherd (97,99). 

The solvent extraction of the metal picoline thiocyanates has 

not previously been reported. 
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It is evident then, that the ~etal pyridL~e thiocy~~ate syste~ 

is ~~ analytically useful one, particularly in solvent extraction; and 

indeed, methods for the separation and deterF.ination of so~e ~etals are 

now to be fo~~d in ~de~ treatises (1,76). 

However, previous investigators of this solve!:t-extraction 

syste~ reported only the initial concentrations of reagents used in a 

particular ~~ase; usually the initial concentration of pyridine in the 

aqueous phase. In any solvent-extraction study, values of the initial 

concentrations are not of general use, even thou&~ they ~ay be sufficient 

for a particular procedure. Irving ~~d ~'!illiams (3) er..phasized the 

. prinCiple that equilibrium concentrations, not initial ones, should be 

reported in solvent-extraction studies. They stated that 11 •••• the 

reason for rejecting most published data is they do not represent 

systems at equilibrium. 11 

The reasons for preferrL~g equilibrium conditions are evident: 

the I'fass Law may be applied to sufficiently accurate and co~prehensive 

data, to obtain partition coefficients ~~d equilibrium constants; the 

data. a.re of general validity, being independent of su.ch variables as 

the volumes of p.~ases; and solvent-extraction data on different metals 

in the same solvent-extraction system may legitimately be compared. 

To report equilibrium concentrations for a solvent-extraction 

syste~ requires ~ch more experimental work than to report initial 

concentrations; not only ffiUst the analyses be carried out on the phases 

at equilibriu:il,J but in r::llny cases ~~alytical methods I:Ust first be 

developed. 

t, 

In order to plan the exper~ental ~~rk of the present investigation, 
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the p."lysico-chemcal basis of the solvent-extraction system i'ras 

considered; it is iiescribed in the folloT/'; ::1g Section. 

2. Physico-Che~ical Basis of the Present Invest~gation 

If an aqueous solution co~taL~ing a ~etal ion and suita~le 

ligands is equilibrated with an ~~scible solvent, then the distributio::1 

ratio, D, of the .t:letal is defined as follm....s: 

Total meta1 concentration in organic ohaseD = (1)Total metal concentration in aqueous phase 

which may be abbreviated to 

D = CM] T,o 

[M] T A , 

where the subscripts T,o and T,A designate the total concentrations in 

. the organic and aqueous phases, respectively. In the present discussion, 

CA], fA a::1d (A) i'ull represent the molar equilibrium concentration, 

molar activity coefficient* and activity, respectively, of the species A. 

The subscript 0 will designate the crganic phase, and the absence of a 

subscript will designate the aqueous phase. 

The folloi'Ung discussion will be specifically concerned with 

the distribution of divalent metal pyridine (or pico~ne) thiocyanates L~ 

equilibrated chlorofor.m-water extraction systems. 

For convenience, the following abbreviations will be used throug!1

iout for the participating substances: 

* The molar activity coefficient in the aqueous phase is designated by f.; 1(fA)o designates the molar activity coefficient in the organic phase. A 
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M denotes divalent cobalt, nickel, copper, zinc or cadmiw~. 


P denotes pyridine or a picoline. 


T denotes the thiocy~~ate radical, SCN. 


All monomeric ~etal pyridine (o~ picoline) thiocyanate species 

~~y then be abbreviated to ~PxT2 ex is an integer) for divalent ~etals. 

If an aqueous solution containing the divalent ~etal, pyridine 

(or picoline), and thiocyanate is equilibrated,with an L~~scible solvent 

of low dielectric constant, such as chloroform, then it will be supposed 

that the following complex species can exist in the organic phase: 

NP T2 where x is an integer ex = 0 indicates 1.fT2 ), and dimers of MP2T2• x 

Such dimers may be present in significant concentration, in low dielectric 

solvents such as chloroform or benzene, because this hlixed complex would 

be expected to have a dipole moment. Ferguson (S4) has shown, for 

example, that cobalt dipyridine thiocyanate (CoP2T2) dimerizes in 

chloroform solution. Higher aggregates of MP2T2 are not explic~tly 

included in the follo~dng treatment; but the treatment would be 

mathematically sL"Ililar to that used below for r.iP2T2• Ionization in a 

solvent of very low dielectric constant may safe~ be neglected. 

The numerator (organic phase) of equation (2) may now be written 

as follo"([s: 

a 

Numerator = 2:= [MPxT;J 0 + 2 [~P4T4J 0 
x.=O 

The following equilibria may exist in the organic phase: 
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and 

{tlP T ) x20 

K = 
x (~,,..,..) ("P)x I'"",, -; ( co ) ""P-I X( +' )x

.'.d"2 0 • 0 •·....2! .L,,,,,, I .Lp
i- - 0 •...:1. 0 - - 0 02 

l.,here K is the overall ther:nodyna:::ic forl:'.a.tion constant, and x is an x 

integer. 

For the forrration of a dimer in the organic phase, 

and the dimerization constant, ~, is given by 

(5) 

Substitution of equations (4) and (5) into' (3) gives 

Numerato:- (6) 

The partition coeffici.;;nt, Po" .for H.l'2 is given by the following: 
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p == = o [HI'2J f 
1-:1'2 

Substitution of equation (7) into equa~ion (6) gives 

Numerator 

(8) 

For the den~Tinator (a~ueous pr~se) of equation (2), the 

following species were considered as possibly being present in the 

aqueous phase: ~w T where m = 0, 1, 2, ••• b ~~d n = 0, 1, 2, ••• c mn 

C!",iP T denotes H).o 0 

For s~plicity, the charges on the ions have not be~~ stated 

explicitly; they are ~plied throughout the present Section. 

The deno~inator of eqpation (2) ~~y then be represented as 

follovls: 

b c 

Denominator = ~ ""L [:-1P.5 ]~ n=O ... n 

The various equilibria in the aqueous phase are then represented 
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by the f ollo'~1.ng 

+ nT = ;.:}' T 
1:', n 

and 

K = (lO)
n'Jl 

Substitution of equation (10) into equation (9) gives 

Denor.inator (11) 

Since 

(I.fr )
2

K02 "'" (H)(T.)2 = 

then 

(12) 

Substitution of equations (8), (11) and (12) into equation (2) 

gives 

m=O n=O f,'n 'T'l\;.c ... ra n 

http:ollo'~1.ng
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l-ihich is the sought-for general expression for the distribution ratio 

of a r-et<ll ~n the specified solvant-extraction systa~. 

If dizers do not exist in the organic F~ase} then Kn ~ 0 and 

equation (13) reduces to 

a K IPlx (L)x 
, x - -0 1"' 0 

poK02' L ( f' )
-v=O "".f? T 
..... .I.·.!..x 2 0 

D = (14)
b c n 2~ ~ Km [pJID ipm eT] n-2 fT 

!!FO n=O fptp T 
mn 

From. equations (13) and (14) the f0110\'1i.l'J.g useful observations 

may be made, provided that activity coefficients are constant for the 

solutions investigated, and that d~ers are absent: 

(1) 

dD ... 0 (15)
( dO·I) (P),(T) 

This relationship constitutes a test for the .existence of dimers. 

(2) At constant [pJ J D is a function only of [T] Thus 

1D = (16)
Lc 

C [T] n-2 
n 

n=O 

where C is a series of constants. 
n 

(3) At constant [T], D is a function only of [pJ J since (P)o and 

(P) are related by a partition coefficient. Thus 
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D = (17) 


, 
where C a~d C~ are two ser~es c~ CC~5ta~ts. x 

The percent extractic~, E, of the met.al is related to its 

distribution ratio, D, by the re:ationship 

100 D (18)
E = D + vIvo 

where V and V0 designate the equilibrium volum.es of the aqueous phase 

and the organic ~~ase, respectively. Therefore if the distribution 

ratio and the phase volumes are kno1'm, the percent extraction may be 

calculated. 

From equation (17) it is seen that 

c1im D o (19)=cr
[p]-,> 0 o 

and D will have a minimu . .'TI. value \'lhich is unique for each metal. 

A.."l ex:a..TJlp1e of how D and E may vary with the equilibriu."l 

pyridine (or picoline) concentration [pJ is shown in Figs. lA ~~d lE, 

respectively. 

Equation (17) !:Jay also be written as follows: 

D = 

http:volum.es
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FIGURE 1 

The effect of the equilibriuln. concentration 
of pyridine (or picoline) on the distribution 
ratio of the ffietal (Figs. lA and le) ~~d the 
resultant effect on the percent extraction of 
the metal (Figs. lB and 10, respectively). 
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The su~~~tion in the nuoerator of equ~tion (20) over fo~~ intogers 

since (a) a may":"-::~':l. coordina:t,io:i. r:.u.rr.her of six is fOll."'ld ~·;ith dival.ent 

transition metal~ and' (b) co!:"~plexes in a lo';!-c:.ielectric o:::-z;<,.:nc pease 

apply to complexes in thea~~cous phase then r~a~al penta- and hcYzpyrid~ne 

iOl1S r:.ay exist in the aqueous pta.se~~"" It is then evi~e~:' ~~:at t~.e rate of 

increase in the numerical value of the denOi.dnator rr2Y be greater, ove:::

a range of pyridine (or picoline) concentrations, t1:an that rate of inc:::-ease 

in the numerator of eq~tion (20). Should this circ'U..-:stance arise in 

practice, then the distribution rat-io uill decrease; this ir.plies that the' 

dist:::-ibution ratio can have a rnXilTIUIn value. An example of ho"! D and E 

may vary, under these circul'l::.stc.nces, \·Jith the pyridine or picoline 

conce:J.tration, [pJ, is shOim in Figs. le and ID respectively. 

Guided by equations (13) to (17), experirrlents we:::-e devised to 

elucidate the chemistry of the specified solvent-extraction systems. The 

full scope of the investigation is described in the next Section. 

3. The Present InvestiR8,tion 

The investigation consisted essentially of an experilnental study 

of the distribution, at equilibrium, of rr£tal pyridine and picoline thio

cyanates between an aqueous phase ~~d chloroform. 

It '-JaS necessar"'J first to develop the a':1alytical r.:ethods need.;d 

to deterrr.ine the equilibriur.. 'cO!lct.mtr::.tio:1s of H.e various p::.rticipati:1Z 

species. This develo~~ent included tr.e determination of the accuracy and 

..~-
There is conclusive spectral evidc~ce (124) for the existence of nickel 
penta- and hcxapyridine i~~s. 
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The co~ce:rtrat~on of ::..~tal ·"r~':ss varieG. in sw~e ex.per:.~.e::r~s, 

order to deterrd..ne or :::.ot pol~rn.uclear s:pecies of t ha r:.etal 

ca detected. Fro~ equction (15) ~s evident that the distriGutio~ 

ratio of the F.~etal should be indepen::ie::lt ot I:letal activity, only in tt.e 

absence of polj~uc10ar species. 

C11rVZ5, in order to obt.ai21 

0:Z the for::.ation cC:lsta!1ts 0: t:-.o r.:eta1 :r:n:·j.dit1e and pico1ine thiccyanates 
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1. Glass~-ra.re 

All volu.:r.etric glass'N'<ire ~-ras calibrated both for aqueous a."1d 

non-aqueous solutions~ For exau.ple , a pipette that delivered 10.CO ml 

of •..rater at 25°C .t·ras found to deliver 9.95 :n1 of chloroform. This 0.5 

percent decrease was found to be constant for other 10-m! pipettes, a~d 

for various 25-m! and 50-m! pipettes calibrated under similar conditions. 

Burettes were found to deliver equal volumes* of either chloroform or 

~-rater. Volumetric flasks were found to contain the same volumes* of 

either chloroform or water. Temperature corrections were made on 

measured volu.:r.es where necessar,r. 

Only borosilicate glassware was used. Before each use, it was 

thoroughly cleaned, then rinsed first with tap water, then with distilled 

water~ and finally with conductivity water (see below). Glassware to be 

used with non-aqueous solutions was finally air-dried before use. 

2. Reagents 

All the reagents used were of analytical reagent grade (Analar 

or A.C.S. specifications), and except as noted below, they were used 

without further purification. 

Aqueous solutions were prepared with conductivity water (see 

below). 

Some aqueous solutions may be affected by adsorption or de

sorption processes with the container. The:r:efore, all standard and stock 

solutions of the chlorides of cobalt" nickel, copper" zinc and cadmiu:n" 

* To within a volu:netric tolerance of one part per thousand•. 

http:volu.:r.es
http:Glass~-ra.re
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ethylenediaminetetraacetic acid, sodi~ chloride, calci~ chloride ar.d 

sodiu.ll hydroxide- ,,,ere stored in p:>l],ethylene bottIes. 

The organic comp:>nents of the non-aqueous solutions '.~ere 

found to diffuse into p:>lyeth]'lene. Therefore, these solutions 'Here 

stored h~ glass containers. 

Light-sensitive solutions or reagents were stored either ~ 

the dark or in brown bottles. For example, the reagents chlorofom, 

pyridine and the picolines as well as Nitroso-R salt solutions were 

stored in the dark, and solutions of potassium thiocyanate and silver 

nitrate were stored in brow bottles. 

Pyridine, the picolines, chloroform and water were s~cially 

purified by methods described in detail in Ap~ndix I. Notes on these 

methods and on the products follow. 

2-1. Conductivity Water 

Distilled water ''JaS passed through a column ot mixed-bed 

ion-exchange resin in accord&~ce with the directions given in Ap~ndix 

1-1. The product had a specific resistance of 2.2 x 105 ohms. Kirk and 

Othmer (78) have p::>inted out that "a good grade ot' specially pre,tared 

distilled water" has a specific resistance ot this magnitude. 

In order to test for the presence of metal ions in concentrat

ions significant for the present investigation, lOO! 10 ml ot the 

conductivity water were titrated with a 0.01-14: solution of ethylenediar:;ine

tetraacetic acid (EDTA) by using }~urexide as the indicator. Less than 

0.02 ml of EDTA was required to complete the titration, which sho1..red that 

http:sodiu.ll
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... -:-'"less than 0.2 wicromole of total titratable cation •....as present. 

The absence of ar.7 turbidity even 12 hours after the addition 

of silver nitrate to the acidified conductivity water sho,-red that the 

chloride content t ..ust have been less than lC-5l-:. 

Therefore" it '-tas concluded that the purity of the 

conductivity ,-tater was adequate for the purFQses of the present 

investigation. 

2-2. Carbon Dioxide-Free, Anhydrous Chloroform 

The fractional distillation procedure recorded in Appendix 1-3 

was used to remove carbOn dioxide from chloroform; the product also was 

presumed to be anhydrous. The ~ethod is similar to that used by 

Pearson and Vogelsong (18) for the preparation of pure anhydrous chloro

form. HO't-rever" the purFQse of the present purification was not to 

prepare an anhydrous product" but to remove carbon dioxide. ~ihen the 

final product was shaken with an aqueous solution of barium hydroxide" 

there was no preCipitate of barium carbonate. This fact, together with 

the fact that carbon dioxide is readily boiled out of water" "ras taken 

as sufficient evidence for the absence of carbon dioxide from the 

purified chloroform. 

Ethanol, normally present in reagent-grade chloroform as a 

preservative" was then added to the purified chloroform" since the 

fractional distillation had removed it (79). 

2-3. PYrid!ne, 2-Picoline, J-Picoline a:r.d 4-Picoline 

These reagents "sera purified by fractional distillation.. as 
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described in Appendix I-~. The method is similar to that described by 


Brown and Hihm. (22) for the p.1rification of these reagents for the 


deter:r.ination of their pK values in ....:ater. Through cooling-cuI"!e 
a 

studies, Bro....m and Cahn (95) found that the picolines obtained by usi~~ 

the above fractional distillation procedure had purities that were 

11 greater than 99 percentll • In the present investigation, the 

dehydrating agent was anhydrous bari~~ oxide (SaO) as suggested by 

Leis and Curran (20), instead of calcium hydride (22). 

Each of the purified reagents was clear and colorless. The 

boiling points were: pyridine~ ll5.0°C (ll5.0°C); 2-picoline, 129.0°C 

(129.0°C); 3-picolL~e,143.5°C (144.0°C); 4-picoline, 144.5°C (145.0°C); 

literature values (21) are in brackets. Each of these boiling POL~ts was 

. measured during the fraction distillation with a thermometer (50-150°C, 

O.5°C divisions) which, in the present work, was previously calibrated 

against a standard lOO-200°C ther.w~meter obtained from the National 

Research Laboratories. The atmospheric pressure at the time of each 

temperature measurement was not recorded. Therefore, the recorded 

temperatures were not corrected for any variation of the prevailing 

atmospheric pressure from one atIr~sphere. 

The purified pyridine and the picolines were analysed for 

impurities by gas chromatography. A gas-chromatographic method ,'ras 

developed in order to determine pyridine or 2-picoline in the presence 

of one another and in the presence of 3-picoline and 4-picoline. The 

details of this method are in AppendL~ II. ,Both p,yridine and 2-picoline 

had elution peaks separate from one another and from either 3-picoline or 

4-picoline (see Fig. 2). 
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FIGURE 2 

Gas chrorratograIJ of a sample containi."'lg 
equal volwr.es of purified pyridine, 
Plrified 2-picoline, plrified 3-picoline 

and purified 4-picoli.~e. 

Colwr.n description: 6-foot colUItn (.1/4" O.D.) 
.of Apiezon L on Fisher I1Col\ll:lpakll. 

Operating temperature: 70°C. 

Sample size: 4 ~l. 

(For full experimental details, see 

Appendix II). 


http:volwr.es
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It 10fas fou...'1d that the purified pyridir~e cOI:tained less than 

0.1 percent of the picolines; the purified 2-picoline contaL'1ed less than 

0.1 per cent of both pyridine and the other picolines; and the purified 

J-picoline and 4~picoline contained less than 0.1 per C6I:t of both 

pyridine and 2-picoline. 

HOiofever, J-picoline and 4-picoline had nearly identical 

elution times u...'1der the chosen operating conditions. Therefore, another 

method was developed in order to determine 3-picolL~e in 4-picoline 

and vice versa. 

Nuclear magnetic resonance* was tried in order to determine 

these tl'ro isomers in the presence of one another. Ho-wever, the resonance 

peaks were coincident when either chloroform" benzene" carbon tetra

chlor~e or no carrier solvent was used. 

A gas-chromatographic method, described in Appendix Ill, was 

than developed. Standard solutions of 4-picoline in J-picoline and of 

3-picoline in 4-picoline were prepared with the purified reagents. Their 

gas chromatograms are shown in Figs. 3 and 4, respectively. The chromato

gram of the major constituent was drawn freehand underneath the impurity 

shoulder. Then the line ~nich encircled the area corresponding to the 

impurity was traced onto heavy cardboard; the tracing was cut out and 

then weighed. In Fig. 5, the measured weights are plotted against the 

percent of added picoline impurity in t.he standard solutions. This 

method is the well-kno,·m method of addition, where a reagent, containing 

an unknown concentration of a given impurity, is nsaltedll with knoim 

a."!l.Ounts of that imp..lrity. By extrap:>lation of the graIil to zero 

* A Varian HR-bO was used. 
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FIGURE 3 

Gas chrozr.atograms of sa::..ples of purified 
3-picoline containing different added 
alrPunts of purified 4-picoline. 

Column description: 6-foot column (1/411 O.D.) 
of tris 1,2,3(2-cya.'1o ethoxy)propane on 
Fisher "Chror::osorb vi". 

Operating temperature: 9SoC. 

Sample size: 0.9 1J.l. 

(For full experimental details, see 
Appendix Ill). 
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FIGURE 4 

Gas chromatograms of saoples of purified 
4-picoline containing different added 
amunts of purified 3-picoline. 

Column description: 6-foot column (1/411 O.D.) 
of tris 1,2,3(2-cyano ethoxy)propane on Fisher 
"ChroIlPsorb vIII. 

Operating teItperature: 98°C. 

Sample size: O.9~1. 

(For full expericental details, see 
Appendix Ill). 
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,FIGURE 5 

Area under chro=atogram peak due to added 
impurity, versus percent of iOp.lrity added; 
the least squares line (101) for each set 

of data is noted. 

8. :: 3-pico1ine impurity in 4-pico1ine. 

(;) ::; 4-pico1ine impurity in 3-pico1ine. 
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concentration of added L~purity, it is possible to read the ~ount of 

the i.r.J.purity present in the "uI?saltedH sar::.ple. Extrapolation of tl:e 

lines* in Fig. 5 indicated that the purified 4-picoline contained 0.56 

percent of the 3-picoline, und that the purified 3-picoline w~s free 

fro~ 4-picoline. 

The behavior of the 3-picolinates and the 4-picolinates in 

the solvent-extraction system vrill be 6ho....:n later to be alJno6t 

identical. Therefore the 0.56 percent isor..eric impurity in the 4

picoline was not importjmt. 

Finally, the }::Urified pyridine and the plrified picolines 1I1ere 

assayed by potentiometric titration of weighed samples against a standard 

solution of perchloric acid in dioxane. The procedure is in Appendix 

VIII. These assays gave: pyridine, 99.9 percent; 2-picoline, 99.9 

percent; 3-picoline, 99.7 percent; 4-picoline, 99.5 percent. That each 

of these assays represents alrr~st entirely the parent compound is evident 

from the gas chrorr:atographic analyses. 

Therefore, it was concluded that the purity of the purified pyri~~; 

and of each p.lI'ified picoline was adequate for the }::Urposes of the present 

investigation. 

* The lines ''1hich best fitted the data were determined by t,he method of 
least squares (101). The equations of these lines are given in Fig. 5. 
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L"l orde!" to o':;;tain q ...::.ai~titative !"esi.41ts, it ....:o.s f:rst 

necessary to develop a suita.':Jle extrac:-' i 0;-. p!"oce:i1.:.!"e. It vlas also 

necessa!"y to correct for an:r volu:'::e changes 0:;' ex:.ra.c:-'::'on. A si.":,,.ple 

phases. 

The detailed procedures are in the Appendices, but their 

development is described belo·..I. 

1. The Extraction Proce:i'..lre 

Prelimina!"y experir.ents had shovm that the solvent-extraction 

systems were very t~perature-dependent; this study is described in 

Part V-.3. Therefore, during all stages of a solvent extraction, the 

system was kept in a water thermostat. The extraction vessel ~mersed 

in the bath was mechanicallY:*' shaken in order to achieve equilibrimr.. 

A 500-ml conical flask of borosilicate glass{P,t- ....-:as used as 

the extraction vessel; a separatory f~"lnel proved too ~"lvdeldy to 

clamp in the shaker. An indentation was blO\·.,n in the side of the flask 

in order to permit the clamp of the ~£cr~ical shaker to hold it. The 

flask had a bakelite screw cap. A Teflon insert ~ffiS used in this cap, 

because the usual plastic insert was attacked by chloroforrr.. In order 

to ensure a watertight seal between this insert and the rim of the flask, 

the rim ~as gro~"ld flat by using first a carbor~"ld~~ disc and then a 

.:!-	 A Burrell lIi..irist-Acr.io:;.1I s;:a~e!" "'as used. 

~-::. 	 Extraction vessels of pclyethylene ''fero also tried, but they were 
discarded because pyridine and chloroform were fO~"ld to diffuse into 
the \';all. 

http:irist-Acr.io:;.1I
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fine dia~o~d sandpaper. 

7he ~anipu1ative details 0: ttc e=draction procedure are 

_ 	 _ M_. • _~•~.TA~7.___ (231' ~ ,. _ 	 o~ wate~.. u_~'sso've~ u.~'2s~a+e4 t~~t a~ 22°~, 100 -1 	 ~ 

ml o~ chloroforr:l., and 100 ml of ch10rofor;;, dissolved 0.15 r.~ of .....:a.ter. 

These mutual solubility values were found (80,81) to change by less than 

Pyridin.e a!ld the picolines have distribution raM.os favo::-i!le 

chloroform (see Part ~-4-l). In additicn, chloroform normally contains 

0.95 percent of ethanol as a preservative. Apparently its distribution 

ratio betvlee."l chloroform and \-later has not been reported. 

These facts rAde it advisable to dete~~ne the equilibri~a 

.vol~~s of the two phases in the extraction systems used in the present 

investigation. This determination involved the use of an aqueous 

solution and a chloroform solution, the composition and vo1~~es of wc~ch 

"fere knO\'ffi. The two solutions were equilibrated-l:- at room temperature, 

then the two pr~ses were separated and their volumes measured. These 

volumes were corrected for the mechanical losses in volume in a solvent-

extraction operation, to give the true equilibrium vol~~es. The details 

of this ~ethod are in Appendix V. 

Table I shows the ·results. The presence of thiocyanate i!1 the 

aqueous prASe had no significa!1t effect on the final pha3e vol~~es 

* 	Although it V."as not prove,,! hc:'e til.at eC{uilibriUll had been. established, 
equil::.bri~"tl. was kno....'n to be attained very rapidly in syote:::s 0: this 
kind (see Part V-3 for a complete stud;.'.r). Therefore j.t \.J3.S assu."'::ed 
that equilibri~ ~"as also establishgd in the eA~raction syster.~ das
cribed here. 



TABLE I 

Initial versus final (equilibrium) phasc volumes of chloroform - water extraction systems 

containing pyridine and thiocyanate 


EXtraction temperature : Room temperature. 
Procedure : Sce Appendix V. 

Description of phases before extraction Final (equilibrium) phase volumbs,-j(o ml 
Expt. 

No. Aqueous 	 Chloroform Aqueous S Chloroform Sxxi 

1 	 100 ml water 100 ml chloroform 101., 0.1 9IJ.8 0.2 

100 ml water 	 tJ2 	 100.5 0.1 99.1 0.1containin6 810 mg \.>.l 

pyridine l'V 

, 	 I 

100 ml water 101.0 0.1 99.0 0.2containing 	210 mg " 
,

pyridinc 

100 ml O.l-M 100.5 0.1 99.6 0.2
4 	 potassium thiocyanate It 


containing 810 mg 

pyridine 


100 ml chloroform
5' 	 100 ml vtator containing 810 fig 101., 0.1 98.1 0.2 

pyridine 

* Means of 5 replicates. 
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(Expts. 2 and 4). The data from experii'llents 1, 2 a"1d 3, plotted in 

Fig. 6, sho...·!ed the useful fact that t:--.e final phase volu.,,:~es \..;<3r\:; a 

l.:.near function of the initial pyr::"~J...11e concentration in the aquacus 

phase. 

Table 11 ~~s then constructed b7 assu,7ing that (i) all t~e 

alcohol present ~~ the chloroform phase was extracted into the aqueous 

( .::.::.; ) 
..... ,j",' .....phase; CH) 100 rnl of chloroform dissolved 0.15 ml of water; 

100 r~ of water dissolved 0.42 ml of chlorofonn; (iv) the distribution 

ratio of pyridine bet...-een chloroform and water was 15. This table 

gives the contributions that each distributed species would then be 

expected to make towards the change in the initial volume 0 f a phase, 

due to equilibration of the two Ihases. 

The exparimental final p.'-lase volumes of Table I were then 

compared with the values eXp3cted on the basis of Table Il. The results' 

are in Table Ill. They suppjrt the above assumptions; Therefore" the 

final (equilibrium) fhase volumes may be calculated if the initial 

pyridi.~e concentration of one phase is knOw.1. 

The general extraction procedure (Appendix IV) used through

out the present investigation utilized initial volumes of 90 ml. L~ 

addition" the extra manipulation in that procedure was found to result 

in an evaporation loss of 1.1 p3rcent* of the chlorofom. By including 

these factors l4ith the volume data reported abov~, Table IV was 

const.ructed. It gives the corrected volumes for the solvent-extraction 

systems treated by the general procedure in Appendix IV. 

Corrected volumes 'llrere similarly computed for systCr.lS that 

* !·lea.~ of 4 replicates; S = 0.1 parcent., x 

http:systCr.lS
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FIGURE 6 

Phase volumes, at room temperature, of 
chloroform-water extraction systems 
containing pyridine. 

IDTE: Data are from Table I. 
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TABLE II 

Contributions of distributed species to the ohanGe in initial volwnc of a phaoe, 

due to equilibration 


Initial volume of each phase 100 ml. 


Contribution (ml) applied to 100 ml of phase
Contribution 

Source of contributionNo. Aqueous Chloroform 

1 Solubility of water in ohloroform -0.15 ;-0.15 
---,

2 Solubility of ohloroform in water +0.42 -0.42 
\..t.) 

-- c-
I 

; Extraotion of aloohol from ohloroform iO.95 -0;95. into Viater 
~ , 

4 'Distribution of 810 mg of pyridine 
-0.78 iO.78initially present in aqueous phase 

5 Distribution of 270 mg of pyridine . 
-0.26 +0.26initially present in aqueous phase 


6 Distribution of 810 mG of pyridine 
 +0.04 -0.04initially present in chloroform phase 
-~."--". 

NOTE: Density of pyridine taken to be 0.98 (21). 



TABLE III 

Comparison of calculated and measured volumeD of equilibrium phaaeo in 
the water - chloroform - pyridinc systems 

Initial volume of each phase : 100 ml. 

Final (equilibrium) pbn,se volumes, ml 


Expt. Contribution numbers 
 Expeoted Measurcd*No. applied (see Table II) 
H2O CnC1, H2O CnC1, 

1 1, 2, 3 101.2 98.8 101.3 98.8 

2 1, 2, 3, 4 100.5 99.5 100.5 99.7 
\.A.'I 
-..J 

J, 1, 2, 3, 5 101.0 99.0 101.0 99.0 

4 1,. 2, 3, 4 100.5 99.5 10D.5 99.6 
I 

5 1, 2, 3, 6 101., 98.7 101.3 90.7 
I 

~ ~-----
I 

* Data are from Table I. 
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Pinal (eQ.uilibr:'U:::) phc.se volu.':'.es fo:::" chloroform 
water extract:'o~ sys~e~s co~tai~ing pyridine, 

3-picoline 0:::" 4-picoline 

Initial volu.~e of each u~use : 90 ~l. 
Extraction te=perature ~ 25.00 C. 

Fir.al (eQ.uilibri~) phase vol~e, ~l I?yridine or 
picoline taken, Pyridine I;-Picoline or 4-Picoline 
mg (in H2O) 

H2O CRC1; H2O CHC1; 

0-50 91.2 81.8 91.2 81.8 


51-150 91.1 87.9 91.1 81.9 


151-250 91.0 88.0 91.0 88.0 


251-350 90.9 88.1 90.9 88.1 


351-450 90.8 88.2 90.8 88.2 


451-550 90.7 88.. 3 90.6 88.4 


551-650 90.6 88.4 90.5 88.5 


651-150 90.5 88.5 90.4 88.6 


751-850 90.4 88.6 90.3 88.1 


851-950 90.; 88.7 90.2 88.8 


951-1050 90.2 88.8 . 90.1 88.9 


1051-1150 90.1 88.9 90.0 89.0 


1151-1250 90.0 89.0 89.9 89.1 


1251..1350 89.9 89.1 89.8 89.2 


1351-1450 89.8 89.2 89.7 89.3 


1451-1550 89.7 89.; 89.6 89.4 


NarES (1) t~ere alcohol-free chloroform was used, subtract 
0.8 ml fro~ the aqueous volume and add 0.8 ml 
to the chloroform volune. 

(2) 	The presence of pyridiniuc or picolinium chloride 
did not affect the phase volumes. 

(3) 	The presence of potassium thiocyanate did not 
affect the phase vol~es •. 

(Continued) 

http:volu.':'.es
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TABLE IV (continued) 

Fir~l (equilibriu:) phase vol~;.es for chlorofc~ 
water extraction sys:a=. cOT.taining 2-picolir.e 

1nitia1 vo1u.::e 0::: eacn phase : 90 :::l. 
Extraction te=.pera:~re : 25.00 C. 

1;1~ a~ (- "':l~'''''~ . ..,) ~;...,~-,:::. -' ..~ -1I .......r..I.. cc;.",,-	 _O.. .:.Ul.. :,••,","~_ VV.l-~••e, ~.2-?icolir.e tsken, 
=.z (in H2O) 

C~Cl_;:2° 
/" 

0-50 91.2 87.8 
1351-1450 89.. 8 89.2 
3251-3350 81.9 91.1 

.4451-4550 86.8 92.2 

6851-6950 84.1 94.9 

8951-9050 82-.0 91.0 


11451-11550 19.4 99.6 

13451-13550 11.4 101.6 

16051-16150 14.7 104.3 

17951-18050 72.7 106.3 

22451-22550 68.2 110.8 

33251-33350 57.1 121.. 9 

47451-47550 42.4 136.6 


NarES (1) 	Vfuere alcchol-freechloroform was used, 
subtract 0.8 ml from the aqueous vol~e 
and add 0.8 IDl to the chloroform volume. 

(2) 	The presence of potassium thiocyanate did 
not affect the phase volumes. 

http:vol~;.es
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contained a picoline instead of pyridine. Each picoline has a dansity 

of about O.~5 (21) and a distribution ratio that also fa~~rs chlorofo~ 

(see Part V-4-l). These corrected vol~~es are also in Table IV. 



PART rl 

DEv~OPl·z:.;T OF THE ANALYTICAL HEl'HODS 
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The develop"'..ent ot analytical r..ethods ,,:as a necessary pre

requisite to solvent-extraction 'studios of ~etal pyridine (and picoline) 

thiocyanates. The final ~ethods are prescribed in Appendices; their 

develo IT..e:lt is described be10,-:. 

1. P'T"!'"'-I,1 .........d'i."e .... P;_COl'; ""'" .,,..,_.. ACll"'OUS lwot.U_ ...
'...... 0"" '" .-_.i..v _ Sol"'" ; ons 

A method was necessary for the deterrr~nation of the pyridine 

(or picoline) content of the equilibrated aqueous phase of the metal 

pyridine (or picoline) thiocyanate extraction syste~~. 

The direct spectrophotometric determination of pyridine or 

picolines was not possible. Although pyridine and the picolines have 

characteristic absorption peaks in the ultraviolet region (22), the 

0.3-1-I,thiocyanate employed also absorbed strongly belOl.]' 280 IlljJ.. Moreover, 

pyridinium or picoliniu:n. ions were added to some systems. Their peaks 

overlap those of pyridine. 

Polarograp.'1.y was also investigated. Knobloch (26) rep.:>rted 

that pyridine could be determined in this way, but he did not state the 

accuracy and precision o£ the method. In the present investigation~ a 

sicilar method was tested. It was found not to be sufficiently precise. 

For example, 5 x 10-4_M pyridine vIas determined with a standard deviation 

of 4 x 10-5 }1 (based on 4 replicates). 

The titration ot pyridine with standard-hydrochloric acid has 

been reported by Kolthott and Stenger (27). They detected the end point 

by using a mi.x.ed indicator, methyl yellou-::..ethylene blue. L'1 the present 

investigation, pyridine concentrations down to about 5 x 10-4;{ ,.;ere 

expected. At this 10l-l level, the indicator gave an indistinct end p:>int. 



!':oraover so:ne of the solutio:1s ,-;ould be colored.. 

by titrating the base agair:st standard h:l'drochlo:::ic' acid1 and. using 

a glass-calomel pair of elect:::oces. The p:::OCCd~:::8 is ~~ Appor:dix V:. 

since they are slightly stronger bases than is PJ~idL~e (22). 

The accuracy a.'1d pre~ision of the r:J.ethod ,;;er.::: est irr.a.t ed. 

Thus, standard aqueous solutions of purified pyridine and of the purified 

picolines were prepared by weight. Aliquots of the solutions were 

diluted vol~etrically. Replicate samples fror:J. these solutions were 

titrated against standard hydrochloric acid. The results are in Table 

V. Typical titration curves fo::: pyridine are shown in Fig. 7; the 

titration curves for the picolL'1es were similar. In practice, the end 

r-oints for all pyridine and picoline titrations i'Ve_re found algebraically 

by the conventional ~ethod of second differences (49). 

It 	was necessary also to deterrrine pyridin~ (or picolL'1e) in 

the presence of pyridL'1iu.''ll (or picoliniu."n) chloride~:·. This detem.ination 

was also carried out by the procedure given in Appendix. VI. The accuracy 

and precision of this determination were estimated as follo-'Il5: standard 

solutions were prepared; each solution contained a measured a~ount of 

standard hydrochloric acid, and a measured a~o~'1t of purified pyridine. 

* 	This salt \....as added to so::::.~ systc:ns 1.'1 order to recuce the p.q of the 
aClueous phase. It was fQlC1d that pyridL""!.iu:!!. a~d picolinill.':1 chloride 
were not e:~racted as such i;;;.to chlorofor:n. Therefore a methed ,-:a5 
net requir3d for the det0r:ni~atio~ of pjT.idiniu.a (or picoliniu.~) ion 
in the presence of pyridi:1e (or picoli.'1':;). Ho.-:ever, a satisfactory 
method is given in Apper.dix X, for co:npleteness. 

http:pyridL""!.iu
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TABLE V 

Aoouraoy and preoision of the potentiometric <lo tormi nr'.t i on. c·f 
pyridine and the l?ioolineD in aqueous Dolutionc 

Sample size : 25 ml. 

Titrant : Standard aqueouD solution of hydrochloric (tcid. 

Procedure : See Appendix VI. 


Pyridine 0 )' Picoline, t'l;jNo. of Titrant Inorements of titrantTest aolution replicates mo1arity near end pointt ml Taken 1" OlnlclK Sx 

0.1 M Pyridine 5 0.1 0.5 184.5 1(l~ • 5 0.5 

0.01 M 11 5 0.1 0.1 18.45 10.26 .0.15 

0.001 It! 5 0.025 0.1 1.84 1.81 0.02" t; 
0.0005 M 5 0.1 0.05 0.0:; 0.01 I" " 
0.001 .M 2-Picoline 4 11 0.05 2.53 2.50 0.03 

0.001 M 3-Pico1ine 4 11 0.05 2.41 2.39 0.03· 

0.001 M 4-Pico1ine 4 " 0.05 2.33 2.32 0.02 

* Means of replicates. 
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FIGURE 7 

Typical poten~io~etric titration cu~ves for 
the deter~inat~on of FJridine in aqueous 

solut~ons. 

(A) 	 O.l-M pyridine vs O.l-M hydrochloric acid. 

(B) 	 0.01-!4: Fftidine vs 0.1-£.1 hydrochloric acid. 

(C) 	 0.001-1-1 pyridine vs 0.025-:1 hydrochloric 
acid. 
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Aliquots of each solutio~ ~~re then titrated potentiometrically for 

pyridine. Other aliquots v:ere titrated separately for py:-idir.iu.-:1. 

c;:;'loride, by using the procedu:-e giver, in .~.ppe:-.dix x~~. The results 

are in Table VI. In all titr~tionz reported, the acid end points 

It re~ined to be sho?~ that pyridL~ium chioride, nickel 

chloride ar~ potassi~~ thiocy-~~te, present together, did not inter

fere t1ith the determination of pyridine. For this purpose, a standard 

solution of purified pyridine ,,;as prepared by t-reight. Aliquots of this 

aqueous solution ~~re titrated in the presence of potassi~~ thiocyanate 

and nickel chloride, both in the presence and absence of pyridinium 

chloride. The procedure in Appendix VI ~"B.s Used.. The results are in 

Table VII. 

It is assumed that other ~etals like\1ise. ~~uld not interfere. 

Similar results 'WOuld be expected for the picolines. 

2. Thiocyanate in Acueous Solutions 

It ,.res necessary to deterrrine total thiocyanate in the aqueous 

~~ase of metal pyridine (and picoline) thioc~~ate extraction systems. 

The argenti.~etric method (28) for thiocyanate (or chloride) was chosen. 

In the solvent-extraction syste~ studied (see Ap~ndix IV) 

the metal always toJ'as added as the dichloride salt. It is shotm later 

that oetal pyridine chlorides were not extracted into chlorofor:::.. ~':::en 

the aqueous Fhase of the solvent-extraction systeo was titrated in the 

* 	Typical titration curves for pyrid~ni~-:1. chloride versus a standard 
solution of sodium hydroxide aN sho~·:n in Ap;;endix X. 



TABLE VI 

Accuracy and prGlcision of the potentiometric dGl-tcrmination lloth of -I'v:dd:ino 
and pyridinium chloride together in aqueous solutions 

Sample size : 25 ml. 
Titrants : Standard aqueous solutions of hydrochloric 

acid and carbonatGl-freGl sodium hydroxide. 
ProoedurGls : SeGl Appendices VI and X. 

Titrant molarity IncrGlmGlnts of titrant Pyrid1inium chloride, ID':; -\ Pyridine, mG' 
near end point, ml. 

Test solution 

lIel NaOII Taken Found-x- Sx 'l'nkcn Found'* Sx
HCI NaOH 

O.l M 	 Pyridine I 

0.1 0.1 0.5 0.1 185.1 185.3 O.l 149.0 lA.9.l 0.5 
~..:»0.1 	 M Pyridinium 
.r:

chloride I 

-
O.l 1-.1 	 Pyridine 

0.1 0.025 0.5 O.l 3.23 ,.61 0.05 204.3 204.1 0.30.001 	JJi Pyridinium 
chloride 

0.001 111 	 Pyridine 
0.025 0.1 0.2 O.l 287.9 28'(..8 0.4 2.29 2.47 0.060.1 	 M Pyridinium 

chloride 
.,_. 

i(  Means of 	5 replicates. 



TABLE VII 

The effect of nickel chloride, potassium thiocyanate and pYl'idin:inm 
chloride on the potentiometric determination of pyrid:i.ne in aqueous r:oJutiol1n 

Sample size : 25 ml. 
Titrant : Standard aqueous solution of 

hydrochloric acid (0.025 M). 
Procedure : See Appendix VI. 

. -
Molarities of components in test solution 

i 
Pyri(l:Uno, me-

Nickel Potassium PyridiniumPyridine Taken Fmmu:):' Sxchloride thiocyanate chloride 

0.0007 0.005 0.3 0 1.61 1. 60 0.05 .J.
0) 

11 11 110.005 0.001 1. 59 0.01 I 

. It 110.0005 0 1. 60 0.03" 
11 110.0005 0.001 I' 1. 64 0.03 

-_._..."-- --- _. --- --.- 

* Means of 4 replicates. 

http:pyrid:i.ne
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thio

e:-:traction syste~. \'tas· alwa~s k!"'.:":~::'1, so tl:3.t t::a c~:or-:':ie co~~tent of 

L~ order to deter~~,-e the SUw of the c~2oridc and thiocJan~te 

concentrations, Fajans J Itethod. (28) \·:::l.S first cor.sidered si~ce it 

involved direct titration ....lith silver nitrate, dichlorofluorescein being 

the indicator. However,,- sor:;e thiocj~.:::mate concen:'rations ....lOre 'belo....1 

0.00,.,1, ,!;lnich was the lo\.....er lir:-.::.t of usefulness of this r.-.ethod. There

fore, the Volhard method (28) was adopted. In it, the thiocyanate 

plus chloride were precipitated. together, by the addition of a kno..m 

ar..ount of silver nitrate. The excess silver nitrate was then titrated 

"lith standard thiocyan3.te solution, using ferric alum. as the indicator. 

The details of the method are in Appendix VII. 

The accuracy and precision 0 f the Volhard r:.ethod t'le:::'e 

estiF.~ted. Thus, aliquots of a standard solution ef potassiur. thio

cyanate ,,,,ere diluted voluJ:'letrically. Replicate saJ:.ples from these 

latter solutions "lere assayed for thiocyanate, by using the procedurG in 

Appendix VII. The results are in Table VIII. Also included in the same 

table a:Ca son;.e other results, \-Ihich show that neither nickel nitrate nor 

pyridine (or picoline) interfered in the deter=ination. Kolthoff and 

Sandell (74) have pointed out that Cl sr:.a.ll titr.:.tion error occurs \-Then 

chloride and thiocyanate are titrated· together by tl':e Volhard :::athod 

because of the z:etathcsis of the silver chloride to silvor thioc:,ranat.e in 

the vicinity of the end point. S.....1.ft and co-,,"'Ort.:ers (50) fou.~d that this 

http:sr:.a.ll
http:thiocyan3.te
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T~GLE VIII 

Accu=acy ~~d precisic~ of the Volnard dete~ir~tion 
of thiocy~~ate in a~~eous solutions 

potc..szi1.:.~ t::icc:,"~r;.ate. 
Procedure : See Ap;GndLx VII. 

Volu=e of titra~ed sol~tion : 35 - 55 ~l. 


No. 2hiocyanate Silver Titrant Thiocy~~te, r.g
mola...""ity nitrate Itolarity 

.- l:lolarity 	 ITaken Found* Sx 

1 0.1 	 0.1 0.1 232.8 232.7 0.3 

2 0.01 	 0.025 0.025 23.28 23.23 0.07. 
3 0.001 	 " 11 2.33 2.28 0.05 

11 	 11 11 114 	 2.28 0.04 

u 	 11 It5 " 	 2.27 0.06 

11 	 tI 116 	 2.29 0.05" 
11 	 11 11 117 	 2.26 0.04 

* Means of 	5 replicates. 

NOI'ES: (1) 	Solutions 4, 5, 6 and 7 were also 0.005 I.1 
in nickel nitrate. 

(2) 	Solutions 4, 5, 6 and 7, respeotively, were 
also 1.0 i.r in pyridine, 2-picoline, 
3-piooline and 4-picoline. 
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~etathcsis ir.troduced ~n e~~o~ of -0.68 ?6~~cnt ~~~o t~o Vol~~~d 

t::iocyanate and not r:.ore than o.a'"\:-!~ in ch·loride. Eve~ ~ -5.0 ;:~:r-cent 

error in the p'rtion of t::e titer d"J.e to c~lo!':"de ...·:o-::.ld. only result 

in 	a -0.16 percent error in the sum of the chloride and the thiocyanate; 

therefore, the titration error d.ue to this I:".etathesis ,·ras neglected. 

3. P:'Tl:'idine or Picoline in Chloroform Solutions 

It was necessa~J to deter~e the pyridine (or picoline) 

content of the equilibrated chloroforill phase of metal FJridine (or 

picoline) thiocyanate extraction systems. 

* 	Since the ma..x.ir-uIl concentrat.~on of r..etal in the aqueous phase ",as 
0.005H" the maximum chloride concentration of that phase ' .....a5 O.OD!. 

NOTE: Pyridine was found to interrere 50!'iou5ly in the deterrr[L~tion 
o;f O.l-H chloride or O.l-H thiocyanate by Fajans t method, if present 
in concentrations exceedL'1g 0.00514 for chloride -and O. 02!·f for thio
cyanate. In these titratior:.s, dichlorofluorescein ,-ras the indicato:::'" 
and approximately 0.1 g of denr; n '.....3.5 used as an anticoagulant. "Then 
pyridine was present, the end p:>int "ras not observed. The interference 

....ras not avoided by over-runr.ing the theoretical e::.d po1.1'lt and then 
back-titrating either 1.'1 the presence or abse::.ce-or deA~rin. Addition 
of the dextrin and i:r.dicator iust prior to the theoretical end uoint 
did not pe~it the indicator to lilnction properly, nor did o~ssion 
of the daxtrin altogether. 

EOl:;o'rer, cxperir.1e:1ts shoHe:i th3.t the i::terfe~ence by p:r::-idine (a:1d 
picolines) could be elir..i:::':lted if the aqueous pyridine (or picoline) 
sol't~_tion of chloride or thiocyanatG '\-ras boiled for 10 t:'.inutes p~ior to 
tit~atio:1 of the cooled solution ~~th silver ::.it~ate. The accuracy 
of the method the!'l proved to be excel10:1t. .. 
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The potentiometric determination of py~idine in chloroform, 

with a standard solution of pe~chloric acid in dioxane, has been 

described by Pifer, }lollish and Schr.:all 00,31). A glass-calo:r,e1 

electrode pair was used. Detection of the end point by usL~g methyl 

red as an indicator also has been reported (32). The potentiom3tric 

method was chosen for the present investigation, because colored 

solutions were expected. The detailed procedure is L~ App3r.dix VIII. 

This procedure was also expected to be satisfactory for the picolL~es. 

The accuracy ar~ precision of the method ~~re estir.~ted. At 

the same time additional infor~ation was obtaL~ed on the pyridine and 


the pico1ines used. Thus, ch1oroform'solutions of purified pyridine 


and of the purified pico1ines I,rere prepared by weight. A1iquots of 


. these solutions ,.rere diluted vo1umetrica11~}J then replicates were 

titrated by the potentiometric procedure in Appendix VIII. The results 

are in Table IX. Typical titration curves for pyridine are sho',m in 

Fig. 8. The titration curves for the picolines '\tlere similar. ". However, 

in practice, the end points "rere ahrays found algebraically by the 

method of second differences (49). 

Fritz (32) pointed out that O.l-M solutions of perch10ric acid 

in dioxane 'vere stable for a period of several 't'1Geks. It "raS found, in 

the present investigation, that 0.025-M solutions had become ~~stab1e 

during 3-4 weeks I storage; the meter readil1.gs '·rere erratic and the end

points could no longer be four.d. 

The chloroform p.~ase of a."1 equilibrated metal pyridine (or 

* 	Chloroform solutions of pyr~a.1..'1~ (or picoline) ~\'Cre fC~"1d to become 
discolored if left for a ~reek, even in the dark; but the titers of 
0.1-1-1 and eVen O. OOl-~1 solutions '.fcre not measu;cab1y chang:::d dU:i:'ing a 
storage period of 2 w~eks. 

http:readil1.gs


TABLE IX 

Accuracy and precision of the potentiometric determination of pyridine and 
the picolines in chloroform solutions 

Sample size : 25 ml. 
Titrant : Standard solution of perchlorio 

acid in dioxane (0.025 M). 
Proceduro : See Appendix VIII 

\ 

Pyridine or Picoline, mg
No. of Increments of titrantTest solution replicates near end point, ml Taken Found* Sx 

0.03 lA Pyridine 5 0.1 81.9 81.8 0.0 
~ 
I 

0.. 03 M 2-Picoline 3 0.. 1 107.0 106.8, 106.9, 
I106.9 

0 .. 03 M 3-Picoline 2 0.1 94.1 93.8, 93.8 ... 

0.03 M 4-Picoline 2 0.1 114.4 113.8, 113.9 . 
I 
. 

0.003 M Pyridine 5 0.05 8.19 8.19 0.02 

0.0006 lA Pyridine 5 0.05 1.63 1.62 0.00 
i 

* Means of rep1ioates, except for picolines. 
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FIG'IJRE 8 

Typical potentio~9tric titration curves for 
the deter~nation of py=idine in chlorofor~ 

solutions. 

(A) 	 O.03-H P'JridL.'1e vs O.025-l4' percl'.loric 
acid in dioxane. 

(B) 	 O.OOO6-H pyridine vs O.025-M perchloric 
acid in dioxane. 
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picoline) thiocyanate extraction syste~ contai~ed not only free pyrid!ne 

(or picoline) but also the r.:.etal pyridine (or picolin8) thiocy,::mate 

corr.plex. Therefore, it ,·ras irnr.ortc.nt to deter::J.ne whether or not the 

pyridine (or picoline) in this complex ,·ras quantitatively titrc.tcd. 

by the ;:::otentior:.etric r.:.ethod. Thus, a 0.1"'::': solution of pyridine in 

chloroforn. ' ....a5 prepared. Four 10-ml aliquots "rere titruted according 

to the procedure in Appendix VIII; t,·;o aliquots contained 3.0 mg of nickel 

tetrapyridine thiocyanate-~, and the other t ....,o contained none. The b;'O 

aliquots containing the metal complex required, respectively, 12.7 ml.
and 12.5 ml more of the 0.025-1'1 r..erchloric acid in dioxane. These 

vol~es correspond to 68.4 percent and 67.8 percent, respectively, of 

pyridine in the metal complex; the theoretical value was 64.5 percent. 

It ....~s concluded that the P'Jridine L~ the complex had been quantitatively 

titrated. It '\rres expected that similar results 1-!Quld be obtained if 

either the other metal pyridine thiocyanates or the metal picoline thio

cyanates were tested in the sam.e ' ....ay. 

The discrepancy bet...·reen the expected (64.5) and the observed 

(68.4 and 67.8) percentages of pyridine in the com.plex, and also the 

spread in the duplicates, require cor.:u:n.ent. '·!hen metal complex was 

. present, meter readings were sorne-..lhat unstable during the titration. As 

a result, the end points could not be deterr.ined as precisely or as 

accurately as was the case for the titrations reported in Table IX. This 

lack of precision is illustrated by the results in Tables XIV and XXIX '\'l!1ere 

pyridine was titrated in the presence of' nickel pyridine thiocyanate. The 

* 	This conplex salt ;-tas pre;ared by :·;bs G. Sir.Coons of. this laboratory. 
Its p.lrity ,-ras confir:ned, by the author, through analysis for thiocyar'late 
(23.65 percent expected, 23.63 percent found) and for nickel (~1.95 per
cent expected, ll.96 percent found). See Part IV-4 and Part IV-5 for 
details. 

http:deter::J.ne
http:irnr.ortc.nt
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interference of the rr~tal co~plex in the titration rrzy be related to the 

fact that, during the titration,of pyridine ~~th perchloric acid, insoluble 

nickel thiocyanate was precipitated fr~~ the chloroform solution. 

4. Thiocyanate in Chloroforr.'. Solu:'io:15 

The total thiocyanate concentration vias required in the 

equilibrated chloroform phzses of metal pyridine (and picoline) thiocyanate 

extraction systems. 

The procedure~hosen (Appendix L1) consisted first of evaporating 

the solvent, then of determining the thiocyanate in an aqueous extract of 

the residue, by the conventional Volhard method. 

The accuracy and precision of the method l'lere estir..a.ted as follows: 

3.24 g of nickel tetrapyridL~e thiocyanate* were dissolved in a O.l-M 

solution of pyridine in chlorofor~. The resulting solution was diluted 

exactly to 500 :ml, and three 25-ml aliquots 'tIere then carried tr.rough the 

procedure given in Appendix IX. The results vlere: 33.24 mg, 38.29 r.g, and 

33.33 mg of thiocyanate (SCN) fOQ~d; the eX7ected value was 33.30 mg. 

5. Nickel in Agueous a~d Chloroform Solutions 

In order to find the distribution ratios for nickel in eqUilibrated 

nickel pyridine (or picoline) thiocyanate extraction syster,£, procedures 

were necessary for the deterwination of nickel both L~ aqueous and L~ 

chloroform solutions~ A cOl:iplexometric titration w"ith ethylenediamine

* 	This co::.plex salt vias prepared by !Iliss G. Sir.~ons of this laboratory. 
Its purity ~~s confirmed, by the author, through analysis for pyridine 
(64.5 percent expected, 63.1 percent found) and for 'nickel (11.95 per
cent expected, 11.96 percent found). See Part IV-3 and Pa'rt IV-5 for 
details. 
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tetraacetic acid (EDTA) "Jas used to dater=~ina ::ickel in c::r.ce:rtratio:r.s 

down to a:,out O.OOl.H; 06101'! t:~.:::.t cC::1ce!'1trat::'o!'1, a colori=.ctric !':1ct::od 

"lith dimethylglyoxi:C:G "!as UsC~.l. 'l'l:ese rr.et::'od.s are descr::'::'ec:. belc\·!. 

far-ris a!"ld Sl:;eet (3e) described the direct titration of' 

nickel in aqueous solution, by using :EJTA as the titra:1t a::ld :·~'-!.rez:ide 

as the indicator. Their procedure ",-:as ado?ted, and is recorded in 

Appe:1dix XI, Proceuure A. 

The accuracy and precision of the meth05 were estirr.ated. 

Thus, a solutio!'!. of nickel chloride vias standardized by Procedure A in 

Appendix XI. Aliquots of tr.is standard solution :,ere dilt:.ted 

volumetrically. Then replicate 52r.ples 0: each solation ....:ere titrated. 

In addition, one solution '!;:as titrated bcth in the presence a...'1d in the 

absence of a Irixture of thiocyanate and either pyridine .or a picoline. 

All of the results are in Table X. It is evident tha.t thiocyanate did 

noti11terfere, even in the presence of pyridine or a picoline. 

In order to analyse chloroform solt:.tions for nickel, the 

c~loroform was evaporated, the residue 'was dissolved in "'a.ter ar.d the 

nickel was deterrr~~ed as described above for aqueous solutions. The 

accuracy ~'1d precision were estirrated for this procedure (Procedure B, 

Appendix XI). tJeighed. aIr.ounts (t::'ree sa..mples) o~ nickel tetrapyridine 

ti'.iocyanate* ''''ere dissolved in approxirr.ately 100 nl 0:: a O.l-I·! solution 

.~ 	 This cOt"O.plex salt ":as p!'epured by f-'liss G. Sir.r.:on::; of t.his laboratory. 
Its purity ".tas confir:r.ed, by tl:e author, throu,:r,h analysis for pyridine 
(64.5 percent expected, 68.1 percent fOll.'ld) and. fer' thiocyanate (23.65 
percent expected, 23.63 percent found). See Part V-3 and'Part V-4 
for details. 

http:confir:r.ed
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TABLE X 


Accuracy and precision of the co~plexo~etric determination 
of nickel in aqueous solutions 

Sa."!lple size' : 50 ml. 

Titra.'lt : Ste.:"dard aqueous solution of EDTA (O.Oll.:) 

Procedure : See Appe~dix XI, ?rocedure A. 


Nickel, mgNickelNo .. molarity 
Ta.~e~ 	 Fou.'1.d-x- Sx 

1 0.008 '22.76 22.76 0.03.
2 0.0015 	 4.55 4.58 0.02 

3 0.0006 	 1.82 1.84 0.02 

4 0.0003 	 0.96 0.98 0.02 

It 	 115 	 0.97 0.. 02 

6 n 	 It 0.99 0.02 

If 	 117 	 0.97 0.02 

* Means of 5 replicates. 

NarES: (1) 	Solutions 4, 5, 6 and 7 were also 0.3!'I1 in 
tll..iocyanc.te. 

(2) 	Solutions 4,5,6 and 7, respectively, were 
also O.lli in pyridine, 2-picoline, 
;-picoline and 4-picoline. 

http:tll..iocyanc.te
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of pyridine in chloroform. The nickel was determi~ed by car~~~g 

each solution.thro~~~ Procedure B of Appendix y~. ~r.e results were 

as follows: 26.52 r..g, 21.68 mg, and 18.83 mg of nickel (as Ni) "trere 

expected for the three sa~ples, respectively; 26.46 mg, 21.77 mg, and 18.83 

mg, respectively, were f01::nd. 

5-2. Co1orimetric Dete~inaticn of ~Qckel 

In order to determine nickel colorLuetrically, the dLuethyl

glyoxime-bromine procedure of Y.akepeace and Craft (33,35) vras tested. 

This method proved to be unsatisfactory, because the color stability 

and precision of results were poor. 

The colorimetric procedure of Claassen and Bastings (34,35) 

using dimethylglyoxime was then tried. T'nis procedure utilizes per

sulphate as the oxidizing agent, in strongly basic solution. Color 

developtient is too slow at room temperature; the solution must be heated 

at 60-70oC. Once developed, the color is said (35) to be stable for 24 

hours*. This procedure, recorded in Appendix XII, was found to be satis

factory for up to 300jUg of nickel. Beer's Law was found to be obeyed. 

However, it was found that the presence of.O.l-M thiocyanate 

caused color developnent to be incomplete. Moreover, the color rapidly 

faded. Therefore, metal pyridine (or picoline) thiocyanate extraction 

systems 'could not be analysed directly by the method. However, oxidation 

of the thiocyanate vrith hot nitric acid, using the procedure recorded in 

Appendix XIII, proved a satisfactory way of elL~nating this interference. 

Rosanoff and Hill (36) and later Bruckmiller (37) destroyed thiocyanate 

* .Tne color t....as found, in this laboratory, to be stable for 36 hours. 
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in 	this way. Chloride is not affac'ted (37), and r:2..y subsaque::tly be 

t~trated by t'ne co'!"\v.=>nt~o ..... -l 'TO'''''''''"' ....,,,.+'!..od (?8)..t... • 4 ....... j, _ ...:;:1.-0.. ~ .....~. __ ... "" ... -0 w.. ........ 


Pyridine proved not to i~te~fere in 

addition, the substitution of :1it~ic acid fo!' hydrochlo:::-2..c ac:"d in the 

a~unts of nitric acid that r-ay re=2in after oxiiation 0: the t~io-

cyanate (Appendix XIII) ,:!ould have ::1.0 effect "i..,hen carried th!'O'..::.gh the 

colo!'imetric procedure (Appendix XII). 

Further experi~Gn'ts showed that the procedure used for the 

oxidation of t~iocyanate caused volatili~~tion of some nicksl, reg~rd-

less of "'lnether or not thiocyanate and pyridine ,·!ere initially present. 

These experiments are described belo,·;. The results are in Table XI. 

In experiment 1, a kno....:n ,·:eight of nickel v[:1S carried through 

the calorimetric procedure (Ap;endix XII). 

Ll'l experiments 2, 3 and 4, samples of !"..ickel ....lhich contained 

0, 0.001 and 0.005 mole, respectively, both of pyridine and thiocyanate 

1:']ere carried through the oxidation procedu!'e·:~ (Appendix XIII), the~1 

through the colorirr~tric procedure (Appendix XII). 

Exper::"rnent 5 ~s identical to experi.1T.ent 3, except that the 

final evaporation Ll'l the oxidation procedure* was carried to near dryness 

on an asbestos-covered hot plate. Experiment 6 v:as identical to 3 except 

that the final evaporation in the oxidation procedure* was carried to 

complete d~~ess on an asbestos-covered hot plate. 

In 	experi::~ent 7 a knov!::1 a::;.Ount of nic~:el ...·ras car:::-ied through this 

.~ 	 This procedure involved t,·iO evafO:-ation::> of the sample, each \>.rith 15 
ml of 6.0-H nitric acid. 30th e-:ap::>rations 1·rere carried to 4-5 01 on 
a hot plate. The rerr'..:1.inder of the nitric acid v:as then evaporated on 
a ste~~ bath (fL~al evafOration step). 
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TABLE XI 

Effect of the oxidation procedure (Appendix XIII) on 
the co1ori~etric dete~ination of nickel (Appendix XII) 

Reagent add.ed., mole ~'Jickel•• • '/.'"..... 0 

Expt.
No. Pyridine Thiocyanate Ta:<en FOll.'1.d* SxI I 

1 0 0 109.0 109.0 0.4 

2 0 0 It 105.8 0.9 

3 0.001 0.001 11 104.9 0.8 

4 0.005 0.005 11 103.3 1.2 

5 0.001 0.001 " 100.0 0.7 

6 0.001 0.001 97.4 2.0" 
7 0.001 0.001 1090., 1089. 4.0 

~ 

* Means of 5 replicates. 
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oxidatio~ procedure. One-tenth of the treated (oxidized) saaple was 

then carried through the colorL~etric procedure. 

A statistical treat!:le::t~k of the data \faS then :E.de: thus, 

comparison of expe::"L-rnents 1 and 2 showed that loss C;::,::::"esu::l.ably volatiliz

atio:::) of nickel had occurred i:: the lat"i:.er case. .2':-:?6r:....::er.:.s 3, 5 ar.d 

6 shm'1'ed that the degree of volatilization depended or. the evaporation 

conditions in the oxidation procedure. Comparison of both experL-rnents 

2 a~d 4 with experiment 3 showed that the amount of nickel recovered 

was not~->l- a fu..'1ction of the initial concentration of thiocyanate' and 

pyridine. EXperiment 7 showed that the percentage loss ~ms low when a 

I-mg sample was carried through the oxidation procedure. Consequently, 

when an aliquot of the treated sample was analysed colorimetrically, no 

loss could be detected. In other words, the oxidation procedure had no 
.. 

apparent effect. The reason for this anomaly is not clear. 

In order to analyse one or both of the phases of extraction 

systeI:lS, 25-~ aliquots were carried throu~~ the oxidation procedure~HH~. 

Tnen, if the aliquot contained less tha'1 300/U6 of nickel, it was carried 

directly throug.'fot the coloriJrl.etric procedure. The calibration curve 1'TaS 

prepared from knovm a~ounts of p~ckel carried throug.~ both the oxidation 

* 	 Tne t-test of siinificance (63) for the difference between means was 
used. 

** 	 Tne means were not different as shm'ffi by the t-test of significance 
(6.3 ) • 

~-~* 
hn aliquot cor.taL'1ed 0-4 ng of r~ckel, SOI:le pyrlQlr.e or picoline, 
and not !:lore than 0.007 ::;,ole of thiocyanate. It \-;as assun.ed, for 
chlorofor.n solutions, that the simple step of evaporating the 
solvent, prior to the oxidation step, would not interfere. It is 
later sho"m (see Part V-.3) that the, chior9for.n reagent was free from 
r.ickel. 

http:assun.ed
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and the color~letric procedures. 

If the oy.idized sa'mple co~-::'a:'ned r;.ore than 300 ~3 of nic~~el, 

the solution '..:a.5 diluted to 100 rll ~d. an aliquot take:: ~or t::e colcri

metric anal~tsis. It has bee~1 sho".J:'1 t:-:at volatilizatio:-. losses ca.~scd ~):r 

the oxidation n::,,"'ocedure are n.ot u.\)Da~e:lt a.t t~:e 1-6v le'tel (see Tf..ole.. ..... ...... 

experiment 7). The:-efore, tt.e cali::-ration c-..:rve i::1 this case '\!as 

prepared as fo11O'.-[$: amOlli'"1ts of nickel bet'..:een 0.4 and 4 me '.-tere 

carried through the oxidation procedure. A fraction of each resulting 

Sa.'11ple ......as then carried through the colorimetric procedure. 

6. Cobalt in Aauecms and Chloroform Solutions 

DetermL~tion of the distribution ratios of cobalt in equilibrated 

cobalt pyridine (or picoline) thiocyanate extraction systerrG required 

procedures for cobalt both in aqueous and in chloroform solutions. A 

co~plexometric method usL~g ethylenediarrdnatetr~acetic acid (EJ7~) as 

titrant, and a colorL"':lctric procedure using Nitroso:-R sC?.lt itlere 

investif;ated. They a:;:-e described belO'.i. 

6-1. CO~Dlexo~etric Titr~tion of Cobalt 

The titrL'r.etric deterrdnaticn of cobalt llith EDTA is knO\.;n (39, 

40). The r.d.cro-r.:.ethod of Flascht-..a, (40,41} \{as tested for precision. ?his 

method involves a direct titration of cobalt solutions ,·;ith ED7A, \dth 

}{urexide as indicator. Hov!ever, ths n:ethoi proved !lot to be sufficiently 

precise for the present ?urpose. For e~~le, the standard deviation 

\iaS 2.0 x 10-5:.f \'l!:!en fo~r sar;',ples of a 1.0 x 10-4_H solution of cobalt 

",-rere titrated. 

Nevertheless, stock solutions of co~a.lt could be, and \":ere 
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standardized by the conventional T:'..acro-titration. ,·:ith :ST.~., by "J.sing 

Hurexic.e as the indicator (39). 

6-2. Colo~i~ot~ic Deter~in~t10:r of Cnb~lt 

Sandell (42) has repo::--ted several net:,ocis color=-r:~ti'ic 

deterrllination of cobalt. <)ne ::::ethod (43) involved colJr cievlO;lopr.tent 

i'Ji.th rJitroso-R salt in a slightly acid, bU:fe:;.~ed. solutio:.1 •. After color 

development, excess reage!1t ,'Jas removed b:.' boiling 'with nitric acid. The 

color ,vas stable for 12_hours. 

It vIas fourld in the nresent v:or!{ that reproducibility of the 

method "Tas improved if the p:: of the buffer solution vIas adjusted ':Iith 

the aid of a pH :meter, rather than vIith the aid of an indicator (brc::l

cresol green). This procedure is in Appendix XIV. 

Tests of this procedure sho~'Ted that Beer! s La....: ...·Jas obeyed, at 

least up to 350~. Moreover, the presence of 0.002 ::lole of pyridine 

did not interfere. Hov!ever, co'oalt sa.1'.ples taken fro!:l extraction systerr;s 

cOYltained not only pyridine (or picoliYle) but also thiocyanate. Since 

this thiocyanate '<[ould be oxidized by nitric acid in the procedure 

(Appendix XIV), it was re~~ved before carrJ~ng out the color~~tric 

procedure, by usL~g the procedure given in Appendix XIII*. 

Experiments showed that .then thiocyanate (and pyridine) ..fere 

present, the oxidation procedure of Appendix XI!I led to a positive error 

in the cobalt deterroination., A reagent blank was carried through each 

experiment. The results arc in Table 
, 

XII•. :J:ach of the e:xoeriT:l.3!1ts is. 

* ' This procedure involved t\<:o eva?ol~"!-tions of the s~_?le, each ..iith 15 
ml of 6.0-~-f nitric acid. Both evaporations "-!ere carried to 4-5 rrJ. 
on a hot plate. The rerraL~der of the nitric acid was theYl evaporated 
on a ste~ cath (final evaporation step). This procedure is also 
discussed L~ Part IV-5-2. 

" 
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TABLE XII 

Effect of pyridine and thioo::t..;;.ate on the colori::::et:-ic 
dete!"r:!ination of cobalt by :Iitroso-R salt 

, 
! 

Ex:.)"';. I 
~T IJ.\o. 

1 

.~. f I
flU':lO C:::::' 0 I 

replicates I 
10 

Reagent t..~dedt ::::ole 

IPyridine 'l:hiocyanate
I 

0 0 

I Cobalt, f'~ 

r"o 

I '1£a.lcen I Fo~d·x· 
108.6 108.6 

Sx 

0.7 

i 
t 

i 
I 

I 

2 3 0 0 108.6 108.8 0.3 

;> 3 0 0 43.5 43.3 0.3 

4 3 0.002 0.0002 108.6 108.8 0.5 

5 3 0.002 0.0002 43.5 43.3 0.4 

6 

7 

8 

5 

0.002 

0.002 

0.007 

0.007 

108.6 

43.5 

113.0 
. 

45.; 

0.7 

0.4 

* Ueans of replicates. 
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described 	be 1 o'\/'• 


EXperiJr.ents 1 a...'1ci. 3 ':fere .lor the ~ur':::0se of calibrctic::J.; 


~rcceciurc. 

In experily,ent 2, t'he oxidatic~-: ';;rCC*3d-LL-e 

presence of 0.002 mole of pyridine a.r~d. 0.0002 ::-;ole of thiocyanate were 

carried first through the oxidation -proced.'\1re:J t':1e",: througl-: the colori 

metric procedure. 

Experiments 6 and 7 ·1.fere id.entical to 4 and 5 respectively, 


exce-pt that C. 007 reole of thiocyanate ...·m.s initially present. 


A statistical treatment~:- of the data '":a5 tr:en r.:.ade: thu.s., 


- ca.'1lparison of experirr.ents 1 and 2 sholved that the oxidation procedure 

itself r.ad no measurable effect on the recovery of cobalt. Comparison 

of experiments 1 and 3 1.-;rith eJgleriments 4 and 5, respectively, showed 

that the initial prese~ce of 0.002 mole of pyridine and 0.0002 mole of 

thiocyanate had no measurable effect on cobalt recovery. Hm\'ever, 

comparison of experiments 1 and 3 'I(.1.th experii";}ents 6 and 7, respectively, 

sho~'led that the initial prese!lce of 0.002 mole of pyridine and 0.007 

mole of thiocyanate introduced a positive error int"o the color~";letric 

analysis. 

In order to anal:tse one or both of the phases of e.xtraction 

syste::'5, 25-!rI~ aliquots "Tere carried throueh the oxidation procedure-::"':-. 

-x- The t-test of 5ignii'icA.nce (63) fo:;:' the differe::.ce be:'\-:ee::J. r.:eans 

"las used. 


~-~ 	 An aliquot contained 0-4 ::.e of cobalt, some p~Tid~ne (or picoline) 
and thiocya:1ate (not r.:OT'e than 0.0002 r;,ole for chlorofor:::t sarr:ples 
ani not r..ore than 0.007 ::lole for aqueous sa:r:nl~s). It \":a5 assur.:cd, 
fa:;:, chloroform solutior.s, trat the sim~lc ste, of evaporating the 
solvent, prior to the oxid.ation step, ,{ould not interfere. It is· 
later sno\\'n (see Part V-3) that the chlorofor:::i \\"as free from cobalt. 

http:differe::.ce
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The chlo!'ofo!'r.:l sa.,~ples contained not !:'oors tl:a:l O.CC02 ".ole 0': thiccyan;:!.te; 

a!:ect the analysis, .pl'-'o"t:ic.ec. thr..t the c.x.i:.:ati9~1 p:-ccadure r~a.(l fi~3t bee:.1 

c;:!.rried out. 

of co~alt in an ~qUGOU3 

colori!;~etr::"c procedure '·."as used in. the analysis of sar::;Jles fro:::. the 

chloroform phases. 

The aliquots fror.:l the aqueous pr~ses contained abo~t 0.007 

r.1ole of thiocyanate; the initial presence of this a:::lour.t of triocyanate 

had bean sho.....:n to introduce a positive error-::- into the colorir.:etric 

ana.lysis. Thus, a calibra.tion curve 1I.~S prepz.rad as folloHs: knov.ftl 

8Jnounts of cobalt, in. tha p:-csence of 0.007 mole of thioc::ranate 'were 

first carried tr~ough the o)~dation procedure (Appendix XIII), then 

through the colorimetric procedure. Becr's La,:[ ;':as obeyed. This 

calibration curve "TaS used tl'_3 ana,l:rsis of 25-cl aliqu.ots from the 

aqu30us phases that contain~d not ~ore than 350 ~g of co8al~. 

than 350 l-lg "\'as present in tr,e aliquot the::., aftar co:npletio~1 of the 

oxidation procedure .. an a1i'1uo-::' .....:as taken for the colo:-i.>:let:-ic procedure. 

Because this aliquot containod correspondingly lass of the interfering 

-:} 	 The e~:-ol" 1:1.::":,:" be due to ~: .. d prese~ce ei' ,tY.''::'.c·~s or ~'1.Qx.i:ij...:ed thio~=tar:.
ate; the cobalt salt r.~y r<2.ve Cl r.i:;~·3r abso:'ptivit:r than t::at of the 
cobalt Nitroso-R salt cc:-:;-;lex. This po::;sibility-, although not 
investieated further, H;:'S ~HPpO:"t8ct by t}:e fact t:-:at tr;e positive e:-ror 
in the color:iln'~tric a!1al::::is ....·as propO!'tional to the cohalt concentro.tion 
(see Table XII). ' 

http:pl'-'o"t:ic.ec
http:thiccyan;:!.te
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ccmpone:1.t, the:l a c::;)r!'ecti(m{~ ·i'.'aS ar:plie;d to the moasured absorbance. The 

calibratio:1 curv~ 1':as t::-.en useJ. to dete:::-:::ine t::e cobalt C;:l:r:.tent 0: the 

aliquot. 

Deterrrination of the distribution ratios 0: zinc (or cad=~~~) 

extraction syste:;:s required procedures for zinc (or cad.:-tiu.''l) both ir. 

aqueous and in chloroform solutions. 

The deterrrin.atio~ of zinc or caciTiurn. in aqueous solutions ~:r 

titration 'tritr. ethyle:r:.edia!::'.inetetraacetic acid (EnTA) is ....iell kno...-m (41, 

44,45,46); the method of Biede:::-r..ann a,::.d SchNarzenbach (44) 1',as chosen 

for the purpose of the present investigation, since it involved a 

direct titration ,·1ith EDTA "..rith Ericchrome Black T as the indicator. 

The details of the ~ethod are in Appendix XV, Procedure A. 

For ey..a.r;;ple, a cobalt sar.-.ple of 103.6 i-lg t11at contained r.o added. 
thiocyanate gave an absorbance of 0.413. The sam.e '."eisht of cobal:', 
in the presence of 0.007 mole of thiccyap..2.te, ,,{as carried first through 
the oxidation procedure" then tr.crough the .colorir.'.etric procedure. The 
absorbance 'Vias 0.430. No'.'! s·u.ppose a 1086-tlg s~p18 ef cobalt, ccn
tainin; 0.007 :r.:ole of thiocyanate, is carried throuzh the oY.idatie;-;, 
procedure. A fraction of this s~~Dle :r.:ust be used in the colori;.,etric 
procedure. If O!1.e-tenth (108.6 J.Lg) of the sample ,'rere to be take!1 for 
the colorimetric p1:,ocedure then tt.e absorbance \'lould be bet\-:een 0.430 

. and 0.413 bec:::.use less 0:: tr:.c interfe:;.~ing cor:!po!1.e!1t ....rQuld be p:::-ese::1t. 
The correctio::1 applied to the absorbance read 'fo::.ld the::1 be + (0.430 
0.413) (1 - Fractio!1 taken for colcri::',atric analysis). 

The vc.lidity of this correctio:l \-;as c~,ecked b:! exoerir.,e:lt: a lOS6-lLg 
sarr:ple of cobalt, cO:;:',,:lin'in:; 0.007 ::'0113 ot ttioc:ranate ';.'as carriej 
throl:gh tiW!c oxiua-:ion ?roc:;'~~r-e. ~'~1e rosid'J.~'3 ,..ras (:issc~ved in e;ffict,l~r 
100 !:'~ of \'!ater. Aliquo'.:.s of 10 !:l..l 'lITere then carried t::roufh the 
colorir.otric p:-ocedure•. The correctio::1 "fRS CI.!Jplied to the t..bsorbar.ce 
readi.'1g. Result: 103.6 ).!~ 6X!J<3c:'ed, lOS.S pg fO'J...'1d (!:lean o:~ 4 
replicates) • 
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The accu:.."'ac;r and p:;9cisio~.. of t::e r.-.cthoj '..:erc e3t"~r.-.~~tE:d. Tr.us, 

titr~ted. If'.. c.(l~itio~, 

pr<3sence both of tr.iocy.anate a::1d eithe::' pyridine or a :picolin<:. All o:~ 

the results are in Table XIII. It is evide:1t t:A:at the p~esence 0.: ttio

cyanate and either pyridine or a picoline did not interfere. 

L~ order to deterr.-~ne t::e zinc or ca~~Q~ concentration in 

chloroform solutions the m.ethod in Append.h: 1.'1/, Proced::.re B "ras t:. .... -.:d. 

T~is method involved evaporation of the solvent, then titration of the 

dissolv"ed residue .·lith EnTA, as described above for aqueous solutions. It 

was assu~ed trAt the siu.ple step of evaporating tc.e chlorofo~. would not 

interfere. It is later sho"J:Cl (see Part V-3) that the c:~oroform reagent 

was free frem both zinc and cadr.i~~. 

http:Proced::.re
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TABL3 XIII 

Accuracy and prec~s~on of t~0 co~olexo=et~ic ~~~e~"ir~tio~ 
of zinc ~~d of ca~i~~ in aqu~c~s sol~~ior.s 

Sc:::.mplc size : 50 ::".1. 
:;;o:!:..::::"o~~ c:: 

ED?A (0.01 ::~). 
Procedure : See ..;,;;; ...."' ......h. 'Av, ?:::-oced.1.:.:'0 _~.• 

Zinc I 
Ho. 

Metal Taken, mg Found*, r.g Sxmo1arity 

1 0.005 15.20 15.20 0.03I2 0.001 3.04 3.03 0.02 

3 0.00025 0.16 0.15 0.02 

4 0.0001 0.30 0.30 0.01 

5 It 11 0.30 0.01 
tl 116 0.30 0.01 

1 11 0.31 0.01" 
11 118 0.30 0.01 

Cad.r:lium 

9 0.001 6.43 6.42 0.07 

10 0.0005 2.57 2.55 0.02 

11 0.0001 0.51 0.50 0.02 

12 11 0.51 0.02" 
13 11 0.51 0.01" 

11 1114 0.50 0.02 
11 1115 0.51 0.02 

* llecns of 4 replic&tes. 

NOJ::ZS: (1) SolutiOl:s 5 - 8 and 12 - 15, inclusive, were also o.,-. ...l! in thiocy&r~te • 

~2) Solutions 5 a.nd 12 were also 0.1 7.1 in pyriCiir..a. 
3) Solutions 6 a..:r..d 13 v:ere also 0.1 ~.I in 2-pico1ine. 

Solutions 7 a..:r..d 14 't:ere also 0.1 1.1 1.."1 3-picoline.~~~ Solutio!15 8 a...'1.d 15 ",'lere also 0.1 1.1 in 4-picoline. 



PART V 


EXPE..1tDENTAL RES ULTS 



- 72 

1. Intrcc.uctio::1 

Part V-is separated into four sections. The purpose of eact 

section is outlined beloi'l. 

Part V-I s~~~rizes the ar~lytic~l procedures ~sed to doter~~ne 

;:"etal, pyridi!1e (0:::- picolL"1e) a::1d t::iocyanate in t!:e sclve:;:t-ext:::-actic::. 

syste~s. In addition, several distriDutic!1 ratios were evaluated in 

order to show tb.at these procedures vlere sufficie:lt for the prese::1t 

investigation. 

Part V-2 describes exploratory extractic:lS carried out in order 

to ascertain approx~4tely the ~axim~~ concentration of metal possible 

in a given extraction system, without separation of a solid phase. 

In Part V-3 estirr~tes are given of the ~ccuracy and precision 

both of the extraction and the analytical procedures. In addition, 

equilibriulTI is shoilffi to be rapidly established L'1 the extraction systems. 

Horeover the eCluilibri~ll point in extraction syster.:.s of this kind is 

shO\~n to be very temperature dependent. The ethanol norr:'zlly present as 

a preservative in chloroform is sho~~ to p.ave no measurable effect on 

the distribution of the metal pyridL"1e (or picoline) thiocyanates. The 

distribution ratios of metal chlorides (and thiocyanates), metal 

pyridinium (or picolini~) chlorides (and thiocyanates) ~'1d metal pyridine 

(or picoline) chlorides are shown to be s~.aller th~"1 the se::1sitivity 

of the ~"lalytical Ilet!1ods; these ratios could then be safely ignored. 

SI'1'.a.ll variations in the thiocyanate concentration of the aqueous phase 

\,-,er.:;) sho,.m, for selected extraction syste:r:s, to h~ve no r:'.easurable effect 

0::1 the distribution ratio of the ~etal. 

Part V-4 contains the rr~in part of the eA~erL~ental data. This 

http:SI'1'.a.ll
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data included the ~easured distribut~on rat~os of cobalt, nickel, zi~c 

and cadr:d..urn. bet1.·reen ct.Lloro.!'oY':'. and c.::'"J.eOUS thioc:ranat~ solutions, as 

t1:e equili::'riu.r.::. concentratio:1 of py:-idine (or picoline) ",as var:'cd ,-,·:hile 

that of thiocyanate ",as consta:;,t. 

Unless otl:.e!"'"rise not;:;d, t:::::: ezt::-actions r,;;~~ed in Part V-3 

and Part V-4 l.·lcre carried out accord.ing to the procedure in Appe:::;.d.:b:. IV. 

Methods for the chei.dcal analysis of ~etal ?Jridine (~d 

picoline) thiocyanate extraction systems are sur;i.:':larized belo"T. 'l'r..ey 

have been discussed in Part IV. Details of each method are in the 

Appendices noted in brackets. 

Pyridine or Picoline (Acmen:iic~s VI a...l1d VIII) 

A sample from the aqueous ~hase of each extraction system was 

titrated :r:otentic:::.etricallY'·lith Cl standard solution of hydrochloric acid. 

A sar.1ple from the chloroform phase~} ~·:as titrated p::>tentio::etrically ltrith 

a standard solution of perchloric acid Ll1 dioxane. 

Thiocyanate· (A't)'C9ndices VII and IX) 

The aqueo'J.sand chlorofor:: ~i.ases of an extraction syste:::!. Here 

assayed for thiocyanate by adding a slight excess of silver nitrate to 

the acidified solution·:<-;~. T!1e excess silver 1'lO.S then titr.:.ted ,·:ith a 

* 	 The chlorofor:l :r;.i.a.se was a!"!alyse:i only during the study of nickel 
pyridine thiocy.:....'Ute e.x.-tractio:l systc::.s (see Part V-3-l for details) • 

.~-;} In the case of chlorofor..~ sol':.:tio·nsJ the solvant \..r~s f:'rst c'\tG.fQratcd. 
Then the residue "t-!J.S dissolved in "later. The solution was t!1en acid
ified a:1d an e."{cess of silver nitrate H:'S added. 

http:r;.i.a.se
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standard solution of potassiu~ t~iocyanate using fer~ic alum ~s the 

indicator. 

0.C005X) ...rere used during the study of nickel :cyric.inB thioc:'"ann.te 

in the nickel picoline thiocyanate 5yste::~5. For systems that p.ad initial 

concentrations of nickel of O. C0251{ or O. C0051~J both p!"iases were assayed 

colori!:'atrically (using di!n.ethYlg:lyoxi~e) by t!1e procedure in App::;ndi...x 

XII. For systems having an initial concentration of nickel of O.OO5}~ 

the equilibrated p!1ase that cor,tained the s~ller concentration of 

nickel ',ras .also assayed colori:;,etrically b;;r the above procedure; the other 

phase t....as assayed by titration l:rith a standard solution of ethylene

diaminetetraacetic acid using l:''J.rexide as the indicator (Appendix XI). 

Cobalt 

Both p~ases of cobalt pyridine (and picolL~e) thiocyanate 

extraction systems were assayed colorimetrically by using Nitroso-R 

salt. 

Zinc or Ce.c.::'.iuY:l (Acr:er:dix XV) 

Both phases of zinc (~~d caQ~ium) FGTidine (and picoline) thio

cyanate extraction syster.:s \·::;::~c ,,"~ssayed by ~it~ation "lith a st.andard 

solution of ethyler:.edb.:tinctetraacetic acid using .s~iochr:::~ Black T as 

th3 indicator. 

http:thioc:'"ann.te
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In O!'de1" "'0 sho'" +h~'"\J <::.1.0 a.-lc.·l_ ... .::~~~l uc..J..t/ v_ 1""e-'-1.-·o.4sVu ~ ·.·.-,:>"".e_ _... ).,~ '"" 1.0_'-'••0._ a... ~l,r+-;C~l ... ~0._ 

Ulli~ecessary to the study Ol the specified solvent ex~ractio~ syste~s, 

several distributio:1 :::-a~ios '!Irere eva2::.::.ated. 

cyar:.ate co::nplex, together ,·.rith an excess of pyridine (or picoJ.:.r:.e) 't·lO"..:.ld 

be extracted i.'1to the chloroform phase. HO\\"ever, inlor::"'~:'ior:. ,::as r:.ot 

available in the literature concer~ng either the solubility in chloro

forn or the distribution ratio bet"1'ee::: chloroform and water of the 

follmring reagents: potassiun thiocyanate, thiocyanic acid, pyr:'diniu..":. 

(or picoli:r~ u..a) thiocyanate) hydroch:oric acid, and pyridinitl.-:J. (or 

picoli:r~u..a) chloride. Therefore, so~e of the se distributior:. ratios were 

measured. Tne methods and the results are now described. 

(a) Hydrochloric Acid 

Concentrated (12-:) hyd.:::-ochlo:::-ic acid ,'las shaken vigorously, 

roo::n te::nperature, ~~:,h an eq"..:.al volu..":.e Ol reagent-grade chlorofo~. The 

chloroform phase was separated, then shaken with an acidified aQueous 

solution of silver nitrate. Neither a precipitate, nor a turbidity was 

observed. It ''las also found that a 10-5-H aqueous solutio:1 of chloride 

gave a turbidity,·then treated vrith t::e sa::ne silv~r nitrate solution. 

The:::-efore, the d.istribution ratio of hydrochloric acid bet\'leen chlorolorm 

and ....later vias less tha.'1 8 x 10-7. 

(b) T:"'.ioc:tanic Acid 


An aqueous 0.5-!-! solution of thiocya.'1ic acid was shaken vigorously, 
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Acct\:r;1.C~' • ":':' (), J et t))C .(1. c:·::t:!_·,~ ,~~t:!.c):) :'y~\1. t: " , 
.1,(;1' n:i.o1:cl) <~JJ.c~~ ·l:r'l:I.CJC··" ,~'rl 

In:i.ti:l voluu:~ of (t.ch lh:'r:;; : 90 n1. 
l'jlw.l J'lH'.~:e volUL:c;~J : ~;C(; '1\ :)le lV. 
l:icc)I<'.nio('.1 ::hcldnD t:ir:l".J : lO }'d.lll'.Cr'::. 
E,d,l', ct.:i.ojJ "v,;"" pcr':'·,'l;t' J'U : 25. OOG. 

Pm1)1 (1 .::. 
'j'; 1:.<.: 11. , r:::.;

::0: L; J'l t_1/ ..----1-------. 	 ,.--~.--.- ..--..-- I (.1_", !, (''I" 

(in 	H?O) 
c· ,.. 'l T (.',,\0' t,) .• , ..... ,. JI~p IJ'~ ere]:> I .. .1J.t. Ji) ~ I 

Cl.'!. 
il ;',c{ 0,(1 

:; "!,';J -- _. 1--:.~~~~---- I_ -- - "C' }~~?~~_ a.: In.-.l, --;-.-~~~:~~~~_: [.::1:" I-. -
II x 	10)1 ~.~j O.O? 0.622 O.OOG I '1"."1 o.~ ~ 

-.------- :............------.--- '---· .. ---~;_I-;.;9---;.0~J·- ·1·:i6~-G·----.. ··"~·~~--·-- .'" C:',? 

,.(, 

;~"r l":;~: J r.0 DJ. ~ ---.......-.. ~,. ,..-...... --,.,--~.,.~- .... -.- -.' ..._.....-. __ ......__..........--.__._.__,,~.w._..~~,"" •....,.. .,-.... -.,~ '.• " 

" 1.1 x 1031 O.nG O,,()09 /11.0 0.1 I .. ..--- ------,. --·1'---.. ···-..··-,..--,·,·--..------·-··.. ,,··-,·--·-----·.. 
r'" r::; r 	 .. rr"''') r,• m,~ :J/lG ;:> 6.~ 0 • .1. :J)... r. 


n.',' r, r)r; G .._--.-..-. _ ..."._"" ..... _ ...... _- ._-_..._-,-- - .----..-..... ................ _.... -. . 

... (, j.. 1'1 x 103110:5,0 O.~. I 1.25 0.02 I' 

---.-------.. ,-----.. --_....,--, ....-~.--.-~ ....._------._....... ,,-_... -... ' ........ ~--"~.- .. --,,.--..
~ 

·x· I,lean uf 5 (;x.tractionD. 

lW.P.ES: (1) ,:C:iW1 of f'.\lucou::; \',Tnt; 6.~3, ~; , Ci , (~ 

,. I"(2) 	no) t,.), l'~~.t:i 0 of th:ioc;\'t· iK','\,e to )) :i l1 (;lJ' i I \.I.,.j 

pha~;c YiHIl 2.01, fix "" O.Ob .. 
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·x· 1.:C;:.!1 of ~ cxtr[),cti{/n~'. 

H01']~~j : (1 ) J'~(luil:ib:,:·:i.um FlI of I'·}] [},r.; c Y.";,~[; C.f(?~ ~.:' (}. ( 

(2) 	J,:01 Cl' :t';.d.. :i.o of th:ioC'y8Jl.~·:,-[:c to J ill C; '! 

m:,~; 2.03, Sx " o.o~. 
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Extractions 7-13: These extractions* showed that cq~ilior~~~ 

"las atta.in.ed very rapidly in :3yste:r.s or th~s k:""1d.. The chlo:::'Ofo:::-. ',:aB 

free r:::'O::::l r.ickel before the extractior:j yet in o::.ly 10 seco::'lds o"! 

=echa~ical shaking, it had attained a consta~t ~oncentratior: of 

'S.x:tractions 11.;.-15: Cor..p::..r~sor: of these extractions shov:cd 

tha.t the presence of etha::'lol in the ctlorofo~ (as a preservative) ha~ 

no measura~le effect on the distribution ratio of nickel. 

3-2. Cobalt Pyridine and Picoline Thiocyanates 

A set of replicate extractions was carried out, a.'"1d the 

equilibrated phases analysed, for each of the cobalt pyridine, 2-picoline, 

3-picoline and 4-picoline thiocyanate extraction syste:::l.S. The results are 

1.'1 Tables XVII, XVIII, XIX and XX, respectively. 

The analytical data from various other necessary extraction 

experirr~nts on each of the above syste~ are given in Tables XXI, XXII, 

XXIII and XXIV, respectively. Remarks and conclusions concerning these 

experir..ents follow. 

Extraction 1 (each Table): In the absence of cobalt, none· 

of the reagents cor.tained impurities that qould be counted'& as cobalt. 

~. These extractions ....rere carried out at room temperature (25 + 3 QC) but 
this te:::lperature ,-:as consta!1t. It is unlikely that the rate of eq'.li
libration would be much different at 25.0 QC. In addition, it is 
certai!1 that the use of 0.3-1-1 thiocyanate in the aqueous phase (ra.ther 
th<l.'1 0.1-1-1) i,"Quld increase the rate of equilibration. 

** A 2;-ru aliquot of either phase "laB taken for analysis. The colori
:::.etric analysis (Appendix XIV) would detect as little as 0.5 ~g of 
cobalt in that aliquot (0.5 ~g corresponds to an absorbance reading 
of 0.002). Since less than this ar.Dunt of cobalt was 
concentration was less than 3.4 x 10-7 M. 

found, its 

http:atta.in.ed


TABLE XVII 

Aoouraoy and preOHll.On of the oombined extraotion and the analytical 
procedures foroobalt, pyridine and thiocyanate 

Initial volume of eaoh phase : 90 ml. 
Final phase volumes: See Table 'IV 
Meohanioal shaking time : 10 minutes. 
Extraotion temperature : 25.00 C. 

Found * 	 \
Taken, IJ1gComponent 	 D Sx E Sx(il} 	H2O) H2O Sx CHCl; Sx Total Sx 

mg 10.14 0.08 ;.68 0.0;, 13.82 0.10 I' 
Cobalt 1;.84 0.375 0.007 26.6 0.4 ....0 

oM x 	10; 1.89 0.02 0.709 0.006 
I 

mg 19.3 0.; .. .. 
Pyridine 294.; 

M x 	10; 2.68 0.04  -
mg - 7.49 0.12 .. 

Thiocyanate 1429 M x 	103 - 1.46 0.0; 
~- --	 -- --- ---.... -- 

* Mean of 4 extraotions. 

No:PF..5: (1) Equilibrium pH of aqueous phase was 6.97, Sx "" 0.05. 

(2) 	Molar ratio of thiocyanate to cobalt in ohloroform 
phase vIas 2.0;, Sx .,. 0.04. 

~.-"""'-"~' 

------------------~--

http:preOHll.On


'.l'ABLE XVIII 

Accuracy and precision of the combined extraction and the analyt:i.cnl 
procedures for cobalt and 2-picoline (thiocyanate not determined) 

Initial volume of each phase : 90 ml. 
Final phase volumes: See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0oC. 

Component Taken, mB 
(in H2O) H2O Sx 

Found * 
CRC1, Sx Total Sx 

D Sx I E Sx 

Cobalt 

2-Picoline 

Thiocyanate 

L_ 

1;.84 

3261 

1381 

mg 

M x 10' 

mg 

M x 103 

mg , 

M x 103 

12.7, 0.08 1.05 

2.46 0.02 0.196 

76.8 0.8 

9.39 0.10 

-
-

. -

* Mean of 4 extractions. 

0.02 

0.004 

-
-
-
-

1,.78 0.09 
0.07 

-
,. 

-
-

.-. 

-
-

.--..-----..- ..... _ . 

97 0.0020 17.6, 0.19 
'" I--' 

I 

NOTE: Equilibrium pH of aqueous phase was 8.0;, Sx = 0.05. 



TABJ~E XIX 

Accuracy and precision of the combined extraction and the anaJytical 
procedures for cobalt, 3-picoline and thiocyanate 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0oC. 

Found -1(. 


Taken, mg
Component 	 D Sx E Sx
(in 	H2O) H2O Sx CHC1 Sx Total Sx3 	 -_. 

mg 5.51 0.05 8.22 0.05 13.73 0.0, 
Cobalt 13.80 1.53 0.03 60.0 0.4 

M x 103 1.03 0.01 1.58 0.01 -	 IS 
I 

mg 1.13 0.01 - 
3-Picoline 415 

M x 103 0.914 0.008 - 
mg - 16.8 0 .. 1 

'!'hi ocyana to 1301 i

M x 103 - 3.21 0.02 
i 

* Mean of 4 extractions. 

NC1I'ES: (1) Equilibrj.um pH of aqueous phase was 6.12, Sx '" 0.11. 

(2) 	Molar ratio of thiocyanate to cobalt in chloroform 
phase was 2.01, Sx = 0.03. 

http:Equilibrj.um


------ - -

TABLE XX 

Accuracy and precision of the combined extraction and the analytical 
procedures for cobalt, 4-picoline and thiocyanate 

Initial volume of each phase : 90 ml. 
Final phase volumes: See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

Found * Taken, mBComponent 	 D Sx E Sx(in 	H2O) H2O Sx CnCl, Sx Total Sx 
-

mg 5.49 0.05 8.24 0.05 1;.73 o.oe 
Cobalt 1;.84 1.56 0.02 60.3 0.3, 

M x 10' 1.02 0.01 1.59 0.01 - ~ 

fig 5.24 0.11 - 
4-Picoline 284.6 

M x 10; 0.619 0.013 - 
, 

mg - 16.5 0.1 -
Thiocyanate 1391 

M x 103 - ;.2; 0.02 
-_.- .......
~ ~ . 

* Mean of 4 extractions. 

NOTES: (1) Equilibrium pH of aqueous phase was 6.74, Sx = 0.02. 

(2) 	Molar ratio of thiocyanate to cobalt in chlorof01'Jn 
phase was 2.0;, Sx c 0.0;. 

I 



TAl3LE XXI 

Extraction of cobalt into chloroform : }~ffect of reagents, temperature, f.~lmldne 


time, and alcohol in chloroform on the distribuUon ratio (n) of the melal 


Initial volume of each phase : 90 ml. 
Final phaso volumes : See Table IV. 
Mechanical shaking time : As indicated. 
Extraction temperature : As indicated. 

Cobalt Initial molar concentrations 
Mechanical CHC1Ext. Temp. shaking 3 Found, M x 103 


No. (OC) grade D Cobalt Pyridine 'l'hiocyanatetime (sec) 

H2O CHC1


3 

-

1 25.0 600 Reagent 0 0 - 0 0.110 0.2094 't!
2 11 0 0 0.00246 0
" - "" 

11 11
.3 0 0 0.110 0" " 
11 11
4 21.0 0.331 2.16 r.53 0.0017 0.2094" 

11 11
5 33.5 1.09 1.39 ~.27" " " 
tI tI6 25.0 10 0.462 2.03 ~.40 " " 

11 11 11 tI
7 600 0.444 2.05 ~.62 " 

11 tI tI tI8 1800 0.444 2.05 ~.62 " 

, 


" tI 11 tI9 600 Alcohol- 0.443 2.04 4.61 

free 

I 

11 11 11 11 I
10 600 0.450 2.03 ~.51 " 


I

,.----1 

NOTE : See Appendix I for the preparation of alcohol-free chloroform. 



---

TABLE XXII 

Elctraction of cobalt into chloroform : Effect of reD.gentn, nhvJ:inC
time, and aloohol in chloroform on the distribution ratio (n) of tllo metal 

Initial volume of eaoh phase: 90 ml. 
Final phase volumes: See Table IV. 
Meohanioal shaking time : As indioated. 
Elctraction temperature : 25.00 C. 

Cobalt Ini tir,.t,l molar conCOL tratj ons 
Mechanical -

Ext. CHC1~ 
No. shaking Found, M x 103 


time (seo) grade D Cobalt 2-I'icol:ilJC Thiocyanate 

H2O CHC1~ 

~ 
1 600 Reagent 0 0 ... 0 0.305 0.2653 


n It It2 - 0 0 0.00250 0 
11 11
3 " - 0 0 0.305 0 

tI 11 tI 11
4 2.48 0.198 0.0798 0.2653 
11 It 11
5 1800 2.4.6 0.200 0.0813 " 


11 11
6 3600 " 2.47 0.194 0.0785 " 


" 
 tI 11
7 7200 2.49 0.204 0.0819 " 

8 600 Aloohol-free 2.48 0.203 0.0819 tI 
 " " 

11 11
9 600 " 2.48 0.201 0.0810 " 

-, 


Norm: See Appendix I for the preparation of alcohol-free chlorofm:,IU. 



TABLE XXIII 

Extraction of cobalt into chloroform : Effect 'of reagents, fJhnU lIe' 

time, alcohol in chloroform, and thiocyanate concentration 
on the distribution ratio (n) of the metal 

Initial volume of each phase : 90 rnl. 
Final phase volumes: See Table IV. 
Mechanical shaking time : As indicated. 
Extraction temperature : 25.000. 

Ext. 
No. 

1 

2 

Me,chanica.l 
shaking 

time (seo) 

600 
11 

OHCl, 

grade 

Reagent 
11 

Oobalt 

Found, M x 103 

H2O OlICl, 

0 0 
... 0 

D 

... 
0 

Initial molar concentrations 

Cobalt 3-Picol:inc 'l'hiocyanatc 

0 0.0)6', 0.2653 

0.00260 0 " 

'-0 
0-. 

I 

:3 11 t1 ... 0 0 " 0.OJG7 0 

4 

5 
-6 

" 
1800 

3600 

" 
" 
" 

1.02 

1.03 
1.02 

1.51 

1.59 

1.51 

1.54 

1.55 

1.54 

" 
11 

It 

11 

11 

11 

0.2()53 
11 

11 

I 

I 

I 

7 7200 It 1.0, 1.59 1.54 11 11 11 

8 600 Alcohol-free 1.03 1.58 1.54 11 11 11 

9 600 Reagent 

J 
1.04 1.58 1.52 11 11 0.254'( 

NorE: See Appendix I for the preparation of alcohol-free chloroform. 



TABLE XXIV 

Ex.traction of cobalt into chloroform: Effect of reagents, chnkinc 
time, alcohol in chloroform, and thiocyanate concontration 

on the dictribution ratio (D) of the metal 

Initial volume of each phase : 90 ml. 
Final phase volume : See Table IV. 
Mechanical shaking time : As indicated. 
Ex.traction temperature : 25.00 C. 

Ext. 
No. 

1 

2 

Me.chanica1 
shaking 

time (sec) 

600 
It 

CHC1} 
grade 

Reagent 

" 

Cobalt 

Found, M x 103 

H2O CHC1
3 

0 0 

- 0 

D 

-
0 

Initial molar concentrations 

Cobalt 4-Picolino Thiocyanate 

0 0.05,,0 0.2660 

0.00250 0 11 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

'-0 
-..J 

I 

3 tI 11 - 0 0 11 0.03'10 0 

4 u t1 1.02 1.58 1.55 " " 0.2660 

5 
·6 

1800 

,600 
" 
It 

1.02 

1.02 

1.59 

1.58 

1.56 

1.55 
" 
11 

" 
11 

" 
11 

7 7200 " 1.03 1.58 1.54 " 11 11 

8 

9 

600 

600 

Alcohol...free: 

Reagent 

1.0; 

1.0, 

1.59 

1.58 

1.55 

1.54 

11 

11 

11 

It 

" 
0.2553 

-

HarE: See Appendix I for the preparation of alcohol-free chloroform. 
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Hen~e, the 

dist:::,ibutio:l :::'J.tios of cobalt chlo~idc~H<- aDd cobalt thioc:,·ar1ate "rere 

extre::lely s::a.ll. 

E.xtractio:l 3 (each ':'ab:::::.:) : In th-a abse~ce of t:-.::'ocyanat3, 

t:cobalt was :lot ~easurably ext:::-acted in ar1Y form. ••ence, the distribution 

ratios of cobalt p,yridine (~~d picolL~e) chlorides could safely be 

ignored. 

Extractions 4, 5 and 7 (Table XXI): These extractions, 

illustrated by Fig. 10, showed that the distribution ratio of cobalt 

pyridine thiocyanate was inversely proportional to the temperature of the 

extraction system. It may readily be calculated fron Fig. 10 that the 

distribution ratio increases by 0.032 per O.loe decreaseL~ temperature. 

It was then evident that the extraction temperature would have to be 

controlled carefully in order to obtain reproducible results. 

Extractions 6-8 (Table XXI); Extractions 4-7 (Table XXII); 

Extractions 4-7 (Table XXIII); Rxtractions 4-7 (Table XXIV): These 

extractions sho\.;red that equilibriu:J. '\-ras attained very rapiily in cobalt 

~rridine (and picoline) t~iocyanate extractions systems. The chloroform 

was free from cobalt ?efore the extraction, yet in 10 minutes (or less) 

of ~echanical shakL~, it had attained a constant concentration of cobalt. 

~-;} . The metal \-:as always added as a solution of the chloride salt (see 
Appendix IV) •. 
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FIGURE 10 

Effect of tempe~ature on the distribution 
ratio of cobalt, as pyridine thiocyanate, 
in a chloroform-water extraction system. 
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Extractior;.s ?, 9 and 10 (Tab:€; 7..x:); Extractions 4, 8 a:ld 9 

"''''''''T'-,.. t } ,... ,..I. + . ..l 8 , .... '1 ,::x-or,.) 4' t ' . 4 '8, •......._- , '=":'",\.I~ac v~orrs 4 3.n\.A. \..1. a~ e i ..... J...J... ; ~-: ract,:Lor:.s ana.
I 

(Table XXIV): A cO:tparison of these ~x~raction5, in each table, sno,,';ed 


that the pNsence of ethanol in the chlor-ofo!7.l (as a pr~servative) 


had no ~aasurable e~!ect on distribution ratios of cobalt pyri~ne 


a~d picoline thiocyanat~s. 

Extractions 4 and 9 (Tables XXIII and XXIV): A comparison 


of these extractions, in each table, showed that a small decrease L~ the 


thiocyanate concentration of the aqueous ~~ase had no measurable effect 


on the distribution ratios of cobalt 3-picoline and 4-picoline thio

. cyanates. 

3-3. Zinc and Cadmium Pyridine Thiocyanates 

A, set of replicate extractions was carried out, and the equi

librated phases analysed, for these extraction systems. The results are 


given in Tables x:x:v and X:X:VI, respectively.· 


The analytical data free various other necessarJ extraction 


experiments are given L'1. Ta.bles XXVII and. x:x:vrII, respectively. Remarks 


and conclusions concerr~ng these experiments follow. 


Extraction 1 (eaCh Table): In the absence of zinc or cadmi~~, 

nonz of the reagents contained i:tpurities that could be counted* as either 

-~- A 50-ml aliquvt of either ph.:;,se was taken. Less than 0.02 cl of O.Ol-H 
ethylenedia'1'linetet.raacetic acid was required to complete the titration 
(see AppendLx XV for details). Therefore tte concentrations of zinc 
and ca~'1'lium together were less than 4 x 10-0 M. 



TABLE XXV 

Accuracy and precision of the combined extraction and the analytical 
procedures for zinc, pyridine and thiocyanate 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shakinff time : 10 minutes. ohxtraction temperature : 25.0 C. 

Found* •Componc1t Taken, rog 
! 


(in II2O) 

H2O S)It. CHC1 SJC 'llotal S... E S,
SA1~._3 

i 

rog 1.02 0.02 29.3~ 0.013 ~0.:;5 0.09 
Zinc 30.39 

M x 103 0.172 0.004 5.06 0.0'2 - 29.~ 0.7 96.'( 0.1 
! 
I f-..J 

r---' .--- I 2.---~~ 

mg 48.5 0.7 -	 i 

I-	 IPyridine 809.6 

M x 103 6.79 0.10 ... ... 


----	 I 
Jll8 ... 52 .. 3 0.3 ... 


'1'hiocyanatc 1389 
M'x 103 ... 10.15 0.06 ... 

.. 

01(- Mean of 4 extractions. 

N<Jrl!.'S: (1) Equilibrium pH of aqueous phase V/aS 6.96, Sx= 0.03. 

(2) 	Molar ratio of thiocyanate to zinc in chloroform phano 
was 2.01, Sx ... 0.02. 



TABLE XXVI 

Accuracy and preC1Slon of the combined extraction and the analytical 
procedures for cadmium, pyridinc and thiocyanate 

Initial volume of each phane : 90 ml. 
Final phase volumes : Sec 'J.'able IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0oC. 

Found* 

Taken, mg
Component (in 	H2O) H2O Sx,.. CHCl~ Sx.. rrotal S'" ]) S.\;. E S"I; 

'----r 

mg 5.34 0.04 I 7.56 9.06 12.90 0.04 t-'
Cad.'1liu.~ 12.86 8 

M x 103 0.524 0.004 0.761 0.006 - l.tl5 0.01 5B.6 0.3 I 
. 

mg 37.7 0.3 ...-	 I

Pyridine 591.7 
M x 103 5.26 0.04 - 

mg - 8.02 0.09 ... 
Thiocyanate 1389 

M x 	103 - 1.56 0.02 ... 
~.. 	 ~ -- .. 

* Mean of.4 extractions. 

NOTES: (1) Equilibrium pH of aqueous phase was 7.30, s~ = 0.03. 

(2) 	Molar ratio of thiocyanate to cadmium in chloroform 
phase was 2.05, Sx. ,.. 0.04. 

(l 



TABlE XXVII 


Extraction of zinc into chloroform : Effect of reagents, shD.kiJ1g 

time, and alcohol in ohloroform on the distribution ratio (J) of the metal 


Initial volume of eaoh phase : 90 ml. 
Final phase volumes: Sce Table IV. 
Mechanioal shaking time : As indicated. 
Extraction temperature : 25.00 C. 

Zino Initial molpr concclltrationo 
MechanioalExt. shaking 

CHCl, Found,M x 103 
No. grade

time (soo) D Zinc :>.v~~,:~~ I'j>hlOO).("wt~H2O CRC1, 
r-' 

~ 
1 600 Reagent 0 0 - 0 0.115'7 0.2657 I 

tI 11 112 - 0 0 0.00513 0 , 11 11 11- 0 0 0.1137 0 
tt 11 114 120 0.112 5.01 29.5 0.2657 

" 11 115 600 . 0.110 5.04 29.7 " 

" 11 11 116 1000 0.178 5.06 28.4 
11 11 11 It7 3600 0.1'(0 5.06 29.1 


8 600 Aloohol-free 2.687 2.51, 0.937 " 0.0223 " 

11 11 tl 119 2.684 2.508 0.934 " 

10 " Reagent 2.677 2.514 0.939 11 " " 
tI 11 11 11 1111 2.679 2.514 0.938 

I - -_._ .. _..... _

NOTE: See Appendix I for the preparation of aloohol-free ohloroform. 



TABLE XXVIII 

Extraction of cadmium into chloroform : Effect of reaeents, shDJd.l1f,' 

time, and alcohol in chloroform on the distribution ratio (J)) of the Illetal 


Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shakine time: As indicated. 
Extraction temperature : 25.00 C. 

Cadmium Initial molar conccntrationo 
MechcnicalF.xt. ClIC1,

shaking Found, M x 103 
Ho. grade

time (sec) D "Ccdmium J:yri(lino Thiocyanato 
H2O CBC1, 

. 
b 

1 600 Reagent 0 0 - 0 0.00:;1 0.2657 VI 

" It 112 - 0 0 0.001270 0 
11 It, - 0 0 0.00;;1 0" 

" 11 114 120 0.5,1 0.760 1.4, 0.2G57 
It It5 600 0.528 0.769 1.46 " " 
" It It tl6 1800 0.526 0.764 1.45 
11 117 ,600 0.5,1 0.759 1.4, " " 

tt tl 118 600 Alcohol-free 0.524 0.761 1.45 

-"" 

NOI'E: See Appendix I for the preparation of aloohol-free ohloroform. 



- 106 


zinc or cadmium. 

Extraction 2 (each Table): In the absence of pyridine, neither 

zinc nor cad.':liu..::. ",·ras measuranl:r e:(ty-~..cted. :"::1 any .for-m. Tr"erefore, the 

distribution ratios of zinc c!11o r:':::'e·~·, zinc thioc::ranate, cadr:liur:. chloride~,(-

and cacL-uulil thiocyanate ,-.rere extre::-.-31y 5::-.3.11. 

Extraction 3 (each Table): In the absence of thiocyanate, 

neither zinc nor ca~~~~ was measurably extracted. Therefore, the 

distribution ratios of zinc and ca~~um pyridine chlorides could safely 

be ignored. 

Extractions 4-7 (each Table): These extractions showed that 

equilibrium ,vas attained very rapidly in zinc and cadmiU1:l pyridine thio

cyanate extraction systeIls. The chloroform vl~S free fro:n either zinc or 

caci~U!:l. before the extraction, yet in 2 I:".inutes (or less) of mechanical 

shaking, it r~d attair~d a constant concentration of metal. 

Extractions 8-11 (Table XXVII); Extractions 5 and 8 (Table 

XXVIII): A comparison of these extractions, in each table, sho\·:ed that 

the presence of etr~ol in the cnloroform (as a preservative) had no 

Ileasurable effect on the distribution ratios of zinc and cadmium ~;ridine 

thiocyanates. 

i;- The matal v!;1S alvlays add~d as a svlution of the chloride salt (see 
Appendix IV). 

http:5::-.3.11


- 107 

3-4. SU::'.:::'E,!'Y 3.::;1 Conclusions 

In the absence of anY,added ~etal, none of the extraction 

syste=s contained ir~urities that could be counted as the ffietal ~~der 

investigation. 

Experi=.er.tal data are reported in Part V-4 for extractions 

carried out in the absence of pyridine (or picoline). One, or both 

pr.ases of these extraction systems ,{ere titrated for pyrid:L.'1e; no 

impurities were present which could be co~~ted as pyridine (see Table 

XXIX, for exarnple). 

vmen pyridine (or picoline) was absent from an extraction 

system, none of the metals ~~s measurably extracted into chloroform. 

Therefore, the distribution ratios of the metal chlorides and the metal 

thiocyanates were negligibly small in the presence of O.3-M potassium 

thiocyanate. In Part V-4, extractions are reported in which pyridinium 

(or picolinium) chloride "''as present. However, when pyridine (or 

picoline) was absent fr~~ those syste~, none of the metals \\'as measurably 

extracted into chloroform. Therefore, the distribution ratios of the 

metal pyridL~ium (or picoliniur..) chlorides or thiocyanates* were also 

negligibly small. 

When thiocyanate was absent from an extraction system, none of 

the metals was measurably extracted in the presence of pyridine. Sirr~larly, 

cobalt ''las not measurably extracted in the presence of any picoline. There

fore, the distribution ratios of ffietal pyridine chlorides and of cobalt 

* 	These c~"nplexes r..a.y be represented by (PH+)y (i'~2) 'ihere H - divalent 
metal, PH+ == pyridiniu.":1 or picoliniu.":1 ion, and X .. thiocya.~te or 

chloride ion.' 
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picoline chloride~ ''''ere neglieibly s::lall. It vIas assu:.:;.ad that the 

distribution ratios of nickel, zinc and ca~~tun picoline chlorides 

could also be sately neglected. 

The careful control of the extraction te=perat~re ~as been 

shoiffi to be ~portant tor co~alt and nickel pyridine thiocyanate 

extraction syste:ns. It 'Has expected that the oth::;r syste:lS chosen for 

study would also be temperature depenient. All extractions reported in 

this section were carried out at constant temperature, and all extractions 

reported in Part V-4 were-carried out at 25.0 ~ 0.05°C. 

Equilibrium has been shown to be established ".ri.thin a 10-minute 

shaking period, for each of the metal pyridine thiocyanate extraction 

systems and for each of the cobalt picoline thiocyanate systems. It was 

'expecte9. that equilibriu.m would be reached during this shaking period in 

each of the nickel, zinc and cadmium picoline thiocyanate extraction 

systems. 

A small decrease (about 4 percent) in the initial thiocyanate 

concentr~tion of the aqueous phase has been sho ..m to have no measurable 

effect on the distribution ratio of cobalt J-picoline (or 4-picoline) 

thiocyanate at the low concentration level employed for the metal. These 

experiments supported the assumption that extractions carried out from 

a medium of nearly constant ionic strength could be inter-compared. Of 

course the thiocyanate concentration of the aqueous phase was decreased 

slightly due to the metal pyridine (or picoline) thiocyanate complex being 

extracted into the chloroforn.-::-. 

~- The :ru:d:nu::l :1.;:;tal conce:ltr:l:,ivn us.:.:d ,,:~tS 0.005::' sec P·art V-2. Thorc
fore, if the initial thioc:ranata conc0ntration ,·:as 0.3~,r, and' all the metal 
WJ.S extracted, then the doe r-case i!"! the thiocyanate concentration ...·:ould 
be O.OL'{ (1. e. a 3.3 ~rcent d.;;crGc;.s;:;). The effect of variations in the 
thiocyanate concentration of the aq~eous ~~ase on the distribution ratio 
of each metal is considered in detail in Appendix: XVIIIC. 

http:assu:.:;.ad
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Tha 	p~sence of alcohol i~ the chlo~fo~ reag~r.t had no effect 

on the d~str~~utio~ ra~ios of ~3tal for a~J ef the ~at~: pyridina thio

cyanate extraction syste~s or or. any of the oobal~ pico:ine thiocyanate 

syste:::ls. 

The replicate c:-:t:::ac:'ic:.-.s car:--::ed Oll.:' fo:- each of ~he IrJ.etal 

pyridine thiocyanate syste=-s ani for each of the cobalt picoline thio

cya.."1a.te syst~r..s snorled that the r..olar r<ltio of thiocya11ate to metal in 

the chloroform phase was twice u.."".ity. Further evidence of this fact is 

shol·m in Part V-4. Clea:dy" only the di-thiocyanate of the various metal 

p~idine (and picoline) complexes was present in the chloroform phase. 

This ratio was also found when the aqueous phase contained picolinium 

chloride (see Table L). This e"v"'idence supported the results in Part V-I 

which described the small distribution ratios of various chlorides and 

thiocyanates. 

4. 	 Final Ex.traction Data 

In the present .Section, equilibri~~ data are presented for the 

selected metal FJridine (and picoline) thiocyanate extraction systems. 

The percent oetal extracted* CE) and the distribution ratio of the metaliH~ 

(D) 	are plotted against the total equilibrium concentration of pyridine or 

* 	 The plots of E against LP]'i'.,A '.vere al,·:ays .::ade on linear scales • 

*~ 	 Ir. the extraction s~rste;:lS, D ,·ras fou:::1d to varj fro!!'. nil to a value of 
seve:-al hundred over t!;.e rar.ge of [PJ T A that ,·[as us~d. For this 
:-eason, D ';,"3.S not plotted 0:':. a lir:.ear ' . scale, but on a. cOJ::'..bi.."1a.tion 
of a linear scale (5::12.11 ':alues of D) ar:d a logarith::ri.c scale (higher 
va.lues of D). This r::..:;ttod allo\·.red the data to be presented more 
accurately and more useru:1y. In addition, the overall shape of the 
distribution curve could be seen. 

http:5::12.11
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";'1""'\ .;.~.:,:, !'l ,,~ , """''..,''l<:'':'' '-'D~-picoline ......... ....~- o.Q\!v:ous .t-"••u.. ..... ~ J ' ... m ~. 

-	 ~ J.,."\. 

I~ the. general exp~::~ion :Qlati~g D to ~?i (see Part I-I, 

equations (13) and (17)), rep~ese~ts the e~uili~ri~~ co~centration 

of free (unco:rl.pl.::xed) PY!'idil':e (or p:"colir.e) in the aqt:.cous phase. 

that ....:as measu!'ed. In I:'.aki.."':g theoretical use o~ -:ha ana::ytical data 

later, the concentration of free FJ!'idine (or picoline) was calculated 

for 	each system. However, for the present graphical presentations, it 

was 	 considered satisfactory to plot E and D against the total equilibrium 
j 

concentration of py:>idine (or picoline) in the aqueous p.~ase, [pJ TA., 
The extractions reported here (Part V-4) were carried out at 

.25.0! 0.05°C. A S'U.l!'.ma~J of the actual extraction and the analytical 

procedures is given in P<lrt V-I. 

The nickel pyridine thiocyanate system is reported first; it 

was 	 studied in more detail than the others. In particular, the effect 

of varr-ng the i...'litial concentration of nickel '....as fou..."1d to give anomalous 

results*. In an effort to explain these results, the effect of the 

follOwing factors on extraction 1'ras studied: {I) the pH of the aqueous 
. 

phase; (2) the presence of carbon dioxide dissolved in both phases; and 


(.3) the nature of the organic solvent itself, by comparing chloroform 


with benzene. 


4-1. ~ickel P;.'!'idinG Thioc;t!.ln::.te 

(a) 	Effect of the Initial Concentration of Nickel on the 
Distribution rl~tio 

Tho 	 distribution of nickel pyridin3 thiocyanate between chloroform 

* A si..:lilar study of the xr.0tal concentration i'fas also undertaken on cobalt. 

http:Thioc;t!.ln::.te
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and aqueous solutions of O.3-!.f thio:::7a!1ate 't:as studied as a fU!1ction of 

the 	eq~lib~~~ concent~atior. of p~idinG. Th~ee different l initial 

concentrations of nickel ....J3re uscc.. 'Lhese 1';6:::e O. CO~·1, 0.0025:':, and 

0.CC05~'~. The results are given in Tables XXIX, XXX and. XXXII respect-

ivel~r. T~;.e ;.lots of ::; a.:-.d J t::.;~:'~.s:' "':':-~e to'7:,:11 equilibriUJ:'. conce:nt ~a.tio:1 

of pyridine in the aqueous phase a~e in Figs. lJ.A and llB. 

It is seen that the d.ist~ib~tion curves >'Tere progressiv0ly 

displaced to the left as smiler i.'1itial concentrations of nickel were 

used in the system. An explanation 'Vias sought for these displacem.ents. 

Dimerization (or polyme~ization) of the complex in the chloroform 

phase would not explain these displaceme!1ts. In equation (13 )*" the 

~imerization constant (KD) appears in the numerator. Therefore, dimer

ization ,·,ould cause the distribution ~atio of nickel to increase, at a 

given concentration of ~TidineJ as the concentration of nickel in the 

extraction system is increased. This "Tas not the case. 

In Figs. 1lA and 113 the f~ee pyridine concentration strictly 

should be plotted, rather than the total (free plus complexed) pyridine 

concentration**. In order to dete~'1e whether or not plots of the free 

pyridine concentration ~~uld elirrdL'1ate the displacements l calculations of 

the concentrations of bound pyridine in the aqueous phase were made by 

using the available stability-constant data (57). In an aqueous solution 

5 x 10-3 !vI in nickel, 0.3-:-1: in thiocyanate and 5 x 10-4 Min pyridine, l.t 

was calculated that only t,·:o percent of the total pyridine was complexed 

* 	 See Part 1-2. 

** 	 The analysis of the aqueous ~h~se for pyridine, gave total pyridine. 
See Part IV-l f~r details. 



TABLE XXIX A 

Effect of the pyridine concentration on the distribution of nickel betYlocn chloroform 
and aquoous thiocyanate solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes: See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

Nickel Pyridino 'l'hiocyannto Equil. pH
Ext. 
no. Found, Ill8' li'ound, mg Jo'ound, ma of H2Orrakcn, ma Taken,m~ Taken,m~

(in H2O) H2O CHC1} Total (in H2O H2O CHCl, Total (in H2O H2O CHCl~ 'fotal phase 
.

1 27.,0 27.41 27.41 0 0 0 1,92 1305 0 1305 6.01 
2' ° ° 11" 27.50 0.0074 27.51 8.15 1.35 1.;0 8.45 1301 0 1;01 6.20 

11; " 26.66 0.742 27.40 40.8 ;.;8 ;8.6 42.0 1303 1.66 1305 6.44 
4 11 23.22 4.22 21.44 81.5 5.16 74.0 79.2 " 137'1 0.00 1305 6.47,t 

7 
6 
5 18.56 8.7; 21.29 122.2 6.26 116 122 " 136(1 17.9 13[\6 6.54 


tI 13.86 13.78 2".64 163.0 6.86 156 163 " 13)0 2'(.5 13BG 6.57 

11 8.74 '10.;5 27.09 20;.8 7.79 196 204 " 13~n 36.6 1305 6.65 


118R " 5.22 22.20 27.42 24,4.5 9.12 - - 13~5 44.5 1390 6.72 
9 2.76 24.51 21.27 205.2 11.; " 49.4 6.79" - - - 

1110 1.41 25.92 21.3; 326.0 13.1 - - " - 52.5 - 6,80 
It tI11 P.740 26.6; 27.37 366.6 16.1 348 }64 1330 53.7 1392 6.82 

It12 " 0.252 27.06 27.}1 448., 19.3 433 452 1335 54.4 1309 6.87 .. It1; 0.0521 27.41 27.46 815 43.2 179 822 1327 54.9 1392 7.08' 
- -_._.. _.......- --


NorE: Extraction 8R is the mean of 5 replicates. 



TABLE XXIX B 

Distribution ratio CD), peroent extraotion CN) and molar conoentrations (M) 
for nickel pyridine thiocyanate extractions'x, 

Nickel Pyridine Thiocyanate Molar ratio of 
,Ext. , thiocyanate to nickel 

No. Found, 1\1. x 10' Found, M x 10' Found, 11 x 103 
D E in ClIC13 phaoe

H2O CHCb: H2O CllCl,. ,H2O CHC13_ 

1 5.12 0 0 0 0 0 261.3 0  I 
2 5.14 0.00143 0.000278 0.027 0.181 1.05 261.1 0 0 

3 4.98 0.143 0.0281 2.69 0.469 5.55 260.9 0.325 2.21 

4 4.34 0.818 0.188 15.3 0.716 10.6 259.8 1.72 2.10 

5 3.41 1.71 0.493 32.2 0.870 16.7 258.4 3.50 2.05 E 
6 2.59 2.70 1.04 50.2 0.953 22.4 251.0 5.38 1.99 . 
7' 1.64 3.59 2.19 68.0 1.08 28.1 255.0 7.16 2.00 


an 0.917 4.30 4.40 81.1 1.21 34.0** 254.5 8.11 2.03 


9 0.518 4.18 9.23 90.0 1.58 ' 39·3** 254.3** 9.65 2.02 

10 0.264 5.06 19.2 95.1 1.82 45.0** 253.7** 10.2 2.02 

11 0.139 5.20 31.4 97.4 2.24 49.9 253.5 10.5 2.02 

12 0.0414 5.27 111 99.1 2.69 62.0 253.3 ' 10.6 2.01 

13 0.00983 5.32 542 99.8 6.04 111 253.0 10.7 2.01 

'* Basic data are in Table XXIX A. 

** Calculated by difference. 
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TABLE XXX A 

Effect of the pyridine concentration on the distribution of nickel botW(:~'ll chloroform 
and aqueous thiocyanate* solutions 

Initial volume of each phase : 90 m1. 
Fina1.phase volumes: See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0oC. 

\ 

Ext. Nickel Pyridine Equil. pH of--_.No. Taken, mg FOl.U1d, mg Taken, mg Found, m3' H20 phase. 
(in H2O) H2O CHC1~ Total (in H2O) H2O 

...... 
1- 1~.69 1~.14 0.478 1~.62 40.8 ~.19 6.42 ~ 

112 11.98 1.5~1 1~.51 61.1 4.4'1 6.70 
It, 10.55 ~.06 1,.61 81.5 5.10 6.6~ 


4 tI 
 6.86 6.58 1~.44 122.2 .6.62 6.68 

5 It '.90 9.62 1~.52 16~.0 8.22 6.77 

6 tI 1.84 11.46 1~.~O 20~.8 10.0 6.8~ 

7 et 0.870 12.6~ 1'.50 244.5 12.2 6.8~ 

..8 0.229 1~.40 1~.6~ ,26.0 16.9 6.92 
- -_........ ---_._..... _- ------- -- --- - -- ------...-

* 1~92 mg of thiocyanate were taken. Neither phase was analysed for thiocyal1ate~ 



TABLE XXX B 

Distribution ratio (D), percent extro,ction (E), and molar concentrationo (11) 
for nickel pyridinc thiocyanate extraotions* 

Nickel 	 Pyridine 'llhi ocyana. tc*-r.··*
Ext. 

110. Jt'OlUld, . M x 10'Found, lA x 10' D E Found, Mx 10'** 
H2O
H O ClIC1, H20 ClIC1, cnCl,
2	 

, 
1 2.46 0.0921 0.0311 3.51 0.442 5.56 

\ 
262.7 0.195 


2 2.24, 0.297 0.1,3 11.4 0.620 8.15 262.3 0.591 

1.91 0.594 0.,02 22.6 0.701 10.1 261.6 1.19 


....,4 1.28 1.21 0.993 49·1 0.919 16.6 	 260.3 2.54 
~ 

5 0.129 1.86 2.55 11.2 1.14 22.3 	 259.6 ,.72 
6 0.345 2.22 6.44 86.2 1.40 27.9 	 258.8 4.44 
7 0.163 2.44 15.0 93.5 1.70 33., 258.7 4.88 

8 0.0430 2.59 60.2 98.4 2.,5 44., 258.7 5.18 


* ]asio data are in Table XXX A. 
** Calculated by differenoe. 

*** 	 The molar ratio of thiooyanate to niokel in the ohloroform phase was assumed to be 2.00. 

The oonoentration of thiooyanate in the ohloroform phase was oaloulated from this ratio 

and the known niokel concentration of that phase. Then the oonoentration of thiocyanate 

in the aqueous phase was caloulated by differenoe. 


.. .......... ------
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TABLE XXXI A 

Effect of the pyridine concentration on 'the distribution of nickel between chloroform 

and aqueous thiocyanate* solutions 


Initial volume of each phase : 90 m1. 
Final phase volumes: See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

Nickel Pyridine 
Ext Equil. pH of 
No. Taken, mg Foul1cl, me Taken, mg Found, mg H20 phase 

(in H2O) H2O cma Total (in H2O) H2O
3 

-----.... 

~1 2.738 2.580 0.115 2.695 40.8 3.15 6.50 ~ 
C1'

2 11 2.290 0.452 2.742 61.1 4.35 6.73 


3 11 1.705 1.026 2.731 81.5 5.53 6.74 


4 11 1.243 1.405 2.728 101.8 6.87 6.94 


5 11 0.746 1.981 2.727 122.2 8.03 6.77 

I6 0.296 2.458 2.754 163.0 10.12 6.83" 

7 tI 0.0574 2.668 2.725 244.5 15.32 6.80 I 


8 0.0318 2.723 2.755 285.2 18.18 6.82
" 
9 11 0.0220 2.720 2.742 326.0 20."78 6.92 

10 0.01308 2.730 2.743 366.6 22.96 6.92" 
11 0.00828 2.742 2.750 448., 29.43 7~00" 

* 1392 mg of thiocyanate were taken. Neither phase was analysed for thiocyanate. 



TABLE XXXI B 

Distribution ratio (D), peroent extraotion (E) and molar oonoentrations (M) 
for niokel pyridine thiooyanate extraotiono* 

, 

Ext. Niokel Pyridino Thiooyanato·r.r.+:· 

No .. 
Found, M x 10; Found, M x 10; 'Pound, M x 10' 

H2O CHCl, D E H2O CHCl;·)f¥.· H2O CRC1, 


1 0.482 0.0223 0.0463 4.28 0.437 5.57 262.8 0.0~~6 

2 0.428 0.0877 0.205 16.5 0.603 8.17 262.6 0.175 

; 0.;18 0.199 0.626 ;7.7 0 .. 767 10.9 2G2.~ 0.390 


4 0 .. 232 0.288 1.24 54.5 0.954 1;.7 262.5 0.576 
 ~ 
5 0.. 140 0.;84 2.74 72.8 1.. 11 16.4 262.3 0.760 I 

6 0.0552 0.478 8.66 89.4 1.40 22.0 262.1 0.956 

7 0.0107 0.516 48.2 97.9 2.1; ;2.9 262.0 1.03 

8 0.00596 0.527 88.. 4 98.9 2.52 38.4 262.5 1.05 

9 0.0041, 0.525 127 99.2 2.89 43.8 262.5 1.05 

10 0.00245 0.. 528 215 99.5 3.20 49.2 263.0 1.06 


11 0.00155 0.530 ;42 99.7 4.19 60.0 263.2 1.06 


* Basic data are in Table XXXI A. 

** Calculated by difference. 

*** 	 The molar ratio of thiooyanate to nickel in the chloroform phase was assumed to be 2.00. 

The oonoentration of thiooyanate in the chloroform phase was oa1cu1ated from this ~atio 


and the knovm nickel concentration of that phase. Then the conoentration of thiooyanate 

in the aqueous phase was calculated by differenoe. 
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FIGURES llA Ju'ID liB 

Extraction of nickel pyridine thiocyanate 
into chloroform, ~s a ~'nction of the total 
equilibriam concentration of pyridine in 
the aqueous phase; effect of different, 
initial concentrations of nickel on the 
percent ex~raction (llA) and on the distrib
ution ratio (lIB). 

(;) = 5 x 10-3-i·1 nickel (initial). 

4 = ·2.5 x 10-3-H nickel (Ll1itial). 

8 = 5 x 10-4-i·l nickel (initial). 
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as Ni P;+ (l-/tere x = 1,2,3). Such a solution is sL-ular to the aqueous 

:t::hase of extr3.ction 4 in Table Jq{IX, \.J'hich ''las in a region of the 

distribution curve "There tt.e disp::'acements were es;ecially noticeable. 

It ":'::'5 concluded that cor:..?lexs.ticn of pyridine in the a.queous phase 

could not explai~ the o'bser'vad. Ct:~3 displ.3.cer:le:--rts. 

A variable extraction error was next considered. In the 

extraction procedure (see ApFendix IV), the phases of the extraction 

system ,..,ere allo,....ed to se:p.:::.rate in a separatory f'U11l1el. Here, small 

droplets of chloroform ,,,ere occluded to the side of the funnel above the 

liquid level, and on the surfac3 of the lighter aqueous phase. If these 

droplets evaporated to some extent, then the less volatile p,yridine 

would have been released into the chloroform phase and counted as part 

of the equilibriun pyridine concentration of that phase. In order to 

test whether or not the above occurred, it 1>laS assumed that the amount 

of pyridine released was proportional to the standil'lg time. Four 

:::oeplicate extractions (each si:nilar to extraction 5 in Table XXIX) were 

carried out. Each aqueous phase "las analysed fo r P'Jridine (found" JUg; 

5.76, Sx = 0.11). Each aqueous phase was re-analysed for p';ridine after 

20 hours (fo~~d, mg; 5.87, Sx = 0.08). A statistical treatment* of the 

data was then made: thus, the P'Jridine concentration did rnt significantly 

cha.~ge during 20 hours. In. addition, the results also showed that chloro

form decomposition~h":- that may haye occurred during. this standing time did 

* 	 The t-test of significanc~ (63) for the difference between means was 
used. 

iH:-	 Evidence exists that dccor.'lposition occurs in a proP'Jl pyridine-chloro
-form solution (5S). 
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not 	=easura~ly affect the pyridine cc r.c entrat ion of the aqueous phase. 

(b) 	Effect of the pH of th~ Acueous Phase on the Distribution 
P..:?.tio 

Eyc.rolysis of th0 nic%el i!1 t~e aq:::.eous phase, to produce .....-a.ter

soluble h~rc.roxo cor..plexes or a p:::-ecipitate, v;as then studied. It was 

considered as a possible explanation of the shift in the distribution 

curves as the nickel content "Tas varied. 

Britton(52) reported that i::1 a solution 0.025M in nickel, 

precipitatior. of the hydroxide began at pH 6.66. This value was exceeded 

for many of the ext:::-action solutions re,PJrted in Tables XXIX to XXXI. If 

hydrolysis had occurred to a signific~~t degree, then the higher the initial 

concentration of nickel in the system, the greater ~~u1d the negative 

error in D have been. This \'ras the effect noticed experimentally. 

Therefore the pH was measured at which nickel was precipitated 

in the presence of pyridir.e and thiocyanate. The results, iri the form 

of conver.tional pot~ntiometric titration curves, are shown in Fig. 12. 

At the neutralization point L~ curve B, the solution was 5 x 10-4 M in 

pyridine, 0.3M in potassi~~ thiocyanate, and 5 x 10-3 M in nickel ion, and 

the p.tt was 7.3. This solution was similar to that found in the aqueous 

p.i.ase of extraction 4 in Table XXXIX, ':lhere the observed curve displace

ments \'lere very noticeable. Ho,....ever, curve B in Fig. 12 sho't-red that 

preCipitation ,·;rould be u.."llikely belo'tll' pH a-:E-. These facts L'1dicated that 

* 	Comparison of curves B ar.d C in Fig. 12 indicated th~t the presence of 
thiocyar:.atc increased the pH at Hhich p:::-ecipitation began. This result 
was expected since pyridine, thiocyanate ion and hydroxyl ion will com
~te ,dth one a:.othcr to fom. a nict:el complex. It 1l'...ily readily be cal
culated that 1.6 equivalents of 50di~~ hydroxide (curve B)' would be 
r~q~red to precipitate one equivalent of nickel. This value agrees 
\·Tith the literature (52). In addition, th~ solubility product constant 
for r.ickel h::droxide (~i(OH)2)ioJ'3.S calculated to be 5 x 10-15. This 
value also agrees vTith the llterature (55) •. 
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FIGURE 12 

Potentiometric titration curves of 5 x 10-4~ 
pyridinium chloride (100 tr~) withO.04-M, 
carbonate-free sodi~ hydroxide. 

CA) == 	 0.3-1<1 p:>tassium thiocyanate present. 

CB) ;;: 	 0.3-1'! p:>tassiu,'ll thiocyanate and 

5 x 10-3-!>1 nickel chloride present. 

(C) == 	 5 x 10-3-H nickel chloride present. 

See Appendix X for procedure used. 
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precipitation of nickel had not occur~ed in the-extractions. 

Confirw~tion of th3 a~ove conc:usion was sought by car~~g out 

at pH values so 10....[ that neither precipitation 

nor hyd:"vlysis 'Tt:ould be e:.:~cted. The ~duction in pH ,,:as achieved by 

the addition of pyridini~~ chloridQ to the aq~eous phase of the 

extraction system. 

The results a:"e in Table XXXII. They a~e compared graphically 

L~ Figs. l3A and l3B \11th the results previously obtained in the absence 

of p'ftidini~'!l chloride (Table XXIX). The difference in the p:>sition of 

these t"lO sigmoid curves is slight, but statistically significant*. The 

reason for the difference "tas sought. 

First, it ,,~s considered advisable on statistical grounds to 

repeat some of the experiments in Tables XXIX and XXXII, this time 

simultaneously. Further, the initial concentrations of pyridine were 

chosen such that the percent nickel extracted was about the same for the 

three L~tial concentrations of nickel chosen. Finally, the concentration 

of pyridinium chloride \-las 10-3 H, instead of 10-2 .N:'**; 

The 	 results are in Table XXXIII~ and are shown graphically i.~ 

* 	 Since pai~ed obse~rations (identical extractions carried out both in 
the presence and absence of added pyridinium chloride) were available, 
then those extractions carried out in the absence of p,rridinium 
chloride could be statistically compared to those extractions carried 
out in the presence of pyridiniQ'!l chloride. A standard error of the 
diff~rence for the paired observations was first calculated. Then a 
t-test of significance was used. The r.~thod has been described in 
detail by Edwards (64). 

*~ 	 This lower concentration of pyridini~'!l chloride pennitted the p:>tenti
metric end point of the ~Tridine titration to be detennined more 
easily. 



TABLE XXXII A 

Effcct of the pyridine concentration, in the prescnce of pyridinium chloride, on tho distribution 
of nickel between chloroform and aqueous thiocyanate* solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shakin6 time: 10 m:i.nutes. 
Extraction temperature : 25.00 C. 

Nickel Pyridine \ Pyridin:i.um
Ext. Equi1. pH of 

chlorido. Taken , mg Found, mg Taken, m6 Found, mgUo. H20 phaoe 
'(in H O) H2O ClICl Total (in H2O) H2O molarity2 3 --_. 

1 27.38 27.36 27.36 0.01 2.93° ° ° ~ 2 11 26.55 0.787 27.34 40.8 ;.12 ;.67 0-" 
11 113 23.36 4.20 2 r/.56 81.5 4.68 ;.85 
11 114 18.61 8.59 27.20 122.2 5.44 3.94 


5 13.9'3 13.70 27.63 163.0 6.66 " 4.02
" 
116 '" 9.37 18.10 27.47 203.8 8.28 4.10 

11 117 5.10 21.83 26.93 244.5 9.08 4.16 

8 tI 2.87 24.46 27.33 285.2 10.1 4.17" 
9 n 1.35 25.96 27.31 326.0 12.1 11 4.32 J 

* 1392 me of thiocyanate wero taken. Neither phase was analysed for thiocyanate. 

http:Pyridin:i.um


TABLE XXXII :B 

Distribution ratio (D), percent extraction (E) and molar concentratiOl1D (1.l) 
for nickel pyridine thiocyanate extractions* 

Nickel Pyridine ~lhiocyanD.te·):r.·"* 

Ext. 
No. Found, M x 10; Found, M x 103 Pound, Mx 103 

H2O 	 D EOHCl; 	 H2O OHClf* H2O cnCl
3 

1 5.11 0 0 0 0 	 0 262.7 0 
I2 4.96 	 0.152 0.0307 2.88 0.432 5.57 262.) 0.30 

3 4.36 0.814 0.187 15.3 0.649 11.1 261.2 1.6, 
4 ;.48 1.. 66 0.477 31.5 0.755 16.8 259.5 3.,2 
5 2.. 60 2.65 1.02 49.6 0.924 22.4 258.0 5.30 ~ 
6 1. 75 	 ,.50 . 2.00 66.2 1.15 28.0 2)6.5 7.00 I 

7 0.955 4.22 4.. 42 81.1 1.26 	 ;3.8 255.3 8.44 
8 0.538 4.72 8.78 89.5 1.40 39.5 25'1.11 	 9.44 
9 0.252 	 5.02 19.. 9 95.1 1.68 45.0 254.0 10.0 

* Basic. data are "in Table XXXII A. 

** Calculated by difference. 

*** 	 The molar ratio of thiocyanate to nickel in the chloroform phase was assumed to be 2.00. 

The concentration of thiocyanate in the chloroform phase was calculated from this ratio 

and the known nickel concentration of that phase. Then the concentration of thiocyanate 

in the aqueous phase was calculated by difference. 
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FIGURES 1311. ;.:m 133 

Extraction of nickel pyridine thiocyanate 
into chloroform, as a function of the total 
equilibrium concentration of p,yridine in the 
aqueous phase; effect of O.Ol-M p,yridinium 
chloride on the percent extraction, (13A) and 
on the distribution ratio (13B). 

o ::: pyridinium chloride absent. 

I.il == pyridir.ium chloride present. 
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TABLE XXXIII A 

Effect of the pyridine concentration, in the presence and absence of pyridiniulfl chloride, 
on the distribution of different amounts of nickel between 

Ext. 


No .. 


1 

2 


; 
4 
5 
6 
7 
8 

9 
10 
11 
12 

chloroform and aqueous thiocyanate* solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 0. 

Nickel 	 Pyridine 

Taken, DIg Found, mg Taken, mg Found, mB' 
(in H2O) H2O CHCl; Total (in H2O) H2O 

27.40 	 - 4.08 - 78.4 5.47 
n 4.06 5.5~-	 - " 

11 .. 4.12 ... 	 5.22" 
11 .. 4.18 .. 11 5.10· 

13.70 	 - 2.08 - 66.7 4.73 
It - 2.08 ... 11 4.79 
It 	 It- 2.16. .. 	 4.42 

" ... 2.16 .. " 4.42 
2.740 .. 0.46; ... 58.8 4.~0 

It 	 tI.. 0.452 - 4.30 
.. 0.474 .. tI 3.87" 

11 	 It.. 0.471 .. 	 3.98 
, 

PyricUnium 
Equil. pJI ofchloride 


H20 phaae
molarity 

~ 
0 	 6.86 I-' 

I

° 6.90 

0.001 5.10 
0.001 5.08 

0 6.88 
0 6.90 

0.001 5.15 
0.001 5.11 

0 6.97 
0 6.90 

0.001 5.12 
0.001 5.12 

* 1390 DIg of thiocyanate were taken. Neither phase was analysed for thiocyanate. 
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TAJ3LE XXXIII B 

Distribution ratio (D), percent extraction (E), and molar concentrationo (M) 
for nickel pyridine thiocyanate extraotions* 

Nioke1 Pyridine

Ext. 


No. Found, M x 103 D E 
Found, M x 103 Decrease due to pyricUnium chloride 


H 0-)(-* eHC1 H2O Averu(!;.9
2 3 M x 103 Percent 

1 4.36 0.791 0.181 14.9 0.758 
0.763 

2 4.36 0.788 0.181 14.9 0.767 
0.040 6.3 

3 4.35 0.799 0.104 15.1 0.724 ~ 
0.715 l\) 

4 4.34 0.811 0.187 15.3 0.707 I 

5 2.17 0.403 0.186 15.2 0.656 
0.660 

6 2.17 0.403 0.. 186 15.2 0.664 
0.047 7.1 

7 2.16 0.419 - 0.194 15.8 0.613 
0.613 

8 2.16 0.419 0.194 15.8 0.613 

9 0.425 0.0897 0.211 16.9 0.596 
0.596 

10 0.427 0.0876 0.205 16.5 0.596 
0.052 8.7 

11 0.423 0.0919 0.217 17.3 0.537 
0.544 

12 0.424 0.. 0913 0.215 17.2 0.552 
-----~--- --- --- 

* Basic data are in Table XXXIII A. 

** Calculated by differenoe. 
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Fig. 14. These gra~hs show that two separate phenc~ena* were occurring. 

First, for each of the three initial concentrations of nickel, the 

presence of pyridinium did not appreciably affect the percentage 

extraction of r.ickel, but did result in a lO\"ler recovery of pyridine 

from the a~ueous phase; seconi) i~ either the presence or absence of 

pyridinium chloride, the extraction curve was progressively displaced to 

the left as the initial concentration of nickel vIas decreased. 

(c) 	Effect of the Nature of the Solvent 

In order to deterr.ine whether or not the effects noted in the 

preceding paragraph were for sooe reason co~~ected with the solvent, the 

experimental studY"'las repeated vJith benzene as the solvent**. In an 

orientation study, the effect of pyridine on the distribution of nickel 

pyridine thiocyanate was studied both in the pres~nce and absence ot 

added pyridinium chloride. The extraction system was found to reach 

equilibrium during 10 seconds of mechanical shaking.. Further, the 

extraction of nickel in the absence of pyridine was negligible. The 

* 	 This observation has a statistical basis: the convention described 
by Mode (65) states that a result differs from another result if 
the difference between them exceeds two standard deviations. In 
Table XXXIII; the pyridine concentrations in the aqueous phase" in 
the presence and absence of ~Jridinium chloride, differ by more 
than this ~O\L~t (using the standard duration of the ~idine 
determination given in Table XV; that is 0.01 x 10-3 H). A similar 
conclusion is dravm up:m comparison of the systems containing differ
ent amounts of the metal. 

** 	 Carbon tetrachloride '\-!as an uns3.f:.isfactory solvent due both to 
e~ulsification and to the 10", solubilitv'of the nickel pyridine 
thiocyanate complex (ever. a~ initial co;centration of nickel of 
5 x 10-4 }! resulted in the pres€:!1ce of an Unl-:anted solid phase). 
Benzene ,-r~s satisfactory provided the initial concentration of 
nickel did not exceed 2.5 x 10-3 ~!. 
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FIGlJ'rtE 14 

Extraction of nickel RT~idine thiocyanate 
into chlorofor.n, as a function of the total 
equilibrium concentr<>..tion of PY!'idine in the 
aqueous phase; effect of different, initial 
concentrations of nickel, both in the presence 
and in the absence of O.OOl-H pyridinium 
chloride on the percent extraction. 

- -0- = 5 x 10-3-2-1 nickel (initial). 

----8 = 5 x 10-3-!'1 nickel (initial); 
pyridini~~ chloride present. 

--c:J-:: 2.5 x 10-3_H nickel (initial). 

--<:; = 2.5 x lO-3_M nickel (initial); 
FJridi~ium chloride present •. 

--'W = 5 x 10-4_H nickel (initial). 

---4 = 5 x 10-4-:.1 nickel (initial); 
pyridiniu!4l. chloride present. 

NarES: (1) Each point is the average of 
duplicate extractions. 

(2) Each line indicfLtes the approximate 
slope of the extraction curve at the 
point. 
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results are in Table XXXIV. 


further extr~ctions '1!0re carried out in ....lhich the initial 


concentrations of pyridine '\-rere c:-.ose:"l such tha~ the percent nickel 


. extracted was a.bout the sar.:.e. -:::e :'r:.itial concentration of nickel 

was varied both in the presence ~~d a~sence of pyri1ir:.iw~ chloride. 

The results are given in Table Y::l':":V, a.'1d are sho";m graphically in 

Fig. 15, along with results fror.:. 7able YJ.XIV. 

Comparison of Fig. 14 ....dth Fig. 15 showed that the same 


kind of curve displacements had occurred for both benzene and chloro


form. Therefore, the curve displacements were not related to the 


nature of the solvent. 


The t".ro questions that remained una.'1s....rered were: (1) why 

did a decrease in the nickel content of the system produce a shift to 

the left of the sigmoid distribution curve of nickel? (2) vfuy did the 

presence of pyridinium chloride produce lo\\.-er recoveries of pyridine 

in the aqueous phase, without chang;ng the distribution ratio of nickel? 

The first effect was subsequently sought for and found* in 

one other system, namely cobalt p,yridine thiocyanate. The second 

effect ,.,as sought for and found~-::' i...'1 five other systems, namely cobalt 

pyridine thiocyanate, zinc pyridine thiocyanate, cadmium pyridine thio

cyanate, and cobalt 3-picoline (and 4-picoline) thiocyanates (using 

picoliniu:n chloride). Other systems were not examined for these effects. 

Possible reasons for the first effect are suggested in Part VI, 

but these reasons aN l-lithout further expari..'TI.ental confirma.tion. 

* See Part V-4-2. 


** See Part V-4-2,3, 4 and 5 for the results. 


http:pyri1ir:.iw


TABlE XXXIV A 

E££ect o£ the pyridine concentration, in the presence and absence of pyridinium chloride, 
on the distribution of different amounts of nickel between benzene and 

aqueous thiocyanate* solutions 

Initial volume of eaoh phase : 90 ml. 
Final phase volumes : Assumed to be 90 ml. 
Mechanical shaking time : As indicated. 
Extraction temperature : 25.0oC. 

Mechanioal Nickel Pyridine It'Yridinium Equi1. pH 
Ext. shaking Taken, mg Found, mg 'l.'aken, mg Found,ma chloride of H2O 
no. time (sec) (in H2O) H2O C6H6 Total (in H2O) H2O molarity phase 

1 600 1?).70 - 0.010 - 0 - 0 6.47 
11 112 600 - 0.817 - ?)9.6 10.4 6.86 
11 11?)A 10 - 4.10 - 79.2 16.4 6.92 
tI 11 11:;IB 600 - 4.07 - 16.0 6.90 

11 11?)C 1800 4.10 16.2 6.95" - 
11 114 600 - 8.24 . - 118.9 20.?) 6.95 

0.8,5 ?)9.6 10.0 0.001 5.395 " It - 
11 116 4.08 79.2 15.4 5.52- - " 

7 tl - 8.24 - 118.9 19.8 " 5.58" 
tI 

9 

8 2.740 - 0.261 . - ?)9.6 10.4 0 6.91 
If 1.46 79.2 18.4 1.00" - - " 
tI tI If10 - 2.?)2 - 118.9 26.4 1.1; 

-- ..--- - 

1 
t; 
-....l 

I 

, 

* 1400 mg of thiooyanate were taken. Neither phase was analysed for thiooyanate. 



TABLE XXXIV B 

Distribution ratio (D), percent e~traction (E), and molar concentrations (M) 

for nickel pyridine thiocyanate extractions into benzene* 


Nickel Pyridine 

Ext. 


Found, M x 10' Found, M. x 10'
No. D E" H 0-lC-* C6H6 H2O C6H6**2 
\ 

1 2.59 0.001 0.000'9 0.0'9 - 
J 2 2.4' 0.155 0.06,6 5.98 1.46 4.10 


,A 1.82 0.776 0.426 29.9 2.,0 8.83 

,B 1.82 0.771 0.424 29.8 2.25 8.68 
 ~ 
,C 1.82 0.776 0.426 29.9 2.27 8.86 00 

4 1.0, 1.56 1.51 60.2 2.85 13.8 

5 2.43 0.158 0.0651 6.11 1.41 4.16 
6 1.62 0.77' 0.424 29.8 2.16 8.96 

7 !1.03 1.56 1.51 60.2 2.78 13.9 . 

8 0.469 0.0494 0.105 9.53 1.46 4.10 

9 0.242 0.277 1.14 5'·4 2.59 8.54 

10 0.0786 0.440 5.60 84·9 '.71 13.0 


------ ~~-- - ---" ... - .... ~ .. - -~--~-~---.---

* Basic data are in Table XXXIV A. 

** Calculated by difference. 



TABLE XXXV A 

Effeot of the pyridine oonoentration, in the presenoe and absenoe of pyridiniQ~ ohloride, 

on the distribution of different amounts of niokel between benzene and 


aqueous thiooyanate-X- solutions 


Initial volume of eaoh phase : 90 ml. 
Final phase volumes : Assumed to be 90 m1. 
Meohanioal shaking time : 30 minutes. 
Extraotion temperature : 25.00 C. 

Nioke1 Pyridine Pyridinilun Equil. pH 
J<..'xt. chloride of H2OTaken, mg Found, mg Taken, rug Found, mg
No. 

(in H2O) H2O C6H6 Total (in H2O) H2O molarity phase 


~ 
-...01 1;.70 - 4.09 - 78.4 16.4 0 6.93 
I 

2 11 - 4.04 - n 16.0 0 6.05 

3 11 - 4.14 - " 15.4 0.001 5.50 

4 - 4.12 - 15.6 0..001 5.50" " 
5 2.740 - 0.760 - 58.8 14.2 6.85° 6 - 0.779 - 14.2 6.88" " 

13.6 0.001 5.58 


8 11 - 0.191 - 13.6 0.001 5.58 


7 n - 0.791 - " ° 
" 


*1400 rug of thiooyanate were taken. Neither phase was analysed for thiooyanate. 



Ext. 

No. 


1 

2 

3 

4 

5 

6 

7 

8 

TABLE XXXV B 

Distribution ratio (D), percent extraotion (E), and molar oonoentrations (M) 

for nickel pyridine thiooyanate extractions into benzene* 


Nickel Pyridine 

Found, M x 10~ Found, M x 103 Decrease due to pyridinium ohloride 
H

2
0-)(-* CHC1

3 
D E H2O Average 

M x 10~ Poroent 

1.82 0.774 0.425 29.7 2.30 
2.28 

1.83 0.765 0.418 29.5 2.25 
0.10 4.4 t:1.81 0.784 0.433 -30.2 .2.16 o ,2.18 

1.81· 0.780 0.431 30.1 2.19 

0.375 - 0.144 0.~84 27.7 2.00 
2.00 

0.~71 0.147 0.396 28.4 2.00 
0.09 4.5 

, 

0.368 0.151 0.410 29.1 1.91 
1.91 

0.368 0.151 0.410 29.1 1.91 
- -- --- . -- --

* Basic data are in Table XXXV A. 


** Ca10ulated by difference. 


----~----~ ~~~~~.... 
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FIGURE 	15 

Extraction of nickel pyridine thiocyanate 
;nto benzene, asa function of the total 
eouilibriu.rn concentration of p";ridine in 
the aqueous phase; effect of different, 
initial concent~ations of nickel, both in 
the presence and in the absence of O.OOl-M 
p,yridinium chloride, on the percent extraction. 

0 = 	 2.5 x 10-3_Mnickel (initial). 

t:::. = 	2.5 x 10-3~ nickel (initial); 

p,yridinium chloride present. 


8 = 	 5 x 10-4_:1>1 nickel (initial). 

'W = 	 5 x 10-4_Mnickel (initial); 

p";ridinium chloride present. 


NarES: (1) Each point inside the solid rectangle 
is the average of duplicate extractions. 

(2) 	The dotted line denotes the expected 
position of the extraction curve for 
5 x lO-4_M nickel in the presence of 
O.OOl-M P"Jridinium chloride. 

The curve for the extraction of 2.5 x 10-3_M 
nickel (initial) into chloroform is shown 
for cO::tparison. 

http:eouilibriu.rn
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The expe~imer.tal study of the second effect was extended. 

The distribution ratios of pyrid:.r:.e a:-.d the picolir:.es (vnthout metal 

present) were measu~edJ both in t~e presence and in the absence of 

0.001-I-! pyridiniu.:n (or picoliniu.lJ.) chloride, between chloroform and 

aqueous 0.3-H solutions of thiac:rar..s::'c. The results a~~e ir. Tab:e 

XXA~I. The pyridine and picoline dist~ibution ratios we~ sig~~ficantly* 

higher in the p~esence, than in the ~bsence, of pyridinium (or picolir~um) 

chloride. This ,-ras also the efi'ect noticed in the metal pyridine and 

picoline thiocyanate extraction systems previously described. 

However,. the distribution ratio for pyridine between chloro

form. and aqueous 0.3-1-1 thiocyana.te ,,:as later re-measured over a range 

of pyridine concentrations to see if the distribution ratio changed 

with pyridine concentration. The results are in Table XXXVII. The 

distribution ratio of pyridine reported in Table XXXVI (13.0, S - 0.2). x 

did not agree "dth that reported in Table XXXVII (14.0, Sx = 0.3). 

Carbon dioxide was suspected of being the cause of the discrepancy. Its 

possible effect is discussed below. 

The solubilities of carbon dioxide, in terms of mole fractions, 

in water and chlorofom have been reported (59) to be, at 20°C, 7 x 10-4 

* 	This observation has a statistical basis: the convention described by 
~bde (65) states that a result differs from another result if the 
difference between them exceeds t'lrTO standard deviations. The standard 
deviation of the extraction and determination of a picoline L~ the 
aqueous phase is about one percent (see Tables XVIII, XIX and XX). It 
is evident from the results in Table .x::o::vr that the effect of pico1inium. 
chloride on the concentration of picaline in the aqueous phase was many 
times greater than one pe~cent. The distribution ratios of p,yridine in 
the presence and absence of pyridinium chloride vrere si~nificantl.y 
different, as found from the t-test of significance (63) for the differ
ence between means. 

http:thiocyana.te
http:picoliniu.lJ
http:picolir:.es


TABLE XXXVI 

Effeot of pyridinium (or pioolinium) ohloride on the distribution ratio (~) 

of pyridine (or picoline) between ohloroform and aqueous 0.3-M thiooyanate solutions 


Initial volume of eaoh phase : 90 ml. 
Final phase volumes : See Table IV. 
Meohanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

i 

P,yridine or Picoline lYrj.dinium (or

Ext. 


No. Taken, mg Found, mg Found, Id x 103 picolinium) chloride 

Reagent ~ Sx(in H2O) H2O Sx ClIC13 * H2O Sx CHC13 * molarity 

. 
1 l>yridine 16.3 5.63 0.10 70.7 0.781 0.010 10.1 13.0 0.2 0 

112 " 5.13 0.02 71.2 0.712 0.002 10.2 14.; 0.1 0.001 t: 
3 2-Picoline 439.8 10.7 - 429. 1.27 - 52.3 41.2 - 0 

t! tI4 10.2 - 430. 1.21 .. 52.3 43.2 - 0.001 


5 3-Picoline' 460.2 8.50 - 452. 1.01 .. 55.0 54·7 - 0 

6 " " 8.14 - 452. 0.963 - 55.0 57.1 - 0.001 


7 4-Picoline 447.6 9·55 - 438. 1.13 . - 53.3 47.2 - 0 

11 It8 8.97 - 439· 1.06 - 53.4 50.2 - 0.001 

._-_. L_._.............. ~______ 


* Caloulated by differenoe. 


NOTES: (1) Extraotions 1 and 2 are means of 3 replioates. 


(2) Extraotions 3 - 8 inolusive are means of duplicates. 



---

TABLE XXXVII 

Distribution ratio (00 of pyridine between chloroform 
and aqueous O.~-M thiocyanato solutions 

Initial volume of each phase: 90 ml. 
Final phase volumes: See Tablo IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0°0. 

Pyridino 
Ext. 

Calculated by differenoe. 

No. 
Taken, mg 
(in H2O) 

Found, mg 
H2O CHC13 * 

Found, M x 10~ 
H2O CHOl~* 

1 0 0 0 0 0 

2 40.8 2.76 ~8.0 0.~8~ 5.47 

~ 81.5 5.69 75.8 0.790 10.9 

4 122.2 8.75 113. 1.21 16.3 

5 l6~.o 11.3 152. 1.57 21.8· 

6 203.8. 13.8 190. 1.92 27.3 

7 244·5 16.8 228. . 2.~3 32.8 

8 285·2 19.4 266. 2.70 38.2 

9 ~26.o 22.4 304. ~.12 43.6 

10 815. 54.0 761. 7.55 109· 
-

* 
** Mean is 14~0; Sx = 0.3; the equation of the least-squares line (101) is 

-4- :-1
0< = 14~03 + 2.3 x 10 LP-, T A , 


where [pJ T,A is the total concentration of pyridine in the aqueous phase. 

**~ 

-
l4.~ 

13.8 

~ 
Vl 

I 

1~.5 

1~.9 

14.2 

14.1 

14.1 

14.0 

14.4 
i 
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(o.oy;::.) a.'1d 123 x 10-4 (0.15L,.H), respactively,u."'lder one at::osphere 

pressure of carbon d:!.oxide. The:refo:r-e, il."'lder norrr.a.l atrr:.ospheric 

d ·.j,. • th ",.j,. • f ' -l • 'd' t '" fj..,'con 1.1.I1.ons, e cor.ce!1."ra ..l.o:;'s 0 careon 1.41.0Xl. e l.n wa er an..... c......oro orm 

would 'oe a""Drov~... -"'te'......;'r 1 2 v .- ........\..'! ano' 4 6 x 10-5 ':J. ..,.;.~es"""'c+~ v...... ~ vel·";'-,,' r..
::-, -*,'.......;;::.M _. .. ... 10-5 

Suppose, for example, th~t a!1 eq~i1ibrated water-chloroform 

extraction syste::. contaiJling p".rridine has a pyridine conce:r.tration i11 the 

. ~ 8 10-4 -,aqueous pnase 0... x .'1, If, in the li~iting case, the carbon 

dioxide in the aqueous phase (1.2 x 10-5 1-1) and that in the chloroform 

phase (4.6 x 10-5 1-1) wera to react quantitatively with the pyridi11e in 

the aqueous phase according to 

+ ~o + = 	 (21) 

then 7.3 percent of that aqueous pyridine ~~uld be present as p,yridinium 

ion~·. If the pyridine "rere to be titrated p:>tentiometrically with a 

st~'1dard solution of hydrochloric acid (see Appendix VI for a procedure) 

then the total pyridine concentration (pyridine plus pyridinium ion) would 

be measured. Now the distribution rat:!.o for pyridine would be given by 

a. 	 (22) 

~ 

where the subscript 0 designates the organic ~~ase and the absence of a 

subscript designates the aqueous phase. However, in the presence of added 

* 	Based on o:r.e liter. of air 't-reighing one gra:n, on air bei."lg 0.03 percent 
carbon dioxide by volu.~e (60), and on carbon dioxide, at that partial 
pressure, behaving as an ideal gas (61). ' 

** 	Provided that the pr.ase volu."!'.es are equal. 

http:volu."!'.es
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pyridini~~ chloride, this distribution ratio for pyridine would evidently 

be reduced, since the pyridiniu:n· chloride 1-lOuld shift the equilibrium in 

equation (21) to the left. Thus, the additive ,-."ould reduce the effect 

of carbon dioxide. 

ExpGri~ents wera ~hen carried out in order to determine the 

effect of carbon dioxide on the pyridine distribution ratio. This ratio 

was measured in the presence and L~ the absence of pyridinitim chloride, 

both in the presence and absence of carbon dioxide*. The results are 

given in Table XXXVIII.

The extractions '\orith carbon dioxide-free chloroform were carried 

out in a nitrogen atmosphere. In extraction 5 the chloroform was aerated 

for 30 minutes before use to ensure that carbon dioxide would be present; 

it was not known with certainty that the chloroform in extractions 1-4 

contained carbon dioxide. However, the chloroform used in extraction 5 

was obtained from a different m~nufacturer than that used in extractions 

1-4 inclusive. Therefore, ext:::-actions 6 and 7 were carried out. 

A statistical analysisi~~ of the data in Table XXXVIII showed 

that neither carbon dioxide nor pyridinium chloride had any measurable 

effect on the distribution ratio of pyridL~e between chloroform and aqueous 

O.3-!1 thiocyanate. 

It has thus proved L~possible to reconcile the data of Tables 

-;f- In these experiments, carbon dioxide was rerr.oved from the chloroform 
before use (see Appendix I for details). The smaller concentration 
in '\-later was ignored.· 

** The t-test of significance (63) for the difference between means was 
used. An inter-comparison of all the data in Table XXXVIII'showed that 
only extractions land 7 ...·rere significantly different. This result 
could re~sonably be attributed to chance. 



----

TABLE XXXVIII 

Effeot of carbon dioxide, in the presenoe and absenoe of pyridiniltm chloride, on the 

distribution ratio (~) of pyridine between chloroform and aqueous O.;-M thiocyanate solutions 


Initial volume of eaoh phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanioal shaking time : 10 minutes. 
Extraction temperature : 25.00 0. 

Pyridine \ Pyridinium 
Ext. OlIOl,

chlorideTaken, mg Found, mg 	 Found, M x 10;No. 	
~ Sx grade

(in H2O) 	 II2O-H Sx 01101,* H20-)(-* Sx OlIOl,·x- l1ioJarity 

1 79.8 5.44 0.08 74.4 0.755 0.011 1.07 +4. 2 0.2 0 CO2-free 
t: 

11 	 11 Cl;)2 	 5.43 0.20 74·4 0.754 0.028 1.07 14.2 0.5 0.001 
I 

113 	 5.41 0.14 74.4 0.751 0.020 1.07 14.' 0.4 0 Heag-cnt 

" 	 114 	 5.51 0.04 74.; 0.765 0.006 1.07 14.0 0.1 0.001 
115 77.8 5.;0 0.18 72.5 0.736 0.025 1.04 14.1 0.5 0 
It 

" 
6 11 5.40 0.07 72.4 0.750 0.. 010 1.04 1'.9 0.2 0.001 


11
7 	 5.46 0.1; 72.3 0.758 0.016 1.04 1'.7 0., 0 
~ 	 -~~ ......--- .....-- -"- ..... --~•.......-- ..--~.-~ .. -~- .... 
-~ 

* Calculated by difference. 


** Means of 4 replicates. 


NarES: (1) 	 The mean value of the distribution ratio was 14.1; its mean standard deviation, 

Sx, was 0.,. 


(2) 	 The ohloroform used in extraotions 5, 6 and 7 was from a different manufacturer 
than that used in extraotions 1, 2, ; and 4. 

(;) 	 The chloroform used in. extractions 5 and 6 was aerated for ;0 minutes before use 
to ensure that carbon dioxide was present. 

(4) 	 See Appendix I for the preparation of carbon dioxide-free chloroform. 
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XXXVII and XXXVIII ~-:ith the cO:ltradicting da.ta of Table Y:f.x:n, on the 

distri'oution ratio of pj'Tidine. ~(oreover, the shift that occurred in 

the sig~~id curves for the extractio:l of ~etal pyridine thiocyanates, 

",hen pyridiniu!'.:l. c!::"oride ,,:as added r0::-.::in3 unexplained. However, these 

shii'ts do see=:-. to 'oe attributa.b:e to ~;-.e effect of p:rridiniu~1 cr.:"oride 

on the distribution ratio of r:~rri·ii-:1e, and not on that of the :;;etal. 

The extractions of cobalt 3-picoline (and 4-picoline) thio

cyanates were wade both in tr.e present and in the absence of picolinium 

chloride (see Part V-4-5). It wes found that the presence of picolinium 

chloride caused a statistically-significant displacement of the extraction 

curve to the left. In contrast to sicilar systems containing pyridine" 

these results could be explained by means of a change in the distribution 

ratio of the corresp:mding picoline. The distribution ratios of 3

picoline and of 4-picoline between chloroform. a..'1d. aqueous O.3-M solutions 

of potassi~~ thiocyanate were ~easured, on several different occasions, 

both in the presence and absence of the corresponding picolinium chloride. 

The results are in Table XXXIX. A statistical analysis* proved that the 

presence of picolini~~ chloride caused a significant increase in the 

distribution ratio of 3-picoline a~d of 4-picoline. 

The results given in Tables XXXVIII and XXXIX were obtained 

after I:uch of the experil':1.ental ..:ark i:.1 the. present investigation had 

bee:.1 carried out. It was decided to determine the remainL'1g extraction 

curves (nickel, zinc and cadr.i~A picoline thiocyanates) only in the 

presence of the correspondir.g picolinium chloride. The reason was that 

* 	The t-test of sigr~ficance (63) for the Aiffcrence between means was 
used. 
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TABLE XXXIX 

Effeot of pioolini~ o~loride on the distribution ratio (~ of 
3-picolir..e (ai.d 4-picoline) between chloroform 

and. a.o..ueous 	 0.3-:.1 thiocya..'1ate solutions 

~~-~ ~~~-

Initial volu=.e of each p~ase : 90 ~l. 
Final phase vol~es : See Table IV. 
IEechar.ical s~a~:il:'S ti:::e : 10 ::-.inutes. 

ut.;;;; ... e,.;..v c.. Oo~v.~~----~~.-~V~u .... 2-,.~t"I.J.c;;.C\l.J,.V.. " __ 

3-?icoline 	 Pico1inium 
Ext. 


No. Taken, n:g Pou-'1d, r:"o;3' Found, ..•• l x 103 chloride 

Cl(..(in H2O) 5:20-** CE.Cl:t H2O** CE.C13 * molarity 

1 409.5 1.39 402 0.815 48.9 55.9 0 
11 	 It2 	 1.64 402 0.904 48.9 54.1 
113 1.43 .402 0.880 48.9 55.6 " 


4*** 460.2 8.50 452 1.01 55.0 54.7 
 " 
5 809.0 15.2 194 1.80 96.3 53.5 11 


6 409.5 7.14 402 0.845 48.9 57.9 0.001 

11 	 It1 	 1.28 402 0.862 48.9 56.1 
11 	 tI8 1.35 402 0.810 48.9 56.2 


9*** 460.2 8.1.4 452 0.. 963 55 .. 0 57·1. 11 


1110 	. 809.0 14.0 195 1.66 96 .• 4 58.1 

4-Picoline 

11 319.6 .1.85 312 0.929 45.3· 48.8 0 
12 	 tI 8.03 312 0.950 45.3 41.1 u 

11 1113 	 8.20 311 0.910 45.2 46.6 
14 	 8.14 311 0.963 45.2 46.9 tI" 

11 	 1115 8.24 371 0.975 45.2 46.4 
16*** 447.6 9.55 438 1.13 53.3 41.2 " 
11 159.2 16.2 143 1.92 90.1 41.0 " 
18 319.6 . 1.63 312 0.903 45.3 50.2 0.001 

11 	 tI19 	 7.71 372 0.919 45.3 49.3 
11 	 1120 	 1.85 312 0.~29 45.3 48.8 

If21*** 447.6 8.97 439 1.06 53.4 50.2 
22 759.2 15.4 744 1.8; 90.2 49.; " 

* 	 Calculated by difference. NorE: Ext. No. Mean Sx 

1.:eans of duplicates. 1 - 5 54.7 1.0** 
6 - 10 57.2 0.8Data froe Table XXXVI.*** 	 11 - 17 47.2 0.8 

18 	- 22 49.6 0.6 



- 151 

in actual analytical sepa.ratior:s, the solutions ..:ould probably need to 

be acidic to prevent hydrolysis of 50::-.e metals. !·:oreover" the fr/ridiniU;:l

pyridine (or pico1iniUi.~picolina) system constituted a potentially useful 

buffer. 

4-2. Cobalt Py:C'idine Thioc~ra::"'~:'e 

The distribution of co':::s.lt pj-ridine thiocya:-.ate betvleenchloI'O

fom a::ld aqueous solutions of O.3-~·! thiocyanate .was studied as a function 

of the equilibriu..'ll concentration of pyridine. TliO different" initial 

conce::ltrations of cobalt were used, O.0025H and O.OOO5!{. The results 

are in Tables XL and XLI. Plots of E and D versus the total equilibrium 

concentration of pyridine in the aqueous phase are shown in Figs. l6A and 

16B" respectively; they show a displacement to the left of the extraction 

or distribution curve when a si.aller concentration of cobalt was used in 

the extraction system. This effect 1rTaS also noticed in nickel pyridine 

thiocyanate extraction syste::-$*. 

The cobalt pyridine thiocyanate extraction systems specified 

above were also studied in the presence of pyridir~um chloride. The 

results are in Tables XLII and XLIII. A plot of E versus the total 

equilibriu..>rl concentration of pyridine in the aqueous phase is shown" for 

each of the cobalt concentrations, in Figs.- l7A ~nd l7B. The corres}X>nd

ing data obtained in the absence of ~rridinium chloride are also shown. 

It was evident, for each cobalt concentration, that the presence of 

pyridinium chloride resulted in a s::-all but statistically-sig~~ficant** 

* See Part V-4-1 for details. 

** See *, p:lge 125. 

http:co':::s.lt


Ext. 
No. Taken, me 

(in H2O) 

1 1;.84 
2 " 
'3 u 

4R tI 

5 11 

6 11 

7 n 


8 11 


9 " 
10 " 

TABLE XL A 

Effeot of the pyridine oonoentration on the distribution of cobalt between 
ohloroform and aqueous thiocyanate solutiono 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shakine time : 10 minutes. 
Extraction temperature : 25.0°0. 

Cobalt Pyridine Thiocyanate Equil. pH of· 

Found, mg Taken, mg l!'ound, me Taken, me Pound, me 
H20 phaceH2O OBC1; Total (in H2O) H2O (in H2O) OHOl3 

-
- 0 - 0 0 1429 - 5.20 

~ 
111;.70 0.01;6 13.11 98.1 1.32 0.60 6.74 l\) 

12.74 1.08 1;.82 196.2 1;.3 fI 2.2 6.79 
10.14 ;.68 1;.82 294.; 19.3 11 1.5 6.97 

It6.86 6.86 13.72 ;92.; 25.0 lJl.O '(.03 
11. 4.27 9.62 13.89 490.5 29.9 19.5 7.11 

2.46 11.;4 13.,80 588.6 ;5.4 23.2 1.15" 
tt1.45 12.;6 1;.81 686.1 41.2 25.1 1.19 

0.901 12.9; 13·83 184.2 41.5 26.1 1.22" 
tI0.196 - - 1115 13.4 - 1.;0 

NOTE: Extraction 4R is the mean of 4 replicates. 



TABLE XL B 

Distribution ratio (D), peroent.extraotion (E) and molar oonoentrations (M) 
for ooba.lt pyridine thiooyanate extra.otions*· 

Cobalt Pyridj.ne Thiocynnatc Molar ratio of i 

Ext. thiocyanate to 
No. Found, M x 10' Found, M x 10' Found, 1ft x 10' oobalt inD E'HO CHC1, H2O CHCl,** H20*'* cnCl, ClIC1, phase2 I 

-- , 
i 

1 2.58*-)1- 0 0 0 0 0 
\ 

- -
, 2 2.55 0.0142 0.00557 0.54 1.02 1;.1 269.7 0.12 8.5 


2.38 0.208 0.081, 7.79 1.84 26.3 210.0 0.~3 .2.07 


4R 1.89 0.709 0.375 26.6 2.68 39.6 269.4 1.46 2.03 


5 1.28 1.32 1.03 50.0 ;.48 52.6 268.3 2.73 2.07 S 
I 

6 0.799 1.85 2.31 69.2 4.17 65.9 267.3 3.80 2.05 

7 0.461 2.18 4.73 82.1 4.94 79.0 267.2 4.52 2.07 
6 0.272 2.37 6.72 69.5 5.76 92.1 267.2 4.88 - 2.06 

9 0.169 2.46 14.7 93.6 6.64 105. 267.2 5.07 2.04 

10 0.0370 2.60** 70.2 98.6 10., 156. - - 
: 

* Basio data are in Table XL A. 

** Ca10ulated by differenoe. 

http:Pyridj.ne


TABLE XLI A 

Effoot of the pyridine concentration on the distribution of cobalt botv/oen 
ohloroform and aqueous thiooyanate* solutions 

Initial volume of eaoh phase : 90 ml. 
Final phase volumes : See Table IV. 
Meohanioal shaking time : 10 minutes. 
Extraotion temperature : 25.00 C. 

Cobalt Ryridine Equi1. pH of 
Ext. 

No. ~ Taken, mg Found, mg Taken, mg Found, mg 
H20 phase (in H2O) H2O ClIC1~ Total (in H2O) H2O 

-" -
1 2.168 2.114 0.0141 2.188 91.9 6.70 6.65 t:: 

+

3 

2 11 2.550 0.225 2.115 195.9 13.; 6••" I 
11 1.942 0.841 2.789 293.8 19.8 1.00 

4 1.204 1.605 2.809 391.1 25.9 1.02" 
5 11 0.65~ 2.11~ 2.766 489.1 32.6 1.01 

n6 0.368 2.418 2.186 581.6 ~1.1 1.1~ 

7 tI 0.215 2.551 2.712 685~4 44.5 1.17 

8 0.131 2.628 2.165 116.2 50.0 1.23" 
I 

* 1429 mg of thiooyanate were taken. Neither phase was analysed for thiooyanate . 

.
' 



TABLE XLI B 

Distribution ratio (D), percent extraction (E), and molar concentrations (M) 
for cobalt pyridine thiocyanate extractions* 

Cobalt 	 Pyridine Thiocyana.taU -X-

Ext. 	 3Found, M x 103 
Found, '" x 10;.. I Found, lA x 10No. 	 D E.H2O CHC1, 	 H20 ClIC1,' Htp CHCl, 

1 0.517 0.00272 0.00527 0.505 0.941 1,.1 210.0 0.0054 

2 0.475 0.0435 0.0917 8.14 1.84 26.3 270.3 0.0070 

3 0.363 0.16, 0.449 30., 2.75 39.3 2'{0.3 0.326 

4 0.225 0.309 1.37 57.1 ,.60 52 .. 4 270.3 0.618 
t:

5 0.122 0.406 ,.33 76.4 4.55 65.4 270.4 0.612 \.Tt 

6 0.0689 0.464 6.73 86.7 5.26 78.7 270.4 0.928 I 

7 0.0403 0.490 12.2 92.2 6.22 91.6 2'10·7 0·980 

8 0.0257 0.503 19.6 95.0 7.00 104 271.0 1.01 

* Basic data are in Table XLI A. 

** Calculated by difference. 

*** 	 The molar ratio of thiocyanate to cobalt in the chloroform phase was assumed 
to be 2.00. The concentration of thiocyanate in the chloroform phase was 
calculated from this ratio and the known cobalt concentration of that phase. 
Then the concentration of thiocyanate in ~he aqueous phase was calculated by 
difference. 
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FIGun3S 16A &~D 16B 

Extraction of cobalt pyridine thiocyanate 
into ch10roforI:l, as a function of the total 
equilibrium concentration of pyrid~e in 
the aqueous phase; effect of different, 
initial concentrations of cobalt on the 
percent extraction (16A) and on the 0 

distribution 	ratio (16B). 

o 	 =2.5 x 10-3-1-1 cobalt (initial). 

_'0 


::: 5 x 10 ....-1-1 cobalt (initial). 
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TABLE XLII A 

Effect of the pyridine concentration, in the presence of pyridinium chloride, on the 
distribution of cobalt between chloroform and aqueous thiocyanate*- solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes: See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0°0. 

Oobalt Pyridine Pyridinium Equil. pH
Ext. 

No. li'ound, mg chloride of H2OTaken, mg Found, mg Taken, niB' 

(in H2O) H2O CHC13 Total (in H2O) H2O molnrity Ilhaoe 


1 13.84 - 0 - 0 - 0.001 
~ 

11 ...02 0.0151 - 91.9 6.96 5.53- " 
11 113 - 1.10 - 195.9 13.4 5.51 
11 114' - 3.68 - 293.8 18.5 5.64 


5 " .. 6.92 - 391.8 24.0 " 5.76 

n6 4.33 - - 489.7 29.0 5.88" 
tI 117 2.49 - - 587.6 34.6 5.98 
tt 118 0.898 - - 783.5 48.3 6.10 

119 " 0.189 - - 1175 72.8 ' 6.30 
- - -- --~ 

* 1429 mg of thiocyanate were taken. Neither phase was analysed for thi~oyanate. 

I 



- -

TABLE XLII B 

Distribution ratio (D), peroent extraotion (E) and molar concentrations (M) 
for cobalt pyridine thiocyanate cxtraotions* 

Cobalt Pyridinc Thi ocyana te-J(·1(* 
Ext. " 

Found, M x 103 	 Found, M x 103 J:'ound, M x 103 No. 
H2O CHC13 

D E H2O CHCl
3

7('* H2O CHC13 

1 2.58-)(--1(- 0 0 0 270.0 0 


2 2.44-)(-* 0.0145 0.00594 0.57 0.966 13.1 2G9.7 0.029 


3 2.3Tx-x- 0.212 0.0895 7.96 1.06 26.1 269.5 0.42 


4 1.90lH(- 0.709 0.373 26.6 2.57 39.5 269.3 1.~2 ...... 
0' 

5 1.29** 1.33 1.03 50.0 3.34 52.6 26n., 2.66 o 

6 0.810 1.83** 2.26 68.7 4.04 66.0 267.8 3.66 
I 

7 0.466 2.18** 4.68 82.0 4.83 79,.1 267.2 4.36 

8 0.168 2.48** 14.8 93.7 6.75 105 267.2 4.96 


9 0.0357 2.60-1<* '(2.8 98.7 10.2 156 260.5 5.20 

~.--.--.- ..-.- -- 

* Basic data are in Table XLII A. 

** Calculated by differenoe. 

*** 	 The molar ratio of thiocyanate to cobalt in the chloroform phase VIas assumed 
to be 2.00. The concentration of thiocyanate in the chloroform phase was 
calculated from this ratio and the known cobalt conoentration of that phase. 
Then the conoentration of thiooyanate in the aqueous phase was calculated by 
difference. 



'lIABLE XLIII A 

Effect of the pyridine concentration, in the presence of pyridinilun chloride, 

on the distribution of cobalt between chloroform and 


aqueous thiocyanatc* solutions 


Initial volume of each phase: 90 ml. 
Final phase volumes : Sce Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0oC. 

I 

Cobalt Pyridine Pyr:idinium )<~quil. pH i 

Ext. 
No. Taken, me Found, mg Taken, me Found, me chloride of H2O 

(in H2O) H2O CHC1 Tota.l (in H20) . H2O molarity phane5 

1 2.768 2.780 0.0148 2.795 97.9 6.55 0.001 5.28 ~ 
" 112 2.580 0.238 2.818 196.7 15.1 5.55 

t-' , 
11 115 1.950 0.863 2.793 295.5 19.5 5.73 . 
11 11'4 1.190 1.612 2.802 394.3 25.4 ,.89 
11 11 ,5 0.648 2.122 2.770 493.0 31.8 5.95 

6 0.361 2.400 2.761 591.8 37.7 6.10" " 
I 

* 1429 mg of thiocyanate were taken. Neither phase was analysed for thiocyanate. 



TABLE XLIII B 

Distribution ratio (n), p~rcent extraction (E) and molar concentrations (M) 
for cobalt pyridine thiocyanate extractions* 

Cobalt Pyridine Thi ocyana te*H' 
Ext. 

No. Found, M x 10~ Found, M x 10' Found, M x 10' 
H2O CRCl, 

D E H2O CHCl,**' H2O CHCl, 

{1 0.518 0.00286 0.00552 0.5, 0.879 12.9 270.0 0.005 r 

, 2 0.499 0.0459 0.0920 8.17 1.82 26.1 2'/0.0 0.0918 


0.,61 0.166 0.460 ,0.8 2.71 39.2 270., 0.332 

. I 

4 	 0.222 0.310 1.40 57.6 ,.54 52.4 2'(0.3 0.620 
~ 

R;5 0.121 0.408 ,.,7 76.6 4.43 65.4 270.) 0.816 

6 0.06,(6 0.461 6.82 87.0 5.26 78.5 2,{0.5 0.922 
I 

* Basic data are in Table XLIII A. 

** Calculated by difference. 

*** 	 The molar ratio of thiocyanate to cobalt in the chloroform phase was assumed 

to be 2.00. The concentration of thiocyanate in the chloroform phase was 

calculated from this ratio and the known cobalt concentration of that phase. 

Then the concentration of thiocyanate in the aqueous phase was calculated by 

difference. 
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FIGUP..ES 17 A Plm 17B 

Extraction of cobalt pyridine thiocyanate into 

chloroform" as a function of the total equilibrium 

concentration of pyridine in the aqueous phase; 

effect of O.OOl-N pyridinium chloride on the per
cent extraction of 2.5 x lO-4..,J'1 cob~lt (17A) and on 

the percent extraction of 5 x lO-4_}1 cobalt (17B). 

o 	 = pyridiniur:l chloride absent •. 


= pyridinium chloride present. 
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displace~ent of the ext~action curve to the left. This sa~e effect was 


also noticed in nickel py~idine thiocyanate extraction syste~~*. 


4-3. Zinc Py~id:i.r..e Thioc~;J.nr;.te 

The dist~ioution of p:r~:"di7ie thiocyanate between chloro

form and aqueous solutions of 0 • .3-:': thiocyanate was studied, both in the 

presence and absence of pyridL~i~ chloride, as a function of tne 

equilibri~~ concentration of FJriciine. The results are in Tables XLIV 

and XLV. The plots of E and D against the total equilibrium concentration 

of pyridine in the aqueous phase are shown in Figs. lBA and lSB, 

respectively. It was evident that the presence of pyridinium chloride 

resulted in a s~all, but statistically-significant** displacement of 

the extraction curve to the left. This was the same effect noticed 1."1 

both nickel and cobalt pyridine thiocyanate extraction systems***. 

Although not determined experimentally, it was expected that 


a reduction of the initial concentration of zinc in the extraction 


system 'WOuld result, as for nickel and cobalt pyridine thiocyanate 


systems, in a small displacement of the extraction curve to the left. 


4-4. Cadmium Pyridine Thioc;zanate 

The distribution of ca~um pyridine thiocyanate between chloro

form and aqueous solutions of 0.3-M thiocyanate was studied, both in the 

presence and absence of pyridiniu~ chloride, as a function of the equi

* See Part V-4-1 for details. 

** See *, page 125. 

'*** See Parts V-4-1 and 2, respectively, for details. 

http:Thioc~;J.nr;.te


TABLE XLIV A 

Effect of the pyridine concentration on the distribution of zino between chloroform 
and aqueous thiooyanate solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes: See Table IV. 
Mechanical 	shaking time : 10 minutes. 
Extraction 	temperature : 25.0°0. 

Zino Pyridine Thiocynnatc Equil. pH 
Ext. 

Taken, mg Found, mg Taken, mg Found, mg Taken, mg }'ound, mg of H2Ono. 
(in H2O) H2O CHCl; Total (in H2O) H2O (in H2O) ClICl, phaoc 

1 30.;9 -	 - 0 - 1389 - 
11 	 I-'2 26.56 1.996 30.56 ° 39.7 . 2.34 	 3.67 5.6; 0"" 

11 	 113 	 24.60 5.99 ;0.59 79.4 4.71 10.6 6.01 -.J 

It 114 19.98 10.45 30.43 119.2 6.92 	 18·7 6.04 
n 	 115 15.94 14.45 ,0.39 158.9 9.00 	 25.9 6.27 
" 	 tI i6 12.2; 18.16 30.39 202.4 10.4 	 32., 6.42 
It7 9.76 20.58 30.34 2;6., 13.0 	 37.0 . 6.37" 
It8 	 7.61 22.65 30.32 278.0 15.3 40.5 6.45" 
tt' 	 119 6.06 24.30 30.36 317.6 17.3 	 43.1 6.50 
tt 	 It10 4.69 25.42 30.31 357.5 19.8 	 45.0 6.56 
It 	 tI11 	 3.94 26.45 30.39 404.6 22.9 '47.4 6.74 
t112 	 1.75 26.52 30.27 607.2 35.4 " 51.1 6.86 .. 	 1113R 1.02 29.33 30.35 809.6 48.5 	 52.3 6.96 
tI 	 1114 0.638 29.75 30.39 1012. 62.4 	 53.2 7.04 

-

NOl'E: Extraotion 13R is the mean of 4 replioates. 



- - - - -

TABLE XLIV B 

Distribution ratio (D), percent extraction (E) and molar concentrations (M)
for zino pyridine thiocyanate extraotions-l(· 

Zino Pyridine Thiooyanate Molar ratio of 
Ext. thiocyanate to zino 

110. 	 Found, M x 103 
D E Found, .M x 103 Found, M x 103 


H2O . ClIC13 1120 CHC1+Hf 1I2°-l<* CnC1 in CnC1, phaGe
:5 	 3 

1 5.11+:-* 0 0 0 
2 4.79 0.348 0.0727 6.55 0.324 5.39 261.4 0.720 2.22 

:; 4.13 1.043 0.253 19.1 0.653 10.7 260.0 2.13 2.04 

4 3.35 1.820 0.544 34.5 0.959 16.2 259.0 3.66 	 2.01 
5 2.68 2.52 0.940 47.6 1.25 21.6 257.5 5.00 	 2.03 t::.6 2.05 3.16 1.54 59.8 1.45 27.6 256.0 6.32 2.00 	 00 

7 1.64 3·58 2.18 67.9 LOO 32.4 255.7 7.23 	 2.02 
8 1.29 . 3·93 3.05 74.8 2.13 37.8 255.4 7·92 	 2.02 
9 1.02 4.21 4.13 80.2 2.. 41 43 .. 1 255.0 8.42 	 2.00 

10 	 0.823 4.41 5.36 83.9 2.76 48.4 255.0 8.79 1.99 
11 	 0.665 . 4.58 6.91 87.1 3.19 54.8 254.5 9.26 2.02 
12 0.295 4.93 16.7 ·94.2 4.94 81.9 254.2 10.1 2.04 
13R 0.172 5.06 29.4 96.7 6.. 79 108.6 254.6 10.2 2.01 
14 	 0.108 5.12 47.4 98.0 8.75 135.2 255.0 10.3 2.02 

I 

* Basio data are in Tab1eXLIV A. 


** Calculated by differenoe. 


-.. 




TABLE XLV A 

Effeot of the pyridine ooncentration, in the presence of pyridinium chloride, on 
the distribution of zinc between chloroform and 

aqueous thiooyanate* solutions 

Initial volume of each phase : 90 m1. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

Zinc . 	 Pyridine Pyridinium Equil.' pH 
Ext. 	 chloride of H2O no. 	 Taken, m5 Found, m5 Taken, mg . Found, mg 


(in H2O) H2O CnC1,; Total (in H2O) H2O rnolar.i.ty phanc 


1 ';0.44 - -	 - 0.001 
11 	 112 	 - 2.02° - ';8.9 2.51° 	 4.76 
11 	 11; 24.55 5.99 ;0.54 77.9 4.';7 	 5.00 
tI 	 114 20.22 10.';0 ';0.52 116.8 6.14 	 5.18 
t1 	 tI5 16.16 14.2'; ;0.';9 155.8 7.97 	 5.28 

tI6 tt, 9.. 95 20.;8 ;O~;; 23;.6 12.2 5.48 
It7 	 6.29 24.<?4 ;0.33 ;11.5 16.2 " 5.57 
tI 	 118 4.16 26.1; 30.29 390.7 21.1 5.75 

9 " 1.90 - - 585.8 32.9 " 5.97 
1110 1.08 781.4 44.8 	 6.08" 	 - 

" 	 11.11 0.. 693 - - 976.5 56.8 	 6.23 
tI 	 tI12 0.}31 - - 1563. 93.5 	 6.40 I 

, .. 	 I .. I
-.-.-----~ . ~--

* 1391 mg of thiocyanate were taken. Neither phase was analysed for thiocyanate. 

. I 

I--' 
0-. 
...0 

I 

http:rnolar.i.ty


TABLE XLV B 

Distribution ratio (D), percent extraction (E), and molar concentrations (M) 
for zinc pyridine thiocyanate extractions* 

, 

Zinc Pyridine 'l'hiocyannte*-lH(-
Ext. 

Found-, M x 103 Found, M x 103 Found, M x 103No. 

H2O . CHC1 D E 

H O ClIC1 iH(- H2O CHC1

3 2 3 3 

1 5.1(}:Hf 0 0 0 - - 262.8 0 

2 4.77** 0·351 0.0737 6.63 0.348 5.211- 262.0 0.702 


3 4.12 1.04 0.253 19.6 0.607 10.6 260.8 2.08 
4 3.40 1.79 0.527 33.7 0.852 15.9 259.4 3.58 
5 2.72 2.47 0.908 46.7 1.11 21.2 258.4 4.94 tJ 

o6 1.67 3·54 2.12 67.5 1.69 31.8 256.3 7.08 
7 1.06 4.18 3.94 79., 2.25 42.4 255.2 . 8.36 I 

8 0.700 4.53 6.48 86.4 2.93 53.0 254.8 9.06 
9 0.321 4.94** 15.4 93.8 4.59 79.1 254.5 9.88 

10 0.183 5.07** 27.7 96.2 6.26 105. 255.0 10.1 
11 0.117 5. 12-K"* 43.8 97.8 7.97 131. 255.3 10.2 
12 0.0566 5.15** 91.0 98.9 13·2 208. 256.8 10.3 

* Basic data are in Table XLV A. 
** Calculated by difference. 

*** The molar ratio of thiocyanate to zinc in the chloroform phase was assumed to be 
2.00. The concentration of thiocyanate in the chloroform phase was calculated 
from this ratio and the knovrn zinc concentration of that phase. Then the 
concentration of thiocyanate in the aqueous phase was calculated by difference. 
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librium concentration of pyridine. The results are in Tables XLVI and. 

XLVII. The plots of E and D against the total equilibrium concentration 

of pyridine in the aqueous phase are sho~m in Figs. 19A and 19B, 

respectively. It was evident that the presence of pyridiniwn chloride 

resulted in a sr-all, but statistically-sigr~ficant>~ displace~~nt of 

the extraction curve to the left. This ~~s the same effect noticed in 

nickel, cobalt and zinc pyridine thiocy.s.l'late extraction systems**. 

Although not deterrrined experimentally, it-was expected that 

a reduction of the initial concentration of cadrnium in the extraction 

system would result, as for nic1-;:el and cobalt pyridine thiocyanate 

systems, in a small dis.placer..ent of the extraction curve to the left. 

4-5. Cobalt 2-Picoline, 3-Picolir.e and 4-Picoline Thiocyanates 

The distribution of cobalt 2-picoline thiocyanate between 

chloroform and aqueous solutions of O.3-M thiocyanate was studied as a 

function of the equilibrium concentration of 2-picoline. The results 

are in Table XLVIII. The plots of E and D against the total equilibrium 

concentration of 2-picoline in the aqueous phase are shown in Figs. 20A 

and 200, respectively. This system was not studied in the presence of 

2-picolinium chloride. 

The distribution of cobalt 3-picoline thiocyanate between chloro

form and aqueous solutions of O.3-Z·1 thiocyanate was studied, both in the 

presence and in the a,bsence of 3-picolinium chloride, as a function of the 

* See *, page 125. 


** See Parts V-4-l, 2 and 3, respectively, for details. 




--- -

TABLE XLV! A 

Effect of the pyridine concentration on the distribution of oadmium between ohloroform and 
aqueous thiooyanate solutions 

Initial volume of each phase : 90 m1. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 0. 

Oadmium Pyridine Thiocyanate Equi1. pH ! 

Ext. of H2ONo. 	 Taken, mg Found, mg Taken, mg ]'ound, fig Taken, mg Found, me 

(in H2O) H2O CHC13 Total (in H2O) H2O (in H2O) CBC13 phase 


I>< 
I 

1 12.86 - -	 - 1389 -  -'::l° ° " 	 VI2 It 12.50 0.303 12.80 191.2 13.8 	 0.50 7.01 
3 	 11.47 1.21 12.68 294.5 20.4 11 1.39 7.13" 

11 , 	 11 

5 
4 9.17 3.16 12.93 394.5 26.1 3.50 1.20 


11 "
7.42 5.32 12.74 490.8 31.5 	 5.86 1.13 
It 	 .It6R 5.34 7.56 12.90 591.7 31.1 	 8.02 1.30 
tt1 	 3.54 9.04 12.58 681.1 43.3 " 9.40 1.32 

8 	 2.42 10.35 12.71 189.0 50.0 It 11.0 7.36" 
9 n 1.56 11.01 12·51 883·4 54.9 11 11.8 7.37 

11 	 It10 1.31 11.69 13.00 986.2 . 61.4 	 12.6 1.42 
It11 	 0.213 12.41 12.68 1314. 84.1 " 13.1 1.49 

'-- 

NOTE~ Extraction 6R is the mean of 4 rep1ioates • 

........-<-<-_..,"""""'-, -.""""~--.-
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TABLE XLVI B 

Distribution ratio. (D), percent extraction (E) and molar concentrations (M) for 
cadmium pyridine thiocyanate extractions 

Cadmium Pyridine Thiocyanate Molar ratio of 
Ext. thiocyanate to 

Found, M x 10; Found, M x 10; Found, M x 10; cadmium inNo. 
H2O CHC1; 

D E H2O CHC1;iC"*. H2°*'* CHC1; CHC1; phase 
.• \

1 1.25** 0 0 0 
2 1.22 0.0;06 0.0251 2.;6 1.92 . 26.4 262.7 0.0900 3.20 
; 1.12 - 0.122 0.109 9.54 2.83 30.9 262.6 0.272 2.23 

4 0.. 957 0.;18 0.332 24.6 3.63 52.8 262.6 0.604 2.15 

5 0.728 0.536 0.737 41.8 4.39 65.8 262.5 1.14 2.13 ...... 

-.J6R 0.. 524 0.. 761 1.45 58.6 5.26 79.3 262.4 1.56 2.05 0'

7 0.348 0.909 2.61 71.7 6.04 92.1 262.4 1.83 2.01 I 

8 0.238 1.04 4.37 80.9 6.99 105. 262.3 2.14 2.06 
9 0.154 1.10 7.15 87.4 7.68 118. 262.5 2.29 2.07 

10 0.129 1.17 9.07 89.8 8.61 132. 262.6 2.44 2.08 
11 0.0270 1.24 45.9 97.9 11.9 183. 263.5 2.53 2.04 

* Basio data are in Table XLVI A. 


** Calculated by difference. 




TABLE XLVII A 

Effect of pyridine, in the presence of pyridinium chloride, 
on the distribution of cadmium between chloroform and 

aqueous thiocyanate* solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : la minutes. 
Extraction temperature : 25.0oC. 

. . 

Cadmium Pyridine Pyridinium Jii;lui1. pH 
Ext. chloride of H2O

No. 	 Taken, l'llG' Found, mr; Taken, mB' :J!'ound, mB' 

(in H2O) H2O CHC1~ 'l'otal (in H2O) H2O molarity ph tt f:le 


1 12.86 -	 - 0 - 0.001 - ~ 
--.J ° 112 12.70 0.240 12.84 195.4 12.7 	 5.22 I" 

11 	 11 ~ 11.51 1.18 12.69 29~.1 18.9 	 5·73 

4 It 9.70 }.O8 12.78 }90.7 25.1 	 5.82" 
5 7.42 5.}5 12.77 488.4 }0.9 	 5.93" 	 " 
6 tI 5.35 7.52. 12.77 586.1 36.7 " 5.97 

7 tI 3.72 9.15 12.87 683.8 42.4 11 6.07 

8 	 2.43 10.33 12.76 781.4 48.2 " 6.11" 
tI 	 119 1.47 11.10 12.57 879.1 54.7 	 6.20 

" 	 1110 1.01 11.60 12.86 976.8 60.3 	 6.22 

11 0.226 - - 1368. 83.2 	 6.39" 	 " 
1112 " 0.113 - - 1756. 108. 	 6.41 

----~ - --- ---	 ._-

* 1~91 mg of thiooyanate were taken. Neither phase was analysed for thiocyanate. 

.-l' 
d 

/... 



TABLE XLVII 13 

Distribution ratio (D), percent extraction (E) and molar concentratiom(M) 
~or cadmium pyridine thiocyanate extractions* 

Cadmium 	 Pyridine Thiocyanate*i(-* 
Ext. 

Found, -M x 103 . 	 Pound, JJI x 103
No. D E Found, M x 103 


H2O OH01 H2O. OHCl **. H2O OHC1

3 	 3 3 

1 1.25-)1;* 0 o· 0 - - 262.5 0 
2 1.24 0.0243 0.0196 1.86 1.76 26.2 263.2 0.0406 
3 1.13 0.119 0.105 9.24 2.63 39.4 263.2 0.230 
4 0.950 0.311 0.327 24.1 3.50 52.5 263.0 0.622 
5 0.728 0.540 0.142 41.9 4.30 65.4 263.0 1.08 ~ 

I6 0.525 0.157 1.44 58.4 5.12 78.5 262.8 1.64 
7 0.366 . 0.920 2.51 11.1 5.92 91.6 262.7 i.84 

I 

8- 0.239 1.04 4.. 35 81.0 6.75 105. 263.0 2.00 
9 0.145 1.11 7.66 88.3 1.65 117. 263.0 2.22 


10 0.0992 1.16 11.7 . 92.0 8..44 130. 263.3 . 2.32 

11 0.0226 1.26** 55.. 8 98.3 11.7 182. 264.2 2.52 

12 0 .. 0112 1.27** 113. 99.1 15.3 233. 265.3 2.54 


* Basio data are in Table XLVII A.. 

** Calculated by difference. 

*** 	 The molar ratio of thiocyanate to oadmium in the oh10roform phase was assumed 

to be 2.00. The concentration of thiocyanate in the chloroform phase was 

calculated from this ratio and the known cadmium concentration of that phase. 

Then the ooncentration of thiooyanate in the aqueous phase was calculated by 

difference. 
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FIGURES 19A &~D 193 

Extraction of cad~i~~ pjridine thiocyanate 
into chloroform, as a ft4~ction of the total 
equilibrium concentration of pyridine in the 
aqueous phase; effect of 0.001-14 pyridinium 
chloride on the percent extraction (19A) and 
on the distribution ratio (19B). 

o = pJridinium chloride absent. 

t!1. = pyridinium chloride present." 



-----

-
.J..C

U
 



<
 

0

-

-

f~ 
fI 0 
,.

)
(
 

L
f.: 
i 

.. 
. I 

Z
I I 

0 
I 

f-

IN 
« 0:: 
f-Z

 
W

ri 
U

 
Z

 
0 U

 
. 

.' 
(I)' 

W
 

·
Z

 
0 et 

. 
>

-0
 

CL 

. ...J 

~ 
,

j 
0 

"It 
r

, 
N

 

o 
0

' 
·d

 
~
 

CO 
\.Q

 
. 

"
'"

. 

'V\JnlV'-JO'v':) 
,:jO

 
N

O
I1.:)'V

cLLX
3 J..N

3:)C
J3d 



500 

2-00 

/ 

; 50 
:2 
:,) 

L 
o
l5 

20 

LL .10 .., 

o 
o 5'0-
I«. 
CC 

2'0 
z o 
f- 1'0 
:,)' 

COa: 0·5 
l-
t/) 

C· 
0,2 

<>1 

2 . 4 . 6 , 8 . 10 . 

TOTA'L. PYRIDINE CONCENTRATION, M XIO~ 



---

Ext. 
No. 

1 

2 

3R 
4 

5 

6 

1 

8 

9 


10 

11 

12 _ 

13 


* 
NOTE: 

TABLE XLVIII A 


Effect of the 2-pico1ine concentration on the distribution of cobalt between 

chloroform and aqueous thiocyanate* solutions 

Initial volume of each phase ; 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

Cobalt 2-Picoline- Equil. pH 

of H2O 
p:,ase 

-
~7.54 N 

8.03 
8.10 
8.20 
8.40 
8.47 
8.60 
8.60 
8.66 
8.17 
8.74 
8.88 

Taken, mg 
(in H2O) 

1;.84 
11 


11 


tI 

" 

I1 

" 
It 

tI 

11 


tt 


It 


11 


H2O 

-

1;.61 
12.13 
11.62 
9.97 

-1.91 
5.96 
4.69 
3.39 
2.11 
1.6; 
0.515 
0.12; 

Found, mg Taken, mg Found, mg 
CHCl; Total (in H2O) H2O 

0 - 0° 


0.211 13.82 1378 31.9 
1.05 13.78 3261 76.8 
1.94 13.56 4490 104. 

4.05 14.02 6889 155. 

6.05 13.96 8984 201. 

1.98 13.94 11480 254. 

9.19 13.88 13480 300. 


10.60 1;.89 16070 359. 

11.0; 13.74 17970 400. 

11.95 13.57 22460 498. 

1;·30 1;.82 33260 691. 

13.53 13.~5 41500 829. 


1387 mg of thiocyanate were taken. Neither phase was analysed for thiocyanate. 

Extraction;R is the mean of 4 replicates. 

I 



I 

TABLE XLVIII B 

Distribution ratio (D), percent extraction (E) and molar concentrations (M)
for cobalt 2-picoline thiocyanate extraotions* 

Cobalt 2-Picoline Thiocyanate,u--j(-
Ext. 
No. Found, M x 103 Found, M x 103 }'ound, M x 10~ 

H2O CIIC13 
D E H2O CHC13H' H2O CHC1, 

1 2.58** 0 '0 0 0 	 0 261.8 0 
2 2.57 0.0401 0.0156 1.52 3.82 162. 265.8 0.080 


3R 2.46 0.196 0.0797 7.63 9.39 376. 271.3 0.39 

. I 

4 2.27 0.357 0.157 14.3 12.9 51!. 274.2 0.71 
~ 5 2.01 0.724 0.360 28.9 19.8 763. 282., 1.45 

,6 1.64 1.06 0.646 43.3 26.3 973• 280.6 2~12 
I 

. 
7 1.27 1.36 1.07 57.3 34.3 1210. 297.0 2.76 

8 1.03 1.53 1.49 66.1 41.6 1390. 304.5 3.06 

9 0.770 1.72 . 2.23 75.7 51.6 1620. 314.7 3.44 
10 0.633 1.76 2.78' 80.2 59.1 1780. 323., 3.52 
11 0.406 1.83 4.51 88.0 78·4 2090. 344.0 3.66 

12 0.154 1.85 12.0 96.2 130. 2870. 410.3 3.70 

13 0.0492 1.68 34.2 99.2 476. ,3670. 551.5 3.36 

* Basic data are in Table XLVIII A. 


** Calculated by difference. 


*** 	 The molar ratio of thiooyanate to oobalt in the ohloroform phase was assumed to 
be 2.00. The ooncentration of thiooyanate in the ohloroform phase was calculated 
from this ratio and the knovm oobalt oonoentration of that phase. Then the 
ooncentration of thiocyanate in the aqueous phase was caloulated by differenoe. 



- 184 

FIGURES 20A AND 20B 

Extraction of cobalt 2-picoline thiocyanate 
into chlorofo!'r::., as a fuJlction of the total 
equilibrium concentration of 2-picoline in 
the aqueous phase; effect on the percent 

. extractipn (20A) and on the distribution 
ratio (2OB). 
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equilioriul1 concentration of 3-picoli:1e. The results are in Tables XLIX. 

and L. The results of similar ext!'actions that were carried out by using 

4-picoline, rather tha.r. 3-picoline, are in Tables LI and LII. The plots 

of E and D against the total equilibrium concentration of the picoline 

in the aqueous phases are shovm in Figs. 21A and 218, respectively. For 

ooth of these ext!'action syst.ems; it was evident that the presence of the 

corresponding picolinium chloride resalted in a small, but ~tatistically

significant* displacement of the extraction curve to the left. This was 

the same effect noticedjn each of the metal pyridine thiocyanate 

extraction systems~*. 

4-6. Nickel 3-Picoline and 4-Picoline ThiocYeAates 

The distribution of nickel 3-picoline thiocyanate between 

chloroform and aqueous solutions of O.3-M thiocyanate was studied, in 

the presence of 3-picolinium chloride, as a function of the equilibrium 

concentration of 3-picoline. The results are in Table LIII. The 

results of similar extractions that were carried out by using 4-picoline, 

rather than 3-picoline, are in Table LIV. The plots of E and D against 

the total equilibrium concentration of the picoline in the aqueous phase 

are shown in Figs. 22A and 22B, respectively. 

4-7. Zinc 3-Picoline and 4-Picoline Thiocyanates 

The distri~ution of zinc 3-picoline thiocyanate between chloro

form and aqueous solutions of O.3-H thiocyanate was studied, in the 

* See *, page 125. 


** See Parts V-4-1, 2, 3 and 4 for details. 




TABLE XLIX A 

Effect of the ~-picoline concentration on the distribution of cobalt between chloroform 
and aqueous thiocyanate solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.0°0. 

Cobalt 3-Picoline Thiocyanate Equil. pH 
Ex:t. of H2ONo. 	 Taken, rug Found, mg Taken, mg Founel, mg Taken, mg Found, mg 


(in H2O) H2O CH013, Total (in H2O) H2O (in H2O) CH01 ]?hase
_._-- 3 


1 1~.80 - - - 1387  -° ° 	 ~ 
11 	 ~'2 " - 0.168 - 118.8 2.67 	 - 6.43 

I 
3 " 12.10 1.69 13.79 237.6 4.59 tf 3.59 6.54 

tt4 	 - 3.92 - 320.7 6.11 " - 6.76 
tI 	 It5 - 6.36 - 404. 7.38 	 - 6.78 ' 
tI6R 	 5.51 8.22 13.73 475. 7.. 73 " 16.8 6.72 
It 	 tI7 3.11 - - 594. 10.1 	 - 6.80 
tf8 1.68 11.99 13.66 713. 11.3 	 24.2 6.83" 
n9 	 0.936 - - 831. 14.0 " - 6.88 
n ..10 0.549 13.26 13.81 950. 16.5 	 26.7 7.03 
If 	 ft11 0.159 - - 1306. 22.8 	 - 7.10 

--...... --~ ............. -... ---~ 


NOTE: Ex:traction 6R is the mean of 4 replicates. 



- - - -

TABLE XLIX B 

Distribution ratio (n), percent extraction (E) and molar concentrations (M), 
for cobalt 3-picoline thiocyanate extractions* 

Cobalt 3-Picoline Thiocyanate 

Ext. 
No. Found, M x 10' Found, M x 10' Found, M x 10' 

H2O CHCl, 
D E H2O ClICl iC* H O*-l!- ClICl,23 i 

1 2.57-K-X- 0 0 0 

2 2.54*"* 0.0325 0.0128 1.22 0.315 14.2 - 
3 2.26 0.326 0.. 144 12.24 0.542 27.4 261.8 0.702 

4 1.84** 0.755 0.410 28.4- 0.722 38.4 - 
5 1.39-1.--)(- 1.22 0.878 46.0 0.873 48.; - 
6R 1.03 1.58 1.53 60.0 0.914 56.9 259.. 7 3.27 

7 0.582 2.06-)(* ;.54 77.4 1.20 71.0 - 
8 . 0.315 2.30 7.;1 87.7 1.34 85.2 259.2 4.71 
9 0.176 2.46** 14.0 93.2 1.66 100. - .. 

10 0.103 2.54 24.7 96.2 1.97 113. 259.; 5.18 

11 0.0300 2.60** 86.7 98.9 2.72 155. .. 

.--~ --- , - -- -- -- .. - 

* Basic data are in Table XLIX A. 
** Calculated by difference. 

Molar ratio of 

thiocyanate to 

cobalt in 

ClICl, phase 

2.15 

I-'
0',). 

2.07 ...0 

I 

2.05 

2.04 . 

http:1.39-1.--)(-1.22


TABLE L A 

Effect of the ;-picoline concentration, in the presence of ;-picolinium 

chloride, on the distribution of cobalt between chloroform 


and aqueous thiocyanate solutions 


Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraotion temperature : 25.00 C. 

!Cobalt ;-Picoline Thiocyanate 3-1'icolinium Equil.pH 
J 

Ext. chloride .of H2O 
No. Taken, mg Found, mg Taken, mg Found, mg Taken, mg Found, mg molarity phase(in H2O) H2O eRC1; Total (in H2O) H2O (in H2O) CRC1

3 1-* 
-.0 

1 1;.80 ~ 0 - 1381 0.001 ° - - o 
I 

11 

; 
2 - 0.112 - 118.8 2.36 " - " 5.25 


tI - 1.915 - 231.6 4.44 " 4.01 " 5.32 

et4 " - ;.95 - 320.1 5.69 7.89 5.60" 

It It 115 - 6.41 - 404. 6.8; 12.9 5.65 
tt 116 " 5.44 8.25 1;.69 415. 1.60 - 5.63 

I 

" It 111 3.11 - - 594. 9.71 21.8 5.82 
It It.8 0.949 - - 831. 14.3 " 25.8 5.90 

I--_............_._-

http:Equil.pH


- - - - -

TABLE L B 

Distribution ratio (D), percent extraction (E) and molar concentrations (M) 
for cobalt 3-picoline thiocyanate extractions* 

Cobalt 3·Picoline Thiocyanate Molar ratio of 
Ext. thiocyanate to 

No. Found, M x 10' Found t M x lO~ Found, M x 10' cobalt inD E- H 20 CB01, H2O CBOl3 ** H' 0*"* OHOl, CH01, phase2 

1 2.51"*-* 0 0 0 
i 


2 ~2. 54-K* 0.0332 0.0131 1.25 0.278 14.2 - - 
3 2.20)(* 0.,81 0.17, 14.3 0.524 28.4 261.6 0.781\ 2.06 


4 1.84** 0.761 0.413 28.6 0.612 39.0 261.3 1.54 . 2.0, 

t-' 
..,0

5 1.38** 1.2, 0.892 46.4 0.808 47.9 260.4 2.51 2.04 t-' 

6 1.02 1.59 1.56 60.3 0.899 56.9 - - - I 

7 0.582 2.05'f* 3.52 77.4 1.16 71.1 259.2 4.24 2.07 

8 0.178 2.46** 1,.8 93., 1.69 98.9 259.2 5.01 2.04 

* Basic data are in Table L A. 


** Calculated by difference. 




TABLE LI A 

Effect of the 4-picoline concentration on the distribution of cobalt between 
chloroform and aqueous thiocyanate solutions 

Initial volume of each phase , 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00C. 

Cobalt 4-Picoline \ Thiocyanate
Ext. 

No. Tal)en, mg Found, mg Taken, mg ]'ound, fig Taken, mg Found, mg 
(in H2O) B20 CBC1; Total (in H2O) H2O (in H2O) cnCl; 

1 1;.84 - - 0 - 1;91 
tI ° . 2 0.270 - 75.9 1.9; 0.77- " 

; 11.92 1.97 1;.89 142.; 3.15 11 4.02" 
tt 114 - 4.03 - 189.8 ;.99 8.20 

5 " - 6.31 - 2;7.3 4.67 " 12.7 

6R tt 5.49 8.24 13.7; 284.6 5.24 " 16.5 

7 3.19 - ;51.0 6.;2 "" - 
8 1.65 12.16 13.81 426.9 7.7; 11 24.5" 

It tI9 0.891 - - 49;.0 8.92 
11 1110 0.510 13.20 1;.71 569.0 10.3 26.6 

11 " 0.0427 - - 1044 20.1 " 
NOTE: Extraction 6R is the mean of 4 replicates. 

Equi1. pH 

of H2O 
phase 

-
6.70 ~ 
6.50 

6.91 

7.00 

6.74 

7.08 

6.80 

7.20 

7.02 

7.45 

I 



TABLE L1 :B 

Distribution ratio (D). peroent extraotion (E) and molar oonoentrations (M) 
for oobalt 4-piooline thiooyanate extraotions* 

Cobalt 4-Piooline Thiooyanate Molar ratio of 
Ext. thiooyanate toNo. Found, M x 103 Found, M x 103 Found, M x 103 

D EH2O CHC1 H2O CRCl *.)(- HO** CRGl} oobalt in
3 2" CIlGl} phase 

! . 
1 2. 58iC* 0 0 0 - - - - .. 
2 2. 52'**' 0.0521 0.0207 1.96 0.228 11.1 262.8 0.151 2.90 

3 2.22 0.. 380 0.171 13.5 0.372 17.0 262.2 0.788 2~07 

4 1. 83'~"x· 0.777 0.425 29.1 0.411 22.1 261.1 1.60 2.06 t-' 
\2

5 1.40** 1.22 0.872 45.1 0.552 28.4 260.9 2.48 2.03 
I 

6n 1.02 1.59 1.56 60.3 0.619 34.1 260.4 3.23 2.03 

1 0.596 2.05** 3.44 77.0 0.148 42.0 - - 
8 0 .. 310 2.34 7.56 88.0 0.915 51.0 259.4 4.18 2.04 


9 0.168 - 2.49** 14.8 93.5 1.06 58.9 - - .. 
10 0.0955 2.53 26.5 96 .. 3 1.22 68.0 259.2 5.18 2.05 
11 . 0.00805 2.63i<* 321 99.8 . 2.. 40 124. - - 

* :Basio data are in Table LI A. 

** Caloulated by differenoe. 



Ext. 
no. 

1 


2 


3 


4 


5 

6 


1 

8 


,.. 
TABLE LII A 

Effect of the 4-piooline conoentration, in the presence of 4-picolinium 

chloride, on the distribution of cobalt between chloroform and 


aqueous thiocyanate* solutions 


Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

'I 
Cobalt 	 4-Picoline\ 4-Picolinium Equil. pH 

Taken, <rtg Found, mg Taken, mg . Found, mg chloride of H2O 
(in H2O) HO, CRCl} Total (in H2O) H2O2 molarity phase 


1}.84 - 0 - 0 .. 0.001 
tI 	 11
... 0.278 ... 75.9 1.56 	 5.34 ~ 

... 2.04 - 142.4 2.61 	 11 5.65" 
" 
 11
.. 4.. 08 - 189.8 3.70 5.80 


... 6.26 .. 237.3 4 .. 16 11 5.87
" 
5.. 66 8.10 13.76 284 .. 6 4.91 	 11 5.54" 

et 	 11
3.18 - .. 351.0 5.66 	 6.05 

" 11
0.923 ... - 493.0 8.61 6.12 


* 	 1391 mg of thiocyanate were taken. Neither 

phase was analysed for thiocyanate. 


" t 



, TABLE LI1 B 

Distribution ratio (D), peroent extraotion (E) and molar oonoentrations (M) 
for cobalt 4-pico1ine thiocyanate extraotions* 

Cobalt 4-Picoline Thiocyanate*** 

Ext. 

No. Found, M x 10; Found, M x 10; Found, M x 10; 


H2O CBe1, 
D E H2O CHC1,** H2O CUCl; 

1 2.57** 0 0 0 -\ - 262.6 0 

2 2.5;** 0.05;5 0.0212 2.01 0.184 9.09 262.7 0.107 
, 2.20** 0.394 0.179 14.7 0.;08 17.1 262.0 0.788 

4 1.82** 0.187 0.4;2 29.5 0.4;7 22.7 261.6 1.57 

5 1.41** 1.21 0.858 45.; 0.492 28.4 261.0 2.42 .... 
'" 6 1.06 1.56 1.47 58.8 0.580 34.2 260.4 ;.12 \J1 

7 0.594 2.05** ;.45 77.0 0.670 42.0 259.6 4.10 

8 0.173 2.48** 14.3 93.5 1.02 58.9 259.. 2 4.96 
~ ..-.--- ---- ~~--~-.~..--.- ---- ,- .- --- ~.....-- ---- -- -_ ..._._ .......__ ......_._-

--~--.-- - 

* Basic data are in Table L11 A. 
** Calculated by difference. 

***' The molar ratio of thiocyanate to cobalt in the chloroform phase 
was assumed to be 2.00. The conoentration of thiooyanate in the 
oh1oroform phase was oaloulated from this ratio and the known 
ooba1t oonoentration of that phase. Then the ooncentration of 
thiooyanate in the aqueous phase was calculated by differenoe. 
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FIGURES 2lA AND 2lB 

Extraction of cobalt 3-picoline and 4-picoline 
thiocyanates into chloroform, as a function of 
the total equilibrium concentration of the 
picoline in the aqueous phase; effect of 
O.OOl-M picolinium chloride on the percent 
extraction (2lA) and on the distribution ratio 

(2lB) • 

~ = 3-picoline extractions. 

8 = 3-picoline extractions in the presence 
of 3-picolinium chloride. 

~ = 4-picoline extractions. 

~ = 4-picoline extractions in the presence 
of 4-picolinium chloride. 
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TABLE LIII A 

Effeot of the 3-piooline oonoentration, in the presenoe of 3-pioolinium 

ohloride, on the distribution of niokel between ohloroform 


and aqueous thiooyanate* solutions 


Initial volume of eaoh phase : 90 ml. 

Final phase volumes: See Table IV. 
Meohanical shaking time : 10 minutes. 
Extraotion temperature : 25.0oC. 

Nickel . 	 3-Picoline 3-Pioolinium Equil. pH 
Ext. 

No. 


1 


2 


3 


4 


5 
6 

7 
8 

9 

Taken, rug 
(in H2O) 

27.40 
It 

u 

It 

It 

" 
It 

tf 

" 

chloride of H2OFound, rug Taken, mg l!'ound, rug 

H2O CRCl; Total (in H2O) H2O molarity phase 


...... .. -.00 0 	 0.001- - -	 -.0 
11.. 1.13 .. 47.4 0.868 	 ·4.68 I 

- 5.18 .. 94.9 1.39 	 tI 4.. 88 
11.. 9.92 - 142.3 1.. 95 	 5.00 

..- 13.90 189.9 2.31 " 5.08 
" 8.33 .. .. 2;7.2 2.43 5.16" 

4.84 - - 284.8 2.77 	 " 5.38 
, 

1.22 .. . 379.7 3.63 	 5.44-	 " 
It 	

J0.370 - - 474.6 5.42 	 5.60 

* 1395 mg of thiooyanate were taken. 

Neither phase was analysed for thiooyanate. 




TABLE LIII B 

Distribution ratio (D), percent extraction (E) and molar concentrations (M) 
for nickel ;-picoline thiocyanate extractions* 

Nickel ;-Pico1ine Thiocyanate*** 

Ext. 

No. FOWld, M x 103 Found, M x 10; FOWld, Mx 103 


H2O CRC1; D E H2O CRC1,-1(.* H2O CHCl, 

1 5.12** 0 0 0 - - 263.2 0 


2 4.91-1(* 0.219 0.0446 4.12 0.102 5.58 26;.0 0.44 


; 4.15** 1.00 0.241 18.9 0.154 11.4 261. 7 2.00 


4 ;.27** 1.92 0.. 587 ;6.2 0.230 17.1 259.1 ).84 

l\)

5 2.53'** 2.69 1.06 50.7 . 0.273 22.9 258.7 5.38 o 
o 

6 1.56 ;.69** 2.36 69.6 0.287 28.7 256.7 1.38 I 

7 0.907 4~;6** 4.81 82.4 0.;21 34.4 255.1 8.12 

8 0.229 5.06** 22.1 95.6 0.430 45.8 254.6 10.1 


9 0.0695 5.22** 15.2 98.8 0.642 57.1 254~4 10.4 I 
-
* Basio data are in Table LIII A. 

** Calculated by difference. 

*** The molar ratio of thiocyanate to nickel in the chloroform phase 
was assumed to be 2.00. The concentration of thiocyanate in the 
chloroform phase was calculated from that ratio and the known nickel 
concentration of that phase. Then the concentration of thiocyanate 
in the aqueous phase was oa1culated by difference. 



TABLE LIV A 

Effeot of the 4-picoline oonoentration. in the presenoe of 4-piooliniunl ohloride, 
on the distribution of niokel between ohloroform and aqueous 

thiooyanate* solutions 

Initial volume of eaoh phase: 90 ml. 
Final phase volumes: See Table IV. 
Meohanioal shaking time : 10 minutes. 
Extraotion temperature : 25.0°0. 

Ext. 
No. Taken, mg 

(in H2O) 

Niokel 

Found, mg 
H2O CHCl~ Total 

4...Piooline 

lJ'aken, mg Found, mg 
(in H2O) H2O 

4-I'icolinium 

chloride 

lHolarity 

Equil. pH 

of H2O 

phase I 

1 

2 , 
21.40 

tI 

It 

-.. 
-

0 

~.29 

7.98 

.. 

.. 
-

0 

47.4 

94.9 

-
0.842 

1.1, 

0.001 
tI 

tI 

-
4.95 

5.07 

l\) 
o 
I-A 

I 

4 " .. 14.15 .. 142., 1.25 tI 5.23 

5 11 7.75 - - 189.8 1.51 11 5.30 

6 It 3.27 .. ... 2'7.1 1.94 tI 5.4~ 

7 It 1.02 - .. 284.7 2." 11 5.55 

8 tI 0.149 - - '79.6 '.94 11 5.78 

9 
---,-

tI 

.-~--~ 

0.081 .. 
--~- ....--- ....-.

- 414.5 
- --.- --...-

5.99 tt 5.98 

* 1'95 mg of thiooyanate were taken. 
Neither phase was analysed for thiooyanate. 



TABLE LIV B 

Distribution ratio (D), peroent extraotion (E) and molar oonoentrations (M) 
for niokel 4-pioo1ine thiooyanate extraotions* 

Nioke1 4-Pioo1ine 

Ext .. 
No.. Found, M x 10} Found, M x 10} 

H2O CHOl} D E H2O OH01}** 

1 5.12** 0 0 0 .. .. 
2 4.50** 0.638 0.142 12.. 0 0.0992 5.70 
} }.6}** 1.55 0.427 29.2 0.1}3 11.5 

4 2.48** 2.74 1.10 51.. 6 0.147 17.2 

5 1.45 }.. 8l** 2.63 . 71.9 0.178 23.0 

6 0.. 612 4.67** 1.63 88.1 0.229 28.1 

1 0 .. 191 5.11** 26.8 96.3 0.216 34.4 

8 0.0280 5.26** 188 99.5 0.466 45.8 ' 

9 0.016} 5.29** }25 99.1 0.110 57.0 
._,

-~ - ..~.-~.-- ....-.-..... - ..~ ....--....------=. ... - ..- 

* Basio data are in Table LIV A. 

** Caloulated by differenoe. 

*** 	The molar ratio of thiooyanate to niokel in the ohloroform phase 
was assumed to be 2.00. The ooncentration of thiocyanate in the 
oh1oroform phase was oalculated from that ratio and the knovm nickel 
conoentration of that phase. Then the conoentration of thiocyanate 
in the aqueous phase was caloulated by difference. 

Thiooyanate*** 
, 

Found, M x 10} • 
H2O CHCl} 

263 .. 2 0 

262.3 1.28 

260.5 3.. 10 

258.} 5.48 
N 

256.3 7.62 2 
254.8 9.34 I 

254.2 10.2 

254.3 10.5 

254.4 10.6 
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FIGURES 22A ~~D 22B 

Extraction of nickel 3-picoline and 4-picoline 
thiocyanates into chloroform, as a function of 
the total equilibri~~ concentration of the 
picoline in the aqueous pr1B.se; the percent 
extraction (22A) and the distribution ratio 
(22B) in the presence of O.OOl-M picolinium 

chloride. 

~ - 3-picoline extractions. 

~ = 4-picoline extractions. 
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presence of 3-picolinium chloride, as a fu..'1ction of the equilibrium 

concentrati~n of 3-picoline. The results are in Table LV. The results 

of similar extractions that were carried out by using 4-picoline, rather 

than 3-picoline, are in Table LVI. The plots of E and D against the total 

equilibrium concentration of the picoline in the aqueous phase are shown 

in Figs. 23A and 23B, respectively. 

4-8. Cadmium 3-Picoline and4-Picoline Thiocyanates 

The distribution of cadmium 3-picoline thiocyanate between 

chloroform and aqueous solutions of 0.3-M thiocyanate was studied, in 

the presence of 3-picolinium chloride, as a function of the equilibrium 

concentration of 3-picoline. The results are in Table LVII. The results 

of similar extractions that were carried out by using 4-picoline, rather 

than 3-picoline, .are in Table LVIII. The plots of E and D against the 

total equilibrium concentration of the picoline in. the aqueous phase 

are shown in Figs. 24A and 248, respectively. 



Ext. 

No. 


1 

2 

3 

4 

5 
6 

7 
8 

9 

·' 

TABLE LV A 

Effeot of the 3-piooline oonoentration, in the presenoe of 3-pioolinium ohloride, 
on the distribution of zino between ohloroform and aqueous thiooyanate* solutions 

Zino 

Taken, mg 
(in H2O) H2O 

30.44 
24.30" 

11 16.34 
It 10.13 

6.00" 
It 3.70 

2.42" 
0.561" 

It 0.320 

Initial volume of eaoh phase: 90 ml. 
Final phase volumes : See Table IV. 
Mechanioal shaking time : 10 minutes. 
Extraotion temperature : 25.00 C. 

3-Piooline 3-Pioolinium 

Found, rug Taken, mg Found, rug 
ohloride 

CHC1
3 

Total (in H2O) 

0 - 0 

6.28 30.58 47.5 
14.00 30.34 94.9 

20.17 30.30 142.4 

24.30 30.30 189.9 
26.60 30.30 237.4 

27.97 30.39 284.7 

29.80 30.36 569.5 
. 30.05 30.31 854 

H2O 

-

0.51 

0.69 

1. 75 

2.07 

3.13 

3.55 

8.29 

13.24 

molarity 

0.001 

" 
11 

" 
" 
" 
" 
" 
" 

* 1395 mg of thiooyanate were taken. Neither phase was analysed for thiooyanate. 

Equil. pH 

of H2O 

phase 

-
4.68 

4.98 

I 
I 

l\J 

!3 
I 

5.21 

5.31 

5.47 

5.42 

5.15 

5.95 



Ext. 

No. 


1 


2 

~ 

4 

5 
6 

7 
8 

9 

TABLE LV B 

Distribution ratio (D), percent extraction (E) and molar ooncentrations (M) 
for zino ~-pico1ine thiocyanate extraotions* 

Zino 

Found, M x 10~ D 
H2O CHC1~ 

5.10** 0 0 

4 .. 01 1.09 0.268 

2.14 2.44 0.891 

1.10 ~.51 2.06 

1.01 4.22 4.18 

0.622 4.62 7.4~ 

0.407 4.86 11.9 

0.0947 5.16 54.5 

0.0542 5.18 95.6 

~-Picoline 

.E Found, M x 10~ 
H2O CRC1 -11"* 

~ 

0 - -
20.5 0.060 5.15 

46.2 0.082 11.5 

66.7 0.206 11.2 

80., . 0.245 22.9 

88.0 0.~70 28.6 

92.1 0.420 ~4.3 

98.~ 0.984 68.2 

99.0 1.58 102. 
~ ~ 

* Basic data are in Tab.le LV 
--

A. 

** Calculated by difference. 

*** The molar ratio of thiocyanate to zinc in the chloroform phase 
was assumed to be 2.00. The concentration of thiocyanate in the 
chloroform phase was calculated from that ratio and the known 
zino concentration of that phase. Then the concentration of 
thiooyanate in the aqueous phase was calculated by difference. 

Thiocyanate*** 

Found, M x 10~ 
H2O CiICl~ 

26~.2 0 

261.~ 2.18 

258.8 4.00 

256.8 7.02 

255.7 8.44 rv 
~ 255.0 9.24 

254.6 9.72 

255.0 10., 

256.0 10.4 
-~-

I 



TABLE LVI A 

Effect of the 4-pioo1ine concentration, in the presence of 4-picolinium chloride, 
on the distribution of zinc between chloroform and aqueous thiocyanate* solutions 

Initial volume of each phase: 90 m1. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature: 25.oOC. 

Ext. 
No. Taken, mg 

(in H2O) 

Zinc 

Found, mg 
H2O CHC1

3 
Total 

4-Picoline 

Ta.l{cn, mg Found, mg 
(in H2O) H2O 

4-Picolinium 
chloride 

molarity 

lo':quil. pH 
of H2O 

phase 

1 

2 

30.44 

" 
-

21.85 

0 

8.55 
-

30.40 

0 

41.4 
-

0.35 

0.001 
11 

-
4.98 

lV 

S 
3 It 12.. 69 17.61 30.. 30 94.9 0.91 " 5.41 

4 11 6.26 23.85 30.16 142.3 1.46 11 5.53 

5 It 3.20 27.08 30.28 189.8 2.51 11 5.71 

6 It 1.78 28.42 30.20 231.2 3.21 tI 5.83 

7 " 1.13 29.22 30.35 284.8 4.05 tI 5.71 

8 It 0.267 30.05 30.32 569.7 9.59 11 6.14 

9 tt 0.160 30.. 06 30.22 854.0 15.30 11 6.33 

* 1395 mg of thiooyanate were taken. Neither phase was analysed for thiocyanate. 



TABLE LVI B 

Distribution ratio (D), peroent extraotion (E) and molar oonoentrations (M) 
for zino 4-piooline thiooyanate extraotions* 

Zino 4-Pioo1ine Thiocyanate*** 
Ext. 

103No. Found, lA. x 103 Found, lA. x Found ~ M x 10} 
H2O eHe1, D E H2O CHCl,** H2O cnCl} 

1 5.10** 0 0 0 - - 263.}. 0 


2 }.66 1.49 0.407 28.2 0.04} 5.76 260.5 2·98 

} 2.1} ,.06 1.. 44 58.} 0.107 10.5 257.1 6.12 


4 1.05 4.15 }.95 79.} 0.172 1'{.2 255.5 8.30 
l\)5 0.538 4.10 8.14 89.5 0.293 22.9 254.8 9.40 
b6 0.. 299 4.94 16.5 94.3 0.378 28.6 254.4 9.88 
I 

1 0.190 5.07 26.1 96 .. } 0.416 34.2 254.3 10.1 


8 0.0451 5.19 115 99.1 1.14 68.0 255.3 10.4 


9 0.0211 5.18 191 99.. 5 1.82 101. 256.2 10.4 

"_._- --_. ----- --~.--- - 

* Basio data are in Table LVI A. 

*-l!- Caloulated by differenoe. 

*** The molar ratio of thiooyanate to zino in the chloroform phase 
was assumed to be 2.00. The oonoentration of thiocyanate in the 
ohloroform phase was oaloulated from this ratio and the kno~n 
zino conoentration of that phase.. Then the oonoentration of 
thiocyanate in the aqueous phase was oalculated by differenoe. 
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FIGURES 23A ~~D 23B 

Extraction of zinc 3-picoline and 4-picoline 
thioc~~ates L~to chloroform, as a function 
of the total equilibrium concentration of the 
picoline in the aqueous phase; the percent 
extraction (23A) and the distribution ratio 
(23B) in the presence of O.OOl-M .picolinium 

chloride. 

o ... 3-picoline extractions. 

~ = 4-picoline extractions. 
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TABLE LVII A 

Effect of the 3-picoline ooncentration, in the presence of 3-picolinium chloride, 
on the distribution of cadmium between chloroform and aqueous thiocyanate solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes: See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature I 25.00 C. 

Cadmium 3-Picoline Thiocyanate* 3-Picolinium Equi1. pH 
Ext. chloride of H2ONo. 	 Taken, mg Found, mg Taken, mg F'ound, mg Taken, mg 


(in H2O) H2O CHC1 Total (in H2O) H2O (in H2O) molarity phase

3 

1 12.86 .. 	 1391 0.001 ..° 	
I 

It ° 	 If2 12.65 0.09 12.74 151.9 2.44 1391 	 5.24 
l\) 

~ 
fI 	 113 11.50 1.29 12.79 284.7 5.03 1395 	 5.50 

4 tI 9.00 3.79 12.79 379.8 6.43 1391 " 5.67 

5 6.59 6.24 12.83 474.1 8.16 1391 11 5. '/6 " 
It 	 116 4.30 8.56 12.86 569.5 9.66 1395 	 5.80 
It 	 111 2.21 10.69 12.96 721.6 11.8 1391 	 5.90 
tI 	 It·8 0.662 12.25 12.91 854.0 14.8 1395 	 6.03 
tI 	 It9 0.280 - - 1152. 18.1 1391 	 6.17 
n 	 tI10 0.090 - .. 1728. 29.5 1391 	 6.36 

* Neither phase was analysed for thiocyanate. 



Ext. 
No. 

TABLE LVII B 

Distribution ratio (n), percent extraction (E) and molar concentrations (M) 
for cadmium 3-picoline thiocyanate extractions* 

Cadium 3-Picoline Thiocyanate*** 

Found, M x 10; Found, M x 10; . Found, M x 103 

'. 
H2O CRCl; D E H2O cnCl -1("* H2O cnC1,; 

_'I1 1.25-lC-* 0 0 0 	 - 262.7 0 

2 1.24 0.00910 0.0073; 0.70; 0.288 18.2 26;.0 0.018 
, 

3 1.13 0.1;0 0.115 10.0 0.594 34.1 263.8 0.260 

4 0.882 0.382 0.433 29.6 0.760 45.5 26;.0 0.774 

5 0.647 0.628 0.971 48.7 0.966 56.7 263.0 1.26 l\) 

~ 
6 0.42; 0.861 2.04 66.7 1.15 68.0 263.7 1. 72 

7 0.223 1.07 4.80 82.5 1.40 86.1 262.7 2.14 

8 0.0652 1.23 18.9 94.9 1.76 102 26;.8 2.46 


9 0.0277 1.26** 45.5 97.9 2.2; 137 263.8 2.52 

10 0.00895 1.27** 142 99.3 3.55 204 265.3 2.54. 

* Basic data are in Table LVII A. 

** Calculated by difference. 

*** 	The molar ratio of thiocyanate to cadmium in the chloroform phase 
was assumed to be 2.00. The concentration of thiocyanate in the 
chloroform phase was calculated from this ratio and the knovrn 
cadmium concentration of that phase. Then the concentration of 
thiocyanate in the aqueous phase was calculated by difference. 



TABLE LVIII A 

Effect of the 4-picoline concentration, in the presence of 4-pico1inium chloride, 
on the distribution of cadmium between chloroform and aqueous thiocyanate solutions 

Initial volume of each phase : 90 ml. 
Final phase volumes : See Table IV. 
Mechanical shaking time : 10 minutes. 
Extraction temperature : 25.00 C. 

Cadmium 4-Picoline Thiocyanate* 
Ext. 
No.. Taken, mcr Found, mB' Taken, mg Found, mg Taken, mg 

(in 1120) H2O CBe1 Total (in H2O) H2O (in H2O)
3 


1 12.86 - 0 -	 - 1391° 2 	 12.73 0.090 12.82 94.9 1.82 1391
" -3 	 11 11.11 1.;1 12.42 189.. 8 ;.68 1391 

n
4 	 7.79 5.02 12.. 81 284 .. 8 5.48 1395 


5 	 4.33 8.53 12.86 379.6 6.94 1391
" 
6 It 2.09 10.56 12.65 474.5 8.92 1391 


7 	 1.13 11.52 12.65 569.. 7 10.50 1395
" t. 
9 

6 0.350 12.. 40 12.75 721.2 13.46 1391 

It 0.138 12.. 54 12.. 68 654.0 16.17 1395 


10 0.020 	 1322 25.20 1391
" 	 - 
* Neither 	phase was analysed for thiooyanate. 

4-Picolinium 

chloride 

molarity 

0.001 
It 

n 

" 
" 
" 
11 


It 

" 
tI 

Equil. pH 

of H2O 

phase 
I 


- I 

5.48 l\) 

~5.. 76 

I 


5.. 91 

6.06 

6.13 

6.20 

6.33 

6.34 

6.58 



- -

TABLE LVIII B 

Distribution ratio (D), percent extraction (E) and molar concentrations (M) 
for cadmium 4-pico1ine thiocyanate extractions* 

Cadmium 	 4-pico1ine Thiocyanate*** 
E:x:t. 
No. 	 Found, M x 103 Found, M x 103 Found, 11 x 103 

H2O . CHC1 D E H2O CHC1,** H2O CHCl,3 

1 1.25** 0 0 0 	 262.1 0 

2 1.24 0.0091 0.00134 0.104 0.215 11.4 263.0 0.0182 

3 1.09 0.132 0.121 10.5 0.444 22.1 263.0 0.264 

4 0.16, 0.501 0.664 39.2 0.648 34.1 26,.3 1.14 

5 0.424 0.860 2.03 66.4 0.821 45.4 262.0 1.12 N 

!::J6 0.205 1.06 5.11 83.4 1.06 56.6 262.2 2.12 
I 

1 0.111. 1.16 10.5 91.1 1.25 68.0 26,.0 2.32 


8 0.0340 1.25 36.8. 97.3 1.60 85.8 262.3 2.50 


9 0.01?6. 1.26 92.1 98.9 1.91 101 263.7 2.52 


10 0.002 1.28** 64q 	 99,9 3.04 156 ·264.0 2.56 

* Basic 'data 	are in Table LVIII A. 

** Calculated by difference. 

*** The molar ratio of thiocyanate to oadmium in the chloroform 
phase was assumed to be 2.00. The oonoentration of thiocyanate 
in the chloroform phase was oalculated from this ratio and the 

.known cadmium conoentration of that phase. Then the concentration 
of thiocyanate in the aqueous phase was calculated by difference. 
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FIGURES 24A AND 2413 

Ex:traction of cadnlium 3-picoline and 4-picoline 
thiocyanates into chloroform, as a function 
of the total equilibrium concentration of the 
picoline in the aqueous phase; the percent 
extraction (24A.) and the distribution ratio 
(2413) in the presence of a O.OOl-l.\f picolinium 

chloride. 

o =: 3-picoline extractions. 

~ = 4-picoline extractions. 
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TREATMENT OF THE ANALYTICAL DATA, 
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1. 	 Tne Apparent Partition Coefficients* of Free Pyridine and Free 
Picolir:es Bet~'[een Chloroform and Aqueous 0.3-':1 Potassium Thio
cyanate Solution in the Metal pyridine and Picoline Thiocyanate 
EXtraction Systems~~ 

The measured distribution ratios of pyridine and the pi.colines 

between chloroform and aqueous O.3-M potassium thiocyanate solution in 

the absence of metal are given in Table LIX. These values will hence

forth be assumed to be the partition coefficients. 

In order to compare these partition coefficients with those 

obtained when a metal pyridine or picoline thiocyanate complex was 

present in the extraction system, it was first necessary to define the 

apparent partition coefficient, p*. 

(23) 

where·[p~,o and [P~,A are the total concentrations of pyridine (or 

picoline) in the organic and aqueous phases, respectively; and-[MP2T~ 

and [MP4T;Jb are the concentrations, in the organic phase, of metal 

dipyridine (or dipicoline) thiocyanate and metal tetrapyridine (or tetra

picoline) thiocyanate, respectively. The data in Tables XXIX to LVIII 

were used to evaluate p*, by the method described below. 

Of the four parameters which define p* in equation (23), only the 

values of [pJp, 0 and [P:lr,A were known by experiment. It was therefore 

necessary to make two assumptions so that working values of p* could be 

calculated: 

* 	These partition coefficients will in all cases refer to a ratio of 
molar concentrations, with the concentration in the organic phase 
being in the numerator. 

**' 	 Throughout the present Section, molarities will be understood when 
concentrations are stated or discussed. Total concentrations will 
always mean stoichiometric concentrations. 
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TABLE LIX 

Mean values of the partition coefficient, p, of pyridine and the 

picolines between chloroform and aqueous O.3-M potassium . 


thiocyanate solution at 25.ooC 


Partitioned Pyridiniu.'l or picolini:um p N Sxreagent 	 chloride added, M 

Pyridine 0 14.1 16 0.3 

2-Picoline 0 41.2 2 
3-Picoline 0 54.7 10 1.0.
4-Picoline 0 47.2 10 0.8 

Pyridine 0.001 14.1 15 0.3 

2-Picoline 0.001 43.2 2 
3-Picoline 0.001 57.2 10 0.8 

4-Picoline 0.001 49.6 10 0.6 

NOTES: (1) 	The values in the Table are taken from Tables XXXVI, XXXVIII 
and XXXIX. 

(2) 	N is the number of replicate experiments and Sx is the standard 
deviation based on N-l degrees of freedom. 

(3) 	The ~rtition coefficient of pyridine between benzene and water 
at 25°C has been reported (67) to be 2.93. 

(4) 	The concentration of pyridine (or picoline) in the equilibrated 
aqueous phase was about 8 x 10-4M. . 
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(1) For all* those extraction systems containing cobalt, 

nickel or cadmium, the metal in the organic phase was assumed to be 

present as the tetrapyridine or tetrapicoline thiocyanate. Then~ since 

the total concentration of metal in the organic phase, [M).,
1,0

,was 

known, the apparent partition coefficient, ~~, was computed, for these 

extraction systems, from the relationship 

P* = [pJr.o - 4Ij~Jr.o 
[P:1r,A 

(2) For all those extract~on systems containing zinc, the 

metal in the organic phase was assumed to be present as the dipyridine 

or dipicoline thiocyanate. Then, since the total concentration of 

metal in the organic phase, [MI ,was known, the apparent partition'-T,o 
coefficient, Ft-, was computed, for these extractions,systems, from the 

relationship 

P* = [P:Ir, 0 - 2[M:Ir, 0 
(25) 

[P:Ir,A 

These values of P* then were plotted against the total 

concentration of pyridine or picoline in the aqueous phase. The graphs 

are shown in Figs. 25 to 46. The data from which the graphs were drawn 

are in Appendix XVI. 

Despite the inevitable scatter in the points, two distinct 

trends seemed evident in most of these gra~s: 

(i) Extrapolation to zero concentration of pyridine or picoline 

gave ~~, the apparent partition coefficient at zero concentration of 

* .
The cobalt 2-picoline thiocyanate system was not treated, for reasons 
discussed below. 
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, . 

The apparent partition coefficients, ~~, of pyridine and the picolines 

between chloroform and aqueous O.3-M potassium thiocyanate solutions 

at 25.00 C in the metal pyridine and picoline thiocyanate extraction 

.systems, versus the total concentration of pyridine (or picoline) in 

the 	aqueous phase, [PJr"A' 

NOTES: (1) The data for these graphs are in Appendix XVI. 

(2) 	The solid lines represent the variation of another 

partition coefficient, Pt' with [PJr"A; Pt is defined 

by equation (39); it is used later for the calculations 

given in Appendix XVI. 

(3) 	All metal concentrations specified in the Figures are the 

values initially present in the aqueous phases before 

equilibration. 

LEGEND: Py = pyridine 

Pic = picoline 

p..,FH+ •di' . .. ". = pyrlo mum loon 


. PicH + = picolinium ion 


T = thiocyanate 
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pyridine or picoline in the presence of metal and thiocyanate in the 

aqueous phase. In many cases p*lt- appeared to be less than p, the 

partition coefficient of p~Tidine or picoline in the absence of metal. 

Indeed, p* was apparently lower than p at the lower concentrations of 

pyridine or the picoline. It is to be noted that the partition coeffic

ient of pyridine remained constant, in the absence of metal, as the 

concentration of pyridine in the extraction system approached zero*. 

These facts suggested the existence in the aqueous phase of p,yridine 

(or picoline) complexes of the metal. 

(ii) At higher concentrations of pyridine, the value of p* in 

all cases appeared to exceed that of p•. This suggested additional loose 

,bonding of pyridine in the organic phase. However, such loose bonding 

was not apparent in any of the metal picoline thiocyanate extraction 

'systems. It is unclear why pyridine, and not the picolines, should 

exhibit this apparent tendency. 

It was necessary to obtain the most reliable estimate of p*l!-, 

the apparent partition coefficient of pyridine orpicoline in the 

presence of metal and thiocyanate in the aqueous phase, at zero con

centration of pyridine or picoline. In addition, it was necessary to 

obtain the most reliable estimate of another parameter,' Kt, which is 

defined below in equation (36) where its use will be explained. To find 

the "bestn values of K' and piH:-, a least-squares technique was devised. 

The technique makes use of equations which are derived in the following 

sub-section. The least-squares calculations are somewhat involved; they 

* The data from which this conclusion was drawn are in Table XXXVII. 
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are in Appendix XVI. The ''bestn values of pi'* and K', together with 

their 95 psrcent confidence limits, are in Table LX. 

It is seen in Table LX that for all the metal pyridine thio

cyanate extraction systems which contained pyridinium chloride, the 

extrapolation to zero concentration of pyridine gave a value for p?H~ 

that was somewhat larger than the corresponding value in the absence 

of pyridinium chloride. Only for the cobalt 3-picoline and 4-picoline 

thiocyanate systems were extractions carried out both in the presence 

and absence of added picolinium chloride; again the value ofP** was 

greater when picolinium chloride was present. However, as noted in 

Part V-4-1, the effect of pyridinium or picolinium chloride was to 

reduce slightly the concentration of total p,yridine (or picoline) in 

the aqueous phase and not to change the distribution ratio of the 

metal. The reason for this effect is not understood. 

It is also seen in Table LX that as the initial concentration 
-

of metal in a given. solvent-extraction system was decreased, the value 

of p** approached the known value, p, of the pyridine or picoline 

partition coefficient. This fact points clearly to the existence in 

the aqueous phase of pyridine (or picoline) complexes of the metal. 

The decrease in the observed partition coefficient of the. free 

ligand in the presence of metal can be explained by supposing* that some 

.of the pyridine or picoline in the aqueous phase was present in one or more 

previously unreported mixed complexes of the general formula MP T(2-n). 
mn 

* 	On the basis of this supposition, it is r~adily shown that the value of 
p** must be lower than the value of p which is defined by 

(26) 

(footnote continued) 
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footnote continued 

where [pJb arA [pJ are the con~entrations of free pyridine (or picoline) 
in the organic ~nd aqueous phases, respectively. 

Since 

(27) 

'where [pJb is the concentration of bound pyridine (or picoline) in the 
aqueous phase, then by using the relationships 

(28) 

and 

(29) 

and 

(30) 

equation (23) becomes 

(31) 

For simplicity, the charges on the ions hav~ been omitted. Here and 
elsewhere in the present Section they are understood. As the total 
concentration of pyridine or picoline in the solvent-extraction system 
approaches zero,then so must the total concentration of'metal complexes 
in the organic phase (it was shown previously that the metal thiocyanates 
,were not measurably extracted). Therefore, 

, p 
1:im p* = P** = , (32) 
[pJ --.,. 0 i+ L CMT 1 1L + CM] It.n=l ~ --l,n -~,o 
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TABLE LX 

EXtrapolated value, piH*" of the apparent partition coefficient of pyridine (c ~i.coline) 
between chloroform and aqueous 0.3-M potassium thiocyanate solution" and the VeL: of Kt" 

for each metal pyridine and picoline thiocyanate extraction system at 25.0 ~ 

ILeast-squares Upper and lower 95 va1ue--~f Kt used to 
values percent confidence limits calculate [pJ IExtraction 

~ 

system 
piu(. p{..4',*, Kt" " K' I 

0.OO25-M Co; Py , T l3~3 23.3 13.44 , 13.16 18.4 ,28.2 23.3 
0.0025-M Co; Py , Ta 13.7 11.3 13 .90 , 13.50 5.6 , 17.2 l2..3 

0.OO05-M Co; Py , T 13.96 19.4 14.14 , 13.78 < 0 , 44.8 23.3 
0.OO05-M Co; Py , ~ . 14.15 <0 14.36 , 13.94 <0 , 21.7 11.3 '" 

~ 

0.0025-M Co; 2-Pic , T 
0.0025-M Co; 3-Pic , T 48.2 52.4 49.7 , 46.7 39.3 , 66.8 52.4 
0.0025-M Co; 3-Pic , Ta 50,5 51.6 52.3 , 48.7 36.5 , 68.0 51.6. 
0.OO25-M Co; 4-Pic , T 42.0 48.1 43.1 , 40.9 36.9 , 59.7 48.1 

0.0025-M Co; 4-Pio , Ta 48.0 13.0 49.8 , 46.2 <0 , 28.7 13.0 

0.005-M Ni; Py , T 8.5 129. 9.10 , 7.90 107. ,153. 129. 
0.005-M Ni; Py , Ta 11.4 46.3 11.95 , 10.85 35.2 , 58.7 46.3 
0.OO25-M Ni; Py , T 10.9 115. 11.22 , 10.58 101. ,130. 129. 

0.OOO5-M Ni; Py , T 12.3 286. 12.50 , 12.10 250. ,323. 129. 
b0.0025-M Ni; Py , T , - - - - 129. 

0.0025-M Ni; Py , Ta,b - 46.3 
0.OO05-M Ni; Py , Tb - - - - 129. 

(oontinued) 

I 



TABLE LX (continued) 

Least-squares Upper and lower 95 VaJ" '"! of K' used to 
values percent confidence liwits cc, ..:.late [pJExtraction system 


~"* Kt p""'* Kt 

., 

0.005-M Ni; 3-Pic , rf' 43.0 64.6 46.2 , 39.8 46.7 , 85.4 64.6 

0.005-M Ni; 4~Pic J rf' 33.0 98.3 35.2 30.8 80.0 J li9. 98.3J 

0.005-M Znj 	Py , T 1.3.3 li.8 1.3 .53, 1.3.07 8.2 , 15.4 11.8 

J0.005-M Zn; Py rf' 1.3 .6 7.2 13.76, 1.3.44- 4.8 J 9.6 7.2 

0.005-!-! Zn; 3-Pic J rf' 54.5 9.7 57.5 , 51.5 (0 , 21.7 9.7 
J0.005-M Zn; 4-Pic ~ 51.0 .( 0 56.6 ,45.4 < 0 , 18.1 0 

O.OOl-M Co; Py , T 1.3.5 35.5 1.3.62, 1.3 .38 28.2 , 43.0 35.5 
O.OOl-H Co; pY , -r 14.2 < 0 14.32, 14.08 < 0 , 1.1 0 ~ 
O.OOl-MCo; 3-Pic , ~ 58.0 <. 0 59.8 , 56.2 < 0 , 14.2 0 

O.OOl-M Co; 3-Pic , ~ 50.5 < 0 51.9 , 49.1 <0 , 8.2 
, 
) 

NOTES: (1) 	T means thi.ocyanate. The concentration of metal quoted is the initial value for the 
aqueous phase, before equilibration. 

(2) 	Py = pyridine; Pic = picoline·. 
(3) For the 	definition of Kt see equation (36); for its calculation, see equation (41). 
(4) 	For the determination of the least-squares values and the 95 percent confidence limits, 

see Appendix XVI. 
(5) 	The superscript "atl denotes extractions made in the presence of added pyridinium or 


picolinium chloride. 

(6) 	The superscript "b" denotes extractions made into benzene. 

I 
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It is shown in Appendix XVIIIA that complexes of the type 

MPr (r = 1, 2, 3 ... ) would not alone account for the observed decrease 

in the partition coefficient of the free ligand in the presence of a 

metal and thiocyanate by combi:ning with some of the pyridine (or' 

picoline). Therefore a mixed complex is postulated. The most 

predominant of the metal-pyridine (or metal picoline) complexes was 

shown to be the monopyridinate (or monopicolinate). Therefore, it 

was assumed that the most predominant mixed complex would also be a 

monopyridinate (or monopicolinate). 

2. 	Calculation of Free Pyridine (or Picoline) Concentrations in the 
Aqueous Phases of the Metal Plridine and Picoline Thiocyanate 
Extraction Systems 

The total equilibrium concentrations of metal, pyridine (or 

picollne) and thiocyanate in the aqueous phase of each metal pyridine 

and picoline thiocyanate extraction system were known. 

The concentration of free pyridine (or picoline) in the 

aqueous phase, [p], was obtained from the relationship: 

However, this calculation required the evaluation of [pJb' 

the concentration of bound. pyridine (or picoline) in the aqueous phase. 

Since monopyridine (or monopicoline) complexes (mixed and 

otherwise) have been. proposed as the predominant species of pyridine 

(or picoline) complexes in the aqueous phase, then equation (28) may 

be written as 

= 	 L [M] [p] [TJn Kl . 
n=O 	 ,n 
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Moreover, for an aqueous solution that does: not contain 

significa~t ~~oUnts of the pure and mixed multipyridinates (or 

multipicolinates) of the metal, ~he concentration of free metal in 

the aqueous phase is given by 

= 	 D~,A[M] 
~ Ko,n [TJn + ~ [pJ [TJ\.,n 

where [~ A is the total concentration of metal in the aqueous phase, , 
K is the overall formation constant in aqueous solution of the nth o,n 

metal thiocyanate complex (K = 1 for n = 0), and K... is the overallo,n -~,n 

formation constant of the nth metal pyridine (or picoline) thiocyanate 

complex (K... f 0 for n = 0). Since the concentration of free thio
-~,n . 

cyanate, [T], was maintained essentially constant* in the aqueous phase 

of every extraction experiment, then equations (33) and (34) give 

[MJr J A [pJ K' 
[p~ = (35) 

1 + [p] K' 

where L -In n=o S 	n LTKt = 	• a (36)
L KITJn n=o o,n 

From equations (27) and (35), 

[pJ 

It is evident that, provided Kt can be evaluated, equation 

(37) provides a means of evaluating [pl the concentration of free 

pyridine (or picoline) in the aqueous phase. It proved possible to 

obtain Kt by the method described below: 

* This constancy is affirmed by the data in Appendix XVIIIB. 
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The apparent partition coefficient, p*, has been defined by 

equation (23); it may be written in terms of different parruneters. 

Thus 

(3s) 

where [p~ A is the total concentration of pyridine (or picoline) in , 
the aqueous phase, and [pJ and [P]l are, respectivelY, the concentrationso 

of free and looselY-bonded* pyridine (or picoline) in the organic phase. 

Another form of partition coefficient, Pt'was defined as follows: 

[pJ + ep]lo (39)
[p] 

where [PJ is the concentration of free pyridine (or picoline) in the aqueous 

·phase. 

Combination 	of equations (37), (38) and.(39) gives 

Pt -P* 	 [M:3r,A K' 
= (40) 

p* 1 + [p] Kt 

from which 

lim Pt 	- 1'*' p - P** 
!P!- = = [M~ T,A K' (41)

~"*[p] T A ~ 0, 
where p** has been defined by equation (32), and. tabulated in Table LX. 

From the known values of p, ~"* and [M~ A for e~ch of the specified metal 
. 	 , 

pyridine and picoline thiocyanate extraction systems, the corresponding 

values of K' were computed. They are given ~n Table LX, together with 

* ItLooselY-bonded" designates pyridine not bonded directlY (through the 
nitrogen atoill) to the central metal ion, but nevertheless associated with 
the metal pyridine thiocyru~ate complex in· the organic phase. 
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their 95% confidence limits"!-. 

A range of initial metal concentrations ~ms used in the 

nickel and cobalt pyridine thiocyanate extraction systems. For these 

systems, independent estimates of Kt were obtained; they are also in 

Table LX. 

From the values of Kt the sought-for values of [pJ for each 

extraction system were calculated by using equation (37) and the 

experimental values of [M'" A and [PJr A. These experimental data,:..JII', , 

together with the computed values for [pJ are in Appendix XVI. The 

values of [PJ are required in later sections. 

Only a few experiments were carried out during the study of 

the distribution of nickel pyridine thiocyanate between benzene and 

O.3-M potassium thiocyanate. The concentration of free pyridine was 

found by using a value for Kt of 129 or 46.3**.; these values had been 

found from the distribution of nickel pyridine thiocyanate between 

chloroform and aqueous O.3-M potassium thiocyanate solution, where more 

data were available. 

Where Kt had been found for a range of initial metal 

concentrations (cobalt and nickel pyridine thiocyanate extraction 

systems), the value found in the case of the highest metal concentration 

(O.0025M for cobalt.; O.005M for nickel) was used to calculate [PJ for 

those particular systems; it is seen from the 95 percent confidence 

limits of Kt given in Table LX for these systems that this value of K' 

~-
In some cases the "bestH 'value of If.Hr was very slightly greater than 
p, thereby resulting in a negative value for Kt. For these cases, 
the 95 percent confidence limits of Kt always included a value of zero, 
and a more positive value; the nb~s'tl'value of Kt was then taken to 
be zero. 

** The value of 46.3 was used where pyridinium chloride had been added to 
the aqueous phase. 
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was likelY to be the most accurate. 

A limited study had been made of the cobalt 2-picoline thio

cyanate extraction system. The concentrations of free 2-picoline in 

these extraction experiments were not calculated for the following 

reasons: (1) a concentration of 2-picoline of 3.67M in the organic 
I 

phase was required to extract 99.2 percent of the cobalt; over this 

range (zero to 3.67M) of 2-picoline concentrations it was expected 

that neither the activity coefficients nor the 2-picoline partition 

coefficient would remain constant; and (2) because of the high 

concentration of 2-picoline in the aqueous phase*, it was expected that 

onlY a small proportion of it (less" than one percent) would be 

complexed. Therefore, the total concentration of 2-picoline in the 

aqueous phase was a good approximation to the free 2-picoline con

centration of that phase • 

. 3. Calculation of Stepwise Formation Constants in the Organic Phase 

The average number of pyridine or picoline ligands, n, 

bound to each metal atom in the organic phase was found from the 

relationship 

(42) 

where CMI and [pJT are the concentrations of total metal and total 
~,o ,0 

pyridine (or picoline), respectively, in the organic phase, and [p~ is 

the concentration of free pyridine (or picoline) in the organic phase. 

* hhen 2-picoline was present in the aqueous phase, the ratio of 2
pi~oline to metal in that phase increased from a value of 1.5 to about 
10 while the percent extraction increased from 1~52 percent to 99.2 
percent (see Table XLVIII). . 
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Dimers of the m~tal were sou&~t for but not found in the 

organic phase (see Part V-4-l). Therefore, calculations were based 

on the metal in'the organic phase being present on~ as the metal 

dipyridine (or dipicoline) thiocyanate, [}~2T;Jo' and t~ metal tetra

pyridine (or tetrapicoline) thiocyanate, [MP T2J ' 
4 O
 

Therefore 


2[MP2T;3 0 + 4[MP4T2J 0 

n = 
[MP2T;J 0 + [MP4T;J 0 

For the following equilibrium in the organic phase: 

[ MP4T;1 0 
(44) 

whence 

n - 2 z = 
4-n 

A plot of z against [pJ~ should give a straight line with 

slope k
4

• In practice, z versus [pJ~ was convenient when the di

pyridinate (or dipicolinate) was the predominant sp9cies, and z-l 

versus [PJ:~ was convenient when the tetrapyridinate was predominant. 

The calculations are in Appendix XVII, as are the detailed 

results. In summary the results are as follows:, (1) the pyridine, 3

picoline and 4-picoline thiocyanates of cobalt, nickel and cadmium are 

* .It has been shown ~n Part V-3 that the metal thiocyanates themselves 
were not measurab~ extracted in the absence of pyridine (or picoline). 
The metal thiocyanate concentration in the organic phase may therefore 
be ignored. It is concluded in Part VII that the organic phase con
tained on~ metal dipyridine (or dipicoline) thiocyanates and metal 
tetrapyridine (or tetrapicoline) thiocyanates. 
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present in the organic phase almost exclusively as the metal tetrapyridine 

and tetrapicoline thiocyanates; and (2) the pyridine, 3-picoline and 4

picoline thiocyanates of zinc are present in the organic phase almost 

exclusively as the metal dipyridine and dipicoline thiocyanates. 

The preponderance of one complex species in the organic phase 

made impossible the calculation of a useful value for k • Qualitatively,
4

the results are useful, and they are confirmed in a later.section by an 

independent method. 

4. 	Estimation of the Product of the Partition Coefficient of the Metal 
pyridine (or Picoline) Tniocyanate Complex and the Overall Formation 
Constant of the Complex in the Aqueous Phase 

It has been shown in Part V-4-l that the existence of poly-

nuclear species in the organic phase was unlikely. Therefore the 

distribution ratio, D, of the metal between the aqueous and organic 

phases is given by 

(46) 

where [MP2T;Jb and [MP4T;Jb represent the concentrations, in the organic 

phase, of metal dipyridine (or dipicoline) thiocyanate and metal tetra

pyridine (or tetrapicoline) thiocyanate respectively, and [MPm~J 

represents the concentration of every mononuclear metal species in the 

aqueous phase. 

It will be assumed that the activity coefficients remain nearly 

constant* throughout the range of concentrations used. 

* Since the extraction of each metal.pyridine and pic6line thiocyanate was 
made from an aqueous medi~~ of nearly-constant ionic strerigth 

(footnote continued) 
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. The partition coefficients of the extractable metal complexes 

now are given by 

[MP2;Jo 
(47)

[MP2T2] 

and 

The formation constant, K ,of each mononuclear metal m,n 


p,yridine (or picoline) thiocyanate species in the aqueous phase is 


given by 

. and so 

D = P2 IS,2 (1 + B[p]2) [P1[T]2 
(;0) 

~ ~ Km,n [pT [TT 

where 

B = P4 K4 •2 (51) 
P2 IS,2 

* (O.3-M potassium thiocyanate), it was expected that the activity 
coefficients of all species in the aqueous phase would remain almost 
constant. The activity coefficients of metal pyridine and picoline 
thiocyanate complexes in chloroform (or in benzene) have not been 
reported; for the purposes of the present section, the activity 
coefficients of these species were assumed to remain constant, and 
to have values very near unity. 
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Equation (50) reduces ~o 

D = P2 IS,2 (1 + B[)I) [pt 


A + f[)] 


where 

\" K 0T] n-2A = L L (53)n=o o,n 

and 

It may readily be shown that equation (52) then leads to 

where 
2 BIp1 

(56)~ = 1 + B[p]2 

and 

[PJflCPJ
R2 = (57) 

A + r[pJ 

where fl[P] is the partial derivative of i[pJ with respect to [p]. 

It is evident that Rl increa.ses from a value of zero to a 

maximum value of two as LP] increases. 

It is shown in Appendix l"VIIID that 
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LP] Kt 

1 + [p] Kt 

where Kt is a constant defined by equation (36). 

It is evident from equation (58) that R2 increases from a 

value of zero to a maximum value of unity as LP] increases. 

It therefore follows that a plot of log D versus log [p] 

will have a minimum slope of two* and a maximum slope of four. In 

between these limits of slope there will be curvature. 

In Figs. 47 to._50, plots are given for log D versus log Lp], 

at constant thiocyanate concentration,· for the various metal pyridine 

and picoline thiocyanate extraction systems studied. It is seen that 

the curves are apparently linear from the smallest value of log LP] 

. up to nearly the largest value of log [pJ. The slope of the linear 


portion of each curve is in Table LXI. The slopes for the pyridine, 


3-picoline and 4-picoline thiocyanates of cobalt, nickel and cadmium. 


were each four; those for the p,yridine, 3-picoline and 4-picoline 

thiocyanates of zinc and the 2-picoline thiocyanate of cobalt were each 

two. 

These observations made it clear that, over the entire range 

of free pyridine (or picoline) concentrations used in the present 

investigation the value of ~ ~ms (i) very close to two for the cobalt, 

nickel and cadmium pyridine (3-picoline and 4-picoline) thiocyanate 

systems; and (ii) very close to zero for the cobalt 2-picoline thio

cyanate system and for the zinc pyridine, 3-Pl.coline and 4-picoline 

thiocyanate systems. 

* If Rl is near zero for all pyridine (or picoline) concentrations, 

then a plot of log Dyersus log [!J may have a minimum slope of 

unity. . 
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FIGURES 47 to 50 

The logarithm of the distribution ratio of t~e metal, log D, 

versus the logarith~ of the free pyridine (or picoline) 

concentration in the aqueous pnase, log [p], for each of the 

metal pyridine and picoline thiocyanate extraction systems. 

NOTES: (1) The data for these graphs are in Appendix XVI. 

(2) 	All metal concentrations specified in the 

Figures are the values initially present in 

the aqueous phase, before equilibration. 

(.3) 	The system was chloroform in equilibrium 

with a 0.3-M aqueous solution of potassium 

thiocyanate, containing metal ion and pyridine 

(or picoline) at 25.0oC. In one case benzene 

replaced chloroform. 

LEGEJ.il"D: Py = pyridine 

PyH+ = pyridinium ion 

Pic = picoline 

PicH+ = picolinium ion 

T = thiocyanate 
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TABLE LXI 

Apparent slope of the line log D versus log [pJ (from Figs. 
47 to 50) for the metal pyridine and picolirie thiocyanate 

extraction systems (in chloroform) at 25.0oC 

Apparent slope of logMetal 	(II) Ligand D versus log [pJ 

Pyridine 4.00 

2-Picoline 1.96Cobalt 
3-Picoline 3.93 

_ 4-Picoline 3.98 

Pyridine 3.95 
Pyridine* 3.98Nickel 

i 	 3-Picoline 3.97 
4-Picoline 3.98 

Pyridine ,2.00 
Zinc 3-Picoline 1.99 

4-Picoline 1.99 • 

Pyridine 4.00 

Cadmium 3-Picoline 4.00 

4-Picoline 4.02 

*Extraction into benzene. 
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However, at the highest values of log [pJ for some extraction 

systems the slope of the curve was somewhat less than four, or less 

than two. This reduction in slope is due to the significant contribution 

of R2 at these higher concentrations of free pyridine (or picoline). 

In Fig. 51, plots are given of R2 versus log [pJ at different values 

of Kf. It is seen, for example, that at a pyridine (or picoline) 

concentration of 10-~ (log [pJ = -2.0), R2 has a value of zero or 

0.2 corresponding to a K' value of zero or 25, respectively. Therefore, 

when Kt is 25 a plot~f log D versus log [pJ should have a slope of 

about 3.B at a pyridine (or picoline) concentration of 10-~.; this. 

is approx:i.ma.tely the slope observed at 10-~ pyridine for the cobalt 

pyridine thiocyanate extraction system (Kt = 23.3; see Table LX). 

For the case where ~ has a value near two, then the ratio 

B, as defined by equation (51), is much gI-eater than [pj2. Equation 

(52) may now be written as 

. log P4 K4,2 = Ipg D - 4 ~og [p] + log (A+ f[?J) 

For the case where ~ has a value near zero, then the ratio 

B is much smaller than [pj2. Equation (52) may now be written as 

l,?g P2 K2,2 = log D - 2 log [pJ + log (A + f[pJ) (60) 

It is shown in Appendix XVIIID that 

(61) 
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FIGURE 51 

Plots of R2 versus log [pJ for different 
values of K' 

NOTES: (1) R:2 was calculated from equation (58): 

[PJ Kt 

~ = 1 + [pJ K' 

(2) 	K' is a constant defined by equation (36). 

(3) 	[p] is the 1'ree' pyridine (or picoline) 

concentration in the aqueous phase. 
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Equations (59) and (60), respectivelY, are now written as 

log P4 K ,2 = log D - 4 log [p] + log A + log(l + [p] Kt) (62)
4

a.nd 

log P2 K2,2 = log D - 2 log [p] + log A + log(l + [p] Kt) (63) 

The values of log D, log LP], [p] and Kt were lalown for each 

metal pyridine and picoline thiocyanate extraction system; they are 

tabulated in Appendix XVI. The values of log A have been computed-ll

a.nd tabulated in Appendix XVIIIC. For each~Hl- extraction system, these 

values were used to compute P2 K2,2 (or P4 K ,2) for each extraction4

experiment. The mean value of P2 K2,2 (or P4 K ,2) and its standard4
deviation then were computed for each of the metal pyridine and picoline 

thiocyanate extraction systems. The results are in Table LXII. 

A statistical analYsis->HHf- of the data was ,then made. Thus 

it was found thp.t the mean values of P4 K ,2 (or P2 K2,2) were not4
significantlY different (1) when the initial concentration of metal was 

varied for either the extraction of cobalt or nickel pyridine thiocyanate 

* 	 It is shown in Appendix XVIIIC that if the concentration of free thio
cyanate in the aqueous phase is varied by ± 2 percent, the distribut
ion ratio will vary by only ± 1 percent. . 

iHl-	
For reasons discussed previouslY, Kt had not been evaluated for the 
cobalt 2-picoline thiocyanate system. Therefore~] could not be 
evaluated at all the experimental points. To obtain an estimate- of 
l?2 K2 2 for this system, the value of log [p] was read from the graph 
(Fig.'47) at log D = 0 (the approximate mid-point of the curve). Then 
P:2 K2,2 was found from the equation 

log P2 K2,2 = log A - 2 log [p] 
iHHr 

The t-test of significance (63) for the difference between means was 
used. 



TABLE LXII 

Mean value and standard deviation, sx' of the product P2 K2,2 (or P4 K4,2) 
for each of the metal pyridine and picoline thiocyanate extraction 

osystems at 25.0 C 

Extraction system 	 Composite mean valueP2 ~,2 Sx P4 K4,2 Sx 

P2 K2.2 P4 K4 2 

0.0025-M Co; Py , T - 8.96 x lOll 0.85 x 	 lOll 

0.0025-M Co; Py , ~ - 8.75 x lOll 0.84 x 	lOll 9.02 x lOll 
0.0005-M Co; Py , T - . 9.08 x lOll 0.84 x lOll 

lI.> 
<l'0.D005-M Co; Py , ~ - 9.43 x lOll 0.32 x lOll t-' 

104 I 
0.OO25~M Co; 2-Pic , T 8.51 x 	  -
0.0025-M po; 3-Pic ,'T 	 2.42 x 1014 0.40 x 1014- 2.61 x 1014 
0.OO25-M Co; 3-Pic , ~ - 2.96 x 1014 0.64 x 1014 

0.OO25-M Co; 4-Pic , T 	 1.29 x 1015 0.17 x 1015- 1.44 x 1015 
0.OO25-M Co; /i.-Pic , rf' - 1.72 x 1015 0.38 x 1015 

0.OO5-M Ni; Py , T - 3.82 x 1014 1.24 x 1014 

0.OO5-M Ni; Py , ~ - 3.04 x 1014 0.63 x 1014 
3.42 x 1014 

0.OO25-M 	Ni; Py , T - 3.42 x 1014 0.38 ,x 1014 

10140.0005-M Ni; Py , T -	 3.10 x 1014 0.65 X 

0.OO25-M Ni; Py , Tb - 5.36 x 1012 0.28 x 1012 

1012 12 120.0025-M Ni; Py , Ta,b - ' 3.81 x 0.37 x 	10 4.77 x 10 

10120.0005-M Ni; Py , Tb - 4.91 x 10l:? 0.58 x 

(continued) 



TABLE LXII (continued) 

Composite mean valueExtraction system s 	 sP2 K2,2 x P4 K4:1 2 x 
P2 lS.z P4 K4 •4 

16 	 160.005-M Ni; 3-Pic :I rfJ' - 8.87 x 	10 4.31 x 10

1017 10170.005-M Ni; 4-Pic , rfJ' - 5.83 x 1.98 x 

0.005-11 Zn; Py , T 2.40 x 107 0.14 x 107 - 2.43 x 107 

0.005-M Zn; Py :I rfJ' 2.48 x 107 0.22 x 107 
0.005-M Zn; 3-Pic , rfJ' 2.38 x 109 1.0.5 x 109 
0.005-M Zn; 4-Pic , rfJ' 4.02 x 109 1.60 x 109 
O.OOl-M Cd; Py , T 2.88 x loll 0.32 x lOll- 2.76 x lOll 
O.OOl-M Cd; Py , rfJ' - 2.62 x lOll 0.31 x lOll I\) 

1014 1014 	 R>O;OOl-M Cd; 	 3-Pic , rfJ' - 1.47 x 0.46 x 
I 

1014 1014O.OOl-M Cd; 	 4-Pic , rfJ' - 4.95 x 1.26 x 

NOTES: (1) 	T means thiocyanate. The concentration of metal quoted in the initial value for the aqueous 
phase, before equilibration. 

(2) 	Py = pyridine; Pic == picolir;l.e. 

(3) For the 	definitions of P4' P2' K ,2 and K2,2 see equations (47) to (49); for the calculation
4

of the product P4 K4,2 and P2 lS,2 see equations (62) and (63), respectively. 

(4) The standard deviation, s , was calculated on the basis of N observations and N-1 degrees of xfreedom. 

(5) 	The superscript "an denotes extractions made in the presence of added pyridinium or 
picolinium chloride. 

(6) 	The superscript ttbtf denotes extractions made into benzene. 

(7) 	The basic data for the calculations are in Appendix XVI • 

.,.. 
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into chloroform, or for the extraction of nickel pyridine thiocyanate into 

benzene; (2) when pyridinium chloride was either present or absent during 

the extraction of cobalt, nickel, zinc and cadmium pyridine thiocyanates 

into chloroform; and (3) when picolinium chloride was either present 

or absent during the extraction of cobalt 3-picoline thiocyanate into 

chloroform. Only for the extractions of nickel pyridine thiocyanate 

into benzene and cobalt 4-picoline thiocyanate into chloroform were the 

mean values of P4 K ,2 found to be different in the presence of added
4

pyridinium and picolinium chloride, respectively; in the former case, 

the presence of added pyridinium chloride resulted in a smaller value of 

P4 K ,2; in the latter case; the presence of added picolinium chloride
4

resulted in a :,-&rger value of P4 K ,2. The former case was not taken to
4

. be significant for the following reasons: (1) the statistically

different value of P4 K ,2 was based on only 5 observations; and (2)
4


pyridinium chloride had no measurable effect on the mean value of 


P4 K ,2 for the extraction of nickel pyridine thiocYaJ:.late into chloroform
4


where many more data were available. The latter case was not taken to 


be significant for the follOwing reasons: (1) the different value of 


P4 K ,2 was only barely significant at the 5 percent level (2-tailed

4


test) and not at the 5 percent point (one-tailed test); and (2) this· 


different value of ,P4 K ,2 could reasonably. be attributed to chance.4
It was concluded that neither the initial concentration of 

metal in an extraction system nor the presence of added pyridinium or 

picolinium chloride in the aqueous phase had any significant effect 

upon the computed value of P4 K ,2 or P2 K2,2 for that extraction system.4

It follows that a plot of log D versuS 10g[:P] for a given extraction 


system is independent both of the metal concentration in that extraction 
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system and of the presence or absence of added pyridinium (or picolinium) 

chloride in the aqueous phase. 

As noted in Part V-4-l, a reduction in the initial concentration 

of metal in the cobalt and nickel pyridine thiocyanate extraction systems 

resulted in a small displacement of the sigmoid distribution curve to 

lower pyridine concentration. For these distribution curves, the 

distribution ratio, D, was plotted against the total concentration of 

pyridine in the aqueous phase [PJ.r,A. It is clear from the data in 

Figs. 47 and 4B for these extraction systems, and from the preceding 

discussion, that a plot of D versus [pJ, the concentration of free 

pyridine in the aqueous phase, would reveal no such displacements in 

the curves. These displacements may therefore be attributed to 

complexed pyridine in the aqueous phase. 

The addition of pyridinium (or picolinium) chloride to a 

given extraction system also resulted in a small displacement of the 

sigmoid distribution curve to lower pyridine (or picoline) concentration. 

This effect was noticed (see Part V-4-l) in the cobalt, nickel, zinc 

and cadmium pyridine th:iocyanate extraction systems and in the cobalt 

3-picoline and 4-picoline thiocyanate systems. However, the reason for 

this curve displacement remains unexplained even though the computed 

value of P4 K ,2 is not influenced by the presence or absence of4
pyridinium (or picolinium) chloride. 

Since neither the initial metal concentration in the extraction 

system nor the presence of pyridinium (or P1colinium) chloride in the 

aqueous ~~ase had any significant effect upon the computed mean value of. 
P4 K4,2 (or P2 K2,2)' the composite means were calculated. It was the 

purpose of thd present sub-section to obtain these values and those of 
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P4 K4,2 or P2 K2,2 found for the other extraction systems. They are 

discussed in Part \~I. 



PART VII 


DISCUSSION OF RESULTS 
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1. Introduction 

In the present work, all extractions of the metal pyridine 

and picoline thiocyanates into chloroform (an~, in the case of nickel 

pyridine thiocyanate, into benzene) were from aqueous solutions of 

nearlY-constant ionic strength. This medium was provided by O.3-M 

potassium thiocyanate. It was therefore expected that the activity 

coefficients of all species in the aqueous phase would have remained 

constant throughout the range of concentrations used, thus making it 

possible to express the law of mass action in terms of concentrations. 

It was shown in Part VI that for the present solvent-extract

ion systems, the distribution ratio of a metal between the two almost

immiscible phases was a function of the equilibrium concentration of 

free pyridine (or picoline) in the aqueous phase. Further, this function 

contained constants characteristic of the particular metal pyridine (or 

picoline) thiocyanate. 

The purposes of the present Section are to interpret the 

extraction results, and to indicate their use in analYtical chemistry. 

1-1. Nature of the Extracted Metal Complexes 

(a) Experimental Considerations 

It was shown in Part V-3-4 that the meta~ pyridine and picoline 

thiocy~~ates, but not the corresponding chlorides, were extracted into 

the organic phase of the specified solvent-extraction system. It was 

also shown there that neither the metal thiocyanates nor the metal 

chlorides were themselves measurablY extracted into chloroform. In 

Part V-4, experiments were reported which established that the molar 

ratio of thiocyanate to metal in the organic phase was always twice unity. 

t 
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In Part VI it was concluded that either two or four pyridine (or picoline) 

ligands were bonded to each metal thiocyanate molecule in the organic 

phase. Mono-, tri-, penta-, and higher pyridinates (or picolinates) 

of these transition-metal thiocyanates (cobalt, nickel, zinc and 

ca~uium) in either chloroform or beuzene were not found in the present 

investigation, nor have such species been reported in the chemical 

literature. Finally, the experimental work of the present investigation 

showed that dimers and higher aggregates of the metal complexes were 

absent in measurable amounts from the organic phase, Qver the 

concentration range studied. 

From the above observations it was concluded that the metal 

was present in significant amounts in the organic phase only as the 

metal dithiocyanate to which were bonded either two or four pyridine 

(or picoline) ligands. 

Since cobalt-ammine complexes are known to be readily oxidized 

by molecular oxygen both in aqueous (120) and non-aqueous (121) 

solutions, it was considered possible for the extraction systems contain

ing cobalt that some of the metal had been oxidized to the tervalent 

state. However, experimental evidence was presented in Part V-3-2 

which established. that equilibrium was attained within 10 seconds of 

mechanical shaking for the cobalt pyridine thiocyanate extraction 

system; it is unlikely that, for a molecular process such as the 

oxidation of divalent cobalt, equilibrium would be attained so rapidly. 

In addition, it was shown in Part V-4-2, that when pyridinium chloride 

was added to two extraction experiments, which were otherwise identical, 

the distribution ratio of cobalt was not changed although the pH of the 

aqueous phase ~ms lowered considerably (compare, for example, the data 
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in TablesLA and LIrA). Moreover this same effect was noted for the 

other metals (nickel, zinc and cadmium). On the basis of this additional 

evidence it was concluded that tervalent cobalt was absent from the 

aqueous phase. Final1y, it has been found (119) that the overall 

formation constant of cobalt tetrapyridine thiocyanate in benzene at 

250 C is the same whether or not the solvent has been dried, and whether 

or not the solvent has been purpose1y aerated or de-aerated. 

Ion pairs of the type (PH+)2 [ CO(NCS)f:] , where PH+ is 

pyridinium or picolinium ion, were considered unlikely to be ·present. 

As evidence, it was shown in Part V-4 that none of the metals was 

extracted from an aqueous solution containing on1y the metal, potassium 

thiocyanate and pyridinium (or picolinium) ion. Additional evidence 

is presented below. 

The possible existence of ion pairs o~ the type [ COP4++' 

CO(NCS);J in the organic phase was also considered. However, it was 

shown in Part VI that, for example, 3.97 ± 0.04 mole of pyridine, 

3-picoline or 4-picoline was associated with each mole of cobalt in the 

organic phase. It may be calculated* that less than 4 percent of the 

cobalt could be present as such an ion pair. Similar~, it may be 
i 

calculated that less than 7 percent of the cobalt could be present as 

[cop~, Co(NCS);J ~ 

(b) Considerations froo Coordination CheoistEY 

It was concluded in the previous .sub-section that the metal 

complexes in the organic phase were eit~er four- or six coordinated, 

* .If x is the mole fraction of cobalt present as such an ion pair, then 
I-x is the fraction present as cobalt tetrapyridine (or tetrapicoline) 
thiocyanate. Thus, in the worst case: 2x + 4 (1 - x) = 3.93 ; x = 0.035. 
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and that each contained two thiocyanate ligands and either two or tour 

pyridine (or picoline) ligands. 

Schaffer (72) found from infrared spectra that either end of 

a thiocyanate ion can bond to a metal ion, but that generallY a given 

metal ion will much prefer one end to the other. Thus, divalent cadmium 

is the only known example of coordination throug.'1 either sulphur or 

nitrogen; divalent cobalt, nickel and zinc are bound to nitrogen. 

Recent infrared studies by Larsson and Miezis (96) have shown that the 

thiocyanate ion is bound through nitrogen to the metal in thepyridine 

thiocyanate complexes of cobalt, nickel, copper, zinc and cadmium. 

The pyridine or picoline ligands of the complexes have been 

shown conclusively by infrared studies (97) to be bound through the 

nitrogen. 

For coordination number six, three geometrical configurations 

of ligands about the central metal atom are possible; these are planar, 

octahedral and trigonal-prismatical. Of these, th.e octahedral arrange

ment is the most stable (122) since it corresponds to the greatest 

separation of ligands. Two main types of octahedral metal complexes 

are recognized. They are outer complexes and inner (penetration) 

complexes, charac~erized by bond formation with sP?d2 and d2sp3 nybrid 

orbitals of the metal ion, respectively•. Since neither zinc nor cadmium 

have vacant inner d orbitals, only outer complexes are possible. 

Cobalt and nickel do have vacant inner d orbitals, 50 inner and outer 

complexes are possible. However, outer complexes more readily undergo 

reversible dissociation (122), and so do the metal pyridine and picoline 

thiocyanates (100,107,108). This suggests that the cobalt and nickel 

pyridine (and picoline) thiocyanates may be characterized by S~d2 r~brid 
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orbitals. 

For metal complexes with a coordination number of four, the 

possible configurations are tetrahedral (using sp3 or sd3 hybrid 

orbitals of the metal ion) or square planar (using dsp2 hybrid orbitals 

of the metal ion). The choice of arrangement depends upon which orbitals 

of the metal ion are available. Where Cl orbitals cannot be used for 

energy reasons, a tetrahedral configuration is found as, for example, 

in complexes of divalent zinc and cadmium. 

Libus and Uruska (109) have shown from their spectral studies 

that, in monochlorobenzene solution, the dipyridine chlorides of di

valent manganese, cobalt, nickel, copper and zinc are tetrahedral, and 

the tetrapyridine chlorides are octahedral. Graddon and Watton (100) 

concluded from a study of magnetic properties and spectra that, in 

chloroform solution, cobalt complexes of the type CoP2(NCS)2 and 

COP (NCS)2: where P = pyridine, 2-picoline*, or 4-picoline, are tetra
4

hedral*lr and octahedral, respectively. Similar studies by Vallarino 

and co-workers (108) showed that, in dichloromethane solution, nickel 

complexes of the type NiP2(NCS)2 and NiP4(NCS)2' where P =2-picoline*, 

3-picoline or 4-picoline, are tetrahedral and octahedral, respectively. 

Nelson and Shepherd (99) showed from magnetic and spectral studies' in 

chloroform solution that nickel co~plexes of t.he type NiP2(NCS)2 and 

NiP (NCS)2' where P = pyridine, 3-picoline or 4-picoline, are tetra4
hedral and octahedral, respectively. 

From these considerations it is concluded that in the low-

dielectric solvents chloroform and benzene, the dipyridine (or dipicoline) 

* The tetra-2-picoline thiocyanate could not be formed (100). 

** Cobalt dipyridine thiocyanate has been shown to exist as a tetrahedral 
monomer in nitrobenzene solution (73). 
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and tetrapyridine (or tetrapicoline) thiocyanates of the transition 

metals studied had tetrahedral and octahedral configurations, respect

. ive~•. This conclusion is further supported by the molecular~odel 

studies reported below. 

(c) 	Molecular-Model Studies 

Molecular models* 	of the metal pyridine and picoline thio
.. 

cyanatea were constructed. 

For the metal dipyridine and dipicoline thiocyanates it was 


possible to construct models corresponding to square-planar (cis and 


trans) arrangements for each of the metal pyridine, 2-picoline, 3

picoline and 4-picoline thiocyanates. However, this square-planar 


configuration was possible on~ if the plane of each pyridine or 


picoline ligand was perpendicular or nearly perpendicular to the 


thiocyanate-metal-thiocyanate plane (cis) or axis (trans). 


For tetrahedral models, steric hindrance 'was evident o~ 


for the 2-picoline complex; this effect could not be avoided by 


suitable orientation of the 2-picoline molecules. However, tetrahedral 


rather than square-planar 2-picoline thiocyanates are known to exist 


in solution (98,100); the present molecular-model evidence suggests 


that some of the bond dist~~ces in these tetra~edra must be somewhat 


lengthened. 


Planar, octahedral and trigonal-prismatical arrangements of 


ligands are possible for divalent metals of coordination number six. 


Of these possibilities, on~ the trans-octahedral~~configuration of 


* Courtauld Atomic Models (Griffin and George, Limited, London) were used. 

** The trans-octahedral configuration has been reported for the pyridine, 

3-picoline and 4-picoline halides of cobalt (110) and nickel (97). 
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the metal tetrapyridine (or tetrapicoline) thiocyanates could be 

constructed; this was possible only if the plane of each pyridine or 

picoline ligand was orientated at approximately 450 to the thiocyanate

metal-thiocyanate axis~ to give a propeller-type orientation of the 

pyridine or picoline ligancs. This propeller-type of orientation has 

been found (Ill), from crystallographic studies, for nickel tetra-

p,yridine chloride and bromide. The corresponding cis-configurations 

apparently are unknown. 

Extreme steric effects were evident in models of the 2-
picoline complexes. In Part VI it was pointed out that a very high 

concentration of 2-picoline was required to effect even 50 percent 

extraction of cobalt 2-picoline thiocyanate into chloroform. Infrared. 
studies have shown that the presence of a methyl group in the 2

position on the pyridine ring prevents the formation of cobalt tetra-2

picoline thiocyanate in either a chloroform solution of 2-picoline (9B) 

or in pure 2-picoline (100). Magnetic and spectral studies have shown 

(lOB) that solid nickel tetra-2-picoline thiocyanate does not form. 

The present molecular-model studies illustrate that steric hindrance 

is the cause of this marked instability. 

The molecular-model studies confirmed the conclusion reached 

previously, namely that the metal pyridine and picoline thiocyanates 

would be extracted exclusively as tetrahedral and octahedral complexes. 
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2. Intercomparison of Extraction S;rste;.-,s 

It was shown in Part VI that over the range of pyridine and 

picoline concentrations used in the present investigation: (a) the 

pyridine, 3-picoline and 4-picoline thiocyanates of cobalt, nickel and 

cadmium were extracted alrr~st excl~sively as the metal tetrapyridine 

and tetrapicoline thiocyanates; Cb) the zinc pyridine and picoline thio

cyanates were extracted mainly as the dipyridine and dipicoline species; 

and (c) cobalt 2-picoline thiocyanate was extracted main~ as the di

picoline species. 

The product of the partition coefficient of the extracted 

species (P2 or P4) and its overall formation constant in the aqueous 

phase (K2,2 or K ,2) was also found in Part VI for each-of the metal
4

p,yridine and picoline thiocyanates; the values found for these products 

are given in Table LXII, and they have been incorporated into Table 

LXIII. 

The purpose of the present section is to interpret as f~ 

as possible the differences in the values between metals, of this 

product P2 K2,Z or P4 K4,2' For a given metal complex*, either Pz K2,2 

or P4 K ,2 (but not both) had been found in Part VI from experimental
4

data. It was considered useful to try to estimate the value of the 

unmeasured product P2 K2,Z or P4 K ,2 for the compl~xes of manganese,4
cobalt, nickel, copper, zinc and cadmium in the hope of broadening the 

interpretation of their values. To obtain such estimates the following 

equation was used: 

* Henceforth this term will refer to a metal pyridine (or picoline) 
halide or thiocyanate. 
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TABLE LXIII 

Estimated values of k4, and computed values of P2 K2,2 and 
P4 K4,2 for the metal pyridine and picoline thiocyanates 

in chloroform (or benzene) at 250 C 

Metal CII) Ligand p k P2 K2,2 	 P4 K4,24 

Pyridine 	 14.1 2.3xlO5 - -
Pyridine~' 2.93 9.0xl05 - 

Manganese 
 3-Picoline 54.7 7.lxl04 - 
4-Picoline 47.2 2.3xl05 - -
Pyridine 14.1 .5.4xJ,.O4 S.4xJ,.04 (9.02xlOll ) 

Pyridine* 2.93 2.1xl05 - 
Cobalt 	 2-Picoline 41.2 ca 1.OxlO -6 (S.51xlO4) l.W02 

3-Picoline 54.7 1.7xJ.04 5.1xl06 (2.6lxJ.014) 

4-Picoline 47.2 5.4xl04 1.2xl07 (1.44xJ.0~5 ) 

Pyridine 	 14.1 4.0xl0S 4.3xJ.03 (3.42xl014) 
Pyridine* 2.93 1.6xJ.09 3.5xJ.02 (4. 77xJ.012) 

Nickel 3-Picoline 54.7 1.2xlOS 2.5xJ.05 (S.S7xJ.016) 

4-Picoline 47.2 4.Ox.lOS 6.5xJ.05 (5 .S3xJ.017 ) 

. 	 Pyridine 14.1 6.5xJ.04 - -
Pyridine* 2.93 2.5xJ.05 - 

Copper 
 .3-Picoline 54.7 2.0xl04 · - 
4-Picoline 47.2 6.5xJ.04 - -
Pyridine 14.1 < 10 (2.4.3xJ.07) ( 4.8x:10l0 

Pyridine* 2.9.3 < 39 - ... 
Zinc 3-Picoline 54.7 .3 (2.38x:109) <2.1xl013 

4-Picoline 47.2 
< 
< 10 (4.02xl09) <9.0x:l0l .3 

http:2.4.3xJ.07
http:6.5xJ.04
http:2.5xJ.05
http:6.5xJ.04
http:6.5xJ.05
http:2.5xJ.05
http:3.5xJ.02
http:1.6xJ.09
http:4.3xJ.03
http:1.7xJ.04
http:S.4xJ,.04
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TABLE LXIII (continued) 

Metal (II) Ligand p k
4 P2 K2,2 P4 K4,2 

Pyridine 14.1 - - (2.76xlOll) 

Pyridine'lt 2.93 - - 
Cadmium 3-Picoline 54·7 - - (1. 47xl014) 

4-Picoline 47.2 - - (4. 95xl014) 

* "C\....I. • • b~vract~on ~to enzene 

[ MP4T2J oNOTES: 	 (see equation (44» 
[MP2;J [pJ~o 

(2) 	p is the partition coefficient for p,yridine (or picoline) 
between chloroform (or benzene) and O.3-M potassium thio
cyanate solution. Values are froIll: Table LIX. 

(3) 	For definitions of k4, P2, P4' K2 2 and K4 2' see equations 
(64) to (66). 	 " 

(4) Values 	of P2 K2,2 (or P4 K4~2) given in brackets are from 
Table LXII. The corresponding values of P4 K4 2 (or 
P2 K2,2) were computed from equation (64): ' 

P4 K4 ,2 • 4 
k4 = 	 _"

P2 K2 2 P 
11 
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Pli 	Klil2 l= 	 (64)k4 	 2P2 	K2,2 P 

where 

LMP4T2J 0 
= (44)k4 

[MP2T;Jo [pJ~ 

p, 	the partition coefficient of the free ligand (pyridine 

or picoline) between the organic solvent and O.3-M 

potassium thiocyanate solution at 250 0 is defined by 

equation (26): 

= 	 [pJo p 	 (26)
[pJ 

m 	=·2, 4' (65) 

(66)Km,2 

and where the subscript 0 indicates the organic phase, and absence of a 

subscript indicates the aqueous phase. 

Equation (64) follows at once on combining equations (44), 

(26), (65) and (66). 

The values of p were known for pyridine, 2-picoline, 3-picoline 

and 4-picoline, and either P2 K2,2 or P4 K4,2 had been measured. Hence 

in cases where the value of k4 for a particular metal complex was known, 

the unmeasured value of P2 K2,2 or P4 K4,2 could be estimated from equation 
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(64). This was done. 

Unfortunate~, some necessary data were not available in 

the literature. In order to evaluate k4 by using the data available, 

some assumptions had to be made. A reasonable degree of justification 

for these assumptions is presented below, but it will be evident that 

caution is necessary when considering conclusions drawn from the 

estimates of P2 K2,2 or P4 K ,2' The available literature, and its use4
in the evaluation of k4 is next considered. 

Libus and Uruska (109) recently reported the stepwise 

formation constants, k4, for the te~rapyridine chlorides of divalent 

manganese, cobalt, nickel, copper w~d zinc in pure monoohlorobenzene at 

20°0 and 30°0. 

King, Koros and Nelson (98) reported the stepwise formation 

constants for (a) cobalt tetrapyridine chloride, bromide, iodide, 

cyanate, thiocyanate and selenocyanate; and (b) cobalt tetra-2-picoline 

thiocyanate, in dried chloroform at 20°0 only. 

The ratio, r, of the stepwise formation constant, k4' of cobalt 

tetrapyridine chloride in chlol'oform at 200 0 to that in monochlorobenzene 
o ' 

at 20 0 was calculated fram the above data (98,109). The value was 

found to be 1.46. It was then assumed that this value did not vary 

much when the central metal (cobalt) was changed for manganese, nic~el, 

copper or zinc. It was also assumed that the ratio, r, found at 20°0 , 

would be the same at 25°0. The validity of these assumptions is 

considered below. These assumptions made it possible to evaluate the 

stepwise formation constants, k4 , of the tetrapyridine chlorides of 

manganese, cobalt, nickel, copper and zinc in chloroform at 25°0. 
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Next the ratio,s, of the stepwise formation constant, k4, 

of cobalt 'tetrapyridine thiocyanate to that of cobalt tetrapyridine 

chloride, both in chloroform at 200 0 was evaluated from the data of 

King et al. (98) and found to be 6.58 x 103. It was then assumed 

that this ratio did not vary much when the central metal (cobalt) was 

changed for manganese, nickel, copper or zinc ~ It was also assumed 

that the ratio, s, found at 20°0 would be the same at 25°C. The 

validity of these assumptions is considered below. The values for r 

and s, and the assumptions related thereto, made it possible immediatelY 

to obtain from the data of Libus ~d Uruska (109), estimates of the 

stepwise formation constants of the tetrap,yridine thiocyanatmof 

manganese, cobalt, nickel, copper and zinc in chloroform at 25°C. 

These values are entered in column 4 of Table LXIII*. 

It is necessary to consider whether or not the above assumptions 

concerning r and s are reasonable ones. 

The ratio s 

(67) 

CHC~ CHC~ 
where kL_ and k~r . are, respectivelY, the stepwise 

-'MI P4T2 ~~P4C12 
formation constants of a metal tetrapyridine thiocyanate and ~ metal' 

tetrapyridine chloride in chloroform at 20°C. The value of s was found 

to be 6.58 x 103 for the case where M~ = cobalt • 
.J.. 

* In practice, the product rs was used for the calculation. 
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If 

then the value of s will be independent of the nature of the metal, M. 


King, Koros and Nelson (98) found, for chlorofor.m solutions, 

o 

that the enthalpy change (~H ) for the configuration change 

MP2~ + 2P :=: MP4~ (M = cobalt; P = pyridine) did not ,vary much* for X = 

chloride, bromide, iodide, cyanate, thiocyanate and selenocyanate. 

, Provided that a similar observation would be found for a metal other 

than cobalt, then the two bracketed ter.ms on the left side of equation 

(68) are each nearly zero. 
o 

Ubus and Uruska (109) stated that the entropy change (.6S ) 


for the configuration change MP2C12 + 2P = MP4C12 (p = ~idine) 


would not change nsignificantly" for M= manganese, cobalt, nickel, 


copper and ,zinc. Provided that a similar observation would exist when 


chlorofor.m rather than monochlorobenzene is the'solvent, then 


* The values of.6H 0 for these complexes were each the same; within :!: 
1.5 kcal mole-le 
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In addition, it may be expected that 

.when thiocyanate replaces chloride as the anion. It was concluded from 

the preceding discussion that the ratio s defined by equation (67) was, 

to a good approximation, independent of the central metal ion at 200 C. 

It was expected that the equalities described above would hold, within 

the errors of approximation, at 250 C, the temperature of the present 

investigation. 

The ratio r is defined by equation (71): 

r = (71)
MC~ 

. ~lP4C12 
CHC~ MC~ 

where k~ P Cl and ~lP4C12 are, respective~, the stepwise 
14 2 

formation constants of a metal tetrapyridine chloride in chloroform and 

monochlorobenzene (MeB) solution. The va.lue of r' was found to be 1.46 

for the case where Ml = cobalt. 

If 

MCB MCB0 0 

.t.HM1.-.P4CL ' - AIL P Cl 
'" ~ -"H14 2 
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then the value of r will be independent of the nature of the metal, M. 

Libus and Uruska (109) stated that 

MGB 0 _ MGB b. 0 (73)Ll~lP4G1.2 - ~.2p4G1.2 

From equations (69) and (73), equation (72) reduces to 

(74) 

In order to discuss the validity of equation (74), consider 

the reaction 

in chloroform and in monochlorobenzene together with the reaction 

(76) 

where the subscripts sand g indicate solid and gas phases, respectively. 

The symbols to be used in the argument are collected in Table LXIV. 

From Hess' law 

SOL D D 0 0 GHGl:3 0 

~~P4Gl.2 =. AHla + .2.a~ - LlHlc + 6~P4Cl.2 

(77) 

from which 
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TABLE LXIV 

Symbols used to describe heats of formation and heats 
of solution for the following reactions 

Ml P2Cl2 + 2P =Ml P4Cl2 
M2P2Cl2 + 2P = M2P C124

!Ml P2C12 + 2P = Ml P4C12 
\ 

Heat of solution in: Heat of formation in: 
•Species 


Chloroform Monochlorobenzene Solid phase Chloroform Monochlorobcnzene 


0 l\)0 

11l P 2C12 ..6Hla .6Hld - - - ~ 
(s) I 

0" 
Peg) .6Hb ~H e - - 

D 0 CHC1 0SOL 0 MCB 0M1P C1 3 
4 2(s) 

.6H1c DHlf I1H~p Cl ~lP4C12 ~~P4C124 2 _ ........._. __ ........... _._-, ---  --~ ........ -.-- --- --

NOTES: (1) For the reaction 

M2P2C12 + 2P =M2P4C12 
the above symbols also apply, except that the subscript 1 is 
replaced by 2. 

(2) Subscripts sand g indicate solid and gas phases, respectively. 
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o 0 

- 2NIb + lililc (78) 

Similarly 

Cl 

LlH2c (79) 

B".f using equations (78) and (79), equation (74) may be 

written as follows: 

.0 I> <> 0 • 0 .0 0 <> 
(AHla - AH2a ) - (MIld - ~H2d) + (~Hlf - .L\H2f) - (Milc - AH2c ) = 0 

(SO) 

Nelson and Shepherd (113) have noted that the heats of 

solution of. NiP 1 and CoP 12 (p = pyridine) in chloroform differ2 2 2
by only 0.4 kcal mole-I. Provided that this observation would be 

found for t~ corresponding chloride complexes and for other metals, 

then 

(81) 

A similar observation would be expected if monochlorobenzene replaced 

chloroform as the solvent'. Thus, 

() D 

,ijHId - LlH2d ~ 0 (S2) 

Nelson and Shepherd have shown (113) that the h~ats of 
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solution of solid cobalt and nickel tetrapyridine iodides in chloro

form are,' respectivelY, -3.24 and -2.40 kcal mole-1 • Provided that 

this observation would be found for the corresponding chloride complexes, 

and for other metals, then 

<> " 
"H '\H ':" 0 (83)

L.1 lc - .u 2c 

A similar observation would be expected if monochlorobenzene replaced 

chloroform as solvent. Thus, 

(84) 

From equations (81) to (84) it is seen that the equality 

expressed by equation (74) is very nearlY true. 

It was concluded from the preceding discussion that the 

ratio r defined by equation (71) was, to a good approximation, 

independent of the central metal ion at 200 C. It was expected that 

equalities described above would hold, within the errors of approxim

ation, at 2500, the temperature of the present investigation. 

The computed values of k4 in Table LXIII were therefore 

expected to approximate the true (but unreported, except for cobalt) 

values for the stepwise formation constants of those metal tetrap,yridine 

thiocyanates in dried chloroform solution at 25°C. 

The ratio, t, of the stepwise formation constant of cobalt 

tetrapyridine thiocyanate in benzene to that in chloroform at 250 C was 

known (119) to be 3.9. It was considered reasonablY safe to assume 
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·that this ratio did not vary much when the central metal (cobalt) was 

changed for manganese, nickel, copper or zinc. This assumption may be 

supported by an argument similar to that given above for the ratio r. 

It made possible the estimation of the stepwise formation constants of 

the tetrapyridine thiocyanates of hanganese, cobalt, nickel, copper and 

zinc in benzene at 250 C. These values are also included in Table LXIII. 

Nelson and Shepherd (113) have reported the stepwise formation 

constants of nickel tetra-3-picoline and tetrapyridine iodides in dried 

chloroform at 20oC. Their ratio~~, v, could therefore be calculated; 

the value found was v = 0.307. It was assumed that this ratio did not 

vary much either when the central metal (nickel) was changed for manganese, 

cobalt, copper or zinc, or when thiocyanate replaced iodide as ligand. 

It was also assumed that the ratio at 250 C would be the same as it was 

oat 20 C. The validity of these assumptions is considered below. The 

assumptions made it possible to estimate the stepwise formation constants 

of the tetra-3-picoline thiocyanates of manganese, cobalt, nickel, copper 

and zinc in chloroform at 250 
C. These values are in column 4 of Table 

LXIII. 

It is necessary to justify the assumptions. The ratio v is 


defined by equation (85): 


CHC~ 
k 

~1(3-P)4I2 
v = 

* Tne constant for the pyridinate was in the denominator. 
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CHC13k 
CHC1

3l 
where K~_ P I are, respectively, the~ (3-P) I and ~Ml 4 21 4 2 
stepwise formation constants of a metal tetra-3-picoline iodide and 

a metal tetrapyridine iodide in chloroform. The value of v was 

found to be 0.307 for the case where Ml = nickel. 

If 

then the value of v will be independent of the nature of the metal, M. 

Arguments similar to those presented above indicate that the 

two bracketed terms on the right side of equation (86) should each be 

nearly zero. 

Nelson and Shepherd (113) found for chloroform solutions 
tI 

that ~H tor the configuration change NiP2l2 + 2P = NiP4I2 did not 

vary much* for P = pyridine or P = 3-picoline. Provided that a 

similar statement can be made for a metal other than nickel, then the 

two bracketed terms on the left side of equation (86) would each be 

approximately zero. 

By using the foregoing assumptions it is seen that the 

ratio v, defined by equation (85) would be independent of the metal 

ion. 
* Cl

The values of ~ for these complexes were each the same, within ± 
1 kcal mo1e-l • 

(86) 
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It was also assumed* that the ratio v was the same for the 

case where thiocyanate repla'.:ed iodide as the anion in the complex. 

It was expected that the ratio v would hold, within the errors of 

approximation, at 250 C, the temperature of the present investigation. 

Finally, Nelson and Shepherd (97) have implied that the 

stepwise formation constants of nickel tetrapyridine thiocyanate 

and nickel tetra-4-picoline thiocyanate are approximatelY. equal. 

This relationship was assumed to be valid for the metals manganese, 

cobalt, copper and zi~c so that estimates could be obtained for 

the stepwise formation constants of the metal tetra-4-picoline 

thiocyanates. The values are in column 4 of Table LXIII. 

King, Koros and Nelson (98) have estimated the stepwise 

formation constant of cobalt tetra-2-picoline thiocyanate in 

. 0 ~ 
chloroform at 20 C to be approximately 10 • This value was entered 

in column 4 of Table LXIII. 

* This assumption IT~y be supported by an arg~ent similar to that 
sho~~ above for the ratio s, and by using the obs~rvation of King, 
Koros and Nelson (98) that, for a given metal, ~ is approximately 
independent of the anion in the complex. 
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2-1. Effect of the Pyridine anc Picoline Ligands 

Nelson and Shepherd (113) found that the stepwise formation 

constant (in chloroform) for nickel tetrapyrid~e iodide is about three 

times larger than that for nickel tetra-3-picoline iodide; they also 

suggested (97) that the stepwise formation constants (in chloroform) of 

nickel tetrapyridine thiocyanate and nickel tetra-4-picoline thiocyanate 

in chloroform are approximately equal. 

Nelson and Shepherd (97) explain these results on the basis of 

pyridine, 3-picoline and 4-picoline having different charge densities 

and charge distributions on their rings: nSince the methyl substituent 

directs charge into the ring inductively, it might be expected that both 

3-picoline and 4-picoline should be less efficient pi-electron acceptors 

than pyridine. Moreover, in 4-picoline the mesomeric effect is s~ch that 

the 1-, 3- and 5-positions are those of greatest electron density and 

the 2-, 4- and 6-positions those of least electron density. The converse 

is true of 3-picoline. Similarly, back-coordinated charge from the metal 

to the pyridine ring will be localized mainly on the 2-, 4- and 6

positions. These are the same positions that in 3-plcoline already carry 

an excess of charge, so in complexes with this amine back-donation should 

be inhibited in comparison with 4-picoline complexes Thus, the 

pi-acceptor capacity should be pyridine > 4-picoline > 3-picoline. 

However, 4-picoline (pK = 6.02) is a stronger base at 250 0 than pyridinea 

(pKa = 5.17) and it is not unlikely that the greater availability of the 

. sigma-bonding electrons in 4-picoline compensates for the smaller pi

contribution. lI 

Desai and Kabadi (115) noted for an aqueous system that the 

http:contribution.lI
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presence of an alkyl group on the pyridine ring increased the availability 

of electrons on the nitrogen atom. They demonstrated that there is a 

linear relationship between the negative logarithm of the acid dissociation 

constant*, pKa , and the logaritp~ of the first stepwise formation 

constant in aqueous solution for the pyridine, 3-picoline and 4-picoline 

complexes** of zinc (114) and cadr'.J.um (115). They did not use the overall 

formation constant; however, an examination of their data showed that pKa 

is appraximate~ a linear function of log K., where K. is the overall 
~ ~ 

formation constant of the i th metal pyridine (or picoline) complex ion. 

These results of Nelson and Shepherd and of Desai and Kabadi 

will be used later in discussing the results of the present investigation. 

The partition coefficients of the ligands themselves between 

chloroform and O.3~ potassium thiocyanate solution are in the order 

pyridine (14.1) < 2-picoline (41.2) < 4-picoline (47.2) < 3~picoline 
(54.7) as shown in Table LXIII. Other investigators (116) found the 

following order: pyridine (27) < 2-picoline (62) <. 3-Picolineo (75) < 

4-picoline (77). Their partition coefficients, p, were calculated from 

the equation 

log pt = pH + log p - pKa 

by using literature-values of pKa and the apparent partition coefficients***, 

* 	 K is the equilibrium constant for the reaction PH+ = P + H+. a 

** 	 Zinc and cadmium formed complex ions of the type MP (p = pyridine, 3
picoline or 4-picoline; m = 1, 2, 3). m 

*** The apparent partition coefficient, pt, is defined as the total pyridine 
(or picoline) concentration in the chloroform phase divided by the total 
pyridine (or picoline) concentration in the aqueous phase (pyridine plus 
pyridinium, or piooline plus picoliniUm). 

http:cadr'.J.um


- 290 

pt, of pyridine and the picolines between chloroform and an aqueous 

citrate-phosphate buffer solution at pH 4.00. By using the more recent 

literature values for pKa given in Table LXV, the following partition 

coefficients were calculated: pyridine, 12.9; 2-picoline, 51.3; 3~ 

picoline, 58.8; 4-picoline, 55.0, an order which agrees with that found 

in the present investigation. It was concluded that the partition 

coefficients, p, found in the present investigation were more reliable 

than those reported values (116) since the latter depended upon a 

calculation involving the use of a constant, pKa , which is not known 

precisely. 

The partition coefficients of pyridine and the picolines 

between chloroform and 0.3-M potassium thiocyanate solution together 

with their pK values are in Table U::V. The argument of Nelson and a 

Shepherd (97) quoted above can be applied successfully to explain the 

order of the pK values. In seeking a relationship between the partitiona 

coefficients and the pKa values it must be remembered that the partition 

coefficient depends not only on the pKa value but also on the size of 

the molecule. Collander (117) has shown that the partition coefficient 

increases between two- and four-fold for every additional methylene 

group incorporated in the molecule. Consequently, it is reasonable to 

suppose that the addition of a methyl group to the pyridine ring will 

increase the partition coefficient by a factor of about three. The 

measured partition coefficients are in fact of about the correct order 

of magnitude with pyridine being less by a factor of between three and 

four than the picolines. In order to explain the order of the picoline 

partition coefficients (2-picoline .( 4-picoline < 3-picoline) the 
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TABLE LXV 

Partition coeffi~ients and pKa values for 

p,yridine bases at 250 C 

Pyridine base pK Partition coefficient a 

Pyridine 5.17 14.1 

2-Picoline 5.97 41.2 

3-Picoline 5.68 54.7 

4-Picoline 6.02 47.2 

2-Ethylpyridine_ 5.97 
3-Ethylp,yridine 5.70 
4-Ethylpyridine 6.02 
2-Isopropylpyridine 5.83 
3-Isopropylpyridine 5.72 
4-Isopropylpyridine 6.02 

,2-t-Butylpyridine 5.76 
3-t-Butylpyridine 5.82 
4-t-Butylpyridine 5.99 
2-n-Propylpyridine 5.97 
2,6-Dimethylpyridine 6.75 
NOTES: (l~ The partition coefficients are those between 

chloroform and O.3-M potassium thiocyanate 
solution. 

(2) Ka = [pJ ~)J; pK = - log Ka. a 
[PH] 

(3) pK data are from reference (22).a 

(4) Partition coefficients are from Table LXIII. 
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following, although admitted~ tenuous explanation is offered: it is 

supposed that t~e interaction between the nitrogen of the picoline and 

water is greater in all cases, than that between the nitrogen of the 

picoline and chloroform. The argument of Nelson and Shepherd (97) quoted 

above shows that this interaction, in the case of 3-picoline, will be 

less than that for either 2- or 4-picoline; consequent~, 3-picoline 

will be the most readi~ extracted picoline. If it is also assumed 

that the effective molecular volume of 2-picoline is less than that of 

4-picoline, then more energy is gained when the hole in the aqueous 

phase collapses on extraction of 4-picoline; consequently 4-picoline 

would be more readily extracted than 2-picoline. 

The values of P2 K2,2 and P4.K4,2 listed in Table LXIII were, 

for each metal, divided by the value found for the metal pyridine 

thiocyanateil-. These values, listed in Table LXVI may be more readily· 

compared. It is seen from these relative values that for a given metal, 

the order of P2 K2, 2 and P4 K , 2 is pyridine << 3-picoline <4-picoline.4

By using the bond lengths and atomic radii of Pauling (123), 

estimates were obtained for the molecular volumes of the metal pyridine 

and picoline thiocyanates. 
o 

The thiocyanate molecule was taken to have a length~ of 3.82 A. 

For a ~idine molecule, the distance from the centre of the nitrogen 

atom to the outermost hydrogen atom at the 4-position was taken to be 

* 	The values obtained for cobalt 2-picoline thiocyanate and for the 
benzene extraction of nickel pyridine thiocyanate were not considered.

** <IThis length was obtained by adding the atomic radius of sulphur (1.04 A) 
to the sum of the reported bond lengths (N-C, 1.22 A; C-S, 1.56 A). 
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TABLE LXVI 


Relative values of P2 K2 and P4 K4 for the metal 
pyridine and picoline thiocyanates 

Metal (II) 

Cobalt 

Nickel 

Zinc 

Cadmium 

llgar.d. 

Pyridine 

3-Picoline 

4-Picoline 

Pyridine 

3-Picoline 

4-Picoline 

Pyridine 

3-Picoline 

4-Picoline 

Pyridine 

3-Picoline 

4-Picoline 

P2 K2 2 P4 K4 •2 

1 1 


61 289 


143 1600 


1 1 


58 260 


151 1700 


1 1 


98 438 

166 1880 


-
- 1 


533 


- 1790 


NOTES: (l)T'nevalues were obtained by dividing 

each value of P;2K2,2 (or P4 K4,2)' for 
a given metal, by the value found when 

pyridine was the ligand. 

(2) Basic data are from Table LXIII. 



- 294 

3.75 A. For a 4-picoline molecule, the distance from the centre of 

the nitrogen atom to the outermost hydrogen atom of the met~l group 

was taken to be 5.28 A. In addition, Pauling (123) has listed the atomic 

radii of the metals. A comparison of his values for tetrahedral covalent 

radii, octahedral covalent radii, single bond radii, and for the effective 

radii of metals in diatomic hydride molecules showed that a maximum error 
o 

of about ± 0.08 A would result from assuming that the single bond metal 

radii represented the effective metal radii in either tetrahedral or 

octahedral geometries, the configurations of the metal pyridine and 

picoline thiocyanates. 

From these metal radii, together with the lengths of the thio

cyanate, pyridine and 4-picoline molecules, the molecular volume, V, was 

estimated for each of the metal pyridin~ and 4-picoline thiocyanates. 

The following equation was used: 

V =1T r. + m1p + nl.r]3
M m+n 

where ~ and ~ are the lengths of the pyrid~e (or 4-picoline) and 

thiocyanate mo~ecu~es, respective~, and m and n are the numbers of 

pyridine (or 4-picoline) and thiocyanate molecules, respectively, bound 

to the central metal ion of radius rM" Each value of V then was 

multiplied by the factor ~ to give an e"stimate of the 1feffectiven
" m n 

molecular volume*, VE' of the particular complex. in solution. These 

* It is expected that solvent molecules could be accommodated to some 
extent in the interstitial space between the ligands of either a 
tetrahedral metal dipyridine (or dipicoline) thiocyanate or an 
octahedral metal tetrapyridine (or tetrapicoline) thiocyanate. Thus, 
the fteffective ft molecular volume of "each complex. would be less than 
the molecular volume V. The effective molecular volume of a tetra
hedral complex. would be expected to comprise a smaller proportion of 
V than the corresponding octahedral complex since the interstitial 
space between the ligands would be greater for the tetrahedral com
nlA"lC. 
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/ 

estimates * of the effective molecular vol~~es are in Table LXVII. 

From these est~~tes for the metal pyridine and 4-picoline 

thiocyanate complexes, it is seen that, for a given metal in either a 

tetrahedral or an octahedral configuration, the 4-picolinate has a 

larger effective molecular volume than the corresponding pyridinate. 

Moreover, for a given metal, the tetrapyridine (or tetra-4-picoline) 

thiocyanate has a larger effective molecular volume than the 

corresponding dip,rridine (or di-4-picoline) thiocyanate. Those 

complexes with the larger effective molecular volumes would be expected 

to have larger partition coefficients since the energy gained when the 

hole in the aqueous phase of the extraction system collapses will also 

be larger. Moreover it is expected that the 4-picolinates would have 

slightly larger partition coefficients than the corresponding 3

picolinates; the methyl substituents of the 4-picolinates point directly 

away from the central metal ion and probably produce a greater effective 

molecular volume than the 3-picolinates, where the positional groups 

are tucked into the side of the metal complex~ 

It is also seen from the data in Table LXVII that the 

effective molecular volume of a given complex is approximately independ

ent of the central metal ion. Thus it is expected that the partition 

coefficient, P2' of each metal dipyridine thiocyanate would have 

approximately the same value. Similarly, the partition coefficient, P4' 

of each ~.~tal tetrapyridine thiocyanate would be expected to have 

approximately the same value. Analogous effects would be expected if 

a picoline were substituted for pyridine. 

It was concluded from the preceding discussion that (i) for a 

* It is not implied that the estimates are quantitative. 
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TABLE LXVII 

Estimates of the effective molec~lar volumes, VE, 

for the metal dipyridine and di-4-picoline 

thiocyanates (MP T2), and for the metal2

tetrapyridine and tetra-4-picoline 


thiocyanates (.t-lP4 T2) 

(A)3VE ' 
Metal (II) Ligand 

MP2T2 MP4T2 

Pyridine 190 251Cobalt 4-Picoline 292 442 

Pyridine 189 249Nickel 4-Picoline 290 441 

Pyridine 201 265Zinc 4-Picoline 306 463 

Pyridine 221 291Cadmium 4-Picoline 332 501 

NOTE: 	 The effective molecular volumes were 

calculated from the equation: 


D 

where: ~ = length of a pyridine molecule (3.75 A) 

or a 4-picoline molecule (5.28 I). 
 0 

~ = length of a thiocyanate molecule (3.82 A) 

m = number of pyridine (or picoline) ligands 
in the complex. 

n = number of thiocYaI!ate ligands in the complex. 
rH = radius of central metal-ion. The following 

values 	were used: 
<' 	 I> 

cobalt, 1.16 A; nickel, 1.15 A; zinc, 1.25 A; 
D

cadmium, 1.41 A. 

0 
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given pyridine or picoline ligand, the partition coefficient (P2 or P4) 

would be approximately independent of the central metal ion; and (ii) 

for a given metal, the partition coefficient (P2 or P4) would increase 

in the ligand order pyridine < 3-picoline < 4-picoline. 

This ligand order for P2 or P4 (pyridine < 3-picoline < 4

picoline) is the same order as that found for both P2 K2J2 and P4 K4 2
J

for each of the metals cobalt, nickel, zinc and cadmium. 

The formation constants of the extractable metal p,yridine 

and picoline thiocyanates in aqueous solution have not been reported 

in the literature, and their magnitude is unknown. However, the results 

of Desai and Kabadi (114,115) noted above suggest that the ligand order 

for the overall formation constant K2,2 (or K ,2) of a given metal would4
be pyridine <. 3-picoline < 4-picoline. This order agrees with the 

ligand order found for P2 K2,2 and P4 K ,2 for each of the metals studied4
in the present investigation. 

It is worth noting that the ligand order found by Nelson and 

Shepherd (97,113) for the stepwise formation constants of nickel tetra

pyridine and tetrapicoline iodides in chloroform solution is 3-picoline < 
pyridine = 4-picoline; this is also the ligand order for the stepwise 

formation constants of the metal tetrapyridine and tetrapicoline thio

cyanates in chloroform·solution (see Table LXIII). The relationship 

between the stepwise formation const&~t of a ~etal tetrapyridine or 

tetrapicoline thiocyanate in aqueous solution (K ,2' K ,2-1) and that
4 2. 

in non-aqueous solution is given by 

(64) 
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P2
Provided that the ratio -- re~ins approximately constant when a 

P4 
picoline is substituted for pyridine, then by using the tabulated 

values of k4 and p, it is evident that the ligan~ order for the 

.stepwise formation constants of the tetrapyridine and tetrapicoline 

thiocyanates of a given metal in aqueous solution (K4,2.K2,2-1) is 

also pyridine < 3-picoline <. 4-picoline. 

It was therefore concluded for a given metal that the ligand 

order for P2' P4' ~,2 and K4,2 would be pyridine < 3-picoline < 4

picoline. Thus a reasonable explanation had been found for the ligand 

orders of P2 K2,2 and P4 K4,2 for a given metal. 

2-2. Effect of the Central Metal Ion 

The values of P4 K4,2 and P2 IS,2 were known for (i) the 


chloroform extraction of the pyridine, 3-picoline and 4-picoline thio


cyanates of cobalt, nickel and zinc; (ii) the chloroform extraction of 


cobalt 2-picoline thiocyanate; and (iii) the benzene extraction of 


nickel pyridine thiocyanate. The value of k4' the stepwise formation 


constant in the organic phase was also knOlin for these complexes as 


well as for the pyridine, 3-picoline and 4-picoline thiocyanates of 


. manganese and copper*. These data are in Table LXIII. For purposes of 

interpretation, it was considered useful to estimate .the values of P2.K2,2 

and/or P4 K ,2 for (i) the chloroform extraction of the pyridine, 34

picoline and 4-picoline thiocyanates of manganese, iron and copper; (ii) 


the chloroform extraction of the 2-picoline thiocyanates of manganese, 


iron, nickel, copper and zinc; and (iii) the benzene extraction of the 


* Only the values of P4 K4,2 were known for the pyridine, 3-picoline and 


4-picoline thiocyanates of cadmium. 
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pyridine thiocyanates of manganese, iron, cobalt, copper and zinc. The 

method used to obtain these estL~tes is described below. 

The known values of log P4 K ,2' log k4 and{l- log k ' were4 4 
plotted against the atomic number of the central metal ion. These plots 

are in Fig. 52. Curves A, B and C were seen to be aLuost identical in 

shape, and to be quite similar in shape to curves E and G which were 

also seen to be almost identical in shape. This similarity suggested 

that, by drawing the branches of curves A, B and C from cobalt to 

manganese parallel to those corresponding branches in curves E and G, 

estimates could be obtained of P4 K ,Z for the pyridine, 3-picoline and
4

4-picoline thiocyanates of manganese and iron; the corresponding estimates 

of P4 K ,2 for copper were obtained by interpolation.
4

Only one value of P4 K ,Z was available for the Z-picoline4
thiocyanate system. In order to obtain estimates of P4 K ,2 for the

4
other metal 2-picoline thiocyanates, a curve parallel to curve C was 

drawn through the known value of P4 K4,z for cobalt Z-picoline thio

cyanate. These estimates are likely to be only of semi-quantitative 

use since it was shown in Part VII-l that steric hindrance was very 

severe in these complexes; the degree of steric hindrance is likely to 

be sensitive to smali differences in the atomic radii of these metals. 

This sensitivity would probably be reflected in· the magnitude of the 

overall formation constant, K4,Z' and hence in P4 K4,Z. 

Only one value of P4 K ,2 "''as available for the case "There4

* The values of log k
4 

' are the literature values (109) for the stepwise 

formation constants, in monochlorobenzene at 25°C, of the pyridine 

chlorid~of manganese, cobalt, nic~el, copper and zinc. 
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FIGURE 52 

Log P4 K ,2' 	log k and log k ' versus the atomic number of the central
4 4 4
 

metal ion; temperature, 250 C • 


. NOTES: (1) 	P4 is the partition coefficient, between chloroform (or 

benzene) and 0.3-M potassium thiocyanate solution, of a 

metal tetrapyridine or tetrapic?line thiocyanate. 

(2) K4,2 is th~ overall formation constant of a metal tetra

pyridine or tetrapicoline thiocyanate in aqueous solution. 

(3) 	k4 is the stepwise formation constant of a metal tetra

pyridine thiocyanate in chloroform solution. 

(4) 	k4' is the stepwise formation constant of a metal tetra

pyridine chloride in monochlorobenzene solution. 

(S) Data for 	P4 K ,2 and k4 from Table LXIII are indicated by4
open circles, as are the literature data (109) for k4'; 

extrapolated 	or interpolated values of P4 K ,2 are
4

indicated by closed circles. 
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benzene was used as the solvent. In order to obtain estimates of P4 K4~2 

for the benzene extraction of the other metal pyridine thiocyanates, a 

curve parallel to curve C was drawn through the .known value of P4 K4,2 

·for nickel pyridine thiocyanate. 

The estimates and the experimental values of P4 K4,2' P2 K2,2 

and k4 are given together in Table LXVIII. It is emphasized that the 

estimates obtained above by either extrapolation or interpolation are 

speculative in nature. However, it will be shown below that from them 

useful predictions may be made about future experiments. 

The relationship between ~4 K4,2' P2 K2~2 and k4 is given by 

(64) 

where p is the partition coefficient of free pyridine (or picoline) betwe~n 

the two phases of the specified solvent-extraction system. By using the 

tabulated values of P4 K ,2' together l~th the values of k4 and p, it4
was thus possible to calculate the values of P2 K2 for (i) the chloro

form extraction of the pyridine, 3-picoline and 4-picoline thiocyanates 

of manganese and copper; and (ii) the benzene extraction of the pyridine 

thiocyanates of manganese, cobalt, copper and zinc. These values are 

given in column 6 of Table LXVIII. 

The values of P2 K2,2 calculated for the benzene extraction of 

the pyridine thiocyanates of manganese, cobalt, nickel, copper and zinc 

were plotted against the atomic number of the central metal ion. 

Similarly, the values of P2 K2,2 for the chloroform extraction of the 

pyridine, 3-picoline and 4-picoline thiocyanatesof manganese, cobalt, 



TABLE LXVIII 


Values of k4, P2 K2,2 and P4 K4,2 for the metal pyridine and picoline thiocyanates at 25°C 


Metal (II) Ligand p k4 log k4 P2 K2,2 log P2 K2,2 P4 K4,2 log P4 K4,2. 

Pyridine 14.1 2 • .3xl05 5 • .36 (s.5xl04) (4.9.3 ) (.3.9xl0l2) (12.59) 

Pyridine* 2.9.3 9.0xl05 5.95 (7.2xl03) (.3 .S6) (5.5xlOlO) (10.74) 


Manganese 2-Picoline 41.2 - - - - (6. Oxl02) (2.78) 

.3-Picoline 54.7 7.lxl04 4.S5 (5.2xl06) (6.72) (l.lxlO15 ) (15.05) 

4-Picoline 47.2 2.3xl05 5.36 (1.2xl07) (7.09) (6.2xl0l5 ) (15.79) 


Pyridine 14.1 (1.lxl05) (5.05) (8.5xl04 ) (4.93 ) (1. 0xl012 ) (12.28) 

, , Pyridine* 2.9.3 (4.W05) (5.64) (7.2xl03) (.3.86) (2.7xl010) (10.43 ) 
 \.0.) 

Iron 2-Picoline 41.2 - - - - (1.8x102) (2.47) S 


.3-Picoline 54.7 (3.4Xl04) (4.54) (5.2xl06) (6.72) (5.5xlO14) (14.74) 

4-Picoline 47.2 ( 1.lx:l.05) (5.05) (1.2xl07) (7.09) (3.0xl015 ) (15.48) 


Pyridine 14.1 5.Weft. 4.7.3 S.4xl04 4.92 9.02xl011 11096 
Pyridine-l~ 2.9.3 2.lxl05 5 • .32 (7.2xla3) (.3 .S6) (1.3xl01O) (10.11) 

Cobalt 2-Picoline 41.2 10-6 6.00 S.5lxl04 4.93 1.4xl02 2.15 
.3-Picoline 54.7 1.7xleft. 4.23 5.lxl06 6.71 2.6lxlO14 14.42 
4-Picoline 47.2 5.Weft. 4.7.3 1.2xl07 7.0S 1.44xl015 15.16 

-.---- '------ - 

(continued) 

http:1.lx:l.05


TABLE LXVIII {continued) 
/ 


Metal :(II) Ligand p k4 log k4 P2 K2,2 log P2 K2,2 P4 K4,2 log P4 K4,2 


Pyridine 14.1 4.0x108 S.60 4.3xl03 3.63 3.42xl014 14.53 

Pyridine~*' 2.93 1.6x109 9.19 3.5xl02 2.54 4. 77xl012 12.6S 


Nickel 	 2-Picoline 41.2 - - - - (5.?-Xl04 (4.72) . 


3-Picoline 54.7 1.2xlOS S.OS 2.5xl05 5.40 8.S7xlO16 16.95 

4-Picoline 47.2 4.0xl0S 8.60 6.5xl05 5.81 5.83xlO17 17.77 


Pyridine 14.1 6.5xl04 4.81 (3 .2xl05) (5.50) (4. Ox.1012 ) (12.60) 
PyridineJ,} 2.93 2.5x104 5.40 (2.7xl04) (4.43) (5.8xl01O ) (10.76) 

Copper 2-Pico1ine 41.2 - - - - (6.3x102) 2.80 
3-Picoline 54.7 2.Ox104 4.30 (1.8x107) . (7.25) (1.4x1015 ) (15.14) 

\JJ 

~ 
4-Picoline 47.2. 6.5x104 4.S1 (5.0x107) (7.70) (7.2xl015 ) (15.86) 


Pyridine 14.1 10 1.00 2.43xl07 7.39 4.8xl01O 10.68 

Pyridine~f- 2.93 39 1.59 (2.0x106) (6.31) (6.8xl08) (8 t83) 


Zinc 2-Picoline 41.2 - - - - (7.4) (0.87) 

3-Picoline 54.7 3 0.48 2.38xl09 9.38 2.lxlO13 13.32 

4-Picoline 47.2 10 1.00 4.02xl09 9.60 9. 0xl013 13.95 


:............. 	 

(continued) 

http:Pyridine~f-2.93
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TABLE LXVIII '(continued) 

Metal (II) Ligand p 	 log k4k4 	 P2 K2,2 log P2 K2,2 P4 K4,2 log P4 K4,2 

Pyridine 14.1 - - - - 2.76xlOl1 11.44 


Pyridine* 2.93 - - - - - 
Cadmium 	 2-Picoline 41.2 


3-Picoline 54.7 - - - - 1.47xl014 14.17 


4-Picoline 47.2 - - - - 4. 95xl014 14.69 

----_.. _._- ---- - ---- , --- - -- ---~ 

* Extraction into benzene. 

NOTES: (1) 	Brackets denote values of k4, P4 K ,2 and P2 K2,2 found from 4	 \.0.) 

a 
P4 K4,2 1 (64)

k4 = P2 K2,2 p2 

by using extrapolated or interpolated values of P4 K ,2 and~or P2 K2,2; all other4

values. were taken from Table LXIII. 


(2) For definitions of k4' P2, P4' K2,2 and K ,2' see equations (64) to (66).4
(3) p is the partition coefficient of ~idine or a picoline. 
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nickel, copper and zinc were plotted against the atomic number of the 

central metal ion. These plots (not shown) allowed the value of P2 K2,2 

to be interpolated for the benzene extraction of iron pyridine thiocyanate 

and for the chloroform extraction of iron pyridine, 3-picoline and 4

picoline thiocyanates. 

By using the est~tes given in Table LXVIII of P2 K2,2 and 

P4 K ,2 for the extraction of (i) iron pyridine thiocyanate into benzene;4
and (ii) iron pyridine, 3-picoline and 4-picoline thiocyanates into 

chloroform it was possible to calculate from equation (64) the correspond

ing values of the stepwise formation constants, k , for these complexes
4

in non-aqueous solution. These values are also included in Table LXVIII. 

From the data in Table LXVIII, certain trends in the data 
I , 

relating to the effect of the central metal ion were evident. These 

trends are summarized in Table LXIX; they were the same for pyridine, 

2-picoline, 3-picoline and 4-picoline*. The calculation of the effective 

molecular volumes of the complexes, described previous~, suggested that 

it was not unreasonable to suppose that the partition coefficients P2 

and P4 are influenced principally by the pyridine or picoline ligand, 

and to a minor degree by the central metal ion. Although conclusive 

evidence for this supposition was not presented, it will now be used as 

a working hypothesis. Thus, in Table LXIX, the order of the metals for 

P4 K4,2 is also the order for K4,2' the overall formation constant of a 

metal tetrapyridine or tetrapicoline thiocyanate in aqueous solution. 

* The values of P2 K ,2 for ~~ganese, iron and cobalt are equivalent;2 
this is due to the nature of the extrapolation procedure used to obtain 

P2 K2,2· 
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TABLE LXIX 

Trends. in the stability constants of some metal complexes 

Complex Trend 

Metal pyridine, 3-picoline and P4 K4,2: Zn(Cd(Co(Fe<Mn<Cu<Ni 


4-picoline thiocyanatesj P2 K2,2:' Ni<Mn=Fe=Co<Cu<Zn 

extraction into chloroform k4 : Zn(Co(Cu<Fe<Mn<Ni 


Metal 2-picoline thiocyanates; 


extraction into chloroform 


Zn<Co <Fe(Mn<Cu <Ni 
Metal pyridine thiocyanates; Ni(Mn=Fe=Co(Cu<Zn 
extraction into benzene Zn<Co(Cu(Fe <Mn <Ni 

Many metal-ligand Overall or stepwise formation 

complexes; aqueous solution* constant: Mn(Fe<Co<Ni <Cu)Zn 


Metal pyridine chlorides; : Zn<Co(Cu<Mn<Ni
monochloro benzene solution~(-

* Irving and Williams (66) 

** Libus and Uruska (109) 

NOTES: (1) For definitions of k4, P2' P4' K2,2 and X4,2' see equations 
(64) to (66). 

(2) [ MP4Cl;J 0 • 
P = Pyridine 

[MP2Cl;Jo [p] ~ , 
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Similarly, the order of the metals for P2 K2,2 is also the order for K2,2' 

the overall formation constant 'of a metal di~idine or dipicoline thio

cyanate in aqueous solution. 

Irving and Williams (66) found the following stability order for 

many ligands in aqueous solution: manganese (iron < cobalt < nickel ( 

copper > zinc; they pointed out that this was also the order for the 

second ionization potentials of these metals. 

A comparison of the Irving-Williams order with that for P2 K ,22

shows that the orders are in general agreement, except for nickel. This 

agreement lends support to the hypothesis that the partition coefficient 

P2 depends mainly upon the pyridine or picoline ligand, and not upon the 

metal. 

Libus and Uruska (109) have measured the stepwise formation 


constants of some metal tetrapyridine chlorides in monochlorobenzene 


'solution; the order of stability of the transition metals they studied 

is also in Table LXIX. This order, as well as the order for k4' the 

stepwise formation constant of a metal tetrapyridine or tetrapicoline 

thiocyanate in chloroform solution~ may be compared with the order for 

P4 K4 2 and seen to be in general agreement, except for copper*. 
. , p 

If it is assumed that the ratio ~ is approximately independ
P4 

ent of the central metal ion, then it is seen from equation (64) 

(64) 

* The anomalous position of copper in the order for P4 K
4

,2 was not con

sidered significant in view of the fact that the values of P4 K4,2 for 

copper, iron and manganese were all nearly the same (see Table LXVIII), 

and all were obtained either by extrapolation or interpolation. 
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that the order for the stepwise formation constants of metal tetra

pyridine (or tetrapicoline) thiocyanates in either aqueous or non-

aqueous solution must pe identical. This order is zinc < cobalt < 
copper < iron <manganese < nickel; it represents the relative 

tendency of a metal to form an (extractable) metal tetrapyridine (or 

tetrapicoline) thiocyanate. 

Nelson and Shepherd (113) have shown that there is an increasing 

stability of the tetrahedral state on passing from manganese to zinc. In 

addition, it has been shGWn (109) that crystal field stabilization effects, 

superimposed on a continuous decrease of the relative stability of octa

hedral complexes between manganese and zinc, allow for a qualitative 

explanation of the differences between individual metal ions with 

. respect to their tendency to form octahedral or tetrahedral complexes 

in solution. Libus and Uruska (109) thus explain the order for the 

stepwise formation constants of metal tetrapyridine chlorides in mono

chlorobenzene solution; this is the same order as that found in the 

present investigation for the stepwise formation constants of the metal 

tetraplTidine or tetrapicoline thiocyanates in either aqueous or non-

aqueous solution. 

It was shown in Part VI that, over the range of p,yridine or 


picoline concentrations used in the present investigation, zinc was 


extracted almost exclusive1.y as the dipyridine, di-3-picoline and di-4

picoline thiocyanate, and cobalt-:~, nickel and cadmium were extracted 


* Cobalt 2-picoline thiocya~ate was extracted almost exclusively as the 

dipicolinate. The formation of the tetra-2-picoline thiocyanate of 

cobalt and of the other metals was shown to be hindered sterically 


. (see PartVII-l). 
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almost exclusivelY as the tetrapyrid1ne, tetra-3-picoline and tetra-4

picoline thiocyanates. From tne above discussion of the stability orders 

it is reasonable to expect that the pyridine, 3-picoline and 4-picoline 

thiocyanates of manganese, iron and copper would be extracted mainlY 

as the tetrapyridine and tetrapicoline complexes. 

Since the estimated values of P4 K ,2 were available for
4

the chloroform extraction of the pyridine, 3-picoline and 4-picoline 

thiocyanates of manganese, iron and copper, and for the benzene extract

ion of the pyridine thiocyanates of manganese, iron, cobalt, copper and 

zinc, it was possible to predict the position of the extraction curve 

for these extraction systems. The following equations were used; they 

were developed in Part VI: 

·log P4 K
4

,2 ~ log D - 4 log [pJ + log A + log (1 + [p]Kt) (62) 

and 

log P2 K2,2 = log D - 2 log [pJ + log A + log (1 + [p]Kt) (63) 

where 

A = L K [T] n-2 (53 ) n=o o,n 

~ Kl,n [T] n 
Ki = . (.36).L K rT] n 

n=o o,n l

[p] .. = concentration of free pyridine (or 

picoline) in the aqueous phase of 

the solvent-extraction. system. 
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D = 	distribution ratio of the metal 

between the two liquid phases of 

the solvent-extraction system. 

The thiocyanate concentration, [TJ, in the aqueous phase of each 


solvent-extraction system studied in the present investigation was 


0.27 M. Values of A at this thiocyanate concentration were known 

for each of the metals; the values of log A are given in Appendix 

XVIIIC. The values of Kt were known for the pyridine, 3-picoline 

and 4-picoline thiocyanates of cobalt, nickel, zinc and cadmium; they 

are in column 6 of Table LX. The values of K' were not known for the 

pyridine, 3-picoline and 4-picoline thiocyanates of manganese, iron 

and copper; with negligible error, Kt was assumed to have a value of 

zero. From (i) the estimatesof P4 K ,2 for the chloroform extraction
4

of the pyridine, 3-picoline and 4-picoline thiocyanates of manganese, 

iron and copper; (ii) the appropriate value of log A; and (iii) two 

values of log D (- 1.00 and 1.00), two corresponding estimates of 

log [pJ '\-lere obtained by using equation (62). From (i) the estimates 

of log P4 K4,2 for the benzene extraction of the pyridine thiocyanates 

of manganese, iron, cobalt and copper, and the estimate of log P2 K2 2 
. 	 , 

for the benzene extraction of zinc pyridine thiocyanate; (ii) the 

appropriate values of log A a....·1d K'; and (iii) two values of log D 

(- 1.00 and 1.00), two corresponding estimates of log [pJ were obtained 

. by using equation (62); for zinc, equation (63) was used. The data 

are in Table LXX. The theoretical curves for log D versus log [pJ are 

given, in Figs. 53, 55 and 56, for the .chloroform extraction of the 

pyridine, 3-picoline and 4-picoline thiocyanates of manganese, iron and 



TABLE LXX 


Predicted values of log [pJ at two different values of log D 


Expected number of 

Metal (II) Ligand pyridine or picoline 
ligands in the ex
tracted complex 

log A K' log 
P4 K4,2 . 

Pyridine 4 2.02 0 12.59 
Manganese Pyridinei~ 

3-Picoline 
4 
4 

n 
It 

0 
0 

10.74 
15.05 

.4-Pico1ine 4 Tt 0 15.79 

Iron 

Pyridinc 
Pyridine-::

3-Picoline 

4 
4 
4 

1.68 
tt 

n 

0 
0 
0 

12.28 
10.43 
14.74 

.4-Picolinc 4 11 0 15.4C3 
Cobalt Pyridine'~- 4 2.01 23.3 . 10.11 

Pyridine 4 	 2.87 0 12.60 
..Pyridine* 4 	 11 0 10.76Copper 3-Picoline 4 It 0 15.14 

4-Picoline 4 11 0 15.86 
Zinc Pyridine* 2 	 1.53 11.8 

* Extraction into benzene 

NOTES: (1) Values of log P2 K2,2 and log P4 K ,2 are from Table LXVIII. 
4

(2) Values of log A are from Appendix XVIIIC. 

log 
P2 K2,2 

-
-

-

-
-
-

-

-

-

-
-

-

-


6.31 

Value of log [pJ 

at: 


lop; 	fF-' -1. 0 log I): ·1.0 

-2.89 -2.39 

-2.43 -1.93 

-3.51 -3.01 

-3.69 -3.'19 


-2.90 -2.40 

I 
I-2.hl+ -1. 9l~ 

-3.>2 -3.02 
-3.70 -3.20 VJ 

~-2.28 -1.78 

-2.68 -2.18 

-2.22 -1.72 

-3.32 -2.82 

-3.50 -3.00 


-2.89 -1.89 

(3) 	Values of K' for cobalt and zinc are from Table LX; all other values were assumed to be zero. 

(4) 	Values of log [pJ for zinc were calc~ted by using equation (63); all other values 9f log [pJ 
were calculated by using equation (62). 
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FIGURES 53 TO 56 

The experimental and predicted logaritlli~c relationships, at 250 C, 


between the distribation ratio of the metal, D, and the equilibrium 


concentration of free pyridine (or picoline) in the aqueous phase, LP]. 


Fig. 53: Extraction of metal pyridine thiocyanates into chloroform. 


Fig. 54: Extraction of metal ~idine thiocyanates into benzene. 


Fig. 55: Extraction of metal 3-picoline thiocyanates into chloroform. 


Fig. 56: Extraction of metal 4-picoline thiocyanates into chloroform. 
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55. 

I,, 	 METAL 3- PICOLINE T HIOCYANATESj ,. 

EXTRACTION INTO CHLOROFORM 

1.0 

o 
(,!)o 0.0 	 //. ~C":> 
..J 	 // ~'?-

// 

// 

// 
// 


-1.0 // 


-3.8 -3.6 -3.4 -3.2 -3.0 -2.8 
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56. 
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EXTRACTION INTO CHLOROFORM 

o 
(!) 0.0 
o 
..J 

-1.0 

-4.0 -3.8 -3.6 . -3.4 -3.2 -3.0 


LOG [p] 
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copper, and in Fig. 54 for the benzene extraction of the pyridine 

thiocyanates of manganese, iron, cobalt, copper and zinc. The plots 

of log D versus log LP] found experimentally ~re also included for 

comparison. 

These c~rves showy. in . 53 to 56 indicate Lwuediately 

the feasibility of analYtical separations of these metals by means 

of the pyridine (orpicoline) thiocyanate solvent-extraction system. 

The solvent-extraction separation of some of the metals studied 

experimentallY in the present investigation is considered below in 

Part VII-3. 

- _2-3. Effect of the Solvent 

Both chloroform and benzene were used to extract nickel 

pyridine thiocyanate from aqueous O.3-M potassium thiocyanate 

solutions containing excess pyridine. The values of k4' p, P2 K2,2 

and P4 K ,2 for these extraction systems* are in Table LXXI. It is
4

the purpose of the present sub-Section to examine the effect of a 

change of solvent on these values. 

If it is assumed that the formation constants in the aqueous 

phase are not influenced by a change in the solvent comprising the 

organic phase, then 

..!1 = 72
*P4 

* Throughout the present sub-Section, an asterisk superscript will 
denot.e values for the case where benzene is the solvent; values with
out the asterisk superscript will denote values for the case where. 
chloroform is the solvent. 
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TABLE LXXI 

Values of P4 .K4,2' P2 K2,2' k4 and P for the extraction of nickel 
pyridine thiocyanate into chloroform and into benzene at 250 C 

Chlorofor:n 	 Benzene 

= 3.42 x 1014 *p -)(K . = 4.77 x 1012 
P4 K4,2 	 4 4,2 

P2 K2,2 = 4.3 x 103 *P2*K2,2 = 3.5 x 102 

k4 = 4.0 x 108 	
*k4 = 1.6 x 109 

p = 14.1 	 *P = 2.93 

NOTES: (1) The data are from Table LXVIII. 

(2) 	An asterisk superscript denotes values for the 
case where benzene is the solvent; values 
without a superscript are for the case where 
chloroform is the solvent. 

; m = 2, 4 

K 	 ; m=2,.4 (66)m,2 

(4) 	p is the partition coefficient of pyridine (or 
picoline) between the two phases of the solvent
eA~raction system. 
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and 

12 

It is seen that the partition coefficients of nickel di

pyridine thiocyanate and nickel tetrapyridine thiocyanate are larger 

when chloroform, rather than benzene, is the solvent. In addition, 

from the ratio of partition coefficients of free pyridine 

lL = 4 Bp{!- • 

it is seen that pyridine is more readily extracted into chloroform 

than into benzene. 

The ratio of the stepwise formation constant of nickel 

tetrapyridine thiocyanate in chloroform to that in benzene is 

..5t= 0.25*k4 

from Which it is evident that nickel tetrapyridine thiocyanate is 

more stable in benzene than in chloroform, at any given concentration 

of free pyridine in the organic phase. It has been shown (6B) that 

the degree of solvation of a polar solute decreases with the dielectric 

constant. Chloroform and benzene have dielectric ponstants of 4.Bl 

and 2.27, respectively (70). It is therefore expected that solvation 

of pyridine and of nickel dipyridine thiocyanate will be more extensive 

in chloroform than in benzene. Nickel tetrapyridine thiocyanate may 

be expected to be nearly non-polar, since it is a symmetrical molecule. 
! 
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Therefore, solvation of this complex L~ non-aqueous solution would be 

expected to occur to a lesser degree than for the nickel dipyridine 

thiocyanate complex. However, the energy of interaction of pyridine with 

nickel dipyridine thiocy~~ate will be greater in benzene than in chloroform 

because the dielectric constant of benzer.e is lower than that of chloroform. 

It has been shown (68) that the energy required to extract a 

polar molecule from water into an L~scible organic solvent decreases with 

increasing dielectric constant. Thus, the partition coefficients of 

pyridine (p) and nickel dipyridine thiocyanate (P2) are greater when chloro

form, rather than benzene is the sol~ent. That the partition coefficient 

of nickel tetrapyridine thiocy~~ate is greater When chloroform rather than 

"benzene is the solvent may be due to the existence of a dipole induced by 

the chloroform; such a dipole would not be induced by benzene. 

2-4. Effect of pH; 

The addition of pyridinium (or picolinium) chloride to the aqueous 

phase of a metal pyridine (or picoline) thiocyanate extraction system was 

shown in Part VI-4 to have no measurable effect upon either the nature of 

the extracted species or the distribution ratio of the metal. However, the 

presence of pyridinium (or picolinium) chloride in the aqueous phase resulted 

in a small decrease* in the concentration of complexed pyridine (or picoline) 

in the aqueous phase. It is not clear why this effect should have occurred. 

2-5. Effect of the Metal Concentration 

An increase in the total metal concentration of the nickel and 

cobalt pyridine thiocyanate extraction systems was shown in Part VI-l 

to result in an approximatelY proportional increase in the concentrat

ion of complexed pyridine in the aqueous phase. Moreover, the 

* The effect of pyridinium. (or picoliniuIn.) chloride was found to be small 
in comparison to the effect either of changing the metal in a given 
extraction system or of the substitution of a picoline for pyridine. 
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complexed pyridine in the aqueous phase was shown to be present main~ 

as a mixed metal 'pyridine thiocyanate complex. Thus, the shift of an 

extraction curve to a lower concentration of total pyridine in the 

'aqueous phase on decreasing the metal content can be accounted for by 

postulating the existence of mixed metal pyridine thiocyanate complexes 

in the aqueous phase. 

It was shown in Part VI-4 that, at a given concentration of 

free p,yridine in the aqueous phase, the distribution ratio of the metal 

was independent of the total metal concentration of the extraction 

system. From this fact the following conclusions are drawn: (1) the 

existence of polynuclear species of the metal complex in the organic 

"phase was unlikely, since the distribution ratio was shown (see equation 

(15» to be independent of the metal concentration o~ in the absence 

of such species; (2) no appreciable hYdrolysis of the metal ion 

occurred in the aqueous phase; and (3) the activity coefficient6of the 

various components of each phase remained essentially constant through

out the range of ,concentrations used. 

2-6. Effect of the Extraction Temperature 

An increase in the temperature of the cobalt and nickel pyridine 

thiocyanate extraction systems was shown to result in a decrease in t~e 

distribution ratio of the metal (see Figs. 10 and 9, respectively). In 

addition, it was shown L~ Part VI that the cobalt and nickel pyridine thio

cyanateswere extracted almost exclusively as the tetrapyridinates. For such 

cases, the distribution ratio of the metal, D, may be written as follows: 

log D =. log P4 K ,2 + 4 log [pJ - log (A + fIp]) (59)4
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where P4 is the partition coefficient of the metal tetrapyridine thio- . 

cyanate, K ,2 is ~he overall fo~tion constant of the metal tetra4
pyridine thiocyanate in aqueous solution, and [p] is the concentration 

of free p,yridine in the aqueous phase. The parameters A and f [p] are 

defined by equations (53) and (54), respectively; they will not be 

considered here for the following reasons: (1) .both A and f [p] are 

expected to have only very slightly smaller values as the temperature 

of the extraction system is raised; and (2) any decrease in the 

values of A and f [p] would not explain the observed decrease in the 

distribution ratio with increasing temperature. 

Thus, a decrease in the distribution ratio, n, with increasing 

-temperature will be due mainly to a decrease in the product P4 K ,2
4

and/or a decrease in the free pyridine concentration of the aqueous 

phase, [pJ. It is expected that P4 will increase and that K ,2 will
4

decrease, with increasing temperature. In addition, the partition 

coefficient of pyridine, p, is also expected to increase with temperature. 

An increase in p would lead to a lower concentration of free pyridine 

in the aqueous phase. Since the exact effect of temperature on these 

opposing factors is unknown, so is the exact reason·for the observed 

deprease in the distribution ratio with increasing temperature*. 

* It is worth noting that, if P4 K
4
,2 and log (A + f _[p]) are assumed_to 

be independent of temperature, then by using equation (59) it may be 

shown that a one percent per °c increase in the partition coefficient 

of pyridine (a one percent per °c decrease in the free pyridine 

concentration of the aqueous phase) will provide nearly the same 

decrease in the distribution ratio of cobalt with increasing temper

ature as shown in Fig. 10. 
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3. Analytical Ap'Olications of the. Extraction Data 

Tne percent extraction of a given metal into chloroform is 

a unique function of the equilibrium concentration of pyridine (or 

picoline) in the aqueous phase, for a metal pyridine (or picoline) 

thiocyanate extraction system. The carves for the percent extraction 

of the cobalt, nickel, zinc and cadmium pyridine· thiocyanates into 

chloroform as a function of the total equilibrium concentration of 

pyridine in the aqueous phase are in Fig. 57. Similar curves, where 

4-picoline rather than pyridine was used as the complexing agent, are 

in Fig. 58. 

It was shown in Part V-4 that a reduction in the total 

concentration of the metal* in the pyridine thiocyanate system resulted 

in a small displacement of the extraction curve to the left, and that 

this displacement was small relative to the effect of changing the 

metal. It was also shown in Part V-4 that the addition of pyridinium 

(or picolinium) chloride to the extraction system resulted in a small 

displacement of the extraction curve to the left, and this displacement 

was small relative to the effect of changing the metal. The presence 

of pyridinium (or picolinium) chloride was an important variable for 

study because it allowed a reduction in the pH of the aqueous phase to 

a level where hydrolysis would be unlikely. It is also a potentially

useful buffer system, namely pyridine-pyridinium (or picoline-picolinium), 

in practical analyses involving the present solvent-extraction systems. 

From Fig. 57 it is evident that for values of the total 

* In Part V-2 it was reported that above the following metal 
concentrations, precipitation of the metal pyridine (or picoline) 
thiocyanate may.occur in the extraction systems: nickel, 5 x lo-3M; 
cobalt, 1.3 x lO-3:r-r; zinc, 5 x lO-3M; cadmium, 1 x lo-3M. . 
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FIGURE 57 

Percent extraction of metals into chloroform at 250 C, versus the total 

equilibrium concentration of pyridine in the aqueous phase. - . 

Equilibrium concentration of potassium thiocyanate in the aqueous 

phase: . 0.3 M. 
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FIGURE 58 . 

Percent extraction of metals into chloroform at 250 C, versus the total 

equilibrium concentration of 4-picoline in the aqueous phase 

(O.OOl-M picolinium chloride added). 

Equilibrium concentration of potassium thiocyanate in the aqueous phase: 

0.3 M. 

NOTE: The dotted line indicates data for extractions 

where picolinium chloride was not added. 
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. pyridine concentration in.the aqueous phase between 1.75 x 10-3M 

and 2.25 x 10-3M, a sepa~ation of either cobalt or cadmium from zinc 

or nickel may be made. At these two pyridine concentrations, 

respectively, the following percentages of the metal would be 

extracted: nickel, 93 and 97; zinc, 67 and??; cobalt, ? and 15; 

cadmi~~, 1.5 and 4. Even by using batchwise extractions, the minor 

components (cobalt and/or cadr.~um) of the chloroform extract could 

be largely removed by back extraction with a 0.3-M aqueous thiocyanate 

solution*. 

The feasibility of the separation of nickel from cobalt and 

of zinc from cadmium are of particular interest in view of the very 

common natural occurrence of these pairs of metals together. 

An example of how the ~idine thiocyanate extraction system 

may be utilized to separate two metals is given in the following 

procedure: 

* The equilibrium concentration of pyridine in both the organic and 

aqueous phases will be about 7 percent less than after the first 

extraction due to the separation of that aqueous phase and sub

sequent re-equilibration with an equal volume of the pyridine

free thiocyanate solution. Therefore, if the concentration of 

pyridine in the aqueous phase was 2.25 x 10-3Mafter the first 

extraction, its concentration after the back extraction would be 

about 2.1 x 10-3M• At this latter concentrati~n the following 

percentages of the metals are eA~racted: nickel, 97; zinc, 74; 

cobalt, 12; cadmium,3.0. If 1 mg each of the metals were initially 

taken, it may be readily calculated that, after the back extraction 

with 0.3-M thiocyanate, the metal content (in mg) of the chloroform 

phase would be as follows: nickel, 0.94; zinc, 0.57; cobalt, 0.02; 

cadmium, 0.001. 
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Procedure: To separate nickel from cadmium present in a 

dilute .(0.01 M) hydrochloric acid solution, dilute the 

solution with water until th~ concentrations of nickel 

and cadmium do not exceed 0.005 M and 0.001 M, respectivelr, 

in order to prevent the forITation of solid phases. Neutral

ize 	this sol~tion with p~idine to pH 4 ± 0.2. l~ke 

the 	solution 0.3 M~~ in potassiu:n thiocyanate. Then add 

an amount of pyridine~~ such that after equilibration at 

25 .O°c>~ with a.'l equal volume of chloroform, the aqueous 

phase will be between 1.75 x 10-3Mand 2.25 x 10-3M in 

pyridine. Add a volume of chloroform equal to that of the 

aqueous phase. Extract at 250 C for 2 minutes. Under these 

conditions, between 93 and ~7 percent of the nickel will be 

extracted, together with between 1.5 and 4 percent of the 

cadmium. Separate the chloroform phase and shake it for 2 

minutes at 25.0oe with an equal volume of 0.3-M potassium 

thiocyanate. The chloroform phase will now contain between 

85 and 94 percent of the total nickel and between 0.01 and 

0.12 percent of the total cadmium. 

The 	effect of repeated back extractions together with the 

* 	 It was shown in Appendix XVIIIC that a 2 percent change in the thio
cyanate concentration of the aqueous phase changed the distribution 
ratio of the metal by about one percent. Therefore a 10 percent 
change in that thiocyanate concentration will affect the distribution 
ratio by about 5 percent. A 5 percent change in the distribution 
ratio will onlY change the percent extraction by 1.3 percent or less. 

** 	 This quantity is readilr calculated by using the known partition 
coefficient of pyridine (14.1) and the approximate concentrations 
of the metals present. . 

*** It is seen from Figs. 9 and 10, respectivelr, that the distribution 
ratios of nickel and cobalt pyridine thiocyanates decrease by about 
10 percent per degree increase in temperature. The percent extract
ion varies by less th?~ 2.4 percent for a 10 percent increase (or 
decrease) in the distribution ratio of the metal. Therefore, for 
any temperature between 240 e and 26°e, the percent extraction of the 
metal will have the same value as that at 25.0oe to within + 2.4 
percent. 
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effect of co~bining the aqueous extracts and re-extracting 

are indicated in the flow diagram below. 

FIRST EXTRACTION 

97% Nickel 3.0% Nickel 
4.0% Cadmiurn 96% Cadmium 

CHC1:3 : 

94% Nickel 2.9% Nickel 6.7% Nickel 
0.12% Cadmium 3.9% Cadmium 4.0% Cadmium 

H20: 

, 9.7% Nickel 
" . 

100.0% Cadmium 

90% Nickel· 3.8% Nickel 9.4% Nickel· 0.29% Nickel 
0.0024% Cadmium 0.12% Cadmium 4.0% Cadmium 96% Cadmium 

CHC~:~ 
 H20: 

9.1% Nickel 0.29% Nickel 
0.12% Cadmium 3.9% Cadmium 

CombinedtChloroform COmbined'AqUeOUS 
Ex:tracts Ex:tracts: 

99.4% Nickel (by difference) 0.58% Nickel 
0.12% CacL1liutn ' 99.9% Cadmium (by difference) 

NOTES: (1) The following conditions apply to the flow diagram: (i) all 
extractions L~volve equal phase volumes; (ii) .all back 

. extractions are carried out with 0.3-M potassium thiocyanate; 
(iii) for all extractions with fresh chloroform, the pyridine 
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concentration of the aqueous phase is adjusted such 
that, after eqailibration with that chloroform, the 
concentration of pyridine in the aqueous phase is 
2.25 x 10-.3M. 	 ' 

(2) Each percentage given 	is that of the total metal in the 
original sample. 

It is seen from the flow diagr&~ that about 5 extractions 

are required to obtain a nearly-quantitative separation of the two 

metals. The degree of separation at any weight ratio of nickel to 

cadmium is obtained from the percentages given for the combined 

extracts; when this ratio is greater than unity, the combined chloro

form extracts and the combined aqueous extracts both contain a higher 

proportion of nickel; when this ratio is less than unity, the reverse 

is true. 

It is evident from Fig. 58, where 4-picoline is substituted 

for pyridine, that a similar procedure could be ,devised for the 

separation of these and other metals by using the 4-picoline thio

cyanate system. The selectivity of the extraction is approximately 

the same with either reagent. 

Less 4-picoline than pyridine is required to extract a given 

amount of a given metal. However, ~idine may be preferred for the 

following reasons,: (1) it is more readily available from chemical 

supply houses; (2) it is more easily pur~fied,'and the proof of its 

purity involves a simpler procedure (see Part II-2-.3); and (.3) it is 

much cheaper*. 

The separation of these metals is also feasible by means of 

continuous extraction using a col~~. ,The equations given by Weissburger 

* The 1966 J. T. Baker chemical catalogue quotes the following per pound 
prices for their best grade: pyridine, $2 •.30; 2-picoline, $.3.00; .3
picoline, $7.08; 4-picoline, $7.26. 
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(125) were used to calc~late the nur~er of theoretical stages required 

for the column separation of mixtures of zinc and nickel by means of 

their selective extraction into chloroform as pyridine thiocyanate 

complexes. These two metals were selected because they are the most 

difficult pair to separate, by solvent extraction, within the group of 

four metals studied (see Figs. 57 aDd 58). Therefore other pairs of 

metals could be separated ~dth the same degree of completeness by using 

a smaller number of theoretical stages. 

The descriptions of the two mixtures considered, together with 

the calculated* numbers of theoretical stages are given in Table LXXII. 

The data illustrated by Figs. 57 and 58 are equilibrium data. 

Presentation of equilibrium data avoids the shortcoming inherent in 

previously published procedures, namely that they give only initial 

concentration values. The data in Figs. 57 and ,58 thus provide the basis 

for general procedures. That is, the feasibility of separating any pair 

of metals is readily evaluated by referring to a ~ingle figure, such as 

Fig. 57. It inherently contains the conditions for the separation of 

metals in any system that might be encountered. Therefore, they 

constitute a significant advance over all previously published data, 

such as those co~tained in the procedures of Forsythe, Magee and Wilson 

(14,15,102) or Welch~r (104) which give ~nstructions arrived at empiric

ally. 

The pyridine thiocyanatesof divalent manganese, iron, cobalt, 

nickel, copper, zinc, palladium and cad..1lium. are known to extract (see 

Part I-l). In the present investigation, the extraction curves for the 

* ' Instantaneous, 100 percent stage efficiency was assumed. 
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TABLE LXXII 

The calculated n~~ber of theoretical stages for the continuous column 

extraction of mixtures of nickel and zinc by me&~s of their selective 


extraction into chloroforhl as pyridine thiocyanate complexes 


EXA.:.wLE 1 

Metal in Distribution Desired vreight of Number ofI

Metal sample ratio of ! metal in phase. mg theoretical 

solution, metal~l- stages 
mg H2O CHC13 

Nickel 0.0100 300. 0.00001 0.00999 
10 

Zinc 10.0000 ll. 9.99999 0.00001 

EXAMPLE 2 

Metal in Distribution Desired weight of Number of 
Metal sample ratio of metal in phase mR; theoretical 

solution, metal* stages 
mg H2O CHC~ 

Nickel 10.0000 0.06 9.99999 0.00001 
32 

Zinc 0.0100 0.18 0.00001 0.00999 

* Values for the distribution ratios of the metals (as pyridine thiocyan
ates) between chloroform and aqueous 0.3-M potassium thiocyanate 
solutions at 250C were read, for nickel and zinc, respectively, from 
Figs. lIB and lSB. For examples 1 and 2 the total pyridine concentration 
in the aqueous phase required to give those distribution ratios was 

4.0 x 10-3M and 0.5 x 10-3M, respectively. 

NOTE: The number of .theoretical stages was calculated from the 

equations of Weissburger (125). The calculations assumed 

instantaneous, 100 percent stage efficiency. 
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cobalt, nickel, copper*, zinc and ca~~um pyridine thiocyanates were 

determined. The experL~ental determination of the extraction of 

manganese, iron and palladium pyridine thiocyanates as a function of 

'the equilibri~~ concentration of pyridine might permit useful 

procedures to be devised for the~r separation from one another and 

from other metals. 

Many metals are precipitated as hydrated oxides from aqueous 

solution by the addition of excess pyridine; these precipitates 

apparently are insoluble in chloroform. Iron (Ill), aluminum (Ill), 

uranium, zirconium, tin, tellurium and bismuth form (105) such 

precipitates, as do (104) chromium (Ill), titanium, antimony, thorium, 

cesium, lanthanum, neodymium, praseodymium and lead. Mercury (106) 

forms a water-soluble complex ion HgC12(CNS)2 in the presence of 

thiocyanate; it is not affected by excess pyridine. Ruthenium (15), 

and rhodium and platinum (102) also form soluble complexes in aqueous 

solutions containing pyridine and thiocyanate; these complexes do 

not extract into non-aqueous solvents. Therefore, provided that 

co-precipitation is negligible, each of the above-named metals may 

be quantitatively separated from divalent manganese, iron, cobalt, nickel, 

copper, zinc, palladium and cadmium by extracting the latter metals 

into chloroform as their pyridine thiocyanates. The usefulness of suqh 

separations appears not to have been evaluated. 

* Due to precipitation of copper under conditions of incomplete extract
ion it was not possible to study in detail the extr~ction of copper 
pyridine thiocyanate as a function of the pyridine concentration (see 
Part V-2). 
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4. Suggestions for Further ~'[ork 

I. The practical aspect of the present investigation was to 

illustrate that various metals could be separated from one another 

by means of the pyridine (or picoline) thiocyanate extraction system. 

Obviously, the selective extraction and complete separation of one 

metal from an aqueous solution containing several metals can be made 

in one solvent-extraction operation, provided that extraction curves 

are sufficiently far apart. If the extraction curves are not widely 

separated then, as for the pyridine or picoline thiocyanate extraction 

system, replicate extractions are necessary, together with a suitable 

adjustment of the pyridine (or picoline) concentration between 

extractions. 

In order to increase the separation of the extraction curves 

for the different metals, only a few variables are available. It is 

suggested that the effect of each of the following variables on the 

separation of the extraction curves be evaluated: 

(1) The effect of alkYl or aryl-substi~uted pyridine ligands 

caus:L'1g a partial staric hindrance in the formation of a metal complex 

may be to increase the selectivity with which different metals are 

extracted. Such ligands would be expected to accent the difference between 

the formation constants o~ the extractable complexes for each metal. 

(2) The substitution of a ligand such as selenocyanate for thio

cyanate may also result in a steric effect similar to that described above. 

(3) The use of a smaller or larger initial concentration of 

thiocyanate in the aqueous phase may lead to increased selectivity 

through changes in the equilibrium composition of the aqueous phase. It 
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should be noted, however, that a complication would arise if a thio

cyanate concentration much smaller than that used in the present 

investigation (0.3 M) were used; the depletion of the thiocyanate 

concentration both by extraction of the metal complex and by the 

formation of thiocyanate complexes of the metal (mixed or otherwise) 

in the aqueous phase would have to be corrected for if valid 

comparisons of different systems were to be made. Such a complication 

could be avoided by the use of a correspondingly smaller total 

concentration of the metal in the extraction system. 

(4) Although the metal pyridine and picoline thiocyanate 

extraction systems have been shown to reach equilibrium quite rapidly, 

a study of the rate of equilibration may lead to extraction procedures 

which exploit the differences in such rates to obtain better select

ivity. 

(5) The distribution ratios of the cobalt and nickel pyridine 

thiocyanates have been shown to have a different dependence upon the 

extraction temperature. A more extensive study of the dependence of 

the distribution ratio upon temperature may also lead to greater 

selectivity. 

II. It has been shown.that the pyridine, 3-picoline and 4~picoline 

thiocyanates of cobalt, nickel and cadmium are ext~acted almost 

exclusively as the tetrapyridinates or tetrapicolinates over the range 

of pyridine or picoline concentrations .used in the present investigation. 

In addition, the 2-picoline thiocyanate of cobalt, and the pyridine, 

3-picoline and 4-picoline thiocyanates of zinc have been shown "to be 
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extracted almost exclusivelY as the dipyridinate or dipicolinate. The 

product of the partition coefficient of the extracted complex (pz or 

P4) and the overall formation constant of that complex in the aque~us 

phase (KZ Z or K4 Z) has been :ound. From experimental data, either 
. , , 

Pz K ,2 or P4 K ,2 had been fo~d for each of the metal pyridine orz 4

picoline thiocyanates. The experimental evaluation of the unknown 


products (either P2 K2,2 or P4 K ,2) then would lead directly to the4

stepwise formation constants, k4' of the metal tetrapyridine or tetra


picoline thiocyanates in.-the organic phase: 

(64) 

where p is the partition coefficient of the pyridine or picoline 

. ligand. finallY, the experimental evaluation of the partition 

coefficients P2 and P4 then would allow the formation constants K2,2 and 

K4,2 to be calculated. 

It is suggested that experiments be devised to evaluate the 


unknown products (either P2 K2,Z or P4 K ,2) and the partition coefficients
4
P2 and P4. For this purpose, both much higher and much lower concentrations 

of p,yridine or picoline than those in the present investigation must be 

used. As indicated in Part VI (see equations (50) to (58», a study of the 

distribution ratio of the metal both at these higher and lower concentrations 

of pyridine or picoline should lead to values of P2 and P4 and for the 

unknown values of either P2 K2,2 or P4 K4,2. 

The experimental work of the present investigation was not 

initiallY directed at the determination of these values for the reason that 

analYtical separations of the metals could be made without resort to these 
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, higher or lower concentrations of pyridine or picoline. 

However, to carry out the experiments suggested above it will be 

necessary to develop sensitive analytical methods to determine both very 

large and very s~ll distribution ratios of the metals; for this purpose, 

the development of radioche~ical ~ethods of analysis is suggested. To 

determine pyridine or picoline concentrations much smaller than those 

used in the present investigation, new analytical methods will be 

required; such methods are unknown at the present time. 

Ill. In Part VI the predicted positions of the extraction curves 

were given for the pyridine, 3-picoline and 4-picoline thiocyanates of 

manganese, iron and copper. It is suggested that these positions be 

determined experimentally. Their determination then would lead to 

analytical procedures for the separation of a much, larger group of metals. 

IV. A study of the effect of the organic solvent on the partition 

coefficients of the extracted metal pyridine or picoline thiocyanate 

complexes would be an area for profitable research, since solvation 

effects could be studied directly. 

V. It is seen from the data in Table LXV that the pK value of a 

a pyridine base having a~ alkyl group in a given position on the ring' is 

nearly independent of the magnitude of the alkyl group. Such bases then 

might be expected to form, with a m.etal thiocyanate, complexes having 

the same formation constants but different partition coefficients. Such 

a stud~ then could lead to an lli~derstanding'of the f~ctors which deter
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mine the magnitude of a partition coefficient. 

5. Summary, and Claim to Original Research 

The pyridine, 3-picoline and 4-picoline thiocyanates of cobalt, 

nickel, zinc and cadrrdum, and the 2-picoline thiocyanate of cobalt were 

studied, at 250 C, in equilibrated solvent-extraction systems. 

The distribution ratio of the metal was measured as a function 

of the total equilibrium concentration of pyridine or picoline in the 

aqueous phase. The ionic strength of the aqueous phase was maintained 

essentially constant by the use of O • .3-M potassium thiocyanate. Chloro

form was used to extract each of the metal pyridine and picoline 

.thiocyanate complexes. Benzene was also used to extract nickel pyridine 

thiocyanate. 

A mathematical treatment of the extraction data showed that 

the pyridine, 3-picoline and 4-picoline thiocyanates of cobalt, nickel 

and cadmium were extracted almost exclusively as the tetrap,yridinates 

and tetrapicolinates; the pyridine, .3-picoline and 4-picoline thio

cyanates of zinc and the 2-picoline thiocyanate of cobalt Were extracted 

almost exclusively as the dipyridinates and dipicolinates. This 

mathematical treatment gave, for those complexes extracted primarily as 

the tetrapyridinate or tetrapicolinate, the product ~4 K ,2 of the
4

partition coefficient, P4' and the overall formation constant in the 

aqueous phase, K ,2; for those complexes extracted primarily as the4
dipyridinate or dipicolinate, the product P2 K2,2 of the partition 

coefficient, P2' and the overall formation constant in the aqueous phase, 

K2,2' was found. 
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A thermodynamic treat~er.t of literature data gave estimates 

for the stepWise formation constar.ts of the metal tetrapyridine and 

tetrapicoline thiocyanates in the orgar~c phase., This treatment also 

.provided estimates of the ~~kr.owr. products (either P2 K2,2 or P4 K4,2) 

for those metal pyridine ar.d p~colir.e thiocyanate extraction systems 

studied experimentally. In additior. estimates were obtained of both 

P2 K2,2 and P4 K ,2 for the pyridine and picoline thiocyanates of4
J.nallganese, iron and copper. 

Both the partition coefficients (P2 or P4) and the overall 

formation constants in the aqueous ph~se (K2,2 or K ,2) were found, 4
for a given metal, to increase in the order pyridine < 3-picoline ( 

4-picoline. 

The order of the overall formation constants in the aqueous 

phase and of the stepwise formation constants in the organic phase was 

found, for the various metals, to be the same for any one of the pyridine 

or picoline ligands. 

-The SUbstitution of benzene for chloroform as solvent was 

found to result in smaller values of P2 and P4" 

In experiments where different total concentrations of the 

metal Were used, it was found that the distribution ratio increased 

with decreasing metal concentration, at a given conce~tration of total 

p,yridine in the aqueous ~~ase. However, a correction of that total 

pyridine concentration for that complexed as a metal pyridine thiocyanate 

showed that the distribution ratio was independent of the total metal 

concentration in the extraction system at any given concentration of 

free p,yridine in the aqueous phase. Thus, polynuclear species were 

http:constar.ts
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shown to be absent from the organic phase. 

In addition, extractiop experiments were carried out in the 

presence of added pyridinium or picolinium chloride. This addition 

resulted in no significant change in the distribution ratio of the 

metal but did result in a small reduction in the concentration of 

complexed pyridine or picoline in the aqueous phase. 

Finally, it was demonstrated that the pyridine or -picoline , 
thiocyanate extraction system is a potentiallY-useful system for the 

analYtical separation of-various metals. 



PART VIII 


APPE.~ICES 
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Introduction to the Apuendices 

Most of the analytical and operational procedures used in 

the present investigation required some development before use. The 

final procedures are presented separately and completely in the 

following Appendices, in a form convenient for routine use. 
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Appendix I 

Puri:~cation of Reagents 

(1) Conductivity \';ater 

Pass distilled water t~~ough a 55-cm x 5-cm column of 

IIAmberlite MB-3", a mixed-bed ion-exchange resin. Store the product in a 

Pyrex glass bottle. 

(2) Alcohol-Free Chloroform (17) 

Wash reagent-grade chloroform five times with half its volume 


of water. Store the product in a brown bottle. 


, (3) Carbon Dioxide-Free. Anhydrous Chloroform 

Add 15 g of anhydrous calcium sulphate to 1500 ml of chloroform 

contained in a 2000-ml distillation flask. Connect the flask to a 

conventional all-glass fractionation apparatus with an BO-cm Vigreaux 

column. Protect the interior of this apparatus with a soda-lime tube. 

Flush the apparatus with nitrvgen, then distil the chloroform at the rate 

of 4-5 rnl per minute. Reject the first 100 ml of distillate and collect 

the next 1000 ~ 10 ml in a nitro6en-filled receiver that contains 9.0 ± 
0.1 rnl of absolute ethanol. Store the product in a brown bottle. 
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(4) Dioxane (19) 

Add 20 g of Gooct-crucibla asbestos to 1000 ml of dioxane 

contained in a 200O-ml flask. Sha.ke the mixture mechanically for one 

hour. Filter the solution through a Buchner funnel. Store the product 

in a bro~n bottle. 

(5) Poyridine or Picoline 

Add 50 g of anhydrous barium oxide (BaO), as a dehydrating 

agent, to 1000 ml of pyridine or picoline contained in a 2000-ml flask. 

Allow the mixture to stand in the dark for a few hours, occasionally 

shaking it. Connect the flask to a conventional all-glass fractionation 

apparatus with an SO-cm Vigreaux colurnn. Protect the apparatus with a 

soda-lime tube. Flush the apparatus with: nitrogen. Reflux the liquid 

under an atmosphere of nitrogen for one hour, then.distil it under 

nitrogen at the rate of 2 ml per minute. Collect the centre 500 ml, 

then store it in the dark. 



- 344 

Appendix II 

Dete~ination of I~~urities in Pyridine and 2-Picoline 

by Gc.s Cl:!"c:-:-.atof,raphy 

Chromatograph 

A gas chrorratograph manufactured by Research Specialties Company, 

and fitted with conventional therrristor detectors. Connect the thermistor 

bridge to a potenti~~etric strip-crart recorder having a full-scale 

sensitivity of 1 mv arid a response of one second. 

Column 

Apply a coating of Apiezon L grease onto Fisher "Columpak" 

(30-60 mesh) in the weight ratio 1:6 of substrate to solid. Pack this 

material into a copper tube 6 feet long and ~4 inch O.D. 

Operating Conditions 

Column temperature: 70°C. 


Detector temperature; 75°C. 


Injection-block temperature : 150°C. 


Helium flow rate : 20 m~/min. 


Inlet pressure: 60 n.m Hg above atmospheric pressure. 


Thermistor current : 20 ~a. 
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Sampling device : Hamilton 10-f..l.l syringe. 


Sampl~ size and retention times : see Fig. 2, page 20. 
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Appendix III 

Determination of Ir.p:;.:r-:i.ties in 3-Picoline and 4-Picoline 

\ 

. Chromatograph 

Same as in Appendix II. 

Column 

Apply a coating of tris IJ2,3(2~cyano-ethoxy)propane onto Fisher 

"Chromosorb \'lI' (30-60 mesh) in the weight ratio 3:7 of substrate to solid. 

Except for this diff,erence in colu.'Ml packing, the column was similar to 

that described in Appendix II. 

Operating Conditions 

Column temperature : 9BoC. 


Detector temperature : 105°0. 


Injection-block. temperature: 175°0. 


Helium flow rate : SO ml/min. 


Inlet pressure : 570 mm of Hg above atmospheric pressure. 


Thermistor current. : 20 ma. 


Sam.pling device : Har..ilton 10-ill syringe. 


Sarr~le size and retention times : see Figs. 3 and 4, pages 23 


and 25. 
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Append.ix IV 

~olvent-Ex':,,:,,action Procedure 

Addl standard solut~ons o~ nickel chloride, potassium thio

cyanate and hydrochloric acid (i·:nere used), wa.ter, and a standard solution 

of purified pyridine in that order to a dry extraction flask2, such that 

the volume of the aqueous solution is 90.00 ± 0.05 ml. Then add 90.00 

± 0.05 ml of chloroform (reagent-grade, unless specified otherwise). 

Clamp the capped flask in a mechanical shaker3• Allow the contents to reach 

temperature equilibrium in a water-bath4• Then lower the cap of the 

flask momentarily in order to reduce the pressure to 1 atmosphere. Now 

shake the vessel mechanically in the water-bath until equilibrium is 

established (equilibrium was established within 10 minutes for all the 

metal pyridine and picoline J.::,hiocyanate extraction systems j a 100minute 

period of shaking was therefore used, unless specified otherwise). Then 

transfer the contents of the flask to a dry separator;r funnel5 which ~as 

been immersed in the constant-temperature bath, and allow the phases to 

separate in the bath over a period of at least 45 minutes. The transfer 

need not be quantitative, since the two phases are later analysed without 

dilution. Remove the funnel from the bath, remove ~ts stem protector, and 

insert an absorbent-cotton filter plug in the stem of the funnel. Draw 

most of the chloroform phase into a dry, 100-ml volumetric flask. Do not 

dilute this solution to volum~. Reject the remainder of the chloroform 

phase, and leave the aqueous phase in the funnel. Remove aliquots of both 

phases for chemical analysis6. 

, .- ~. 

http:Append.ix
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NOTES: 

(1) For extraction systems other than those containing nickel 

pyridine thiocyanate, add a sta~dard solution of potassium thiocyanate, 

water, a standard solution 0: hydrochloric acid (where used), a standard 

solution of purified pyridine (or a purified picoline) and chloroform 

(reagent-grade, unless specified othe~vise) in that order to the dry 

extraction flask. Cap the flask, shake it manually for a few seconds, and 

then allow the phases to separate. Then add the standard solution of 

metal chloride. The volumes of the reagents added are to be such that the 

aqueous and chloroform vollli~es would each be 90.00 ± 0.05 ml before 

mixing. Then proceed as directed in the procedure for the extraction and 

separation. 

(2) The extraction flask: a 500-ml conical, Pyrex flask, with a 

bakelite screw cap containing a Teflon insert. Grind the top of the
.j 

threaded neck with a carborundum disc and then with very fine diamond 

sandpaper, until a water-tight seal between the Teflon and the glass is 

obtained when the cap is screwed on. In addition, make a' slight indent

ation (with an oxy-acetylene torch) in the side of the flask about one

third of the way do'tffl, to fit the Burrell shaker clamp. This method of 

clamping is preferable to clamping the flask at the cap, which could 

become loosened during mechanical shaking. 

(3) Mechanical shaker: a Burrell vlrist-Action Shaker (Model 00). 

{4} Water~bath: 24 in x 18 in x 12 in; fitted with a circulating 
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pump, heater (SOO-watt, bayonet type), cooling coil, thermoregulator 

(Precision Micro-Set), and a thermomater (O-50t, O.loC divisions) which, 

in the present work, was previously calibrated against a standard 0-50°C 

thermometer obtained fro~ the Rational Research Laboratories (serial number 

57478). An aluminum shield fitted above the bath prevents splashing 

during the shaking of extraction flasks. With this water bath-shaker 

combination, 6 extraction flasks tray be shaken simultaneously'. 

(5) The separatory funnel: a 250-ml Squibb-type, Pyrex funnel equipped 

with a Teflon stopcock and a ground-glass stopper. Shorten the stem of 

the funnel to about one inch. In order to prevent water in the water-bath 

from contaminating the stem of the funnel, slip over the stem a short 

length of rubber tubing closed at one end by a glass plug. 

(6) Use the final (equilibrium) phase volumes given in Table IV, 

page 38 in the calculation of chemical concentrations. 
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Appendix V 

Determination of True Volumes in Extraction Systems 

Apparatus 

(1) Separatory funnel: as described in Note 5 of Appendix IV. 

(2) Dry, lOO-ml v91um.etric flask: tape a narrow strip of graph 

paper to the neck of each flask in order to cover the volume range of 

98-102 ml. Calibrate each flask for several volumes in this range. 

Procedure. 

Measure 100.00 :!:. 0.05 m1 each of water-saturated chloroform.* 

and chloroform*-saturated water into a separatory funnel. Tilt the 

separatory funnel end for end, at room temperature, about 25 times. 

Allow the phases to separate. Make as nearly complete a separation as 

possible, and-draw each phase into a volumetric flask. Record the volume 

of each phase. The difference between 100 ml and th~ recovered volume of 

each phase is the sought-tor correction. It represents the unavoidable 

loss in volume in a solvent-extraction operation in which the phase is 

drawn off. Therefore, in su~h an operatio'n these volumes should be added 

to the recovered volumes in order to get the true volumes. 

Repeat these measurements for each of the various test solutions. 

* Reagent-grade chloroform was used to prepare these solutions. 
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Appendix VI 

Potentiometric De't.e!":.':ir::-·tion nf Pyridi!'le or Picolines 

in Aqueou~ Solutions 

Apparatus 

A Leeds and Northrup pH Indicator (Cat. No. 7664) in conjunction 

with a Beckman blue-glass electrode and a Beckman calomel (fibre-type) 

electrode. 

Reagents. 

(1) Hydrochloric acid: O.l-M and O.025-l1 aqueous solutions. Standard

. ize the O.l-M solution against sodium carbonate (48). Prepare the O.025-M 

solution by dilution of the O.l-M solution. 

Procedure 

Transfer a 25-ml aliquot of the solution for analysis to a 100

ml beaker. Carry out a .conventional potenti~~etric titration, agitating 

the solution with a ~Agnetic stirrer. Near the ~nd point, record the pH 

readings after each small and equal increment of titrant. Calculate the 

end point by the method of second differences (49). Typical titration 

curves are shol'.n in Fig. 7, page 44. The accuracy, pr.ecision and 

concentration range of the determi.nation are shown in Table V, page 43. 
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App3ndix VII 

Argentimetric Determination of Thiocyanate in Aqueous Solutions 

Reagents 

(1) Indicator: saturated aqueous solution of ferric ammonium 


sulphate. 


(2) Nitric acid: 6.0 ~ 0.2-M aqueous soluti~n. 

- (3) Silver nitrate: O.l-M and 0.025-M aqueous solutions. Standard

ize the O.l-M solution against sodium chloride, by Fajans' method (28) with 

dichlorofluorescein as the indicator and about 0.1 g of dextrin as an 

anticoagulant. Prepare the 0.025-1-1 solution by dilution of the O.l-M 

solution. 

(4) Potassium thiocyanate: O.l-M and O.025-M aqueous solutions. 


Standardize the O.l-M solution against the standard O.l-M silver nitrate 


solution, by the Volhard method (28). Prepare the O.025-M solution by 


dilution of the O.l-M solution. 


Procedure (28) 

Transfer a 25-ml aliquot of the solution for analysis to a 

250-ml iodine flask. Add an excess of standard silver nitrate solution and 
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5 ± 0.5 m1 of 6.0-~~ nitric acid over that required to neutralize the 

pyridine or picoline. Add 2.0 ± 0.2 rnl of the indicator solution, and 

titrate with the standard thiocyanate solution, to the appearance of a 

bro~nish tinge which is perrr~~e~t on strong shaking. Calculate the thio

cyaIlate content-:i- of the sa."nple b:r d.:i::'ference. The accuracy, precision, and 

concentration range of the determination are shown in Table VIII, page 

50. 

* 	The aqueous phase of a m~tal pJTidine (or picoline) thiocyanate extract
ion system has a know chloride concentration as well as thiocyanate. 
By correcting for the chloride, \';hich is not extracted into chloroform, 
the aqueous thiocyanate concentration is then calculated. 



- 354

Appendix VIII 

Potentiometric Deterrrination of Pyridine or Picolines 

in Chloroforrr, Solutions 

Apparatus 

As in Appendix VI. As a precaution, soak the electrodes over

night in water, after use in chloroform. 

Reagents 

.. 

(1) Perchloric acid: 0.025-M in purified dioxane (see Appendix I). 

Standardize the solution potentiometrically against potassium acid 

phtr~1ate, as described by Seaman and Allen (51). 

Procedure 

Transfer an aliquot of the solution for analysis to a lOO-ml 

beaker, and dilute it to 30 ::!: 5 ml with reagent-grade chloroform. Carry 

out a conventional potentiometric titration, agitat~g the solution with 

a magnetic stirrer. Near the end point, record the millivolt readings 

after each small and equal increment of titrant. Calculate the end 

point by the method of second differences (49). Typical titration curves 

are shown in Fig. 8, page 54. The accuracy, precision and concentration 

range of the determination are sho...n in Table IX, page 53. 
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The presence of a nickel pyridine thiocyanate complex in the 

chloroform solution of pyridine reduces both the accuracy and the 

precision of the determination (see Part V-3 for details). The accuracy 

and precision were not tested in the presence of other metal pyridine 

thiocyanates, nor was the accuracy and precision of the picoline 

titration tested in the presence of a metal picoline thiocyanate; it 

was expected tha.t these complexes, too, would reduce both the accuracy 

and the precision of the method. 
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ArgentL~etric Deterrrinatlcn c: T~iocyanate in Chloroform Solutions 

Reagents 

As 	 in Appendix VII. 

Procedure 

Transfer a 25-ml aliquot of the solution for analysis to a 

lOO-ml beaker covered with a IISpeedyvap" watch glass. Allow the 

solution to evaporate to dryness in a fume hood, at room temperature; 

with a good draft, this requires approximately 1 hour. Dissolve* the 

residue in 25 ± 5 ml of water and quantitatively transfer the solution 

to a 250-ml iodine flask. Then proceed as in Appendix VII. The validity 

o! this procedure is confirmed by the results in Part IV-4. The accuracy, 

precision.and concentration range of this determination, as for aqueous 

solutions of thiocyanate, are shown in Table VIII, page 50. 

* 	If complete dis&olution of the residue does not occur at this point then 
add, in order, an excess of standard silver nitrate solution and 5.0 + 
0.5 ml of 6.O-M nitric acid. Stir the mixture for a few minutes and 
transfer it quantitatively to a 2S0-mI iodine flask. Now proceed as 
in Appendix VII, but omit the addition of silver nitrate and nitric 
acid. 
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Appendix X 

?otentiometric Deter.::i.nl'tt:ion of Pyridinium or Picolinimn 

Chloride in Aqueous Solutions 

Apparatus 

As in Appendix VI. 

Reagents 

. (1) Hydrochloric acid: As in Appendix VI. 

(2) Sodium hydroxide: O.l-M and 0.025-M aqueous solutions. Prepare 

O.l-M and 0.025-M carbonate-free solutions from a 50 percent solution as 

described by Day and Underwood (4$). Standardize them potentiometrically 

as described below against an aliquot of standard O.l-M or 0.025-M 

hydrochloric acid. Store these alkali solutions in polyethylene bottles 

protected with soda-lime tubes. 

Procedure 

Transfer an aliquot of the solution for analysis to a loo-ml 

beaker. Carry out a conventional potentiometric titration with the 

0.1-!1 or 0.025-M standard solution of alkali, agitating the solution 

with a magnetic stirrer •. Near the end point, record· the pH readings 

after each small and equal increment of titrant. Calculate the end point 
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by the method of second differences (49). Typical titration curves 

are shown in Fig. 59. The accuracy, precision and concentration range 

of this determination, in the presence of a known amount of pyridine, 

are shown in T~bl~VI, page 47. 
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FIGURE 59 

Typical potentiometric titration curves 
for the detennination of pyridinium chloride 
in aqueous solutions. 

(A) 	 O.05-M pyridinium chloride vs O.l-M, 
carbonate-free sodium hydroxide. 

(B) 	 O.OOl-M pyridinium chloride vs O.025-M, 
carbonate-free sodium hydroxide. 
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Appendix XI 

Deterrrd.natior:. oJ-lli.ckel by Tit~ati2n ,.nth 


Ethylenecti&~inetetraacetic Acid 


Reagents 

(1) Ammonium r.ydroxide: 7.0 1: 0.2-M aqueous solution. 

(2) Indicator: grind 0.20 1: 0.01 g of MUrexide with 100 g of 

sodium chloride. 

(3) Ethylenediaminetetraacetic acid, disodium salt (EOTA): O.Ol-M 

aqueous solution. Standardize this solution against calcium carbonate 

as described by Harris and Sweet (38). 

(A) Procedure for Aqueous Solutions (38) 

Add 5.0 1: 0.2 ml of 7.O-M anunonium hydroxide to 50 ml of 

thq neutral or slightly acidic solution containing up to 30 mg of nickel. 

Add 200 1: 20 rug of the Murexide indicator powder, then titrate the , 
0,•

solution with the O.Ol-M standard solution of EOTA. The end point is 

a change in color from yellow to purple, the end point being taken as 

the disappearance of the last perceptible tinge of yellow (the last 

perceptible darkening of the solution to purple). The accuracy, precision 

and concentration range of the determination are shown in Table X, page 59. 
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(B) Procedure for Chloroform Solutions 

T~ansfer an aliquot of the chloroform solution for analysis, 

containing up to 30 mg of nickel, to a lOO-ml beaker. Cover the beaker 

with a IISpeedyvap" watch glass. Allow the solution to evaporate to 

dryness in a fume hood, at room temperature; with a good draft, this 

requires approximately l hour. Dissolve the residue in 50 ml of water 

containing a few drops of l5.7-M njtric acid. Then follow exactly the 

entire procedure given above for aqueous solutions. The validity of 

this procedure is shown by the results in Part IV-5-l. The accuracy, 

precision and concentration range of this determination, as for aqueous 

solutions of nickel, are shown in Table X, page 59. 
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Appendix XII 

Colorimetric Deter4~nation of Nickel 

Apparatus 

A Unicam SP 1400 Prism Absorptiometer with a. conventional 


l-inch cylindrical absorption cell. 


Reagents 

1) Dimethylglyorlme: 1.0 + 0.1 percent in absolute ethanol. The 

_ solution is stable. 

2) Citric acid: 10.0 ! 0.2 percent aqueous solution. 

3) Potassium persulfhate: 2.0 1. 0.1 percent aqueous solution. 

4) Sodium hydroxide: 2.0 1. O.l-M aqueous solution. 

5) Hydrochlorio acid: 1.0 :t O.l-M aqueous solution. 

6) Nickel standard: 10 J.l.g of nickel p3r ml. of aqueous solution. 

Prepare this solution by volumetric dilution of a 0.05~ niokel chloride 

stock solution. Standardize this stook solution against a O.Ol-M solution 

of EDTA, which has previously been standardized according to Procedure A 

of AppendiX XI. 
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Procedure (342 

Transfer an aliquot of the thiocyanate-free solutionl 

containing between 0 and 300 IJ.g of nickel to a lOO-ml volumetric 

flask. Add 10.00 .! 0.02 ml of 1-14 hydrochloric acid, and dilute 

the solution to 50.! 5ml. Add 1.00 .! 0.01 ml.of 10 percent citric 

acid, 3.00 .! 0.01 ml of 2 percent JX)tassium persul}i1ate, 15.00:t. 

0.00 ml of 2.0-M sodium hydroxide, and 1.00 ±0.01 ml. of 1 percent 

dimethylglyoxime in ethanol. Then heat the solution to 60°C, and 

maintain it at 60-70°C for 5 minutes. Cool it to room temperature and 
. 2 

dilute to volume. Measure the absorbance at 465 ~ and subtract the 

absorbance value obtained with a reagent blank, with water as the 

spectro}i1otome1!ric 'blank in both cases. Calculate the nickel 

concentration of the samPle from a previously prepared calibration 

curve3 • Beer I s Law is obeyed. 

NarES: 

(1) Thiocyanate causes rapid color fading, and therefore it should 

be absent. It may be removed by the procedure recorded in Appendix XIII. 

See then Note (3) below. 

(2) Calor development will be complete by the ti~ the solution 

has cooled to room temperature either in air or in an ice bath. There

after, the color is stable for at least 24 hours. 

(3) At 465 mtJ. a solution containing 1.50 j.l.g of nickel per ml of 
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solution gave an absorbance of 0.82 in the l-inch cell.. \tlhen the 

colorimetri~ procedure is preceded by the procedure in Appendix XIII, 

then an identical solution gave an absorbance of 0.. 79 in the l-inch 

cell. The absorbance of the reagent blank of each experiment was 

identical; its value (0.002 co~pnred to water) was subtracted from 

the absorbance of each sample to give the values rep:>rted above. 
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Appendix XIII 

Elimination of Thiocy~n~te From an Aqueous or Chloroform 


Solution Containing Pyridine or Picoline 


CAUTION: 	 In the Procedure, hydrogen cyanide gas is produced. Carry out 

all operations ~n a fume hood with a good draft. 

Reagents 

(l) 	 Nitric acid: 6.0 ±0.2-M aqueous solution. 

Procedure 

Transfer 50 ml or less of the solution to a lOO-ml beaker 

covered with a IISpeedyvap" watch glass. Place, the beaker in a fume 

hood with a good draft. Allow chloroform solutions to evaporate to 

dryness at room temperature; this requires approximately 1 hour. 

Evaporate aqueous solutions to 4 or 5 ml on a hot plate; this requires 

approximately 30 minutes. Then allow the beaker to cool. Rinse the 

beaker and watch glass with 15 ::!: 3 ml of 6.0-M nitric acid, then allow 

the solution to stand in the cold, in the fume hood, until any reaction 

has ceased. Then evaporate ~he solution to 4 or 5 ml on a'hot plate. 

By using 15 ml more of the 6.O-M nitric acid, repeat the rinsing and 

evaporation steps, then finally evaporate the solution to dryness on a 

steam bath. Dissolve the residue in 20::!: 5 ml of water. 
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The oxidation of thiocyanate by nitric acid is by a complicated 

route. At room temperature the solution slowly turns brovm if enough 

thiocyanate is present. The reaction is strongly exothermic. The 

reaction rate will suddenly bec~~e great. Hydrogen cyanide is evolved 

'rapidly, and the solution qui.ckly becomes clear. The dissolved hydrogen 

cyanide is then boiled out. 
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Appendix XIV 

Colorimetric Determination of Cobalt 

CAUl'IClh 	 If thiocyanate is present in the sample then.. during the 

treatment with nitric acid in the Procedure.. hydrogen 

cyanide will be evolved. It is therefore advisable to 

remove the thiocyanate from the samPle, by the procedure 

recorded in Appendix XIII.. before beginning the following 

colorimetric analysis • 

. Awaratus 

1) A Unicam SP 1400 Prism AbsorptionY3ter with a conventional 

1-inch cylindrical absorption cell. 

2) 	 A PI meter with a glass-calomel electrode pa.ir. 

Reagents 

2) 	 Hydrochloric acid: l.~ aqueous solution. 

:3) 	 Sodium hydroxide: 1.O-M aqueous solution. 
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4) Nitroso-R salt: 0.2 percent aqueous ,solution. 

5) Nitric acid: 15.7-H aqueous solution. 

6) Cobalt standard: 10 j..Lg of cobalt per ml of aqueous solution. 

"Prepare this cobalt solution by volumetric dilution of a 0.02~ cobalt 

chloride solution which has been accurately standardized by a 

conventional EDTA titration, using Murexide as indicator (.39). 

Procedure 

Transfer 25 ml or less of the thiocyanate-free solutionl , 


containing between 0 and .350 j..Lg of cobalt, to a lOO-ml beaker. Add 


4.0 ! 0.2 g ot solid sodium acetate and then, by using a pH meter, 

. adjust the pH to 5.5 :. 0.1 either with 1.~ hydrochloric acid or with 

1.O-M sodium hydroxide solution. Transfer the solution quantitatively 

to a lOO-ml Pyrex volumetric flask. Add 5.00 :. 0.01 ml of the 0.2 

percent aqueous solution of Nitroso-R salt. Boil the solution for 2 

minutes on a hot plate, adding 4.0 + 0.1 ml of l5.7-M nitric acid drop

wise to the solution after the first minute.' Cool the solution in the 

dark, then dilute it to volume. Measure the absorbance2 at 550 Jlli.I. 

against water, and correct the result for a reagent blank read against 

water"(the reagent blank in the present investigation had an absorbance 

of 0.001 compared to water). 

Calculate the cobalt concentration of the sample from a 

previously prepared calibration curv.e~ Read the standard solution and 
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the reagent blank against water (the spectrophotometric blank). Beer's 

Law is obeyed. 

NarES: 

(1) The presence of IrDre than 0.0002 IlOle of thiocyanate will 

'likely cause a p:>sitive error in the absorbance, and therefore it 

should be absent. Thiocyanate may be rem:>ved by the procequre in 

Appendix XIII. 

In one test a_thiocyanate-free. solution containing 2.15 f.1g 

of cobalt per rnl of solution gave an absorbance of 0.82 at 550 IJlI.l in 

the l-inch cell. The sam absorbance value was also obtained when an 

identical sample was treated first by the procedure in Appendix XIII, 

then by the present procedure. However, when the initial sample 

contained 0.007 m:>le of thiocyanate, and the procedure in Appendix 

XIII was carried out, then a solution containing 2.15 ~g of cobalt 

per ml of solution gave an absorbance of 0.85 in the l-inch cell. The 

three samples and their respective reagent blanks were read against 

water. Each reagent blank had an absorbance of 0.002 compared to 

water. 

(2) Calor development will be complete by the time the solution 

has cooled to room temperature; thereafter, the color is stable for at 

least 12 hours if kept in the dark. 
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Appendix XV 

Deterro,1nation of Zinc or Cadmium by Titration with 


Etm{lenediarrQnetetraacetic Acid 


-Reagents 

(1) Buffer solution: 2.0-lvI ammonium chloride solution mixed with 

an equal volume of 2.0-].t ammonium hydroxide solution. The pH should be 

approximately ten. 

(2) Indicator: 0.20 g of Eriochrame Black T dissolved in 10 ± 2 

ml of the above buffer and diluted to 100 ml with water. 

(3) Ethylenediaminetetraacetic acid, disodium salt (EDTA): O.Ol-M 

aqueous solution. Standardize this solution against pure zinc (82). 

(A) Procedure for Aqueous Solutions (44) 

Transfer a 50-ml aliquot of the solution containing up to 

30 rug of zinc or 50 mg of cadmium to a 100-ml beaker. Neutralize the 

solution" and then add 5.0 ± 0.5 ml of the buffer solution. Add a tew 

drops of the indicator solution, and titrate with the O.Ol-M standard 

solution of EDTA ~~til the color changes fram wine-red to blue. The 

end point is taken as the disappe~rance of the last perceptible tinge of 

red (the last perceptible darkening of the solution to purple). The 

accuracy, precision and concentration "range of this determination are 

shown in Table XIII, page 71. 
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(B) Procedure for Chloroform Solutions 

Transfer an aliq~ot of the chloroform solution for analysis, 

containing up to 30 mg of cadr.d.Uln or zinc, to a 100-ml beaker. Cover 

the beaker with a IISpeedyvap" watch glass. Allow the solution to 

evaporate to dryness in a fume hood, at room temperature; with a good 

draft, this requiresapproxir.ately 1 hour. Dissolve the residue in 50 

ml of water containing a few drops of 12.O-M hydrochloric acid. Then 

follow exactly the entire procedure given above for aqueous solutions. 

The accuracy, precisio~and concentration range of this determination, 

as for aqueous solutions of zinc or cadmium, are shown in Table XIII, 

page 71. 
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Appendix XVI 

Computed Data for the Metal fyridine and Picoline 
Thiocyanate Extraction Systems 

1. Introduction 

The purpose of the present Appendix was to list data which 

were needed in Part VI, and to describe, where necessar,y, the methods 

used to obtain the data. 

The computed Yalues of [p], the concentration of free p,yridin~ 

(or picoline) in the aqueous phase, and of p*, the apparent partition 

coefficient of p,yridine (or picoline) in the metal p,yridine and picoline 

thiocyanate extraction systems are in Tables LXXIII to XCVIII, together with 

the basic experimental data for each extraction experiment. Also given 

are the values .for log [r], log D (the logarithm of the distribution 

ratio of the metal), and Pt' another form of pyridine or picoline 

partition coefficient which was needed for the calculations described 

below. 

The method of calculation of p* has been described in Part 

VI-1. The values of Pt were read from Figs. 25 to 46. 

However, to find [p], it was first necessary to find p**, the 

extrapolated value of F" at zero concentration ofpyridine or picoline. 

Then K', a constant defined by equation (36) was, found. Finally LP] 

was found from equation (37). The calculation of [p] has been des

cribed in Part VI-2. 

The methods used to obtain the best values of p** and Kt 

together with their 95 percent confidence limits are described below. 
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TABLES LXXIII TO XCVIII 

Computed data for the metal pyridine and 
picoline thiocyanate extraction systems. 

LECrEND: [pi == Total concentration of pyridine (or picoline)....tr,o in the organic phase. 

~0tal concentration of metal in the organic phase. 

Total concentration of pyridine (or picoline) in the 
aqueous phase. 

:;:: 	 The apparent partition coefficient of pyridine (or 
picoline) in the presence of a metal pyridine or 
picoline thiocyanate; see equation (23) for a formal 
definition. 

[jr'
~,A 

:;:: 	 Total concentration of metal in the aqueous phase. 

[PJ :;:: 	 Concentration of free pyridine (or picoline) in the 
aqueous phase; [pJ is calculated from equation (37). 

= 	 A for.m of pyridine (or picoline) partition coefficient 
defined by equation (39); the values listed were read 
from Figs. 25 to 36. 

log D = 	 Logarithm of the distribution ratio of the metal; D 
is defined by equation (1). 

IDTES: (1) Reference to other computed data for each solvent-extraction 
system are given in the Tables below. 

(2) 	The data in the Tables are for equilibrated solvent-extraction 
systems at 25.0oC. The aqueous phase for each system was 0.3 M 
in potassium thiocyanate. 

(3) 	All concentrations are molar concentrations. 

(4) 	The metal concentration specified in each Table heading is the 
value initially present in the aqueous phase, before equilibration. 

(5) 	The value of Kt used to obtain [pJ from equation (37) is noted 
in each Table; when K :;:: 0, [p] :;:: cPJr"A 



TABLE LXXIII ..,\. 

Cobalt pyridine thiocyana. te (0.0025 M); extraction into chloroform 

Ext. [P:!r ,oxlrY [M]T,oxl03 [P:lr ,AxlrY P'~ [M:!r,AxlrY Pt [p)d03 1oe[PJ log D 
No. 


1 0 0 0 - 2.58 14.1 0 - 
2 13.1 0.0142 1.02 12.8 2.55 14.1 0.964 -.3.015 -2.254 

.3 26 •.3 0.200 1.84 1.3.8 2 .• 38 14.2 1.75 -2.757 -1.059 

4R .39.6 0.709 2.68 13.7 1.89 14.2 2.57 -2.589 -0.426 I 

~ 
"5 52.6 1.32 3.48 1.3 .6 1.28 14•.3 3 • .39 -2.470 0.013 VI 

6 65.9 1.85 4.17 14.0 0.799 14.3 4.10 -2.387 0.364 

7 79.0 2.18 4.94 14.2 0.461 14•.3 4.89 -2 • .310 0.675 


S 92.1 2.37 5.76 14.3 0.272 14•.3 5.73 -2.242 0.941 


9 105. 2.48 
, 

6.64 14.3 0.169 14.3 6.62 ':'2.179 1.167 


10 156. 2.60 10.3 14.1 0.0370 14.3 10.3 -1.987 1.846 

NOTES: (1) Basic data are in Table XL. 

(2) Extraction 4R is the mean of 4 replicatee. 

(.3) K' = 2.3 •.3 
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TABLE LXXIV 

Cobalt pyridine thiocyanate (0.0025 M); pyridinium chloride added; 
extraction into chloroform 

!pE- [p]xlo' log [pJ log D Ex:t. [P:lr,oxlo' . [M]T,oxlo' [pJr,Axlo' ' [Mlr,Axlo' Pt
No. 

1 0 0 0 - 2.58 14.1 0 - 
2 13.1 0.0145 0.966 13.5 2.44 14.2 0.940 -3.026 -2.226 

" , I 
3 26.1 0.212 1.86 13.6 2.37 14.2 1.81 -2.741 -1.048 \,.) 

-.l 
0" 

4 39.5 0.709 2.57 14.3 1.90, 14.3 2.52 -2.599 -0.428 I 

5 52.6 . 1.33 3.34 14.2 1.29 14.3 3.29 -2.482 0.013 

6 66.0 1.83 4.04 14.5 0.810 14.4 4.00 -2.397 0.354 

7 79.1 2.18 4.83 14.6 0.466 14.4 4.80 -2.318 0.670 

'8 105. 2.48 6.75 14.1 0.168 14.4 6.74 -2.171 1.170 

9 156. 2.60 10.2 14.3 0.0357 14.4 10.2 -1.991 1.862 

NOTES: (1) Basic data are in Table XLII. 

(2) Kt = 11.3. 
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TABLE LXXV 

Cobalt pyridine thiocyanate (0.0005 M); extraction into chlorofonn. 

IExt.. OOTo, xlrY , DDr,AxlcY Pt [pJu-rY log [pJ log D[pJr,oxlcY 
. 

[PJr AxlcY P* 
.No. , 

1 13.1 0.00272 0.941 13.9 0.517 14.1 0.930 -3.031 -2.278 

2 26.3 0.0435 1.84 14.2 0.475 .14.2 1.82 -2.739 -1.038 

3 39.3 0.163 2.75 14.1 0.363 14.2 2.73 -2.564 -0.348 
\.0) 
-.J 

4 52.4 0.309 3.60 14.2 0.225 14.3 3.58 -2.445 0.137 -.J 

I 

.5 65.4 . 0.406 4.55 14.0 0.122 14.3 4.54 -2.343 0.522 

6 78.7 0.464 5.26 14.6 0.0689 14.3 5.25 -2.279 0.828 

7 91.6 0.490 6.22 14.4 0.0403 14.3 6.21 -2.206 1.086 


8 104. 0.503 7.00 14.6 0.0257 . 14.3 7.00 -2.155 1.292 

~--.-

~mES: (1) Basic data are in Table XLI. 

(2) Kt = 23.3 



TABLE LXXVI 

Cobalt pyridine thiocyanate (9.0005 M); pyridinium chloride added; 
extraction into chloroform 

Erl. [p] T,oxl03 [M] T,oxl03 [p] T,Axl03 P* [M] T1Axl03 Pt [p]xl03 
No. 

1 12.9 0.00286 0.879 14.6 0.518 14.2 0.874 

2 26.1 0.0459 1.82 14.2 0.499 14.2 1.81 

.3 .39.2 0.166 2.71 14.2 0.361 . 14.3 2.70 

4 52.4 0 • .310 .3.54 14.5 0.222 14.4 3.53• 
5 65.4 0.400 4.43 14.4 0.121 14.4 4.42 

6 78.5 0.461 5.26 14.6 0.0676 14.4 5.26 
,-

NOTES: (1) Basic data are in Table XLIII. 

(2) Kt = 11.3 

log [pJ 

-3.058 

-2.742 

-2.568 

-2.452 

-2.355 

-2.279 . 
-~~ 

log D 

-2.258 


-1.036 


\.0)-0.337 -..J co 
0.146 I 

0.528 

0.834 
"-----



TABLE LXXVII 


Cobalt 2-picoline thiocyanate (0.0025 M); extraction into chloroform 


E:x:t • 
[P:lr,Axl03 log [PJr"ANo. 

1 0 
2 3.82 -2.418 

3R 9.39 -2.027 

4 12.9 -1.889 

5 19.8 -1.703 . 
6 26.3 -1.580 

7 34.3 -1.465 
8 41.6 -1.381 

9 51.6 -1.287 
.10 59.1 -1.228 

11 78.4 -1.106 

12 130. -0.886 

13 476. -0.332 

NOTES: (1) Basic data are in Table XLVIII. 
(2) Extraction 3R is the mean of 4 replicates. 
(3) Kt was not fou.~d for this system. 

log D 

-

-1.807 

-1.099 

-0.804 

-0.444 

-0.190 

0.029 

0.173 

0.348 

0.444 

0.654 

1.079 

1.534 

~ 
-..J 
-.0 

I 

~~ 



TABLE LXXVIII 

Cobalt .3-piooline thiooyanate (0.0025 M); extraotion into ohloroform 

Ext. 
No. 

[PJr,xlO,0 [M]T,0x10 [P:lr,AxlO P* [MJr,AxlO Pt [p)do log [pJ log D 

1 0 0 0 - 2.57 54.7 0 - -
2 14.2 0.0.325 0 • .315 44.7 2.54 54.7 0.278 -3.555 -1.893 
.3 27.4 0.326 0.542 48.1 2.26 54.7 0.489 -3.313 -0.842 
4 38.4 0.755 0.722 49.0 1.84 54.7 0.660 -3.180 -0.387 
5 48 •.3 1.22 0.873 49.7 1.39 54.7 0.816 -3.088 -0.057 
6R 56.9 1.58 0.914 55 •.3 1.03 54.7 0.869 -3.060 0.185 

7 71.0 2.06 1.20 52.3 0.582 54.7 1.17 -2.933 0.549 
a 85.2 2.30 1 • .34 56.7 0.315 54.7 1.32 -2.879 0.864 
9 100. 2.46 1.66 54.3 ·0.176 54.7 1.65 -2.783 1.146 

10 113. 2.54 1.97 52.2 0.103 54.7 1.96 -2.707 1.393 
11 . 155. 2.60 2.72 53.2 0.030 54.7 2.72 -2.566 1.938 

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

NOTES: (1) Basio data are in Table XLIX. 

(2) Extraotion 6R is the mean 6f 4 replicates. 

<:3) Kt = 52.4. 

\.A) 
Cl) 
o , 




TABLE LXXIX 

Cobalt 3-picoline thiocyanate (0.0025 M); picolinium chloride added; 
extraction into chloroform 

Ext. [pJr"oxl03 [M]T,oxl03 [PJr,AxlcY P* [Mlr,AXl03 Pt [p]x.l03 log LP] log D 
No. 

\ 

1 0 0 0 - 2.57 57.2 0 - 
2 14.2 0.0332 0.278 50.6 2.54 57.2 0.246 -3.608 -1.883 

28.4 0.381 0.524 2.20 0.472 -3.326 -0.76';. v.>3 51.3 57.2 (Xl; 
....... 


4 39.0 0.761 0.672 53.5 1.84 57.2 0.615 -3.210 -0.384 I 

5 47.9 1.23 0.808 53.2 1.38 57.2 0.756 -3.121 -0.050 

6 56.9 1.59 0.899 56.2 1.02 57.2 0.856 -3.067 0.19.3 

7 71.1 ' 2.05 1.16 54.2 ' 0.582 57.2 1.1.3 -2.947 0.547 


8' 98.9 2.46 1.69 52.7 0.178 57.2 1.68 -2.775 1.140 


NOTES: (1) Basic data are in Table L. 

(2) Kt = 51.6. 



--

TABLE LXXX 

Cobalt 4-picoline thiocyanate (0.0025 M); extraction into chloroform 

Ex:t. , [p1r,oxl03 [M:lr,oxlcY [P:1r,AxlrY Ft- _[M:!r,AxlrY Pt [p]x:LrY log [pJ log D 
No. 

-
\ 

1 0 0 0 - 2.58 47.2 0 - 
2 11.1 0.0521 0.228 47.8 2.52 47.2 0.204 -3.691 -1.684 

I 

3 17.0 0.380 0.372 41.6 2.22 47.2 0.337 -3.472 -0 .. 767 
4 22.7 0.777 0.471 41.6 1.83 47.2 0.434 -3.362 -0.372 \...) 

5 28.4 1.22 0.552 42.6 1.L~O 47.2 0.518 -3.235 -0.060 ~ 

6R 34.1 1.59 0.619 44.8 1.02 47.2 0.591 -3.228 0.193 I 

7 ·42.0 2.05 0.748 45.2 0.596 47.2 0.728 -3.137 0.537 
8 51.0 2.34. 0.915 45.5 0.310 47.2 0.902 -3.044 "0.879 
9 58.9 . 2.49 1.06 46.2 0.168 47.2 1.05 -2.978 1.170 

10 68.0 2.53 1.22 47.4 0.0955 47.2 1.21 -2.915 1.423 
11' 124. 2.63 2.40 47.3 0.00805 47.2 2.40 -2.619 2.515 

NOTES: (1) Basic data are in Table LI. 

(2) Ex:traction 6R is the mean of 4 replicates. 

(3) Kt = 48.1. 



TABLE LXXXI 

Cobalt 4-picoline thiocyana. te (0.0025 M); picolinium chloride added; 
extraction into chloroform 

Ext. 
No. 

[PJr"oxlcY DUT,0xlcY [PJr AxlcY , FE [M:1r,AxlcY Pt [p]x::t.cY log [pJ log D 

1 

2 

3 

4. 

5 

6 

7 

8 

0 

9.09 

17.1 

22.7 

28.4 

34.2 

42.0 

58.9 

0 

0.0535 

0.394 

0.787 

1.21 

.. 1.56 

2.05 

2.48 

NOTES: 

0 - 2.57 

0.184 48.2 2.53 

0.308 50.4 2.20 

0.437 44.7 1.82 

0.492 47.9 1.41 

0·580 48.2 J..06 

0.67'0 50.5 0.594 

1.02 48.0 0.J.73 
----

(1) Basic data are in Table LII. 

(2) Kt = 13 .0. 

49.6 

49.6 

49.6 

49.6 

49.6 

49.6 

49.6 

49.6 
-

0 

0.178 

0.299 

0.427 

0.483 

0.572 

0.665 

1.02 
, 

-
-3.749 

-3.524 

-3.370 

-3.316 

-3.242 

-3.J.77 

-2.992 
-

~ 

-
-1.674 

-0.747 

-0.365 

-0.067 

0.167 

0.538 

1.155 I 

\,..) 

e 



TABLE IJXXII 

Nickel pyridine thiocyanate (0.005 M); extraction into chloroform 

Ext • [P:1r
,0

xler' DuT,oxler' [PJ.r,Axler' F~ [M:!r ,Axler' Pt [p]xler' log [pJ log D 
No. 

1 0 0 0 - 5.12 14.1 0 - 
2 1.05 0.00143 0.187 5.58 5.14 ' 14.2 0.113 -3.9A6 -3.556 

3 5.55 0.143 0.469 10.6 4.98 14.3 0.290 -3.538 -1.542 
4 10.6 0.818 • 0.716 10.2 4.34 14.4 0.469 -3.329 -0.726 \.-) 

~5 16.7 1.71 0.870 11.3 3.47 14.5 0.615 -3.211 -0.307 
6 22.4 2.70 0.953 12.2 2.59 14.5 0.730 -3.136 0.017 

7 28.1 3.59 1.08 12.7 1.64 14.6 0.980 -3.041 0.340 

8R 34.0 4.30 1.27 13.3 0.977 14.6 1.14 ' -2.941 . 0.643 


9 39.3 4.78 1.58 12.8 0.518 14.7 1.50 -2.825 0.965 
lO 45.0 5.06 1.82 13.6 0.264 14.8 1.77 -2.751 1.283 
ll',- 49.9 5.20 2.24 13.0 0.139 14.9 2.21 -2.655 1.573 
12 62.0 5.27 2.69 15.2 0.0474 14.9 2.68 -2.572 2.045 

13 lll. 5.32 6.04 14.8 0.00983 14.9 6.04 -2.219 2.734 
--

NOTES: (1) Basic data are in Table XXIX. 
(2) Extraction 8R is the mean of 5 replicates. 
(3) K' = 129. 



-- --

TABLE LXXXIII 

. Nickel pyridine thiocyanate (0.005 M); pyridinium chloride added; 
extraction into chloroform 

. 

Ext. [PJr
,0

xl03 [MJT,oxl03 [P:1r,Axl03 p3*' [MJr,Axl03 Pt [p]x:103 log [pJ log D 
No. 

1 0 0 0 - 5.ll 14.1 0 - 
2 5.57 0.152 0.432 ll.5 4.96 14.3 0.352 -3.453 -1.513 


3 ll.l 0.814 0.649 12.1 4.36 14.4 0.542 -3.265 -0.728 

'vJ 
()',) 
\.1l4 16.8 1.66 0.755 1.3.5 3.4'3 14.4 0.653 -3.135 -0.321 

5 22.4 2.65 0.924 12.$ 2.60 14.5 0.$2$ -3.0$1 0.008 


6 2$.0 3.50 1.15 12.2 1.75 14.6 1.07 -2.971 0.301 I 

i 

7 33.$ 4.22 1.26 1.3.4 0.955 . 14.6 1.21 -2.917 0.645 


$ 39.5 4.72 1.40 14.7 0.53$ 14.7 1.37 -2.863 0.943 


9 45.0 5.02 1.68 14.$ 0.252 14.$ 1.66 -2.779 1.299 

NOTES: (1) Basic data. a.re in Table XXXII. 

(2) K' = 46.3. 



TABLE LXXXIV 

Nickel pyridine thiocyanate (0.0025 M); extraction into ch1orofonn 

E:x:t • [pJT,oxlcY [M:lr,oxlo' [pJT,Axlo' P* [MJT,AxlcY Pt [p]xlcY log [pJ log D I 
No. 

1 5.56 0.0927 0.442 11.7 2.46 14.2 0.339 . -3.469 -1.424 

2 8.15 0.297 0.620 11~2 2.24- 14.2 0.487 -J'.312 -0.876 

3 10.1 0.594 0.7r:J7 10.9 1.97 14.2 0.572 -3.242 -0.520 
\.I.) 

4 16.6 1.27 0.919 12.5 1.28 14.3 0.799 -3.097 -0.003 ~ 

5 22.3 1.86 1.14 13.1 0.729 14.3 1.05 -2.977 0.4r:J7 
I 

6 27.9 2.22 1.40 13.6 0.345 14.4 1.35 -2.870 0.809 

7 33.3 2.44 1.70 13.8 0.16,3 14.4 1.67 -2.777 1.176 

8 44.3 2.59 2.35 14.4 . 0.0430 14.5 2.34 -2.630 1.780 
- ---_............._._-- ---- 

NOTES: (1) Basic data are in Table XXX. 

(2) Kt = 129. 



TABLE LXXXV 

Nickel pyridine thiocyanate (0.0005 M); extraction into chloroform 

Ext. [P1r oxlO' DUT,oxlo' [PJr,AxlO3 P* [MJr"Axlo' Pt [p]xlO' log [pJ log'D 
No. ' . 

1 5.57 0.0223 0.437 12.7 0.482 14.2 0.413 -3.384 -1.334 
2 8.17 0.0877 0.603 13.0 0.428 14.2 0.574 -3.241 -0.690 

3 10.9 0.199 0.767 13.2 0.318 14.2 0.739 -3.131 -0.203 

4 13.7 0.288 0.954 13.1 0.232 14.2 0.929 -3.031 0.093 
\I.) 

5 16.4 0.384 1.11 13.4 0.140 14.3 1.09 -2.961 0.438 ~ 
6 22.0 0.478 1.40 14.3 0.0552 14.3 1.39 -2.856 0.938 

7 32.9 0.516 2.13 14.5 0.0107 14.4 2.13 . -2.672 1.683 
8 38.4 0.527 2.52 14.4 0.00596 14.4 2.52 -2.598 1.946 

9 43.8 0.525 2.89 14.4 0.00413 14.4 2.89 -2.539 2.104 

10 49.2 0.528 3.20 14.7 0.00245 14.4 3.20 -2.494 2.332 

11 60.0 0.530 4.19 13.8 0.00155 14.4 4.19 -2.377 2.534 


'----- - 

NOTES: (1) Basic data are in Table XXXI. 

(2) K' = 129. 



TABLE LXXXVI 

Nickel pyridine thiocyanate (0.0025 M); extraction into benzene 

IEKt. [PJr,Axle? [M1r,Axle? [p]xle? log [pJ log D 
No. 

2 1.46 2.43 1.15 \ -2.940 -1.202 

3 2.27 1.82 1.91 -2.718 -0~371 

4 2.85 1.03 2.59 -2.586 0.179 
\.0) 

1 2.28 1.82 1.92 -2.716 -0.374 ~ 
I 

NOTES: (1) Basic data for extractions 2, 3 and 4 are in Table XXXIV. 

(2) Basic data for extraction 1 are in Table XXXV. 

(3) Extraction 3 is the mean of 3 replicates. 

(4) EKtraction 1 is the mean of duplicates. 

(5) Kt = '129. 



TABLE I.JaOOJII 

Nickel pyridine thiocyanate (0.0025 M); pyridinium chloride added; 
extraction into benzene 

Ext. [PJr,,AxlcY [MJ.r,AxlcY [pJacY log [pJ log D 

No. 


'\5 1.41 2.43 1.27 -2.894 -1.186 

6 2.16 1.82 
., 

2.00 -2.697 -0.373 

7 2.78 1.03 2.67 -2.574 0.179 

3 2.18 1.81 2.02 -2.693 -0.365 
\",) 

~ 
---~ ........................-.. -.-.- . - _._._- I 

.NOTES: (1) Basic data for extractions 5, 6 and 7 are in Table XXXIV. 

(2) Basic data for extraction 3 are in Table XXXV. 

(3) Extraction 3 is the mean of duplicates. 

(4) K' = 46.3. 



TABLE LXXXVIII 

Nickel pyridine thiocyanate (0.0005 M); extraction into benzene 

Ext. [P:Lr.tA~tY [M:Ir,AxltY [p]clo log [pJ 
No. 

8 1.46 0.469 1.39 -2.857 

9 2.59 0.242 2.53 -2.596 

10 3.71 0.0786 3.68 -2.433 

5 2.00 0.373 1.92 -2.715 . 

NOTES: (1) Basic data for extractions 8.t 9 and 10 are in Table XXXIV. 

'(2) Basic data for extraction 5 are in Table XXXV. 

(3) Extraction 5 is the mean of duplicates. 

(4) Kt = 129. 

log D 
I 

-0.979 

0.057 

0.748 
\..)

-0.408 -.0 
o 



TABLE LXXXIX 

Nicke13-picoline thiocyanate (0.005 M); picolinium chloride added; 
extraction into chloroform 

. 

Ex:t. [P:!r oxl03 [M:!r,oxlcY [P:1r,AxlcY 1'* [M:!r AxlcY Pt [p]dcY log [pJ log D , 	 , .No. I 

1 0 0 	 0 - 5.12 57.2 0 - 
2 5.58 0.219 0.102 46.1 4.91 57.2.. 0.0775 -4.110 -1.351 

3 11.4 1.00 0.154 48.1 4.15 57.2 0.122 -3.914 -0.618 

4 17.1 1.92 0.230 41.0 3.27 57.2 0.190 -3.720 -0.231 
\JJ 
..05 	 22.9 2.69 0.273 44.5 2.53 57.2 0.235 -3.628 0.025 I-' 

I 
6 28.7 3.69 0.287 48.6 1.56 57.2 0.261 -3.583 0.373 

7 34.4 4.36 0.327 51.9 0.907 57.2 0.309 -3.509 0.682 

8 45.8 5.06 0.430 59.4 0.229 57.2 0.424 -3.372 . 1.344 

9 57.1 5.22 0.642 56.4 0.0695 57.2 0.639 -3.194 1.876 
< ! 

-

NOTES: (1) Basic data are in Table UII. 

(2) Kt = 64.6. 



- - -

TABLE XC 

Nicke14-picoline thiocyanate (0.005 M); picolinium chloride added; 
extraction into chloroform 

Ext. [p]xlQ3 log [pJ log D [P:lr oxl03 [MJr"oxlo' [P]T,Axl03 p*! [MJr, Axl03 ., , Pt
No. 

t 

1 0 0 0 - 5.12 49.6 0 - 
2 5.70 0.638 0.0992 31.7 4.50 49.6 0.0689 -4.161 -0.847 

3 11.5 1.55 0.133 39.8 3.63 49.6 0.0983 -4.007 -0.370 

4 17.2 2.74 0.147 42.4 2.48 . 49.6 0.ll8 -3.926 0.041 \.tJ 

~ 

5 23.0 3.81 0.178 43.6 1.45 49.6 0.156 -3.806 0.420 I 

6 2f!:i7 4.67 0.229 43.8 0.612 49.6 0.216 -3.665 0.883 
. 

7 34.4 5.11 0.276 50.6 0.191 49.6 0.271 -3.566 1.428 

8 45.8 . 5.26 0.46? 53.1 0.0280 49.6 0.465 -3.332 2.274 

9 57.0 5.29 0.710 50.5 0.0163 49.6 0.709 -3.149 2.512 
-~ --~ -

NOTES: (1) Basic data are in Table UV. 

(2) Kt. = 98.3. 



. TABLE XCI 

Zinc pyridine thiocyanate (0.005 M); extraction into chloroform 

ElCt. [P:lr,0 xl03 DGT xl03 ' [Plr Axl03 P* [MJr,Axl03 Pt [(Ixl03 ' log [pJ . log D 
,0 ,No. 

I1 0 0 0 - 5.11 14.1 0 - 
2 5.39 0.348 0.324 14.5 4.79 14.1 0.307 -3.513 -1.138 

3 10.7 1.04 0.653 13.2 4.13 14.2 0.623 -3.205 -0.597 
4 16.2 1.B2 0.959 13.1 3.35 14.2 0.923 -3.034 -0.264 

5 21.6 2.52 1.25 13.2 2.6B 14.3 1.21 -2.916 -0.027 
\J.)6 27.6 3.16 1.45 14.7 2.05 14.3 1.42 -2.848 0.188 
\S

7 32.4 3.58 1.BO 14.0 1.64 14.4 1.77 -2.752 0.338 
I 

8 37.8 3.93 2.13 14.1 1.29 14.4 2.10 -2.678 0.484 

'9 43.1 4.21 2.41 14.4 1.02 14.4 2.38 -2.623 0.616 
10 48.4 4.41 2.76 14.3 0.823 14.4 2.73 -2.563 . 0.729 
11 54.B 4.58 3.19 14.3 0.663 14.4 3.17 -2.499 ' 0.B39 
12 B1.9 4.93 4.94 14.6 0.295 14.4 4.92 -2.307 1.223 

lJR 108.6 5.06 6.79 14.5 0.172 14.4 6.78 -2.168 1.468 
14 135.2 5.12 8.75 14.3 0.100 14.4 8.74 -2.058 1.676 I 

NOTES: (1) Basic data are in Table XLIV. 
(2) Extraction 13R is the mean of 4 replicates.
(3) Kt = 11.8. 



TABLE XCII 

Zinc pyridine thiocyanate (0.005 M); p,yridinium chloride added; 
extraction into ch1orofor-m 

Ex:t. [PJr,,oxlo' [M]T, oxlo' [pJT, Axlo' . P*" ~lUr,Axlo' Pt. . [p]xlo' ' log [p] \ log D 
No. 

1 0 0 0 - 5.10 14.1 0 - 
2 5.24 0.351 0.348 . 13.0 ·4.77 14.3 0.336 -3.473 -1.133 

3 10.6 1.04 0.607 14.0 4.12 14.4 0.590 -3.229 -0.597 

4 15.9 1.79 0.852 14.5 3.40 14.5 0.832 -3.080 -0.278 
\.t.)5 21.2 2.47 1.11 14.6 2.72 14.6 1.09 -2.963 -0.042 
'#

6 31.8 3.54 1.69 14.6 1.67 14.9 1.67 -2.777 0.326 

7 42.4 4.18 2.25 15.1 1.06 15.0 2.23 -2.651 0:596 
8 . 53.0 4.53 2.93 15.0 0.700 15.0 2.92 -2.535 0.812 

9 79.1 ' . 4.94 4.59 15.1 0.321 15.0 4.58 -2.339 1.188 
10 105. 5.07 6.26 15.1' 0.183 15.0 6.25 -2.203 1.442 
11 131. 5.12 7.97 15.1 0.117 15.0 7.96 -2.098 1.641 
12 208. 5.15 13.2 15.0 0.0566 15.0 13.2 -1.879 1.959 

-- ...........
-~ 

NOTES: (1) Basic data are in Table XLV. 

(2) K! = 7.2. 



.. 

TABLE XCIII 

Zinc 3-picoline thiocyanate (0.005 M); picolinium chloride added; 
extraction into chloroform 

Eltt. [PJr,oxlcY DUT,0xle' [P:lr,AxlcY Ff- ' [M~,AxlcY Pt [p]x:le' log [p] \ log D 
No. 

1 0 0 0 - 5.10 57.2 0 - 
2 5.75 1.09 0.060 59.5 4.07 57.2 0.058 -4.238 -0.572 

3 11.5 2.44 0.082 80.7 2.74 57.2 0.080 -4.097 -0.050 \.tJ 
-.0 
VI 

4 17.2 3.51 0.206 49.4 1.70 57.2 0.203 -3.693 0.314 I 

5 22.9 4.22 0.245 59.0 1.01 57.2 0.243 . -3.615 0.621 

6 28.6 4.62 . 0.370 52.3 0.622 57.2 0.368 -3.434 . 0.871 

7 34.3 4.86 0.420 58.5 0.407 57.2 0.418 -3.378 1.076 

8 68.2 5.16 0.984 58.8 0.0947 57.2 0.983 -3.007 1.736 


9 102. 5.18 1.58 58.0 0.0542 57.2 1.58 -2.801 1.980 


'NOTES:. (1) Basic data are in Table LV. 

(2) Kt = 9.7. 



- --

TABLE XCIV 

Zinc 4-picoline thiocyanate (0.005 M); picolinium chloride added; 
extraction into chlorofo~ 

.-..... 

Ext. . (P:lr a. xlcY . '[M]T xlcY [PJr"AxlcY P* [Mlr,AxlcY Pt log [pJ log D , ,0No. 
\ 

1 0 0 0 - 5.10 49.6 - 
2 5.76 1.49 0.043 64.6 3.66 49.6 -4.367 -0.390 

3 10·5 3.06 0.107 40.9 2.13 49.6 -3.971 0.158 \.t.) 
-..0 

4 17.2 4.15 0.172 51.7 1.05 49.6 -3.764 0.597 
0' 

I 

5 22.9 4.70 0.293 46.1 0.538 49.6 -3.533 0.942 

6 28.6 4.94 0.378 49.5 0.299 49.6 -3.423 1.217 

'7 34.2 ·S.(J7 0.476 50.5 0.190 49.6 -3.322 1.427 

.8 68.0 5.19 1.14 50.5 0.0451 49.6 -2.943 2.061 

9 101. 5.18 1.82 49.8 0.0271 49.6 -2.740 2.281 

NOTES: (1) Basic data are in Table LVI • 
.' 

(2) K' = O. 



TABLE XCV 

Cadmium pyridine thiocyanate (0.001 M) j extraction into chloroform 

Ext. [p:lr,oxl03 [MJT,oxlO' [pJT Axl03 P* [M:1r,Axlty
'l " 

Pt [p]:d03 log [pJ log D 
No. ' . 

1 0 0 0 - 1.25 14.1 0 - 
i 

2 26.4 " 0.0.306 1.92 1.3.7 1.22 14•.3 1.85 -2.7.3.3 -1.600 

.3 .38.9 0.122 2.8.3 13.6 1.12 14.4 2.7.3 -2.564 -0.963 

4 52.8 0.318 .3.63 14.2 0.957 14.5 3.53 -2.452 -0.479 \.0) 

~ 
5" 65.8 0.536 4.39 14.5 0.728 14.6 4.30 -2.367 -0.133 I 

6R .79 •.3 0.761 5.26 14.5 0.524 14.7 5.18 -2.286 0.161 

7 92.1 0.909 6.04 14.6 0.348 14.7 5.98 -2.223 0.417 


8 105. 1.04 6.99 14.4 0.2.38 14.7 .6.95 -2.158 0.640 


9 " 118. 1.10 7.68 14.8 0.154 14.7 7.65 -2.116 0.854 


10 132. 1.17 8.61 14.8 0.129 . 14.7 8.58 -2.067 0.958 

11 183. 1.24 11.9 14.9 0.027 14.7 11... 9 -1.924 1.662 

NOTES: (1) Basic data are in Table XLVI. 
(2) Extraction 6R is the mean of 4 replicates. 
(.3) K' = 35.5. 



TABLE XCVI 

cadmium pyridine thiocyanate (0.001 M); pyridinium chloride added; 
extraction into chloroform 

Ext. [PJr,oxl03 [M]T,oxl03 [PJr,Axl03 P* [M~,Axl03 Pt log [pJ log D 
,No. 

1 0 0 0 - 1.25 14.1 - 
2 26.2 0.0243 1.76 14.8 1.24 14.4 -2.754 -1.708 

3 39.4 0.119 2.63 14.8 1.13. 14.5 -2.580 -0.979 
4 52.5 0.311 3.50 14.6 0.950 14.7 -2.456 -0.485 • 

\.l.)

5 65.4 0.540 4.30 14.7 0.728 14.8 -2.367 -0.130 ~ 
I» 

6 78.5 0.757 5.12 14.7 0.525 14.9 -2.291 0.158 I 

7 91.6 0.920 5.92 lA.8 0.366 14.9 -2.228 0.400 

8 105. 1.04 6.75 14.9 0.239 14.9 -2.171 0.638 


9 117. 1.11 7.65 14.7 0.145 14.9 -2.116 0.884 

10 130. 1.16 .8.44 14.8 0.0992 14.9 -2.074 1.068 
11 182. 1.26 11.7 15.1 0.0226 14.9 -1.932 1.747 
12 233. 1.27 15.3 14.9 0.0112 14.9 -1.815 2.053 

. 

NOTES: (1) Basic data are in Table XLVII. 

(2) K' = O. 



TABLE XCVII 

Cadmium. 3-picoline thiocyanate (0.001 M); picolinium. chloride added; 
extraction into chloroform 

Ex:t. ' [PJr,oxl03 D~JT,oxl03 [PJr,Axl03 P* [M1r,Axl03 Pt log [pJ log D 
No. 

1 0 0 0 - 1.25 57.2 - 
2 18.2 0.00910 0.288 63.1 1.24 57.2 -3.541 -2.135 

3 34.1 0.130 0.594 56.5 1.13 57.2 -3.226 -0.940 
\.l.) 
....0·4 45.5 0.382 0.760 57.9 0.882 57.2 -3.119 -0.364 ....0 

I 

5 56.7 0.628 0.966 56.1 0.647 57.2 -3.015 -0~013 

6 68.0 0.861 1.15 56.1 0.423 57.2 -2.939 0.310 

7 86.1 1.Cf7 1.40 58.4 0.223 57.2 -2.854 0.681 


8 102. 1.23 1.76 55.2 0.0652 57.2 -2.754 1.276 


9 137. 1.26 2.23 59.2 0.0277 57.2 -2.652 1.658 


10 204. 1.27 3.55 56.0 0.00895 57.2 -2.450 2.153 
-- -_ ........._._ .... _._- --..-- .-- ....... -.-~
--~ 

NOTES: (1) Basic data are in Table LVII. 

(2) Kt = o. 



TABLE XCVIII 

Cadmium 4-picoline thiocyanate (0.001 M); picolinium chloride added; 
extraction into chloroform 

Ex:t. [PJr,oxlcY DUT oxlcY [P:lr,AxlcY P* [MJr,AxlcY Pt log [pJ log D 
No. t , 

1 0 0 0 - 1.25 49.6 - 
2 1l.4 0.0091 0.215 52.8 1.24 49.6 -3.668 -2.134 


3 22.7 0.132 0.444 49.9 1.09 49.6 -3.353 -0.917 

4 34.1 0.5CY7 0.648 49.5 ·0.763 49.6 -3.188 -0.178 
+:
8 

5 45.4 0.860 0.821 51.1 0.424 49.6 -3.086 0.308 

6 56.6 1.06 1.06 49.4 0.205 49.6 -2.975 0.713 

7 68.0 1.16 1.25 50.7 O.lll 49.6 -2.903 1.021 

8 85.8 . 1.25 1.60 50.5 0.0340 49.6 -2.796 1.566 

9 101. 1.26 1.97 48.7 0.0136 49.6 -2.706 1.967 

10 156. 1.28 . 3.04 49.6 0.002 49.6 -2.517 2.806 

NOTES: (1) Basic data are in Table LVIII. 

(2) K' = O. .. 
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2. 	The Least-Squares Value of F~' and the 95 Percent Confidence 
Limits of p'Hr 

To find the best value of P**, a least-squares method was 

devised. To take into account the loosely-bonded pyridine (or 

picoline) in the organic phase it was first necessary to define another 

form. of partition coefficient. It was defined as follows: 

where [PJb and [pJ1 are the concentrations in the organic phase of free 

p,yridine (or picoline) and loosely-bonded pyridine (or picoline), 

respectively. At a p,yridine (or picoline) concentration of zero, Pt 

is equal to p (the partition coefficient of p,yridine or picoline in the 

absence of metal), since complexes then were absent from the organic 

phase. When the total p,yridine (or picoline) concentration of the 

aqueous phase, [PJr,A was such that most of the metal was present in 

the organic phase, Pt became essentially constant. Between these 

limits of total p,yridine (or picoline) concentration, Pt was arbitrarily 

taken to vary linearly with [pJr,A. The relationship between Pt and 

[P~,A is shown, for each metal pyridine and picoIine thiocyanate 

extraction system, in Figs. 25 to 46. 

It is shown in Part VI-2, from equations developed there, that 

[Mi A[pJ Kt 
[pJ = [p~ - -~~.-- (37) 

,A 1 + [pJ K' 

and 
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Pt - P* = LMJr,A Kt 
(40) 

P* 1 + LP] K' 

from which 

lim Pt - p* P - p** 
= = [MJr,A K' (41) 

[p] T,A --? 0 p* pH 

mere equation (41) defines p**. 

For each of Figs. 25 to 46, a set of three to five values of 

p** were obtained by drawing smooth curves through the data and extra

polating them to [P]T,A = O. These curves fanned out so that the 

two outer' curves encompassed almost all the points within their 

boundaries. Thus, three to five values of p** were obtained for each 

Figure. From equation (41), corresponding values of Kt were found. 

These values are in Table XCIX. Then for each value of Kt for a given 

Figure, the value of [pJ was computed from equation (37) for every 

value of [MJr,A (the total concentration of metal in the aqueous phase 

of the specified solvent-extraction system). The values of [MJr,A' Kt, 

[p] and Pt for each point were then substituted into equation (40), 

from which a value of p* was computed for each value of [p], for a 

given Kt. The computed value of p>~ was designated ~, • For each ca_c 

value of ~ 1 there was a measured value of p*. Thus it was possible,ca c 

for each point in the Figure, to calculate (!pr - ~ 1 )2, for a given
ca c 

Kt • By summing these squares of differences over all the points in the 

Figure, for a given Kt, a quantity was obtained which measured the dis

persion of the experimental points about the smooth curve corresponding 

to a given value of KI, and an extrapolated value of pIf*. 



TABLE XCIX 

Trial values and best values of p** and K' for the metal 
pyridine and picoline thiocyanate extraction systems 

Best values Extraction system P** Kt [(P* - ~a1c)2 

1'** K' [(p* -.~ 1 )2 
ca c 

14.1 0 3.35 
13.5 17.3 0.730.0025-M Co; Py , T 13.3 23.3 0.5013.0 33. 0.S4 

I 12.5 50. 2.63 
.f:""

14.1 0 O.SS S 
13.S S.4 0.450.0025-M Co; Py , ~ 13.7 11.3 0.4213.5 17.3 0.49 
13.2 26. 0.83 

14.1 0 0.34 
14.0 13.S 0.310.OO05-M Co; Py , T 13.96 19.4 0.305 . 13.9 2S. 0.32 
13.8 42. 0.34 

•14.1 0 0.22 Neg-0.OO05-M Co; Py , ~ 14.0 13.S 0.31 14.15 0.20ative13.9 28. 0.48 

52.0 20. 129.2 
49.0 45. S1.00.OO25-M Co; 3-Pic '. T 48.2 52.4 76.46.0 73. 104.9 
43.0 106. 168.9 

(continued) 

I 

I 



TABLE XCIX (continued) 

Extraction system 1'** Kt L (p* - ~alc)2 
F~ 

Best values 

.I:(p*K' - ~alc)2 

0.OO.25-M Co; 3-Pic , rt
53.0 
50.0 
47.0 

31. 
56. 
85. 

36.7 
24.1 
60.9 

50.5 51.6 22. 

0.OO25-M Co; 4-Pic , T 
45.0 
42.0 
39.0 
36.0 

19. 
46. 
82. 

121. 

63.4 
41.3 
81.7 

185.8 
42.0 48.1 41.3 

0.OO25-M Co; 4-Pic , rt
49.0 
48.0 
47.0 
46.0 

4.8 
13. 
22. 
30. 

29.5 
23.5 

. 25.3 
28.4 

48.0 13.0 23. I 

t2 

0.OO5-M Ni; Py., T 
11.0 
10.0 
9.0 
8.0 

55. 
'80. 
lll. 
149. 

43.0 
27.0 
20.1 
22.0 

8.5 129. 19. 

0.OO5-M Ni; Py , rt-, 
13.0 
12.0 
ll.O 
10.0 

16.5 
34. 
55. 
80. 

10.8 
4.76 
3.78 
9.08 

1.1.4 46.3 3.0 

0.OO25-M Ni; Py , T 
12.7 
12.0 
11.3 
10.6 

45 
71 

101 
134 

ll.2 
5.2 
1.85 
1.34 

10.9 115. 1.0 

0.OO05-M Ni; Py , T 
13.5 
13.0 
12.5 
12.0 

87. 
166. 
250. 
342. 

3.26 
1.78 
0.99 
1.01 

1.2.3 286. 0.90 



TABLE XCIX (continued) 

Best values Extraction system P** Kt L (p*- - ~alc)2 
P** K' ~(p* - ~alc)2 

50.0 28. 299.7 
44.0 59. il5.30.OO5-M Ni; 3-Pic , 'f' 43.0 64.6 10038.0 99. 131.8 

I 

32.0 -154. 397.0 

40.0 47. . 139.9 
35.0 82. 53.7 \ 

0.OO5-M Ni; 4-Pic , f' 33.0 98.3 . 50.30.0 128. . 82.3 
25.0 192. 251.4 

14.1 0 4.07 I
13.5 8.7 3.02 

0.OO5-M Zn; Py , T 13.0 16.5 3.21 13.3 il.8 2.8 ~ 
12.5 25. 5.28 I
12.0 34. 8.54 

14.1 0 1.73 
1.3 .5 8.7 0.710.OO5-M Zn; Py '. 'f' 13.6 7.2 0.651.3.0 16.5 1.46 
12.5 25. 3.31 

57.2 0 98.3 
53.0 15.5 96.10.OO5-M Zn; 3-Pic , 'f' 54.5 9.7 90.49.0 33. 141.3 
45.0 53. 205.2 

' ... 49.6 0 321.6 
45.0 20. 401.50.OO5-M Zn; 4-Pic , 'f' 51.0 < 0 310.41.0 41. 503.3 
37.0 67. 657.5 

- . . 



TABLE XCIX (continued) 

Best values Extraction system P** K' L(P* - ~a1c)2 
p** 	 K' I(p* - P~alc)2 

14.1 0 	 1.42 
13.7 23. 	 0.34O.OOl-M Cd; 	Py , T 13.5 35.5 0.2513.3 48. 0.41 


. 12.9 75. 1.12 


14.1 0 0.41 
O.OOl-M Cd; Py , ~ 13.7 23. 1.16 14.3 ( 0 0.30 . 13.3 48. 	 2.87 

57.2 0 49.1 
O.OOl-M Cd; 3-Pic , Ta 54.0 47. 106.0 58.0 < 0 45. 

51.0 97. 183.1 .f.'"" 

~ 
49.6 0 15.5 

O.OOl-M Cd; 4-Pic , Ta 46.0 63. 74.4 50.5 < 0 25 . 
43.0 123. 169.7 

- ._.. _- ......._._ ........._-	 '- --_ ........._-~ 

NOTES: (1) 	T means thiocyanate. The concentration of metal quoted is the initial value for the aqueous 
phase before equilibration. 

(2) 	Py = pyridine; Pie = picoline. 
(3) For the 	definition of K' see equation (36); for its calculation, see equation (41).
(4) 	p* is the apparent partition coefficient of pyridine or picoline in the metal pyridine (or 

picoline) thiocyanate extraction systems. 
(5) 	lE 1 is a computed value of p-r.-.ca c 
(6) 	p-lHE- is the value of p-lE- at zero pyridine (or picoline) concentration; Kt and p** are related 

by equation (41). . 2 '2 
(7) 	The best values of Vrl-lE- andI(p-lf- - p* 1) were obtained from a plot of .r(p~} - P: 1) versus 
p**.' ca c 	 ca c 

(cont'inued) 

I 



TABLE X~ (continued) 

(8) 	The best value of K' was obtained by using the best value of 1'** in equation (41). 
(9) 	The superscript "alf denotes extractions made in the presence of added pyridinium 

or picolinium chloride. 

I 
.f.
~ 
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In this way, three to five values of \"(p* - ~ 1 )2 were L ca c 

obtained for the three to five.chosen values of Kt; they are given 

in Table XCIX. By plotting the value of p** corresponding to the minimum 

value of ~ (p* - ~alc)2 was found. This was taken to be the ttleast

squarestt value, that is" the best value. It is also given in Table XCIX. 

An example of the calculations that were carried out to 

obtain the best value of ~~, and hence of K' is given in Table C. 

From the minimum. value of ~ (p* - P! 1 )2 it was possibleca c . 

to obtain an estimate*~f the 95 percent confidence limits of p**. 

Thus, the standard error. of pl*" s17**' was ca1culated from the 

equation 

s ' = f __(P*_-_~__a=lc__)_2 
P** N(N - 1) 

where N is the number of points in the specific Figure for which P** 

is required. By using these estimates for the standard error of p**, 

the 95 percent confidence limits of p** were calculated. These 95 

percent confidence limits" and the best ,values for p** are given to

gether in Table LX. 

3. 	The Least-Squares Value of K'. and the 95 Percent Confidence 
Limits of K' 

The best value of Kt was obtained by substituting the 

best value of pl*" together with the known. value for p and the known 

* The estimate strictly applies to the average difference between p* 
and ~ l' This is likely to be an optimistic estimate of the 95 

~c . . 

confidence limits of the extrapolated value of p*, which is 1'**. 




-- - - -- --

,
TABLEC 

Detailed summary of calculation of "(P* - ~ 1 )2 at differentL ca 0 

values of p** and Kt. Elca.m.ple: 0.0025-M Co; Py , T 

.. 

P** = 14.1 ; Kt = 0 plHl-=13.5; K' =17.3
E:tt. [PJr, Axlcl' [MJr AxlrJ3 P* 2No. , 2,. [ppa3 [ppcl'~a1c (P*-~a1c) ~a1c (P*-~alc) 

1 0 2.58 - 0 - - 0 - 
2 1.02 2.55 12.8 1.02 14.1 1.69 0.978 13.5 0.49 

3 . 1.84 2.38 13.8 1.84 14.2 0.16 1.77 13.6 0.04 I 


4R 2.68 1.89 13.7 2.68 14.2 0.25 x 4 2.60 13.8 0.01 x 4 ~ 

5 3.48 1.28 13.6 3.48 14.2 0.36 3.41 13.9 0.09 . 
6 4·.17 0.799 14.0 4.17 14.3 0.09 4.12 14.1 0.01 

7 4.94 '0.461 14.2 4.94 . 14.3 0.01 4.90 14.2 0.00 

8 5.76 0.272 14.3 5.76 14.3 0.00 5.74 14.2 0.01 

9 6.64 0.169 14.3 6.64 14.3 0.00 6.62 14.3 0.00 

10 10.3 0.0370 14.1 10.3 14.3 0.04 10.3 14.3 0.04 

L 3.35 0.73 

(continued) . 




EXt. P** = ],3.0 ; Kt = 33. 

No. [p]aa3 P-'~alc (P*-r{a1c)2 

1 0 - -
2 0.943 ],3.0 0.04 

3 1.71 ],3.2 0.36 

4R 2.53 ],3.4 0.09 x 4 

5 3.35 13.7 0.01 

6 4.08 14.0 0.00 

7 4.88 14.1 0.01 

S 5.72 14.2 0.01 

9 6.61 14.2 0.01 

10 10.3 14.3 0.04 

L 0.84 

TABLE C (coritinued) 

1'** = 12.5 ; Kt = 50. NOTES: (1) The trial values of 

2 p** and K' al'e shown[pJaa3 plcia1c (P*-plcialc) 
in the first row; 

these trial values0 - 
and the best values 

0.909 12.6 0.04 are the first entered 

1.66. 12.8 LOO 	 in Table XCIX. 

(2) Where replicate extract2.47 	 ],3.1 0.36 x 4 
ions were carried out, I 

3.30 13.5 0.01 each replicate was f: o 
4.04 	 13.8 0.04 assigned a weight of I 

unity; extraction 4R. 4.85 14.0 0.04 
is the mean of 4 

5.•70 14.2 0.01 replicates.
-

6.60 	 14.2 0.01 (3) For definitions and 


equation references,
10.3 	 14.3 0.04 
see Notes in Table 

XCIX.2.63 
I 
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value of [Mlr,A into equation (41). The best value is. given in Table 

XCIX. 

The 95 per.cent confidence limits of Kt wer.e found by using 

the upper. and lower. 95 per.cent confidence limits of p** in equation 

(41). These 95 per.cent confidence limits and the best values of Kt are 

given together in Table LX. 
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Appendix XVII 

The Calculation of Stepwise Formation Constants 
in the Organic Phase 

1. Introduction 

In Part VI-3 a method was described for the direct calculation 

of the stepwise formation constants of the metal tetrapyridine and 

tetrapicoline thiocyanates in the organic phase of the metal pyridine 

and picoline thiocyanate extraction systems. However, the calculations 

presented in this Appendix were carried out before the "least-squares" 

value of Kt had been computed; therefore the values of [pJ and [pJ 0 ' 

the concentrations of free pyridine (or picoline) in the aqueous and 

organic phases respectively, were ver:/' slightly in error*. In addition, 

the calculations presented in this Appendix were made prior to the 
I 

discover:/' of loosely-bonded pyridine (or picoline) in the organic phase. 


However, the errors introduced by using slightly erroneous values of 


[p] and [pJ 0 should not seriously affect the calculations, and the 

qualitative conclusions that are drawn from the calculations. 

2. Basis of Calculations, and Results 

The detailed basis for the calculation of the stepwise formation 

constant, k4, is given in Part VI-3. However, for convenience, this 'basis 

is briefly reviewed: 

It is evident from the equation 

z = n - 2 = k [pJ2
- '4 04-n 

,* Only in this Appendix were 8lightly-erroneous balues of [pJ and [pJ 0 

used. Elsewhere the correct values are listed and were always used. 
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(where n, the average number ofpyridine or picoline liganda bound to 

each metal atom in the organic phase, is defined by equation (42», 

that a plot of zversus [pJ ~ gives a straight line with slope k4" 

For each extraction system the method of least-squares (101) 

was used to obtain the equation for the line of best fit*; z was plotted 

against [pJ ~ when the dipyridinate (or 'dipicolihate) was the predominant 

species, and z-l was plotted against [pJ -~ when the tetrapyridinate (or 

tetrapicolinate) was predominant. The value of z or its reciprocal was 

the dependent variable, and [pJ ~ or its reciprocal was the independent 

variable. Each of the values of z (O! z-l) used was assigned a weight 

of unity; where replicate values of z (or z-l) were available, a weight 

equal to the number of replicates was assigned. 

The equations of the least-squares lines are given in Table Cl. 

These equations, together-with the standard deviations of the coefficients, 

allowed the 95 percent confidence limits of k4 to be computed. From the 

values of k4 and their 95 percent confidence limits, qualitative 

conclusions were drawn. The atatisticalarguments, together with the 

qualitative conclusions are given below. 

·3. Statistical Argument, and Qy.alitative Conclusions 

From the data in Table Cl it is seen that statistically-

significant values of k4 were obtained only for the following extraction 

systems: (1) zinc pyridine thiocyanate; (2) cadmium pyridine thiocyan- . 

ate; and (3) cadmium pyridine thiocyanate in the presence of pyridinium 

chloride. 

* ( . ) A digital computer English Electric, Model KDF9 was used to obtain 
the equation for the line of best fit. 
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TABLE Cl / 

Equations of least-squares lines, and k4 ~lues with their 95 percent confidence 
limits for metal pyridine and picoline thiocyanate extraction systems 

Extraction system 

O.OO25-M Co; Py , T 

O.OO25-M Co; Py , ~ 

O.OO25-M Co; 3-Pic , T 

0.OO25-M Co; 3-Pic , ~ 

O.OO25-M Co; 4-Pic , T 

0.OO25-M Co; 4-Pic , ~ 

0.OO5-M Ni; Py , T 

O.OO5-M Ni; Py , ~ 

0.OO25-M Ni; Py TbJ 

0.OO25-M Ni; Py , r-'b 

0.OO5-M Ni; 3"'Pic , ~ 

0.OO5-M Ni; 4-Pic , ~ 

0.OO5-M Zn; Py , T 

Equation of least-
squares lines 

z-l =-O.847xlO-4 [p] ~2 

z-l =-o.629xl0-4 [p] ~2 

z-l =-3.14xl0-4 [p] ~2 

z-l = 2.93xlO-4 [p] ~2 

z-l =-0.727xlO-4 [p]-2 
. 0 

z-l =·-0.261x10-4 [p] ~2 

z-l =-0.657xlO-5 [p] ~2 

z-1.=-1.26x10-5 [p] ~2 

z-l = -O .. 540xl0-5 [p] ~2 

z-l = , 0.330xJ.0-5 LP] ~2 

z-l '= -2.43xlO-6 [p]-2
0 

z-l = -O.893xlO-6 [pJ ~2 

z = 38.0 [pJ2
0 

Standard 
error of 

coefficient 

1.24xlO-4 

1.74xl0-4 

8. 56x10-4 

9.45xlO-4 

2.29xl0-4 

0.214xl0-4 

0.317xlO-5 

0.461x10-5 

0.195xlO-5 

0.190xJ.0-5 

6.36x10-6 

1.53xlO-6 

7.40 

k4 

-1.18xl04 

1.59xl04 

-0,319xl04 

-0.34L-v:J..04 

-1.37xl04 

-3.83xlO4 

. 5-1.52xl0 

-0.793xlO5 

-1.85xlO5 

3.03xl05 

6-0.U2xl0 

-1.l2xl06 

38.0 

Upper 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

Infinity 

54.0 

95 percent confidence 
limits of, k4 

Lower 

0.498x104 

0.236xl04 

0.625xlo-' 

0.429xlo-' 
.J:
~ 0.225xlO4 

3.00xl04 

3.70xl04 

5.00xl04 

5.00xl04 

0.872xl.05 

0.763xl05 

0.328x106 

~. -

(continued) 

22.0 

I 

http:0.872xl.05


TABLE CI,(continued) 

Equation of least- Standard 95 percent confidence 

Ex:traction system . squares lines error or limits of k 


....k4coefficient Upper LOwer 

0.OO5-M Zn; Py, rf' z = -149. [(~ 69.8 -149. 9.0 <: 0 

0.OO5-M Zn; 3-Pic , rf' z = 21.7 [p~ 30.9 21.7 97.3 < 0 

O.005-M Zn; 4-Pic , ~ , z = 8.78 [p~ 14.7 8.78 44.8 < 0 

O.OOl-M Cd; Py , T z-l = -3.02xlO-3 [pJ62 O.586x10-3 -O.331x1a3 < 0 < 0 
-1O.OOl-M Cd; Py , rf' z = -9.l2xlO-4 [pJb2 3.2SxlO-4 -O.llOxlO4 < 0 < 0 I ' 

~-1O.OOl-M Cd; 3-Pic , rf- z = -2. 99xlO-4 [pTc,2 7.33xlO-4 ' -O.335xlrf Infinity O.699xla3 t: 
-1 = 4O.OOl-M Cd; 4-Pic , rf' z 1.13xlO-4 [pJb2 0.93xlO-4 -0.885xlO Infinity 0.934xJ.04 

I 

NOTES: (1) 	T means thiocyanate. The concentration of metal quoted is the initial value for. the aqueous 
phase before equilibration. 

(2) 	Py = pyridinej Pic = picoline. 
(3) 	The superscript "an denotes extractions made in the presence of added pyridinium. or picolinium. 

chloride. 
(4) 	The superscript "bff denotes extractions made into benzene. 
(5) 	For the definition of k4' see equation (44).
(6) 	For the definition of z, see equation (45). 
(7) 	Only the positive range of values for k4 within the 95 percent confidence interval is stated 

explicitly. 

http:0.934xJ.04
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The values of k4 obtained for the two cadmium pyridine 

thiocyanate extraction systems were apt to be less reliable because 

these systems contained (1) the highest concentration of pyridine; and 

(2) the lowest concentration of metal in comparison to the other 

systems for which k4 values are reported. This combination of circum

stances leads to less reliable values of n (see equation (42», z (a 

function of n), and hence of k4• 

The value of k4 for the zinc pyridine thiocyanate system is 

significantly different from zero*. However, neglecting the· two 

cadmium pyridine thiocyanate systems discussed above, only one observ

ation in 18 is statistically-significant; when selecting 95 percent 

confidence limits as statistical criteria, it is expected that one 

observation in 20 will be statistically-significant. The deviation in 

the. computed value of k4 from the reported valu~ therefore may be 

attributed to chance. 

Nevertheless, the true value of k4 for t~e zinc pyridine thio

cyanate system will undoubtedly be small. This statement is substantiated 

by the fact that the 95 percent COnfidence limits of k4 include the 

value of zero for the following extraction systems: (1) zinc .3-picoline 

thiocyanate (2) zinc 4-picoline thiocyanate; and (.3) zinc pyridine. 

thiocyanate in the presence of added p,yridinium chloride. 

The values of k4 found for the other** extraction systems lead 

to a different conclusion; although the 95 percent confidence limits of 
* .In Part VII-2 a value for ~t of about 10 113 reported fram the liter

ature. This value agrees rairly well with the 'value at the lower 95 
percent confidence limit (k = 22).4 

** (1) cobalt pyridine, 3-picoline and 4-picoline thiocyanates; (2) 
nickel pyridine, .3-picolirie and 4-picoline thiocyanates (using either 
chloroform or benzene as solvent in the nickel pyridine thiocyanate 
system); and (.3) cadmium 3-picoline and 4-picoline thiocyanates. 
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k4 are ,reported in Table Cl, these values include ± infinitY*. 

NeVertheless, the true values of k4 for these systems will 

undoubtedlY be large. 

The following qualitative conclusions were therefore drawn: 

(1) zinc pyridine (or picoline) thiocyanate was extracted into chloro

form almost exclusively as the dipyridinate (or dipicolinate); (2) the 

pyridine, 3-picoline and 4-picoline thiocyanates of cobalt, nickel 

and cadmium were extracted into chloroform almost exclusively as the 

tetrapyridinates (or tetrapicolinates); and (3) nickel pyridine thio

cyanate was extracted into benzene almost exclusively as the tetra

pyridinate. 

These conclusions were confirmed by the calculation of k4 

from literature data; these values are reported in Part VII-2. 

* Since the coefficient in the least squares line is, in fact, k - l for
4 

these systems, then since the 95 percent confidence limits of this 

coefficient include the value zero, k4 may have a value of ± infinity. 

However, only the positive range of values for k4 within the confid
ence interval is stated ~~plicitly. 
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1\ppendix XVIII 

The Overall Formation Constants of Metal-Pyridine, Metal-Picoline 
and Metal-Thiocyanate Complexes in Aqueous Solution 

Introduction 

As working data for the considerations in the present 

Appendix, the overall formation constants in aqueous solution were 

required for some metal pyridine (or picoline) and metal thiocyanate' 

complexes. The constants for metal p,yridine and metal picoline 

complexes are given in Table CII;those for metal thiocyanate complexes 

are given in Table CIII. 

A. 	 The Relative Proportions of Metal Pyridine (or Picoline) 
Complexes in the Aqueous Phases of the Metal. Pyridine 
and Picoline Thiocyanate Ex:tractions Systems 

The ratios of the molar concentration of metal complex 

ion to molar concentration of free metal ion were calculated for 

the monopyridine (or monopicoline) and multip,yridine (or multi

picoline) complex ions of the metals cobalt, nickel, zinc and 

cadmium, in aqueous solution containing only the metal ion and pyri

dine (or picoline).The following equation was. used: 

[MP~ = Km,o [pJm 

[M] 

where [MP~ is the concentration of the.mth metal pyridine (or 

picoline) complex, and ~,o is its overall formation constant in 

aqueous solution. The concentration of free pyridine (or picoline) 
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TABLE crr 
i ,i I 

The overa1;L forma.~ion constants in aque.ous solut~on for srme 
d va16nt metal ~idine and metal pif0line complex ions 

Metal Ligand K K K K 
1.0 2.0 3 0 4.0 

Pyridine 13.9 73.2 - 
Cobalt 3-Picoline - - - 

4-Picoline - - - -

Pyridine 60.3 677. 1390. 
Nickel 3-Picoline 

4-Picoline - - - -
Pyridine 12.,3 ,49.0 95.2 

Zinc 3-Picoline 17.0 79.5 151. 
4-Picoline 20.0 135. 700. -
Pyridine 17.9 95.2 191. 

Cadmium 3-Picoline 25.1 144. 316. 
4-Picoline 31.6 141. 933. 

NOTES: (1) K n is the equilibrium constant for the reactionm, 

M + mP + nT = MP T • 
mn 

(2) K is unity.
0,0 

.. 


Reference 

(ill) 

-

-


(ill) 

-

-


(ll4) 
(ll4) . 
(ll4) 

(114) 

(ll4) 
(ll4) 
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TABLE CIII 

The overall formation constants in aqueous solution for 
some divalent metal thiocyanate complexes 

Metal l{0.1 KO•2 KO.3 KO.4 

Manganese 5.37 70.8 -
Iron 8.92 1.17 - 
Cobalt 8.92 39.8 63.2 0.50 

Nickel 15.1 43.7 64.7 
Copper 55.0 347. 490. 978. 

Zinc 3.02 7.08 1.00 20.0 

Cadmium 11.0 56.3 6.03 60.3 

NOTES: (1) K is the equilibrium constant for 'the reaction-1D.,n 

M+ mP + nT = MPmTn' 

(2) Ka,a is unity

(3) D3.ta are from reference (ID). ' 
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was taken to be 1.0 x 10-3M*. 

The results of these calculations, given in Table CIV show 

that the monopyridinate (or monopicolinate) was the major complex 

species present at this concentration of free p,yridine (or picoline); 

it is evident that, at lower concentrations of free p,yridine (or picoline), 

even a higher proportion of the monopyridinate (or monopicolinate) would 

be present. Moreover, it is also seen from Table CIV that 6 percent or 

. less of the total metal concentration was complexed by pyridine (or 

picoline) for any of the metals. 

The ratios of the total molar concentration of metal thiocyanate 

complexes to molar concentration of free metal ion were calculated for 

several divalent transition metals, for an aqueous solution containing 

only the metal ion and thiocyanate ion. The following equation was used: 

[ = L K rT,n
n=l o,n L.. ..J 

n=l 

where Ko,n is the overall formation constant in aqueous solution of the 

nth metal thiocyanate complex. The concentration of free thiocyanate, 

[T], was taken to be 0.2~~ (the total concentration of thiocyanate in the 

aqueous phase of extraction systems studied in the present investigation). 

The results of these calculations, given in Table CV showed 

that, for the metals cobalt, nickel, zinc' and ~admium (the metals studied 

in the present investigation) more than 85 percent of the metal was 

present as a metal thiocyanate complex**. 

* 	This concentration of free p,yridine (or picoline) was chosen because 
in Figs. 25 to 46 it is seen that the apparent partition coefficient,
P*, differed quite markedly from the partition coefficient, p, of the 
free ligand at total aqueous concentrations of pyridine (or picoline), 
[p~ A of the order 10~3M or less. 

H , 
For zinc, about 60 percent of the metal was complexed. 
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TABLE CIV, 

The molar ratio of complex ion to free metal ion and of the complex ion to the 
mono-substituted oomplex ion, for the metal pyridine (or piooline) complexes 

in aqueous solution 

Fraction of[MP] ," [MP) 	 [MP~J [MP] [MP2] [MP ] [MP~JMetal 	 ~MP2] J total metalLigand (II) 	 oomplexed[M] '·DD [M] CM] [MP] [MP] [MP] [MP] 

Cobalt Pyridine 1.36xl0-2 7.32xl0-5 - - 1.00 5.30x:l0-.3 - - 0.014 

Nickel Pyridine 6.03x10"'2 6.77x10-4 1.38xl0-6 - 1.00 1.l2xl0-2 2.29x10-5 - 0.060 

Pyridine 1.2.3x10-2 4.90x:l0-5 8. 52xl0-8 - 1.00 3.98xl0-3 6.93x10-6 - 0.012 
.f,-Zino 3-Picoline : 1.70x:l0-2 7.95x10-5 1.51xl0-7 - 1.00 4. 67x10-3 8.88xl0-6 - 0.017 ~ 

4-Piooline 2.00x::1O-2 1.35x10-4 7.08xl0-7 - 1.00 6.75x10-3 3.54xl0-5 - 0.026 

Pyridine 1.78xl0-2 8. 52xl0-5 1.91xl0-7 1.00 4.78xl0-3 1.07x10-5 0.018 

Cadmium .3-Picoline 2.51x10-2 1.44xl0-4 3.l6x10-7 - 1.00 5. 64xl0-3 1.26xlO-5 - 0.025 

4-Picoline 3.16xl0-2 1.4lx10-4 9.3.3xlO-7 - 1.00 4.47x10-3 2.95x10-5 - 0.032 

NOTES: (1) Ko 0 is unity. 
I 

(2) 	The ratios were caloulated from the overall formation constants 
(Table err) and a value of [p] = 1.00 x lO-3M 
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TABLE CV 

The molar ratio of total oomplex ion to free metal ion for 
the metal thiooyanate oomplexes in aqueous solution 

i , 

I [MTn] Fraotion of total Fraction of totalMetal (II) n=l 	 metal complexed metal unoomplexed[M] 

Manganese 6.62 0.87 0.l3 

Iron 2.50 0.71 0.29 

Cobalt 6.55 0.87 0.l3 

Nickel 8.54 0.90 0.10 

Copper 55.0 0.98 0.02 

Zino 1.47 0.60 0.40 

Cadmium. 7.53 0.88 0.12 

NOTES: (1) Ko,o is unity. 

(2) The ratios were caloulated from the overall formation 
oonstants (Table 	cm) and a value of er] = 0.27M. 

• 
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The total metal. concentration of the aqueous phase, [M~,A' was 

less than 5 x lO-3M in every extraction experiment. For SO percent of 

this metal complexed, the free metal concentration of the aqueous phase, 

CM] , was then less than lO-3M• 

From Table CrY, it is seen that the concentration ratio of metal 

monopyridine (or monopicoline) complexes to free metal ion never exceeded 

about 0.06 for a pyridine (or picoline) concentration of lO-3M• Therefore, 

when [M] = lO-3M, Dw] = 6 x lO-5M, and the concentration of pyridine (or 

picoline) bound as a monopyridine (or monopicoline) complex comprised less 

than 6 percent of the total pyridine (or picoline) concentration of the 

aqueous phase. 

To consider this proportion of the total concentration of 

pyridine (or picoline) in the aqueous phase as being bound pyridine (or 

picoline) would not alone account for the observed differences between the 

extrapolated value, p**, of the apparent partition coefficient and the 

partition coefficient, p, of the free ligand. There,fore, the presence of 

a mixed metal pyridine (or picoline) thiocyanate complex was indicated. 

B. 	 The Concentration of Free Thiocyanate in the Aqueous Phases of 
the Metal RYridine and Picoline Thiocyanate Extraction Systems 

The total concentration of thiocyanate in the aqueous phase of 

every extraction system studied in the present investigation was about 

0.27M. The concentration of free thiocyanate in the aqueous rnase, [T] , 

was less than 0.27M for two reasons: (1) metal thiocyanate complexes 

formed in the aqueous phase; and (2) the metal was extracted into the 

organic phase of the extraction syste~ as a.meta1 pyridine (or picoline) 

thiocyanate complex. 
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It is the purpose of this Section of the Appendix to determine 

the combined effects of complexation and extraction on the concentration 

of total thiocyanate in the aqueous phase. 

The total concentration of metal in the equilibrated aqueous 

phase of every extraction system was known for the case where pyridine 

(or picoline) was absent; here it was expected that the concentration 

of metal thiocyanate complexes* would be highest. 

The concentration of each metal thiocyanate complex in the 

aqueous phase then was calculated by using the equation 

[MT' = K CM] [T] nn:-l o,n 


-where [MT~is the concentration of the nth metal thiocyanate complex, 


and K is its overall formation constant in aqueous solution. The 
o,n , 


concentration of free thiocyanate, [T] was taken to be O.27M. The free 


metal concentration in the aqueous phase, CM] was found from the equation 

where CM] T A is the total concentration of metal in the aqueous phase , 
and Q is the known fraction** of uncomplexed metal in an aqueous O.27-M 

thiocyanate solution containing a metal ion. 

The results of these calculations, given in Table CVI, showed 

that not more than 3.7 percent of the total thiocyanate concentration 

,~ Mixed metal pyridine (or picoline) thiocyanate complexes will not be 
considered; where these complexes predominate in the aqueous phase, 
the metal concentration of the aqueous phase is so small that a 
negligible amount of thiocyanate is complexed (see Appendix XVIIID). 

** These fractions are given in Table CV, for each of the metals known 
to form extractable pyridine (or picoline) thiocyanatea. 



[MJr"A
Metal 

Mx.l03 

Manganese 5.0 

Iron 5.0 

Cobalt 2.5 

Nickel 5.0 

Copper 5.0 

Zinc 5.0 

Cadmium 1.0 

TABLE CVI 

The molar concentration of metal thiocyana.te complexes in 
an aqueous 0.3-M thiooyanate solution 

Fraction of [Y~ A 
that is free ' Du [MT] Drr2J [MT3J [MT ]4metal ion . 

0.1.3 0.65 9.43xlO-4 3.36x10-3 - -
0.29 1.45 3.49xl0-3 1.30:lcl0-4 - -
0.1.3 0.32 7.7lx.l0-4 9.28x10-4 3.97xlO-4 8.5lx.l0-7 

0.10 0.50 2.01~0-3 1.60:lcl0-3 6.40X:l0-4 -
. 0.018 0.090 1.3WO-3 2.28x10-3 8. 68x10-4 4.68x10-4 

0.40 2.00 1.6Wo-3 1.o4:ia0-3 4.00:lcl0-5 2.20:lcl0-4 

0.12 0.12 3.56x10-4 4.9WO-4 1.44xl0-5 3.8WO-5 

NOTES: (1) Ko,o is unity. 

(2) Each 	concentration was calculated from the 
overall fo~tion constant (Table ClII), the 
indicated value of [M] and a value of 
[T] = 0.27.M. 

Peroent of total 
thiocyanate 

complex.ed 

3.1 

1.4 

1.4 

2.6 

3.7 

1.7 

0.56 

, I 

t; 
0", 


I 

http:complex.ed
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of the aqueous phase was bound as a metal thiocyanate complex. 

When sufficient pyridine (or picoline) is present in a 

metal pyridine (or picoline) thiocyanate extraction system to extract 

essentially all the metal, then the concentration of metal thio

cyanate complexes in the aqueous phase would be essential~ zero. 

The concentration of total thiocyanate in the aqueous phase would 

then be reduced by O.OlM* (3.7 percent). 

Since the concentration of metal thiocyanate complexes 

in the aqueous phase continuously decreases as the metal pyridine 

(or picoline) thiocyanate eXtracts, it is clear that the 

concentration of free thiocyanate in the aqueous phase is very nearly 

constant (to within ±1.7%) for each aqueous phase of every metal 

pyridine (and picoline) thiocyanate extraction system. 

In addition, experiments were carried out in which the 

concentration of total thiocyanate in the aqueous phase was varied 

by about 4 percent with no measurable effect on t~e distribution 

ratio of cobalt in both cobalt 3-picoline and 4-picoline thiocyanate 

extraction systems. These experiments are summarized in Part V-3-4. 

Finally, in Appendix XVIIIC it is shown that a ± 2 percent 

variation in the free thiocyanate concentration would have at most 

a ± 1 percent effect on the distributio~ ratio of the metal. 

Therefore the concentration of free thiocyanate in the 

aqueous phase of the metal pyridine and picoline thiocyanate extract

ion systems was taken to be the total thiocyanate concentration of 

that phase. with negligible error.
* .The· largest total concentration Qf metal in the aqueous phase was 

S x lo-JM; two moles of thiocyanate are extracted with every mole 
of metal (see Part V-3-4). 
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c. 	 The Effect of Variations in the Free Thiocyanate Concentration 
of the Aqueous Phase on the Distribution Ratios of the Metals 

It has been shown in Part VI-4 that 


D = P2 K2•2 (1 + I{p]2) LPJ2 


A +f LP] 


where Dis the distribution ratio of the metal, [pJ is the concentration 

of free p,yridine (or picoline) in the aqueous phase, 

(51) 

(47,48) 

K m,n 
= 	 (49) 

.A 	 = L K [T] n-2 (53)n=o o~n '. 

and 
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It is shown in Appendix XVIIID that 

f LP] = [p] K'A (90) 

,so that 

A + f [p] = A (1 + [p] K') 

Where K' is a constant defined by equation (36). Therefore" at a 

given value for [p], the distribution ratio depends critically upon 

A. 

It has been shown in Appendix XVIllB that the concentration 

of free thiocyanate in the aqueous phase of the metal pyridine (or 

picoline) thiocyanate extraction systems may be taken as being 

essentially constant,and to have a value of 0.27M. 

NOw the values of A were calculated, for each of the metals 

,which are mown to form extractable metal pyridine and picoline thio

cyanates, by using the values for the overall formation constants of . 

metal thiocyanate complexes in aqueous solution, together with 
. 

,arbitrarily-chosen values for [T] of O.26M and O.27M. 

, The results, given in Table eVIl, show that the value of A 

changes by less* than ± 1 percent for a ± 2 percent change in [T] . 

'D. The Effect of the Free Pyridine (or Picoline) Concentration 
-in the Aqueous Phase on the Ratio RZ 

The ratio R2 is defined as follows: 

* Except for zinc and iron, for Which the value of A changes by about 
± 2 percent for a ± 2 percent change in [T] • 
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TABLE CVII 

Values ot oomputed constants for metal thiocyanate complexes 

2~ K [T]l-2;; A log A A[TJ i 
n=o o,n 


Metal (II) I 


[TJ = 0.27M [T] = 0.26M [TJ = 0.27M [T] = 0.26M [T] = 0.27M [T] = O'.26M 


Manganese 104. '106. 2.02 2.0,3 7.62 7.18 

Iron 47.9 50.3 1.68 1.70 3.50 3.40 

Cobalt 103. 105. 2.01 2.02 7.55 7.11 

Nickel 1.31. 1.33. 2.12 2.12 9.54 9.01 e; 
o 

Copper 749. 753. 2.87 2.88 54.6 50.8 

Zinc 33.8 35.2 1.53 1.55 2.47 2.38 

Cadmium 117. 119. 2.07 2.08 8.53 .8.05 
L.__ ......._ .. __... __ -- -- .. _._ .... _.- --~ 

NOTES: (1) K is the equilibrium constant tor the reaction-m,n 
M + mP + nT = MP T • mn 

(2) Ko,o is unity• 


• 
 (3) Values tor K are trom Table CIIL o,n 

(4) [T] is the tree thiocyanate concentration in the 

aqueous phase. 
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LP] ft[P] 
(57) 

A + f [p] 

where 

A = L K [T] n-2 (53)n=o o,n 

and 

It has been shown in Appendix XVIIIA that the complex species 

MP would have been present in the aqueous phaseB' of the extraction 

SY$tems in much higher concentration than would the species MPm (m )1). 

Because of this fact it was suggested that the complex species MPT , n 


(n ') 0) were likel.J" to be present in the aqueous phase in much higher 


concentrations than were the species MP T (r > 1, n > 0). For the 
rm 

. case where o~ monopyridine (or monopicoline) complexes (mixed or 

otherwise) are considered to be present in the aqueous phase 

= DIP] + ~ [MPT;J (ss)
[M] n=l [M] 

For this case it lna.y' also be shown from equation (,36) that 
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[MP] I[MPTJ = [pJ K' L [MT~- +
[M] n=l [M] n=o [M] 

,Combination of equations (53), (88) and (89) gives 

(90) 

and from equations /(57) and (90) 

(58) 
1 + [p] K' 

From equation (58) it is seen that the ratio ~ depends only 

upon the free p,yridine (or picoline) concentration in the aqueous phase 


of the metal pyridine (or picoline) thiocyanate extraction system. As 


"[p] approaches zero, ,R2 approaches zero; as [p~ increases; R2 approaches 


Wlity. 
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