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ABSTRACT

A detailed investigation has been made of the extraction of Co(II)
from aqueous thiocyanate (SCN-) solutions by polyether-based polyure-

thanes (urostly in the form of flexible open-celled foam). From batch

equílíbration measurements, using 60Co radioactive tracer, the extrac-
tion vras observed to be a reversible absorption phenomenon similar to

solvent extractíon or ion exchange.

The influence of such facÈors as equílibration time, solutíon pH,

Èhiocyanate concentration, temperature, ionic strength, polymer compo-

sitíon and aqueous:.organíc phase ratio were all ínvestigated. High

thíocyanate concentratíon, high ionic strength, low temperature and

1.0 < pH < 9.0 were all found to favour efficient cobalt extraction.
The effects of a large number of additíonal anions, cations and organic

nítrogen-contaíning substances r¡rere also tested with both enhancenents

and interferences being observed. Under suitable conditions, cobalt

distribution ratios, D, up to 3 x 106 L kg-l and a maximum capaciÈy of
about 0.47 urol kg-l were noted for the polyrner studied. The diffusion
of cobalt across a thín polyurethane membrarre vras also demonstrated.

Possible industrial and analytical applications were discussed.

Evidence obtained indicates that the cobalt is extracËed as the

blue Co(NCS)7- anion in association wÍth various possíble cations.' '4
Several extraction mechanisms lrere considered. However, based on the

experimental results and a consideration of the relevant literature, a

new variaÈion termed the "Cation Chelation Mechanísm" has been proposed

¡vith the su¡¡gestion that it may also be applicable Ëo Ëhe sorpËion of
uany metals besides cobalt. In this proposal, the cations accompanying

metal anionic complexes are helically complexed (chelated) by the poly-
ether porËions of the polyurethane and thus expedite the sorption of
suítable hydrophobic anions (such as metal thiocyanate complexes).

An extensive review covering much of the published 1íterature
regarding the varíous chemical sorption applícations of polyurethanes

v¡as also presented.

I,üORDS: Cobalt; Thiocyanate; Extraction, Absorption, Sorption,

Dístrubutíon, PreconcentraÈion; UreËhane polymer,

Polyurethane, PolyeËher
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CHAPTER I. GENERAI: INTRODUCTION

A. POLYURETHANES -- CHB{ISTRY AND USES(1-5)

The abílity Ëo mimic some of the naturally-occurring polymers ín

the world has been one of the greatest triumphs of synthetíc cheurístry.

The list of man-p¿de polymers avaílable has expanded continually

through a curious mÍxture of both empírical and predíctíve science

pushed along by occasional shorÈages or shortcoming of Naturers

products and by tremendous economic gain. Owing to the wide range of

applicatíons found for these materials, Ëhe achievemenr may well have

been one of the most widely appreciated teehnologícal advances since

the turn of the century.

I. ïlistorÍcal DevelopmenË

The development of polyurethanes ü7as not by accident but largely by

the conscious and concerted efforËs of Otto Bayer, a German chemist, to

prepare a rnateríal which did not fa11 under Ëhe patent rights held by

the E.I. DuPont de Nemours company for nylon and related polymers. In

1937 and the years following, Bayer successfully produced a series of

polymers whose ease of production and desírable propertíes were to

make a laeting contribution to the corrnercíal- use of macromolecules.

I,rlhile his product did not come to replace nylon in its applications, a

whole nerr range of uses developed around it. After l^lorld l{ar II, the
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technologies of the German nation r¡rere unveiled to the rest of the

world and so production and development of polyurethanes spread over the

globe. Today, ít would be difficult to find a modern household which does

not contain polyureËhane ín some form.

2. Definitíon of !g!vurethane

Due to Ëhe extensive use of common

field of polylrer chemisËry, the novice

the teruinology in general use today.

of the nomenclature of polyurethanes.

AlÈhough there has long been known

and propríetary names ín the

ís often genuinely confused by

Such is perhaps true in the case

a conpound with the trívial
0

name of trureËhane" (ttru-ð-OC2Hs), neíther is it possible Ëo polymerize

this to yield polyurethane (as analogy with many other polymers such

as polyethylene night suggesË), nor does depolymerization of a poly-

urethane gíve anyËhing resembling the expeeted urethane. The term

'rpolyuret.hane" ís, in f act, intended to indicate any polymer in r.rhich
o

Ëhere are large numbers of the urethane group (defíned .s -tW-ê-O- and

derived actually from carbamic acíd). As we shall see, flrariy polymers

in whích the urethane group represents a very minor fraction of the

total are also called polyurethanes by virtue of the faet that the final
0

step in polymerízatíon produees some number of ureËhane (-Uff-ð-O-) links.

Thus, owing parÈly to a bit of generalíty in the naming, this group of

polymers ís a large one r"ríth wÍdely-varyíng chemÍcal make-up and proper-

tÍes. The unifying feature of polyurethane productÍon, however, ís its

assocíation ¡¿ith organic isocyanates which we will now discuss.
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To a large extent, the chemistry of polyurethane preparation is

the chemistry of the isocyanaÈe (-N=C=O) group and ít was Otto Bayerrs

geníus which foresaw the great flexibility of reacLions which organic

isocyanates offered.

a. I¡epeEe!.íon

As long ago as L849, tr'Iurtz

isocyanates by reacting dialkYl

as ín equation (1) below:

had prepared

sulfates with

2KCNO 

-

poËassium cyanate

fírst organic

ínorganic cyanate

2 R-N=C=O + K2S04

a1ky1
isocyanate

R-N=C=O + ZHCL

al-kyl or aryl
isocyanate

the

an

R2S04 +

dialkyl sulfate

(1)

This nethod of preparation, although quite sirnple, proved not to

be very commercially useful. Among the many other synthetic methods

available, the one invariably preferred on an industrial scale ís that

involving the phosgenation of primary amínes:

*-M2 +

alkyl or aryl
amine

b.

The

towards

cocl2

phosgene

(2)

Reactions

isocyanates, as a grouPt

many compounds containing

were soon found

active hydrogen

to be very

atoms (rnost

reactÍve

notably



alcohols, annines,
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carboxylic acids and water) :

R-N=C=O +

alkyl or aryl
isocyanaËe

R-N=C=O

alkyl or aryl
isocyanate

d-ori

an alcohol

*t*2

an amine

R-c00H

carboxylic
acid

Hzo

water

0
+ R-N-ð-o-il

I
H

a urethane

0
n-rq-ë-o-d

I

H

a urethane

+
o

R-ry-¿-N-il
IIH

a urea

o
R-N-ð-R +

I
H

an amide

+ coz . (s)

R-Mz + COz (6)

an amine

o
R-ï-ð-o-R (7)
O=C

ñ-n
{

an allophanate

o
n-ry-ð-N-n' (B)
O=C

ñ-u
il

a biuret

+

In addition to Èhese, further reactions \^/ere noted to be possible

between the above products and additional isocyanate. The most

important of Èhese are as follows:

o
n-¡r-ö-x-n'

llHH

a urea

+ +
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R-N=C=O

alkyl or aryl
ísocyanate

R-Mz

an amine (product
of reaction (6) )

çR-T-C-T-R (e)
HH

a urea (syumetrical)

This set of seven reactions

whole of polyurethane chemístrY.

their various roles as \¡7e discuss

production.

of isocyanates descríbes nearly the

I^Ie shal1 consider them further in

Èhe basic íngredients of polymer

4. $ajor Ingsr4i=tle ín Solyurethanes

a. Díísocyanates

The preparaËion of man-made polymers requires that the reacËants

be polyfunctional; that ís, they must contain t\{o or more reactive groups

per molecu1e. In this respect, polyurethane producËíon Ís no exception

and diísocyanate compounds are prepared for this purpose. Chíef among

these, for varíous reasons, is the compound toluene díísocyanate (TDI)

which is produced as two major isomers (2,4 and 2,6 TDI). Tn North

ÎH¡

ryN=C=o
N

#
o

2,4 TDr

America the courmercial product consísts of an

European producers supply a 65235 mixture of

o=c=Nü N=c=o

2,6 lDT

B0:20 ratio ¡¡híle most

these two compounds.
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Several other díisocyanaÈes based on hexane, naphthalene, biphenyl and

many other root compounds are also in use for varíous applicaËions. Each

exhibits somer,rhat dÍfferent reactivíties and will impart slightly differ-

ent physícal properties to the polylrer. All, however, ate severe lung

and skin írritants with the more volatíle ones being the mosË problematíc.

b. PorvgÞ

Another group of key íngredients in the preparation of polyurethanes

are the "polyols" or polyfunctional alcoho1s. All of these are compounds

contaíning more than one hydroxyl (-OH) group per mo1ecu1e, but here the

similaríty ends. Indeed, to prepare the r¿ide variety of polyurethanes in

use today, the range of chemical structures employed in polyols is stag-

gering. In addition to carbon, hydrogen and oxygen they nay contain

nitrogen, sulfur, halides or other elements and may stretch from the símp-

lest possible conpounds like erhylene glyco1 (HOCHrCH2OH) or glycerine

(HOCH2CH(OH)CH20H) through complex natural mixtures such as castor oil to

compounds which are themselves high molecular weight polprers. In addi-

tion, several dífferent types of po1yol are fresuently eroployed together

ín the same formulation and in a variety of proportions. Thus, by far

the greatest amount of control over the physícal properties of the poly-

ner is exercísed sirnply by the choice of polyols used in its preparation.

In Èhe category of polyol compounds which are themselves polyrners'

two basically different types have emerged and are ¡¿orth consideration

here. Fírst are the ttpolyesterstt. As the name Suggests, Ëhese contain
o

numerous repetitions of the ester <-ð-O-l group and can be prepared by

repeaÈed esterífícation reactions between a diol (dí-functional alcohol)

and a diacid (di-functional carboxylic acid). For example, a typical
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polyester material ís poly(eÈhylene adipate):

oo
n HOOC(CH r) Ocoou 

+ (n+1) HoCH2cH2oH _+ HCF({H2CH z-oë,Gï)Oöo>-cnrcnroH

adipic acid eÈhylene glycol poly(ethylene adipate)

+ 2n HrO (r0)

r¡here n can be anything f rom onLy 2 or 3 up to l-00 or more. The list of

possible poly-mers available through assorted combinatíons of acids and

alcohols in this way is quit.e long. These compounds are very o1d friends

to Èhe polyrner chemist (v¡ho has been making textile fibers from them for

many years) but were first employed ín polyurethane manufacture by

Farbenfabriken Bayer in 1950. However, the rather low resistance to

hydrolysis and resÈricted flexibility of the ester linkage ín these

materials has caused thern to be largely replaced ín certain uses by a

second type of polyner polyol - Èhe "polyethers". These compounds contain

repeating ether (-O-) linkages and are most often prepared from small

alcohol initíators by chain extension with epoxides. For example, poly-

ethylene oxide po1yol (PEO) may be produced by reaction of a small amount

of ethylene glycol with a larger quantíty of ethylene oxide:

zor
HOCH2CH2OH + n CH1CH,

ethylene ethylene
glycol oxide

HreH2cH2càlll

polyethylene oxide po1yo1
(PEo) 

(r1)

where, agaLn, n can have values up to several hundred or even more. The

Du Pont conpany first introduced polyurethane prepared from this polyo1

in 1953 and sínce then its use has become very widespread. Sirnilar poly-

ether polyols can also be prepared from propylene oxide, butylene oxide,
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etc. and from decyclization of cyclic ethers such as tetrahydrofuran. A

number of mixtures of these, either vríthin índividual molecules (known

then as copolymers) or as physical combinatíons of distinctly different

molecules, are also in conmon use today. All of these substances com-

bine the properties of chemical inertness and hígh flexíbílíty to great

advantage v¡hile al-lowÍng some differences for taíloring of the resulting

polyrner to suit specific needs.

å. lglvtllg!¡elg ProducË ion

As is evident from equation (3), ít

ates and alcohols ¡¡hich produces urethanes

between polyísocyanates and polyols v¡hich

the case where difunctional reactanÈs are

reaction may be \^rritten as:

is the reaction bet¡¡een isocyan-

. Similarly, it is the reacÈíon

results in polyurethanes. In

involved in each case, the

ft

a

O-C=N-R-N-C-0 + n ltO-d-OH 
--+

diisocyanate a diol
(tz¡

Reaction (L2), as written above, would theoretically generate

nearly ínfinite straight chains with endless repeÈitions of the urethane

group to give a one-dimensional polymer. In most applications, a certain

amount of two- and three- dimensionality is desirable to adjust the flex-

ibility of the polyurer and to render it insoluble so chemical attachments

from one chaín to another (known asttcrosslinkstt) are encouraged. To a

small extent, the natural reactions betr¿een ísocyanates and urea links

00
il.il

{ry-c-o-n'-o-c-T-*à
HH

a polyurethane
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to yíeld allophanates (equatíon (7)) or between isocyanates and urea

1ínks (which are often also presenË) to yield biurets (equation (B))

fu1fi1l this purpose. However, these reactions are rather slow and the

products not very stable. Consequently, most crosslinkíng is supplied by

the inclusion of some amount of polyol containing three or more functional

groups per mo1ecu1e. For example, addítion of a sma11 amount of a tri-

functional polyol to the mixture may be represented as follows:

/zo+¡r\ o=C=N-R-N=c=o +
\2"/urisocyanare

n HO-R'-OH +

a diol
n HO-RLOH

I
OH

a triol

ooo00
ll.ltllnllilr. -R-N-C-O-R-O-C-N-R-N- C-0-R:0-C-N-R-N-C-O-R'-O-rttlttHHHOHH

I

O=C
I
N-H
lt

R
I

ry-H
o=Ç

000000ll rr ¡ ll ln ü tl r

-N-R-N-C-O-R-O-C-N-R-N-C-O-R-0-C-N-R-N-C-O-R-O-lrlllrtHHOIIHHH
I

O=C
I

N-H
I

R
I

N-T{

: a crosslinked polyurethane

(13)

The amount of polyfunctional polyol added to the mixture (and thus

the degree of crosslinking in the polymer) governs its flexibility to a

large extenË. Although the relaËionship is not as simple as one might

expect, generally the hígher the degree of crosslinking the more rigid

the polyurer will become. .Together wiËh the choice of polyo1 used, adjust-
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ment of the degree of crosslinking can províde polyrners ranging in

flexibilíty from nearly liurp to very brittle and Ëhis accounts for

the wide usage of polyurethanes.

9. _Types and Applése!íons of lg.lyug!ÞanCa

Polyurethanes have nor,¡ been produced in a myriad of forms most

of vrhich fall loosely under the headíngs of foams, elastomers, coat-

íngs, adhesives and fibers. Each has its own specíal chemical con-

síderatíons and, of course, applications. AlËhough ít is not possible

here Ëo discuss each one fully, a brief overvier,¡ ís in order with more

detail on those parts which wíll be most important to us later.

a. Foams

By far the largest utilizations of polyurethanes is ín the forrn of

flexÍble and rigid foamed plastic. This material contaíns small voíds

throughout its bulk to reduce the densíty and, in the case of flexible

foams, to allow for three-dimensional compression. The voids can be gen-

erated ín the bulk by the removal of solíd fillers originally added for

that purpose but are more often achÍeved by the evolution of a gas v/ithin

the polymer mixËure r¿hi1e it is solidifying. Nearly all types of polymers

may thus be prepared in the form of a foam by the addition of materials

which evolve a gas on heating or on reducing the pressure. Polyurethane,

however, is one of very few polymers for v¡hich an extremely sinple method

exists to accomplish this effect.

Two of the characËeristic reacËíons of isocyanates r¿hich r.re have
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not yet díscussed are those with carboxylic acids (reaction (5) ) and

.hrater (reactíon (6)). Both of these evolve carbon dioxide gas and can

be used in the formation of foarned product. In the case of carboxylic
3

acids, a monofunctional acid would result in an amíde link (-N-e-) being
H

produced but growËh of the polymer chains ¡¿ou1d be halted by this reac-

tion. However, a difuncËiona1 acÍd could be used both to generate car-

bon dioxide and to continue polymer growth. In praetice, though, r¡later

is more suitable for this purpose since it can be seen from equations

(6) and (9) that the product, an amine, is also reactive towards further
q

isocyanate to yield a urea link (-{-C-T-) and so polymer growth con-
HH

tinues. The simplicity of this approach has long been one of Ehe attrac-

tíve features of polyurethane chemistry and it should be remembered,

therefore, that nearly all polyurethane foams contain very sígnificant
00

numbers of urea f-ry-ö-ry-l as r^rell as urethane {-ry-ë-o-l línkages.
HHH

As already noted, choice of the polyols used and control of the

degree of crosslinking achieved determines the flexibility of the result-

ing polymer. So it is v¡ith polyurethane foams. I^ihen tough, rígid foamed

product is desired, short chaín polyols are used along with a large

amount of trí- or higher functionality polyol. On the other hand, when

hígh1y flexible, elastic foams are required, long ehain polyols of the

polyester or polyether type are employed along with only small amounts

of polyfunctional polyol. 0f course, owing to the multitude of possible

choices, no real dividing líne exists betLreen rígid and flexible foams

and nearly the same physícal characterisËics can often be achíeved by
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several quite different combinations of polyol type and degree of

crosslínking.

The actual production of polyurethane foam is as much an art as it

is a science. Very accurate control of the amounts of polyols, dííso-

cyanates, and waÈer is requÍred to gíve nearly stoichiometric reactions

with adeguate gas evolution. Moreover, since a large number of reactions

are required to proceed simultaneously and competitively, the rates of

these reactions must be carefully adjusted and orchestrated to ensure'

for example, that gas bubbles are ful1y developed only at Ëhe instant at

¡¿hích the polymer is sufficiently viscous to hold the bubbles without

collapse. Two groups of minor constituents are added to the polymer mix-

ture to aid in this task. First, are the caÈalysts (most often combin-

ations of heavy metal organomeËallic compounds and one or two amines)

whose job it is to speed up those reactions which are otherwise too

slow. Second, are the surfactants which nay or may not be required to

alter the surface tension of the reactants so that bubbles of smal1

enough size and adequaÈe strength are formed.

Some other additives are often present in polyurethane foam for

reasons besÍdes the control functions listed above. In some casest

ínorganic materíals (salts, carbon black, etc.) are added as "fillersrtto

the polyrner to impart additional strength, weight or colour at low cost'

Also, some organic phosphate compounds can be incorporated in the formu-

lation as flame retaïdants v¡hi1e other compounds present in sma11 amounts

can inhíbit air oxidation ("aging") of the polymer. The presence or ab-

sence of all of these substances musË be kept in mind r^lhen considering
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the chemistry of polyurethane foams.

The broad scope of applícations for which foamed poly-urer is useful

requires that several types of foam be fabrícated. Some terminology

descríptÍve of Ëhese different types is v¡orth consideríng. The indívid-

ual- bubbles in the foam are terttred "cells" and these normally have the

shape of distorted polyhedra. The very thin faces of these polyhedTa are

ca11ed the "¡¿a11s" or "windows" of the cel1s while the comparatively

thick edges are knovrn as "strands". A foam which has nearly all ¡¿indows

unbroken is a "closed-ce11" foarn while one with at least two broken win-

dows per cel1 is an tropen-celltt foam. In the extreme, a foam in which

all of the windo\"rs are broken and even entirely absent so that only

stTands remain is termed a t'reticulated't foam. ObvÍously, liquids and

gases may enter into or escape from open-cell and reticulated foams but

not from closed-cell foarns.

A host of applications have been developed for both flexíble and

rigid polyurethane foams. The flexible materíals in closed-cel1 form

have been ernployed extensively as carpet underlay, acoustical insulation,

thernal insulation on moving parts and hoses, packaging and shock pro-

tection for delicate equÍpment, protective pads for sports use, golf

club and tennis racket grips and soles for shoes and slippers. The open-

cell type of flexible foam is even more cornmon as the supporting material

in bedding, furniture, home and transportation seating, automobile sun-

vísors, instrument panels, arm rests, air filters, sponges, caulking,

r,reather stripping, bonded fabrics, Èoy stuffings, loud-speaker covers,

eËc. Meanwhile, the rigid types of polyurethane foam are most used as

insulation in refrigerators, trucks, trailers, ships, aírplanes, Tra1l
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panels and stationary pipes or are sprayed dírectly onto ceilings and

vralls of large buildings for this purpose. Other uses include void fill-

ing in boats and ships, packaging and even the solid support for various

types of rockeË fue1s. This last application, incidentally, ca1ls atten-

tíon Ëo the fact that exposed foamed polymer can burn almost explosively,

a fact which has caused a reducËion in íts use in buildíng ínsulation in

spiÈe of attempËs to íncorporate flame retardants in Ít.

b. Elastomers

The chemistry of the preparation of elastomers (elastic polymers)

is also described by that of flexible polyurethane foam with the exclu-

sion of bubble formation. fn its preparation, polyols of the polyether

or polyester type are mixed with a sma1l excess of diisocyanate and then

the resulting "prepolymer" (relatively short chaíns bearing ísocyanate

grouPs at either end) is extended and crosslínked. The chain extension

can be accomplished by the addition of further diols, díamines, amino-

alcohols or even water to give urethane or urea links as in reacËions (3),

(.4), (6) and (9). In the case of vüater, exposure to atmospheric moisture

for hours or days is often suffícíent and the carbon dioxide gas gener-

ated has time to diffuse away wíthout apprecíable bubble formation.

Crosslinking ís achieved usually by triols, triamines, etc. but can also

be based on the fornation of allophanate or biureÈ links (reactions (7)

and (B) ) at elevated temperatures and pressures.

Polyurethane elastomers can be cast or rnolded into numerous parts,

sheets or thin fi1ms. Applications are not as numerous as for their

foamed counterparts but include gaskets, drive belts, electrical cable

insulation, gears, smal1 high-load r¿heels and rollers, tires for slow-
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moving vehicles as r,rell as heels and soles for shoes. Most of these

uses take advantage of the high resistance characteristics of poly-

urethane elastomers to oi1 and to abrasion.

c. Coatings

The introduction of polyurethanes into the field of paÍnÈs and

lacquers provided coatíngs of strength, adhesion and solvent resistance

previously not available. Basically, the preparatíon of these polymers

is sinilar to that of the elastomers except that shorter, less flexible

polyols are employed and solvents are also included to aid in spreading

the uaterial. Some formulations achieve chain extension and crosslinking

by baking Èhe applied prepolymer while others require mixture of the

po1yo1 and diisocyanate components imnediately before use. However,

most types depend on the absorption of moisture from the air for Ëhis

final polymerization.

Many applicatÍons of urethane paints such as in ships'holds, raÍ1-

road cars, and in oi1, gasoline, wine, beer, fruít juice, syrup and many

other storage tanks exploit the inertness and corrosion resístance of the

polymer. Other uses as a varnish for vrood and concrete floors take advan-

tage of good strength and abrasion resistance. Polyurethane no\^r has a

near morropoly as the thin coating on magnet and other similar r,¡íres and

newer applications as a perrnanent r¡iaterproofing for leather and textiles

have developed.

d. Adhesíves

The polyureÈhane skeleton conËains several atoms and groups cap-

able of acËíng as electron donors (N and O) and others able Ëo serve as

hydrogen donors (N-H groups in ureÈhane or urea links). Together with
ç

Èhe polar carbonyl (-C-) groups, these provide arnple means of interaction
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between itself and other polar materials such as metals, glass, \.lood,

leather, rubber and some fabrics. Thus, polyureËhanes often find use

as adhesives and sealers on a number of surfaces. Polyols of all types

are employed in various applicaÈíons depending on Ëhe substrate and the

degree of flexibility required while several methods of forming the

pol-yureric adhesive are used. Generally, some degree of crosslinking is

ensured by inclusion of polyfunctional polyols or isocyanates.

e. Fibers

As already noted, Èhe combination of a diisocyanate \,7ith a diol

can produce a nearly infiníte one-dimensional polyu.er with very few

crosslinks. Such structures are ideal for the producÈion of fíbers

and this, to be sure, was OÈto Bayerrs oríginal goa1.

Secondary valence forces (van der Waals, dipole-dipole and hydro-

gen bonding) primarily between ureÈhane links serve to anchor Èhe

indívidual polymer chains to each other and thus restrict bendíng and

sliding motions Ëo some extent. Itrhen short díols are used, the large

number of closely-spaced urethane links produced gives rise to tough

and stiff fibers well adapted for use as bríst1es in paint brushes or

strands ín heavy ropes. Longer diols give more flexible fibers useful

in producing drive belts, ínsulation for large electrical cables and

parachute fabric duríng World trIar II. More recent and v¡idespread

application has been found for Èhe fibers prepared from díisocyanates

and high molecular weight polyether and polyester dio1s. Such polyuers

are flexible and excellent elastomers capable of outperforming natural

rubber in mosÈ functions. Numerous bras, girdles, swim r¡¡ear, waist bands

and stockíng bands are based on these maÈerials (e.g. "Lycra") and they
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will 1ike1y replace rubber entirely in sport and foundatíon r^rear.

As should now be apparenÈ, even from this brief overview, poly-

urethane products are indeed familiar, if unrecognized, friends in the

worldrs households. Continued expansion of uses ín the manufacturing

industry will undoubtedly continue as tnore and more consumer needs arise

and are satisfied by polyurethanes.
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APPLICATIONS OF POLYIIRETHANES TO CHE]"ÍICAL

EXTRACTION AND SEPARATTON - A REVIEI{

When Otto Bayer oríginated the production of polyurethanes in 1937

it is possible that he may have envisaged some of the uses to which it

night eventually be put. However, even if he anticipated Èhe plethora

of manufactured goods to fo11ow over the years, he may well have missed

the possible applicaÈions to chemistry itself. But he ¡nrould not have

been alone in this shortsight.edness, for although over 40 years of poly-

urethane production have passed, only slíghtly more than ten of them

have seen any suggestions for chemical applícations at all. Indeed,

man ís stí1l nearly entirely preoccupied with the physical and not the

chernical characteristics of polyurethanes. However, what chemical uses

have been offered thus far promise to be of significant imporrance to

industrial processj.ng, resource recovery, vrasÈe control, pollution

monitoring, medicíne, and, of course, analysÍs. Irrhat follows, then, is

an attemPt to present much of the work ¡¿hích has been reported, on the

uses of polyurethanes chíefly as extractanÈs and chromatography supports.

Some very good revier¡s but with slightly less scope have already

appeared in the literature. Braun and Farag, prolific \4lorkers ín the

field, presented a sunmary(6) of their own early v¡ork as a chapter of a

book on chromaËography. At nearly the same time, they also published a

rnore general treatnent(7) in the chenical literature which íncluded the

work of oËhers, while quite a thorough update(8) of this has appeared

recently. Moody and Thomas have produced another excellent and general

B.
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r.'rri.r(9) on the topic in the most recent past. A less complete offer-

ing(10) by Lee has also appeared but in the Korean language. As well

as these, two publications have appeared summarízíng the preparation and

chromat.ographíc uses of the product knorn¡n as "OPP'| (open-pore poly-

urethane) . The earlíer one by no"= 
(11) includes a good review of the

original gas and liquid chromatographic work with flexible poll.rner as

well. The later one by Navratil and SÍevers(l2) contains a few uore

recent developments in its use. Taken together, all of these reviews

províde the novice with a reasoriably accurate overvíew of the develop-

ments in the field.

Basically, studies into the sorptíon abilitíes of polyurethanes

for various chemical substances have been confined to three forms of

the polymer - flexible foarns, OPP, and elastomers in the form of mem-

branes. The results reported are most conveniently considered within

these separate categories and are further subdívided into those

describing extraction from gaseous and from liquid phases.

Flexible Foams

By far the most extensive and varied studies to date have been

undert.aken on flexible polyurethane foams. These materials, so common

in such a diversíty of consumer goods, have been used by chemists as

sorbents in unmodified form, loaded with many subst,ances, or after

chemical modificatíon to alter theír makeup. Each approach r,¡ill be

dealt with individually.

_1.
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a. Unrnodified Flexible Foams

1) Sorptíon from Gases

The first report of a chemistry-related applícation for unmodified

polyurethane foam appears to have been made by Van v"orooy(13) Ín a

patent applied for in 1965 and granÈed ín L967. In it, the inventor

suggested the use of the polymer as an uncoated packing material for

gas chromatographic coh:mns. He noted that several features of poly-

urethane foam, such as its self-support sÈrength, high thermal

stabí1ity and 1ow pressure drop, were all desirable characteristics for

chromatography. Saurple chromaËograms for water, free fatty acids,

aromatic hydrocarbons and o-ethylphenol showed that it could function

very well as a separatíonal medium in the gas phase.

Following this lead, in 1971 Schnecko and Bieber(14) reporred

comparative tests on gas chromatographic columns prepared from foamed

polyurethanes of both polyether and polyester type as well as from

several other polymers. Polyurethane columns vJere prepared from foamed

ín situ material and from finely ground up foam packed in the usual

\,ray. Both methods were saíd to give quite acceptable gas chromatographic

separations, but the ground up material was favoured. Polyurethanes

compared favourably with all other fillings Èested on separations of

varÍous polar as well as non-polar mixtures.

Although Ëhe results of these workers appeared encouraging, no pub-

lications utilizíng foamed polyurethanes in gas chroroatographic columns

have been offered since.

A more commercÍally useful suggestÍon was rnade by strí"kr*ro(15)

in a patent of L97L for cígaretÈe filter manufacÈure. Strickman showed
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that finely granulated foam in a filter tip was able to remove large

amounts of nicotine, tar, Þrater, aldehydes, sulfides, HCN, phenols and

acíd materials from cigarette smoke with frorn 40 to 70 percent effÍcien-

cy. Both polyeÈher and polyester polyol types were effectíve.

The use of polyurethane foam as an air filter for removÍng unrøanted

gases, particularly those containing sulfur or nitrogen, has also been

proposed in a patent by Maroni and Kalbo!ü. 
(16)

Duce, Quínn and I^Iade(17) ¡orrnd that the usual hígh volume methods

of collecting long chain hydrocarbons (14 to 32 carbon atorns) from air

onto glass fiber filters lead to very significant losses. In oceanic

air samples taken in Bermuda, much better collectÍon efficiencies were

noLed when polyurethane foam was included with the glass filter.

Recovery of the sorbed hydrocarbons for analysís was by organic solvent

wash. The results !,rere used to evaluate Ëhe extent to which hydro-

carbons are transported through the atmosphere.

In the same veín, Bidleman and 0lney(18) .r=.a this procedure to

collect samples of polychlorínated biphenyls (PCBs), DDT and chlordane

from air at the same location. They reported 90 percent collectíon

efficíency and recovered Ëhe maËerials from the foam for analysis by

reflux or Soxhlet extraction using petroleum eÈher. A later nrp.r(19)

examined the collectÍon efficiency for PCB vapours more thoroughly under

laboratory conditions and found the nethod to be superior to the

Greenburg-Smith impinger. Further

of toxaphene insecticide (a mixture

. (20)
\¡ias reported'--' in the collection

polychlorinated camphenes) from

use

of

Ehe Bermuda sampling statíon and from a cruísíng vessel. More experí-
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mental details and some ínterpretation later appeared(21). The authors

pointed out thaË Èhe fractÍon of PCBs and insecticides collected on the

glass fiber filter appeared to depend upon the source of the air sampled

and concluded that some must be strongly adsorbed onto particulate nat-

ter when presenÈ. Mention Tías also made of the ability of polyurethane

foam to collect organophosphate insecticides j-n addition to the chlor-

inaËed ones.

Yamasaki, Kuwata and Miyamoro(22) applíed the high volume air samp-

ling urethod using a glass fiber filter and polyether polyurethane foam

to the collectíon of polynuclear aromatic hydrocarbons (PAHs). Al1 of

the PAHs tested, except phenanthrene, LTere collected very efficiently

(>907") on the glass filter or polyurethane foam. Phenanthrene was co1-

lected vlith 79.2 percent efficiency. The PAHs were eluted for analysis

by Soxhlet with cyclohexane.

An attempt \,ras reported Uy Co,rgt 
(23) to use a polyester polyurethane

foam for the collectíon of phthalic acid esters (PAEs) and vinyl chlor-

ide monomer from air. Some success r"/as noted wíth the PAEs but exper-

ímental conditions allowed only the smallest esters to be tesÈed. Vinyl

chloride monomer, moreover, vras not absorbed.

Yamasaki and Kuwat a(24) studied PAE absorption from air in more

detail using the glass fíber and polyurethane foam system. They found

high efficiency (>90i!) collection and noted that the less volaÈile

phthalates r.rere found prinaríly on the glass fí1ter r"¡hile the more vo1-

atile ones favoured the polyurethane. Recovery for analysis was by

Soxhlet with petroler¡m ether in hexane.
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A publication by Turner and Glotfertr(25) described the desígn of

a simple apparatus using polyurethane foam for the simultaneous co11ec-

tion of pesticides from air sanples at various heights above the ground.

It ¡¡as reported that betËer than 9B percent trapping efficiency was

achíeved wíth no subsequent losses when fresh aír r^ras drawn through the

polymer. After elutíon of the pesticides and washíng, the foams were

reused. Mentíon r{as also made t.hat Gypsy Moth pheromone was collected

efficiently on polyurethane foam.

Lewis, Brown and Jackson(26) extended the study of PCB and pestí-

cide collection Ëo include organophosphate insecticides and polychlor-

inated naphthalenes (PCNs) as wel1. The apparatus used was a modified

commercíal hígh-volume sampler with the usual glass beads coated with

coÈÈonseed oil replaced by polyether polyurethane foam. The authors

judged the nodification to be a significant Ímprovernent and reported

excellent collection efficÍencíes for most of Ëhese subsËances. Hors-

ever they warned that the more volatile compounds are lost in part on

24 hour sampling.

All of the aforementioned uses of polyurethane foam to preconcen-

Ërate components from air príor to recovery and analysis share colruton

advantages over oËher methods of sample collection. These have been

varíously stated by the authors as low cost, high collection efficiency,

high precoricentratÍon factors, high throughpuÈ (due to lovi backpressure)

and consequent improved sensítivity or decreased sampling time, ease of

sample sËorage and transport, simplicity of recovery and reusability.

There is little doubt that further applícations will be found in the near

future.
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2) Sorption frorn Liquids

The concept of usíng polyurethane foam for the removal of substances

from the liquid phase developed only after a lag period of several years

following its use on the gas phase.

Interestingly enough, iË r¿as in the field of biochemistry that

perhaps the first report r¿as made by Evans, Mage and peter ton(27) in

L969. These authors showed that erythrocytes could be bound to reticu-

lated polyester polyurethane foam and that this binding could be influ-

enced by the presence of other substances. For example, polyanionic

materials were found to reduce erythrocyte binding greatly r¡hí1e poly-

cations enhanced the phenomenon. This effect was attribuÈed to the

sorption of some amount of the ínterferents to Èhe polymer and to electro-

s,tat.íc interactions betr¿een them and the erythrocyte membrane (negative-

ly charged at the pH of study).

However, activity began in earnest wíth the release by gor"rr(28)

in 1970 of his observations thaË a large number of compounds are sorbed

from water and various solutions by polyether polyurethane foam. Listed

among the extractable compounds were Èhose which are known to exist in

aqueous solutíon as free uolecules with high polarizability (e.g. C] 2,

BtZ, I2 benzene, chloroform, carbon tetrachloride, phenol, bromobenzene,

iodobenzene, divinylbenzeÍLe, Hg-diphenylcarbazotte, and the dithizonates

of Cu, Cd' Pb and Zn). Also extractable were some metal complexes exíst-

íng as anions (e.g. FeCIO-, AuClO-, AuBrO-, AuTO-, TlCl4-,HgCIO2-,ReCl4-,

etc.). Bowen found capacíÈies of sorpËion to vary with both the foarn

type and sorbed compound but to be typically of the order of 0.5 ro 1.5
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tnoles per kilogram of foam. From measurement of the surface area of

polyurethrrr" for*(29), this was calculated to be far too large to be

attributable to adsorption alone and r¿as Ëhus concluded Ëo be a true

absorption directly into the bulk of the polyurer 
(28) . corrnents ¡¿ere

made by the author that the 1íst of substances absorbed by the polyether

polyurethane closely paralleled that of compounds extracËab1e bv di-

ethyl ether. It ¡¿as also pointed out that some weak base anion exchange

capability night be expected on the basis of urea and urethane nitrogen

atoms or, alternatively, that polyether oxygen atoms may be protonated

in acid and then would require accoupanying anÍons to maínÈain electrí-

ca1 neutrality. üIhatever the method, Bowen demonstrated that polyure-

thane could be a ner¿ chenical tool for the removal from aqueous soluËion

of inorganíc and organic substances a1íke and was later granted a patent
(:01 (through Dunlop Holdíngs Ltd.) on irs use. rt is convenient for us

to consider, in turn, these two major groups of compounds and the work

which has followed over the years.

Following from Bor¿enrs original paper(28) ritrr an inorganÍc appli-

cation, schiller md cook(31) tested polyurethane foam for the precon-

centration of a mixture of ionízed, colloidal and fíne1y precipitated

gold frour tap water. Batch sorption fron HCl solution \^ras successful

and compared very favourably to coprecipitation by Fe(oH), and A1(oH)3

or to anion exehange on Dowex 1-X8. Coprecípitation with PbS r¡ras marg-

inally more effective and a bit faster Ëhough less convenient. Gold-

bearing polyureËhane foam ¡¿as then suitable for irradiation and analysis

for gold by the neutron activation method. No attempËs at recovery of

the gold fron polyurethane rlrere reported.
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Bor"r(32) also tested polyureÈhane foam for precious metals recov-

ery and detoxification of a mineral processing \,Iaste containing gold'

silver and cyanide. Moderate success was noted ín gold sorption (387" of.

Au removed) but sínce no Ag or CN- removal seemed possible, coprecipi-

tation with FeS \"Ias to be preferred.

A conËribution to the study of gold sorption was made by Braun and

Farag(33) rto observed that gold is extracted into polyether polyure-

thane foam in the presence of thiourea and dilute perchloric acid.

They suggested that this rnight be of índustrial use as a replacement for

adsorption by actívated carbon but concluded that 10 grams of foam

would be required in place of 0.2 grams of carbon. Again, no data on

recovery \,rere given.

A further study of gold sorption \,Ias offered by Sukiman(34) tto

reported that the element T¡ras removed rapidly and nearly quantiÈatively

from acidic chloride solutions. The rapid uptake of gold \^Ias attributed

to a larger surface area for polyurethane foam compared Ëo ordinary res-

ins in bead form. The author also claímed quantitative recovery of the

sorbed gold by eluÈion wíth aceÊone or \,/ith hot acidic thiourea solutíon.

However, due to the easy reduction of gold to the metallic state by con-

t.act with organic substances such as polyurethane(:S), this recovery

musË surely follow the sorption almost immediately to be successful.

In a brief surveyr Mazurski(36) ,ror"d that polyester polyureËhane

was able Ëo absorb measurable amounts of Au, Ag, Pt and Cr ions from

acidic or slightly basic solution but these resulËs \¡¡ere not pursued

furËher. Apparent sorptions !üere also noted r¿here precipitates of metals
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\,rould be expected to forn indicating some filËering capacity to the foam

structure. The abilíty of polyurethane foam to absorb mercuric chloride

and methyl nercuric chloride from slightly acídÍc solutions was also

reporÈed but the capacity \,ras apparently very 1ow. These observaËions

were confirmed by Chow and Buksak(37) who also poínted out that the mer-

cury r¡ras only weakly held and could be eluted by distilled water.

In another survey, typt "(38) found that polyether polyurethane foam

absorbed copper(II), cadmium, iron(III) , aluminum and zínc ions from

aqueous solutíons containíng acetylacetone. Copper and cadmium I¡rere

sÍngled ouË for further study(39). Cadrnium \¡Ias seen to be sorbed from

basíc soluËions in the presence or absence of acetylacetone and so ap-

parently did not involve complex formatj-on. 0n the other hand, it was

concluded that the copper-acetylacetone extractíon systern parallelled

solvent extraction of that complex in pH dependence. Copper was also

test.ed for absorption from aceËone and acetone/water soluËions contain-

íng benzoylacetone. Absorption rrras measured to be low from pure acetone

but much higher f rom the mi-xed solvent.

Gesser et al. (40) a.""ribed the ability of polyether polyurethane

Ëo renove both gallium and iron(III) from acidic chloride solutions.

Rigid polyurethane material vras also effective but much slower indicatíng

that absorptíon was the mode of action. The efficiency of extraction

r,¡as not.ed t.o be greatest from solutions at higher temperature. Capac-

ities for gallium qrere said to be as high as about 1.4 uroles per kílogram

but lower for iron. Both metals could be recovered by water or more ef-

fectively by sodium hydroxide for gallium. A patent(41) covering these
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metals as well as Be, U, Pu, transition metals and elements of groups

IIIa, IVa and Va has also apPeared.

The subject of gallir:n absorptíon into polyether polyurethane foam

from acid chloride solutions was considered in more detaíl by Horsfall
(42) and reported in the literature by Gesser and Horsf"l(43). The

conclusion reached on the basis of the dependence of extraction on H+,

C1- and Ga concentrations was that the species HGaCIO was the absorbed

complex. Some suggestion was made that the absorpÈíon from acid chlor-

ide and desorption wíth dílute base differed considerably in rates per-

haps due Ëo Ga(OH), formation in the absence of acíd.

A sínilar mechanisti" 
"trrdy(44) 

of iron(III) absorpÈion fron acid

chloride solutions was also undertaken recently. It was suggested that

the varíous dependencies of extraction on H+, C1- and Fe concentrations

r¡/ere consistent v¡ith a solvent extraction type of mechanism involving

both FeCl, and HFeCIO species. The polyether polyurethane \^7as regarded

as a "liquÍd" solvent of moderate dielectric constant in which some

dÍssociatíon of sorbed specíes was possible.

ValenËe and Bowen(45) r,".r. studied the removal by polyeËher foam

of antímony(III) and iËs separation from antírnony(V) in rnildly basic

aqueous solutions. The method makes use of an excess of sodium diethyl-

díthiocarbamate added to the solution to complex and extract Sb(III) in

the presence of many oËher ions. The uptake of Sb(ITI) fron disËilled'

lake or sea \"Iater and sewage effluent as well as its recovery wíth

acet.one \^rere reported to ue luantitative. Diethyldithiocarbamates of

Ag(I), Cd(II) , Fe(ITI) and Hg(II) were also said to be absorbed by foam

while rhose of As(III), Sn(II) and Zn(II) were not. The authors sug-
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gesËed this nethod of preconcentratíon as a conveníenÈ and cornpatible

preliminary step to either atomic absorption or neutron activation anal-

ysis.

The sorption of Sn(II), Sn(IV), Sb(III), and Sb(V) by polyether

and polyesLer polyurethane foam from acidic chloride solutions has been

studied by Lo(46) ard a portion of the work published by Lo rnd Chor(47).

Nearly quantitative extractions and recoveries into water, dilute base

or acetone r¡rere said to be possible with capacities up to 0.7 moles of

tÍn per kilogram of polyurethane. Agai-n, the phenomenon was described

as an absorption of acid-containing chloro specÍes akín to solvent

extraction.

Uranyl nitrate sorption by polyether foam has recently been de-

scribed ty Cr-rpta(48). The distribution of uranyl ions to the polymer

was noted to be índependent of pH below 3 though it fel1 sharply at

values above this. Extraction r¡ras decreased with a rise ín temperature

or a drop in nitrate concentration. The polyurethane material was said

to be more effective than díethy1 ether extraction but requíred the ad-

dition of large amounts of a salting-out agent to achíeve híghest effici-

ency. A capacity of up to 0.67 moles of uraníum per kilogram of foam

was measured. Símilar application to the extraction of uranium from a

phosphate mineral dissolved in hydrochloric acid was also tested and

found to be feasible when aluminum chloride vras present.

Braun and cowort.r"(49), ín a study on the sorpËion of several met-

als onto loaded polyurethane foams, observed that plain polyether foam

r¡/as apparently capable of removíng cobalt(II) from aqueous thiocyanate

but not from oxalate, phthalate, bromide, iodide or nítrate solutions.
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IË was concluded that an interaction must exist between the thiocyanate

complex of cobalt and the polyether foam since polyester foam was inef-

fectíve.

Maloney, Moody and Thomas(50) later described the extraction of

Cd(II), Co(II), Fe(III), ZI(TI) and Hg(II) from aqueous thiocyanate

solutions ínto polyether polyurethane foam. A capacity for cobalt of

about 0.17 noles per kilogram and about 0.39 moles per kilogram for iron

thÍocyanates was reported. Maximr¡m distributíon raËios of lOa and 103,

respectively, were noted at low metal concentrations. Although not

much specíficity was noted, the authors suggested that thís would be a

suitable technique for preconcentTatíon of several metals sj-multaneously.

Quantítative recoveries were said Lo be achieved by hot dilute nitric

acid.

Sirnilar daÈa for Co(TI) and Fe(III) removal frou aqueous acidic

thíocyanate soluËions by polyether polyurethane foam were given by Braun

and Farag(5r¡. Sorption r^ras noted to be relatively rapid and suítable,

Ëherefore, for column preconcentrations of the metals from large solution

volumes. The phenomenon \,ras interpreËed in terms of a true solubilíty

of the thiocyanate complexes into the polyether foam moieties since

polyester polyurethane foam díd not absorb the complexes measurably. No

data were given for the recovery of absorbed complexes from foam or their

identification. Brief mention was also made of the sorption of gold

from cyanide solution onto polyether polyurethane foam.

Recently, Moore(52) tr" reported Èhe extractíon of iridir:m(IV) from

organic solvents (acetone and ethyl acetate) by polyether polyurethane



-31-

foam. Many other solvents \,rere not suitable due to 1ow solubility of

the Narrrclu cornplex or due to reduction of the rr(rv) to non-extract-

able Ir(III). The capacity of foam foï extractíon of Ir(IV) was noted

to be about 0.83 noles per kilogram of foam from ethyl acetate but only

0.12 rnoles per kilogran from acetone. This was said to suggest that the

extractable species (likely HrÍrcru or Narrrclu) was also highly sol-

vated. Complete recovery of the sorbed metal vríth hydrochloric acid.

was found to be difficult but r^ras Ímproved by the additíon of reducíng

agents. Soue results r¡ere also presented for the similar extraction of

NarPtClU from acetone, though in less detail.

On the side of organic compound extraction by unmodified polyure-

thane foam, a great deal of interest has been expressed (rnostly in the

patent literature) in its use for the removal of petroleum hydrocarbons

from contamínated v¡aters. Much of this interest$3-76) has centered on

the problem of removing large amounÈs of spilled oil directly from the sur-

face ín cleanup operations. rn some cases,(60,63,64,76) this involves

setting down larger píeces of foam on the surface and recovering them

after they have soaked up the oí1. In others, shredded foam is cast onto

the surface(53-55 '57 '59 '6r'65'73'74) and retrieved with ,r"a"(54,53),

herded up by waËer sprays(55) or can even be picked up magneti"rttr(70)

when ferromagnetic materials have been íncluded in the polytrer mixture.

Sti11 other schemes make use of long continuous bel-ts(53) rti"h are con-

stantly reeled out and rolled ín on specíally-designed shíps. often,

surfactant"(64'72'74) are included in the polyurethane or spread sep-

araËely on the spi11 to increase the speed of weËting of the foam. The

ease of production of polyurethane foam allows it to be produced from
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componenËs on Èhe ship iumediately before ,r".(59'61) ot even dÍrectly

on Ëhe surface of the \./ater(58). UsuaIIy, the foam is reused several

Ëímes; the oi1 almost always being removed sirnply by squeezíng the

polynoer although solvent washing is also possible.

This type of chemical application for polyurethane foam could prob-

ably be víer,red in a different 1íght from the preceding ones since it

prirnarily involves the physícal entrapment of materíal in the spaces of

the cel1s rather than true sorptíon. Nevertheless, iÈ appears that the

compounds which are preferentíally sorbed by the polyuer dictate to a

large degree what uay then occupy the cell volume. Thus, different

polyurethane formulaLions achíeve different successes of separatíon

between \^rater and oí1. Use of Ëhis fact for an apparatus able to separ-

ate oi1 from r¿ater (but not necessarÍly for oil spills) has been reporËed

by schaus 
(71¡ 

.

The removal of petroleum from r¡astevr'aters for the purpose of pur-

ífyíng thern appears to have attracÈed less attentj-on than oil spill

recovery. Nevertheless, polyurethane foam has been sugg""t.d(78-80) 
""

a fínal oil-absorbing filter in conjunction r¿ith the conventional sand

trap. Normally, these filters are changed or cleaned at the point at

t"¡hích the polyurethane is nearly saturated lJíth oi1 since further accum-

ulation would reduce efficiency and restrict \¡rater flow.

However, of more interest to us is the use of polyurethane foam in

the preconcentration of hydrocarbons fTom r,rater for the purpose of analy-

sis and pollutant monitoring. In 1973, Schatzberg and .l""k"orr(81) re-

ported a survey of several potential oi1 sorbents (polyethylene, poly-
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propylene, polyurethane, activated carbon, diatomaceous earth and silí-

conized glass) for this purpose. Tests on \dater bearing an artíficial-

ly-produced oi1 filn denonstrated Ëhat polyurethane foam r¿as a very ef-

ficient absorber of oil passed through it and that the oil was equally

well recovered for ínfrared analysis by Soxhlet extraction v¡ith carbon

tetrachloride. Other sorbents, although similarly effective at oi1

removal, r¡/ere rejected because of high blanks, incomplete recoveries or

difficult handling and column packing. No systemaËic dífferences r¡rere

found beËween results obtained by the polyurethane foam absorption method

and siruple solvent extraction with carbon tetrachloríde.

on the other hand, w"¡¡(82) made a comparative study of polyure-

thane foam, Aurberlite XAD resins and solvent extraction for the removal

of fuel oil from I^7ater. This work showed that polyurethane foam per-

formed rather poorly when compared to the other two choices and solvent

extraction \¡Ias saj-d to be the preferred method. Simílar comparísons

r,rere also made on simulated pulp nill and textile dyeing effluents wíth

the same conclusions being reached.

The poor performance of polyurethane foam conpared to solvenÈ ex-

Èraction for hydrocarbon preconcenËration r¿as also noted by AlLmed eË a1.
(83) ,n""e workers found only abouË 20 percent of the hydrocarbons v¡ere

removed from BosËon Harbour r,rater by polyurethane foam and added that a

problem existed with reproducibility (likely due to non-homogeneous

distribution on partículates in the water).

In spite of these difficulties, many other applications to organic

compound sorption have been described. One such interesting use has

been in the field of medicinal chemistTy. Lrhile searehing for a polymer

which could be used to control the 1evel of dietary fat and cholesterol
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assimílation, Marsh(84) found that the model compound chosen, oleíc

acid, was better absorbed by polyurethane manufactured from polyprop-

ylene oxide (polyether) polyol than from polyols based on polybutadiene

(partly unsaturated hydrocarbon) or on polyethylene-polypropylene míx-

ture (complerely saturated hydrocarbon) . In a more direct test (85) of

bile acid and cholesterol uptake, polyurethanes manufacËured from a

75/25 míxture of polyethylene oxide and polybutadiene polyols were

found to be much more effectíve than polymers containing only one or the

other polyol. Moreover, this mÍxture rías ,roa.d(86) to perform much

better than polyurethane prepared solely fron polypropylene oxide polyol

having the same solubilit.y païameËer. It r¿as concluded(87), then, that

the successful polymer formulation required both polar and non-polar

domains on a mícroscopíc scale to match the similar mícellar sËructure

of the absorbed molecules in solut.ion and not simply an average polarity

matching that of the average over the rnolecule. The author nor¡/ holds
(88)

a paËenL'--' on the manufacture and use of these polymers ín the treat-

ment of hypercholesterolemia and other lipíd-related disorders.

Another active field of study has been the sorption from r¿aÈer of

chlorinated hydrocarbons, particularly polychlorinated biphenyls (PCBs)

and organochlorine pesticídes, by polyurethane foam. Gesser et al.(89),

using both polyeËher- and polyester-based foams, \^rere the first to

reporÈ the quantitative sorption of PCBs and their recovery with acetone

and hexane for gas chromatographic analysis. The authors suggested

ÈhaÈ when used as a preconcentraËion medíum both sampling of large

r^7ater volumes and sample transport r¡rere greatly facilítated compared

to solvent exËraction procedures. The method was later tested (lO¡ 
on
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river vlater and municipal drinking water ¡¿íth the polyurethane foam

replacíng activaËed carbon in a standard adsorption metering apparatus.

I'lany organic compounds were noÈed to be retained by the polyurethane

aside fron PCBs but were not specifically identified.

Using polyester foam, Uthe et al. (91) 
extended Ëhe experiment

to a large number of organochlorine pesticides in disËi1led ü7ater.

However, only moderate sorptíons were Eeasured for each and it was found

necessary to coat these foams with a silicone grease to produce quan-

títative extractíons.

Bidleman and Olney(18) "notied the method to the collection of PCBs

and DDT from the \.raters of the Sargasso Sea. The sorbed compounds

r.rere recovered by Soxhlet extraction with petroleum ether. It was

díscovered that these compounds reside in much higher concentrations

in the surface layer of ocean than at greaÈer depths.

A study by Bedfor UQZ¡ índicated that only in relatively clear viater

did polyester polyurethane foam collect PCBs as efficiently as did

Soxhlet extractíon with hexane. Apparently, PCBs must be associated

with particulate matter when present and thus pass through the foam

largely untouched. They suggested that many fresh Trater lakes and open

ocean would likely be sufficiently c1ean, however, to meet the require-

ments.

A more thorough study of PCB and pesticide retention by polyurethane

foam was undertaken by Musty and Ni"kless(93' 94) . Quantitative (better

than 907") removal of thírteen organochlorine insecticides was reported

but the efficiency of PCB retentíon was discovered to depend upon the

particular PCB mixture involved. Recovery in both cases \¡¡as wíth acetone

and n-hexane and was staËed to be much easíer Èhan desorptíon from
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activaËed carbon. For differenË polyurethane foams, a correlation

beËr¿een their sorpËion of insecticides and of rnethylene blue appeared to

exíst although the authors perhaps incorrectly inferred that Èhe latter

involved stïictly adsorpËion onto the surface(23). A test of the method

on ríver l4rater revealed the presence of several PCBs and insecticides

in the Ríver Avon.

A later study by Musty and Nickl""" (95) 
cornpared rhe pCB- and

organochlorine insecticíde-removing abílíties of Amberlite XAD-4 resin,

polyurethane foam, and a reversed phase liquid-liquíd partítion system

based on Chromosorb tr{/n-undecane/Carbowax 4000 rnonostearate to that of

solvent extraction. The comparison, made on tap and river \,üater samples,

showed similar resulËs ín all cases excepË for the absorption of one

PCB (Aroclor 1260) which was substantially low for all methods bur

solvent exËraction.

Lawrence and Tosin"(10¡ tested both polyether- and polyester- based

polyurethane foams along wíth activated carbon, polyvÍnylchloride

and Amberlite )CAD-2 ar,d XAD-4 macroretícular resins for Ëhe sorption

of PCBs from waËer and se\,rage. Although the polyurethane foams were

said to be good sorbents, especially from aqueous solution, polyvínyl-

chloride ¡¡as Èhe choice for removal of PCBs from se\¡7age.

Some ínterest has also been expressed ín the application of

polyurethanes to the removal of phthalic acid esËers (PAEs) from

water. cougn(23) studíed the sorpËion of an homologous seríes of PAEs

onËo one polyester and a variety of polyether polyurethane foams and

Èhe resulEs \¡rere later reported by Gough and Gesser(97). Although the

sorption was probably not universal enough to be of general use in

preconcenËration or cleanup, some interesting trends r{ere noted resulfing
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fron different polyurethane formulatÍons or phthalate sidechaín lengths.

The authors surmísed that two mechanísms of sorption vzere indicated by

the data. Apparently, PAEs were first quíckly adsorbed to the surface

where the smaller ones espeeially \,üere also susceptible to equally rapid

desorptíon. However, for smaller PAEs diffusion into the bulk of the

polymer to escape desorptíon riras possible at a reasonable rate. The

result gave maximum sorption for di-n-butyl phthalate under flow condi-

tions wíth considerably poorer results for much longer and shorter side-

chains. some control over sorpt.ion was said to be possible wíth judi-

cious choice of the polyurethane polyol. Recovery of PAEs vras accomp-

lished by aceËone and hexane washes.

Carmignani and g"rrr,.tt (98) later reported an apparent appl-ication

of PAE removal to closed aquaculture systems. Experiments r^rere conducted

wíth di-2-ethylhexyl phthalaÈe and a polyether polyurethane foam. Up

to 98.6 percent removal of the phthalate was achieved at a single pass.

Hor'rever, no data with actual recirculating systems 'b/ere presenEed. The

contaminated foam bed was said to be rejuvenated by acetone and hexane

washes.

The use of polyurethane foams Ëo remove polynuclear aromatic

hydrocarbons (PAHs) from water rr'as first reported by Saxena 
"a "t. 

(99)

who studied benzo(o)pyrene as a model compound. Very strong sorptíon

from distilled water onto both polyester and polyether foams of various

densiËíes was found but sorptÍon from tap and raw lake vrater r¿as less

complete. This was interpreted as índicative of adsorption taking place

on partieulaËes Ín these \"7aters. CourpleËe recovery of the benzo(o)pyrene

was achieved by elution wíÈh acetone followed by benzene.
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Thís study vras later expanded to ínclude síx representative PAHs by

Basu and saxena(loo). By heating the water prior to conÈact with the

polyurethane, good retentions of all síx PAHs r.¡ere obtained but ¡.¡ere

stíll measured to be lower from raw lake water than from finished tap

vrater. After elutíon from the foam and cleanup on Florisíl columns,

the materials were determined by gas chromatography or sepaïated by

thin-Iayer chromatography and detected fluorometrically. Using a port-

able sampler, the method was applíed(101) to ten city water supplíes be-

fore and/or after treatment and the effectíveness of r,rater Ëreatment

evaluated.

An interesting use for polyether polyurethane foam \{as reported by

Tanaka et al. (102) 
who noted that alkylbenzene sulfonates (ABSs) were

removed frour slightly acidic water in the presence of excess crystal

violeË or methylene blue. The resulting blue complex on the foam

could be used direcËly as a semi-quantitative measure of original ABS

concentration or could be conveniently extracted into methanol for color-

imetric measurement. Tests on several other polymers, including poly-

est.er polyurethane, qlere unsuccessful. The method was tested on ríver

waËer samples and was saíd to be fairly rapid and sensítive but suffered

slightly from some interferences.

A number of industrial applicatíons of polyurethanes have also ap-

peared ín the patent líterature. For example, Arke11 et al. (103) 
de-

scríbed the use of polyurethane foam for the isolation of cyclohexyl-

benzene hydroperoxide from its reaction precursors and by-products in a

hydrocarbon solvent. In finely powdered form, its use as a biologically

compatible flotation agent ín waste water purification r^ras suggested by
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Gubela(r04). rn additíon, accordíng to MaÊsuda and Masuda(105), pory-

nitrodiphenylamines (used ín Ëhe isolation of poËassium from seawater)

v¡ere said to be recovered very efficiently after use by sorption with

polyurethane foam. schlicht and l,fccoy(106) outlined the use of poly-

urethane foam for the extraction of phenols from various hydrocarbons

and reported(107) that lubricating oils could be sirnirarly upgraded

by the selective removal of high viscosity components from less viscous

ones. They also later reporËed(108) Ëhe removal of un$ranted reactants

and by-products from the production of amíne-based oil additives and dis-

persants by the same method. Finally, trrlashburn et al . 
(109) 

demonstrated

the abilíty of granular polyurethane to absorb many weak acids from

dilute agueous acídíc solutions.

The list of chemical applications for siurple, unmodified poly-

urethane foams (particularly in the patent literature) continues to

grow almost daily and it is doubtful that anyone r¿ould be able to catch

up or even keep up with it completely. However, the large scope of uses

should be apparent even from this limited sampling.
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b. Loaded Flexíble Foams

One níght logically predict that as the strengths and weaknesses of

plain polyurethanes as sorbents became apparent to researchers, they

would then seek methods of nodífying the exisËing properties to extend

the range of possíble uses. Discovery, however, is seldour logical and

much of the early work on the subject follor¡ed a more-or-less reverse

order. As suggested earlÍer, there has been a general preoccupation

with the physical rather than chemical properties of polyurethanes,

particularly with polyurethane foam. ConsequenËly, many of the initial

experíments \¡rere performed with polyurethane ín the role of an expectedly

inert support possessing good flow properties on which other reagents

could be physically positioned to do the work. Such uses, of course,

continue to be popular today even though it is now apparent that

ínteractions with the polymer cannot always be ignored.

Let us examine these uses, then, grouped again on the basis of the

mobíle phase. Before doing so, however, it is well Ëo mention some of

the methods by r+hich it is possíble to produce foams which include

substances not normally present ín polyurethanes.

Fírst of all, one is occasionally able to include inert reagents

direcrly in the polymer formulation prior to polymerízation. This Ís not

often feasible, Èhough, sínce isocyanates are sensitive to so ruany func-

tional groups and even small alterations ín Èhe surface tension of the

prepolymer can seriously affect foam formation. Quite often, liquids

can be included in or on Èhe foam simply by soaking the polyure-

thane directly ín theu and removing the excess by squeezing. Finely

powdered solids could be símilarly applied as a slurry. Another method
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which can acconìmodaËe many líquíds and solids is

to swell in a solvent (such as acetone) in which

to

the

allow the polymer

substance ís solu-

ble and then to remove the solvent by evaporatíon. This enables the

deposítíon of smaller but reproducible amounts of the substance to take

place. Liker,síse, small amounts of a few substances may also be acquired

by true absorption from a solvent ín which they are less soluble than

in polyurethane. Fina11y, fíne precipitates can often be generated on

the foam material by reactions bet!üeen substances already absorbed there

and solutíons brought ín contact with the polymer. Thus, by eareful

choice of one or another of Ëhese methods, the irnmobilizatíon of nearly

all substances on polyurethane foam is possible and its scope of uses

can be broadened considerably.

1)SorptÍon from Gases

Strangely, although the application of unmodífied foams to chem-

istry had its roots in the gas phase, not a great deal of interest has

been expressed in the use of loaded polyurethane foams for the renoval

of substances from gases.

Only two such genuine reporÈs u/ere encountered in thf-s survey. One

of these is the patent granted Ëo Moroni and Kalbo*(fe¡ ín which mention

ís made of the possíbility of íncluding substances to react with sulfur-

and nítrogen-contaíning gases ín a polyurethane air filter. The second

ís the patenË of Inanaka and Yoshida(110) who prepared a polyurethane

foam air fí1ter containinC Ag2O and CuO precipitates and tested it on

anrmonia removal. The scarcity of work in this area compared to plain

polyurethane foam is somewhaË baffling but presumably more v¡il1 follow

in the future.
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2) Sorption from Liquids

In contrast t.o íts use for gases, loaded polyurethane foam has been

very well exploited for the sorption of substances from liquids. For

convenience, discussíon of the fÍe1d will be divided ínto applications

first to organíc and then to inorganíc compounds.

The first report of any kind was made ín 1965 by Bauman et a1. 
(111)

In it, the authors described the preparatíon of polyurethane foam pads

bearing horse serum cholinesterase in starch and glycerine gel which

was physically iu'unobilized onto the surface. Theír use in an electro-

chemical monitoring device (later called the Continuous Aqueous Monitor

or CAM-I) for the enzymatic detection of various cholinesterase inhibít-

ors in \À7ater or air was out.lined. some modificatÍons(LI2, 113) of the

innobilÍzing method to elirninate glyceríne and to include alumínum hy-

droxide ín the ge1 substantially improved the lifetime of the pads.

Basically, the sysÈem operates by fírst exposing the pads for a fixed

períod of time to an aqueous stream suspected of containing substances

t¿hich inhibít the enzyme cholinesterase. In the case of water monítor-

iog, the sarnpled water is used directly r¿hile air monítoring requires a

prelinínary scrubbing step to obtain the ínhibitors concentrated in an

aqueous stream. During this period of time, inhibitors are sorbed from

soluËíon and a portion of the enz)¡me is inacÈívated. In the second step,

a substrate solution is pumped over the enz)¡me-coated foam pad where the

substrate is hydrolyzed to an elecËroactive species in proportíon to the

amount of actíve enzyme remainíng. Electrodes placed in contact with the

pad respond to the amount of electroactive species produced and thus

inversely to t.he cholínesËerase inhibitors. The CAM-1 monitor repeats
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these Ëwo steps cyclically to give nearly continuous analysis and pro-

visions are made for automatic alarm signals and periodic changíng of the

foam pads. Tests of response to varíous subsËance"(rt4' 115) 
showed

high sensitiviËy to organophosphate and carbamaËe insecticídes but very

litt1e to chlorinated hydrocarbons, herbicides, fungicídes or rodenti-

cides. Two patents(116' 117) h"lr. been issued for the air-monitoring

aspects of the devíce and Goodson and Jacobs(118) have províded a good

general surutrary of the work.

fn the area of oi1 recovery from vrater, Cadron and Jourqri-rr(54)

obtained a patent in 1971 which íncluded the pretreatment of polyurethane

foams with fatty acids, amines, cationic agents or silicones to upgrade

theír performance. Later, Sumída and Kataoka(67) vrere granted a patent

for the use of soft paraffin on polyurethanes for the same purpose and

reported quite substantÍal improvement. fn both of these cases, as

mentioned earlier, use is made of the fact that the contents of the

foam ce1ls are strongly influenced by the material absorbed ínto the ce11

walls and strands.

Uthe et al. (91) were the first to apply a coluurn of polyester

polyurethane foams coated by the solvent swelling method wíth various

chromatographic grade greases to extracting several organochlorine

pesËícides from I4later. Foam perf ormance t{as said to be improved consid-

erably by the addition of the grease. The sorbed insecticides were

eluted from the foam wíth acetone followed by hexane for gas chromato-

graphic analysís. The method was proposed as an alternative to biologi-

ca1 monitors wherever they may be impractÍcal or unreliable and r.ras

tested on boËh ríver water and soil leachates in the laboratory.
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A IaÈer publication(119) descríbed the use of such foam plugs coated

with Dot¿ Corning DC-200 silicone grease as índwelling monitors for both

polychlorinated bíphenyls (PCBs) and organochlorine insecticides in

surface r^raËers of industrial or agricultural orígin. The individual

polyurethane foam plugs were left anchored in the flowing waters for

many hours suspended from a float and then extracted and analyzed in the

usual way. Although the method seemed very useful, it was noted that

the interíor of the cylindrical foam pieces did not appear to be

partícipating fully in the sorption process. Reconsideration of the

geoÐet.ry of the foam pieces would probably improve this greatly.

A furËher study on this topic was undertaken by Musty and lrlíckless
(93) ritt several foam types and varÍous gas chromatopçraphy greases

deposited by the solvent swelling method. Again, PCBs and organochlorine

insecticides were sorbed from river \,üater. It was discovered that

whí1e the various greases aided Ëhe sorption when flow rates \¡rere high,

they merely inhibited the abilíty of plain polyurethane foam at 1ow

raËes of flow. Thís difference apparently reflects an increased rate of

diffusion of materials away from the surface in the presence of the

greases but ¡^rith an accompanyíng decrease ín the actual affiníty of the

loaded polymer for Èhem.

Both polyether and polyester foa¡os bearing DC-200 were similarly

tested by Gough(23) 
"rra 

reported by Gough and GesserOT) for Èhe

sorption of phthalic acid esters (PAEs) from water. Hov¡ever, the

coated foams did not operate apprecí:bly better Ëhan r¿ithout treatment

and, in agreement wíth the prevÍous results(93), e¡ere slightly infer-

ior at low rates of r¡rater flow.
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In hís comparíson of polyurethane foam, Anberlíte XAD resins and

solvent extracÈion for isolatíng fuel oil, paper mill wastes and textile

dyes from \¡rater, webb(82) concluded that polyurethane foams with or

wíthout varíous chromatographíc grade grease coatings hrere not very

effecÈive. Solvent exËracíon r,ras said to be the most reliable method

of absorption.

saxena et al. (99) rt"o made a comparison beËween uncoated poly-

urethane and that coated by solvent swelling with DC-200, SE-30 or a

nematic liquid crystal for the preconcentration of benzo(a)pyrene from

water. The authors noËed marginal improvements due to the coatings

but Èhey also found large amounts of these substances to be co-eluted

by the organic solvent used to recover benzo(a)pyrene. This vras

thought to be sufficíently objectionable to preclude their use where fur-

ther concentrat.ion of the eluate for analysis q¡as to be attempted.

An ínteresting applícation of polyurethane foam loaded with a solid

coating material has been reported by Huckins and coworkers 
(120) . The

authors found that powdered charcoal adhered very strongly to Ëhe surface

of finely chopped polyether polyurethane foa¡n and in Ëhis form could

be packed easily into columns havíng good flow propertíes. These columns

proved to be useful for the selective adsorption of the highly toxic

polychlorinated dibenzodíoxins and dibenzofurans frorn Herbicide Orange

(a mixÈure of 2,4-dichlorophenoxyacetíc acid and 2 r4 rs-trichlorophenoxy-

acetÍc acíd for nilitary use as a defoliant). The adsorbed compounds

could then be recovered by a toluene/benzene solvenË mixture for gas

chronatographíc analysís after some additional sample clean-up. This

method was said to make very efficienË and convenient use of very small

amounts of powdered charcoal.
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I^Ie can begin our consíderatíon of the inorganic síde of thíngs

by menÈion of the fact that Bowen(28), in the initial r+ork whích 1ed to

his díscovery of the sorptíon properties of polyurethane foam, tested

ít fírst as a solid support for diethyl ether ín extractions. Since the

results \¡/ere never published, ít can probably be assumed that no particu-

lar advantages of this combination over plain polyureËhane foam were

noted, however.

A much later publication by Srrki*"n(34) confirmed this general lack

of irnprovement when polyurethane treated wíth methyl ísobutyl ketone,

diethyl ether, eËhy1 acetate or ísopropyl ether was compared wíth un-

treaËed foam for the sorptj-on of gold from aqueous soluËion.

A more positive application \¡ras dísclosed by Higashi and Miyake GZL)

in a patent for the extraction of metal ions by fibers or foams impreg-

nated wíth liquid ion-exchangers. In it, polyurethane foam loaded with

di-2-ethyl-hexyl phosphoríc acÍd was employed for the quantítatíve

removal of Cd(II) ions from \,rater with suggestions of possible uses in

wast.er.rater treatment .

The practice of including a liquid ion exchanger in polyurethane

was also tested by Braun and cor¿ort"t"(122) who deposited trÍ-n-octyl

amine (TNOA) on polyether foam by the solvent swelling method with ben-

zene. The product was found to be able Ëo extracË Co(IT), Fe(TII) and

Cu(II) from aqueous hydrochloric acid solutions and could be used in

columns to separate these three metals from one another and from Ní(II)

(which \^tas not retained). The cobalt/nickel separation was studied

ín some detaíl; íts success ¡¡as found to be somewhat dependent on the

amount of TNOA loadíng the foam.
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AË a later date, a similar approach was again used by Braun and

FaragQ23). Surall bits of polyether foams soaked in a mixture of Amber-

lite LA-I ( tq-dodecyl-(tríalkylmethyl)amine ) and o-dínonylphthalate (as

plasticízer) were shown to be very effectíve as qualitatíve and semi-

quantitative colorimetríc reagents for Co(II) when shaken with aqueous

thíocyanate solutions. The perforuance ín cobalt identifícation was

saíd to be superior in sensitivíty and speed to existing spot and other

tests but no trials of foam in the absence of the liquid anion exehanger

and plasticízer were reported. Likewise, foams bearing o-dinonylphthal-

ate solutíons of dithízone were saíd Èo give specific colour reactions

with Zn(II) and Pb(II) while rubeanic acid was suírable for Cu(TI)

identificatíon. The name "chromofoams" ¡¿as coined by the authors to

describe the concept of colour-formíng reagenÈ-loaded foams.

The liquÍd aníon exchanger Anberlite LA-2 soaked into polyether

polyurethane foam was utili zed, by Maloney .a "t. 
(50) for the removal of

Cd(II), Fe(III), Hg(II), Sn(IV) and Zn(II) froin hydrochloric acid solu-

tions ¡shíle excluding Ni(II), Co(II), Cu(II) and Pb. Comparisons with

various solid resin aníon exchangers revealed extracËion rates inter-

mediate betr¡reen those of coarse and fine mesh resins with nearly the same

capacítíes.

A report by Vernon G24) has descríbed the usefulness of Kelex 100

(7-dodecenyl-8-hydroxyquíno1íne) and LTX 65N (an alkyl ß-hydroxybenzo-

phenone oxime ín kerosene) incorporated ínto polyurethane foam by the

solvent swelling nethod for Èhe sorptÍon and separation of Cu, Zn, AL,

Cd, Co, Ct, Hg, Mn, Ni, Pb and U ions from rnildly acidic solutions.

I^Iith Ëhese tr¡ro chelating líquid íon exchangers, equilibrium v¡as said to

be reached rapídly so that column operaËion was feasible. All elements
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except nercury \¡rere quantitatíve1y recoverable. Comparison of the t¡+o

complexants showed Kelex 100 to be the more efficient at co11ecÈion

buË LIX 65N was saíd to be more selective.

The 1íquid aníon exchanger trí-n-octylamine (TNOA) was also used

to very good advanËage ín an ísotope exchange system developed by Pal-

agyi and B'1a(125). These r¡orkers found that l31T- could be effectívely

preconcenËrated for analysis from aqueous solutíon by polyurethane foam

bearing I, in toluene with or without TNOA included. Fairly high efficí-

ency exchanges resulted, partícularly with TNOA in column operation, due

to the rapidity of the reactíons involved and the outstanding hydrody-

namic and mass-transfer properties of Ëhe polymer. The method was tested

on drinkíng \,rater ancl found to be f ree of most ínËerferences. Successful

application Ëo the monitoring of rnilk was also reported Q26) and it ¡¿as

said to be a very rapid and inexpensive technique for this purpose.

A rnodif ication r¿as later described by Patagyi and Braun Q27) whích

also made use of the flexible nature of polyurethanes. Polyether foam

coated with I, and Alamine 336 (a commercial tri-n-alkylarnine formula-

tÍon) ín toluene \¡ras packed ínto a plastic syringe and alternaËely ex-

panded and compressed with the plunger r¿hile simultaneously drawing up

and expelling the solution ín a pulsed mode to exchange radioacËíve

íodine. Thís method was said Ëo be faster, simpler and more efficient

than the column method and allowed even greater pre-concentration fact-

ors to be achíeved. The technique was tested on tap r¡¡ater wíth final

radiometric counting of the compressed foam directly in the syringe.

The production of foams possessing ion exchange propertíes has

also been achieved by the incorporation of solid ion exchange resins
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into the polymer. Braun et al. (128) 
reported Èhe preparatÍon of a

heterogeneous cation-exchange foam from finely powdered varion KS

(sulphonated polystyrene) which had been included in the polyurerhane

polymer formulation prÍor to foaming. Problems r¿ith the foaming

process were said to be encountered when the resin was in the H* Íon

form but not when in the Na* ion form. A product having good speed of

equilibration and reasonable exchange capacity resulËed. Later, an

extensive evaluatíon of Ëhe column performance of thís polymer in

comparÍson with several resins in bead form ¡¿as underÈaken by Braun

and FaragG29). Tests ¡¿íth solutÍons contaíning Cu, Cd, Zn, Fe(III)

and Ca íons in various ethanol/water/hydrochloric acid mixtures

showed slightly lov¡er distribution ratios but superíor kinetic and

f1o¡,r behavíour for the packed foam bed.

Some interestíng applications of the heterogeneous cation exchange

foam have also been described. Braun and Farag(130), by converting the

exchanger to the Ag+ ion form and then treating ít with sodium sulfide

solutíon, produeed a foaro conËaining finely-dÍvÍded Agrs precipítate.

Thís was used very successfully for the isotope exchange separation of
1114g from dilute niËric acid solutions. The method was said to be

applícable, in principle, to many other metals as well. In a slightly

dífferent twist. to the process, the authors also reported (131) 
the

use of foam contaíning fínely-divÍded copper (prepared by placing the

exchanger in the Cu2* ion forrn followed by reductíon v¿ith sodium

hydrosulfite to the neÈal). Thís foarn r¿as also suitable for the exchange

of radiosílver but this tirne by a redox mechanism.

As vrith other supporË media, polyurethane foam has also seen
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extensíve applicatíon coated Ìríth a variety of specific complexing

agents. By soaking the foams in basic aqueous acetone solutions of the

complexanËs, Mazurski(36) prepared polyester foams containing sym-diphen-

ylcarb azide, dithí zorle, diphenylc atbazone and d imethylaminoa zobenz ene .

Each of these, after washíng, vras tested for sorption of mercuric chlor-

ide and methylmercuric chlorÍde. Consíderable improvement r¡ras noËed

over plain polyurethane foam but the study \,ras not pursued furËher.

Brief tests with Cr, Cd, Mo, Cu and Ni ions revealed no sorption of these

metals by any of the treated foams.

Later, moïe detaíled work by Chow and nrrk""k(37) r"" reported

on polyester foams loaded with díthízone by the solvent swelling method

for mercury(rr) and methylmercury(rr) reuroval. Nearly quantitative

extractíons I¡Iere possíble and Ëhe metal r¿as said to be firrnly held by

the foam. Several metals also present in solution díd not interfere

and recovery with acetone was said lo be quantitative. The method v¡as

applied to tap, river and sewage r¡raters wíth acceptable results.

Polyether foams carryíng dithizone or zínc dithizonate in chloro-

form, di-n-octylphthalate (onop), tri-n-butylphosphate (TBp), or o-di-

nonylphthalate (qDNP) \¡rere prepared by Braùn and Farag(132) by means of

sirnple soaking. These foams \rere tesüed for the collectíon of trace

silver from aqueous solution and found to be effective. Because of

improved storage life, the zínc salt was said to be the more desírable

form of the complexing agent. The presence of Èhe various phthalates

was shown to improve the raËe of silver uptake dramatícally, apparently

as a result of a plasticization effect on the polymer.

Braun and Farag(133) also appried the zinc díthizonate as welr as
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zinc díethyldithíocarbamate polyether foam to Èhe successful removal

of mercury(II) from waËer. Again, comparísons !/ere made of the effect-

iveness of the zinc diËhizonate foam v¡ith and wíthout a plasËícizer,

TBP, added. In addition to speeding up sorptíon, the recovery by

sodium thíosulfate solution r/as also found to be faster wíth the TBP

presenÈ on the foam. QuantítaËive rerooval and recovery were said to be

possible with both complexing agents.

In a lateï paper, Braun and. Farag(134) described radioísotope

exchanges based on polyether foam bearing I, or silver díthizonate

t¿ith TBP as a plasticizer. These foams, again produced by sinple

soaking, were able to remove, respectively, I3iI- or lIlAg+ quickly and

quantitatíve1y from agueous solutions with very 1ittle ínterference

from other ions present.

The use of dithizone-treated (by solvent swe1líng ín chloroform)

foan was also reported by Musty and Nickl"""(94) for the removal of

Zn, Cu, Cd, Co, Ní and Pb ions from aqueous solutions followed by

elution with nj-tríc acid. Very few details v¡ere given, however. Sug-

gestÍ-ons for the possíble use of sodium diethyldithíocarbamate or

B-quinolinol for metal ion sorptíon were ¡nade.

Diethyldithiocarbamate and l-nitroso-2-naphthol polyether foams

have also been prepared(l3s) with or without TBP as a plasticizer, Co1-

lection of cobalt(-II) from nearly neutral or basíc aqueous solutions

by these foams was said Ëo be quantitative for either complexing agent.

In both cases, the presence of the plastieizer T^7as noted to increase

the rate at which equilíbriun v¡as achieved.

r-yp¡^(-38'39) studied the sorpÈion of copper(fr) and cadurium(rr)
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on polyether and polyester foams loaded by solvenË sv¡ellíng with benzoyl-

acetone. Reasonably effícient removal was noted and was said generally

to parallel solvenË extraction in behaviour. Less detailed observations

were made also on berylliurn(rr), silver(r) and gallium(rrr) sorption by

this foam.

Polyether foam loaded with dimethylglyoxine(DMG) has been prepared

by Lee and Halmann(136) (again by solvent swelling) and studied exten-

sively for nickel(II) sorptíon frorn slightly basíc solutíons. The effi-

ciency of sorption \¡ras noËed to decline considerably at 1or¿ concentra-

tions of nickel(II), as wíth conventional preeÍpitatíon methods. How-

ever, Ëhe authors noted that whí1e thís complex, Ni(rr)-salicyldíoxime

and Cu(II)-salicyldioxíme colloíds \¡rere all removed from solution by

foam, others such as Agcl and Fe(0H)2, rrTere not. This suggests specific

interactions wÍt.h the foam material rather than a simple filtering pro-

cess is ínvolved. cobalt(rr) was saÍd to interfere sËrongly with the

nickel(II) sorption but Cu(II), Fe(II), Fe(III), Zn(II) and Cd(II)

were wíthout effect.

The preconcentration of antimony(III) and (V) from distilled, river

and seawater by polyether foam soaked in a benzene solution of lr2-eth-

anedithiol has been reported by Valente and Bowen(137). Rapid and

nearly complete extractíon of the uetal and its subsequent recovery

by acetone were achieved regardless of the vrater type. This foam was

also found to ret.aín mercury and arsenic i.ons but excluded many others.

A subsequent report(45) by these authors described the use of polyether

foam bearing sodiun díethyldithiocarbamate in carbon tetrachloride for

the nearly quantiËative and selectíve extraction of Sb(III) in the pre-
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sence of Sb(V) as rrtell as Sn and Zn íons. Any Ag, Cd, Fe(III) or Hg

ions present úrere also extracted, however. Elution of the sorbed com-

plexes was accomplíshed by acetone r¡ash. The rnethod was tested on lake

rüater, sea\,/ater and se\^rage effluent with símilar results in all cases.

Polyether and polyester foams bearíng Ëhe complexing agent pyrí:

dyLazonaphthol (PAN) with and withouË o-dinonylphthalate as plasticizer

have been tesËed for exËraction of cobalt, iron and unnganese ions by

Braun, Farag and Malon"rge). The 2:1 courplexes of PAN:metal ion were

apparently extTacted in each case and quantítative uptake was possible

for cobalt and anganese. The rate of extraction for the Co-PAN complex

was found to be slightly higher for the plasticized than for the unplast-

icized foam. A number of anions were checked for their possible effects

as selective rnasking agents for or interferents of the extractions.

Separatíons of the Ëhree elements rrrere saíd to be possíble.

A polyester-type foam bearing PAN without any plastícízer has also

been used in an indwellíng sampler described more recently by Srikameswa-

ran and Gesser(138). By use of a small battery-operated foam squeezing

devíce containing the treated foam p1ug, it was found possible to pre-

concentrate lor¡ levels of Cu, Zn and Hg ions from a large volume of ¡¿ater

in which the squeezer sits. The uptake of each metal from solution ap-

peared Ëo be quantítatíve on every squeeze made. The complexed metals

were eluted from the foam wíth chloroform after a fixed period of tíme

for atomíc absorpt.ion or even spectrophotouretrÍc analysis.

Although serving in many instances as an effícient plasticízer of

polyureËhane foam ín conjunctíon with other complexing agents, tri-n-

butylphosphate (TBP) has also found much use alone for metal complex
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sorption. In L972, Braun and Farag(139) descríbed the application of

polyurethane foam loaded by soaking ín TBP to the extraction of palladi-

urn(II) and its separatíon from nickel(II) in solutions containing thio-

urea and perchloríc acid. The polyether foam was found to acconnodate

higher loadings of TBP and allov¡ed much greater flor¿ rates t.han other

stationary supports used for this purpose. This study was later ex-

tended(140) to include bismuth(III) as well in a column separaríona1

method. The results of these more detailed investigations suggested

Èhat the TBP-loaded foam had a very high mass transfer rate both to the

surface and withín the bulk of the polymer. At the sarne time, the au-

thors described a ne\,r method of column packing by vacuum which was

particularly well-suited to use on loaded polyurethane foam. In a

subsequent publicatiorr(141), the Pd(II)-Bí(IïI) thiourea separarion r¡ras

also used as a demonstratíon of the improved bed homogeneity to be had

by application of this method to a regular reversed-phase column,

TBP-loaded Voltalef (polytrifluorochloroethylene) powder.

TBP-loaded polyether foam coluuns were also found to be useful

ín the enríchment and separation of gold(III) from acidíc aqueous

solutions cont.ainíng varíous amounts of thíourea and perchlorate. In

a detaíled study of the phenomenon by Braun and FaragG42), it was

surmised that the extracted species was probably [Au(H2NCSNI{2)]C1o4.4TBp

when thiourea r,ras present and apparently AuCl[ when it \"7as not. In the

former case, the Au-thíourea complex could not be removed from the foarn

by aqueous anuronia while in the latËer case, on the other hand, the gold

was saíd to be stripped by this treatment. The authors found that smal1

amounts of Au(fff) could be quantiÈatívely separated fron large anounts
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of zn(rr), co(Ir), Ni(rr), Fe(rrr), cu(rr), sb(rrr), Bí(rrr) and pd(rr)

taken several at a time but not from silver(I). Removal of the sorbed

gold, hov¡ever, llas very difficult and quantitative recovery required

dissolving Ëhe foam. In a sequel publication(33), comparisons !7ere

made bet¡¿een TBP-loaded polyurethane, TBP-loaded Voltalef powder and

active carbon for gold sorption. It was concluded that polyurethane

foam outperformed the Voltalef material and was sími1ar to carbon in

raËe of sorption but somewhat lower in efficíency. At the same time,

measurements of the amount of TBP absorbed by polyeËher and polyester

type polyurethanes showed the polyether varíety Ëo be superior.

The TBP-loaded polyether foam column vras also employed by Braun

et al.(143) for the separation of Fe(III) from Co(II), Cu(II) and Ni(II)

in hydrochloric acid solutíons. Resolutíon of these last three from

each other was not possible but Fe(III) was easily separated from them

indivídually.

An application of loaded polyurethane foams to analysis which does

not strictly involve the sorption of rnetals from soluÈíon r,¡as also de-

vised by Braun et al. Q44). The authors prepared polyether foams

carryíng tetrachloro-p-benzoquinone (chloranil) as a redox reagent by

solvent swe1líng in rnethyl isobutyl ketone or in chlorobenzerLe. Such

foams contained fínely-divíded chloranil on the surface and were able

to reduce various metal íons on contacË r¡híle passing through a column

of the material. The redox reagenË could subsequently be regenerated

with ascorbic acid and used år air. analysis of oxÍdizíng agents

indirectly. The method was applied successfully to Ce(IV), V(V) and

Fe(III) and also compared Èo a simílar one usíng Kel-F (polytrifluoro-
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chloroethylene) powder ínstead as the so1íd supporË. The polyurethane

foam column \^7as said to be pref erable owing to its f aster f 1or¿ rates.

In later work, Braun and Farag(145) modified the procedure somer¿hat to

use a pulsed column technique ín which the solution is alternarely

drawn up into and expelled fron a syrínge packed with the loaded foam.

FurËher improvements Ì/üere also achieved with foams stil1 retaining sorne

of the swelling solvent and v¡ith solutions heated to 80oC prior to re-

duct ion.

In addítion to the foregoing publications, a patent(146) has been

granted to Szabo, Braun and Haklits for the fíxation of organic chelaË-

ing agents and inorganic complex-forming substances in open cell polymer

foams for purposes of detection, separation or enrichment of elements.

This v¡ou1d seem to cover a greaÈ deal of the loaded polyurethane foam

applications presented here.

As a final note in the discussion of loaded polyurethane foams

enployed as sorbents, some mention should perhaps be made of the closely

related topic of sílicone rubber foams used in the same way. Although

no conscíous effort was made to seek information published on uses of

sí1ícone rubber foams, a few interesting artícles became apparent while

searchíng authors who have published papers dealing with polyurethane

foams.

For example, Mazur"t i(36) described Ëhe preparation of silicone

rubber foams containing either dithizone or sym-diphenylcarbazide by

mixing a surall volume of their acetone solutions ínto the prepolymer

prior to foamíng. The resulting foams hTere tested briefly for sorpËion

of mercury(II) and methylmercury(II) from aqueous solutions but were
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found to work only marginally better than pure foam.

Later, Grégoir 
"(tal ' 148) studíed silicone rubber foams onto whích

dímethylglyoxíme (DMG) had been deposited by the solvent swelling meËhod.

Thís foarn \,/as tested extensívely for palladium(II) sorption and less

thoroughly for nickel(Il) as r,rell . BoËh met.als were found to be retained

well and a separation of palladíum from platínum was possible. Other

foams prepared by íncluding a-benzoinoxime or Srafion NMRR chelating

íon exchange resin in the prepolyraer prior to foamíng \¡rere not successful

in removíng palladium.

Baghai and Bowen(149) laËer apptied silicone rubber foams soaked

in Ërí-n-octylamine (TNOA) to the separaËion of íridium(IV) from

rhodiun(Ill). The separation required quite drastic solutÍon condítions

(strong acid, perchlorate ion and chlorine) but was achieved, noneËhe-

less. The sorbed iridium(IV) was eluted by ethanol and the TNOA recov-

ered for potential recycling.

In summary, then, it can easily be said that although many good

uses of loaded polyurethane (and other) foams have already been devel-

oped, nany more employing different reagenÈs or more ingenÍous applica-

Ëíons will undoubtedly fo11ow in the future.
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c. Chenically Modifíed Flexíble Foams

Although many needs as a sorbent maËerial are adequately satisfied

by the excellent propertÍes of plain polyurethane foam and many rnore by

the large varíety of loadings possible, occasionally there are advantages

to preparing foams which themselves carry chemícal groups noË norrnally

found ín a polyurethane. This can be accomplíshed eíther by careful

neddling with the prepolymer formulatíon prior to foaming or by

chemical attack in some vray on the already-formed polymer. Thus, it

is possible to prepare polyureËhanes which contain many complexing or

other groups chemically bonded dírectly to the skeleton. However,

thís generally ínvolves a good deal of time-consuming preparative

r¡ork and it is thus not surprising that ferv workers have seen a need

urgent enough to attempt the production of modified polyurethanes.

In classifying reports of polyurethane uses into this category, the

críterion used is whether or not covalenË chemícal bonds have been

broken and/or formed in the process of foam modification. This is

often difficult since many authors either do not state their íntentíon

to achieve a chemical change by the foam treatmenË they describe (but

may have unwittingly accomplished one) or, having declared this

intention, fail to test the resulting polymer adequately to see if they

I¡7ere successful. Thus, the dividing line beËveen chemically modified

and merely physically loaded foam is at least a líttle fuzzy. The

following is a presentation of the known uses of chemically modÍfied

foams as sorbenËs. All reports to date have been for sorption from the

liquid phase only.

Certainly the first application of chemically nodified polyurethane
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foam r¿as claímed in 1969 by Evans, Mage and Peter"orr('7). Using

reËiculaËed polyester foam, the surface \^ras treated r¡íth a varíety of

bíomolecules and polymers in an attempt to decrease its ability to

bind guínea pig erythrocytes non-specifically. The surface was then

treaËed with anËibodies to effect specific bínding of erythrocytes

bearing parËicular haptens. The experiments were moderately successful

in enabling enrichment (but not complete isolation) of certaín cel1

types. Another paper(150) ad.vanced this one step furËher by using

an erythrocyte-contaíning foam to bind specifically spleen ce1ls pro-

duced in another anímal in immunologic response Ëo these same eryËhro-

cytes. Again, reasonable enrichment \,ras obtained and the various

bound cells v¡ere easÍly removed simply by squeezíng Ëhe foam. Judging

from the difficulty experienced in removing some of the substances used

to treat the surface, the authors concluded that those substances carry-

ing amino, carboxylic acíd or phosphoric aeid groups must be covalently

bonded to the polyurethane. Acid-exchange and amíde-forming reactions

llere suggested as possíble mechanisms for this attachment but Ëhe condí-

tions used seemed too mild to effecË appreciable reaction in this way.

No further chemical evidence for covalent aËtachment Tras presented and

it would seen, in híndsight, that perhaps other strong but less perman-

enË modes of Ínteraction were probably involved instead.

Another chemical rnodification of polyester polyurethane foam \"ras

described by Mazurskí and coworkers(36' 151). Foams bearing thiol(-SH)

groups were said Ëo be produced when polyurethane $ras exposed Ëo an

electrical discharge ín a hydrogen sulfide atmosphere. The prod.uct,

after extensive washlng ¡¡ith water, was very proficient at accumulating
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mercury(II) and methylmercury(II) ions from aqueous solution and could

be stored for at least one month ¡¿ithout noticeable loss of ability.

The capacity, however, r¡râs not very high and no other confirmation of

chemical bond formation was offered. TesËs carried out with other

metal ions (Cr(VI), Co(II), Mo(VI), Cu(II) and Ni(II)) indicated that

they were not extraeted appreciably. Any mercury ions sorbed were

quanËítatively recovered from foam by 2 lA hydrochloric acid.

In his thesís, Mazurski(36) also reported the testing of polyester

foam which had been pretreated by soaking ín 2 M sodium hydroxide for

thírty minutes. This action may possibly have hydrolyzed some of the

esËer linkages to produce pendant earboxylic acíd and hydroxyl groups

although no intention to do so was mentioned. These foams were saíd to

extract mercury(II) and methylrnercury(II) slightly better than untreated

ones. In addítion, several complexíng aEients (sym-diphenylcarbazíde,

dithízone and dÍphenyLcarbazone) were brought into contact wíËh polyester

foam while soaking ín sodium hydroxide solution. This Ëreatment intro-

duces the possibílíty of chemical attachment to any pendant carboxylate

groups presenË but urost probably wiËh subsequent loss of complexing

propertíes. In any event, íf such attachment occurred, it can probably

be ignored since a large excess of cornplexing agent r^7as left coated on

the foam in all cases.

Several techniques for the preparation of homogeneous ion exchangers

in the form of foams were also descrÍbed by Braun et al. (128) 
one method

involved the deposítion of styrene-dívinylbenzene copolymer on polyether

polyurethane by soakíng the foam in an acetone solution of sÈyrene, dí-

vinylbenzene and an ínitiator followed by polymerízaËion in an oven.

Anion exchange groups were then íntroduced by chloromeËhylation and
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amÍnation reactions. A second nethod relíed on radíation grafting using

methacrylic acid. Polyether foam was first exposed to íonizing radiation

(generated by a Van de GraaÍ.f accelerator or by r 60Co y-ray source) in

the presence of oxygen and Ëhen to a hot aqueous solution of methacrylic

acid to attach carboxylic acíd groups as weak cation exchangers. The

capacíties of these t\^/o types of foam ion exchanger vrere found Ëo be up

Eo 2.2 ar.d 4.02 rnílliequívalents per gram, respectively, depending on the

conditíons of preparation. Both rnethods appeared to be entírely success-

ful brrt vlere rtot favoured over heË.erogeneous lon exchange foam containing

finely ground bead-type resín since thís was more easily produced.

Although these fer¿ offeríngs appear to represent the rvhole of mod-

ified polyurethane foam use to date, it would be wrong to leave the read-

er with the impression that this avenue of attack has reached a dead end.

Rather, this is simply a traíl which is as yet largely unexplored but

wí11 like1y become well-Ërodden as synthetic chemísts become more invol-

ved.

To prove this point, it should be noted that tailor-made polymers

of many types are already avaílable for specifíc metal íon or other bind-

ing. An illustration of this has been reported by Nyssen and Jones G52)

who have prepared many complexing polyurers for the purpose of mercury

detoxification in humans. Some of these polyners are polyurethanes con-

taíníng large numbers of thíol groups but have not been produced in the

form of foams. The possibility surely exísts, by very careful synthesÍs,

of preparing polyurethane foams ¡.¡hích combine coordinative and steric

factors such Èhat many other specific metal ion or organic complexations

can be achíeved and use can also be made of the outstanding hydrody-

namic properties of foam.
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PolVurethane Meubranes

Polyurethane in the form of elastomeríc membrane can be thought

of as a much larger and usually thicker (fron less than 0.1 up to

several millirneters in thickness) piece of cell window from a foam. Tn-

deed, the two forms of polymer are chemically quÍte símilar and can be

nearly identical except for the presence or absence of bubbles. Thus,

where the foamed material is successful in sorbing substances from a

fluid phase, a chemically-related membrane can also be expected to do

the same. I^Ihere the process is adsorptíon, of course, relatívely 1íttle

upËake could be expect.ed due to the relatively low surface area of the

membrane. However, with absorption phenomena, passage into the polymer

bulk and díffusion right Ëhrough to the opposite side ís possible.

In spite of the obvíous utilíty of such a system for puríficatíons,

not many applicatíons of polyurethane membranes seem to have been

reported thus far. InIe wi1l, neverÈheless, distinguish between those

ínvolving gaseous and liquíd phases.

a. _Sorpt_æ" from Gases

One very important application of polyurethane and other membranes

r¡7as reporËed recently in a patent granted to the United States InsËituÈe

of Gas Technology(ls3). In ít, use was made of the permeability of the

membranes to both hydrogen sulfide and carbon monoxide but noË to me-

thane ín order Ëo remove the fírst tv¡o components from natural gas.

In addition, a more recenË patent to Elfert and cor¿ork"t"(154) h."

described the separation by selective perrneatíon through a polyurethane

membrane of benzene and alkylbenzene vapours ín preference to those of

cycloaliphatics, esters, alcohols and other classes of compounds.
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Þ' -Ee-ËP!ig" from Liqgfge

For use ín the liquid phase, DavÍs and SËevens(l55) described a

separatory device consisting of an array of polyurethane membranes cast

ínto the form of hollow fibers. I,lith one liquid phase confined to the

ínsides of the fíbers while the other conËacts the outside surfaces, the

device was saíd to be suitable for reverse osmosís separations but no

specific application \,{as named in the abstract. Of course, nany uses

oËher than reverse osmosis should also be possible.

Following this, Hot"t"lt(42) described the ability of a polyurethane

membrane of polyether type to transport galliurn(III) íons from aqueous

solut,ions containing acid and chloride on one side into distilled water

on the other. Gallium hTas found Ëo be quantitatively Ëransferred in

this fashion, apparently as the HGaCIO complex which ís soluble in the

polymer. Other solution constituents (HC1, LiC1, etc.) apparently

diffused much more slowly and t.hus a partial separatíon from them was

achieved. These resulËs were later published by Gesser et al. (156)

and expanded to include similar diffusion experiments ú/ith iron(III) as

r,rell. It was observed that Fe(III), but not Fe(II), could be transported

quantitaËively across a polyether membrane from acidic chloride or

bromide solutions apparently as the HFeXO complex (X = Cl, Br). Physi-

cal changes in the membrane r^rere also said to take place as a result

of the metal complex díffusíon which rendered the polymer permeable to

r,rater. A preliminary remrrk was íncluded r¡hich described the transport

of uranyl ions (UO22\ from alurnínum níÈrate solutions in a simílar

manner. Gupta(48) f,." elaborated on this most recently.

Another distinctly different type of eurployment reported recently
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by zentner and co\¡rorkers(157) has been as the encapsulating material for

proposed controlled-release drug delívery devÍ-ces. The authors suggested

a varíety of membrane types, íncludíng polyether polyurethanes, and

tested their perneabí1íty to progesterone (as a model hydrophobic drug).

A fer¿ other reports (158-61) 
have also appeared dealing primarily

r.rith the mechanism of diffusion of sma11 molecules (water, methanol,

dioxane) through polyurethanes but we will not elaborate further on

them.

As may be seen from the minute handful of publications, the applica-

tion of polyurethane membranes to chemical separations has not yet

blossomed. However, it ¡¿ou1d seem that the tremendous technÍcal and

industrial potential whích exists ín their use cannot go untapped for

1ong.
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Open-Po re. P o.ly"!g!ha"".

The tr¿o polyurethane producËs discussed thus far (foam and mem-

brane) have in conmon the general use of rather long polymer polyols

and low degrees of cross-linking in their preDaration. These character-

istÍcs impart high flexibilíty and elasticity Èo the resultíng polymers

and, ín turn, such traits undoubtedly account also for their remarkable

fluid-like absorptíve properties. On the oËher hand, of course, it is

possible to produce more dense, less flexible polyurethanes from short

polyols and r¿ith hígh degrees of cross-linking. These products are

not expected to exhibit the same degree of fluÍdity in either a phy-

sícal or a chemical sense as their elastomeric counterparts but

rnight be antícipated to have more intense surface interactions owing

to the high urethane group concentration. Although such products in

solíd form have been avaílable for many years (and actually preceded

foams and membranes), they have not found much use on the chemical

scene.

At the 1968 neeting of the American Chemical Society, however,

Ivan Saly er(L62) rvas the first to announce the novel preparaËion of

Ëhis material in a nevr porous ("open-pore") forn by ín sÍtu polymeri-

zatíon. BasÍcally, he prepared a polymer by courbiníng at room tempera-

ture organic solutíons of the react.ants, a polyisocyanate (Mondur MR)

and a polyol (LL-475) possessíng its or¿n self-contained tertiary amine

catalyst. Under Ëhese conditions, the first bíts of polymer precipitated

acË as nucleation sites r^rhere continued growth takes place only by

diffusíon Èo the caÈalytic surfaces of the sites. The result,
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open-pore polyurethane (OPP), is an agglomeratíon of tiny spheres

(about I to 5 microns ín diameter) r¿hich eventually gro\Àr to touch one

another and to covalently bond at the poínts of contacÈ. The intervening

space (some 75 to 90 percent of the total volume) is fí1led only with

solvent and unreacted materials, both of which can then be removed to

leave a very porous solÍd. A patent(163) for the use of oPP as cigarette

filters or oil absorbents was issued much later but Salyer also suggested

that this product night be a suitable medium for chromatography.

Ross and Jefferson(164'165), who were colleagues of Salyer at the

Monsanto Research Corporation, pursued this suggestion and tvro years

later reporÈed details of column preparatíon as well as some applications

to gas and liquid chromatography. They listed among the many advantages

of the product its abilíty to be produced in columns of all sizes and

shapes, its strong adherence to the colunn wal1s, high resistance to
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chemical aËËack, chemícally adjustable density, porosity and surface

characËeristics and Ëhe abílity to accept large amounts of liquid

phases either added directly to the reaction mixture or applied by

coatÍng after polymerization. The suggestion r¿as also made that other

functional groups could be eovalently bonded to the polymer by reactíon

of suitable compounds with either isocyanate or hydroxyl groups present

there. SeparaËions of varíous aliphatic and aromatic hydrocarbons by

gas-solíd or gas-liquíd chromatography r¡rere demonsËrated and the separa-

tion of Cu(II), Co(II) and Co(III) heptafluorodimethyloctanedioates by

líquid chromatography was shown. A patent(166) was subsequently obtained

for the ehromatographic uses of OPP.

Salyer et al. (167) later descríbed their earlier infrared and oËher

physical characterization studíes carried out on OPP produced with

various polyols and isocyanates, differing stoichíometries, catalysts,

concentratíons, reaction Ëimes, temperatures and solvent polarities.

The LA-475/Mondur MR product was apparently the most desirable and v¡as

described as beíng highly compressíble wíth consÍderable resiliency.

Alteratíon of the oËher reaction parameters allowed reasonable control

of the partícle size, porosity and density to be achieved. Other possi-

ble applications Ëo filteríng, thermal, sound and shock insulation, or

as binders for fíbers or metal foams were also advocaËed.

Hileman and cor,¡ort"t"(168) similarly described the preparation and

gas chromatographic properties of several LA-475/NC0-10 products of

different densitíes. An optitun range ¡¿as found outside of whích poly-

mers having either ínsufficÍent mechanical strength or restricted flow

were obt.ained. Tests wiÈh various organic solvent and metal trífluoro-
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acetylacetonate separatíons demonstrated that typical gas-solid behaviour

was displayed by the uncoated polymer making separations based on polar-

ity or hydrogen-bonding differences possible. On the other hand, OPP

coaËed ¡,¡íth Carbov¡ax 400 or DC-550 sÍlícone fluíd lost all apparent

polar chracterístics. The authors also commented that if liquid

phases were added which contained hydroxyl or other reacËive moíeties,

columns bearing a bonded liquid phase uright be produced by reaction

with any free Ísocyanate groups remaining.

More recenËIy, Chen, Hess and. Síevers(169) have reported some

improvements to the preparation of OPP columns for gas chromatographic

use. A considerable reductíon in peak tailíng of polar molecules was

said to be achieved when L$-47sh"londur MR OPP ¡vas produced r,¡ith a 2:1

excess of polyol -0H Lo polyísocyanate -NCO groups. In this way, sym-

meÈrical peaks for alcohols or even acids \¡üere saíd to be produced. In

addítion, problems with the very limited thermal stability of the usual

OPP product vrere also said Èo be greatly reduced by the substitutíon

of a new polyol based on bisphenol, Epon 1001 (She11 Cheurical Company),

ín place of LA-475. Column temperatures up to 300'C were then said

to be tolerated ¡¿ithout excessive decomposítion.

The applicatíon of LA-475/Mondur MP. OPP columns to liquÍd chroma-

tography was d.escribed in L974 by Lynn, Rushneck and Cooper(170). The

authors found that stoíchíometries rangíng from 2:I to 1:2 0H/NC0 all

produced useful columns wíth differíng chromatographic properties. The

OPP support \,ras said to provide Ëhe advantage of a very wide dynamic

loading range as r¡ell as a high tolerance to a great many solvents. In

addition, the combÍnatíon of very low back-pressure, good self-support

and excellenË adhesíon to the colunn wa1ls permitted low-pressure use
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wíÈhouË the need for colunn inlet or outlet filters. Thus, injection

directly onto the colusm was possible. The separation of dichloroaniline

isomers vras used as a demonstration of the colu¡un performanee.

A siurilar liquid chromatographíc study by Hansen and Sievers 
(171)

shorËly thereafter showed many comparable results although only two

different OH/NCO ratio polymers were tested. In addition, comparisons

with the permeabilíties of a variety of oËher líquíd chromatographic

packing materials showed OPP to be much superior to al1 of them in spite

of some decreases in perroeability resulting from sr,¡elling in a few so1-

vents. Interestingly, the authors noËed that solvent swelling of Ëhe

polyrner vüas apparently necessary in order to achieve sorption of many

polar materials. A semí-preparative scale separation of phenol and

chlorophenols ¡¿as reported as a demonsËratíon of the high capacities ob-

served, particularly for the polymer containing excess hydroxyl groups.

This was ínterpreted to nean that the excess polyol was actíng as a

bonded stationary phase although perhaps a more reasonable ínterpreÈation

would be that the resulting decreased degree of cross-linking produces a

more permeable polymer with consequently higher statíonary phase utili-

zation.

The unique capabilities of OPP packing to adhere tíghtly to column

r¡a11s and to conpress wiËhout breakíng was used by Cooper and Lynn O72)

to prepare high-effíciency coiled liquid chromatography columns. It

was found Ëhat even though the OPP could be prepared in situ in a coiled

configuration, Èhis was unnecessary in practice since solvent-filled

columns could be bent ¡¡ithout. any loss of separation efficíency. This

is in sharp contrast to the behaviour of other types of coluun packíng
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material which undergo particle crushing and disrupËíon of the packíng

geometry on such treatment.

A detaíled invesËigaËion of the relative capabílities of alumina,

silica gel, bonded phase and OPP columns for Ëhe líquid chromatographic

separation of metal chelates has recently been reported by To11ínche and

Risby(173). Usíng a number of ß-diketonate and ß-ketoamine metal com-

plexes as v¡ell as numerous columns prepared in varíous vrays, the authors

found that a separation of Ëhe acetylacetonates of chromium and Drangan-

ese vras possible on OPP columns only if they had been coated with a

second layer of the polymer. IÈ was concluded that Èhe OPP and OPP-coat-

ed silica gel columns had very poor efficiencíes when compared to the

other types.

Navratil, Sievers and trialton(l74) have also studied the OPP prepared

from LA-475/Mondur MR for the collection and preconcentration of poly-

nuclear aromaËic hydrocarbons (PAHs) from waËer. The six PAHs tested

were said to be effectively removed from solution and quantitatively

recovered into a small volume of methanol. Comparison of the break-

through capacítíes of OPP fornulations havíng 1:1 and 2.2:l 0H/NC0

stoichiometries with those of Amberlíte XAD-2 and Bio Rad AG MP-50 resins

showed t}:,e 2.2:1 OPP polymer to be superior to Èhe others whí1e the 1:1

product eras noÈ. Elution from the OPP columns was also said to be more

rapid than frorn the other sorbents and interferences from humic sub-

sËances also present in r,rater were said to be absent. At the same tíme,

the authors t.ested the solvent resistance and íon-exchange propertj-es of

OPP. The polyurer \,ras found to be resístant to most solvents and dilute

acids but detached itself from the column walls when exposed to bases.
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No appreciable cation exchange capacity was noted but anion exchange

capability of about L2 urilliequivalents per gram was measured.

MosÈ recently, Snith and Navraarr(rZS) h".r. described the use of

LA-475/l'Iondur MR OPP for removing or preconcentrating linear alkylate

sulfonates (f,ASs) from wastev¡aters. The polymer (OH/NCO = 2.2) vas

shor"m to have a high capacity for LASs and to be more effective than

eíther active carbon or Arrberlite XAD-4 resin at removing them from a

synthetícally prepared waste\,rater. The sorbed substances $rere easily

recovered by methanol for either disposal or analysis. Since the up-

take of other organic substances from lrasÈe\.raters qTas found to be

relatívely low, the authors suggested that a separation of LASs from

total organic carbon (TOC) rnight be possíble.

In summary, then, it should be evident Èhat OPP offers many

ínteresting properties for use as a chromatographic support, as a

purifier, and as a preconcentrator prior to analysis. Chromatographic

columns containing OPP have been commercíally available for several

years. However, the apparent low effíciency of OPP compared to oLher

avaílable materials will likely linit its use to preparative applications

or to situations where column cost is preemínent. The wídespread

replacement of existíng treatment methods by OPP columns for Índustrial

puríficatíon processes seems, somehow, unlikely but r¡se in specific

instances on relatively clean feeds may be possible. 0n the other hand,

the use of OPP for preconcentration or sample c1-ean-up prior to analysis

is just beginníng and cannot fail to see more pronounced growth in the

years to come.
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THE_EXTBACTTAN OI, COE4!T FRAM 4(@
TEIACIANATE SAlUlIoNS lll rcIIUBEIEANE_
TAAM

A. INTRODUCTION

1. The Discovery

The observation that cobalt could be extracted from aqueous thio-

cyanate solutions by polyurethane foam was made in a typically accidental

fashíon on June 16, 1976. Prior to that time, a great deal of well-planned

effort had been expended to produce from prepolyrner a chemically nodified

polyurethane foam bearing covalently aÈtached complexíng groups. rt

was hoped that this product míght be useful in the extraction separation

of rhodir:m and íridium but íÈ was also tesËed on a number of other uetals

t¿hích r,rere known to be effÍciently bound by the parent complexing agent.

hrhen it r¡as díscovered that the polymer almost immediately developed a

very appealing brílliant blue-green colour when brought in contact with

aqueous a¡omonium thiocyanate solut.íons of cobalt(ff), thís was at fírst

taken to signífy the success of the complexing agent-bearíng foam prepara-

tíon. However, when it l¡as then noËed that a blank foam piece containíng

no such complexant yielded the same result, ít was apparent that a new

phenomenon was at hand.

Some quick Èests trere immediately made on a number of polyureËhane

foam types at hand and these showed Ëhat the sorptíon process was applic-
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able to almost all of them. A1so, preliminary measurements shortly

thereafter indicated that cobalt qras removed from solution both rapidly

and almosË quantítatively to produce the blue-green colour on polyure-

thane in proportion to the cobalt removed.

Since the cobalt-thiocyanate sorption process seemed to offer much

promise in a number of potent.ial applícations and sínce no reports had

hitherto appeared ín the líterature, a najor and careful investigatíon

of the phenomenon r¡ras launched at that time. The sínilar observations

of others G9-51) subsequently appeared some one to Èwo years later but

did not discuss the topíc very Ëhoroughly. rn partícular, no systematic

sËudies to try to elucidate the probable mechanism of this striking

process \^rere reported as we will be doing here. A portion of Èhis work

(most of r¿hích ís referred to as "prelíminary experíments" in the text

following) has been presented at Ëhe second joinÈ conference of the

Chemical Institute of Canada and Èhe Auerican Cheuical SocieËy held in

MonÈrea1, l{ay 29 to June 2, L977.

Before beginning Èo present the results of our experiuents, some

background ínformation on the cherristríes of the two major consËítuents

-cobalt and thiocyanate ion- will be offered as well as a bríef discus-

síon of possible extraction mechanisms to be considered.
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2. The Chernistr_y of the Thiocyanate - (rzo )ron

Since the thiocyanat,e ion, SCN-, plays an important role in the

sorption of cobalt by polyurethane foam, we will consider some aspects

of its solution chemist.ry whích are pertinent to understanding its

behavíour ín this capacity.

a. Occurrence and Preparatíon

Both organic and ínorganic thiocyanates are quite wídespread in

nature, occurríng as flavour volaËíles in a varíety of plant products

(e.g. mustard oils) and as a normal constítuent of many animal body

fluids (salíva, blood, urine and gastric juices).

Ioníc thiocyanates may be prepared quíte readily through the

reaction between Èhe cyanide ion and sulfur in some forn (e.g. S, and

a nuuiber of other sulfur compounds):

CN- + S +SCN- (1)

In the case

wíth sulfur

species such

ner:

of

is

as

KCN as a starting material,

both rapid and quantiÈatíve.

the thiosulfate íon, ïZO'Z-,

for instance, the reaction

Other sulfur-containing

also react ín a sÍmilar man-

cN- + srozr- + scN- + so3- (2)

and this reacËion has, in fact, been used in detoxifícation Ëreatment in
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cases of cyanide poisoning. On an industrial scale, however, techníca1

grades of thiocyanate are produced chlefly as a by-product from coke-oven

flue gases (as the source of sulfur) while the higher purity material

comes in the form of the amnonium salt vía the reaction beËween carbon

disulfíde and ammonia at elevated temperature and pressure:

CS2 + 2NHr_+ NH4SCN + H2S (3)

b. Strueture

The thiocyanate ion is linear and has two

the negative charge at either end of the ion.

íbriun with one another and are represented ín

resonance structures:

: S-C=N:

tautomeric forms bearing

These forms are in equil-

terms of the Ëhree major

with the first two, of course, making major conËríbutíons Ëo Èhe overall

electronic structure' The ion which formally bears a negatíve charge on

Ëhe sulfur aton has been given the name "thiocyanate" (although this name

ís also used rn¡hen no structural inplicatíons are íntended) v,rhíle the

isomeríc form carrying iË on the níËrogen aËom is gíven the special name

of rrisothíocyanaÈe't. In Íts compound.s and complexes or even in solution,

the actual fornal placement of the charge in the ion depends upon Ëhe

chemical envíronment in whÍch ít finds itself and Èhus ít possesses

an rrambident" characËer. ThÍs abílity to bind to other species either
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through its sulfur or nitrogen atoms (or, ín faet, Èo

some complexes) makes SCN- a parËicularly good ligand

metal ions.

act as

for a

a bridge in

number of

The thiocyanate ion has characteristic sÈretching frequencies in

the infrared(l77) at 2040-2050 crn-l (ua-*) and 740-750 cur-i (ur-r) and

intense electronic absorptions at 220-240 nm (e ' 103 mol-I L cm-l) with

a much weaker band at 340 nrn.

c. ReacËions of Ëhe Thiocyanate Ion

Along with CN-, *], SeCN- and TeCN-, the thiocyanate ion has been

termed a "pseudohalide" by vírtue of its sirnilarity in both chernícal

and physical properties Èo the halides. Thiocyanate ís in many T^rays

most similar to iodide in behavÍour. I^Ie will outlíne some of its rrore

important chemical reactions.

1) Protonation

In sufficiently acidic solutions, the ËhiocyanaËe ion forms

eíther of tv¡o conjugate acids; thiocyanic acid (lt-S-C=n) or isothíocyanic

acíd (H-N=C=S). The H-N=C=S form normally predominaËes and has been

variously assígned pK. values rangíng anywhere from 1.0 to -2.0, In

very acidic solutions, some possibility also exists of a second protona-

tíon to gÍve HNCSH+.

Thiocyanic (or isothiocyanic) acid is a colourless gas at room

temperature or a v¡hite solíd at -110oC. Through hydrogen bonding, iL is

knorvn to form addition compounds with many organíc solvents such as ethers

and alcohol-s (e.9. HNCS.0(C2H5), and HNCS'2CH3OH). Dí1ute aqueous solu-

Èions of the acid are fairly stable when kepË cold; however, they are
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subject to decomposition by hydrolysis and/or polymerízation at hígher

teuperatures and concentrations to yield yellow then orange-red solutíons.

These modes of decomposiËion have been studied quite thoroughly and will

be díscussed next.

2) Hydrolysis and PolymerizaÈion

Owíng to the formation of isothiocyanic acid, the thíocyanate ion

ís unsËable in mineral acid solutíons. The reaction pathway of decourpo-

sÍtion depends both on the solution acidiËy and on the thiocyanaËe con-

centratíon. At high acidity and low Èhiocyanat.e concentration, the

hydrolysis reaction predominates:

tl+ + ttucs + zl2o--.* H2s + co2 * *l

On the other hand, lower acidíty and higher thiocyanaËe concentratíons

favour the polynerization reaction r¿hich leads (anong other things) to

the forrnation of yellow isoperthiocyanic acid, (scN) z.Hzs, with the

elimination of hydrocyanic acíd:

\-azN:--a -M2
3HNCS 

-+ 
HCN + lts_s

isoperthiocyanic acid

other símilar products of the same basic structure but replacing c=s

with CClr, CBro or C=O groups may be obtained r¡nder specific condiËions.¿¿
Also, a varíety of rnixed polymers may occur in the presence of some other

substances (such as ísonitríles).
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3) Oxidacion of SCN-

The thiocyanaÈe ion ís sensítíve to attack by a number of coîmon

oxidanËs. In general, the products of reaction are sulfate and either

cyanide or cyanate ions, dependíng on the solution pH. Sulfur dícyanide,

S(CN)., is also a produet in some cases. The ínternedíate formation ofz

thiocyanogen (N=C-S-S-C=N) has been suggested to occur in most insËances.

Hydrogen peroxide, for example, destroys the thiocyanate ion by the

reaction:

4HZo2 + SCN- --> HSO; + HOCN + 3H2O

HOCN + 2[ro+rurf + nco;

and ít ís speeded up by the presence of heat or light

of the SCN radical, an intermedíaËe Ín the reactíon.

CrO2O-, also oxidízes SCN- ín acídic sol-ution accordíng

due to the formation

Chroniun(VI), as

to the relation:

Either nitrÍc or áitrons acíds are also quíte effective ín oxidizing

SCN- by a rather involved mechanism buË again to produce sulfate, cyanide

and sulfur dicyanide. Iodine, on the other hand, yields only sulfate and

íodíne cyanide, ICN, as produets.

A number of oxidatíons by uetal ions have also been studied. Anong

these, the bleaching of the FeSCN2* ion due to oxidaËion of SCN- by Fe(III)

ís well kno¡.¡n. The net reaction for this process is:

6re3* + scN- + 4lzo 
-- 

6Fe2* + sol- + HcN + 7H+ (8)
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6lt+ + zncrof, + scN-+2çr3* + soî- + cN- + 4H2o (e)

In addítion, a nunber of Co(TII) complexes have been observed Ëo oxidize

thiocyanaËe sponËaneously to yield thíocyanogen and its polyneric products

aecording to:

2Co(III) + 2SCN- +2Co(II) + (SCN) (rO¡
L

Thus, cobalt(III) complexes are somewhaË less likely to occur in solution

in the presence of thíocyanate lígands.

4) Coordination with Meta1 lons

The Èhiocyanate Íon can coordínate with a wide varieËy of neÈa1

ions and at least one homogeneous complex (i.e. containing only SCN- lig-

ands) has been isolated for each of the 30 elements in the d-block of the

periodic table, most of Èhe p-block, all of the lanthanides (except

Pn(III) and Lu(III)) and mâny others, as well. Coordination numbers of

L, 2, 3, 4, 6 and 8 are all represented among these. In addition, a

very large number of níxed complexes with a host of other ligands are

also known to exisË.

As already mentioned, thíocyanate exhibits linkage isomerisn (i.e.

ít can coordínaLe efther through the sulfur atom to gÍve thiocyanate

complexes, through the nítrogen atom to give isothiocyanates or can

even act as a brídge between two dífferent or similar metal atorns).

Whích of these modes Ís actually adopted depends on a large number of

factors íncluding the elecËronic configurat.ion and size of the metal ion,
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the solvent, Ëhe presence of other ligands accompanying counterions,

crystal laÈtice requirenents and even pressure. consequently, the

determination of v¡hich geometry is assumed ín the large number of knornm

thiocyanate complexes has occupíed the attentions of many researchers
(171, 178-89)' using x-ray diffractíon, ínfrared, Raman, NMR, electronic

spectra and a variety of other techniques. It is found that all of the

first transítion series, the lanthanides, the âctinides and the first half

of the second and third transition series prefer N-coordínation in homogen-

ous complexes whereas at Rh(III) and Ir(III) a reversal to prefer S-bonded

complexes occurs. These preference trends follow the predictíons of the

theory of Hard and soft Acíds and Bases proposed by pearson(190-91) in

which the N and S ends of the thiocyanate ligand are regarded as being
tthardtt and ttsofttt bases, respectively.

A variety of coordinaÈíon geometries including octahedral, tetrahed-

ral, square planar and distortions of these are exhÍbited by the homogene-

ous complexes. Of special interest to us, of couïse, is Èhe tetraisothio-

cyanaro complex r¿ith cobalt(rr), co(NCS)f,-, wini.cin has been determined to

be tetrahedral in shape. Both thiocyanate and isothiocyanate complexes

wiËh a metal, M, are generally non-linear with the M-N-c or M-s-c angle

ranging from jusÈ over 90o to nearly 1g0".

d. 4ælvgts of ICN-

Thioeyanate ion is deternined generally either by conversion to

difficultly soluble and/or coloured complexes (e. g. AgscN) or through

oxídatÍon of scN- followed by analysís of the products or measurement

of the dísappearance of ïeactants. There are a large number of examples
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of each type of method; however, of most interest to us are only those

colorimetríc procedures based on the tetraísothíocyanato complex of

cobalt(Il) which have been used both for the detection of SCN- and of

Co(II) for some time.

For thiocyanate deËecÈíon, a number of simple spot tests have been

reported. Although the characteristíc blue colour had undoubËedly been

observed before thís tirne, in 1930 Kolthoff(fgz) described perhaps Ëhe

first such test for SCN- naking use of the fact that L% cobalt (II) sul-

fate would produce a complex with SCN- r,rhich gave a blue-green colour

with 40-50% aqueous acetone. A more sensitíve spot test method was later

described by Martini(193) using Co(II), liquid vaseline arrð, L% acridine

in 3M HNO3 Ëo form characteristic clumps of crystals ¡¿íth SCN-. Zlrrivo-

pi"r""lr(194) and Zharovs'kií(195) also derecred scN- by forrnarion and

extraction into chloroform of the blue Co(SCN)f- corrnlex in acid soluËion

in the presence of diantipyrylnethane. Later, Hashi et al. (196)

descríbed a detecËion method based on spraying a tesË stríp suspected of

containing SCN- wÍth Co(II) sulfate then adding a few drops of acetone

to the etrip. If the blue colour in acetone dísappeared in the presence

of NHr, thÍs was taken as positíve identífication. A method of quanti-

tation was also developed by Senise and Perri"r(I97) urho treated Ëhe sam-

ple with Co(II) perchlorate and perchloric acid and then measured the

formation of the Co(SCN)+ ion at 273 nm. Many more methods developed

prinarily for cobalt deternination should also be applicable, ín

principle, Èo the analysis of thiocyanate and some of these will be

mentioned later.
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e. Pr.gper.qi"s_ and Uses

The thíocyanate ion and its salts possess several unique proper-

ties which have made them of some use in a number of different fields.

For example, prants, algae, fungi and some maríne life have a very row

tolerance to many thiocyanates whereas they are of quite low toxiciËy to

man and most anímals (which, in facË, shun the tasËe of it). These

facts render thiocyanate partícularly useful in agriculture as a herb-

icide, defolíant, soil sterilizer, fungicide and ínsecticide. Also, the

inËeresting property of acrylíc pol-ymers of being readily soluble in

concentraÈed but not dílute aqueous Ëhíocyanate solutions results ín their

use ín the textile industry for the spínning of acrylic fibers. Thio-

cyânates have also been found to improve the upÈake of dyes by various

fibers and also to render the product more colourfast. rn the photo-

graphic industry, as well, thiocyanates are used as stabilizers which

retard fadíng and aging processes. rn addition, the property of strong

adsorption to metal surfaces has invited a number of applications ín

the fíe1d of corrosion Ínhibition and in ímproving performance in electrol-

ysis and electroplaËíng.

Of some interest is also the ability of thíocyanate to serve as a

starting point for the synthesís of thiourea and many heterocyclic com-

pounds. However, of prÍme importanee to the majority of chemísts ís the

conbined abilíty of thíocyanate salts to be highly soluble in both aque-

ous and nany organic solvents as r¿ell as forming complexes having similar

solubility characterísËics with a wide variety of metal ions. As a

result' many liquid-liquid extraction and ion exehange sep-

aratíonal methods have been developed based on these complexes. It has



_8 3_

generally been found that the relative extractabiliËies of these are

sensitívely dependent on many parameters íncluding the meÈa1 and thio-

cyanate concentrations, the solvents used, the pH and temperature. Thus,

slíght dífferences beÈr¿een two metals ín solutíon can be nagnified by

proper choíce of extraction condítions to al1or¿ a good separaËíon to be

achíeved. A very good review of the solvent exÈraction methods based

on Ëhe use of thiocyanate has been published by Sultano',r"(198) and a less

complete treaËment for ion exchange by Singh and Tandon(199).

Irie r"lí11 nornr consider the general chemisËry of cobalt with some

emphasís on íts formation of complexes with the thiocyanate ligand.
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cobalt (2oo-203)

a. Occurrence

Cobalt (atonic nurnber 27; atomic weighË 58.9332) is a bluish-white

transition metal which r,¡as firsÈ recognized and isolated ín about 1735

by Brandt. The element makes up only O.O0L7" of the earthrs crust and is

found in rocks, soils and ocean nodules. Cobalt ore is almost always found

in assocíation wÍth those of other elements, especíally Ni and As. Thus,

more Ëhan 200 minerals contaín cobalt and it is consequently a by-producË

of the extraction of many metals (e.g. Cu, Ni, As, Fe, l'{n and Ag). Cobalt

ore is usually of a very low concentration and so must be treated by any of

a number of concentration processes in order to be made suítable for metal

extractíon. The exact treatment required varies considerably according

to the type of ore used. Thus, cobalt is chiefly a coproduct of Ni mín-

íng in Canada, of copper ín Zaíre and of iron pyrite in Germany and

each requires a separaËe concentraËion procedure. Although stíl1 essen-

tially untouched, future recovery may be made from manganese-rich nodules

contaíníng Co, Ni and Cu found on plateaus some 10,000 feet deep in Ëhe

ocean.

b. Sggpglqlgg. and Uses

Cobalt itself is a bríttle, hard metal with a very high rnelting

point (1495'C), closely resembling both iron and nickel in appearance.

The only naturally-occurring stable isotope is 59Co. However, in 1937,

59Co ras first converted to 60Co and 60tco by neutron irradiatíon. Both

ísomers decay to a non-radioactive isotope of níckel, 6oNi, by emission

of ß- and y-rays. 60Co ltr- = 5.26 years) has numerous uses as a concen-
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trated source of y rays. Applications have developed, for example, in

radiaÈion chemistry research, radíography, cancer radíation therapy and

various manufacturing process control devíces.

The metal in íts compacÈ staÈe is neither attacked by oxygen nor

by waËer at temperatures belor¡ about 300"C. Above this, however, it is

oxidízed in air and fínely divíded Co is actually pyrophoric. The

metal is readily dissolved by sulfuric, hydrochloric and nítric acids

and more slowly by hydrofluoric acid to form cobaltous (Co(IT)) salts

(Co * Co2+ + 2e-; Eo = *0.277 V). Cobalt also forns a nitrite after

slowly dissolving in amnonium hydroxide and forms halides vrhen combined

wiÈh halogens. Cobalt wíI1 combine with most non-metals when heated

or molten.

Cobalt is used in the production of numerous alloys, among them

being superalloys, high temperature alloys, hard-facíng materials, dental

prostheses, osteosyntheses and tube-filament a11oys. A1so, in several

ancient cívilízations, the characterístíc blue colours of its salts were

used frequently ín the colouring of. gLazes and glasses.

Since Co is ferrouagnetic, it is also used ín a wide variety of

mâgnetic nateríals such as steels for permanent and soft magnets, the

A1nícos (41, Ní and Co) and ferrítes. The fact that cobalt has the

highest Curie Temperature (1121"C) roakes iÈ partícularly Ímportant in

high-ternperaËure magneÈÍc applicatíons.

In biological systems cobal-t is conrmonly found as derivatives of

vitamin B' which serve as coenzymes for the oxídatíon of fatty acids.

The absence of these coenz¡¡mes in sufficient quantities leads Èo

pernicious anemía.
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Cobalt has a valency of. *2 or *3. The bivalent foru is the stable

state for the simple íon r¿hen it is coordinated to !,rater ligands only

sínce it is not subject to appreciable hydrolysis in aqueous soluËions

and the oxid.ation to Co(III) ís very unfavourable (Co(nrO¡â* * r"(H2O)å*

* e-; E" = -1.84 V). The Co2* ion in the eomplex state, however, is

unstable and may be readily oxíd.ized to Co3* by ordinary oxidants (e.g.

Co(NHr)'U* * ro(NH3)å* *.-; Eo = -g.1 V). Tetravalenr Co exisrs only

in fluoride complexes and in a series of binuclear peroxo compounds.

Co(I) is equally uncommon.

c. _EÞpf" _Co*po*¿"-

Cobalt(II) forms a large number of sirnple cornpounds and hydrated

salts; however, simple cobaltic (Co(III)) salts are confined to oxides,

sulfides, sulfates, fluorides and acetates. Although only some of the

more courmon ones are listed here, cobalt(II) forms hydrated salts with

all com'non anions. So far as Ís knoron, all such hydrated salts are red

or pínk and contaín octahedrally coordinated Co(II) r,lith Co(HrO)f+ U.ing

present in many of them.

1) Acetates

Both cobaltous acetate, Co(CrHroZ)2, and cobalËíc aceËate, Co(C2H302)3,

are known. The Co(II) compound is easí1y soluble in r+ater and forms

monoclinic red-violet deliquescent crystals in both the anhydrous and

tetrahydrate condítíon. The Co(III) salt forms green octahedral crystals

and is readily hydrated Ín hot and cold rdater.

2) CarbonaËes

Cobaltous carbonater CoCO' occurs naturally ín almost pure form as

sphaeroeobaltite. Its solubílíty in waÈer is quite 1ow. CobalÈic carb-
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onate can be obtained as a green solution by oxídj-zíng a cobaltous salt

in the presence of sodium bicarbonate.

3) Carbonyls

Cobalt tetracarbonyl, Co2(C0)g, i" obtaíned as orange crystals r¿hich

deeompose above 51oC. Decomposition between 52-60oC gives black crystals

of cobalt tricarbonVl CoO(C0)fZ. Both carbonyls are readily oxÍdized ín

air, insoluble in water but soluble in benzene and have very low vapour

pressures.

4) Halides

Anhydrous compounds of Co(II) with each of the halides are known.

All have structures ín which the Co(lI) ion is ocËahedrally coordínated.

Only the fluoríde of Co(III) has been produced, though.

Cobaltous bron:ide t CoBr, can be prepared as a green anhydrous salt

and as a red hexahydraÈe. Both are readily soluble in water and many

organic solvents.

Cobalt(II) chloride is formed readily by dissolving the metal, oxide,

hydroxide or carbonate ín HCl. Evaporation of the solutíon gives the

pínk hexahydrate, CoCLr'6H2O. Dehydration gíves the blue anhydrous salt.

Ihe hexahydrate forms monocliníc crystals in which each Co atom is sur-

rounded by four rüaÈer molecules at the corners of a distorted square and

by two chlorine atoms to form a distort.ed octahedron. The other turo v¡ater

molecules are noË directly bonded to cobalt..

Cobaltous chloride is readily soluble in r^7ater and a number of organ-

ic solvents. The remarkable colour changes of the salEs are puË to many
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uses. The pink colour of cobaltous chloride is favored by such factors

as dÍlution, use of water as the solvent, absence of other salts such as

those of the alkali metals and by 1ow tenperature. the blue form is

favored by the opposite condítions. This phenouenon has been used in

hunídity and moisture indicators, tempeÌature linit indicators in grind-

ing pasÈes, eËc.

Cobaltous fluoride, CoF, is only noderately soluble in water r,¡hile

Ëhe corresponding co(rrr) salt exisËs in both hydrated and anhydrous

states.

Cobaltous iodide, CoIr, girzes a pink solution when dissolved in water.

However, on sublimation, the cor, condenses partly as the yellow beta

modificatíon gívj.ng a colourless aqueous solutíon.

5) Hydroxides

I{hen an alkali metal hydroxide is added to a solution of a cobaltous

sa1t, cobalt hydroxíde, Co(OH) 2, ít formed. The compound may appear

blue, green or red depending on the conditÍons of formatíon but only the

pink form is permanently stable. Cobalt(II) hydroxide has a very 1ow

solubility (K = 2.5 x t0-i6) but is amphoreric, dissolvíng in alkalis'sp
to form blue solutíons of Co(OH)l- ions. Co(OII), is oxidized slowly by

aír and rapidly by strong oxidÍ-zing agents to a hydraÈed form of cobal-t-

íc oxide t CorOr'HrO. Because it has a high cobalt content, excellent

storage stabilÍty and good hædIing properties, this ís a convenient

source for driers used in the paÍnt indusËry.

6) Nítrates

trlhen aqueous cobaltous nitrate is evaporated it yields red erystals

the hexahydrate, Co(NOr)r'6H2O. ThÍ-s compor¡nd is very hygroscopic and

readily soluble in many organic solvents. Cobaltíc nit.rate is unstable

of

as
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and knor^m only in solution.

7) Oxalates

Cobalt(II) oxal-ate, CoCTOO'4H2O, is readily soluble in aqueous anmon-

ia vrhíle almost insoluble ín water. rt is used in the preparatíon of

catalysts.

8) Oxides

Cobalt has three well-known oxídes; cobaltous oxide, CoO, cobaltic

oxide, Cor0r, and cobaltosic oxide, Co3O4. The cobalt oxides readily

foru solid solutions with one another and CoO reacts or forms a solutíon

with numerous metals such as aluminum, tin, chromium and vanadium. rt

seems that cor03 roay also exist only in a hydraÈed form whereas coroO

absorbs hrater but no defínite hydrate has been ídentified.

9) Phosphates

CobalÈous phosphates are produced by heaCing cobaltous carbonate

or hydroxide r¡ith phosphoric acíd or alkaline phosphates to give

anhydrous cor(r0O)r. The ocËahydrare Cor(po4) 2.BHZ} is precipitared

when aqueous solutions of cobalt(rr) chloride and potassium hydrogen

phosphate are mixed.

10) Sulfates

A pink heptahydrate, cosO4'7H2o, crystallizes from an aqueous solutíon

r¿hen cobalË oxide, hydroxide or carbonate is dissolved in dílute sulfuric

acid. This heptahydraLe is found in nature as the mineral bieberite.

OxidaËíon of a solutíon of cobaltous sulfate ín dílute sulfurÍc acid

yields hydrated cobalÈic sulfate, Co2(SO4)3'18H20. The solurion is sÈab1e

ín dilute sulfuríc acid but on addition of rirater it changes to cobaltous

sulfate.
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NaOH added to cobal-tous sulfaËe precipitates a basíc blue salt,

CoSO,.'5Co(0H).'xH.O. This is stable in its mother liquor or pure vrater4¿¿

but ín the presence of NaOH the precípítated basic salt turns to pink

cobaltous hydroxide.

11) Sulfides

Cobalt combines with sulfur to form ordínary cobaltous sulfide, CoS,

two other cobaltous compoundsr CoS, and CorSO, and a cobaltic compound,

Co,S.. The black precípitate l¡hich first forrus on the addition of su1-¿J

fide ions or H.S to cobalt(II) solutíons is usually taken to be CoS
z

(t<^- = l.0-2\. However, after sÈorage for a short ¡¿hile, this oxidizes
SP

ín air Èo gíve the much less soluble Co(OH)S.

g. Color Changes of Cobalt
_9smpgslge

The colour phenomena of cobaltous salts both in the solid state

and in solution have long been remarked on and studied. For example,

aqueous solutíons of cobalt chloride may be pínk, red or blue depending

on temperature, concentratíon and the presence of other ions. Red is

favored by low temperature, dilution and Èhe absence of alkali chlorides

while blue ís favored by the opposiËe conditÍons. Chlorides of zínc and

nercury have been noÈed to change the blue of cobaltous chloride in aI-

cohol to red.

ConcentraÈed solutions in some organíc solvents, líke ethyl alcohol,

are blue, but dilution Lr:ith r^rater yields Èhe red form. Also, ín the

solíd staÈe, cobaltous chloride hexahydrate ís pink while the anhydrous

salt is b1ue. The blue ís much more intense Èhan the red (by about an

order of nagnitude) and can often mask the latter form.

Many hypotheses for these changes have been advanced but none is
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completely satisfactory. Some of these theories include changes due to

hydratíon or solvatíon, the state of coordination of the eobalt atoms

(whether octahedral or tetrahedral), the presence of specific complexes

and the ioníc state of the íon. However, there seem to be a fer^r excep-

tíons for every rule proposed, although the oct.ahedral/tetrahedral co-

ordinat,íon change is most wídely held to be the chief cause.

e. _Qgrplg¡e". of Co(II), d7

The Co(II) complexes are very numerous. Most have a basícally

octahedral or tetrahedral structure with an orange-pínk or blue-violet

colour (but a few square planar ones are also known). The compounds of

Co(II) tend to reacË rapídly, reaching equilibrium in the time of measure-

ment. Cobalt(II) is the only d7 ion of corrmon occurrence and, as such,

forms tetrahedral.complexes more readily than does any other transítion

metal ion. In fact, octahedral and tetrahedral cornplexes are so nearly

equal in energy in some cases that both geometries can be found in equil-

ibrium with one another. A few import.ant examples of Co(II) couplexes

are gíven below:

1) Complex halídes

The halogen complexes of cobalt , Cox?O- (X = F, Cl, Br, I), are all

tetrahedral ín strucÈure. They are readily prepared by evaporatÍon of

aqueous solutíons containíng stoichiometric proportions of the alkali

metal and cobalË(II) chlorides. Lrhen prepared Ín aqueous solution, the

salËs are sometimes isolated as hydratesr e.g. (NH4)rCoCLO'2H2O.

2) Conplex thíocyanates and isothiocyanaËes

Cobalt(II) forms several complexes rríth thiocyanate. Since these

are of consíderable ímportance to us, we will discuss then ín some extra
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detail.

The stepwise replacement of water molecules Ín Co(H2O)fr+ tV SCU-

ligands leads to a series of cationíc, neutral and aníonic complexes in

solutíon of rhe form co(nro¡.(scN)fr-b. This series (along wirh rhe ha1-

ides, whích they closely resemble) has actually been studied over quite

some time but wÍth resulËs which often seemed to be discordant. The

solution chemistry has been investigated by spectrophotometric(204-8)

ínfrared(181-83' 186 ' 209), magnetic(210-11) and varíous electrochemical
(1BB' 2L3-r4) neans in an effort to identify the specíes involved and to

measure their stabilíty constants. Varying degrees of success have been

achieved by each of these techniques but taken together they have pre-

sented an acceptable pícture.

By spectrophotometríc means, it was concluded QO4) long ago that the

progression from low Èo high thiocyanate concentration produced, sequen-

rially, rhe ions co(HrÐl+, co(H2o)5(scN)+, co(H2o)r{scN)+ and finally

Co(SCN)7r- t" aqueous solution. Here, a change from octahedral 6-coordín-

ate to tetrahedral 4-coordinate symmetry was interpreted to take place

some¡¿here at the point of introductíon of only one thiocyanate ligand

and was said to coincíde wíth the switch from pink to blue soluËion colours.

Later, such measurements Ín aqueous sorution by others(208' 215) demonstrat-

ed the exíst.ence of other thiocyanate-containing species (with from 1 to 4

thiocyanates) and concluded rather that Ëhe change in coordínatíon geometry

occurs with two or more SCN- lígands in the conplex. Sírnilar spectropho-

tometric studies in non-aqueous and. mixed solvents(205-8' 2I5)

showed that the formation of cornplexes containíng larger numbers (up to 4)

of thiocyanate ligands was greatly favoured in all organic solvents and
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thaE the Co(SCN)20- i"" I¡ras reasonably soluble in a number of these. In-

fared, magnetic, electrochemícaI and other physícal measurements have

generally confirmed these observatíons with some further disagreenents

as to the number of thíocyanate lígands required to achieve tetrahedral

coordination (one study suggested that three is actually the minimum num-

ber). From thís, it appears likely Èhat the formation of the various

thiocyanate complexes depends quite sensitively on uany soluÈion para-

meËers íncluding the solvenË chosen, temperature, ligand ,concentration

and even the ionic strength and this is evidently a consequence of the

very similar energies of a number of octahedral and corresponding tetra-

hedral complexes. However, all meËhods nor¡r appear t.o concur that com-

plexes containing from one to four thiocyanate lÍgands exj-st in equilibri-

um r,,rith one another buË that penta- or hexathiocyanato specíes are not

commonly formed.

A further complicatíon comes from the fact that the thiocyanate

ligand (SCN-) is arnbidentate - being able to coordinate to metal íons

either through the sulfur or nitrogen atoms (or both as a bridge in a

few complexes). tr{here the structure is known exactly, those complexes

which are bonded Èhrough Ëhe s aËom are those correctly termed "Ëhio-

cyanates" r¿hereas those joined to Èhe metal through the N atom have been

given the name r'ísothiocyanaËes". Consíderable academic interesË has

arisen out of a desire to dístinguish one from the other and thís has

included the complexes of cobalt. It has been found chíefly by infrared
(181-84' 186 ' 209) and to a lesser extent by specÈophotometric(179)

studíes that cobalt bonds chíefly to the N atom of scN- (partic-

ularly where Hro and scN- are the only ligands) and thus gives rise to a
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series of isothíocyanates. However, ít is also possible to prepare thio-

cyanate complexes of cobalt as well in certain cases.

The x-ray crystal structures of several thiocyanate complexes have

been derermined including that of rhe co(NCS)fr- connlex(185) r^rhich has

been shown to be tetrahedral wíÈh a co-N-c bond angle of approxímately

120o. In preparation, the alkali metal salts crystallize as hydrates

(e. g. K, ICo (NcS) 
OJ.4uro and Na, ICo (NCS) 

O 
ì . auro) r¡hich gíve blue solurions

in mâny organic solvenËs but turn pínk on decomposition in dilute aqueous

soluÈion.

3) Complex cyanide

The additíon of KCN to a Co(II) solution produces a dark green

colour from ¡¿hich the purple solid, Kzcoz(cN)fo, can be precipitared.

The solid has been shown to conrain rhe (NC)rCo-Co(CN)!- ion. The

green solution has been shown to react slowly with water Ín the folIow-

íng manner: 2Co(cN)!- + Hro Í co(cN)5Ht- * co(CN)5oH3-.

4) Complex nitrates

TetranitraËocobaltates(II) are formed by reaction of Co(II) salts

r^rith tetrameËhylañmonium nÍtrate in nítromethane or with nethyltriphenyl-

arsonium íodide and silver nitrate in acetonitrile.

5) Complexes with oxygen and sulphur ligands

Cobalt(II) salts form a large number of complexes rn¡ith alcohols,

thÍoa1cohols, eËhers, ketones and various Ëhío compounds. The stereo-

chemistry of the complex frequently varíes with only m'ínor changes in

the ligands.

6) Complexes with nitrogen, phosphorus
and arseníc ligands

The Co(II) halídes and other simple salts form a large number of
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complexes with lÍgands having these donor atons. Conplexes can usually

be prepared by dírect reacÈíon of aqueous or ethanolíc solutíons of the

cobalt salË with the ligand. The complexes are generally of the Ëype

CoXrL, CoXrL, and CoXTLO (where X = unívalent anion and L = ligand).

NiÈrogen donors form the largest number of complexes of thís group.

7) CaËionic complexes

The pink hexa-aquo ion, Co(nrÐl+, is present in the crystal struc-

rures of co(c104) 2'6H2o' co(Nor) 2'6H2o' cosor.6Hr0 and coso*'7H2o. fr
ís also present ín aqueous solutíons of Co(II) salts of non-complexing

anions together with surall amounts of the terrahedral Co(HZO)rt+ .-on.

Solutions of the hexa-aquo ion are largely acÍdic: the carbonate,

CoCOr, is precipítated by a1kali metal carbonate solutions as long as

a pressure of C0, is maintained over the solution.

f . _Qonpfexeg. of Cobalt(flf), a0

The coordination compounds of Co(III) are numerous and have a great

variety Ín both nature and behaviour. They are diverse in coordínation

number, geometric structure and stabilíty and in many aspects of their

chemistry. To date, however, all known discrete Co(III) complexes

have been found Èo be octahedral.

The ímportant donor atoms (in order of decreasíng tendancy to com-

plex) are nitrogen, carbon (in the cyanides), oxygen, sulfur and the

halogens. I,Ie will concerrr ourselves only with Èhe first fe¡¿ here.

1) Complex A¡mines

Historically, the ammines of cobalt(III) have dominaÈed the chemis-

try of cobalt complexes and their ínfluence on Èhe enÈÍre field of
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chemistry has been substanËial. The parent of many cobaltauunines is the

hexamrinecobalt(III) ion, Co(NHr)å*, t" rvhich síx ammonia molecules are

bonded to the cenÈral eo atom. I^Ihen excess ammonia is added to a cobalt

salt and exposed to air, oxidation results and brown solutions occur

which .become pínk on boiling. These solutions coriËain complex cobalt-

ammínes e.g. [co(NHr)6]c13, fco(NHr)rcl]c12, and [co(wHr)5H20]c13.

In theír reacËions the cobaltaurnínes are inert, i.e. their reactions

¡¿ith other lígands are slow - taking hours, days or weeks to reach equil-

ibrium. The mosË inportant substitution reaction ís that of aquation

(e. g. co (NHr) ,x2+ + nro Ì co (NHr) , (uro¡ 3+ + x-) .

The chelates with salicylaldehyde (or its derivatives) and diamines

of the type of ethylenediamíne have very interesting oxygen-carrying

propertÍes. For example, some of these compounds absorb and release

oxygen so readily Ëhat they have been used in oxygen purificatíon and have

even been proposed for its production.

2) Complex Cyanides

If KCN is added to a soluÈion of a cobalt salt, red-brorm cobaltous

cyaníde, Co(CN) 2'3HZO 
precipitates. However, íf excess cyaníde is added,

thís redissolves fonning a red solution of potassíum cobaltocyanide

(potassium hexacyanocobaltater KOCo(CN)U¡. A líttl-e HCI or acetic acid

added to Ëhis solution v¡hich is then boiled in the presence of oxygen

causes oxidation forming potassium cobalticyanider KrCo(Ctl)U, as yellow

crystals. The Co(CN)f- ion is ínert Èo atÈack by chlorine, hydrogen

peroxide, alkalís and hydrochloric acid. Concentrated sulphuric acid,

however, líberaËes CO.
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3) Carbonato Complexes

There are a J-arge number of carbonato complexes of the substítuted

cobaltammíne type. some ínvorve the unidentate carbonate ion (e.g.

Co(NHr)5(CO3)+) r,¡hile others contain the bidenËare íon (such as

Co(NHr)O(CO3)+). Many dífferent formulas have been proposed for rhe

host of anionic carbonate complexes.

4) Carboxylato Complexes

As with the carbonâto anruine complexes, carboxylate anions form co-

baltamrines in whích Èhey are eíther unidenËate or bidentate (e.g.

Co(NHr)r(ox)* and co(tuHr)O(ox)+ where ox = oxalare). Such complexes are

often prepared by oxidatÍon of the correspondíng Co(II) complexes.

Apart from the large number of inorganic complexes, cobalt has

a fairly extensive organometallic chemistry in several oxidation states

in which it coordinaÈes ehíefly wíth n bonds (although some compounds

containíng o bonds are also knov¡n). Among these are a large number of

di-olefÍn, alIyl, cyclopentadíenyl, arene, and similar complexes.

From this brief overview of the chemistry of cobalt, it will be

aPParent that the element has quite a rích solution chemísÈry in both of

íts common oxidation states. The chief imporËance of cobalt comes from

its ínclusion in a large number of technologíealIy vital alloys used ín

a wide range of applicatíons and its requirement as a mi cronutrient by

both plants and anÍmals.

The reasonably large neuËron capture cross-section (37 barns) of the
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element (to form 6oco and 6omCo which enit high energy garnma radiation)

together ïriÈh the fact that it commonly leaches from the stainless steel

tubes of reactor coolíng circuíts, makes its effíeient removal in that

environment of some practical concern. Also, since cobalt is present as

a minor constituent in most ores and is required biologically in small

amounts, methods of both separation and preconcentration are usually

very necessary for either recovery or analysis. I^Ie sha1l address our-

selves largely to these goals in the pages Lo follow but r^re will first

bríefly revier¿ some of the possible mechanísns of polyurethane foam ex-

traction.
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l, Possible Mechanisms of lolyulethgng Foam Extractío!

Perusal of the Revíew ín Chapter I will show that an amazíngly wide

varieËy of substances ranging froro non-polar compounds (such as oil,

benzene, r¡ PAHs etc.) through moderately polar ones (eg. organochlorine

pesticides, PCBs, phenol, etc.) to ions (eg. FeCIO-, AuClO-, trCi-f,-,

etc.) have been reported to be removed from air, rn/ateï, various solutions

and other solvents by plaín polyurethane foam. The list of varied

substances sorbed by untreated polyurethane continues to grornT yet not

much activity has really been devoted to the mechanism by vqhich this may

occur.

Bor¿en(28), in describing his findings in 1970, pointed out that the

capacity of sorption Il7as too large to be attributable to a surface adsorp-

tion process and also called atÈention to the similarity between the list

of substances which he díscovered to be sorbed by polyether based poly-

urethane foam and those which could be extracted by díethyl ether. rt

was thus irnplied that the polyether portion of the foam acted as a

polymeric analogue of diethyl ether in "solvent exËracting" the host of

substances tested. Very fe¡¿ authors in presenting their interpretation

of new results have contributed further to expand or to alter this view

of the process and most have not offered any ínterpretation of the mech-

anism qrhatsoever. Even though it has hardly been tested, the sirnple

descriptíon of the Þhenomenon as "an ether-like extraction" would thus

seem to be quite wídely and perhaps tacit.ly accepted by most workers in

the field. Although thís ¡¡ould appear to be entirely adequate in describ-

ing the sorptíon of non-polar and even moderately polar substances, sever-
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should also be considered when dealíng

To clarify the approach to be taken

of the possibiliËíes now but v¡ithout

(1r¡

a. Solvent ExtracËion

The notion of polyurethane foam behavíng as a conveniently insoluble

and self-supporËing ether-like or ester-líke solvenÈ extractor seems both

Íntuítively reasonable and attractive from the point of view of sirnpli-

city. According to this view, Ëhe long-chain portíon of the polymer

acts much as if it r¿ere the analogous liquid monomer in solvaËing the

sorbed specíes while the urethane, urea and other links joining the

chains together at their ends are largely inacÈive in Èhe process. Thus,

polyether-based polyureÈhane ís expected to sorb readily those substances

which are extracted by solvents such as dimethyl, diethyl or diisopropyl

ether while polyester-based polyurethane should sorb Ëhose which are

extracted by solvenÈs similar to perhaps propylpropionate or hexylhexano-

ate. Considering, Èhen, the general case in which some cation, Mp+ (which

may be H+), accompanies Èhe extraction of a metal-containing complex

anion, MeX-m-, the extraction process may be written as:,n

if the extracted species are unassocíated in the foam phase, or

'"näol + p Mexonirn>:* uefrr+ n uexrrm,r,

uex$-) 
ç¡¡

* 
"nt.o) 

+ r ltexomlaq)-((MP+); (Lz¡
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íf they are essentially all paired (the subscrípts aq and f denote sub-

stances present in the aqueous and foam phases, respecÈively) .

Use of Ëhis roodel in the past has correct.ly predicted the sorption

by polyether-based polyureËhane foam of a number of knovm ether-extract-

able inorganíc metal complexes of this type (e.g. cacl[, Feclf,) from

acid solutions. Most work thus far points to the conjugate acids of an-

ionic metal complexes (i.e. HGaClO, HFeCIO) or the ion pairs (i.e.

n+eaCl;, n+neCt;) as the actual sorbed species when carried out under4' 4'

apprecíably acidic conditions.

b. Metal Ion lo*plg¡g!íog or l.iCgnd Exchange

Since a number of lone pair-containing atoms (N, 0) are avaílable in

polyurethanes (..rO,,r.. r9r.. \ and ín polyethers ( -g- )

[ -T-c-g- ' -T-c-T- I
\H H H/

:0:
or polyesters C-ö-þ- l, the possÍbilÍty of complex formation between

these and metal íons should not be neglected. Considering reasonably

typícaI foam types produced by the prepolymer method in r,¡hich the polyol

(either polyether or polyester) has a molecular weight of about 1000, one

kilogram of the product r,¡ill contaín very roughly 4 moles of oxygen

atoms ar'd 2 moles of nitrogen atoms from urea 1inks, and either

4 moles of oxygen atoms for a polyester or 20 moles of oxygen atoms for

a polyether polyol. 0f course, all of these wíll differ in Èheir abilit-

ies to serve as possible ligands but the point should be noËed that they

are' in fact, available ín more then suffÍcient numbers to account for

observed sorpËíon capacitíes (about 1 mol kg-1 maximum). If this
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complex as for

-ro2-

occur either by

example, ín the

exchange of existing

case of an anion of

does take place, it

ligands ín the rnetal

the type uex[- :

oñ-"ll + 2 -N-C-
I

H

(m-1)-
XrMeXm- il XrMe

or by addítion to increase the total number

haps, of an oríginally four-coordinate ion,

I
:0:

\
+ -o-

____-><-

of ligands

MeXOm-:

in the case, per-

(14)

(>{i) l-u*¡\
\ "'nt)

In the first instance, the coordination number of the metal atom remains

unchanged but a change in synunetry will usually resulË. fn the second

case, however, an íncrease ín the number of coordinated ligands will

result in changes to both the symmetry and bondíng of the complex. To

date, no evídence has been presented for the exístence of either of these

possible reactions occurríng on polyureÈhane foam and evidently they

also do noÈ apply to the systen studied in this work but instances may

be observed in the future.
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c. Strong and i,Ieak Base Anion Exchange

The observation Ëhat nearly all of the meËal complexes known to be

sorbed by polyurethane foan do so in anionic rather than neutral or

cationic form suggesÈs that some aníon exchange sites rnay be permanently

present (strong base aníon exchange) or temporarily forned ín the pres-

ence of acíd (r^reak base anion exchange) . The exístence of strong base

(such as quaternary anmonium) sites is not normally a parË of polyure-

thane foam chemistry and so need not be consídered too seríously but the

large number and variety of nitrogen and oxygen atoms present makes the

formation of many protonaÈed weak base sÍtes feasible in sufficiently

strong acid, HA, perhaps as follows:

.AT
-R-0-R-

I
H

-.-E-fit ^
H

OH

-n-ð=ut A

üü

plus a number of other possíble forms.

As for conventional ion exchange, exÈraction of the metal complex,

MeX-m by polyurethane foam r¿ould occur by exchange for the equivalent
n

number of original A- íons at these siËes and the extractÍon equilibrÍa

r¿ould then be:

tT"ol * o?"0) * "itelr) + Gr.site)fr> * Airl (rs¡

".*r,*("n) 
* *?rl + r"rexrrnfr, * *i"n) (16)

r¿here the protonaÈed site aË r¡hích exchange occurs is denoted by

+(H.síte)ir, without identifying ít further.

There is a greaË deal of sinílarity bet\reen the final result of the
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actual exchange of anions (MeXrrn for m A-) at protonated sítes already

establíshed ín the polyurethane and that resultíng from the sorption

of an ion pair or multíple, mH+'MeX-Þ, by solvent extraction followed
n

by association of the hydrogen ions wíth basíc sites such as pictured

above. The functional difference betv/een Ëhese two possibilities is

really whether or not large amounts of H* * A have already been or even

are concurrently being sorbed so Èhat a larger number of equivalents of

protonated sites and counter ions exist on foam than Ëhere are equiva-

lents of couplex Íons to exchange with them. Obvíously, the divíding

line betr¿een these two possíbílitíes is noL a very sharp one.

d. CatÍon Chelatíon Mechanism (CCM)

AnoÈher possible uechanism by whích anionic metal complexes may be

sorbed r¿hich does.not necessarily require protonatíon of polyurethane

foam sites but whích is nevertheless closely related to the ¡¿eak base

anion exchange concept is what we ¡¿ill call the Cation Chelation

Mechanism. Accordíng to this view many ca¡ior,", Mp+, such as Nt+, K+,

-__+ + ^.a* ^+ -+NH4-, Ag-, pbz' , B^2 ', etc. and includíng HrO are capable of being

specially and effectively (but not necessarily equally) solvated as a

result of chelation by a portion of the polyurethane polymer. In other

nrords, the sorbed cation, MP*, r¡í11 be complexed by the polymer at some

sites accordíng to some stable assocíatíon:

""iÐ 
+ site,r, (u. site)Pfr¡ (17)---+.{-

where, of course, these siËes may be entirely dífferent from Ëhose in-
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volved in any ion exehange mechanism.

The extraction of íon pairs including Lhese cations will then be

greaËly facilírated owing to the stabílity of the chelated cation. Hor¿-

ever, whích anions wíll accompany the cations in largest numbers will be

determined by a variety of factors including the anion's índívidual

hydrophobic nature, its charge and perhaps J-ts abilíty to interact in

some other v/ay r¡ith the PolYmer.

In the case r¡here little or no sorption of ion pairs oËher Ëhan ul MP*

* p MeXm- occurs (either due to the nearly unextractable nature of all
'n

other available aníons, A-, or due to a lack of sufficient excess of

eíther catíons or t.hese anions being present), the extraction of the

cation-complex anion pair or urultiple may be regarded to take place by a

solvent extractíon process in which the catíon happens to be more

effecËívely solvated Ëhan usua1. The extraction aequence of the complex

anion, l"leX 
m-, could then be summarized by:

n

* 
"nTro) 

* p Mex'Di"q) * * "i."(r) m(M.site)Pf' + p uexf,-1¡¡

(18)

¡¡here the chelated cation and aníon are written separaËely buË may, in

fact, be íon paíred ¡¿íthin the polyurethane.

On the other hand, íf considerable sorption of another ion pair

or multipfe containing the cation MP* and some moderately extracted

anion, A-, occurs either prior to or concurrenËly wíth the sorptíon of

MeX 
r, then Ëhe sorptíon of the latter may be regarded Ëo take place by

n

an anion exchange process ín which the positive síles on the polymer re-

---++
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cations, MP*, bound there.

Ëhen be summarized by:

The extract.ion

Mexn, r *mn (aq)

"oT"o, 
*pA?"q)*sire(r): (M'síte)Ptrl *noìrl (1e)

oirl : t'texnE,rr+ t A("q) (20)

The Cation Chelatíon Mechanism thus bears resemblance to both so1-

vent extraction and ion exchange phenomena, depending to sone extent on

solutíon conditions. A nethod whereby chelatíon of the cation may occur

will be considered later.

These four extractíon mechanisms (which, in some cases, díffer from

one another only ín subtle details) probably represent most of the

possíbIe meÈhods by whÍch polyurethane foam uright be expected to sorb

complex metal íons. Each may play some role under specific círcumstances

and more than one mode of extractíon may certainly be at work at any one

tíme. However, some are plainly more like1y to aPply to a wide variety

of metals under a wíde varieËy of condÍtíons than are others and so will

be more generally observed.

The exisËence of a number of possible mechanisms for the extraction

of metal ions and Ëhe incomplete consideratÍon given to them thus far in

the líterature prompted a great deal of ínterest ín the topic. In addi-

tion, several apparent anomalíes existing in the generally espoused

"ether-like solvent extraction" picture as ít applied to xnetal ions sug-

gested that some of the other mechanísms definitely needed to be con-

sídered to completely descríbe the phenomenon. It has, for example, been

observed many times that po1-yester-based polyurethanes show very much
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less extraction ability for metal ion complexes than do their poly-

eÈher counterparts in spite of the fact that many of the ion complexes

are solvent extractable Ëo nearly the same extent by both esters and

ethers. símilarly, extendíng to other polymers the concept of a "poly-

solvent" as likely beíng successful ín sorbing materials which are

extracted well by the corresponding monomeric solvenË, one ís then

disappointed Ëo fínd thaÈ, for example, polyvinylchloride ís not at all

able to sorb those inorganÍc complexes which methylene chloride or

chloroethane are able to extract moderaËely we1l. Finally, it should

be pointed out that although a number of metal specíes are sorbed both

by ether and by polyether polyurethane foam, no satisfactory explanation

has yet been given of how the distribution ratios in the latter case can

be greater by many orders of magnitude if these are really analogous

extractions.

Based on these and several other observations which cast doubt on

the completeness of the I'ether-líke solvent extraction" description, an

effort was made to apply the data obrained for the sorption of cobalt

fron thiocyanate solutions Èo the problem to see whether or not some

light could be shed on the subject. rt was felt that this nÍght be

possible particularly since the availability of a good tracer for cobalt

(60Co) made analysís both relatively easy and much more accurate than

could be hoped for by other methods.
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B. EXPERIMENTAL

4ppg ratus and Reagents

a. Comrnercially Obtained Appgfatug

Radiometric counting \¡ras performed on a Baírd-Atorníc nodel 5304

síngle channel gamma spectrometer (Baírd-Atomic, Bedford, Massachusetts)

r^ríth a nodel B10C well-type detector. The detector was fitted \"7ith a

Harshaw NaI(T1) scintillation crystal of 50 uun díameter, 55 mm height

and having a well 17 mm in diameter and 39 mn ín depth. For some of the

laÈer experiments, a Baird-Atomic model 620 printer and model 708 auto-

ur,atic sample carousel were also avaílable. Irrhenever used, the spectro-

meter was adjusted to record all ganrna rays having energies ín excess

of the detector noíse level. On a fer¡ occasions, the NaI(T1) detector

was used in conjunction r¡ith a Tracor Northern model 1705 multichannel

analyzer (Tracor Northern, l"fiddleton, Wisconsin) ¡¿hich allowed tuning to

the 1.173 MeV and 1.333 MeV photopeaks of 60Co when the background magni-

tude v¡as especially critical. Use of the Tracor Northern spectrometer

with a Ge(Li) semiconductor detector also proved periodically useful

in checkíng the ídentity and purity of the tracer solutions used.

A Unicam model SP 8008 double-beam recording ultraviolet and visible

spectrophotometer (Unieam, Cambridge, England) with 10 rnrn or 40 mm quartz

cuvets was used for obtaining electronic solutÍon spectra.

Infrared measurements \{ere made on a Perkin-Elmer model 337 grating

infrared spectrophotometer (Perkin-Elmer Corp., Norwalk, Connecticut). 0n

occasion, a I,iílks model 9 aÈtenuated total reflectance (ATR) accessory
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rdith KRS-5 crystal (I,Iilks Scíentific Corp., South Norwalk, ConnecËicut)

r¿as also used.

Measurements of pH were accomplished with a Fisher Accumet model 520

digital meter usíng universal glass and standard saturated calomel refer-

ence electrodes (Fisher Scientifíc, Fair Lawn, New Jersey). Calíbration

buffers of pH 4.0, 7.0 and 10.0 r¿ere prepared by dilution of standard

concentrates obËained also fron Fisher Scientific. A 0.05 molal potas-

sium tetroxalate buffer (pH 1.675) was also prepared and used on occasion

to calibrate more acídíc measurements.

Most weíghings were made on a Mettler Èype H6 substitution type

urilligram balance (E. Mettler, Z:uríctr, Sr,¡itzerland). A Sartorius model

1802 mícrogram balance (Sartorius-I^Ierke AG, Gottingen, Gernany) lras used

when very small (1ess than 10 rnilligram) quantÍties of polyurethane foam

or reagents \¡rere needed.

A Haake model FJ recírculating pump and thermostatic bath (llaake,

Berlin, Germany) was used to provide controlled temperature waËer when

needed to supply certain water-jacketed aPparatus.

A large mercury thermoregulator (model 81631 but of unknown German

manufacture) coupled to a Waco model 90800 electronic relay (Wilkens-An-

derson Co., Chicago, Illinois) were used to control an air bath tempera-

ture regulating system to be descríbed later.

Other cotnmon pieces of apparatus used were standard laboratory glass-

r¿are and will not be described. All glasshlare r^ras cleaned thoroughly with

soap and ü/ater, rinsed with distílled waËer and dried in an oven- Chromic

acid r¿as used on volumetric flasks and pípets followed by copious rins-

íngs.
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Custom t"tade 4nneletus

1) Glass Distríbution Cells

An apparatus \rras required in which to bring píeces of polyurethane

foam to equilibrium wíth a variety of solutions. To fill this requíre-

ment, a Pyrex glass distribuÈion cel-l was designed. The design of the

cel1 r¿as based on the need for an ínert reactíon vessel in whích a

piece of polyurethane foam could be frequently compressed and allowed to

expand beneath the surface of a solutíon so that the entire volume of

foam would come to equilibrÍum with ít. Two further requirements hTere

that this action of squeezing would resulË both in reasonably efficient

solution stirring and Ín "tumbling" of the foam through the solution

so that it would be squeezed successively from random dírections. In

addition, iÈ was considered to be essential that the cell be sealed

suffÍciently from the atmosphere so as to prevent excessive evapoïative

losses of water but that it also be possíble Èo withdrar¿ and reËurn

samples of the solution easily from time to tíme.

The apparatus shown assembled ín Fígure 2-I and disassembled in

Figure 2-2 was designed to meet these requiremenÈs. The dimensions were

chosen so as to give the cell a capacíty of about 150 mL of solution.

The cell bottom (4, Figure 2-2) and Èop (C) were constructed entirely of

Pyrex glass and fít together at a hand-ground glass flange. A ground

glass Pyrex stopper (n) was used to seal the solution sarnpling neck of

the cell bottom. A srnall amount of Dor¿ Corning hígh vacuum sÍlicone

grease was used to seal the jround glass flange and stopper. Compression

of the foam and mÍxing of the solut.ion were both accomplished by a Pyrex

glass plunger (D) which was sealed shut at its base, ground to be f1at,

Þ.



Figure 2-1

Pyrex Glass distríbution cell (assembled)

for equilibratíng polyurethane foam wíth

various solutions.
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Teflon cop

Elqstic bond

Rubber seo[ (condom)

Steel spring (conceoled )

Tetlon sleeve (conceoled)

Elostic bond

Plunger

Elostic bond

Flonge ( silicone greosed )

Stopper (silicone greqsed )

Sompling neck

Solution

Polyurethone f oom



ller" 2-2

Pyrex Glass distributíon cell (disassenbled)

for equílibrating polyurethane foam r¿ith

various solutions.
A - ce1l bottom

B - ground glass stopper

C - cell top

D - cell plunger wich Teflon sleeve

E - rubber seal (condom)

F - Teflon cap

G - sËeel spring
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then fíre polished. The outsíde diameter of the plunger base was chosen

to be near enough to the inside diameter of the cell bottom so that

Ëurbulence would míx the solution at the normal speed of operation. A

piece of Teflon filrn of 0.13 rnm (0.005 inch) thickness etched on one

side was glued to the shaft of the plunger wíth sílícone rubber cemenL

to act as the slippery surface of conËacÈ betr^reen ít and Èhe neck of the

ceIl top (C) in r^rhich it fiËs. A small hole was blorn¡n ín the Ëop end of

fhe plungeï to accomnodate the uPper end of a spring (G) wound fron

1.6 mm (L/L6 inch) diameter piano wire and laËer spray painted to prevent

rustíng. The opposÍte end of Èhe spring was of sueh a diameter as to

fit tighrly around and grip the rolled upper 1ip on the neck of the cell

top (C) . The purpose of the spring \,Ias to reÈurn the base of the plunger

to a posiËion just under the surface of the solution after each squeezing

motion. A simple latex rubber condom (E) aËt.ached by rubber bands to the

plunger and cell neck was found to be an adequate and inexpensive seal

to prevent most solvent evaporation. Prelimínary experiments showed that

evaporation of water from the cel1s over a 24 hour period was reduced

from 1.8% to 0.37" by its use. üIhen increased dependability from develop-

ing holes during use v¡as desired, a second condom was placed over the

first. Finally, a Teflon cap (F) was machined to fit snugly over Èhe

condom(s) and plunger and served as a conËact with the mechanical squeez-

ing equipment descríbed below.
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2) Mechanical Squeezer

A devíce was required r.¡hich would ímpart an even, reciprocating

motion to the plungers of the glass dístribution ce1ls over long periods

of tÍme. In additÍon, it was desired that such a device should be able

to operate a number of cells símulËaneously both to speed experimentation

and to ensure identical condíËions for each. To fulfill these requíre-

ments, the apparatus shown ín Figure 2-3 was designed. The device (upper

drawing, Figure 2-3) consísted of a long steel drive rod to which rnrere

brazed four identical brass cams. Fíttíng snugly as a sheaËh to the cams

and attached to the two end ones by epoxy ceuent !üas a large glass tube

whose outside surfaces thereby formed a single large cam. The steel

drive rod was mounted near each end of the cam in ball-type bearings and

receíved poüIer through a large pulley attached at one end. The direction

of rotation of the cam r^ras arranged to be clockwise as viewed from the

pulley end. Overall dimensions of the cam were chosen so as to yíe1d a

stroke (maximum vertical displacement on one revolutíon) of 51 rnn (2.0

inches) .

An integral part of the mechanícal squeezer \¡ras the torque-reducing

harness (lower part of Figure 2-3) which r¿as fabricated from Ëen strips

of high densíty polyethylene 0.51 urm (0.020 inch) in thickness joined

together at the rear by a strip of galvanized steel and at the front by

flexíble wíre. The use of indívidual strips of polyethylene rather Ëhan

a single solid sheet r,ras necessítated by the need to ensure good air

circulation (to be díscussed later) through the harness. The rear of

the harness l¡ras fixed Ëo the back wall of a cabínet (described below)

in a posiÈion immediately behínd the cam while the front was suspended

from the ceÍling of the cabineË by six shock-cord straps. The cam,
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cradled by the harness, \,üas liberally lubricaËed v¡ith a low viscosity

grease so that little friction existed between the tr¿o. Under these

conditíons, nearly all Eorque resultíng from the rotation of the cam

ís lost in slíding between the lubricated glass and upper plastÍc sur-

faces leavíng the lower surface of the harness describing essentially

vertical motions only.

3) Temperature RegulaÈion SYstem

Early experíments had índicated that close control of teur-perature

Íras essential in distributíon studies so arrangements \tere made for the

entire distributíon cell and squeezing mechanísms to be contained within

a constant temperature cabínet. For clarÍty, a diagrarn detailing the

features of the temperature regulation system alone appears in Figure 2-4

with only the outline of the cabínet being shown. AvaÍlab1e equípment

and resources made the constructÍon of a simple alternaÈing heat/cool

type of system most convenient. In this system, a large thermoregulatÍng

mercury thermometer mounted wíth íts bulb near the locatj-on of the cells

maintains control by alternately activatíng heating and cooling mechan-

isms Èhrough an electroníc relay. Uníformity of temperature throughout

t.he cabinet \.ras maintained by rneans of an efficient circulating fan

mount.ed near the top of the cabinet and approxímately 17 cm from one side

wall. The general directÍon of air florv thus obtained is indicated by

the large arroÌ¡rs in Figure 2-4. Heatíng of the aír was provided by

means of a 40 r¿att electric light bulb placed ín the air strearo followíng

Èhe fan. The act of cooling r"ras accomplíshed by ínjecÈing chilled (about

15'C) air into t.he circulated air stream at a position immediately pre-

ceding the fan. Chilled air for this purpose was obtained simply by

passing compressed air Ëhrough a 15 meÈer length coíl of 9.5 nur (3/8 inch)
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diameter copper tubíng írnnersed Ín an ice-r,¡ater bath. Control of the air

flow inËo the copper tubing and thus into the cabínet was effected by

means of a small solenoid operated by the electroníc re1ay. Vigorous

stírring of the ice bath (and thus efficíent aír cooling) was obtained

by the use of a small sintered glass bubbler also innmersed into ít. The

bath r¡as constructed from tuto 25 L plastic garbage receptacles attached

with one upsÍde dov¡n over the other. The bottom of the uppermost one

r,ras cut open to serve as a lid through which ice could be added. The

lower receptacle \,ras fitted near iËs top with a plastic pípe to serve

as an overflow for r¿ater to a nearby sink. The lower half of the finish-

ed bath and Èhe rubber tubing connecting Èhe heat exchanger to the cabin-

et were shrouded in polystyrene (not shown) to insulate them from Èhe

room. The ínterior rnralls of the cabineË were similarly lined with

polystyrene sheeting to reduce heat transfer. Under normal conditions

of room temperature a single filling of the entire 50 L bath with ice

was sufficient to maintain constant Ëemperature in the cabineÈ for at

least 12 hours.
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4) Cabinet

The squeezing cam, Ëorque-reducing harness and temperature regulat-

ing devices lrere all mounted within a ¡¿ooden cabinet as shovm detailed

ín Figure 2-5. Attached to a movable wooden shelf vlas an adjustable

tr.ro-tiered clanp rack carryíng ten clamps on each tier to allow for

posÍtioning of Ëen glass dístribution cells immediately beneath the

shaft of the cam (one is shown in positíon in Figure 2-5). The teflon

cap at the top of each cel1 contacted the uriddle of a particular poly-

ethylene strip of the harness with a sma1l amount of low viscosity

grease being applied bet\,Ieen them. Smal1 adjustments to the height of

the cells above the shelf to compensate for srnall varíatíons in their

manufactured size r^rere made by placing one or more paper shirns beneath

each cell bottom so that the plunger v¡ould be driven by the cam to a

point just 1 mm above the cell bottom, Attached to the outside of the

cabinet vlas a small moÈor with a two stage belt-and-pulley speed re-

duction sysÈem designed to drive the cam at a constant rate of 25 revolu-

tions per minute in a clockwise direction as seen frour the pulley side.

As mentioned earlier, the walls and doors of the cabinet trere cover-

ed on Ëhe inside with polystyrene foam (shown lightly stippled in Figure

2-5) to reduce heat transfer with the room. In addítion to this, another

sheet of polystyrene was attached to the cabinet ínside the doors so that

their opening r¿ould not ínmediately flood the cabinet r^ríth room air. A

piece of laboraÈory bench cover ("Labmat") draped Èo cover a gap de1Íber-

ately left at the botËom of this sheet served as a curtain which could

be lifted ínnedíately in front of any desíred cel1. In this way, it was

possíble Èo greatly lírnit the loss of Èhermostatted air during sample

taking or observation and thus temperalure control during use was much
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improved. A temperature of. 25.00oC was found to be the lorvesË vrhich

could be accurately maintained by the equipment under the room tempera-

ture flucËuations suffered in our laboratory. Consequently, thís temp-

erature was chosen as the one at which t.o carry ouL all constanË-tempera-

ture experíments. The cabinet temperature vlas monitored on a routine

basis by a shorË range mercury thermometer (not shown) which penetrated

the níddle of the back r¡all of the cabinet at solution heíght. Measure-

ments of temperature gradients inside the cabínet made wíth thermistors

showed a maximum of only 0.005"C difference between the two end cel1

positions at solution height while all other cel1 positions vrere at

temperatures v¡ithín this range. Similarly, comparisons of the Ëempera-

tures at the heights of the upper and lower sets of clamps showed less

than O.OloC difference to exist between thern. Many routine observations

of Ëemperature fluctuation behaviour over extended períods of time showed

that the cabinet as a whole r{as able t.o maintain temperature to vrithín

t 0.05oC or better of the preset value whíle maintaining much closer

tolerances betr^reen individual cel1s in the cabinet.
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5) Single Thermostatted Distribution Cell and Squeezer

trrlhen thermostatic control aË a number of individual temperatures

spread over a wide range vras required (as for studíes of temperature

effects on equílibrium), a system other than the one already described

Íras necessary. In thÍs case, the all-glass apparatus shown assembled

ín Figure 2-6 arrd disassembled in Figure 2-7 was used. The desígn of

this apparatus was nearly identical to the regular glass dístrÍbution

cells described earlier except for the addition of a water jacket to

the cell bottom (4, Figure 2-7) and the absence of a spring and Teflon

cap. Addition of the water jacket made it possible to maintain solution

temperatures ranging from nearly 0oC to 95"C by means of a Haake recir-

culating thermostatic pump attached by tubing Èo the jacket. On those

occasíons on ¡¿hich temperatures below that of the room were desíred, a

smal1 copper Ëubing heat exchanger ímmersed in flowing tap water or an

íce bath was ínserted in the line returning to the thermostat. The use

of a spring to lift the plunger to the top of the solution was found

to be undesirable since even at slightly elevated temperatures conden-

satíon of water in the condom caused the spring to corrode rapidly with

subsequent contaminaËíon of the solutíon. This problem r¿as avoided by

Ëhe use of a mechanical hedge trimmer mechanism (hot shown) nounted above

the cell assembly and r¿hose moving blade was clamped directly to the

upper end of the plunger. Thus, the plunger üIas both pushed do¡^¡n and

lifted up by the mechanism and neíther spring nor Teflon cap were requir-

ed. The stroke of the hedge triruner was 1.7 cm (3/4 Lncn) and was

adjusted to give about 150 strokes per minute. The faster squeezing rate

was deemed necessary to create stirring through addítional turbulence

in the solutíon to make up for the reduced stroke length. To reduce



Figure 2-6

Pyrex glass water-jacketed distribution
cell (assernbled) for equílibrating
polyurethane foam with various solutíons
at selected temperatures.
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Elostic

Rubber seol (condom)

Elostic bond

Teflon sleeve

Plunger

Flonge ( silicone

Etostic bond

Stopper ( silicone

Sompling neck

Solution
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Pyrex glass water-jacketed distribution cell
(disassembled) for equilíbrating polyurethane

foam with various solutíons aË selected
femperatures.

A - cel1 boËËom

B - ground glass sËopper

C - cell top

D - ce1l plunger with Teflon sleeve
E - rubber seal (condom)
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thermal contacË rrith the surroundings, the outside of the r¿ater bath

vras covered wiËh polystyrene píeces (not shown). Several small gaps

still allowed periodic observations of the cell contents to be made.

Control of the solution Ëemperature by the system was observed to be

better than t0.05oc vrhen above that of the room but was slíghtly less

relÍable and required frequent attention when below.

6) Other Glassware

To allow for the preparation of solutions for the 150 mL glass

distribution cells wíthout unnecessary wastage of either reagents or

tracer, volumetríc flasks r'rere hand blown and permanently numbered from

1 to 10. Calibration of the flasks Èo contain exactly 150.0 mL r¿as

performed first by pipetting three 50.00 mL alíquots of distilled \"rater

into the flasks whereupon Ëhe necks r¿ere marked and later scribed.

Following this, the flasks ü/ere each filled to the mark once more wit.h

distilled \^rater and the contents determined gravímetrica11y. Results

showed that all flasks fell r¿ithin the range 149.82 to 150 .02 ¡rI- which

represents a +0.06% varíation amongst them.

A set of. 27 Pyrex glass test-tubes of 16 mm outside diameter, L.25

mm ¡¿all and 125 um overall 1-ength vrere prepared to fit snugly wíthin

the crystal well of the garuna counÈer. The tubes vrere permanently

numbered from I to 27 and calibrated by pipet to contain 15.0 rnl- when

filled to a scribed mark. Reasons for the selectíon of this volume will

be described later. In order to allow comparisons to be made beÈween

count raÈes measured ín dífferent tubes when necessary, they were also

calibrated to correct for slight dífferences ín geometry. This was

accomplÍshed by fillíng each tube to the mark with a sËock l92h
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radioactive tracer solution followed by repeated radíometric countíng

to calculate a correction factor relative Ëo one of the tubes (number 1).

Maximum differences betln/een pairs of tubes were thus determined to be

approximateLy 2 percent. These tubes, usually in sets of ten, were

used extensively ín the distribution experíments.

c. ¡Caeenlg

Polyurethane foam used in the najoríty of experíments r¡ras of poly-

ether type originally supplied as a single 1.2 x 2.4 meter (4 x I feet)

sheeË 5.1 cn (2 ínches) thick by G. N. Jackson Ltd. (I^linnipeg, Manitoba).

The designation given to the maËerial by the supplier is //1338 which,

however, is based solely on t,he physical properties (density 1.3 pounds

per cubic foot, eompression strength 38 pounds per 16 square inches) and

not at all dírectly traceable Ëo chemical composition. To distinguish

this foam material from others later supplied by the same company with

similar physical properties (and therefore also designated as i/1338) but

wíth completely dífferent chemical origíns, the inítials of the prepolymer

producer are also included in the designation used in this rn¡ork. Thus,

since the prepolymer used ín the manufacture of the foam chiefly used

ín the experiment was produced by the B. F. Goodrich Company (Cleveland,

Ohio), it will be referred to as /11338 BFG. This particular foau vras

chosen for extensive study since earlier experiments by others(40' 42,

43) had already demonstrated. ít to be particularly effective in sorbing

galliun from aqueous chloride solutions and my or^rn preliminary observa-

tions suggesËed it also to be effective for cobalt ín the presence of

thiocyanaËe Íons.
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Several other foam types from a variety of sources qrere also used

much less frequently for the purpose of comparison. All except one was

knor¿n to be of polyether type. A number of foam types lrere obtained

fron G. N. Jackson Ltd. (trrlínnípeg, Manitoba). Many of theur (ä1122 BFG,

/11538 BFG, //t83t nfc, ll233L BFG) were prepared from B. F. Goodrich

prepolymer materials while another (/i1338 M) was a producË of Ëhe Mon-

santo Conpany (St. Louis, Missourí) and sËill another (Qualux) was of

unknovrn origin. A series of six different "Hypol" foams were obtained

frorn I,i. R. Grace and Company (Baltimore, Maryland)

set of polyurethane foams of known compositíon (4,

AS

B,

samples. A further

27CGS-44-I,

27}GS-44-2A, 27cGS-44-3, D29314) was obrained as a very generous

gíft through liaison wiËh Dr. C. G. Seefríed of the Union Carbide Corp-

oration (South Charleston, I{est Virgínia). Another foam containing

carbon black as pigment (and therefore sírnply designated "Black") was

also used but was of unknornm source. Finally, the only polyester foam

tested (dÍSPo) was the product of Scíentific Products (McGraw Park,

Illinois) and was dístributed through Canadian Laboratory Supply

(I{innipeg, Manít.oba). All foams were cleaned before use first wíth

1 M HCl and then with acetone as outlíned in the Procedure.

Ammonium thíocyanate (NH4SCN), potassium thiocyanate (KSCN) and

sodium thíocyanate (¡taSCtq) were all reagent grade sa1Ès produced

respectively by the Allíed Chemical Cornpany (Pointe Claire, Quebec) ,

BDH Chemicals Ltd. (Poole, England) and Shawínigan Chemicals (Shawinigan,

Quebec). A 5 M sÈock solutíon of each salt was prepared for use in the

experiments. The solutions were standardized gravímetrically with silver

nitrate according to standa tU(2tí) procedure and sËored in dark glass

bottles protected fron light.
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Ammonium chloride (NH4C1), potassium chloríde (KCl) and sodium

chloride (NaCl) r¿ere all of reagent grade as supplied by Fisher ScíentÍfic

Company (Faír Lavm, New Jersey). Sodíuur perchlorate (t'taClOO'HrO) was

also a product of Físher Scíentifíc but was labelled "purified". Each

of these salts was used to increase or control the solution ionic strength

and to supply ammonium, potassium or sodium ions.

Sodium acetate (NaCrHrOr'3H20) was of reagent grade as supplied

by Shawinigan Chernicals (Shawinigan, Quebec). Glacíal acetic acid

(CH^COOH) ¡^ras also of reagent quality and was the product of the Allied'J

Chemical Company (Pointe Claire, Quebec). Stock 2.5 II' buffer míxtures

of 1:1 urolar ratio (pH 4.7) were prepared from these for use in most

experÍments.

Sodium hydroxide (NaOH) and concentrated hydrochloric aeÍd (37%

w/v¡ HC1) were Fisher Scientific reagent grade products. A stock 10.0 M

concentraËed solution of the NaOH !,Ias prepared from the solid. Dilutíons

of the concentrates to yield 1.0 M and 0.1 M stock solutions of each

were also prepared.

Potassium ËetroxalaÈe (KH3(C204)r'2UrO), used in preparing a calí-

bration buffer, r^ras obtained from BDH Chemicals (?oo1e, England) as an

analytícal- reagent grade sa1t.

cobalt chloride (coclr.6H2O), a Fisher ScienÈific reagent, was used

Èo prepare a stock 1.70 x 1O-2 lt (1000 pprn) solutíon in 1O-3 M hydro-

chloric acid (to prevenÈ hydrol-ysis). The stock solution was stored in

glass out of the light.

A 1 mCi tracer of 6OCo was obtained cormrercía1ly fro¡n ICN Nuclear

Science (fittsburgh, Pennsylvanía). The tracer I,Ias reported Èo be
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prepared ín the Co(II)CL, form but, since it was several years o1d, it

\¡ras evaporated to dryness wíth concentrated hydrochloric acid before

use to ensure conversion to Èhat form. The tracer r¡ras then stored in

1O-3 t"t HC1 to prevent hydrolysis and sura11 aliquoËs were withdrawn when

needed. Experiments based on successive exËracËíons of this tracer from

thíocyanate solutions by polyurethane foam later demonstrated that better

than 99.99% of. the solution activity was extractable. The identity

and purÍty of the tracer was confírned by garuna spectrometry using a

Ge(Li) semíconductor detector and mulÈichannel analyzer system. The

6oco isotope decays with a half-life of 5.26 years principally by beta

decay accompanied by several gamma rays. The product, 60Ní, is stable.

Acetone used in the experiments príurarily for foam eleaning pur-

poses was of certified quality as obtained from Fisher Scientífic

(Fair Lawn, New Jersey). Simílarly, diethyl eËher was also a certified

product of the same company.

I"Iater which had been double-distilled (first ín stainless sÈeel and

then ín glass) followed by double deionization (I11inois l,trater Treat-

nent, Rockford, Illínois: Research model II and Puritan carËridges) was

used for all solution preparation.

A number of other materials r"rere used on occasion throughout the

work, especially during evaluatíons of various interferences. The

imporËant informatíon on these is gathered together ínto Table II-1.
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Table II-1 - Infrequently Used ¡gg-gents

Supplier Code:

0 - unknor¿n
1 - Fisher Scientifíc Company, Píttsburgh, pennsylvanía
2 - British Drug House (BDH), Poole, England
3 - J.T. Baker ChemÍcal Company, Phillipsburg, New Jersey
4 - McArthur Chernical Company, Montreal, Quebec
5 - Matheson, Coleman and 8e11, Norwood, Ohio
6 - Alfa Inorganics, Ventron, Beverly, MassachuseËts
7 - Chem Service, Inc., I.Iest Chester, Pennsylvania
8 - May and Baker Liníted, Dagenham, England
9 - Eastman Organic Chemicals, Rochester, New york

10 - D.F. Goldsrnith Chenical and Metal, EvansEon, Illinois
11 - Shawinigan Chemical Co., supplied through //4
L2 - HarLeco, Philedelphia, Pennsylvanía
13 - Anachenía Chemícals, Inc., Champlain, New york
14 - Electronic Space Products, Los Angeles, California

Name Formula Supplíer Grade
(see code above)

sodium fluoride NaF

sodium bromide NaBr

sodium iodide NaI

sodíum cyaníde NaCN

sodium nitrate NaNO,

sodíum sulfate NarSOO

sodíum bícarbonaÈe NaHCO,

sodium oxalate N^ZC2O4

sodíum cirrare Nr3C6H507.ZH2O

sodium rarrrare Nrzc4H4O6.2H2O

sodium sulfide NarS.9HrO

sodium dihydrogen
phosphate NaH2POO.HrO

sodium sulfíte NarSOa

sodium chromate NarCrOO

sodium nítrite NaNO,

ammoníum chl-oride NH4CI

sodium chl-orate NaC1O,

sodium thiosulfate N"2S2O3.5H2O

sodium

1 reagent

1 reagent

13 reagenË

I reagent (98.0%)

11 reagent

2 teagent

1 certífied
2 reagent (>99.52)

1 certifíed
L2

L certifíed

4 reagenË

3 reagent (99.3"Å)

2 reagent (>99.52)

1 certif ied (96.6"/.)

1 certified
l- reagent

2 reagent

6-hexachlororhodate NarRhClU,L2H20
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Table -I.Ll continued

Name Formula Supplier
(see code above)

Grade

sodium
hexachloroplat inate

arrnonium
hexachloroosmate

potassium
hexachlororuthenate

palladiun díchloride
potassir:m

tetrachloroplatinaËe
sodium tungstate
sodium molybdate

arnmoni-um metavanadate

chromium trichloride
ferrous aurnonium

sulfate
ferríc chloride
nickel chloride
cupric chloride
zinc chloride
magnesium chloride
calcium nitrate
barium nitrate
Ëitanium trichloride
nanganese dichloride
rnolybdenum tríoxide
cadmium chloride
mercuric chloride
lead chloride
beryllium sulfate
tetrachloroauric ( III)

acid
vanadium pentoxide

strontíum chloríde

NarPtClU'6H2o

(NH4) rosclu

KrRuClU

Pdc12

K2PECL4

NaTWOO'2H2O

NarMoOO'2H2O

NH/ V0"
+J

CrClr'6H2O

Fe(NHo)2(s04) 
2'6H2o

FeClr'6H2O

Nic12.6H2O

CttCIr'2H2O

ZnCL,

tigCLr'6H2o

Ca(NOr) 
2'4H2o

Ba (No, ),
TiC13 , 20i1. solution
MnC12'4HZO

Mo0,

cdcL2' 2>rB2o

HgCJ-,

Pbcl-2

BeSOO'4H2O

HAuClO'3H20

vz05

SrCLr'6HZo

44.027" Os

591l Pd

certífied
reagent

reagent

reagent

reagent

certifíed
certified
certified
certified
reagent

reagent

reagent

Ëechnical

reagent

certified
cerËífíed
reagenr (>99.57.)

certif ied (99.3"Á)

reagent

reagent

reagenË (100.02)

(>981l)

10

6

I
5

5

3

13

I
1

I
1

4

J

1

J

4

1

1

2

1

2

3

J

8
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Table II-1 continued

Name Formula Supplier
(see code above)

Grade

sodium
hexachloroíridate

bismuth trichloride
aluminum nítrate
stannic chloride
antimony trichloride
títanium sulfate
stannous chloride
lanthanum chloride

scandium nítrate
uranyl acetate
gallium nítrate

indium

zÍrconíum oxychloride

thallium chloride
sodium

tetraphenylborate
silicon tetrachloride
hexaflourophosphoric

acíd

boron trifluoríde
(4s1!)

disodiun EDTA

ethylenedíamine
pyrídine
hydroxylamíne

hydrochloride
hydrazine

n-butylamine
di-n-butylamine
trí-n-butylamine
methylamine

hydrochloride

NarIrClU'72HZO

BíC13

A1(No3) 
3.9H2o

SnCIO'5H2O

sbc13

ri (so4) 
2'9H2o

SnClr'2H2O

LaClr'6H2O

Sc (NOr),

uo2 (c2H3o 

') '. 
zEro

ca(NOr) 
3'9H2o

Tn

ZTOCLT'dZO

T1C1

NaB (C.H-) ,o)4
síc14

HPF -
6

BF 
3/C2H5OC2H5

Nr2C10tt14o'N2' 2H2O

czHgNz

C.H-N))

NH20H'HCl

HzMz
c4H9Nrr2

(c4H9) 
2NH

(c4He) 
3N

reagenË

reagent

reagenË (100.02)

certified
purified
reagent

certified

reagenË

99.99"1"

99.95"Å

practical
purified

reagent

99.82

practical

certífied
certified
certified

certified
purified
certified

(6si!)

1

14

2

10

4

4

3

1

1

3

6

1

5

1

5

9

1

1

1

1

I
1

7

7

7

(8siÐ

(97 .87")

CH3NH2'HCl
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Table II-1 - continued

Name Formula Supplier Grade
(see code above)

diurethylarnine
hydrochloride (CH3)2NH'HCl

trinethylamine
hydrochloride (CH3)3N'HCl

sec-butylamíne CH3CHNH2CHZCHI

terË-butylamine (CH3) 
¡CMZ

ethylamine
hydrochloride CH3CH2NH2'HCl

n-hexylamíne
hydrochloride C6H'3NH2'HC1

teËramethylanrnonium
bromide (CH3)ONBr.HrO

te t ra-n-butylammoníum
bromide (C4H9)4NBr

7

7

7

anilíne
acetamide

c6HsMz

lI3ccONH2

N-nethyl acetamide H3CCONHCH3

1,3-dinethylurea H3CNHCONHCH3

erhyl carbamare H2NC00C2H5

hydrogen peroxide
(30%) 

"zoz
dimethoxyt et raeËhylene

3 Baker grade

7-
7-
7-
7-
7-

1-

glycol CH3(0CH2CH2)40CH3 5 pracrical
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Procedure and Calculations

a. General Procedure

The following ís a description of the sequence of operations ¡vhich

was followed in nost typical experimenËs. VarÍations from the procedure

exísLed in uany ínstances but Êhese exceptions will be outlined 1ater.

1) Foam Cleaning, Cutting and hleíghíng

Cubes of foam r¡rere cut r'rith a razor-sharp knife usually from cylin-

ders 4.1 cm in dianeEer and 5.3 cm in height (but sornetimes from

various sizes of sheet stock for different foam types) to be approxi-

mately 1.3 cm on edge. Occasíonally, larger pieces \,rere cut for specific

purposes but any smaller pieces were later cut from 1.3 cm cubes.

Metal ions which may have remained from their manufact.ure hrere

removed by placing the cubes, in batches of 100, into a 1 liter Pyrex

beaker filled with 1 M HCl. The foam píeces T¡rere squeezed vigorously

and repeatedly using the base of a neasuring cylinder to expel air

bubbles and to cause the foam pieces Ëo imbibe the acid wash. The

surface of the beaker was then covered with polyvinylchloride film to

exclude dust and rhe r¡hole was lefË to leach for one hour. At the end

of this time, the beaker \.ras uncovered and the squeezíng process repeated

to flush fresh wash líquid into the foau pieces after which it was agaÍn

covered to leach for a further one hour. This process of periodic squeez-

ing was continued for 12 hours then the acíd was squeezed from Ëhe foam

pÍeces and replaced several times wíth distilled r¡rater accompanÍed by

squeezing of the foams. This rinsing process was continued untí1 10

minutes squeezing of the foams with a fresh batch of distilled water
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failed to produce a visible precipítate when the rinse water was added

to a one percent AeNO, solution. As much water as possible was then

squeezed from the foam píeces and they were next transferred for further

washíng to the upper chamber of a Soxhlet extracËor (no thínble installed)

of approximately 1 liter capacity. The lower receiving flask of the

Soxhlet apparatus was filled with reagent grade acetone sitting over

type 5A molecular sieves to aid in removing \rater. Extractíon of the

foams wiEh acetone in this manner üIas contínued for 6 hours (during

which the Soxhlet filled and emptied about 20 times) in order to remove

any unpolymerized organíc materíals, ürater, soluble meÈal complexes or

Ëraces of HCl stíIl present. At the end of this time, the excess

acetone \¡¡as squeezed thoroughly from the foam pieces which were then

laid out to dry ín aír for about 30 ninutes. The foarn pÍeces r,Iere next

transferred to a vacuum desíccator (containing no desíccanË) attached

to a good mechanical pump where traces of acetone r,rere removed overnight.

The roughly cut and washed foam pieces \.rere next individually trim-

med wíth the knife to weigh 50 ! 2 mg (excepÈ where other weights were

specifically required). Foam pieees falling outside this range \dere not

used. The cleaned and trímmed foams hrere stored sealed in polyethylene

bags sheltered from light untí1 needed.

In preparation for an experíment, a number of foam pieces (usually

10) were removed from storage and placed ín an electríca11y grounded

aluminum cavity for several hours prior to weíghing. This was done in

order to dissipate static charges which tended to develop on the foam

and whích caused seríous weighing errors when unrernedied. The exact

weíght of each foan piece \¡ras deteruíned to the nearest hundredËh of a

milligram shortly before it was placed in a dístríbution cel1 for experi-
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nentation.

2) DistribuÈion Cell Asseurbly and
InsËallaÈion in Squeezing Cabinet

The píeces of the glass dístribution cell shov¡n in Fígure 2-2

were assenbled as sholrn ín Figure 2-I according to the following sequence.

Fírst, the lower end of the spring (G, Figure 2-2) was stretched over the

1ip on the upper neck of the cell top (C) and the plunger (D) was then

inserted from the boËtom through the neck and spring as far as possible.

The top end of the spring lras then spread slightly using pliers so as to

allow íts Ínsertion into the hole in the side of the plunger stem. High

vacuum sílicone grease was applied to the glass flange on boËh the cell

top (C) and bottorn (D) as ¡¡e1l as to the penny-head sËopper (¡) wtrictr

was inserted into the sampling arm.

A light film of thís grease I¡Ias also applied during some experiments

to the shaft of the plunger (D) in the area between the broad base and

Teflon fílm. Grease Èhus applíed in the regíon of the plunger stem,

which r¡Ias repeatedly pushed through the solution surface duríng operation,

was found to be very useful ín seavenging bíts of polyurethane foam

r^rhich on occasion rtere broken off during squeezíng. This proved to be of

considerable irnportance since such bits generally represenÈed a large

analyÈical problem ín tryÍng to assess equilibrium solution metal con-

centration Íf left floatíng freely ín solutíon (usually considerable

60Co ras ín these bíts).

The bottom cell section (containíng a dry weighed foam piece) as

well as the Èop were then fitted together and fastened with four elastic

bands. One or two condoms were slipped over the spring and sealed

snugly to the plunger stem and ce1l top neck rnríth additíonal elastÍc
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bands. Finally, Ëhe Teflon cap r¡ras pushed onto the top of the condoms

and plunger shaft then the entire assembly was placed in its appropriate

location in Ëhe squeezing cabínet as shown in Figure 2-5. The two clamps

holding the cell top and bottom in place were tíghtened and adjusÈed so

as to center the plunger base radÍally ín the ce1l bottom so it r,¡ould

not rub the sídes v¡hen in operation.

I^Ihen all ten cells had been inserted in this way, final adjustments

were made and paper shims were placed under each cell so as to compress

the foam to 1 nm thíckness when t,he cam r,ras ín its lowest position of

travel. The cam r¡ras adjusted to iËs uppermost position, the cabínet

was closed with all pieces of polystyrene insulaÈion in position and

the temperature regulat.ing system was activated overníght to bring the

entÍre cabíneË to stable operating temperature (25.00'C).
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3) Solution Preparation and Handling

A series of ten solutíons vras prepared in separate numbered 150 nL

volumetric flasks for each experiment. The choice of which numbered

volumetric flask (and consequently whích numbered dístribution cel1)

would receive a particular solution in the series lras rnade deliberately

at random by consulting a random number generator in planning the experi-

ment. In this way, íÈ was hoped to reduce effects of any unknown biases

ín the squeezing cells, mechanism or Ëemperature profile to símple

scatter in the results which could eventually be detected and would not

be confused ¡,¡íth legitiurate experimental trends.

Usua1ly, the líst of reagents to be added to each flask included a

thiocyanate sa1t, cobalt chloride, sodíum acetate/acetic acid buffer,

an inert salt to gdjust ionic strength and 60Co Ètr".t. The contenÈs

of each flask most often differed from that of the other nine by only one

key parameter (e.8. pH, thiocyanate concentration, cobalt concentration,

ionic strength, etc.) but ín some cases all ten flasks contained identi-

ca1 solutíons (for instance, where the effect of various foam types or

weÍght of foam used were being compared).

For each type of experiment, slight differences in procedure were

necessary or convenient in order Ëo prepare the ten solufíons. In some

cases, indivídual weights or aliquots of stock solutions of each neces-

sary reagent rvere added separately to each of the ten volumetric flasks

while ín other cases ít was possible to Ínclude many or all of the

reagenËs in a single stock solutíon from which only one aliquot needed

to be measured into each flask. Since each experiment type represented

a different circumstance to deal with, no truly general procedure for the
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solution preparatíon can be described.

Once prepared, however, the varíous solutions r¡ere handled in

nearly identícal fashíon. In all cases, the last component to be added

to the solutíon q¡as the aliquot (30 or 40 rnícroliters) of 60Co tïacer

solutíon. Thís quantity of Ëracer was suffícient to give an initial

soluËion count rate of frour 100 to 2000 disíntegrations per second vrhen

measured by the procedure described later. Following this, the solution

was brought to somewhat below the etched rnark on the volumetric flask,

stoppered, and míxed thoroughly. The solutions were then allowed to sít

at room temperature overníght before final volume adjustments and mixing

were performed. This procedure r4las necessary sínce temperature changes

(usually cooling) oft.en accompanied urixíng of the solutions and this

resulted ín noticeable volume changes. In addition to allowing thermal

equílibrium to be regaíned, the overnight period also allowed ample

time for tracerfcarrier cobalt randomizaÈions and also establishment of

some other solution equílibría to occur.

Generally speaking, it soon became apparent that when dealing with

cobalt extraction from thiocyanaÈe solution, the use of near optimum

soluÈion conditions Ín experiments to determine the effect of one para-

met.er on equílibriuu would be fruít1ess. Thís arose from the extraordin-

arily high values of extractíon which were found to exist under such con-

dítions thereby uraking ít analytically very difficult to distinguish any dif-

erences on top of inherenÈ experimental scatter. Thus, a decision ¡^ras

made to deoptiroíze one or more parameters to bring extraction Ínto an ac-

curate and comfortable measuríng range. Usually, the thiocyanate concen-

t.ration was kept deliberately low for thÍs reason exeept in a few instan-

ces.
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Experimental Sequence, Sample
Taking and Counting

Once diluted to Èhe mark and vigorously mixed, a sample of solution

was withdrav¡n from the first volumetric flask and used to fill a numbered

calibrated 15 nL countÍng tube just to the erched mark. A dry 15 mL

pípet from whích the tip had been cut to speed filling and delivery r¡ras

used to perform this operation. The tube was then placed ín the well of

the Baird-Atomic ganma spectromeËer (which had been left on overníght Ëo

reach stable tenperature) and counted for ten consecutíve 100 second per-

íods. At the conclusion of ten counting periods, it was withdrawn and

replaced by the next tube filled in a similar fashion from the next volu-

metric flask. The entíre contenËs of the fírst tube were then carefully

returned to Ëhe original volumetric flask. The flask was then completely

emptied inËo the first dístribution cell through its sampling arm by

mearis of a funnel and the squeezing cam r^7as started in motíon to begin

equilibraÈion with the foam. Tests to establish what volume of solution

r^7as actually transferred to the distribution cel1 in this way indicated

that between 99.70 and 99.75 percent of the 150.0 mL reached íts destina-

tion. During the brief process of fí11ing the cell and in later sample

wíthdrawals, the cabinet air circulation fan was always turned off while

the doors \¡Iere open in order to reduce losses of thermostatted aír. The

pipet and funnel r¡ere carefully washed and dried in preparation for the

next solution to be sampled and transferred. Sirnilarly, the numbered

counting tubes (a single tube was reserved for each of the ten cells)

I¡rere cleaned to prepare them for later sample wíthdrawals.

Once all ten soluËions had thus been counted ín turn and transferred

to the distrÍbutíon cells (about three hours) Ít r,ras possíble at any tine

4)
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to begin removing solution samples from Ëhe first cells for counting to

assess the degree of equilibrium attainment. Duríng this procedure, a

sample was r^rithdrar¿n through the sampling arm of the first cel1 using

the 15 mL pipet while manually holding the cell plunger out of the r,ray

in the down position. This sample r¿as used to fill to the mark the same

numbered counting tube as ¡vas used originally before counting again for

ten consecutive 100 second periods. After counting, the tube contents

\,rere reÈurned to the first distributíon cell via Èhe sampling arm then

the process r,ras repeat,ed with the next and other cells until all had

been counted. During these manoeuvers, vÍsual observations of both the

solut.ions and foam pieces were also recorded.

In early experiments, samples \^tere removed for counting imnediately

after 3 hours equilibration and then again at 6, L2 and 24 hours. How-

ever, the 3 hour sample proved to give no important ínformation so \¡ras

dropped in favour of the 6, L2 and 24 hour samples alone (and occasionally

36 and 48 hour samples when the experiment \,ras continued that long).

Although creating considerable addítional work, the practice of samplíng

the solutíons on three or more occasions duríng equilibraÈion made ít

possible to assess when the experiment could be halted due to equilibriurn

attainment, sometimes allowed a qualítatíve comparison between rates

of equílibration under different condítions and also pointed up several

ínstances in r.rhich equílibrium was never attained due to certain chemical

changes occurríng in solution. For these reasons, Èhis practice was

contínued for all experiments except one ¡¿hích ¡¿il1 be described later.

After equílibrium had been judged to be attained, the foam pieces

were finally exanined and díscarded. However, in many instances the

solutions \rere retained long enough to measure their final pH by glass
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electrode. This vras especíally true for solutions to whích Ínterferents

had been added or lrhen the usual acetaËe buffer \,ras not present.

I',4ren tíme became available during the sampling regimen outlined

above, an evaluation of the background on the garuna counter v¡as made

by counting for 100 periods of 100 seconds duration while no samples

or standards were in the detector. Counting tubes and distribution

cel1s \,rere routinely checked for any contaminatíon as part of the washing

procedure beËween experiments. Contamination of the tubes by 60Co was

not usually found to occur unless cracks developed in the wal1s whereupon

they had to be díscarded.

A necessary rnodification Ëo the procedure which became apparent only

in Èhe later experiments performed was prompted by the discovered sensi-

tivity of the ganmâ counter response to fluctuations in room temperature

even after a lengthy warmup period. Although the resulting errors

generally applied equally to all ten solutions in a series so did not

alter the relative order of results obtained, differences as high as

three percent of the measured count rate l"7ere observed on one occasion

when severe room temperature fluctuatíons occurred. The problem

was rectified by preparing a counting tube containíng a fixed quantíty

of 60Co in so1íd form at íts botÈom and by its inclusion as an eleventh

Èube in each sample counting sequence. The sensitívity of the gannÉ

counter was thus checked repeatedly against the standard and corrections

for dríft could be applied.

It should be pointed out at thís point that the procedure fo11owed,

on the v¡hole, proved to be most satísfactory and produced very reliable

data. In partícular, Èhe practice of counting all sarnples taken from an

individual distríbuÈion ce1l before, duríng and after equílibrium
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attainment in the same calibraÈed tube removed all problems relating to

differing wall thicknesses and geomeËries. In addítion, as will be

discussed in more detail 1ater, the ability to fill the counting tubes

to a mark sÍtuated well above the active volume of the scintíllation

crystal reduced Ëo neglígible values the counting errors resulting from

variations in adjusÈing to the mark. Further, since more than ample

tÍme \^7as usually given for the attainment of equilíbrÍum between foam

and soluËion, differences arising out of distribution cell squeezing

efficiencies or foam geometry tended to disappear.
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b. Calculations

The mass of numbers r¡hich I¡rere generaÈed by the experimental pro-

cedure r¡ras converted into chemícally useful information by the following

data treatnent procedures. To clarify the descríption a complete typical

set of data is presented in Table II-2 xo r,¡hích frequent reference r¿il1

be uade. Extra fígures have often been carried through the calculations

to avoíd cumulative round-off errors and to aid in illustration but

Èhe questíon of significant figures will be dealt wiËh 1ater.

1) Mean and Standard DeviationQtl)

As a first step in data treatment, it was necessary to obtaín the

best possíb1e estimate of the true tneâflr ì-lr from the many individual

values, xi, measured. To do this, the mean, l, and standard devíaÈion,

o , trrere calculated for each set of n replicaÈe radiometric counts
x

belonging Ëo a single sarnple or background as follor,rs:

rr : v =

n
I x.

11=I (21)

(22)U-x

For example, in Table TI-2 Part A Èhe mean value and standard deviation

of AO (solutíon activity príor Ëo foam contact; subscripts denote con-

tact time in hours) are found Èo be 36L95 t 2L7 disintegrations per 100

seconds (d/100s¡ by applying equations (21) and (22) to the ten (n=10)

values measured. Other daËa in Table II-2 r¿ere treated simílarly to

obtain the resulÈs shown there. For considerations of space, the
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TABLE IT--2 - conÈinued

Part B: Calculations

Foam Contact Time
(hours)

957" Confidence Interval
7"8 D

(1, ke-l)
log D

6.0

L2.0

24.0

(%8.)
o

81. 16
r0. 15

(%EL2)

8I.32
r0. 17

(7.824)

81. 34
!0.L2

(D, )o
12790
t110

(orr)
L2920
tL20

@zq)

L2940
r90

(1og DU)

4.L07
i0. 004

(1og Drr)
I+.LLL

i0.004
(1og DrO)

4.Lr20
!0.0029
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untreated data for B (background) are

standard deviation of. 225 I 14 d/100s

applíed using n=100.

not included but yielded a mean and

when equations (21-) and (22) were

2) Data Rejectíon

The individual numbers, xí, from which the averages vrere determined

were then scanned for discordanË ones to be rejected. Any suspect numbers

were subjected to Chauvenetrs críterion(218) of rejection. Accord.ing

to this críterion, widely applíed to radiometric data, a value is to be

díscarded íf it "has a devíatíon from the mean greater than that corres-

ponding to the L/2n probability limit". Put into more easily understood

terms, thís means that values whích are more than a certain number, r,

of standard deviations from the mean, T, are to be rejected (i.e. beyond

ï t ro ). The value of r (see Table II-3) depends upon the number, n,x

of data points. Applying this principle to the B (background) data of

Table TT-2, we see that any values whích would lÍe outside the range

225 ! (2.80)(t4) = 225 ! 39 d/100s (sÍnce i= 225 ¿/tgOs, o* = 14 d/100s,

and r = 2.80 for n = 100) would have to be discarded. However, as none

such existed, all 100 data values I^7ere used. 0n the other hand, in

similar consideration of the AO (solution activiËy prior to foam contact)

data, one value (36683 d/100s) lies outside the interval 36195 t (1.96).

(2L7) = 36195 x 425 d/100s (sínce ï = 36195 d/100s, o* = 2L7 d/]-00s and

r = 1.96 for n = 10) and is Ëhus rejected. Like treatment of the remain-

ing data in Table II-2 yíelds the results shown. Having Ëhus performed

any necessary data rejection, a nelr mean and standard devÍation were

then calculaÈed according Ëo equations (21) and (22) onitËing Èhe rejeeted

data and are included Ín Table II-2 where appropriate.
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Table II-3 - Chauvenetrs Críterion for RejectÍng a Reading(2l8)

Number of ReadingS, n Ratio, r, of maxímum acceptable
devíation Ëo standard deviaËion, o

5
6

7

B

9

10
20
30
40
50

100

1. 6B
r.73
r.79
1. 86
L.92
r.96
2.24
2.39
2.50
2.58
2. B0

Table IT-4 - Critical Points of the "t" Distri-b,rtiorr(217)
ft"r gsZ co.tri¿.n"el--

Number of Degrees of Freedom
(n-r)

1
2

3
4
5
6
7

8
9

10
15
20
25
,:

L2.7 06
4.303
3.L82
2.77 6
2.57l.
2.447
2.365
2.306
2.262
2.228
2.13r
2.086
2.060
2.042
1. 960
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3) 95"/" Confidence Interval

A 957. confidence interval of the true mean: Ir vrâs then determined

for use in all further calculations as :

(23)

where Ï, o and n are the parameters pertaining to the set of numbers

exeludíng rejected data. The value of t is obtaíned from a Studentrs t

Distríbution table QU) (part of which is reproduced ín Table II-4)

selecËing Ëhe entry for (n-1) degrees of freedom and a 951l probability

level. hlhen so calculated, Ëhe true mean, p, will lie r,¡íthin the inter-

va1 given by equation (23) 95 out of 100 times.

For example, applying this calculation to the data for B (background)

in Table II-2 where we have x = 225 d/100s, o* = 14 d/100s, n = 100

and t = L.960 (from Table II-4 taking n-l = 99 * -), we arrive at a 957.

confidence intervaL of 225 t = 225 ! 2.7 = 225 t 3 d/100s.

Sinilarly, f.or fo, where x = 36141 d/100s, o* = L42 dlI})sr D = 9 and

t = 2.306 (from Table II-4), we obtaín a 95il confidence ínterval of

36L4L ! (2.306)(L42) = 36L4L t 108 a/tOOs. orher enrries in Table II-2

have been calculated ín the sane rnanner.

tox

',Jtr-

U=x+

(1. e6) (14)

'r/roõ

.tr
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Background Subtraction and Spectrometer
Drift Correction

Each of Ëhe means calculated above r{as next corrected for the

background, B, by sinple subtractÍon. The resulting background corrected

values are distinguíshed by primes (').

Al=4.-Bl_a
(24)

For example,

ALa = Az4 - u =='ruunr'otrtr|r'r', 

u,'r'o'otr" 
'

r,rhere l,l , is the solution actívity after 24 hours of foam contact correct-
¿4

ed for background. The uncertainty in the result is determined according

to sÈandard error propagaËion ru1esQl-T) as the square root of the sum

of the squares of the uncertainties in the individual values (i.e.

QÐ2 + (3)2 = 2g). Sinilarty, values for Aö, Aå, ol,Z, Yö, vi, Yi, and

Yl, were also calculated and íncluded in Table II-2 as well.
¿4

For those experiments in which periodic calíbration checks were

made of the sensitivity of the spectrometer to allow for drift (i.e. the

Y values), correctíons were made to the solution actívíty data. These

corrections had the effect of simulating all of the samples having been

counÈed at the same time at the beginning of the experíment rather than

at several times over its duratíon. The data are corrected for spectrom-

eLer drift as follor.rs and are distinguished by double príues (")

4)

^ 
lt

¿l . =
a

A: Yó

t 
Y:

l_

(zs)
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For exauple:

^ï,r 
= o)q +'24

= (6703 t 29) (102159 ! 269)
@ne6 t 2eÐ

= (670L t 39) d/100s

where A')O Ls now the soluËion activity after 24 hours of foam contact

correcËed for both background and spectrometer drift. According to rules

of standard error propagatíon, the uncerËaínty in the result is given by the

product of the result with the square root of the sum of the squares of the in-

dividual fractional errors (i.e. UrOt'
----------
(299/L02L96)' = 39¡. Likewise, the values of AU, AlZ and theír uncertain-

ties were also determined and appear in Table II-2.
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5) Percent Extraction of CobaLt, %E

The percent of cobalt extracted by polyurethane foam r¡as determined

indirectly by measurements of the dísappearances of 60Co from solution.

This rnethod inherently assumes that all cobalt leaving solut.ion is

transferred only Ëo polyurethane foam. The correctness of thís assumption

r^ras assured by the use of chemically ínert substances in the constructíon

of the distribution ce1ls and finally tested in blank experiments which

showed no measurable disappearance of 60Co from solution in the absence

of foam. Assumíng exactly linear spectrometer response to tracer concen-

tration (which rvill be demonstrated laËer), the percenË extracted was

thus calculated as:

%8. =
l-

x 1007. (26)

For example, the percent

given by:

extraction of cobalË after 24 hours contact is

t+)

h - rrrol 1 3e) \
\ T:soto t toal/

81.34 t O.L2%

x L007"

Again, the uncertainty is given by the square root of the surn of the

sguares of uncertainties of the individual values all rnultiplied by the

constant, 100 (i.e. x 100 = 0.12). Values

for "/"8U, %ELZ and their uncertaínÈíes were sirnilarly calculated and

presented in Table II-2 Part B.

%824 =(l- 
#) 

x LOo:^ =
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fË

stance,

éÞ.

6) Distributíon Ratío, D

ís common practÍce QIg) in descríbing the

M, bet\nreen tr^ro phases (1 and 2) to define

distribution of a sub-

a distribution ratio, D,

Q7)|= Concentration of M (in all forms) in Phase 2

Concentration of M (in all forms) in Phase 1

D will approach an equílíbríum value ¡¿ith time but ís not strictly an

equíIíbrium consÈant since ít potentially involves a multiplicity of

individual species in each phase and therefore can be dependent on the

concentration of M or on a variety of other variables. However, although

the extent of extractíon of M from Phase 1 to Phase 2 v¡ill vary widely

according to the relatíve volumes of the two phases, D calculated in

each case should remain constant and hereín líes the utílity of the

distribution raÈio. Applyíng the concept to the extraction of cobalt

by polyurethane foam, we have:

!= Concentration of Co (in all forrns) in foam
Concentration of Co (ín all forms) in solutíon

(28)

Sínce it ís neither convenient to measure the volume of foam accur-

aÈe1y (excludÍng air spaces) nor to weigh all volumetrícally prepared

solutions, ít was considered desirable to express the cobalt concentration

of the solution in moles per liËer while expressing that in the foam in

moles per kilogram. Thus, Dt h"" the units L kg-]. Furthermore, since

the number of moles of Co in the foam phase is proporÈional to the

percentage extractíon, %8, while that remaining in solution is propor-

tional to (LO\-%E), we may irrnediately símplify equation (28) for
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compuËational purposes Èo:

D. =
l_

o/E

a (2e)
(100 - zEí)

where V is the solutíon volume, in liters, and I^I is the weight of foam,

in kílograms. Equatíon (29) r¿as used to calculate D after 6, L2 ar.d 24

hours of conËact between the two phases. For example, af.ter 24 hours:

Dz4 =
%EZ,r v = (81.34 1 0.12) (150.0 x 1O-3 L)

w 118.66 T o;r2t @el
= L2942 1 87 r, kg-i

(1oo - %824)

and log DZ4 = Loe (tZg42 ! 87) = 4.IL20 t 0.0029

In calculatÍng the uncertainty in D, errors ín both V and in I^I have been

neglected. This aríses from the fact that the estímat.ed indeterminate

relatíve errors in V and W are about ! 0.077" and !0.027. or less respect-

ively while that in %E is at least about !0.L57" and is most often much

larger. The uncertainty ín D is calculated, therefore, sínply as the pro-

duct of D and the square root of the sum of the squares of the fractional

eïrors ín 7"8 and (100 - "/"E)(i.e. x !2942 =

87 t tcg-l¡. The uncertainty in 1og D is most properly given by evaluating

log D for each of the extremes defíned by Èhe range L2942 ! 87. Since the

logaríthmic function is non-línear, this generates noticeably asymmetrical

bounds for the range of 1og D íf Ëhe error is quite large. However, for

smal1 errors it is approxímately symnetrícal. Values of DU, DIz and their

logaríthms have similarly been calculaËed and appear in Table II-2, Part B.

Generally speaking, only the 7"ErO and DrO values \¡rere used in
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comparisons bet\deen members in an experimental series although, on rare

occasions, when mechanical problens made thís value less Èhan reliable

the 7"8* and D, values could be used ínsËead without large error.

7) UncertainÈíes

At thís point, it ís perhaps worth consídering the imporËance of the

uncertainty calculations ín the experiment. I{hen available, reliable

uncertaínties provide a reasonable basis on whích to assign signíficant

fÍ-gures to the data. All determínations of uncerLaínty have been based

only on radiometríc counting errors whích are both important and signifí-

cant but whÍch nevertheless do not account for all scatter observed in

experimental data. In addÍtion to counting errors, there are definite

(and likely important) effects resulting from uncerEainties in reagent

volume and weight measurements, temperature fluctuations, etc. which

should ideally be assessed for each experiment by its repetition severaL

times. Although desirable, this is not generally feasible unless one

is prepared to sacrifice large amounts of ¡¿e11-resolved experimental data

in favour of many fewer but repeated experiments. 0f course, for all

experimenËs ín which data are presented graphÍcally, a visual assessmenÈ

of Ëotal variabílíty is usually avaílable anyvray if sufficíent data

poÍnts are presented throughout the range. In practice, whíIe at least

placing a lower linit on the actual total uncertainty and also províding

a check on the performance of the gamma counter, uncertainties calculated

from counting statistics alone províde the ability to distinguÍsh when

changes ín D with tíme are within experimental error and thus v¡hen

equilibrÍum is functíonally reached for a given solution in a distribuÈion

cell since all other variables are then fixed.
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8) Significant Fígures

In reporËing data in Part B of Table TI-2 and in the remaínder

of this work, the practice has been adopted of retaÍning two significant

figures in the calculated uncertainties when the tr^ro most significant

digits are between 10 and 34 while only one is retaíned r¿hen they are

fron 35 to 99. Thís ís a very s1íght nodíficatíon (toward conservation

of data) of the procedure as suggesËed by Shoemaker and GarlaIU(¿ZO)

(who suggest linits of 10 to 30 and 31 to 99 respectively). The data

to which Èhese uncertaínties belong, then, are rounded to gíve the same

number of decíual places as are present in the uncertainty. Thus, for

example, 15.0966 ! 0.0326 is rounded and reported as 15.097 ! 0.033

v¡hile 13.1561 ! 0.0429 becomes 13.16 t 0.04.

9) Graphical Presentations

The important results of many experiments are displayed in graph-

ícal form. Error bars representing tt.e 95"Å confidence inÈervals calcu-

lated from radiometríc counting statistics have been included in the

presentations wherever the uncertainty ís larger than the size of symbol

used marking the position of each poínt.

Often, apparently línear relationships are represented by portions

of the graphs. For these portions, the slope, m, of the best straight

Iíne passíng Ëhrough the points has been calculated by the least squares

method of linear regressio nQ77) (whÍch minímizes the sum of the squares

of the differences between the calculated and measured quantities at

each poínt) and included on the graph. In addition, as an assessment of

the degree to which the calculated line fits the daËa, the correlation

coeffícíent, ï, has also been deËerminedQtl) as:
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Ur=m x
Õ

w

(:o)

where o and o are Ëhe standard deviations of the values plotted on Lhe
xy

x-axis and y-axís respectively for those points included ín determining

the line. Defíned in thÍs way, perfecË correlation beËween the experi-

mental data and the line yields r = t 1.000 (the sign depending on that

of n) while no correlation would give r = 0.000. Values of correlaËíon

coefficienÈ, r, have been included v¡here approprÍate rniith those of slope,

¡¡, on the graphs to allo\,r numerícal assessment of Ëhe línearity of the

relationship displayed.
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RESI]LTS AND DISCUSSION

Count

c.

1.

RaËe and Volume of Solution in
Counting Tubes

When fírst considering the use of Pyrex test-tubes as receptacles

for radioactíve solutions Èo be counted, the question arose of how much

solution should be used to obtain opt.imum performance.

To establish the relatÍonship betr^reen the filling volume and

measured count raËe, a single tube was counted for five 100 second

intervals when empty (to establish the background) and then again with

successÍve 1.00 mL additions of an l92rr tracer solution up to the capa-

ciËy of the tube (about 17 mL). After subtracting the background in each

caser the resulting measured count rates for each filling volume were

used to calculate the approximate relative error which would result if a

10.1 mL error in volume r/rere to occur (about the largest conceÍvable

volume urisj udgement) .

The results are gathered into Table II-5 and displayed graphícal1y

in Figure 2-8. I^ie see from this that beyond abouË 5 mL, added volumes

of radioactíve solution have less and less influence on Èhe measured

count rate. This arises out of the fact that the crystal v¡ell has a

depËh of only 39 mrn whereas the counting tubes extend above this by about

85 mm. To take advantage of the precision Ëhus made possible by using

tubes fil1ed to near capacíËy, each tube was subsequently calibrated

by plpet and scribed at 15.0 nL. At this position, relative errors in

Beasurement of no nore than I 0.07% are expected assumÍng 1 0.1 nL
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measuring error. Although added precision could be attained by stí1l

greater filling volumes, the increased risks of solutíon spíllage \¡/ere

noË considered to be desirable. Once calíbrated, this set of tubes

was used extensívely in the experiments to follow.
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TABLE II-5 RELATIONSHIP BETI.IEEN MEASURED COI]NT
AND VOLIIME OF SOLUTTON IN TEST-TUBES

Conditions:
NaI(T1) crystal díameter ....

length
Counting well diameter .

depth
Test-tube díameter

length
Isotope

50 nni
55 rnm

17 mn

39 mm

16 r¡n
125 rnm
I92]J

Volume of Solution
ín Test-tube

(mL)

Average*
Count Rate

(sec-1 )

Approxímate Relative Error ín
Count RaËe Resulting from
10.1 nL Error in Volume

(7.)

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10. 0

11. 0

L2.O

13.0

14.0

15. 0

16.0

17. 0

405

811

1201

1564

1870

2094

2246

235L

2430

2490

2530

2569

2597

262I

264L

2660

2668

t10. 0

!4.9
13. 1

+)1

lL.4
t0. 90

!0 .57

t0. 39

!0.29
!0.20
r0. 16

t0. 13

10. t0
10.083

!0.07 4

10.051

!0.027

* Average of five 100 second counËing periods
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Determination of Gamma CounLer
Linearity and Dead Time

fn order to make direct comparísons between the concentratíons of

radioactive tracer present in solution both before and after contact

wíth polyurethane foam, it was necessary to determine a calibration

curve for the garnma eounter.

To accomplish this, a large volume o¡ 1921t stock tracer solution

was firsÈ prepared in 202 (r¿/w) hydrochloríc acid. Various amounts, r,I,

of this solution rangíng from a few milligrams to many grams v/ere then

weighed directly into indívidual calibrated Pyrex counting tubes. Ad-

dítional 20% hydrochloríc acid r¡as added to each tube to bring it exactly

to the 15.0 mL mark, the contents vrere mixed very carefully with a glass

rod and Èhe top of the tube was sealed vrith polyvinylchloríde film to

retard evaporation. Each tube r^¡as then counted a total of 15 tímes, in

groups of five, for various periods of time (from 10 to 500 seconds each)

in order to accurately establish the count rate measured by the spectrom-

eËer. Owing to the length of time required to complete the countíng

operatíon and also to the moderate half-life of the radioisotope used

il921r, t,- = 74.4 days), it was necessary to apply decay correctior¡t(zzt)-'4

to the data obtained as follor¿s:

Ln2
tv

=Ne '2

o

¡nrhere N is the measured count after

the count expected aÈ tíme zero and

tope expressed in the same units as

measured in each of the empty Ëubes

b.

.t
(31)

some time, t, has elapsed, No ís

t, is the half-life of the radioiso-

t. Values for the background as

had been determined príor Ëo filling
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them by ten consecutive periods of the same duratíon (from 10 to 500

seconds) as vras used vrhen fu1l. Using these determinaÈions, the above

data r¡ere corrected for the background by simple subtracËion. These

results were then correcÈed for Èhe geometry differences of the various

tubes by multiplying each of them by the calibration factors prevíously

determined for each tube to yíe1d, finally, the corrected net count rate'

. . -'ln, l-n seconds '.

The results of these calculations appear in Table IT-6 and are dis-

played graphically on a logaríthmíc scale ín Fígure 2-9. It will be

seen from the data that no sígnífícant deviatíon from lineariÈy occurs

below about 20 000 seconds-]. Since in all cases no experíment exceeded

an initial solution activíty of 2000 seconds-l, it is evident that Lhe

assumption of strictly linear detector respofise is a valid one.

The daEa of Table II-6 r.¡ere also used to obtain an evaluation of the

spectrometer dead time to check its performance. The relationship be-

t\^reen measured and actual count rate is QZù '

t.
cl

(32¡

where n is the measured count rat.e' N is the

is the dead time of the spectrometer. Since

count rate, N, to be directly proportíonal to

solution taken, r¡re may wriÈe:

expected count rate and tO

r,Je anticíPate the exPected

the weight, w, of Ëracer

1=1*
nN

l_-

n
1 + r_
-dkr^I

(33 )
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where k is some constanË such that N = kw. Thus, td is obtaíned as the

y-intercept of the line resulting from a plot of 7/n against 1/r,¡ (not

shor,¡n). The results of the calculation using línear regression to fit

the best líne to the data Bive tU = 4.5 1 0.3 microseconds which is a

typical value for a NaI(T1) crystal detector.
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TABLE II-6 LINEARITY CHECK AND DEAD TIME
EVALUATION OF GA}4MA SPECTROMETER

Conditions:
Spectrometer .

Detector
Radioisotope .

Baird-Atomic model 5304
NaI(T1) well-rype
I 92Ir

Tube Countíng
Number Interval

(sec)

Tracer
SoluËion
I^Ieight, w

('e)
t0. 3

(rg-i )

Corrected*
Net Count
RaËe, n
(sec- I )

I
Irl

I
n

(sec )

10

11

L2

13

500.0

500. 0

500.0

100. 0

100. 0

100. 0

100. 0

100. 0

100. 0

100.0

100. 0

100.0

100. 0

100.0

9.2

52.8

109.4

165.1

220.4

275.6

330.2

443.0

555. 9

669.7

889.6

Lt22.5

L66r.4

2L56.5

1.09
r0.04

r.894
10. 018

9.L4L
!0.025

6.057
10.011

4.537
10.006

3.628
r0.004

3.028s
t0. 0028

2.257 3
r0.0015

r.7 989
r0.0010

L.4932
10.0007

L.r24t
r0.0004

8.9087
!0.0024

6.0190
10.0011

4.637r
10.0006

x 10-1

xLO z

x 10-3

x 10-3

x10 r

x 10-3

x l0-3

x10 r

x 1O-3

x10 r

x 10-3

x 10-4

x10+

x 10-4

32.46
10. 15

L75,6
!0.4

365 .4
t0.7

550.0
11. 3

734.7
11. 8

913.3
!2.I

1096.5
!2,4

1468. 3
13. 3

1835
!4

2208
!4

2924
16

3692
!6

5408
19

6946
lI4

,3:8ii x 1o-2

,å:3?3 x 1o-3

,3'.'r3i x 1o-3

1.818 - ^_)
to.oo4 x ru "

1.3611 _ ^-?
t0.oo33 x l-u "

r.0949 _ ^-2
tO.OO25 X IU '

,3:åi3 x 1o-4

,3:3il x 1o-4

5.450 - ^-Lto.o12 x lu

4.529 - ^-Lr0.00g x ru

,3'.t3', x 1o-4

.'3'.'r3?, x 1o-4

.å:3å3i x 1o-4

,t.t37l x ro-4L4
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TABLE II-6 - ConÈinued

Tube Counting
Number Interval

(sec)

Tracer
Solution
I{eight, w

(rne)
i0.3

I
!'r

(re-t )

CorrecËed*
NeË CounË
Rate, n

(sec- 1 )

t-
n

(sec)

15

L6

T7

1B

L9

20

2L

22

23

24

25

26

27

100.0

100.0

50. 0

50. 0

50.0

50.0

50.0

10.0

10.0

10.0

10. 0

10.0

10.0

2654.2

284L.4

3825.6

4003. s

4841. B

498s.8

6LB2.L

7285.t

8926.0

9913. 3

11018.1

L3320.7

15555.6

3.7676
10.0004

3.5L94
10. 0004

2.6L397
10.00020

2.4978L
10.00019

2.06535
r0.00013

2.00570
10 .00012

L.6]-757
r0.00008

L.37266
10.00006

L.L2032
10.00004

1.008741
t0.000030

9.07598
10.00025

7.507Lr
10.00017

6.4285s
t0.00012

10-4 BsJ:
+r)

10-4 '1î3

1o-4 *?7i

10-4 *îrr1

ro-4 tt.t!3

10-4 *li|

1o-4 *ttr:,

1o-4 "iî3
ro-4 ^'r23

10-4 ,.î13

10-s "i;3
lo-s ,1tr3

10-s orl;3

.å:åãlî x 1o-4

1.0989 - ^-L
ro.o01g x ru

-3.31i' x 1o-5

,å:3i3 x ro-5

,3:3i3 x 1o-5

,3:äiî x 1o-5

.å:33i x 1o-5

,å:ååå x ro-5

,¿'.tl', x 1o-5

.3:3å3 x 1o-5

,3:333 x 1o-5

,3'.33i x 1o-5

'|'.t:r| 
x 1o-5

NOTES:

* values
vídua1

1. Tracer count rates are the average of 15 measurements'

Background count rates are the average of 10 measurements

made on each indivídual tube.

2. Uncertaintíes quoÈed are 957" eonfidence intervals of the

mean based on the counÈing statistics only.

of net count rate (background subtracted) corrected for indi-
Èube ca1íbrations
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Time l.p_."!e"gg_ of Cobalt -qg-EP!-aoA 
from

Aqggg_g.q Thiocyanate Solutions Þy lglryIg.!¡g"g
Foam

To esËablish at vlhat rate cobalt could be removed from aqueous

thiocyanate solutíons by polyurethane foam and Ëo ascertain approxímately

what length of time would be sufficíent Ëo attain equilibrium in later

work, an experimerit \,üas devised to measure the time dependence of cobalt

sorption under typical conditions.

In planning the experiment, it was intended to prevent as many

other factors as possible from adding to the effects of time on the

measured sorption. The desired experimental solutíon conditions are

listed aE the top of Table TT-7. In order to eliminate possible differ-

ences arising from solution preparation, a single 1.00 liter stock

solution containj-ng each of the necessary íngredíents in the appropriate

amounts (0.10 ppm Co2+, 0.10 M NaSCN, 1.90 14 NaC1, 1.00 M sodium acetate/

acetic acid buffer and sufficient 6oco tracer to give about 700 seconds-l

initial actívity) vüas prepared from indivídual stock solutions or by

weighing in the case of NaCl. Aliquots of 150.0 nrT- of this solution were

withdrawn for use in each experiment.

Distríbutíon cells containing 50 urg /11338 BFG foam pieces were

assembled as outlined ín the General Procedure r¿íLh double condom seals

to protect agaínst evaporaËÍon.

Considerable advantage was taken of the fact that the radíometríc

method of analysis is completely non-destructíve and therefore makes

feasible the use of a síngle distribuÈion cell, foam and solution to

províde an entire sorptíon profile with Èiue. Thus, 15.0 mL samples

could be removed quíckly from the toË41 150.0 nL by pipet, counted for
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one or more 100 secorld intervals and returned imrnediately r¡ithout halting

the equilibration of the remaining 135.0 ril of solution. 0f course, the

missing 15.0 nL would be unable to participate in equílibration while

removed but thís rrras an unavoidable consequence of the procedure and rnras

judged to have a rel-atively small effect on the result. Although one

obËains a good approximation to the sorptíon tíme dependence of a single

píece of foam ¡,¡ithin a particular distribution cell in thís way, it was

still considered desirable to repeat each experiment at least once ín

order to observe what ínfluence such thíngs as foam squeezíng or mÍxing

efficiency may have on the sorptíon rate.

Sínce it was feared that cumulative losses of solvent (during

sampling and counting) and of solution (chiefly to the pípet and countíng

tube) could become sígnificant over many sampling periods, steps vlere

taken to reduce both. To retard losses of solvent during counting, the

mouths of the countíng tubes were covered with polyvinylchloríde filn

at all times except when being filled or emptied. Losses of solution

duríng sampling were reduced by not rínsing the counting tubes beËr¿een

successive samples (when Èhey were taken very close together ín tine)

so that only losses to the pipet r¿alls occurred. The deleterious effect

this procedure rvould have on Ëhe actual count rate measured was expected

to be reasonably minor since Èhe carryover between samples is not large

(about 0.1 rnl,) .

In spíÈe of these precautions, it became apparent that tu?o separate

time studies - one over a short period of time and another over a long

period - !üere needed sínce many small cumulative losses in early sampling

could have a bearíng on long-term results. Thus, two pairs of distribu-
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tion cel1s llere set up. Sanples \{ere wíthdrar'm frequently during the

first hour of equilibraËion from the first paÍr of cel1s and conËinued

very infrequently up to 18 hours (Experíments 1A and 1B). On the other

hand, no samples at all T¡Iere removed from the second paír during Ëhe

fírst hour but sampling continued regularly thereafter for 48 hours

(Experiurents 2A and 2B). No periodic standardizatLon of the spectrometer

hTas carried out so no corrections for drift could be applied to the data.

During the course of the experiment, all foam pieces r¡rere observed

to acquire a faint green colouration with only a few minutes of squeez-

ing. This colour darkened slowly to a pale green with addítÍonal time.

The results obtained from these investigations are collected in

Table II-7 which shows the tíne of contact between solution and foam

before a particular sample vras withdrawn, the number of 100 second

counting periods made in each case (as dictated, usua11y, by the amount

of time available between successive samples taken), the percenËage of

cobalÈ extracted and the calculaLed dístributíon ratío.

The data for the fírst pair of experinents (14 and 1B) ' showíng the

short-Ëerm equilibratíon of cobalt v¡ith foam, are displayed graphically

in Figure 2-10. From this, it will be seen that equilibriurn is approached

fairly slowly and evidently is not sensibly achieved until well beyond

Ërvo hours has elapsed. Part of this apparent slorvness is aÈtributable

siroply to the sma1l size of foam pieces used. Since 50 ng of foam repre-

sents only abouË 2 cm3 and the apparatus operates at 25 sgueezes per
(

uinute, it would requíre at least 3 minuËes (assuming coropletely fresh

soluÈion were drawn in on each return to normal síze) for the foam to

conËact all of the soluÈion once. In practice, of course, a somewhat
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TABLE II-7 TIME DEPENDENCE OF COBALT SORPTION BY POLYURETHANE FOAM

Initíal Conditíons:
lcol L.7 x 10-6 M (0.10 ppm)

lscNl ... 0.10 M (NaSCN)

Ionic Strength (I) 3.00 M (NaCl)
pH .. 4.8 (1.0 M Na acetate buffer)
Solution Volume (V) 150.0 nL
Foam l,ieight (I^I) . . . 0.050 grams

Type . i/1338 BFG
Temperature 25.00'C

E¡pS¡imen! rA
I,J ... 50.73 mg

Sample
Number

Contact time
(rnin) (hours)
10.3 10.005

Number of
Measurements

Made

Cobalt
Extracted

(%)

D
(l- t<g- t ¡

1

2

J

5

6

7

I

9

10

11

0.0

3.0

7.0

L2.0

18.0

25.0

35. 0

50. 0

70. 0

110. 0

1080.0

0.000

0.050

0. 117

0. 200

0. 300

0.4I7

0. 583

0.833

1.107

1. 833

18.000

10

1

1

2

3

4

5

5

5

5

10

0

74
!4
24
!4

34
!4
40.6
11. 5

45 .6
!0.4
50.4
r0.4
53. 81
10.30

56.7
10.4

58. 8
10.4

60.96
r0.20

0

480
!L20

940
r140

1500
1200

2020
190

2483
!26

2999
t30

3444
!29

3BBO
!50

4220
150

4566
!27
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ExpC¡imen! I¡
I']... ... 50.95 mg

Sample
Number

ConËact Time
(rnín) (hours)
r0.3 10.005

Number of
Measurements

Made

Cobalt
Extracted

(%)

D

(i- t<t- t ¡

1

2

3

4

5

6

7

B

9

10

11

0.0

3.0

7.0

L2.0

18.0

25.0

35.0

50. 0

70. 0

110.0

1080.0

0.000

0.050

0.117

0.200

0. 300

0.4L7

0.583

0. 833

L.167

1. 833

18.000

0

13
!4
23.8
!3.4
33.2
!2.9
41.0
r0.4
46.s
10.4

51. 10
t0. 19

s4.90
!0.2L
57 .7
r0.5
59.59
10.18

6L.L2
!0.24

0

450
!L20

920
1140

L470
1140

2044
!26

2557
+1'7

307 6
r16

3584
!22

4010
t60

434r
!24

4629
t33

10

1

1

2

J

4

5

5

5

5

10

Expglimen! IIA
w ... .. 51.11 mg

Sample
Number

ContacÈ Time
(hours)
r0.01

Number of
Measurements

Made

Cobalt
Extracted

(7.)

D
(l tg-t ¡

I

2

J

4

0. 00

1.00

2.00

3.00

10

10

10

l_0

0

5s.65
!0.2L
58.53
!0.27

59.55
!0.I2

0

3682
!22

4L4L
r33

4320
r15
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ríment IIA - contínued

Sample
Number

Contact Time
(hours)
10.01

CobaIt
ExtracËed

(%)

D

(1, t<g- i ¡
Number of

Measurements
Made

5

6

7

B

9

10

11

12

4.00

5.00

6.00

9.00

12. 00

24.00

36.00

48.00

10

10

10

10

10

10

10

10

59.76
10.15

60. 03
r0.18
60.00
10. 20

60.06
10.16

59.97
10. 1B

60.40
!0.24
60.45
10.14

60. 66
!0.22

4359
!20

4407
!24

4402
!27

4472
!27

4396
!24

447 6
!32

4485
!19

4524
!29

Exper:lmen! IIg
w... ... 50.91

Sample
Number

Contact Time
(hours)
10.01

Number of
Measurements

Made

Cobalt
ExÈracÈed

(7")

D

(L t<r-t ¡

1

2

3

4

5

6

7

0.00

1.00

2.00

3.00

4.00

5.00

6.00

10

10

10

10

10

10

10

0

54. 31
10.20

s6.84
t0.22

57 .87
r0. 19

58. 61
!0.2L
58.97
!0.2I
59.15
r0. 19

0

3502
!20

3880
!24

4047
!23

4r73
!25

423s
!27

4266
!24
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E¡periment IïB - continued

Sample
Number

ConËact Time
(hours)
i0.01

Cobalt
Extracted

(%)

D
(1, t<t- t ¡

Number of
Measurements

Made

10

10

10

10

10

10

t1

L2

9.00

12.00

24.00

36.00

48.00

59.42
!0.26
59.76
!0.24
60.34
10. 19

60.57
10. 21

60.62
10.18

43r5
133

437 6
!32

4483
!26

4526
!29

4536
t24

Note: Errors quoted are generaLLy 95% confidence j-ntervals based on the
uncertainties measured Ëhrough repetítive radioactive counting.
I,lhere only one measurement \,Ías possible, a rough estimate of the
uncertainty has been calculated based on the square root of the
counting rate.
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longer Ëíme is actually required since entirely fresh solution is not

expected ín the vicínity of the foam.

A further observation to be made ín Fígure 2-10 is that the t\^7o

experiments, A and B, show very similar sorption rates throughout and

differ from one another by only about I.47. after 1080 minutes (18 hours).

This would tend to indicate that both dístribution cells used rqere nearly

identical Ín nixíng and squeezíng characteristics.

The data for the second pair of experiments (24 and 28) showing the

long-term equilibration of cobalt with foam are displayed graphíca1ly

in Figure 2-J.1.. In thís, the discrepancies between rates of equilibrium

aËtainment in índividual distríbutíon cells wí1l be more apparent. llere,

differences ín D up to about 62 existed between A and B for the first

t hours but dimínished to less than 0.2% after 24 hours. The results

obtained here proved to be illustratíve of nearly the largesË Possible

difference between two ce11s ín attaÍnment of equilibrium as judged

from many observations made at 6, 12 and 24 hours in larer experiments.

Another feature of note in Figure 2-11 is the fact that even after

24 hours, sorption of additional cobalt apparently takes place but at

a very slor¿ rate to increase D by about 2.77" ovex 48 hours. This could

conceivably represent a slow diffusion of material into the distant

bulk of the polymer or even confonnational changes in its structure to

accommodate more metal ions. Hor¿ever, as will be demonstrated later,

a loss of solvent (water) of as líttle as 1.0 uil (out of 150 nL) is

sufficient to account for thå entire increase observed owing to the

resulËing íncreases ín both ISCN-] and solution ionic strength. A total

loss of approxímately 4 u[L v¡as actually measured at the end of 48 hours.
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This amount is considerably greater than would be expected from losses

of solution resulting from removing and returníng samples alone and thus

tends to suggest that a part of thís loss likely results from evaporation

through small leaks in cell joints and seals. Thus, to avoíd at least a

parË of Èhis problem while at Ëhe same time al1owíng sufficient time Ëo

compensate for dífferences in distributíon cell or foam performance, an

equílibrium time of. 24 hours was adopted as standard in most later exPer-

iments.

From an analytical usage standpoint, such long equilibratíon times

are neíther desírable nor necessary. fn this experiment, conditions

have been deliberately chosen (0.050 grarn foam, 150.0 mL soluËion, 0.10

M SCN-,25.00"C) so that only a moderate percentage extracËion (aboul 602)

results. Even so, approximately B0Z of the total cobalt sorption is

complete after only t hour of squeezing while about 90% }:ad taken place

after 2 hours. Under more optimum conditions (0.4 grarn foam, 100 mI

solution, 1.0 M SCN-, 22"C), ín which perhaPs 99.99"/. of cobalt is

removed from solution at equilibrium, the time to reach 907. exttactíon

was found in prelíminary experiments to be less than 2 minutes. Thus,

although equilíbratíon times may appeal Ëo be prohíbítively long and

percentages of extraction not spectacularly large, these lirnitatíons are

completely self-irnposed only so that uore information can be obtained

from the results and should not discourage the analyst frour applying the

foam sorption method to such things as column chromatography, batch

extËactions, radioactive cleanup, preconcentration príor to qualitaÈive

or quantítatíve analysis or other sirnilar uses. More will be said about

this 1ater.
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3. Effect of Solution pg on Cobalt
_Egrplig" f rom {q-ggug. Thiocyanate
Solutions

To determíne over what range of pH the sorption of cobalt from

Ëhiocyanate solutions by polyurethane foam was optimum, an experíment

was desígned to span t.he pH range from less than 0 up to 14.

In planning the experíment., accounË \,¡as Ëaken of some preliminary

ínvestígations usíng buffers to fíx the pH whích appeared to show optímum

performance from about pH 2 to B but with rather poor reproducibilíty.

Since it was felt that the buffers \¡rere at least partly to blame for

thís, it was decided to attempt the experiment once more in the absence

of buffers in order to avoid Ëhe possible interferences whí1e hoping

that large-scale drift in pH would noË occur during the equilibration

period

The desired initial solution conditions for the experiment are

listed at the top of Table II-8. Necessary solutions were prepared

individually in 150 uL volumetríc flasks to contain 1.10 ppm Co2+, 0.10

M NaSCN, a total ionic strength of 3.00 M and sufficient 60Co tracer

to yield an initial count rate near 700 seconds-l while spanning the

entire pH range from less than 0 out to 14. To accomplish this, calcula-

tions were firsÈ made of the volume of 12 M HCI, 1 M HCl, 0.1 M HCl, l0

M NaOH, 1 M NaOH, or 0.1 M NaOH r¿hich míght be required to reach each

desired pH naking some allo\,üances for the buffering abÍliÈíes of the

other constituents to be added. An amount of sodium chloride calculated

in each case to gíve a total solution íonic strength of 3.00 M was then

weighed into each 150 nL volumetríc flask followed by pipetted aliquoËs

of NaSCN, Co2*, and 6oco tr"cer to give theír desíred concentrations.
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After mixing to dissolve the Nacl, the calculated quantity of acid or

base was next added by buret or pipet with conËinual mixing, the flask

diluted almost to the mark and the solution left to equilibrate over-

night as outlÍned in the General Procedure.

Distribution ceI1s containing weighed 50 urg //1338 BFG foan píeces

r^7ere asseurbled as usual with double condom seals to retard evaporatíon

and r¿ith a light silicone grease filn on the plunger stems to catch

broken foam biËs. However, the ce11s \^rere removed from the squeezing

apparatus and partíally disasseubled just prior to use so that the con-

tents of the volumetric flask could be poured directly into Èhe cell

bottom. The ínitial solution pH was then measured in this contaíner

by means of glass and calomel elecËrodes calibrated against buffers span-

ning the range from 1.67 to 10.0. A 15 nL aliquot of the solutíon was

also r¿ithdrawn for countíng at Ëhis time and vras returned to the cell

bottom when coupleted. The cell was then reassembled and installed in

Èhe thernostatted cabinet to begin equílibrarion at 25.00'C with periodic

saupling afËer 6, 12 and 24 hours in the usual manner. CorrecÈions Ëo

the measured count rate to allow for spect.rometer drÍft over this t.íme

were not made in Ëhis experimenÈ, however. At the completion, the final

soluËion pH was again measured directly ín the cell bottom to determíne

whaÈ change had occurred. This final or equilibrium pH was used in all

later cal-culaËions. Adjustnents were made to each value of pH recorded

to correct for the sodíum íon error of the glass electrode as determíned

in a separate experiment.

Several interestÍng observaÈions were made duríng the course of the

investigatíon. First, it was noted thaÈ many of those foams whích were
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in conËact with somev¡hat acidic solutions (pH less than 4 but not greaËer

than 0.5 M acid) developed colours ranging from pale red to deep red-

brown on squeezing while most others adopted the usual pale green colour

assumed to be associated with the sorbed cobalt species. At acid strengths

higher than 0.5 M, the red colour r^ras seen to be superceded. by a very

pale green colour once more which also disappeared at the highest acid

strengths (2 to 3 M). Moreover, the intensities of Ëhe reddish colours

díd not seem to paralle1 the strength of acid in solution in each case

and so r"ras atÈributed to the presence of another substance existing as

a contaminant in solution rather Èhan to the hydrogen ion. A very likely

candÍd.ate for the contamÍnant is iron(III) which i" koorrr(222) to form

ether-extractable thiocyanato complexes in nÍldIy acidíc media and has

also been reported to be extracted by polyurethane f om(50 ' 51) . Sep-

arate experiments with foam squeezed briefly with various combínatíons of

NaSCN, HCl, NaCl and FeCl, showed that reddish colours developed on

foam only when Ëhe solution contained NaSCN, HCI and iron from some

source. The chief source of íron in the experiment \,ras found to be the

NaCl used (reported to contain 0.4 ppm Fe) but it was inhomogeneously

distributed in the salt as tiny dark specks. 0n one occasion, no red

colour developed at pH 3.8 evidently reflecting the fortuitous absence

of these specks in the salt weighed out whereas solutions with pH values

on either side of this developed the colour. No particular relationship

appeared to exist between the measured extraction of cobalt and the ap-

pearance of red or brown colours on the foam. Evidently, the extractable

íron thiocyanate species form over a couparatively narro\^/ pH range and

are easíly displaced by the cobalË species under the conditíons studied.
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A second observatíon made during the experímenÈ was that ín strongly

acíd solutions (greater than 1 M HC1) a yel1ow colour developed fairly

quickly ín solution on nixíng and was accompanied by the sme1l of HrS.

The most acidic of these soluÈions later developed a sma11 amount of fine

yellow precipiËate on standíng overnight. Furthermore, when sampled

after 6, L2 and 24 hours of contact vrith foam, ít r¿as found that some

60Co originally sorbed vras s1ow1y being returned to solution as tíme

passed (in contrast to sorptions at higher pH which show small continual

increases instead). All of these observations were taken to indicate

that some sËeady decomposition of SCN- was occurring in the presence of

strong acid. This ís consistent with Ëhe knornm unstable behaviour of

HNCS(176) which in acid solution can undergo either hydrolysis to give

hydrogen cyanide, carbon dioxíde and ammonium íon:

tTro, + HNCS("q) + 2ïro + 
"rt(r) 

+ coz(e) + Mf(rql (34)

or polymerízaiuíon if more concentrated to gíve hydrogen cyanide and iso-

perthiocyanic acíd (a yellow solutíon or solid):

3 HNCS + HCN + .zMz

(3s )

t\r\
l_å

Another phenomenon

r.rith some moderately to

Tn most, but not all of

taken after conÈact wíËh

noted r¿hi1e performing the experiment occurred

strongly basic (pH greater than 1l) solutions.

these cases, repetitive counting of the samples

foam yielded slightly increasing numbers over



-185-

Ëhe ten measurernents made and this rrras taken to be indi-caÈive of a

60co-contaíning precipitate settling toward the detector on standíng.

The precípítate was assumed most likely to be cobalt hydroxide Co (OH) 
2

formed as follovrs:

.o't"o) * , o"l"o):co(oH)z(")

= 2 x 10-16Q23)
sp

Tnterestingly, the precipítate did not become at all apparent until

afËer contact ¡¿ith the squeezing apparatus containing foam. Furthermore,

there \,ras not a hard and fast relatíonship between íncreasing solution

pH and Èhe appearance of precipítate for any but the most strongly basic

solutÍons. The dífferences noted likely reflect slight variation in

nucleation conditíons experíenced while the precipitate vras forming or

"digesting" in the squeezíng apparatus thus regulating the size and set-

tling rates of particles forured. hlhatever the cause, this problem neces-

sitated the uixíng of solution in the counÈíng tubes between each measure-

ment ín some cases in order to try to keep the precipíÈate uniformly

suspended. Since this was not possible during the individual 100 second

counËing períods themselves, some modest error will have resulËed. In

addítion, the possibility of depositíng some of the precípitate formed

on the ce1l walls, plunger stem or foam must also be considered sínce

all 6oCo disappearing from solution was taken to be sorbed by the foaur

piece.

The results of the experíment are collected in Table II-B and are

dísplayed graphically in Figure 2-1"2 as the dependence of log D on the
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fínal measured solution pH.

From the Table, \^re see that a comparison between the solution pH

as neasured by glass electrode r¿íth that calculated simply from the

amount of acíd added shows reasonably good agreement particularly at the

more acid end. In plotting the data in Figure 2-I2, the fína1 measured

pH has been used dov¡n to pH = 0 (data plotted with open círcles) since

it best represents the equílibrium condítion but ít was necessary to use

calculated values (plotted as filled circles) below this where the glass

electrode response Ís expecËed Èo be unreliable.

From a comparison of the pH values measured before and after the

experiment (Table II-8), it can be seen that very minor changes usually

occurred over the 24 Ìirour period especially in acídic solutions. This

was less true vhen the initial pH fe1l in the range from approximately

7 to 7L.5 where changes as large as 2 units rnrere suffered. The sensit.iv-

ity in thÍ-s region r'las not unexpected, of course, since very snall hydro-

gen ion concentration changes here produee quíte large pH alteratíons

and the buffering capacity of the HSCN/SCN- system is only active at lov¡

pH. Nearly always, âny drift in pH which occurred was in a dírection

toward a value of about 5.8, that of the solution with neíther HCl nor

NaOH added to it (sanple //t9, table TI-8) . The changes in pH which

were observed may have arísen from a number of physical and chemical

processes including volatilizatíon or foam sorption of HCl and/or HSCN,

HSCN decomposítion and HrS evolution, Co(OH)r,", formation, CO2 sorption

from air or possibly desorptl-on of traces of HC1 remaining on foam from

the washíng proeedure. This last possibility is of some interest from

a mechanístic point of view and wíIl be discussed more ful1y laËer.
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From Fígure 2-I2 I¡re see that the sorption of cobalt from thiocy-

anate solution is quite insensítíve to pH over a wide range extending

from less than 1 to greater than 9 but drops off fairly rapidly at lower

values and less rapidly at higher ones. This lack of sensítivity to

hydrogen ion concentration under condítions of optimum extraction is

ímportanË in formulating a mechanism for Ëhe process and ¡,¡e wíll consider

it again later.

It is apparent from Figure 2-L2 thaË concentrations of hydrogen .ion

in excess of about 0.1 M begin Èo have deleterious effects on cobalt

sorption. This is readily understood in terms of the acíd dissociation

behaviour of the semi-strong thiocyanic acid:

HSCN.(aq)
(37 )

pKa : -2.0 to -2.3e24)

The reverse of equation (37) would occur in reasonably acídic sol-

utions and ¡¿ould deprive cobalt of the thiocyanate ligand necessary for

extraction. In addition, as already noted, the HSCN formed is known to

be unstable and its decomposítion further shifts equilibrium to consume

more SCN- thus resulting in the observed additíonal decreases in cobalt

extracEion r¿ith Ëime. This problem of decomposítion was visíbly most

pronounced ín the strongest acid solution (2.9 l"f HCl) and it can be seen

that Ëhe distribution ratio, D, for thís solution falls noticeably below

the value expected by exËrapolation from the other data.

On the alkaline side of Figure 2-L2, ít will be noted thaË sorpËíon

of cobalt drops gradually as the pH is increased but that a great deal

+.+ tt'nl * sc*?"q)
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more scatter occurs here than ín any other portion of the graph. As

already suggested, the largely insoluble hydroxide of cobalË, Co(OH)2,

is expected Èo form in basic solution thus interfering wíth the formation

of the foam-extractable thiocyanate species. The high degree of scatter

exhibited by the data undoubtedly results partly from Ëhe problems

associated wíth counting of a settling radioactive precipítate. In

addition, since the precipitate may be removed from solution by deposit-

ing on the glass walls, coprecipitating with varíable amounts of íron

presenË, lodging in the silÍcone grease used to scavenge foam bits or

simply by being physically filtered by the polyurethane foam piece, a

number of falsettsorptionsttcan occur. For these reasons, Èhe data at

thís end of the graph are much less reliable Ëhan elser¿here but neverthe-

less demonstrate the trend to decreasing sorption with increasing pH.

As a result of the experiment on the effect of pH on cobalt sorption,

most later experiments qrere fixed in the niddle of the optimum range by

use of a 1:1 sodium acetate/aceLic acid buffer (pH = 4.8).

There are a number of inferences which can be made from the data

regardíng possible mechanísms for the phenomenon. For example, it has

been proposed by others Q25) Ëhat the observed sorption of cobalt may

requíre the proÈonation of siËes ín the polyurethane and the foam washing

procedure (which uses 1 M HCI) was suggested as a source of the hydrogen

ions even when cobalt sorption vras achieved from urildly basic solutions.

If one assumes that some hydrogen (or hydroniuur) ions are, in fact contain-

ed within the foam to form v¡eak base anion exchange síËes, then by analogy

wíth weak base anion exchangers, they should likely be removed by pro-

longed contact (24 hours) with basic aqueous solutions of some pH less
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than 14. The resulÈing change in solution pH allo¡¿s calculation, then,

of the number of hydrogen íons released to solution. llhen applíed to the

data of Table II-8, by far the largest apparent release of hydrogen íons

is observed for Sample Number 23 which shows a total change of only

3.2 x 10-8 moles whíle sti11 displaying optimum cobalt sorption. In

addiÈion, at the highest pHs (about 13.5) r¿here we expect that displace-

ment of any hydrogen ions from r¿eak base foam sites must surely occur,

apparent releases of H* to solution are only of the order of 10-15 moles

(and most of thís may actually be due to loss of 0H- by Co(OH), formation).

If Ëhese apparent releases of hydrogen ions r¿ere to have originated en-

Ëirely from the foam, then the ions would have been originally present

there at a concentration of only 6.5 x 10-4 m in one case and about 10-11

m in the other. Either of these values seems very smal1 when compared Èo

the 4.2 x 10-3 m and 1.5 x 10-3 n concentratíons respectÍveIy of cobalt

sorbed onËo foam under these condiËíons. Also, as v/e shall see later,

even the largest amount of hydrogen ions is far too líttle (by about

1400-fo1d) to account for the measured capacity of foam for cobalt sorp-

tíon and so prior protonatíon of foam during íts pretreatment should

Iogícally be ruled out as a possíble mechanism.

trrle pointed out earlier the insensitívity of cobalt sorption Ëo

solution pH over a r¡ide range extending from less than 1 Èo greater than

9 ¡.rhich is shown in Fígure 2-I2. This lack of sensitivity to hydrogen

ion concentraËion under conditions of optimum extraction indicates either

that the hydrogen íon is present or available in vast excess, or that it

is not involved ín the extractable species nor in forning weak base anion

exchange sites on the foam by protonation.
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Let us take the first of these possibilities into consideration and

suPpose' therefore, that the extractable species is of the general formula

H--Co-.(SCN)-. Cobalt is initially presenË in solution at a concentïationxyz
of 1.7 x 10-6 M so that hydrogen ions must be furnished in Ëhis or some

multiple, x, of this amount. Sufficient !'/ater is obviously available

to do so by sirnple dissociation:

"ro(r):"ï'o)*0"('o) . (:a¡

K = 10-14 urol2 L-2 (229)
I¡7

but formatíon of t"aor(scN)" in pH = 9 solution requires that about

10-6 M Co,.(SCN)I;^_, compere effecrively with 1O-s M OH; , fory 'z\aq) -- ---(aq)

avaílable hydrogen ions. For this to happen, co (scN)x- would have Èoyz
be a very strong base and the speci." t*aor(scN)" should therefore be

well known, characterízed and probably isolated. This ís not the case,

however, and no compounds of this type have ever been reported which

would fit these critería. Thus, ít would seem much more likely that

under the conditíons of the experimenË hydrogen ions are not at all

involved in any species sorbed by a solvent extraction-like mechanism.

on the other hand, if the extraction is taking place instead at

protonated foam sites by a weak base aníon exchange type of mechanism,

then the maxímum number of sites must be protonated under all conditions

in which optimum extraction is observed (otherwise D would decrease

proportionally as Ëhe number of sites was decreased). Later, we shall

demonstrate from capacíty measurements that the maximum concentraËion of

sites on the foam must be just under 1 urol kg-I under conditions nearly
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identícal to Ëhose used in thÍs experíment. Thus, sínce D does not

decrease apprecíably below pH = 9, r¡re are certain that any weak base

foam sites must stil1 be protonated under these conditions. Furthermore,

since we did not observe the release of any appreciable hydrogen ions

to solution all the way up to pH = 13.5, the sites must also be ful1y

protonated under these conditíons as r¿e1l. Hence, at the very most,

10-13'5 U hydrogen ions in solution are in equilibrium r¡rith I m hydrogen

ion present in foam. The equilíbrium, (hydrogen ion)aq + (hydrogen

íon), thus has an equilibríum constant of greater than 1013.5 I kg-].I

This indícates that the protonated sites, if they exist, must be extreme-

ly stable (especially considering how stable hydrogen ions ín aqueous

solution are already) so the term ttr^¡eak base anion exchangett ís ínap-

propriate and should really be replaced by "strong base aníon exchange"

in describing the mechanism. Although we are not able to categorically

rule out the formaËion of such sítes as a remote possibilíty, there are

no groups known to be present in polyurethane foam (especially åË :a con-

cenËration near 1 m) which would be sufficiently basic to accomplish thís

feat. The groups typical of polyureËhanes (urea, urethane, allophanate

and biuret) are not as basic as, for example, auines and these would not

be nearly basíc enough to account for the stability noted above. Ethers

and esters are even weaker bases. 0n this basisr'r¡re conclude that form-

ation of protonated anion exchange sites in the foam ís extremely unlikely

as a mechanístic possibility and we will exclude it from further consider-

ation.

To eomplete the discussÍon of the mechanistÍc íurplications of the

experiment.al results, IâIe may note that the Cation ChelaËion Mechanism
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(CCM) would be consistent wíth the very 1ow dependence of extraction on

pH since iË proposes that cations other than H* (or HrO+) may precede or

accompany the extractable species. It does noÈ, however, rule out the

possibiliËy thaË HrO+ may become important as one of these cations vrhen

it is greatly abundanË. In this experíment, N"* is available in amounts

of 3.00 M at high pH and ís replaced by equal amounts of H,O+ at low ones.
5

Iale expect, Ëherefore that íf CCM is the correcË mechanism, N"* will be

the cation nearly always accompanying the cobalt-conÈaining species

whether before or concurrent with sorptíon of the 1aÈter. lfe are as

yet unable to distinguish between Ëhese possibílities and are equally

unable to distinguish these two from a solvent extraction-like mechanism

which does not ínvolve hydrogen ions.

From an analyt.ícal viewpoint, it is apparent that the use of

thíocyanate solutions and polyurethane foam for the extraction and determ-

ination of cobalt or even for its separation from other metals would be

equally applicable to matrices of wÍde1y differing pH. It will be noted,

moreover, that even though boÈh foam size and thiocyanate concentration

have been deliberately kept low, nearLy 901l of the cobalt is extracted

w-ithout ínterference from iron present over the range from pH 1 to 9.
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4. Effect of Thiocyanate Concentration
on Cobalt _Sofp¡=!g" From Solution åy
PolygfgÉgog. Foam

An experiment \.ras devised to establish the dependence of cobalt

sorption by foam on the concentraËion of thiocyanate, SCN-, ion in

aqueous solution.

Prelimj-nary experiments to determÍne the dependence using NH4SCN

had shown thaË cobalt sorption r¡/as very sensitive to thiocyanate

concentratÍon up to about 0.5 l,f SCN- but remaíned essentially unchanged

wich I M, 2 M, 3 M or 4 M SCN-. However, these experimenLs I¡Iere per-

formed before an adequate temperature control mechanism was in place

and so \,rere repeated to improve the precísion.

In formulaÈing plans for the experiment, a range of thiocyanate

concentrations extending form 0.01 M to 2.0 M was chosen since it repre-

sented approximately the lor¡est nneasurable (0.L7!,) and híghest aËtainable

(99 .9'/") cobalt extractions, respectively.

The inítial soluËion conditíons used in the experíment are shov¡n

at the top of Table II-9. Although a 1.00 M sodíum acetate/acetic acid

buffer was intended to be used, an error in the preparation of stock

buffer concentrate gave a 0.BB M sodium aceÈate/l.00 M acetic acid mix-

ture instead which shifted the solution pH rnarginally and lowered the

ionic strength slightly for all solutions. The necessary solutions rnrere

prepared índividually in 150 nL volumetric flasks to contain 0.10 ppur

Co, 0.88 M NaOOCCH3/L.00 M H00CCH3 buffer, a variery of NaSCN concentra-

tions, a total ionic strength of. 2.BB M (adjusted by NaCl addition) and

sufficient 60Co traceï Èo give an initial count rate of about 1000

seconds-1. The calculaÈed amount of NaCl was weighed dírecË1y ínto the
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flasks while all other reagents were delivered as aliquots of their

stock solutions. Dilutions of the stock 5.0 M NaSCN to give 2.5 14 and

0.25 M solutions ¡¡ere made to provide conveni-ently large aliquots of this

reagent to be added ín each case. After all necessary reagents had been

transferred to Èhe flasks, they were diluted to near the mark, mixed

and left to equilibrate overnight as usual.

Distribution cells contaíning 50 ng //1338 BFG foan pieces vrere

assembled and mounËed in rhe 25.00"C thermostatted cabínet as described

in the General Procedure. Samples r'/ere withdrawn for counting after

6, 12 and 24 hours after r¿hich most of the experiments were halted.

One exception to this r¿as Sarnple // 7 (0.5 M NaSCN) ¡¿hích was contínued

for an additional 6 hours since poor squeezing efficíency in that cell

had failed to bring it to equilibrium after 24 hours. In additíon,

three other solutions /lB (0.75 M NaSCN), /19 (1.00 M NaSCN) and il10

(2.00 M NaSCN) I"rere retaíned for reasons to be descríbed 1ater. Before

díscarding them, the volume of solution left in the remaining six ce1ls

r¡ras neasured by squeezing the foam piece as dry as possible and trans-

ferring the solution back into the original vret 150.0 rnT- volumetric

flasks. The volume of wat.er which was required to bríng Ëhem back to

Ëhe mark was Èhen measured and found to be 1.3 nI with a standard

deviation of 10.19 nL. This deficÍt would represent the Èypical total

losses incurred in removing samples for counting, in evaporation and

in retrieving the solution from the distribution cell and foam for

measurement. Most likely, tle last of these consÈitutes about half of

the ËoËa1 so losses of perhaps 0.2 mL or less are indícated for each

sample taken.
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As usual, values of the percentage of cobalt extracted and D

vrere calculated. The results appear in Table II-9 and graphically in

Figure 2-I3. Since no periodic calíbrations of the spectrometer sen-

sitivity were made, no corrections for possible drift were applied to

any of the data.

Some interesting observations T¡rere made during the experíment.

Fírst of all, it was noËed that foam pieces in dilute thiocyanate solu-

tions remained whíte on squeezing while those in more concentrated

solutions eventually became pale green, appearíng to parallel the

measured sorptions of cobalË. Hornrever, the most concentrated solutions

(0.5, 0.75,1.00 and 2.00 M NaSCN) were all observed to turn a salmon

colour after brief squeezíng but thís colour was slowly replaced by the

green colouration_ over a period of 24 hours. As for the prevíous exper-

imenË, the salmon or reddísh brown colour was identífied with the pre-

sence of iron(III) as a contaminant present in soluÈion origínating

probably from the NaCl or NaSCN used. The fact that the iron coloura-

tion develops quíckly and then appare.ntly fades with tírne indicates that

ít is rapidly sorbed and Ëhen is substantially replaced by the cobalt

species or alters form (perhaps to an Fe(ll) species) on the foam. It is

not known which of these is definitely the case but evidently the cobalt

thiocyanate specíes is largely unaffected by the iron and therefore must

be retained much more strongly. Whatever the case, it was observed

that r¡hen the foarn piece containíng cobalt and presurnably iron ¡vas re-

moved from three of these soj-utions (0.75, 1.00 and 2.00 M SCN-) and

replaced r"rith a fresh white one, squeezíng for an addítional 3 hours in

0.75 M SCN- once agaín produced a salmon coloured foam, in 1.00 M SCN-
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the foam turned slightly off-white and in 2.00 M SCN- the foam remaíned

completely white. Thís apparently indicates that the first foam ex-

posed to the 0.75 M SCN- solution left a substantial amount of íron

unextracted to be removed in part by a second foam piece while from

2,00 M SCN- solution essentially all iron r¡ras removed by the first piece

índicating a much higher distribution ratio resulted from the increase

in thiocyarlate concentration. Thus, under the conditions of the experi-

ment, the extractable iron species apparently requires a larger excess

of SCN- than does the cobalt one in order to be effíciently formed and

extracted.

hrhile observing the extraction behaviour of the iron complex onto

a second foam piece, measurements were also made of the amount of 60Co

removed in these three solutions. Since 99.8 to 99.9"Å of the 60Co r""

removed by a single foam píece, the same proportion of the remainíng

activity should be removed by a second piece. This would leave approxi-

mately 0.00012 of the original activity in solution unless there are

forms of 60Co present which cannot be converted to the exËractable

species. Although one ís unable to measure as lit.tle as 0.0001% of

the original activiÈy, it r.ras possíble to place a lor"rer linit on the

percentage of the origínal activity whích is extracted by tr¿o foams as

aË least 99.99%. Thus, íf there is any non-extracËable cobalt present

in the tracer, it is very slight and the Ëracer qTas considered to be

more than satisfactory for our purposes.

The results of the experíment are collected in Table II-9 and

displayed in Figure 2-13 as the logarithm of the distribution raÈio as

a funcËion of the logarithm of the Ínitíal solution thíocyanate con-
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TABLE II-9 EFFECT OF SCN CONCENTRATION ON COBALT EXTRACTION

Initial CondÍtions:

Ico ]
Ionic Strength (I)
pH..
SoluËíon Volr¡¡oe (V)
Foam l,ieight (W)

TyPe
Squeezing Time .

Temperature

I.7 x 10-6 M (0.10 ppur)
2.88 M (NaCl)
4.7 (O.gA M Na acetate buffer)
150.0 nL
0.050 grams
//1338 BFG
24.0 hours
25 .00'c

Sample
Number

lscN l
(M)

Foam lleight
(ure)

Co Extracted
(7")

D

(i, tg- t¡
1og D

10

0 .010

0.025

0.050

0.075

0.10

0.25

0.50

0.75

1.00

2.OO

50 .39

50 .84

5L.26

49. B0

50.92

s0.s9

50.38

51.54

50.53

50 .10

0.1
r0.3
0.8

!0.4
9.7L

10. 30

33.96
!0.23
60 .45
t0 .15

97 .44
t0 .05

99.622
r0.028

99.848
r0.015

99.894
!0.022

99.909
!0 .019

2
!9

2.4
lL.2

3 .15
!0 .10

L.549
t0 .012

4.502
r0.020

L.L28
10 .021

7.8
t0 .6

I .91
10 .19

2.8
10.6

3.3
r0 .7

x 100

x 101

x 102

x 103

x 103

x 105

x 105

x 106

x 106

x 106

0.3
tl.B
r.3B

!0.22
2.498

t0.014

3.1900
r0 .0032

3.6534
r0.0019

5.052
10.008

5 .895
10.031

6.28
r0.04

6.4s
r0.09

6.52
t0 .09



Figure 2-L3

Effect of thiocyanate concentration on cobalt
sorption fron 150.0 mL of aqueous solution by

0.050 gram pieces of /i1338 BFG polyurethane

foam. Initial solution condítíons were as follows:
L.7 x 10-6 t"t (0.10 ppm) Co(II)
0.BB M NaOOCCHT/1.00 M H00CCH3 buffer, pH 4.7
2. BB M Ëotal ionic strength (rnaintaÍned by NaCl

addition)
25. 00'c
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cenÈration. Although equilibriuu values of thiocyanate concentration are

really desíred here (which may be different by virtue of SCN- sorpËion

by foaur or complexation by cobalt), Ëhe íniËial concentrations !¡ere

determined to be good approximat.ions. To illustrate thís, on another

occasíon a comparíson r^ras made of the weight increases of 50 mg foan

pieces after sorptíon of cobalt fron 150 mL of either 0.10 M NaSCN or

2.90 lq NaSCN solutions (containíng also 0.10 M NaOOCCHT/H00CCH3 buffer

and NaCl in one case to bring the ionic sËrengËh to 3.00 M). The

resulËs showed that weight increases in excess of that atËributable to

the extractable cobalË species itself would account for only 3.5 x 10-6

moles anð, 2.7 x 10-5 moles of NaSCN respectively íf they were totally

atËributed to NaSCN. Since even the least concentraËed solution ín

this experiment contains 1.5 x 1O-3 rnoles of SCN-, \¡re see that only

negligible losses can occur by sorption onto foam. In addition,

thiocyanaËe ion accompanyíng cobalt in the various complexes of the

tr{o can be calculated to be less than 1 x 10-6 moles in this experiment

so that only negligible losses are again possible. Thus, the use of

initial concentrations of thiocyanate to represent equilibriuu values

is justified.

From the data of Table If-9 and Fígure 2-!3 we see that large

counting uncerËainties result when very little cobalt (less than 1%)

is extracted. When compounded Trüith further very sígníficanÈ errors

caused simply by evaporation of small amount.s of solvent in this range,

üre see that measurements here are very difficult indeed. However, much

better quantítation is possible in the rest of the working range. It is

apparent from the Figure Ëhat the sorption of cobalt is very sensiËive
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to the concenËration of SCII- over the range from 0.01 M to about 0.

SCN- and that it becomes much less sensitive at values above about

SCN-.

Another very important point to note in ligure 2-13 is that the

curve joining the points becomes nearly linear at low thiocyanate

concentratíon and has a slope given by linear regression to be very

near to 4. Since under these conditions formation of the extractable

cobalt species is controlled by the availabílity of the relaËively

scarce SCN- íons, the plot of 1og D against log [SCN-] is expecÈed Èo

be relaËed to the number of SCN- ligands ínvolved in the extractable

species.

To see that this is so, we wí1l assume first Èhat the sorpÈion

mechanism is similar to solvent extraction (and this includes CCM ín

Ëhe event of very little príor filling of sites !ùÍËh ion pairs) and sur-

mise that the extracted species ís of the general form M*Coy(SCN)" where

t"l+ i-s any singly-charged cation which may be requíred to maintain electri-

cal neuËrality. In assuming this, we do not rule out the possibility

that x = 0 and that a neutral species is therefore extracted. In deduc-

ing the identity of M+, \^re may be guíded by the results of the previous

experiment showing the effects of pH on cobalt extraction which indicated

Ëhat if a cation is involved, it does not appear to be either the hydro-

gen (H+) or hydronium (HrO+) ions. In Èhis experiment, where the only

other cation present in signíficanË numbers is Na+, v¡e infer that M+

wílI be the sodium ion buË we will nevertheless leave the exEractable

species in its more general form, 
"*aor(SCN)2.

hÏe uay now develop the maÈhematical expressions rvhich describe Ëhe

5M

1M
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expected sorption process of this species but a few ímportant explana-

tions should precede Ëhis. Here, and in later treatments, square brack-

ets will be used to denote concentrations of species in either phase

(aqueous or foam). In Ëhe aqueous phase, molar (mo1 l,-I) concentration

units will be used whereas all concentrations in the foam phase will be

expressed in molal (uro1 kg-l) units for convenience. In addition, we

will consistently use equílibrium constants derived directly from these

concentrations rather than activities (as would be preferable if the

nany appropríate activity coefficients \dere known). In so doing, we

make an approximation to sinplÍfy the treatmenÈ and it should, Ëherefore,

be borne in nind that the f'constants" thus expressed are noË strictly

consËants. Any important errors which aríse out of this approximation

will be treated in a qualítative mânner only.

The formation of the extractable 
"*aor(SCN)" 

species ín

phase (assumed to be completely dissociated there if charged)

be represented by an equation and a formation consÈant, Kf,

Kt

" "T"o) 
+ v co2{' q) + "t*i"n) 

+ 
" "T"o> 

* tor(scN)äi"o>

( 3e)

(40)

The extractable species r¿ould distribute itself between the two phases

(foam and water) accordíng to the equilibrir.rm:

the aqueous

may then

5
"t"o) *cor(scN)ä?rn> 

- 
*"Trl *corlscx)).r)

(scN) x- l
Ld

(41)



vThere the subscripts "aq" and "f" distínguish species in the aqueous and

foam phases, respectively and KO is the equilibríum distríbution constant.

In equation (41) we have not called attention to any special association

lhe cation or anion may have rvith the foam structure and it ís noË import-

ant to do so unless sites become scarce. Also, we have assumed the ex-

tracËed species to be completely unassociated with one another in the

foan phase as separate Mf¡¡ and Cor(SCN)ä?r) rot"ries bur, depending

on the dielectric constant and other specifÍc factors pertainíng to poly-

urethane, they may actually be partly or compleËely associaËed or "paíred"

as follows:
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5 = tM+lT tcoy(scN)ä-lf

tortläc Ico, (scN) 
T-J ^,

(42)

((u+¡* .or(scN)ä-) 
Crl

(43)

K

* ntrl + co"(scN )î7r> ¿

K _ I(Ml; cou(scN))-J¡
Y-

tM+lT Icor(scn)f-J,
(44)

where K_ is a constant describing the extenL of pairing. Our reasonp

for writíng the paíred species as {{U+); Cor(SCN)i-)Crl rarher rhan sÍmply

Mxcoy(SCN) rG) will become apparenË laËer.

Conbining equations (40) and (42) and solving for [Co'(SCN)]-J, r"

get:

lcoy(scN) I- ), = KTKDtM+län Ico2+Jån tr.*-, Xntot*t;" (4s )
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Sínilarly, combining equatíons (44) and (4S) and solving for

t(M+)* co"(scll))-J, we eet:

t (M+)' cor(scN)i-1, = *r5*n¡u*läatco2+llqlscN-lzq (46)

Now, vre are calculating the dístributíon ratio, D, as

Icobalt in all formsJ, Ico].
-l

tc-o *
(47 )

Icobalt in all formsìrO

In evaluatíng the toËa1 concenÈration of cobalt species in the

aqueous phase, ICo]"q, r are faced with the problem that several ligands,

íncluding SCN-, Cl- and CH3COO- are present and therefore a multiËude of

solution complexes are possíble. However, if the concent.ration of SCN-

ín the aqueous phase is kepË low enough, then very líttle of the cobalt

present initially as Co2l--, will be present as thiocyanate-containíng- (aq)

complexes. Ïn additíon, íf the coricentratíons of ligands other than SCN-

remain sensibly constanÈ (and this ís certainly true when [SCN-]"' t"

low) and if no aqueous cobalt polynuclear species are formed (as ¡,¡i11 be true

at Èhe 1ow [Col ^ present here) then the proportion- -aq

a _ .[Co in all non-SCN- containing forms]rO
(48 )

lco2+l 
"q

where Ëhe form Cozj^-,, is not included in the numerator, will(aq)

stanË. Thus, ignoring the thiocyanate-containíng species in

case of sufficiently 1ow thiocyanaËe concentration gives:

be

the

a con-

special
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(4e)

substantÍal amounts of other cobalt-contain-

then, we have:

= (t + c) [co2+]rq

SO

lco2*lrq = [co]ae (1 + c)-t

Barring the formatíon of

ing species in Ëhe foam phase,

D = tcoy(scN);-lf + I(M+); coy(scN)ä-lf

¡Colae

- KfKplM+läq(c + 1)-vtcolåqtscN-lãq(tM+l;x + Kp)

¡coJa9

= Krb(r + c)-Y¡v+1äot.ot jv-tl IscN-]loCt"*t-x + Kp)

(so ¡

This expression for D nor¡7 contains a sumnation term, (tM+];" + Kp),

whose value will depend upon the relative amounts of cobalË present in

Èhe foarn phase as the paíred ((M+)' Cor(SCN))-), or unassocíated

(Cor(SCN))-), snecies. If the paired form predominates, Kn will be re1-

atively large and D wíll only be directly dependent on the solutiot trq) ,

Co("q) and SCNI¿q) concentratíons. 0n the other hand, if the unassociated

form predominates, then D wíll addítionally depend inversely on the xth

por¡rer of the foan Mfr, concentration which will be indirectly dependent

on the extent of extraction of a number of other possible species (such

"" trl * scnqf)) contaíning this caÈion also.
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Let us consider first as correct the síËuation in which íon pairs

predominaËe ín the foam. There is some logical expectation that this

may be so since polyether-based polyurethane is not greatly polar and

the crosslinked polymer can be imagined as a severely viscous liquid in

whích any solvated íons ¡¿ould be unable to carry their solvent shells

along with thern if they migrate apart by therural motíons and must there-

fore contínually break old and make new associatíons with Èhe polymer

to do so. If this expecËatíon is correct, !üe can ignore the tldl;"

term in equation (50) which pertains only to the unassociated species.

This being done, we may then notíce that Ko, Ktr Kn and (l+C)-Y are

constants by definition (subject to changes ín activíty coeffícients)

and are thus not dependent on [SCN-]aq. Also, ¡M+]ag is deliberaËely

large (2. 88 M) and identical for each solutíon so it is liker¡íse índepen-

dent of [SCN-] In addition, íf L7e are consídering a síËuatíon ín- 'aq

which [SCN- ] is sufficiently low, then little (say, less than 20%) of- "aq

the origínal Co2]--, ís consumed by either complexation by that ligand(aq)

or extraction so ¡Co]aA is nearly insensítive to [SCN-].q "t"o. Under

these special circumstances, several quantities can be grouped together

into a single constanÈ, K = KrI$Kn(1+c)-ytu+läqlcol(y-r) and equation (50)

can be rewríÈten as:

D: KISCN-IZ' 'aq (sr )

and

logD= logK*zLoglscN-laq (s2)

Thus, we predicË Èhat a plot of log D versus 1og ISCN-]aO will be
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linear at low [SCN-lrO with a slope of z íf all of the above assumptíons

are correct. This is what is observed in Figure 2-13 r¿here the curve

apparenËly tends to a line of slope equal to 4.15 at low [SCN-]aq. I^ie

infer, therefore, that if the paired cobalt species predominate, z = 4

and Èhat the species extracted by foan will be (rqf '- Co-,(SCN)T-.xY¿+
However, if Ëhe assumption of large-scale íon pairing ín the polymer

is not correct and unassociated forms (Cor(SCN)ä-) 
Cr> 

predominate instead,

then the situation is more complicated. In this instance, Kn will be

snall relatíve to t"*l;" and equation (50) approximates to:

D = KrKo(l+c)-vtu+liqIco1(v-r¡ [scN-]intu+t;* (s3)

Again, groupíng Èoget.her those thíngs whÍch

dent of ISCN-I with Ehe usual restrictíon that' 'aq

a rrel^I constant, Kt, gíven by:

K' = Krb(l+c¡-Ytldläqlcol (Y-1)

sot

T^7e

ír
expect to be indepen-

is very low, we get

(s4 )

(ss )

(s6 )

D " K'tscN-l3nlon*t;"

log D * 1og K' - x loe[M+), + z 1og[SCN-J"O

The 1og D versus loB SCN-'O plot will yield a sËraight line in this

case only if tlf], ís either essentially constant over the range specified

by the above restrÍctions or if it is directly proporÈional to some povrer,
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p, of the thiocyanate concentratíon itself (í.e. tñlf = kISCN-]ån).

The first possibility could be true íf there are conparatively large

amounts of other ionic specíes whích conËaín M* but not SCN- (such as

t't+ + OOccHr- or lt+ + ct-) also sorbed. In this case, x log[t't+1, wiff

simply be another constant and equation (56) again predicts a line of

slope z wí-LL result. at low [SCN-]aq. On the other hand, the second

possibility may be correct tt trl * 5cnlr) anð.f or *trl * aor(scN)x?f)

are the only source" of {f¡ 
(whích assumes, of course, negligible ex-

Ëraction of anythíng else containing ld). In this instance, equation

(56) can be rewritten as:

logD"logKt+z

= logKf -x

logISCN-]"n x 1og(kISCN-]aq)

1og k * z log[ScN-]aq - px log[SCN-J"O

log K" + (z - px) log[SCN-J"n (s7)

nhere K" ís a nevr constant incorporaÈing Kr and kx. The value of p

would be expected to fall somewhere between 1 (if essentialfy afl r"rf¡¡

were from ¡l-r + Sctl-) and z (íf. Ëhe only source of *trl were from

"l'l+ 
+ Cor(SCN)x-). Thus, the slope of a log D versus loglscN-]rq lir"

expected in this ínstance r¿ould lie somewhere between (z-x) and (z-zx)

depending on the relative importances of (lC + SCN-) and (>ù1+ + Cor(SCN))-)

as sources of M|-r. However, íf no oxídation or reduction of t"l+, Co(ff)(r)
or SCN- occurs during formation of the extractable complex and íts subse-

quent extracËíon (thís will later be shown to be very unlikely) t.hen the

values x, y and z ate all related by Èhe expression of electrical neuË-
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raliry:

x*2y-z=0 ( s8)

Taking this and the expressions equating Ëhe measured and predieted

boundary slopes, (z-x) = 4 or (z-zx¡ = 4, it can be shor,¡n that we must

have y=2 (i.e. two cobalt atoms per extractable species) for these

requirements to be fulfilled. We will see later that thís ís apparently

not the case so r,re conclude that the observed slope of 4 does not arise

out of a proporËionalíty betr^reen [d]f and [SCN-]aq. The measured slope,

therefore, does gíve z = 4 tegaxdless of whether the extracted cobalt-

containing species exísÈs in unassociated or Ín paired form. If Ëhe

extraction mechanism is a solvent extraction-lÍke one, the sorbed species

is, therefore, evidenrfy ((tl+). Coy(SCN)ä-) or (xÙI* * aor(SCN)ä-)

vrhere t.he values of x and y are not yet entirely deduced.

Similarly, r¡re may consider an anion exchange type of mechanism

(e.g. the Cation Chelatíon Mechanism in r¿hich many exchange sítes are

formed by sorption of 
"trol 

* A?"q) pairs of íons v¡here A- may be any

of C1-, CH3COO- or SCN-). The solutíon equilibría to form Èhe extract-

able cobalt species, Cor(SCN)ä?rql, will be essenrially rhe same as

before; Èhat is:

Kt

tco?jql*"tt*i.o)

Ico (scN)x-l' Y' 'Z'Aq(_=
t

['co2+]Yq IscN-]zq

(60)
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The distribution bet¡¿een the two phases will then be given by the

exchange equatíon:

KD

cor(scN)j?rq) *"A?r) + cor(sctl)x?rl *"A?rq) (61)

*- - tco, (sct{) 
ä- I t te- lä,

D +

lcor(scN)I-l 
^, 

tA-li
(62)

Thus, combining equations (60) and (62) to solve for [Cor(SCN)X-lr gives:

tcor(scN))-lf = Krrglco2+llotscN-laqtA-lTtA-r;ä (63)

trnle will not \,rorry about wheËher or not the extracted species will be

strongly paired urith the exchange site but write the expression for the

distribution ratío directly:

D- [co]r = tcoy(scN);-lf
I c.l l-cr I- -aq - 'aq

= Kr5[co2+1vo IscN-]åolA-li (64)

Ico]ae to-tär

Again placing the same restrictions on solutíon condiÈions (í.e.

tSC}[- ],_ suf fíciently lor¿ and other ligand concentrations constant), we- 'aq

nay use equation (49 ) in (0a ) to get:

D " Kfb(1{r)-vtcol (v-r) tscN-llota-l"ta-l-" (6s )
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Assuming that A- will be mostly Cl- or CH3C00- under conditíons in

v¡hích [SCN-] is very low and also assumíng that noÈ much A- is exchang-- "aq

ed from foaro (i.e. vre are well beneath the capacity), then the terms tA-]i

and [A-]-x are both constants independent of thiocyanate concentratíon.' 'aq

A1so, making the assumption that at sufficienÈly 1ow Ëhiocyanate concen-

Ëratj-on only a sma11 percentage of cobalt ís beíng extracted and so

ICo] is nearly independent of thiocyanate concentration, r,/e nay group- -aq

a number of constants or near consËants to give:

K = Kr5(1+c)-v¡co1 (v-t) tA-ritA-r;ä (66)

Thus,

and

D = KISCN-lzq

log D : log K * z 1og[SCN-J"O

This brings us to the same conclusion as before that the limiting

value of the slope of the 1og D versus log[scN-]aq curve at 1or¿ [scN-]aq

gíves z = 4 and the exchanged species will be coy(scN)i- tt an ion ex-

change-like mechanism is involved.

Forgetting for the moment the ímplications about the form of the

extractable species and the extraction mechanism but viewing instead

resulËs in Figure 2-13 strictly from an extraction point of vi-ew, \47e see

that control of the solution thíocyanaËe concentratíon provides very wÍde

flexibility in the sorptÍon and líkely desorption of cobalt. Thus, as

applied to coluuur chromatographic or batch exËraction separations, some
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degree of selectívity is expected to be possíble by careful ehoíce of

the thiocyanate concentration in conjunction with other solution paramet-

ers. It will also be noted that from 1.0 M thiocyanate solutíons very

ef f icient sorpÈíons of cobalt (-99.9"/") can be achieved in the presence

of iron under condítíons for which there are 3000 liters of solution for

each kilogram of foam. Such extraordinarily high extraction efficiencies

may possibly prove useful in sample preconcentration príor to analysis

or in the cleanup of radíoactive l^Tastes where large volumes must be

handled and high efficiency is requíred. On the other hand, it will

be noËed that the use of only 0.1 M SCN- r¿ou1d yield quite acceptable ex-

Ëraction (about 602) for an industrial applicati-on where the costs of

providing a higher leve1 of thiocyanate might be prohíbitive.
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Effect of Cobalt Concentration on

lg¡p!¿gn Frorn Thiocyanate Solution
ÞV lq!yqg!¡"".. Foam and DeterminaËion
of _&lp!ågn _Ç"pe.gfqv

An experiment \,/as devised Ëo observe the effect of cobalt concentra-

tion on íts sorpËion from thiocyanate solutíons both to establish the

value of "y" in the extractable species, M*Cor(SCN)2, and to determine

the capacity to which //1338 BFG polyureËhane could sorb cobalt.

Initial experiments aimed at achieving thís goal using 1.0 M

NH, SCN as the source of thiocyanate íon had given a capacity of about
4

0.53 rnoles of cobalt per kilogram of foam and had demonsËraËed very

1ittle change in extraction behaviour at 1o¡¡ concentrations of cobalt.

In addition, it was noted that those foam pieces ¡¿hich v¡ere loaded most

nearly to capacity required longer times to approach equilibríum with

the solution. Babed on these preliminary results, plans r¿ere made to

equilibrate pieces of foam wíth solutions havíng a wide range of cobalt

concentratíons and to measure the resultíng sorption behaviour. In

order to compare the behaviour at high and moderate extraction efficien-

cies, similar experíments hTere planned having two different solution

thiocyanate concentrations ¡¿hile still assuring that thiocyanate would

always be avaílable in substantíaI excess.

The initial solution conditions chosen for the experiment are

shown aË the top of Table TI-10. The investigation was carried out in

two parts (Experiments 1 and 2) corresponding to the different thíocy-

anaËe concentrations used (0.10 M and 0.25 I'1, respectively). Slíghtly

different solutíon preparation and counting methods were used for each.

In Experíment 1, a stock solution containing NaOOCCHr/HOOCCIi,

buffer, NaSCN and NaCl lras prepared so that 100.0 nL aliquots of this
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solutíon would give 1.00 M buffer, 0.10 M NaSCN and 1.90 M NaCl r¡hen

diluted to 150.0 rnl,. After delíveríng this aliquot into each of the

volumetric flasks, various volumes of 150, 1.5 or 0.015 ppm Co2* stock

solution (prepared by successíve diluËion of the original 1000 ppm

sËock solution) r,¡ere added along v¡ith the usual portion of 6oco tracer

Ëo gíve Ëhe desíred very wíde range of inítia1 cobalt concentrations

extendíng from tracer only (-10-5 ppm) to lO0 ppm. The flasks were rhen

diluted to near the mark and mixed before leavíng them overnight to

equilibrate. The remainder of the experiment was t.hen carried out as

described in the General Procedure using síng1e condom seals and apply-

ing a light filn of silicone grease Ëo the stems of the plungers. On

Ëhis occasion, the Procedure r¡as nodified a little to count the enpty

individual counting tubes ten times each to obtain slightly better

background evaluation but no corrections for spectrometer drift were

made. After the usual 24 hour equilibration period had passed, moreover,

ít was noted that those solutions which contained hígh concentrations

of cobalt sti1l showed significant increases in sorption so squeezÍng

was conËinued for an additíona]- 24 hours.

In Experiment 2 (0.25 M NaSCN), on the other hand, separate aliquots

of srock 2.5 tr NascN, 2.5 M NaooccHr/HooccH3 buffer and 6Oco rr""er

were delivered into the volumetric flasks along with the weight of NaCl

salÈ requisíte to maintaín the ionic strengLh at 3.00 l,f. In addition,

radiometric analyses r{ere performed using a NaI(T1) crystal in conjunc-

t.íon with the Tracor NorËhern multichannel analyzer adjusted to integraËe

only the 60Co photopeaks at 1.173 and L,332 MeV rather than the usual

Baird-Atomic síngle channel spectrometer. This change was necessítaÈed
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by rnodifications being made to the regular equipment at that time. Aside

from Ëhese tl/üo alterations, Ëhe same procedure as was carried out in

Experiment I was used.

During the course of the experiments, several important observations

were made. First, the colours which developed on the foam píeces

duríng squeezing in the solutions ranged from off-r^rhite through varíous

shades of green to a dark blue-green in exact parallel to the amount of

cobalt which \¡ras measured by count.ing to be sorbed. This progression

confirms earlier coÍEnents whích línked the intensity of green foam

colour to the extenL of cobalt sorption from solutions containing

identical cobalt concentrations but differing in some other aspect which

alters the extent of sorption. In this case, of course, all parameters

but cobalt concentration have been kept constant.

A second observation of note In/as that those foam píeces which

sorbed the largest amounts of cobalt (and which therefore turned the

deepest blue-green colours) also became bríttle. Consequently, many

smal1 bits of foam broke off during squeezing and were trapped by the

silicone grease coated on the distribution ceIl plunger stem. In the

Eost severe cases, after some period of equílibraËion the foarn failed

to return to its expanded form after being squeezed flat by the plunger.

This fact ís like1y one of the reasons for the increased length of tíne

requíred to reach equilíbrium in high cobalt solutíons. However, the

greater significance of Ehese observatíons wíll be considered later.

Results of the experíment are collected ín Tables II-10 and II-11.

Tab1e II-10 contains the sorption data measured only after the standard

24 hour equilibration period for each cobalt concenËration while Table
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llgure 2-L4

Effect of equilibríum solut.ion cobalt concentration
on distribution ratio, D, foï extractÍon from 150.0 mL

of aqueous thiocyanaËe solutions by 0.050 gram pieces
of /11338 BFG polyurerhane foam.

Initial solution conditions ü7ere:

1.00 M NaOOCCH"/HOoCctto buffer, pH 4.g.JJ
3.00 M total íonic strength (rnanintaíned by NaCl

addirion)
25.00"c

Notes:

-oE 0.1_0 M NaSCN

rrfþ. 0.25 M NaSCN

-d- 
6oco tr"cer only - initial concentration

estímated
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¡ieug 2-I5
Effect of equilibríum solution cobalt concentration
on extraction of cobalt frorn 150.0 mI of aqueous

thiocyanate solutions by 0.050 gram pieces of
/11338 BFG polyurerhane foam.

Initíal solution conditions \,üere;

1.00 M NaoOCCHr/HooCCH3 buffer, pH 4.8
3.00 M total ioníc strength (maintained by

NaCl addirion)
25.00'c

Notes:

-O- 
0.10 M NaSCN

rrfþ- 0.25 M NaSCN

6oCo tracer only - inítía1 concentration
estimated
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CoPocitY - 0.47 mol kg-1

0.10 M
SCN -

/

,'-./t-

-8.0 -6.0 -4.0

tos [Co]uq

-10.0



-225-

TABLE II-11 - SORPTION OF COBALT NEAR SATURATION OF FOAM

Initial Condítíons:
Ionic Strength (I) 3.00 M (NaCl)
pH .. 4.8 (1.0 M Na acetate buffer)
Solution Volume (V) 150.0 ÐI
Foarn l{eight (lJ) 0.050 grams

Type . /¡1338 BFG
Temperatuïe . . 25.00"C

Concentration of Cobalt on Foam, ICo]f (nol kg-l)
after various contact Ëímes

Inítial [Co] 6 12 24 36 48
hours hours hours hours hours

EXPERIMENT 1: [SCN-] ... 0.10 M (NaSCN)

- ^-q 0.L3475 0.t3526 0.13594 0.13582 0.13616
6. tót x ru " r0.00030 10.00030 10.00035 10.00025 10.00031

. ^-rr 0.2582 0.2620 0.2636 0.2628 0.2637r.ovl x J_u t0.0013 i0.0010 r0.0011 10.0011 10.0010

3.3s4 x r0-4 ,3.33':, ,3:33iå ,3:3å3Î ,3'.33i¿ ,3:3313

6.787 x r0-4 .3:3åå -3:3å3 .3:331 ,3:33å .3:333

1.6s7 x 10-3 ,3:333 ,3:åli ,3'.312 ,3:äii ,3:åiå

EXPERIMENT 2: [SCN-] 0.25 M (NaSCN)

.^- q 0.19581 0.19638 0.79664 0.19649 0.L9652o' /ö/ x ru " 10.00026 r0.00016 r0.00018 i0.00019 10.0001s

-^- ¿r 0.361 0.388 0.4022 0.407]- 0.4079r'bvl x tu t0.004 ro.o04 to.oo23 10.0025 t0.0020

-^- L 0.404 0.433 0.462 0.470 0.474
r ' rv4 x lu r0 . 0r3 10. 009 10. 009 J0. 007 io. 007

6.787 x t0- a 0.409 0.422 0.467 0-474 0-473
10.017 10.021 !0.022 J0.014 !0.017

L.6g7 x 10- 3 0.43 0.39 0.40 0.40 0.43
10.08 10.06 !0.L2 10.06 10.07
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II-11 displays data measured after 6, 12,24,36 and 48 hour periods but

only for Ëhose foams which approached saturation by cobalt. In conpíling

the Tables, knowledge of the weíght of foam used, the ínitial soluËion

cobalt concentration and radiometríc measurement of the fraction of

cobalt removed by foaur were used to determine the equilibrium cobalt

concenËration in foain ([Co]r) and in solutíon ([Co]"0).

In order to test Ëhe lowest possible cobalt concenËration in

Experiment 1, the distribuËion of 60Co tracer alone was fo11owed. The

exact quantíty of cobalt contaÍned ín the tracer !'Ias not known but ca1-

culaËions based on íts approximate original specific activity (as gíven

by the supplier), its age and the fractíon of it remaíning gave a value

ín the neighbourhood of 1.5 nanograms of metal in the 40 uL aliquot

normally used. This would give a solution cobalt concentration of 1.7 x

10-10 M when diluted to 150 urtr- in the experiment. Although this repre-

sents a rough figure at best, it is ímportant in thís experiment to know

that the cobalt originating from the tracer is not large in comparison

to the other inactíve cobalt added. Consequently, an upper límit vras

set on the concentraÈion by observing the colours developed on a 100 pg

foam piece which was placed into a 3.0 mI- solution containing 1.7 M KSCN,

0.8 M NaOOCCH^/HOOCCH^ buffer and 40 uL 6OCo tracer solution and kept3'J
míxing at 5oC for ten days. ApproximateLy 99% of the 60Co tt" measured

to be exÈracted by the foam under these condítions but no visible blue

or green colour developed. Comparison with the colours developed by

other 100 yg foam pieces placed in solutions containing known quantities

of inactive cobalt and Ëreated in an identical manner placed Èhe cobalt

content ín the tracer at definitely less than 30 ng whÍch would give at
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most a 3.4 x 10-9 M solution when diluËed to 150 mL. The estimaËed value

of 1.7 x 10-10 M is therefore not unreasonable and this value has been

used ín all calculations.

The data of Table II-10 appear graphically ín Fígure 2-14 (1og D

versus log [CoJ"O) and again in a slightly different form in Figure 2-15

(1og [Col, versus 1og [Co]rq). Both presentations are, in facÈ, equiva-

lent but each makes easier the portrayal of a particular property of the

results. The latter form is more traditional ín the solvent extractíon

literature.

From Figure 2-L4 qte see that the dístribution ratio, D, is mark-

edly affected by thiocyanate concentration (as expected from the previous

ínvesËigatíon) but the fraction of cobalt extracted is essentially inde-

pendent (slope = 0) of the amount of cobalt present at low concentratÍons.

Moreover, at the other extreme, where the concentration of cobalt is

high, a line of slope near to -1.0 is approached indicaËing that nearly

all additional cobalË added is remainíng in the aqueous phase. In Figure

2-I5, these same tr{o features translaËe respectively into a long linear

stretch ín whích the slope is very near to 1.0 and another for which the

slope tends to zero as a maximum concentratíon of cobalt in foam is ap-

proached. FurËher interpretation of these results will be made later.

To determine the capacity of /11338 BFG polyurethane foam for cobalt

extracEíon, the sorption data presented in Table II-11 were used. Here,

we see that in many cases measurable increases in the amount of cobalt

held by the polyurethane vrere stil1 recorded betv¡een L2 and 36 hours

after ínitial contact with the solution. For this reason, the values

for 48 hours equilibration are likely Èhe mosL reliable for the deËermina-
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Ëion of the actual foan capacity. It will be noted from consideration

of these values alone that even at the highest cobalt concentratíons used

in ExperimenË 1, the resulting concentration of cobalt on foam continues

to increase as that in solution increases. It ís apparent, therefore,

that the capacity of the foam has not yet been reached in thís instance.

On the other hand, in Experiment 2 we have ídentical (within experimental

uncertainty) values of ICo]f for Èhree successively higher ICo].n "rU
so \^re conclude that the foam capacity under these condítions is about

0.47 rnoles of cobalt per kilogram of foam. This value is far in excess

of what one would expect for an adsorption (surface) phenomenon. The

surface area of a typíca1 polyurethane foam (type "4", supplied by Union

Carbide) has been measured by the B.E.T. method using krypton gas and

reporred by Horsfa:]I3z) to be 81 m2 kg-l. If rhis value is somewhat

representative of i/1338 BFG polyurethane as r¿ell , thís r¿ouId leave an

area of only (81 12 kg-1)/(0.47 mor kg-]) (6.02 x 1023 iotts nol-I) =

2.9 x LA-22 ^2 for each of the cobalt-contaÍning specíes whereas the

cross-sectional area of a Co2* íon alone is about 1.63 x 10-20 ^z.Qzí)
This clearly demonsËrates that the entiTe bulk of the polymer must be ín-

volved in the sorption of cobalt much as for a conventíonal solvent ex-

traction or ion exchange process.

Now, we may ínfer the value of the subscrípË, y, in the supposed

general extractable specie", M*Coy(SCN) ,, by returning to the results of

Table II-10 and Figures 2-L4 and 2-15.

As in previous tr"atrerrls, íf a solvent extraction-líke mechanism

is assumed, one may envisíon the extracted species as being initially

formed in the aqueous phase and then transferred to the foam phase as
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may subsequently become associated or ttpairedtt:

K-t
* " sc*?"*) 

- 
" "än> 

+ cor(SCN)il^rl (68)
-Lx Ml(aq) * r .'?åol

* tT'o)

Kt

\,
* cor(scN)i7"r> +

_ [cor(scN)ä-]"0

tco2+låq IscN-]zq

a

" "to

(6e)

*.or(SCn)x¡r, (70 )

KD= lM+li Icoy(scN)x-] r

t¡'l+låq Ico ( scN) x- Iy' 'z'aq

(7L)

K

* *trl + cor(scN)îlrl å ((M+)' coy(scN)î) ç> (72¡

As before, the concentraËions of the two possible foam cobalt spe-

cies, Cor(SCN)x,r, and ((M+)* aor(scN)x-)(f), are then given by:

lcor(scN) T- l, = xr5tu+]]o Ico2+lvo I scN-t]o Iu+t ;" (7 4)

t (r,rf)* cor(scN) I-1, = *r5*ntu+läq tco2+låqIsc}l-J zo (75 )

K t(M+); coy(scN)x-lft t".rî rc'l*,,{-f ,

(73)

where M* i" assumed to be any of a nuuber of available cations. As usual,
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species identified with Ëhe subscripts "aq" and "f" belong to the aqueous

or foam phases, respectively, and Kr, KO and Kn are the equilíbrium con-

stants for t.he formation, distríbution and ion paíring of the extractable

species. It should be recalled also Ëhat all such equilibrium constants

are being approximated by the use of concentratíons rather than actívi-

ties for convenience since several of the necessary activity coefficíents

will not be known.

The distrÍbution ratio, D, is defined to be

^ Icobalt ín all formsl.
l)= ffi 'aq

lcol r e6)
fCrI' -aq

Now, assuming the only two cobalt-conËainíng species in the foarn phase

to be (Co (SCN)X-)- and ((t,t+). co (SCN)X-)-, rhen we have:yzTxyzT'

p = [cou(scN)i-], * t(]d-). cou(scN)x-1, (7 7)

ICo]aq

= *rbtu+läo Ico2+1vo IscN-t]o < tr"r+l-x + r<o) (78)

ICol- 'aq

Tn producing an expression for the total concentration of cobalt

species ín the aqueous phase, ¡Co]ag, vre are faced ¡,¡ith the problem that

several ligands are present (SCN-, C1-, CH3COO- and, of courser HrO but

we r¡i11 omit iË from our treatment knowing that it will generally fíl1

any coordination vacancies). A multitude of solution complexes are thus

possible containing varíous numbers of each available ligand, however, we
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for themay write Èhe general equation

as:

formation of each of Ëhe species

õLtof"n) * j

Ki5 tu
;-

v _ tcor(scx)., (cr)u(curcoo)2ui-(j+k+s) 1".
oiJt.r, =,

s.\rq) * o clfac) * s c':coo?"q)

(co. (scN) . (c1)k(cu3coo) 2i-(j+k+s) 
) rq

(7 e)

(80)

The integers j, k and .0 may theoretícalIy assume any whole number

values incl-uding zero but we ínsist that í be greater than zero since

lre are concerned wiÈh cobalt-contaíning species. In Ëhe event that the

cobalt concentratíon in solut.ion ís very low (e.g. 10-10 to 10-5 M as it

is ín most of thís experiurenÈ), then polynuclear cobalt species (i.e.

Ëhose wíth i = 2, 3, eËc.) are expected to be extremely rare and can

likely be neglected entirely. If thís is done, rÂ7e are left with a series

of mononuclear cobalt complexes (wiËh i = 1) of the forn (Co(SCN)r(Cf)n

(cH3coo)29-(j+k+s))"n .ou wirh overall formarion consrants, K3kf., gíven

according to equaÈion (80). Thus, hre may describe the total concentration

of cobalt in the aqueous phase as:

lcolaq 
:iu 

*:nu Ico2+]"q tscn-1jo tcl-l}q lcnrcoo-]s*

= [co2+]rq 
¡in*¡outscn-1jn 

tcr-lko IcH3coo-]ån ...... (81)
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solved instead for lco2*l to sive:- 'aq

lco2+lrq = [co]ro(:iu "jun 
[scu-]jo tc1-lSqlcH3coo-lån) G2)

I^le may now substÍtute this

distribution ratio, D:

result into expression (Za¡ descríbing the

o - rrb t¡r+läo tcol jä-1) tsoq-lãortu+l;" + ro> (83 )

triu*ruu tscrv-1jo tcr-l:q IcH3coo-]åo)t

Now, if we effecrively keep [pf+]"q, IsCN-]aq, Icl-l"q md [cH3coo-]aq

constarit as we do in thís experíment (the concentratíon of cobalt present

is always less than L.7 x 10-3 M whereas [SCN-]"' 0.10 M and other

concentraËions are all much larger), Ëhen the term in Èhe denominator

in equation (83) is also a constant and \¡re may combine a number of con-

stants into a single one, K:

K = Kr5 tr"r+läq lscN-,åo,riu*ros tscN-liq Icr-]kq IcH3coo-låo)-t

Thus, the distribution ratio v¡íll be given by:

D = K [co] (Y-1) (tM+l;"

As discussed in an earlier experiment, the value of D will depend

upon Ëhe relative abundances of unassociated (governed by tM+];") and

+K)
p

(84 )

(Bs )
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paired (governed bv Kn) species in the foam. considering first the

situation in r¡hich paired ((M+)' cor(SCN))-), slecies predomínare, rhe

tlf+l;" term in equation (85) may be neglected and D rhen becomes:

D = K ¡ço1(v-1) 6 = K, ¡ço1(v-1)- -aq p -aq (86)

where the tqro constants, K and Ko, have been combined into a single

constant, K'. Taking logs, vre get:

log D = 1os x' + (y-1) loglColaq (87)

from which ít is apparent that a plot of log D versus 1og [coJrn r^rould

give a straight line of slope (y-1) if all of the assumptions r^rere

correct. ConsideratÍon of Figure 2-14 shows that at lovr aqueous cobalt

concentratj-ons the experimental slope is zero so that we deduce that

(y-f) = 0 or Y = l under these conditions. Combining this result \,üith

the previous discovery that z = 4 and Èhe supposiËíon that no oxidation

or reduction takes place on extraction, vüe may then identify the major

extracted species as ((lt+¡å Co(SCN)1), tt ir is largely paired.

0n the other hand, if the cobalt species in the polyurethane is

largely unassociated and exists, Èherefore, primarily as (*trl *

cor(scN)i|rì then the Kn rerm in equarion (85) nay be neglecred and r,¡e

have:

D = K [co] (v-r) tM+l;" (88)



-234-

sor

1og D = 1og K + (y-1) log [Co]"' x 1og tlt+lf (8e )

This equation can only yield a straight line if tM+], ís essentially

constant and independenr of [co]ae (e.g. íf other sources of {rl such

"" "Tr) 
+ scN(f) ot trl + ooccH3?f) account for nearly all "trl)

or if [u+]f is dírectly proportíonal to some pov¡er, p, of [Co]aq.

rn the first instance, the tern x log [lt+], in eguation (89) is anorher

constant and again a line of slope (V-1) is expected (r¿hich leads to the

conclusion thaË y = 1). rn the second instance, \,üe have a relation

between tlt+lf and lCo]ag of rhe rype:

tdlr = ¡ ¡co13a

where k is some constant. Thus:

(e0 )

log D = 1og K + (y-1) log [Co]"' px 1og [Co]ae - x 1og k

= 1og K" * (y-l-px) log ¡Cola9

where we have grouped together several constants into Ktr. The value of

p can then be determined by use of infornation already available. Since

experimentally we observe from Figure 2-L4 tlnat the plot of 1og D

versus 1og [Co]"n n"" a slope of zero at low [Co]aO, r^re may write:

(v-1-Px) = 6 (e2)
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A1so, íf we assume that no oxidation or reductíon takes place on extrac-

tíon (to be deuonsËrated later), then the requiremenË of electroneutral-

Íty of the extracted species dicates that:

x*2y-z=0 (e: ¡

and we nay nov¡ include in this the prevíous result Ehat z = 4 to give:

x*2y-4=0 (e4)

Both x and y must have positive integral values but from equaËíon (94)

rt7e see that this will be possible only if y = L and x = 2 or íf y = 2

and x = 0. Takíng these two possibilitíes in turn and solving for p

from equation (92) we obt.ain in the first case p = 0 and in the second

there is no value of p for v¡hich the equation is true. Thus, vre must

have p = 0 and so \re conclude that IM+lf is not dependent on [CoJ"O rvhen

the chief sorbed species are unassociated ions of the form x MÏ.. +---- -- --(f)

Coy(SCN)äirl. Equation (91) then reduces to:

1og D = log t<" + (y-l-px) 1og lcoJ"o

= 1oB Krt + (y-1) 1og ¡ColaÇ

and again we deduce thaË (V-1) = 0 and therefore that y = 1. Thus,

consistent with later observations, if extraction takes place by a

solvent extractíon-like mechanism, the exËractable species appears

to have the form M.,Co(SCN)r.. In deriving this result we have assumed



-236-

that neither oxídation nor reducLíon takes place on extraction and

apparently ele cannot distinguish betr¿een unassociated and paired species

in the foam.

However, if an anion exchange-like extraction uechanism is supposed,

then we have slightly different relations. The soluËion equilibria, of

course, are identical with those already presented but the dÍstribution

equilibrium is represented as:

KD

cor(SCN)i7"r> * " o?r) + cor(scN)itn * " A?"q) (61)

K"= lcou(scN)x-J, ta-läq (62¡

lcor(scN)I-1 
^, 

IA-li

r¿here A- is some unspecified anion (SCN-, Cl- or CHTCOO-) and üre are not

concerning ourselves wíth wheËher or not the anions are sÈrongly associ-

ated with the various catíonic sites. I{e have previously obtaíned the

expression for the distribution ratio, D, as:

o = Krblco2+lYq [scn-1zo fA-]i $4)
¡colae,o-Jäa

Now, using the recently-derived expressÍ-on (92) for [Co2+]aq and

subsËituting into equatíon (64) gives:

! = Kr5 [scN-]zq tA-li

,rin*rontscr'r-1jo tc1-llq Icttrcoo-1'0n¡v ta-]äq

(e6 )
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Most of the parameters in equation (96) are índependent of cobalt

concentratíon rvhen the IscN-]aq, Icl-]rq and IcH3coo-].q r.. large and

constant. In particular, the quantity [A-l"O will be sirnply one or a

mixture of the three available anion concenËrations. Also, if we specify

that insufficient cobalt is sorbed from solution to displace an apprecí-

able fraction of an. Oif) ions (i.e. vre will not consider situations in

r¿hich v¡e are near saturation of the foam) then tO-Jf is also a constant

and we may group many terms into the single constant, K:

t\-
KfKD [scN-]zq tA-li

triu*ruu IscN-] 
jq tcl-l5q IcH3coo-låo)t te-]äq

. (e7)

(e8 )

Thus, under these conditions,

and

D = K [co](Y-r)

tog D = log K + (y-1) 1og ICoJ"O

This result again demonstrates that the observed slope of zero for the

log D versus 1og [Co]"' nro, necessitates Èhat y=1. I^Ie conclude that

the specíes extracted by an aníon exchange type of mechanism must be

Co ( SCII) ?- .' '4

Havíng establíshed the nost likely chíef extractable species by

either mechanism, some consideration should nov¡ be given to relatively

minor but nevertheless reproducible aberrations visible in Figures 2-L4

and 2-L5. In the case of Experiment 1 (0.10 M NaSCN), it will be noted
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from Figure 2-L4 that the distribution ratío, D, begins to increase

somewhat (about 25%) wLth increasing cobalt concentration immediately

before the saturatíon liuit is approached whereas the same type of

phenomenon does not appear to be visible in Experiment 2 (0.25 M NaSCN).

Figure 2-15 shor¿s the same trends as a very slight positive deviation

from a slope of 1.00 at high lCo]ag ín one case but not in the other.

Since when repeated on another occasion the regíon of cobalt concentra-

tions in question in Experiment 1 gave identical results, the observa-

tion apparently has some definite physical significance and so an effort

was made to seek a plausible explanation.

A number of possible rationalizatíons exist to explain the origin

of such an increase and they may be roughly divided into changes caused

by equíIíbrium shifts oecurring in eíther the aqueous or the foam phase.

In the aqueous phase, increases in distribution ratio can be caused

either by the formaËion of another nevr extractable cobalt-containing

species or by a shift in the equilibrium r¿hich governs the production of

MrCo(SCN) O 
or Co(SCN)e-. If a new extractable species is beíng formed,

íts production must be sensítive to cobalÈ concentration and so must

contain 2 or more cobalË atoms. From Figure 2-I4, we see that the

phenonenon becomes visible for 0.10 M NaSCN r¡hen the solution cobalt

concentration ís something less than 10-5 lt. At thís 1or,¡ concenÈratÍon,

the producËion of any signifícanÈ quantity of dinuclear or trinuclear

cobalt specíes seems very unlikely and \{e nay effectively rule out this

possibilíty. Similarly, sínce the total ion pícture of the solution can

change so líttle by the additíon of 1O-5 M Co2* to the 0.1 M NaSCN, 1.9

M NaCl and 1.0 M buffer present, the possibility of significantly alter-
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ing the solutíon equilíbria for the formation of Mrco(scN)* or co(scN)?-

by solution acËivity changes or any oËher means also seems very un1ike1y.

Turning to events within Èhe foam phase which may be expected to

increase Ëhe extraction of cobalt, it ís true that any phenomenon which

will lower the activity coefficíent of the major extracted species ín

the foam, increase the number of sites available, or shifË some of the

cobalt atoms into foam-soluble forms other than the originally predomin-

ant one can result in an increase in D. rn the fírst of these cases,

the value of the rrconstanÈ=tt KD as expressed in concenËraËi-on units rather

Ëhan activíties will increase thus increasing D (see equatíons (71) and

(62)). rn the second case, D will also íncrease as a result of the

greater holding por¡rer provided by generating new sites at which sorption

may occur. In the thírd case, D will again increase since the original

equilibrium between 2 ú^,, * co(scN)7.-r^^, in rhe aqueous phase and(aq) '4(aq)

eírher , \r> + co(scN)|tr>, ((M+)¿ co(scN)t) 
fr> or 2(M.sire)fr, +

Co(SCN)Í?f) in the foam phase will shift to maintain a consrant rarío

betr,¡een the aqueous and foam concentrations of these forms while other

foam cobalt species are added to the total number.

considering first possíb1e reasons for changes to the activity

coefficienr of , "trl 
+ Co(sCN)7_7r>, ((M+)¿ co(sCN)rÐ <O or 2(M.site)trl *

co(sctt)f7r, in the foam, ir is possible that the sorbed cobart species

sufficiently alter the díelectric constant or other physical properties

of the polyurethane such Ëhat its affinity for additional cobalt species

is íncreased. Consideration of the results in Figure 2-15 (or Table II-10)

shows that the increase observed ín extraction begins v¡hen the concentra-

Ëion of cobalt on foam is approxínately 0.03 mol kg-l. rt is noÈ impos-
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síble that thís fairly low concentratíon of sorbed species may produce

sufficient alterations to the polyurethane bulk as a whole or beÈween

species to account for the observed increases in D. However, if Ëhe

changes in properties are due to the sorbed cobalt-containing species

alone, one should expect to see a símilar fractional increase in D at the

same foam cobalË concentration from 0.25 l,I NaSCN as wel1. The fact that

none is visible suggests either that such Ínteractíons are not the ans\^rer

to the problem or that NaSCN itself is also actively involved in some way.

This second situation could plausibly arise, for example, if NaSCN

should also be sígnificantly sorbed and if it produces similar property

changes (e.g. Ëo the polarity of the medium). In this case the effects

of the cobalt-containíng species may Ëhen be overshadowed by the increased

NaSCN present at higher concentration. It is not knovm whether or not

thís is indeed the case although neasurements of weight gains by foam

ín the presence of high and low concentrations of thiocyanate do suggest

that SCN- is much better sorbed than Cl- or CHrCOO-.

In some ways closely related to the concept of actívity changes

bringing about íncreases in D is the idea that the presence of sorbed

substances in the polymer may result in ítç swelling so as to expose

more sites (i.e. increase the capacity) at which chelation or exchange

may take place. Such physical swellíng phenomena are well knor¡n for ion

exchange resins but of course would be much rnore díffícult to observe for

polymers in the form of a foam. Organic solvents, on the other hand,

cannot really be considered in these terms and so one is lirnited to

the less descríptive concept of actívíty in these cases. Again, as for

the suggested change in actívity coefficients, Èo explain the lack of

increase in D at higher thiocyanate concentration, r,re must assume that
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NaSCN Ís also sÍgnificantly sorbed and that it also produces the same

sort of swellíng.

This brÍngs us, then, to consideration of other cobalt-containing

species in polyurethane foam formed in sígnificant numbers at higher

cobalt concenËraËions or a shíft from one form only to more than one.

The extractíon of cobalË and thus D might be increased by ne¡¿ forms

generated either by association or by díssociation of the 2 M|..' +(r)
co(scN) ?-7r>, ((M*)2.co(scN) 1) <r> 

or 2(M.site){r, + co(scx)f ,r, species.

However, it is diffÍcult to imagine r¿hat true dissociation night be

expected to íncrease as the quantity of cobalt present on the foam

increases so h7e are forced to direct our attention towards possible

association mechanisms .

One possible,mechanism which seems to fit the available data in-

volves the formatíon of a type of dinuclear cobalt species from Ëhe

paired precursor as viewed ín a solvent. extraction-like process in the

following nanner:

K
m

2 ( (Mf å co (scN) 1) rc> :* (coz+.co(scN) 1) ç> + 4(M+'scN-) (f).. . (99)

l\
m

lco2+. co (scx) â-1, Iu+- scu-l 
T

I (r"r+¡ å co ( scN) Î- I ?

(100)

Here, a cobalt ion, Co2+, has been formed by dissociation of one

of the cobal-t thiocyanaÈe species to act as the counter ion for the

other and all ions are presumed to be paired. The reason for portraying

the new cobalÈ species, (Co2*.Co(SCII)1)fr>, as an íon pair of rhis rype
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rather than simply as Cor(SCN)O will become apparent later when discus-

sing the Cation Chelation Mechanism in more detail. Some of the (M+. SCN-) (f)
pairs thus produced may then be expecËed Ëo be returned to the aqueous

phase as aquated íons:

{u+.sol-) ,r, 
+ 

{ro, * rc*i"o) (tol)

An important consequence of the mechanísm proposed by equations (99)

and (101) is that we predíct frorn them that increases ín either [U+]"q

or [SCN-] in solution should suppress the formation of the dinuclear. ,aq

cobalt species. Although no tesË vras made of the effect of sodium

ion (i"l+) concentration on the appearance of this phenomenon, the fact

that no increase in D aL high cobalt concentration is observed for 0.25 If

while it is for 0.10 M thiocyanate ín this experíment supports the

suggested mechanism. Obvíously, however, this does not constitute a

proof since there are other explanations as ¡¿ell and \,re must regard thís

one only as a possible model without definite knowledge of íts correcrness.

Based on the results of this experiment ¡vhich show that the identíty

of the extractable species is apparently unchanged Ín 0.10 M NaSCN up to

at least 7 x 10-6 M cobalt but may involve oÈher species at hígher con-

cenËrations, the solution cobalt concentration of most other experiments

performed was fixed at 1.7 x 10-6 M (0.10 pprn) to avoid any resulting

complicatíons.

Apart from the many mechanistic implicaËions arising out of the data

from this experiment, there are also several píeces of more practical

information fmportant to the potentíal analyÈical or industrial uses
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of polyurethane foam. Fírst of all, it is apparent from Figure 2-14

that the extent of cobalt extraction does not decrease even at very lor+

solution cobalt concentrations. This fact makes polyurethane foam and

thiocyanate useful either for Ëhe preconcentration of very 1ow levels

of cobalt prior Ëo some method of analysis or for the complete recovery

of cobalt from radioactíve wastes or spíl1s. Additionally, sínce the

dístribution ratio remaíns constant over such a wide range up to near

the capacity of the foam, reasonably syrmetrical elution peaks are

expected when used in colurnn chromatography. A second important note

to be made is the relatively high capacíty of polyurethane foam (0.47

moles of Co(SCN)f,- and therefore 0.94 moles of Na* per kilogram of foarn).

This capacity is in the same order of magnitude as many comnereially

avaílable ion exchange resins and its cost is competitive. Finally, it

has been d"rorr"ttuted in this experiment that it is possible Ëo use

both the characteristíc intense green to blue colour of the foam cobalt

Ëhiocyanate complex and the high extraction efficiencies possible to

determine very sma1l amounts of cobalt (in the nanogram range) semi-quan-

titatively with small pieces of foam. There appears to be some ínter-

ference from iron in this application but only insofar as the red-brown

colour of its ov¡n thiocyanate complex masks that of very small amounts of

cobalt. Although it \^Ias not aËtempted, this problem could likely be over-

come by including a maskíng agent for iron such as fluoride along with

the thiocyanate.
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þ-. Effect of Agueouq/Foarn Phase
Ratio on Cobalt _E_grPlion from
Thíocyanate SolutÍon

To tesË the assumption thaË the distribution ratio, D, is

índeed a constant which does not depend upon the relative amounËs

of solution and foarr present, an experiment I,7as devísed

to determine D over a wíd.e range of aqueous/foam (*) nn"". ratios.

Since Ëhe available equipuent did not allow major alteratíons to be

made in the aqueous volume (volumes less than about 120 ÐI result in

splashing in the distribution cel1s when operating), this parameter \,ras

held constant r¡hile large changes were made in the weight of foam

used.

An initial experiment designed to accomplish thís task using 0.05 M

KSCN, 1.95 M KCl, 1.00 M Nao0CCH3/HOOCCH3 buffer and 0.10 ppm Co(II) at

a temperature of 22"C appeared to show that D increased moderately (about

40%) as the weight of foam was decreased from about 1000 urg to 4 mg and

then apparently fe11 agaín as only I mg was approached. The curiousness

of thís result and the fact that temperature control and other procedures

were later greatly improved prompted repetition of the experiment ¡,¡íth

some changes to see íf this was indeed correct.

The inítial solution conditions chosen for Ëhe experiment are lisÈed

at the top of Table II-L?. To ensure that only foam weights differed

betureen individual distribuÈion cells, a 2 liter quantiÈy of stock

solution was prepared by admixture of the various individual stock solu-

rion or solids Ëo contain 0.10 M NaSCN, 0.BB M Na00CCHr/1.00 M HOOCCH3

buffer, 1.90 M NaCI, 0.10 ppm Co(IT) and sufficient 60Co tracer to yield

a counÈ rate of about 1O0O seconds-l when measured in the usual manner.
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Identical 150.0 mL portions of thís stock solution vrere then transferred

into Ëen distribution cel1s usíng a single 150 nL volumetríc flask.

VarÍous sized pieces of /11338 BFG polyurethane foam ranging in

weight from 1 to 1000 ng were cut from a single cube of the material

and were cleaned before use in Ëhe usual manner. Since the problem of

static charge buildup was particularly serious for Ëhe smallest foam

pieces, they were all allowed to sit in contact wíth a grounded uretal

container for a full day príor to weÍghing. I,leights were determined on

a SarËorius microbalance to the nearest mi crogram with an uncertainty

determined on another occasion to be about +5 micrograms (95% confidence).

Weighed foam pi-eces I¡rere placed in the distribution ce1ls containing

150.0 rnl, of stock solution which vüere then mounted in the thermostatted

cabínet at 25.00"c. ft was necessary to squeeze the smallest foams

several Èimes by hand prior to mechanical sque ezLng since they were able

to escape around the edges of the plunger and r¿ould float on the solutíon

surface without squeezíng if the air bubbles trapped inside were not

initially forced out. Once this was done, the smaller foam pieces tumbled

normally through the solution during the experíment but, of course, hTere

not as effectívely squeezed as were the larger ones.

The distríbution cells were sealed as described previously with

single condoms and silicone grease on the joints to retard evaporation.

A 48 hour equílibration period r.¡as adopted since it was suspected that

the snallest foam pieces rnight be slow ín achíeving equilibrium. Solutíon

samples were withdrawn for ten consecuËíve 100 second counting periods in

the usual manner af.ter 6, 12,24, 36 and 48 hours. Radiouretric back-

grounds to be subtracted were evaluaÈed by a siroílar procedure for each
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individual counting tube used. However, no corrections for possíble

drift in the specÈrometer sensitivity were made ín this experiment.

DurÍng Èhe course of the squeezing, a variety of foam colours

developed ranging from a green shade of yellov for the largest foam

pieces to pale green for the smallest ones. These shade dífferences

appeared to parallel the concentratíon of cobalt which v¡as subsequently

calculated to be present on the foam. Another important observation

made ¡"ras that large foam pieces showed small contÍnual decreases in

solution activity (even up to 48 hours) while the smallest one, on the

other hand, shovred pronounced increases instead as tíme passed. A possi-

ble explanation for this peculíar phenomenon wÍIl be dÍscussed shortly.

The results of the experiment appear in Table II-L2 where t.he calcu-

lated percentage of cobalt extracted and dístribution ratio are given for

each of the foaur weights used. Although measurements vrere made after

6, 12, 24, 36 and 48 hours, only data for L2, 24 and 36 hours are includ-

ed in the Table sínce they are sufficient to demonstrate the trends

observed with increasing equilibratíon time. The data are also plotted

in Figure 2-L6 as the relation between the distribution ratio, D, and the

logarithnn of the raËío of the quantities of the two phases present. As

for other experiments, the uncertainties shown in Table IT-1-2 and the

error bars ín Figure 2-16 represent tir,e 957, confidence intervals of the

mean as calculated chiefly from countíng statistics wíth estimates of

foam weighr and solution volume uncerÈainties included when signÍficant.

l¡Ie can see from the calcuf"tå¿ uncertainties that Ëhe most rel-iable data

are obtained for niddle foam weights while much larger errors are seen

on either side of this.

From the Table and Figure, iE appears that D remains nearly constant
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(considering that r,re are looking at a 1000-fold alteration of foam weight)

but some complícated changes are also visible. In particular, as already

mentioned, cells wíth large foam pieces (and therefore little cobalt

left in solutíon) show stead.y íncreases in D with tíme whereas cells with

small foam pieces (and Ëherefore most cobalt left in solution) display

large decreases in D with increasing tine. Since this r¡as evidently a

time dependent phenomenon, it \¡ras suspected that it may be caused by loss-

es of solvent (water) through evaporatÍon but this conjecture r¿ill be

more convincing rvhen supported by a little maËhematical urodellÍng as fo1-

lows.

Suppose first thar in the absence of any solvent loss a volume of Vo

nI- of solution containing [SCN-]. mol L-1 of thiocyanate ion and having

an initial 60co count rate of Arrriaí"l is brought into contact wíth lti

grams of polyurethane foam. After sorpËíon has Ëaken place and equilib-

ríum is approached, the ne¡¿ solution activity ¡¿i1l be some valuê, Ao,

from r,¡hich we may calculate the distribution ratio as:

Do = lco] r = (oir,i.ir1vo- A'v') /I.I

A"

_ (A, _: L! _, - Ao)V"
= lntt ta,L

A" I^I

On the other hand, if some loss of solvent, AV rntr-, no\^l occurs, Ëhe

ne¡,r soluLion volune wíll be:

¡Cola9

(102)

Vr=vo-av (103)
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and the thiocyanate concentration (assuming essentially all of it remains

ín the aqueous phase) will now be increased to:

[scu-1'= [scN-]"/u'\ = [scN-]" ( v" \ . (104)\v'i \v.-*/

If the Ëhíocyanate concentratíon is fairly low (as it is in thís and

other experiments) and no other parameter whích is ímporLant to the rnag-

nÍtude of D changes, then we have seen that D is directly proportional

Ëo [SCtl-1+. Therefore, \¡re expect that Ëhe increase in thÍocyanate con-

centration wíll result in an increase in the actual distríbution ratio

under these circumstances to a new value, Dt, given by:

tr'Ihen equilíbrium is again establíshed, this change wí1l result in

some ner,r solution count rate, Ar, being measured. The value of At will

have t.o be such that it satisfies the new distríbuËion ratio expression:

¡, = rcor, = (i:111"îîi";,:l.l: - î:'::r:f,:: "'"'"'"*) ,"
tuot tu"n- -aq '--'aq

Dr =o"/[scn-]'\a = Dol v" \u (105)

\ tsclr-1" 7 \ v'-av /

_ A_. _. ¡ _. _1 Vo - Ar (V"-^V)
= l-nl_tl_al

A'tl
(106)

courbining equatíons (105 and (106) and solving for Ar , then, úre ger:

Df=Do( v" \4
Ivõ-^v /

A. .Vo-A'(V'-AV)ant-t aaL
At rti
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sor

A' = Airríai"luo
rc

\ vq_^v /

+ (v"-AV)

. (107)

( 108)

(10e)

Now, sínce r¡re are ígnorant of the change ín solution volume, we do

not calculate Dr directly but instead mistakenly calculate an apparent

distribution ratio, Dapparent, simply from the measured initíal (Oirrrarrl)

and final (A') count rates and unaltered solution volume, Vo, as:

(a- . - A')v"= l_nat aalDapparent
A'I^i

Substituting Ëhe result of equation (107) into (108) gives:

A. -VOanr-taâl

f'"""' 
-

D "Inl V"
Võ-AV )""D=apparent

which eventually reduces to:

A. -VOanl-tr-a1rc
\Võ-^v /

Dapparent =D"( vo \4 -
\Võ-^v i

AV
Iù

To simulate the effect that solvent evaporation is expected to have

on the presen! experimena, Drpp"rent âs calculated by the above equation

has been evaluated for several hypothetical losses of solvent, AV, under
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condítions approxímatíng the aetual experímental ones used (Do = 4500 t

kg-1, Vo = 150 nL) aü a number of foam weights, W, and is displayed in

Fígure 2-L7. I^Ie see from this that even Íf the dístribution ratio, D,

ís assumed to be completely independent of foam weight, if even minor

evaporative losses of solvent occur, small increases in the apparent

distribution ratio will be observed at high foam weights and fairly large

decreases will be seen at low foam weights. Since this describes exactly

what was observed in this experiment, \.re conclude that solvent evapora-

tion must be Ëhe cause of the otherwise peculíar phenomenon.

Although r¿e should, in principle, be able to estimate directly the

solvent losses indicated by the results in Figure 2-16, there ís a further

snall complication which r'¡e have not yet considered. In the development

of equation (109) we have assumed that no effects other than alteration of

the solutíon thÍocyanate concentration contribute to an increase in dist-

ributíon ratio. As ¡¿e r¿ill see later, however, increases ín ionic

strength (or Itla+]^-) also contribute significantly bur are more dÍfficult- aq-

to treat mathematícally. Very crudely, the effect of this added factor

would be to íncrease the exponent in equatíon (109) to a value slíghtly

greater than 4. For thís reason, equaÈion (109) tends to understate

slightly the effects of solvent losses at the high foarn weight end of

Fígure 2-L7. Taking thís modifícation roughly into reckoning, comparison

of Figure 2-16 wíth Figure 2-17 shor¿s that solvent losses of the order of

perhaps 1.0 nL or so rvould be sufficient to account for the observed

changes in distribuËíon ratio wiÈh tine. This amount of loss is not

unreasonable based on solution weight and volume losses measured on other

occasíons over a 24 or 48 hour period.
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Closer comparison of Figures 2-16 and 2-L7 shor¿s, however, thaÈ not

all deviations from consËancy in D over the range of phase raËios (V/I^I)

studíed can be blarned on the solvent losses alone. In parËicular, it

appears that if these effects are subtracted from the measured D versus

log (V/I^I) profile that a measurable íncrease in D begins at about 1og

(V/I{) = 3.5 (i.e. r¿íth I^I = 0.05 grarn). This increase may continue through

higher V/I^l ratíos buË, if so, ís almost completely obliterated by the

effecÈs of solvent loss there.

In searching for an explanation for the apparent increase in D as

the foam size is decreased, a number of possible physical causes \¡/ere

considered. One such possibílíty r47as that large foam pieces were sorbing

sufficient SCN- ligand (probably as Na* + SCN-) to sígnificantly decrease

the solution thiocyanate concentration and thus decrease production of

the extractable species. However, as pointed out earlier, measurements

of weight gains by polyurethane foam after sorption show Ëhat negligible

(less than 0.02"Á) losses of SCN- could occur by thís method for foam

weights of about 0.05 grams (and presurnably even less for smaller foarns).

Since this is Ëhe approxímate upper liurit of foam weight aÈ whích the

increases in D begin to appear and since one would also expect no change

in D at all wíth sna11 foam pieces, it is clear that Èhís explanation

does not fit the data.

A second possible explanation which r¿as considered r^7as that large

foam pieces mây trap air bubbles, deep v¡ithin the center which are not ex-

pelled on squeezing, and so prevent the central porËion of the foam from

participating in the equilibriurn process thus loweríng D. Again, if thís

r^rere so, one r'rould expect no effecÈ Ëo be observed aË loI,I foam weíghts



-255-

whereas large pieces would show progressi-vely decreasing distributíon

ratios. This is not the pattern observed. Moreover, an experiment in

whích identical total weights of foam (about 0.50 gm.) eíther in the form

of one single píece or as 222 índividual smal-l pieees were equilibrated with

the same solutíon as used in this experíment gave identical values of D

(4688 compared to 4686 L kg-l after 48 hours) in spite of the fact Èhat

the piece sizes (and thus squeezing behaviour, air entrapment, etc.)

differed so drastícally. Thus, ne conclude that air trapped within the

foam or other physical processes excludíng some polymer from partÍcipat-

ing in equilibrium are not at work here.

It appears, Ëhen, that some phenomenon involving cobalË must be

happening either within solution or internal to the polyurethane and one

Ís thus reminded of the símilar small increases measured in D as the

solution cobalt concentratíon was íncreased (Figure 2-L4). The parallel

Ëype of behaviour noted here leads one to suspecË Ëhat Ëhe increase aË

hand may be due to changes in the foam cobalt concentration as r^Tas infer-

red to be the case in that experiment.

Calculation of the concentration of cobalt present on the various

foam pieces after equilibration shows Èhat it does indeed vary f.rom 2.4

x 10-4 nol kg-i for the largest piece to about 7.2 x 10-3 mol kg-l for

the smallest one. However, the increase in D in Figure 2-L6 begins to

be seen when the foam cobalË concentration ís about 3.3 x 1O-3 no1 kg-I

rshile, by comparíson, the onset of increases Ëo D in Figure 2-I4 do not

begin to become visible below about 1.3 x 1O-2 not kg-t. This four-fold

difference in concentratÍon would appear to indicate that the phenomenon

observed ín thís experiment is occurrÍng at a substantially lower foam

cobalt concenÈration than in the previous one and thus may have a differ-
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ent cause. However, the comparison is made difficult by the facE that the

entire maximum increase in D measured in this experiment is only approxi-

mately 6% and this is easily visible only since the solution parameters

are so closely matched to one another that the experimental error is

quite small whereas in the previous experiment the maximum íncrease in D

ís about 25% and data scatter is twice as large so a 6% increase ¡¿ou1d be

just barely detectable. Thus, part of the disparity may sirnply be due

to a difference in ability to detect Ëhe onset of the occurrence in the

two e)<periments.

In addition, although both experiments \^rere planned to have all so1-

ution parameters ídentÍcal (except ICo]"n), an error made in preparing

the stock buffer solution resulted in an ionic sËrength (and thus [l¡"+] )aq'
of only 2.BB M ín this case conpared to 3.00 M for the previous experí-

ment. Evidently, thís or other minor differences betr¿een experiments Íras

sufficient to lower Èhe average distribution rat.ío from about 5060 L tg-1

measured in the preceding experiment to about 4760 L kg-I in this one.

These differences in solution conditions rvill have an effect on the varÍ-

ous equÍlibria involved and may alter the expected occurrence. Indeed,

if Êhe mechanísm whereby D íncreases should in both cases be Ëhe same

type of association renrarively proposed earlíer (i.e. 2 (Na+)2'co(scN)1¡f)

+ co2*'co(scN)7-7r> * 4 Na*.scn1r)) rhen r"re have already predicred

some Íncrease ín the foau cobalt concentration at which the phenomenon

would begin to become significant rvith Íncreases in eíther Èhe solution

[Na+]-- or [SCN-]-- concentrations. trIe r"rould also predict the same Èhing- -aq - 'aq

to occur, however, based on changes to either the availability of sites

on foam or Èhe activiËy coefficients of species Èhere when NascN is

appreciably sorbed. In this case, we have at least a difference of 0.12
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ì'f in [Na+] - - so some change ín suppressíon of the association mechanism- 'aq

or of the other two effects should result. trtrhether Èhis ¡¿ou1d, in fact,

be suffícient to account for a sígnificant portion of the observed díf-

ference is not really known. Obviously, considerably more data under

a variety of different solution cond.itions rvould be necessary to establish

whether or noË the phenomena observed in the cobalt concentration and

phase ratio experiments are truly manifestatíons of the same process and

what thaË process uight be.

However, from a more practical poínË of view, both processes observed

are relatively minor aberrations in what is otherwise very close to

strictly índependent behaviour. For most purposes r,¡e conclude that the

distribuËion ratio is essentially insensitÍve to both cobalt concentration

(when below the saturatíon lirnit) and the relative quantiËíes of the two

phases present with some evidence for slight deviation from this constancy

under specific circumstances.

It will be noted, incidentally, that the 0.05 graur foam pieces v¡hich

were adopted as standard for use in most other experiuents carried out ís

approximately the smallest size which could be used vrithout moving into

the non-linear portion of Fígure 2-L6. This was, Ín facË, fortuitous

since Ëhe síze of foam chosen was dictated much earlier by squeezing

efficiency and sorption measurement consideratíons.

Ithen considered in terms of the eventual utílity of polyurethane

foam for analytical or industrial applicatíons, the results of the exper-

íment demonsËrate that large solutíon volumes may be extracted by smal1

weíghts of polyurethane foam with no decrease (and perhaps even slight

increase) in efficíency resulting. This is expected to be an important

consideration where either r^raste recovery, preconcentration or semi-quan-

Èítative analysis at 1o\,r levels may be the desired use.



7. Effect of Temperature on
srfpf¡g!-$"* @e."

-258-

Cobalt
Solution

An experiment v/as devised to determine what effect temperature over

the range from 0 to 95oc may have on the sorption of cobalt by polyure-

thane foam frorn aqueous Ëhiocyanate solutions.

Prelimínary observations of the effects of temperature on the sorp-

tion equílibrium cane as an unwelcome surprise resulting from uncontrol-

labIe fluctuations ín our laboraËory temperature. It was noted, in this

wâY, that large decreases in extraction accompanied moderate increases

ín room temperature and so an elaborate temperature control mechanism

r¡Ias necessitated. 0n one occasíon, during the early stages of the step-

wÍse developmenÈ of thís mechanísm, it was observed that foams equí1í-

braËed at one end of the cabínet showed distribution ratios which rvere

10% higher than for the remainder and this v¡as found to result from a

difference of only 0.2oC at those locations. It r^¡as considered import-

ant' then, to accurately establish the relationship between D and temper-

ature quite early. Moreover, based on observations of the colours devel-

oped on polyurethane foams present when the radioacEive wastes were being

evaporated to dryness before disposal, it rvas suspected that thiocyanate

concentration may ínfluence the temperature behaviour of the sorption so

plans were made Ëo study the effect at several aqueous Ëhiocyanate con-

centrations.

The experiment was carried out in five parEs (Experiments 1 to 5)

corresponding Ëo the different thiocyanate concentrations studied (0.010,

0.050,0.25, 1.00 and 5.00 M). The desíred initial solution conditíons
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were 1.0 ppm Co(II), 0.010 to 5.00 M SCN- (furnished by KSCN), 1.00 M

NaOOCCH^/HOOCCH^ buffer, and an ionic strength of 3.00 M (rnaintained by
55

KCl addition, where necessary). Unfortunately, a weighing error perpet-

uated in most of the experiments (except for 0.050 M SCN-) resulted in

the buffer concentratíon being 0.88 M NaOOCCH,/1.00 M HOOCCH3 and the

actual total Íoníc strength being 2.BB M therefore. In addition, when

5.00 M thiocyanate r,ras used, Ëhe ionic strength r,¡as 5.BB M by necessíty.

The initíal solution conditions thus obtained are listed under the head-

ings of Table II-13.

Solutíons rrere usually prepared índivídually in a 150 mI- volumetric

flask by weíghíng in the necessary quantity of KCl solíd and by pipettíng

the appropríate aliquots of stock 10.0 pprn Co(II), 2.50 M NaOOCCH3/2.50

M HOOCCH^ (or 2.20 M NaOOCCH./2.50 M HoOCCH" when in error) and suffí-----------3 - 3' 3

cient 60Co tr""er to give an initíal count rate of 1500 seconds-I when

measured ín the usual manner. The required amount of KSCN vlas also added

eirher by weighing in the solid (for 0.25 M, 1.00 M and 5.00 If), or by

píperríng a 0.25 M KSCN stock solution (for 0.010 M and 0.050 M) into

the 150 mL volumetric flasks. A larger quantity than this (500 rnI.) r,¡as

prepared ín the case of the 1.00 M and 5.00 M SCN- solutions only since

those experiments vrere splít up Ínto several parts with fresh solution

for each part. The flasks rrere then diluted to near the mark as usual

and left to equílibrate overnighÈ before fínal dilution and míxíng.

As described ín Ëhe General Procedure sectíon, a síngle water-jack-

eted dístribution cel1 (Figures 2-6 and 2-7) controlled by a recirculat-

ing thernostatic bath was used to equilibrat.e foam and solutíon. The

apparatus tras very effective in maintaining temperatures above Èhat of
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the room to t0.05oc but was less reliable at lower temperatures.

Approxirnately 50 urg /11338 BFG foan pieces were weighed ínto the

distríbuÈion cell followed by 150 rnl- of the appropriate solutíon before

the cell was sealed with silicone grease and double condoms. No uetal

spríng vras used in the apparatus (to avoid iron contaminatíon) and no

silicone grease was coated on the plunger stem.

In order to elimínaLe as many factors as possible other than temper-

ature, the same solution and the same foam piece vtere used whenever pos-

sible ín eaeh separate part of the experiment to measure equilibration

at a number of different temperatures. Sínce Ëhe results l^lere then being

generated sequentially and thus required a great deal of time, the period

left for equilibraÈion at any particular temperature hTas reduced to 6

hours (or sometimes longer v¡hen frequent mechanical breakdo\^7ns or other

reasons led one to suspect that equilibrium might not have been achíeved).

Only one measurement of exÈraction \ras made at the end of that tíme per-

iod. The temperature of the solution ín the distríbution ce1l was then

measured just before the thermostat was altered and another 6 hour equÍ1-

íbration period was begun at a new temperature.

Counting of the aliquots wíËhdrawn for analysis was performed

repetitively as usual except that the fíI1ed tubes were allowed to stand

in room temperature $rater for about 10 mínutes príor to finally adjusting

to the mark and counting so as to avoid errors relatíng to solution dens-

ity changes. The mouths of the Èubes \¡rere covered with polyvinylchloride

fÍln during this entire nro"å=" to reduce evaporation and the counted

soluEíons r.7ere reÈurned to the dístríbution cell. Background activity

on the síngle tube used for countíng was determined daily from Ër,7enty
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separate evaluatíons. No corrections were made to the data to al1ow for

possíble spectrometer drift.

Sínce the procedure follovred meant that a single 150 ûI aliquot of

soluËion and a single 50 mg foam piece $rere in contínuous use at various

temperaËures for from 2 to over 5 days before being replaced, it roas

feared that one or the other nighÈ begin to deteriorate sufficiently to

affect its sorptíon behaviour. To províde a means of checking this

possibility and also to establish whether or not equilibrium had been

effectively reached in each case, the order in which individual tempera-

Ëures were tested was usually arranged so that the solution was first

raised from a low temperature in 10oC increments up to the point where

cobalt sorptíon becarne difficult to measure and then lowered again in

10oC increments but at inÊermedíate values. In thÍs way, it was expected

that syst,ematic errors arísing out of eíËher failure to reach equilibrium

or materials deterioration would show up as differences in the curves

traced out by the ascending and descending halves of the data.

The experiments involving 1.00 M and 5.00 M SCN r^rere t.aken up to

the highest temperatures where decomposíËion, contamination or solvent

evaporation were expecÈed to be most severe and were therefore splít up

ínto several sections ¡¿ith a fresh foam piece and solution being used for

each.

Duríng the course of the experíment, a number of interesting

observatíons $rere made. First of all, similar to other experimenËs, it

rras noted that the colours assumed by foams after reaching equilibriurn

with the solutions ranged fron white to blue-green at various tempera-

tures and exactly paralleled the measured cobalt sorptíons.
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Secondly, eontrary to our fears, the cobalt-buffer-KSCN-KC1 mixtures

used in the experiments did not show any visible signs of deterioration

(yellor^ring or changes in D) over several days of heating as long as íron

was excluded. However, problems vrere encountered when large amounts of

iron were present. For example, during an initial attempt to carry ouË

a sixth experiment v¡iÈh 2.00 M KSCN in whích a steel spring vras used at

the top of the distribution ce1l, the soluËíon soon became dark reddish

brown and opaque with rusty solíd as a result of íron contaminatj-on.

Moreover, some of the 6oco tra.er present coprecipitated with the

rust-coloured solid and so \¡ras lost to solutíon. The results of that

experiment had to be rejected as the ascending and descending data did

not match. Al1 later attempts which ínvolved heatÍng of solutions T¡rere

carried out wíthout steel springs Èo avoíd this problem.

A third imporÈant observaÈion which r¡as made in thís and a number

of earlier experiments \,/as that even after repeated extractions wíth

fresh foam pieces, some very srnall amount of radioactíviËy remained ¡¿hich

r,ras apparently unextractable. The residue was identified by ganrna

spectrometry as the naturally-occurring potassium isotope, 40K (t, - L.3

x 109 years , O.l-LB?" natural abundance) and its presence necessitated

applying corrections to all of the data obtained using potassium rather

than sodium or ammonium salts. This caused some inconvenience and was

one of the reasons for switching to sodium salts instead for most of the

other experiments.

The resulÈs of the índividual temperature experiments are collected

ín Table II-13 which contains the final solution temperature, foarn/solu-

tion contact time, percentage of cobalt extracted and calculaËed distrib-
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TASLE I]_13 EFFECT OF TEMPERATURE ON COBALT EXTRACTION

Initial Conditions:

lcol
Solution Volune (V)
Foam I,Ieight (I^l)

TyPe .

E¡psr iment 1

ISCN ]
Ionic Strength (ii':::: :: : :
pH
I^I...

I.7 x 10-s ¡l (1.0 ppu)
150.0 nL
0.050 grams
/¡1338 BFc

0.010 M (KSCN)
2.BB M (KCl)
4.7 (0.88 M Na acetate buffer)
50.49 rng

Sanple Temperature
Number ('C)

10.1

t/r x to3 Conracr
( K-I) Time
10.001 (hours)

Cobalt
Extracted

(7.)

D

(l tg-t¡
1og D

0.25

15.4

13.1

t_0. s

7.4

6.3

2.7

3.658

3.466

3.493

3.525

3.564

3.578

3.625

8.0

72.0

6.0

6.0

6.0

6.0

8.0

37. 30
!0.27

1 .06
10.28

L.97
!0.28

3.75
!0.32

8.20
i0.31
11 .07
r0.30

24.89
!0.26

L.767
10.015

1.)

10.8

6.0
10. B

1 .16
r0.10

2.66
10.10

3.70
10.10

9.84
10.11

x 103

x 101

x 101

x IO2

x 102

x 102

x 102

3.247
10.004

1 .50
10 .11

L.7B
r0.06

2.06
10.04

2.424
r0.017

2.568
r0.012

2.993
t0.005

E¡pc riment 2

0.050 M (KSCN)
3.00 M (KCl)
4.8 (1 t"t ua acetate buff er)
50.25 mg

5.7

15.1

24.95

34.6

3.586

3.469

3. 355

3.249

L2.O

18.5

L7 .0

12.0

98 .07
30.04

84.72
r0.11

27 .70
r0.20

2.23
10.30

1 .520
10.034

r.654
r0.012

L.T44
t0.009

6.8
r0.9

x 105

x 104

x 103

x 101

5 .182
10.010

4. 2 188
10.0032

3.058
!0.004

1 .83
10.06
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TABLE II-13 - conrÍnued

Sample Temperature
Nr:mber ('C)

10.1

l/T x 103 Contacr
( K-l) Time
10.001 (hours)

Cobalt
Extracted

(7")

D

(t- tg-i¡
1og D

5

6

1

B

30. 1

20.2

10.6

0.25

3.298

3.409

3.524

3.658

12.5

25.3

20.9

11 .9

7 .71
!0.25

60.44
r0.17

94.73
r0.05

99.462
t0 .020

2.5L
r0 .08

4.56r
t0 .023

s.36
r0 .05

5.52
r0.20

x LO2

x 103

x 104

x 105

2.400
!0.014

3. 6590
10.0023

4.729
!0.004

5.742
10. 016

E:..pc::*go! L
lscN-l ...
Ioníc Strength (I)
pH ..
w ...

0.2s M (KSCN)
2. BB M (KCl)
4.7 (0.88 M Na acerare buffer)
49.99 ms

1

2

J

4

5

6

7

I

9

10

11

10.1

19 .8

29.9

40 .4

50. 5

55. 5

60. s

4s .4

35.2

24.8

L5.2

3.530

3.474

3.300

3.189

3.090

3.043

2.997

3. 139

3.243

3. 356

3.468

L2.7

6.1

6.0

6.0

6.25

5.8

5.8

10.3

8.6

6.4

5.8

99.861
r0.017

99.57r
!0.022

97 .205
r0 .029

77.95
10 .10

25.95
!0.23

8.56
!0.25

0.92
!0.24
58.07
r0. 16

92.37
10.10

99.002
t0.025

99 .844
10.019

,3'.;2 x 106

,¿'.i x 105

,å:3ii x 105

.å:331 x 104

,å:3?å x 103

.å:3å x 102

,|'.tr x 1ol

.å:åiå x 103

=3:3i 
x 104

'|'.'rtr 
x 105

=å:?å 
x 106

a aaO. JJ

10.05

5 .843
!0.022

5.018
i0.005

4.0256
10.0020

3.022
10.004

2.449
r0.013

L.44
J0.11

3.6185
10.0021

4 .450
t0.006

5.474
t0. 011

6.28
t0. 05
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TABLE II-13 - continued
g"p"ri*g"! 4

lscN-l ...
Ionic Strength (I)
pH ..

1.00 M (KSCN)
2.BB M (KCl)
4.8 (0.88 M Na acetate buffer)

Sample Temperature 1/T x 103 ContacË
Number ('c) ( K-1) Time

Cobalt
Extracted

(7.)

D

(l tg-t¡
log D

10.1 10.001 (hours)

1

2

3

4

5

6

7

B

o

10

11

6.3

6.0

6.2

6.0

6.0

10s

10s

104

104

104

103

106

106

103

LO2

ro2

39.9

4s.0

50.0

55.1

60.0

65.L

Ll I^t... 50.78mg

3.1s4 6.0 ?z |trî

3.143 6.0 ?3:3iå

3. oes 6. o ?å:33

3 .046 6 .0 ?3:å9

3.oo3 6.0 
"i;.It2.956 6.0 63'98
t0 .16

s/ I^I

3.301

3.247

2.9LT

2.872

2.832

50.73 ng

99.820
t0 .020

99.706
t0 .019

37.99
!0.25
27.45
t0.25

7 .09
r0.34

4 .4s
10.16

L.766
10.030

6.88
t0.08

2.688
t0 .020

7.r42
t0 .00 7

5.248
!0.026

L.64
t0.18

1 .00
!0 .07

I .812
t0. 014

8.08
t0 .10

2.26
10.11

5.649
!0. 016

5.247
t0 .007

4 .838
!0. 005

4 .429 4
10.0033

4 .057 5
10.0025

3.7200
!0.0022

6.22
r0 .05

6 .002
r0. 028

3.258
r0.034

2.907
l0 .005

2.353
!0.022

29.75

34 .8

70.4

75.L

80.0
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TABLE II-13 - continued
¡¡pcrlneel !

IscN ]
Ioníc Strength (I)
pH

5.00 M (KSCN)
s.BB M (KCl)
5.3 (0.88 M Na acetate buffer)

Sarnple Temperature
Number ("C)

r0.1

1/T x 103 Contact
( K-1) Time
i0.001 (hours)

Cobalt
Extracted

(%)

D

(l tg-t¡
1og D

A/

B/

49 .3

54 .4

50.0

55.0

60.1

65.1

70.0

75.r

80.2

10. 0

3 .101

3.053

3 .09s

3.047

3.001

2.956

2.9r4

2.872

2. 830

3.532

6.0

6.0

99 .7 Bs
!0.021

99.653
r0.023

99 .7 48
!0.022

99 .640
r0.023

99 .423
r0 .023

99.057
!0.026

98.502
!0.026

97 .6L
r0 .04

96.28
r0 .04

99.926
r0.021

50.69 ng

99.892
r0.025

96. 38
t0 .05

94.23
r0 .04

9L.22
!0.08
87 .87
10.07

99. 838
!0.024

,t'.lir x ro6

,3:å x ro5

,å:13 x 106

,3:l x 105

,å:!å x 105

3.07 - ^tr
tO.og x lU"

't'.t:t!x 
105

.å:å?3 x 105

.ã:åå x 1oa

,l'.7 x 106

,3'.¿ x 106

-å:îå x 104

.á:33î x roa

'3'.3'11 
x 104

'3'.'r1\ 
x 104

,å:i3 x 106

6.L4
10.04

5.928
t0.028

6.06
10.04

5 .908
r0.028

5.703
10.018

5 .4BB
lo.oLz
5.284

r0.008

5 .078
10.007

4.879
r0.005

6.59
l0 .13

6.44
r0.10

4.896
r0.006

4.6842
10.0030

4.488
r0. 004

4.3312
10.0026

6.26
t0.07

6.0

6.0

6.0

6.0

6.0

6.0

6.0

4.25

c/

10

11

12

l3

L4

15

25.0

80.2

85.2

90.2

95.r

10. 0

3.354

2. 830

2.797

2.752

2.7L6

3.532

13.0

6.0

6.0

6.0

6.1

6.0T6
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ution raËio. Within each section the data are presented in Ëhe order in

which they were obtained (i.e. ascending and then descending tempera-

tures). The resulÈs also appear graphically in Figure 2-18 as 1og D as

a function of t.emperature.

From Figure 2-L8, r^re see that cobalt sorption is índeed very sensi-

tive to temperature but that this sensítivity is decreased when high

thiocyanate concentrations are used. For example, with 0.050 M SCN , D

decreases by about 10 000-fo1d with a temperature change of as líttle

as 35oC whereas for 5.00 M SCN- D decreases only 2O-fold for a 35oC

change at high temperature and almost not ât all at low temperature.

Also apparent from Figure 2-18 is Èhe observaËion that the distributíon

ratio appears in each case to tend to a maximum value near 106 ' 5 = 3 x

106 L kg-i (representíng 99.9% exxraction when there are 3000 liters of

soluÈion for each kilogram of foaur). This apparently gives the optímum

extraction available and is not an artifact since tests showed that a

second piece of fresh foam equilíbraËed with the solutions extracted the

remaínÍng 6oCo activity.

To try Ëo obtain some thermodynamic ínformatíon, Èhe data of Table

II-13 are shown replotted Ín Figure 2-L9 ín the traditional format of

log D versus inverse of absolute temperature, T. We see that a family of

curves each containÍng essentially linear porËions results and we will

now consider r¿hat ínformation about the extraction process may be reveal-

ed by this.

According to elementary Èhermodyanami cs(227), the value of the true

equilibríum constant, K, describing a chemical reaction is related to

the standard enthalpy, AHo, and entropy, AS", changes accompanying the
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reaction by:

logK = -^Ho + 
^So

(rro)
2. 303 RT 2. 303 R

r¡here T ís the absolute temperature of the reactíon and R is the unÍver-

sal gas constant (8.3143 J K-l rtol-r). The superscript o denotes that

these are the enthalpy and entropy changes expected when each of the re-

acÈants and products are present in their standard states (i.e. 1 Atroos-

phere pressure, 1.0 M concentrations of species in soluËíon and most

stable physícal form for pure substances). Assuming that AHo and ASo are

essentially independent of temperature, !üe expect that a plot of the log-

arithm of such an equilibrium constant as a function of the ínverse ab-

sol-ute temperature vríll yield a line of slope -LH"/(2.303 R) and inter-

cept ASo/ (2. 303 R) .

The reaction we are consídering ín this experiment is the extraction

of cobalt from aqueous solution into polyurethane foam:

(cobalt in all forms) å (Cobalt in all forms) (111)aqr

for r^rhich we define a dístríbution ratio, D, as:

D = lcobalt in all formsJ, = [co]r

@tc"fq
(112)

Unfortunately, D is not a true equilibrium constant but is instead a
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composite of a large number of constants and solutíon parameters. There-

fore, it can be expected to change in a very couplex anner with changes

in temperature and does noÈ generally obey the relation given by equation

(110).

To see that thís is so and to determíne whether any information can

be obtaíned from the temperature dependence of D, we will develop a

mathematical expressíon for D based on the indivídual equilibríum con-

stants and solution concentrations involved. As usual, we will approx-

imate all relaÈions by using molar and mo1a1 concentratíons rather than

activítíes sínce the acËívíty coefficíents will , in general, be unknown

to us.

To begin, we will make use of previous information from which we

have already surnísed that the exÈraction of cobalt from thiocyanate

solution is probably vía the Co(SCN).2 species. If this is the case,

then no matÈer r¿hat the mechanism, the first stage of the extraction

wí1l be the stepwise formation of this species in the aqueous phase.

I^Ie rnay express this by a serÍes of overall complex formation equatíons

each having an equilibrium constant, ßí. Moreover, each equÍlibrium

wíll be accompanied by a standard molar enthalpy change, 
^Hi, 

and a stan-

dard molar entropy change, OSi, as follows:

.ort"n) * r.*?.nl å co(scn)f"n,
' o"i, ASi

ß1 = [co(scN)+]aq
' rc;zTT- tscN-l- -aq - 'aq

(113)

(114)



to't'o) + 2SCN:(aq)

a
z

-Ð

+-

^H;, 
AS;

4-LCo''. +(aq)

g2= lco(scN)2laq
T6z-+1 1çç¡12' "aq - 'aq

ot3
3 stt?ro) 

-^* 

co(scN)ã("q)
llfr3, aù3

= [co(scN)51"0w
ß4

ttt?"*) ' ->AH;, AS;

(116 )

. (117)

(118 )

co (scN) 17^r> (11e)

ßn
J

cozt + 4
(aq )

A=,4 (120)
I co'-],q I scN- ] '+q

The complex aníon, Co(SCN)îl^r> r¿i1l then distribute itself between Ëhe

aqueous and foam phases. The method by which this wíll happen depends

upon which mechanism of extraction ís in operaÈion. Considering first

Èhe case ín which extraction takes place by a solvent extraction-like

mechanísm (which, as \¡/e have saíd, íncludes the Cation Chelation Mechanism

in the special case where very little sorptíon of other cation-anion pairs

also occurs), then the exËractable cobalt-containíng species r¿ilI be in

association with a paír of available cations, M+. The exact form of the
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species on foam is not necessarily known and, in particular, rre are not

specifying whether or not the cation is chelaËed or sirnply solvated.

Hor¿ever, for the sake of argument, vre will consíder the cations and an-

ions to be ion p.aired. The dístributíon equílibrium r¡í11 Ehen be:

\,,t 
n> 

+ co (SCN) î7^r> ^-. C f u+) z' co (scN) 1) rr> (121)

^no, ^_D

\,=
t(r"ff z. co(scN)l-lf (L22)
ttq*láq Ico(scN) l-] 

^,

Thís process is again governed by its own eguilibrium constant, S,
and will be accompanied by further enthalpy, ÀHi, and entropy, AS;,

changes.

Assuming only these cobalt-containing specíes are presenÈ (although

we have previously shown some possíble evídence for other specíes on foam

under certain circumstances), the distribution ratio, D, would then be

gíven by:

| = [co]¡
tõT-- 'aq

t (u+) z. co (scll) 
f 
-J ,

([co'-]rq + lco(scN)+]aq + [co(scN) z]^, * [co(scN)¡]"0 * lco(scN)i-]^r)

(L23)

and we eould use the expressions for the various equilibriurn constants

to gíve, finally:
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ß4KD tM+l3o I scN- 1 
+

1 + ß1[scN-]"q * ß2[scN-]âr* ßrlscN-llr* ß+[scN-]+q

Takíng logarithms, then, \lre geË:

D=

logD=1ogßO+1og5*2

- 1og(1 + ßIlscN-laq

roe IM+l + 4-aq
+ gzlscN-l2q +

log ISCN-]aq

ß3[scN-]30 * ß4tscN-ll

(124)

q)

(r2s)

Applying relation (110) to each of the logarithns of the equilibriuro

constants in equation (125) and groupíng similar terms gives:

rogD= -loTi=l=olil+ + fo:;=l=lt;) *, roe [r"r+] 
^q+4 

roe [scN-]aq
\2.303RlT \2.¡o:n /

- loe(t + ß1[scN-]aq + ß2[scN-]'^r* ß3[scN-]30 * ßolscN-l4q)

rhus, if the five equilÍbria ((113), (11-s), (117), ,;;;; r".,rTï]

describe completely all of the solutíon and foam processes involving

cobalt, then the distríbutíon ratío and its logaríthm would be correctly

gíven as above and the net equilibrium relatíon would range from:

, 
"t"ol 

* .o't"o) * 4 sc*?"') 
=þ 

((M+)z' co(scN) 1) <r>

(727)

^Hototal

AÞ tota-L

^H; 
+ 

^rË

^s; 
+ 

^s;
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if Ëhe inítial solutÍon conditions

solution cobalt were oríginalIy in

were such that essentially all of the

the Co2i , form to:(aq)

AHo = AHo""total -'b

ASo = ÂSo""total -"D

if the initial conditions \,¡ere such that Co (SCN) ?l \ \¡7as the strongly
4 (aq)

favoured species. Of course, each of these possibílities represents an

exËreme which may or mây not be reaLized in any particular sítuation

according to the Ëhiocyanate concentration, temperature and perhaps other

factors. More ofËen, intermediate conditions would exist which produce

results somewhere betr¿een these limits.

However, there are several complicating factors in our temperature

experíments which do not make the five equilíbria totally descriptive

of the system and whieh therefore make equations Q24) and Q26) incor-

rect. First among these is the fact that we have two different cations,

M+, present (Na+ frour the buffer and K* from KCl and KSCN) and each may

be differently solvated in eíÈher phase and therefore have different

enthalpíes and entropies of extraction. However, it is difficult to make

any corrections for this since we do not know the relative proportions of

the t\"7o cations extracted but we wíll see later that it is important and

should, therefore, be kept in mínd.

A second serious problem to be considered is the fact Ëhat other
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lígands aside fron SCN- arising from the buffer and the ionic strength

adjuster are also available to complex cobalt and these will greatly

increase the number of solution species we must contend with in formíng

an expression for [Co]aq. Thus, \¡re may expect to form some amount of

aoatäo) , coclr(aq), coclã("q), erc. and co(ooccHr)t"ol, co(ooccH¡)z(.q)

etc. or even míxed complexes contaíning any of SCN-, C1- and CI1rCOO- as

ligands. The effect this r,¡ill have on equation (126) is to add to the

final expression Ín brackets many more terms of the general form

K¡¡nIsctl-rj ¡c1-]kIcHrcoo-] I 
"otr.sponding to the overall formation of

the general complex ion:

.o?jn> *: scN?"q) *k.l?rq)

K.. -
I KJ¿

+ L CH^COO;J (aq)

Co(SCN). ( c1 ) k 
( ooccn, I f 7 

j{}t+ø I (r29)o"jnn'otjun

K,,, n - [co(scN)j (c1)k(ooccn3) zu-(j+k+1) ]aq
JR[

(130 )

In these equatíons j, k and .Q, may assume any integral values but k and ø

are undersËood not Lo be both zeto. The special case where k =.Q, = 0

denotes the already-uentioned series of cobalt-thiocyanate species so it

must be understood that we are here excluding these so that they will

not be counted twice. As usual, the formation of each complex ionic

species r¡i1l also be accompanied by some standard enthalpy, OtjOU, and

entropy' OtjOn' changes. The ner¡ relation whích now describes the
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distribution ratio for a solvent extraction-lÍke process more completely

is:

1og D = -fïr'1'"i1 1 . Éj¿'51 +

\ z.zos v.) r \ z.sot x )

- log(1 + ß1[SCN-]"q * ß2[SCN-]2q +

1og [u+]aq * 4 Log [scN-]aq

ß3[scN-]åo * ß4tscN_l:q

* 
¡ÈrK¡tø[ 

scN-] ln t.t- l]o tcHrcoo- I åq)
(k,1, not
both 0)

(131 )

On the other hand, if the extraction occurs by an anion exchange-

type mechanism (which includes the Cation Chelation Mechanism in the

case where considerable sorption of some other ion pair, 
"tr') 

* O("0),

also occurs), then the dístributíon relation between the aqueous and

foam phases r¿i1l be:

5
co(scn)f ,aq) + 

'o<r> ^ffi 
co(scN)ï-\t> *'o 

^, 
(132)

K^ - tco(scN)î-lr tA-l3q (r33)

lco(scN) 1-l ^, 
rA-l?

Applying to these equations a treatment símilar to that Ëaken for

Èhe solvent extractíon-like model, we would get for the anion exchange

sítuation:
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f= *oß¿ te-låq IscN-]4aq

rA-l?(1 + ßr lscN-l.q * ß2 [scN-]'^, * urlscN-l 3q

*jun I scN- ] 1o t.t- I lo t cnrcoo- I åq)

not both 0)

+ 4 LostSCN-l'aq

+ ß¿[scN-]4q

+T
jkr

(k, g

and so:

logD=-

+ ß4lscN-llo * .t. *a jks
(k, g

*jon I scN- ] 1o t.t- I 
oo

not both 0)

(134 )

+ 2 loelA-l'aq

+ ß3 [scN-] 3q

I åo)

(13s )

(^H"4 + o"i\ r * (ot"o + 
^s;\

\ 2.303 J r \ 2.303 I
2 logtA-lr - 1og(1 + ß1[SCN -l^q* ßz I scN- ] 

2o

I cH3coo-

Obviously, if values of each of the individual equilibrium constants

in equations (131) and (135) at a number of different temperatures or

the various thermodynamic quantities vrere known, log D and its tempera-

ture dependence could be calculated directly for either mechanism. Fail-

ing thís, knowledge of some of these values but not others may allow

determination of the unknovrn quantítíes by temperature dependence measure-

ments and perhaps shed some light on the mechanism involved.

However, one finds that only very limited data of generally low

dependability are available. For instance, for the four simple cobalt-

thiocyanate specíes, (Co(SCN) í2-í)(aq), LehnéQ28) made an attempt to

estimate the overall formation constants, ß1, ß2, ß3, and ß4 based on

spectrophotometric measurements at ambienË temperature and with uncontrol-

1ed ionic sËrength 
"" ßl = 1000, ßZ = 1000, ßS = 200, ß4 = 184. Later,
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Tribalat and zelle rQts) r"d" a more refined measurement of the same

things and reported approximate values for the overall formati-on con-

sËants as determÍned by spectrophotometry at 2O"C on solutions containing

1.3 If NHT, t0-2 M acetate buffer (pH 5) and having a total íonic srrengrh4'
of 1.5 M as Bt = 9 1 1.5, 82 = 40 t 15, ß3 = 60 t 20, 84 = 0.5 t 0.3.

The difference between these tvro sets of constants is striking. How-

everr even Èhese later values musÈ be regarded as approxímations only

since work done by oÈhers(224) to measure g1 arone puts its value at any-

where frorn 0.35 to 59 and evaluaËíon of S2 by another group gave a value

of 0.084! This large disparíty among v¡orkers may arÍse partly out of

díffering solution conditions, etc. but 1ike1y reflects also the díffer-

ent methods of measurement used and their accuracies.

Similar problems exist for the species containing other ligands.

For example, the formaÈion consa"rt, KO'O (using the above nomenelature)

of the cocll , ion has been measured(23O) to lie berween 0.37 and 0.5(aq)

whíle that of coclz("q) lies anywhere from Kozo = 0.05 to 0.26. Like-

wise, the first Ë\n/o acetate complexes are assigned(230) formation con-

stants of K00t = 33 for Co(OOCCHrrtrO, md K002 = 85 for Co(OOCCHT)Z(.q)

by one group bra K00l is evaluated as 0.60 by others. rn addition to

these large uncertaínties, no formation constants for mixed 1ígand com-

plexes at all are available and no assessmenËs of the equílíbrium con-

stants at several temperatures nor of the various thermodynamic quantities

have been made (with the exceptíon of O"i = -6.82 kJ no1-l and ASi =

g .2 J K- I rnol- i 
(231) 

, . Also , of course ,

constanË, 5, between r,rater and foam has

the

not

value of the distributíon

prevíous1y been determined.
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Thus, it appears that 1og D and its temperature dependence cannot be

calculated directly.

It then remaíns for us Ëo see wheËher or not vre may use the present

daÈa as a means of determíning any of these parameters. Returning for

the moment to equatíon (131), we see Ëhat since each of [m+]"q, [SCN-]aq,

[C1-]aq and [CHrCO6-Jae is very lar¡¡e compared to the cobalt concentra-

tion, they must remaín essentially constant duríng exËraction. Similarly,

in equatíon (135) the quantity [A-]aq (assumed to be ta*lrn' cl?"q) or

CtgaOO?"q¡) urust remain effectíve1y consËant and if we restrict ourselves

to conditions under which almost all of the available sites are occupied

Ot Oir) ions (i.e. aË reasonably low cobalt and hígh Oi"n) concentrations),

the quantíty [A-]f may also be largely insensitíve to temperature. Thus,

in either case 1og D is expected to be a linear function of (1/T) only if

the values of AHo and ÂSo are nearly índependent of temperaÈure (approx-

ímately true for many condensed phase reactions over moderate temperature

changes) and if the fínal term, 1og(1 + ß'[SCN-]"q * ß2[SCN-]10 *

ß3[scN-]30 * ßolscN-llo * 
:iu 

*:uu IscN-]1ot.t-lfolcHrcoo-låc), ís eirher

also independent of temperature or ínversely proporËional to it. Thís ex-

pressíon r^rould be stríctly independent of temperature if the predominent

term in the brackets were 1 - an occurrence which corresponds physically

to the existence of Coljq¡ as the only sígnifícant cobalt-containing

species in the aqueous phase. This situaËion uright be anticipated íf all

of the possible ligands in solution were present at very low concentra-

Èion. If this r^rere so, equation (131) would siurplify to:
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* (oti- * oti\* 
zI 

-t

\ z.:o: n /
logD=-lÏqi'51

\ z. gos n/
1og[t"t+]"*+4los I scN- ] aqT

T

and equation (135) to:

log D = - (on"o * oS\ t
\2.303R/T

- 2 1,og [A-].

* (0t"4 * oti\* 4 Lost- I

\ z.:o: n /

(136)

lscN-l 
^o 

*, 1og [A-1"0

(137 )

I{e would then expect the slope, m, and

respectívely:

m=

þ=

_ (o"o + lHfi\
t-t

\ z.:or n /

(nsi + oti\* 2 Log [r'f+]"q + 4 Los [scN-]aq
\ z.¡os n I

íntercept, b, of the lines to be,

(138 )

. . . (13e)

ì

I
for a solvent extraction-like process or:

m=_/an;+an;\
\ z.ror n /

t = (osïr + asi\*
\z:m¡ n I 

4 log [scN-]"q * 2 Log [A-]aq - 2 rog

I

,^ ,rl

for an ion exchange-líke one.

I^Ie see from this that it míght be possible Èo determine at least

Ëhe sums AH; + ltti and 
^S; 

+ ASi from the measured slope and inËercept
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(but only if the total exchange capacity, [A-]f, r{ere knor^m for the anion

exchange case).

On the other hand, if some other species such as Co(SCN), (Cf)U

(ooccH3)2-(j+k+1,) predominates in solutíon, then the final rerm in

equations (131) or (135) becomes:

ros(K5¡sI scN-]lq Icl-l:q Icn3coo- ] nq)

= 1og *juu * j 1og [SCN-]rq * k 1og [Cl-]aq + s 1og [CH3C00-]aq

=- o"iuu * ^s.ir.{, +jloglscN-l +k1oelc1-
Z.¡os nr 2.303 R "q 

¡ e rv6 '-- laQ

* I 1og [CnrCOO-]"q

i,iaking this substitution, equation (131) now gives:

logD= - (o"i.=oTi=-=o"i*4 1 + l^t;.=^t+_-=^t;-4 +2rog rdlaq
\ 2.303R Jr \ 2.303R /

+ (4-j) log [SCN-]"q - k los [c1-] aq - L 1og [CHrCo6-Jae

(140 )

f.or a solvent extraction-like process and equation (135 ) becomes:

1ogD=-lÏäiilË-.jlfu^ ^ _ )+ + r^';.=^:i=.=^'i-') *2Los rA-lac
\ z.3o3R )r \ 2.303R /

- 2 log tA-lr + (4-j) log [ScN-]aq - k 1og [Cl-]aq I 1og [CHrCoe-Ja*

G41)

for an ion exchange one.
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I^Ie now predict the slope and intercept of the line to be, ín the fírst

case:

m=- (nui+AH;+l"'rr.u\
t4l

\ 2.303 R I

b - (nsi + ot; - otiuu\ + 2 Los ¡u+Jac + (4-j) loe [scN-]aq
\-2.:o: n /

- k log [cf-1 aq L 1og [CHrco6-1ae

or, in the second:

m = _ (nni + 
^$ - o"ïr.u\

\ 2.303 R /

þ = l^t; . 
^t; - ^t"t-ù + 2 loe [A-l - 2 LostA-]r

\@ 
-aq

0+z)

(r¿g )

+ (4-j) 1oe [scN-]"q k log [cl-]aq - s log lcHrcoo-1aÇ

The specíal case of any of the origínal four cobalt-thiocyanate

complex ions being the predominant species is then given sírnply by

allowing k = I = 0 in equations (131) or (135) r¿ith AH..OO = AHI and

otj.O = ot;. From the expression for the slope' m' hle would be able to

determíne the rotal enthalpy ehange, o"; + AH; - o"jOu, accompanying

extraction no matter r¡hat the mechanísm and even if the identity of the

predomi-nant specíes were unknown. However, without knowledge of the

values of j, k and.{,, it would not be possible to determíne the total
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entropy change, OS; + AS; - lsjtø, from the íntercept, b.

Under most conditions, \¡Ie expect thaË a mixture of ions will exist

in solution and that perhaps none of the species will truly predorninate.

In this case, log D wÍll be related to L/T in a rather complicated manner

and, in general , a sÈraight line ¡,¡i11 not result. 0f course, linearity

may stíl1 be observed in Ëhe absence of predominance buÈ only in the

fortuitous case in which the sum of the individual enthalpy changes re-

mains constant while the fraction of the various species present changes.

Regardless of whether linear or not, however, the slope of the tangent to

the curve at any particular poínt will still reflect the enthalpy change

accompanyíng the extraction starting from the "average" species in sol-

ut.ion.

Although r"re must ful1y recognize the 1or¿ dependability of any

calculations based on the complex ion formation constanLs referred to

earlier, \¡re may nevertheless try to use them to obtain some notion of

whether or not specíes predominance will exisË under any conditions. To

do thís, those available constants which r^rould tend Ëo show the least

formation of Co-SCN complexes and Ëhe most of other types have been delib-

erately chosen on the one hand so as to demonstrate Èhe worst possible

case and the reverse selection process carried out on the other to show

the more favourable side. Using these two sets of values, the relative

abundancesr or of the various cobalt-containing specíes expected at Toom

temperature and at the Èhiocyanate concentraÈions used ín the experiment

have been calculated and appear in Table II-L4.

It will be noted from the upper values in the Table that near room
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temperature IÀ7e expect the acetaÈe specíes of cobalt to predominate when

thiocyanate concentraËions are 1ow but that this nay be altered Ëo favour

Co(SCN)ã("q) at the híghest thiocyanate concentration. However, when the

lower values ín the Table are examined, iË appears that Co(Scn){rn, will

be the predominant species in soluÈion at low thiocyanate concentrations

rrhereas Co(SCX)f¡"0, will be the largest bur nor truly predominanr spe-

cies at high thiocyanate concentration.

To try to decide t¡hich of these extremes is closer to the truth,

room temperature electronic absorptíon spectra !¡ere measured in 10 em

cuvets on solutions ídentical to those used in the experiments but

contaíníng L.7 x 1O-4 M (10.0 pp*) Co(II) insread. The íntensiríes ar

low [SCN-] are very smal1 and thus do not provide much informatíon at- -aq

all. However, at high [SCN-]"S (5.0 M), Èhe spectrun displayed a maximum

near 610 nm with a molar absorptiviËy, e, of 250 cm-] mol-I L and appeared

simil-ar in shape to that reported by Tribalat and ZeIIer(2l5) to be due

to Co(ta*)l?rq¡ (Àrr* = 620 nm, e : 360 cm-l mol-l L). one r^¡ould guess

from thís that soue mixture probably exists under these conditions whÍch

contains a large fracËion of co(scN)1-ør> and perhaps snal-ler amounts of

one or more other species. Based on thís observation and on sone others

dealing \^ríth the small interfering effects of acetate íons on extraction

even when complexes with cobalt are predícted to predominate by the upper

abundance values in Table II-14, it seems that the lower values uray be

closer to describÍng equílibrium conditions in this experímenË even

though Ëhey may sÈíll not be nearly correct.

Regardless of the situation at room temperature, predicting the

predomínant species at oÈher t.emperatures ís nearly ímpossíb1e since
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there are essentíally no data available. As a result, vre are clearly

unable to assign the observed temperature dependence of extracËion to the

appropriate extraction sËeps ínvolved and so cannot determine the entropy

change from the intercept of the 1og D versus L/Î Lir'e. Nevertheless,

as we have pointed out, Ëhe total standard enthalpy change, AHiotrl, of

the net extraction equilibrium under the condítions then existing will

be given by the slope of the tangenË to the curve at any parLicular

point even though we do not knor¡ ¡¿hat proportíon of Ít to ascribe to

the various individual equílibria.

Returning novr to the data as displayed in Fígures 2-18 and 2-79, we

may observe a number of inportanÈ features which are r¿orth discussing.

FÍrst of all, from Fígure 2-18, r^7e see that the distríbution ratio

increases very markedly with decreasíng temperature and we interpret this

to indicate Ëhat the solution concentration of the extractable species,

whatever it nay be, must be increasing. Moreover, \,re see that at suffi-

ciently 1ow t.emperatures, for at least three different thiocyanate con-

centratíons (0.25 M, 1.00 M and 5.00 M), D assumes the same large value

of about 3 x 106 L kg-l within experimental error. The fact that the

distribution ratio is then índependent of thÍocyanate concentration

over a 2}-f.oLd change suggests that some specíes whích either does not,

contaín thiocyanate at all or which is perhaps coordinaÈively saÈurated

t^rith the ligand must then predominaËe in solution. We have previously

shown under almost identical solution conditions that Ëhe former pos-

sibilíty is not correct since extractÍon is very thíocyanate dependent

at low [SCN-]-_ (see Figure 2-L3) and we have deduced from this and other
aq

inforrnatíon that the extractable species is, in fact, Co(SCN)||^ql.
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That the predominant species in solution aË low temperatures must

also be Ëhís ion is apparent from the fact that the distribuËion ratío

ís so extraordínarily large and constant under these conditíons. ff,

for example, Co(SCN)ã("ql were the predominanË species ínstead (as

predicted for room temperature by some of the formation consËanÈs

presented earlier) and Co(SCN)?; \ represented only perhaps IO7. of.- 4 (aq)

the cobalt-containíng species, Ìre should expect up to a 10-fo1d increase

in D with furËher increases in thiocyanate concentration. Sínce we are

increasing ISCN- J"n 2O-fold r,¡íthout observing any large increase in

D, and sínce ít already ríva1s knor"m maximum distríbutíon ratíos for

either solvent extractíon or ion exchange processes, v/e conclude that

Co(SCN)tf^r> is the predominant specíes in solution when temperatures are

suffícÍently low and thiocyanate concentrations are sufficiently hígh.

Turning novl to Fígure 2-19 where 1og D is plotted as a function of

Èhe inverse absolute temperature, we notíce that each curve contaíns

non-linear as well as nearly linear portÍons but with the degree of

linearíty being some¡¡hat different for each curve. This is as predícted

by our notion of predominance of specíes and therefore constancy of
¡,-oAH: occurring only under certain very specific circumstances (teurper-total
ature, thíocyanate concentration and líkely other factors as well). üIhere

non-línear porËions exíst, more than one specÍes is definitely deduced to

be present vrith the proportions changing with teurperature. Portíons in

r^rhich línearity is observed may (but need not necessarily) result from

predominance of an indívídual species.

Taking the slope, m, of the nearl-y linear sections of each curve in
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Fígure 2-L9 and applying the relatíon AHioa aL = -2.303 n R, we obtaín

values for the overall enthalpy change accompanying the process. These

values have been collected in Table II-15 and show that AHootrl i" fairly

large and exothermic. Moreover, results which are similar within experi-

mental error (about -180 kJ mol-I) were obtaÍned for each of the four

lowest thiocyanate concentrations. It would be tempting to suggest that

the same unknown species may predominate in each of these cases. How-

ever, several of the curves are not strictly linear and so may reflect

complex mixtures of species vrhich happen to differ in energy from the

extractable species by similar amounts. trrrhichever is the case, the

predominant species present ín 5.00 M thiocyanate at high temperatures

appears to differ from the rest sinc. AHiot"t is considerably less

exothermic there (-gf.5 kJ rnol-l). Although the ioníc strength in this

experiment (5.88 M) differs from that of the others (2.88 M or 3.00 M),

this is not likely the reason for the difference since calculations

based on the sma1l amount of data stil1 usable from the aborÈed sixth

experiment r¿ith 2.00 M SCN?"q) and ionic strength 3.00 M gave a value of

approximately -134 kJ rnol-l, still in line r¿ith the apparent trend. It

seems likely that the species predomÍnant in 5.00 M thiocyanate will

contain several SCN- ligands and may, in fact, be Co(SCN)ã(rq) but it is

noË really possible to identífy ít with any confidence.

Consídering, now, any one particular curve in Fígure 2-19 correspond-

ing to some fixed concentration of thiocyanate (and other ligands) and

applying the relation AHioa 

^I 
= -2.303 mR to the tangent at various

points, r¡re see that the slope, m, becornes smaller and thus ÂHiotrl b"-

comes l-ess exothermic as lo¡+er solution Èemperâtures are approached. Tn
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the lírnit, moreover, the slope of the curve and thus 
^Hioa"t 

appears to

tend to a value somewhere rlear zeto at lor^rer tenperatures (at least for

0.25 M, 1.00 M and 5.00 M t.*?rOr).

I,Je must atËribute thís shíft in ÂHootal to the combined effect of

decreases in the enthalpy of the average cobalË-containing or t"t+ species

in the aqueous phase, Íncreases to that in the foam phase) or a combinatíon

of the two. Since there are probably urany more equilibría Ínvolved in

the aqueous phase than in foam and at least one of them is exothermic

(an; = -6.82 kJ rnol-l(231)), lÍke1y a very rarge portion of the chanse

observed r¡ith decreasing temperature arises out of shífts in these equíl-

íbría toward species more closely relaËed Ëo the extractable one

co(scN)fr,"0r.

If we were able to ignore the effects of all ligands except thio-

cyanate, it night be possible to judiciously guess what several of Lhe

predominant species indicated by linear portions in the curves of Figure

2-19 might be. Hor¿ever, wiÈh one exception, the presence of other ligands

ín significant amounts complicaËes matters suffíciently that we are unable

Ëo say with any confídence ¡¡hat specíes, if any, nay be predominant under

any particular conditions. The exception to this is the already-mentioned

circumstance in which D reaches its maximum value aË hígh thiocyanate

concentratíon and/or low tenperature. In this case, t.he predominant

species ís evidently Co(SCNIf7"O, and we vier,r the net extraction equilib-

rium as eíther:

5
_--+æ
ArË, AS;' {"0> + co(scN)17^r> ( (ri+¡ å co (soq) 1) <r>

(o44 )
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íf it is a solvent extraction-líke phenomenon or:

co(scN) 17^r>*' o?r) 
^#, 

co(scN) 1-rr> *2 o?"0) (145)

if it ís of the ion exchange type.

Equations (131) and (135) describing the dependence of D then reduce

to:

Solvent extraction:

-^uo ^eologD = -a¡rD /1\+ ^oD +21oelM+l- 
2. 303 R tT/ 2. 303 R -- o '-- 'as (L46 )

Ion exchange:

rogD= -AH; /f\ + ot; +2Los tA-l-- -2roglA-1.2.303R l.T/ 2.3oBR aq - r

. 147)

From this, we conclude that the slope, m, and intercept b r are given

by:

Solvent, extraction:

m=-ÂHo
2.303 R

(148)

^coþ= 'oD + 2losl-M+l
2.303 R 'aq
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Ion exchange:

-AH:m=I)
2.303 R

b = ^lL +2tos [A-]aq -27os tA-lr
2.303 R

(74e)

Unfortunately, there are so few data points in this region of Figure

2-I9 and Èhose present are of such comparatively high uncertainty that it

is very difficult to assign dependable values to eíther m or b. However,

rnaking graphícal estim¡¿ss of the probable uncertainties involved, we

níght assignm o 0 t 1000Kandb " 6.3 I 3.6. Usíng thesevalues, we

may calculate the enthalpy change of the distributíon equí1Íbrium to be:

Solvent extraction or ion exchange:

o"io."r = A"; " o + 20kJ mo1-l

for either mechanism. Deteruination of the entropy change requíres, in

the case of the solvent extraction-like mechanism, that we know the

aqueous concentration of the cation, tlff]__, which accompanies the ex-
aq

tractable specíes. If \47e assume that either Na* or K* will be effective

in Èhis capacity and use the results for the 5.00 M tc*irq) curve (where

Ilt+l = 5.88 M) we obtain:-aq 
r

Solvent extraction:

^siot"r = 
^s; = +go!70JK-Imol-t
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0n the other hand, íf an ion exchange type of mechanism is involved,

we must know the concentratíon of the. anion, A-, ín each of the phases.

For the experiment in which we have 5.00 M tat?"', and only 0.88 M

a"¡aOO?"n) present, it is reasonable to assume that A- r¿ill be chiefly

SCN- and therefore [A-]aq " 5.00 M. As mentioned much earlier, we have

deduced that this is normally true from the weight increases measured

on polyurethane foam in equilíbrium with solutions containing hígh and

low concentratíoris of that íon. Also, íf we suppose that at these high

concentratíons of both cations, d, and anions, A-, the polymer must

have nearly a1l possible siÈes filled and available for exchange, then

we may use the measured capacíty of the foam (about 0.94 equívalent per

kilogram) for [A-]f. Thus, from equation (149) we have:

Ion exchange:

AS"total" = AS; 90 r 70 J K-l mol-]

and the result is idenÈical Èo that obtaíned above for the solvent ex-

traction-líke nechanísm. Although the large estimaÈed uncerÈainty in

Èhese resulÈs makes them less useful than might otherwise be Ëhe case,

we mây still derive some important information from them.

First of all, the smal1 value of AHi as deÈermined here confirms our

earlier suggestion that the enthalpy change accompanyíng dístribution of

Ëhe extractable specíes to the foam phase would not likely be large com-

pared to that attributable to the varíous solution equilibria. The fact

that ÂHl is as small as it is, however, indicates very similar enthalpy
l)

states of the system (foam * solution) before and after extraction has
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taken place.

ff we view the process as

then the equilibrium relation

solvent extraction with ion paíríng

, 
"trol 

+ co(scN)17^r>: ((M+)z (co(scN)') rr> (G44)

I.Ie conclude then that the enthalpy released in ion pairing and in

solvating the ion pair ín the polymer must be suffÍcient to compensate

for the dehydration of the Ëhree aqueous íons. Since hydration enthalpies

at least for the small íons, MÏ- ,r are reasonably high (-406 kJ mol-i, (aq),

for Na+, -322 kJ moI-I for K+(201)), thís means rhar solvaÈion and ion

pairing in the polyurethane must be very effective.

If, ínstead, we suppose t.hat the ions r^rill be largely unpaired within

the polymer, then the equilíbrium will be:

a

is:

2 %nl + co(scN)11^r>.->, trl + co(scn)f ,r, (1s0)

and ¡"¡e are forced to assume that even more effective ion solvation is

taking place. Thís may be possíble íf consÍderable r^rater accompanies the

ions ínto the foam or if the cations are chelated in some way by the

polyurethane as proposed by the Cation Chelation Mechanism.

However, íf the mechanísm ís more correctly descríbed as an ion

exchange process, the equilibríum relation will be:

co(scN)'07^r> + 2 scnl¡¡ co(scN)Íi f) + 2 r.*?ro) (1s1)

-+

<-
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and the problem of explaining the smal1 enthalpy change disappears since

the dífference ín hydration enthalpies betvreen these ions ís not expecËed

to be at all large. In fact, small enthalpy changes (typically not more

than B to 13 kJ rnol-l (232) 
) are characterisric of ion exchange phenomena

and we may take Èhe observed value of ÂHi to be somewhat supportÍve of

this type of mechanism.

If we no\iü consider the entropy change calculated to be occurring,

I^Ie are struck by the facÈ that it is in all probabilíty at least slightly

posítive and perhaps largely so. Thís means on the molecular level that

the state existing after extraction must be more dísordered than that

before extraction and since AHfi ; 0, the increase in entropy is then the

chÍef factor contributing to the occurrence of cobalt sorption.

If we attempt to ratíonaLíze this apparent íncrease in entropy by

guessing the entropy changes to be expected for each of the components

of the system (ions * water * foam), several important conclusions Eray

be reached. ff, for example, either of Ehe solvent extraction-like mech-

anisms (equations (144) or (fSO)) are correct, then ¡¿e expect both of the

extracËed species, Nr* and Co(SCN)1-, to suffer reasonable losses of

entropy (Í.e. freedom) in being transferred from a free-flowing liquid in

v¡hich they are able to travel r'ridely along with any attached solvent she11,

to a polymeric uaterial in which motions are limiÈed and any strong asso-

ciations rvíth "solvent" musÈ be broken in order for translatíonal notion

Èo occur. This ¡,¡ould be especially true in the ion-paired case (equatÍon

(L44)) where loss of freedom is almost complete. The rüater of the åqueous

phase, on the other hand, would definitely gaín freedom by the removal of

the ions (the tr¡o catíons, in particular, since they are highly solvated).
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However, consideríng how well solvated we have concluded the products

ín equations (L44) or (150) must be ín order to account for the srna11 AHi

values, the increased freedom of the r,raËer may well be expected to be

offset by a corresponding increase ín order ín Ëhe polyurethane required

to achieve this very effective solvation. The fact that the net result

of all Ëhis is a sígnificant increase in entropy must mean, in fact,

Ëhat very l-ittle additÍonal ordering of the polynner is needed to entirely

solvate the extracted ions if a solvent extraction-like process is being

followed. This conclusion ¡¿ill have some sígnifícance later when we

consider the Cation Chelation Mechanísm more fully.

Now, considering an ion exchange-like process (equation (151) ), we

may símilarly argue that some loss of freedorn will result from transfer-

rÍng an anion from the fluid aqueous phase to the vÍscous polyurethane

phase (although solvation of the anions in eíther phase should not be as

greaË as for catíons). Thus, sínce the products side of equation (151)

contaíns only one anion trapped r^Tithin Ëhe polyurethane phase while the

reactants side contaíns tI^Io, v/e conclude that there should be an increase

ín ent,ropy based only on the exchanged species. 0n the oÈher hand, since

both anions are fairly bulky and probably better solvated by foam than by

!üater, \¡/e expect that little change in freedom of the water will accom-

pany extraction but that a further increase ín entropy of the polyurethane

may result from the decrease in the number of íons present there. Thus,

an increase ín entropy is again predicted.

Inle conclude, then, on the basís of our predictions and the positive

entropy change measured that the mechanism of extracËíon may be one of

íon exchange under conditíons of low temperature and high thiocyanate

concentration. Alternatíve1y, íf very little ordering of the polyrner is
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postulated to occur on extTaction, a solvent extraction-like process may

be the case.

Forgetting for the moment our interpretations and concentratíng

instead on the Índustrial or analytical uses of foam cobalt sorptíon,

the results of Ëhis experiment are again seen Èo be particularly import-

ant. In the fírst place, Figure 2-18 shows that extraction generally im-

proves dramatically as the temperature of the system ís decreased. This

has obvious ímplicatíons for attaining the highest possible extraction

efficiency either for mineral or radiochemical recovery processes and

also, of course, for preconcentration or semiquantiËaËive analysis

based on the colour developed.

Addítionally, we see that extraction apparently tends to the same

maximum value with decreasing temperature almost regardless of lhiocy-

anate concentration. From an industrial or even large-sca1e analytical

point of view, this can result ín large economies of SCN- usage simply

by coolíng the extracËion syst.em. For exarnple, f rom Figure 2-18 vre see

that a concentration of somer¿here betl¡een 0.05 M and 0.25 yf SCN- would be

jusE as effective as 5.0 M SCI'I- v¡hen cooled to near OoC and would result

in very substantíal materials cost savings. 0f course, even greaÈer econ-

omies of thiocyanate reagenË can be toleraËed if larger foam weights

relative to solution volume are also feasible.

Seen from another point of view, Ëhe high temÞerature sensitivity

of cobalt sorption ítself can be useful since it means that a great deal

of control (at least fíve orders of magnítude difference ín D) is avail-

able for batch or column separaÈion processes simply by altering the temp-

erature. Together with control of Èhe solution Ëhioc)¡anate concentration
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and pH, this property is expecÈed to al1ow separations from a variety of

other metals to be feasíble.

A further point to be made regarding the experiment is that since we

have demonstrated that the same equilíbriuur. is achieved when approached

from either higher or lower Ëemperatures over a very wide range, the sorp-

Ëion process is compleËely reversible under a variety of conditions.

Thus, Ít is not only feasíble to use low temperatures to increase sorp-

tÍon efficiency but it ís equally feasible to effect desorption and re-

covery siurply by heating the system. This has irnplications not only for

batch extractions carried out for varíous purposes buË also for colur¡rr

chromatographíc separations where temperature control is possible.
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Effect of Ionic Strength on CobalË
_Qg_qp!ig" from Thiocyanate Solution

It v¡as desired to determine r¿hat effect changes in the soluÈion ionic

strength might have on the sorption of cobalt from aqueous thiocyanate

solutions.

Prior to being able to accomplísh this, however, it was first neces-

sary to select a reagent which would act as nearly as possíble as an

inert salË in the extraction process and thís was not considered to be

an easy task especíally in the absence of prior information about the

mechanism whereby this occurs. Thus, some preliminary tests ¡n¡ere under-

taken shortly after the phenomenon of cobalt sorptíon was discovered to

try to establish what might be a suitable salt for use in maÍntaining the

ionic strength constant while changing other solution parameters in the

various experiments ¡¡hich were planned to follow.

The preliminary tests !üere carried out for a smal1 number of common

sodium salts (NaCl, NaBr, NaI, NaNOr, Na00CCH3, N"2SO4 and NarCOr) simply

by adding a sufficient weight of each individual salt to solutions which

also contaíned 1.0 M NH4SCN, 2.L2 x 10-5 M (1.25 ppur) Co(II) and 60Co

tracer so that they would then be 1.0 M in the added salt as vrell. The

process of equilibratíon between 0.02 gran pieces of /11338 BFG polyure-

Èhane foam and the solutíon was then followed closely by measuring the

60Co content over a period of three days. Samples were ¡¿ithdrawn for

counting and observation ten times during this period Èo obtain a com-

plete sorption/Ëíme profile for each salt. The use of such a long time

span lras necessiÈated by a wísh to obtain some addítional information

fron the data about the sËability of the system foam * SCN- + Co(II) ín
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the presence of each sa1t. Since no temperature regulation rnechanism

was then ín place on the squeezing apparatus, equilibration was carried

out at room temperaÈure (about 22 ! 2"C) and therefore may have fluctuated

slíghtly (although no large variations happened to occur during that

tirne). No buffers r¿ere used in the experínent in order to simplífy the

solutíon chemistry as much as possible. By comparing the results obtain-

ed with each of the salts to one another and to that of a blank contain-

ing no additives, ít was hoped that several rnight show quantitatÍvely

similar effecËs and could then be considered as likely "inert".

Ïn selecËing the salls Ëo be tested ín this preliminary trial, only

those which r¡ere readily available in high purity, inexpensive and 1ikely

to remain almost entirely ín the aqueous phase r¡rere considered. A not-

able omission, therefore, \¡7as sodium perchlorate (NaC1OO) which r¡as feared

night oxidize SCN- and/or polyurethane foam and was also suspeet for

reasons of being slightly 1ípophilic in nature.

The cobalt distribution ratios, as measured after 24 hours of equí1-

ibration, along with several observations made in the preliminary experi-

ment are dísplayed in Table II-16. The results, although approximate,

shor¿ that most salts tested promote the extractíon of cobalt into the

polyurethane phase to different extents but that a few depress sorptÍon.

Several salts appeared to depart'from the norn ín thís comparison. For ex-

ample, sodium acetate appears Ëo have enhanced sorption slightly perhaps

by formation of a surall amount of some extractable cobalt/acetate complex.

Sodium carbonate, by contrast, adversely affected the posítion of equil-

ibriuur perhaps also by complexation of cobalt (there r¡ras no evidence of

cobalt-containing precípítates forming as would be the case íf the dif-

ference \+7ere one of pH only). However, the group NaCl , NaBr and NaNO,
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TABLE lI-1_É. EFFECT OF SEVERAL SOpIIM SALTS 0N COBALT

EXTRACTION - PRELIMINARY RESULTS

Initía1 Conditions:

lscN-l ... 1.0 M (NH4SCN)

lcol 2.L2 x 1O-5 M (1.25 ppm)
Solution Volume (V) 150.0 n1
Foarn l^ieight (I^J) 0.020 grams

Type . /lrg¡g n¡'e
Squeezing Time . 24 hours
Temperature .. . ambient (-22t2'C)

Sample Added Salt
Number

D

(1, ke-1)
Comments

1 none 1.51 x 105

2 L.0 M NaCl 1.86 x 10s

3 1.0 M NaBr 1.76 x 10s

4 L 0 M NaI 1.15 x 105 -foam turns slightly bror¡n
-:ï:ffi; cobalt released

5 1.0 M NaNO, 1.78 x lOs

6 L.0 M NaOOCCH, 2.L2 x 1Os -foam brighter blue colour

7 L.0 M Na^SO, 1.51 x 105 -very slow sorptionz4
B 1.0 M Na^CO. 5.23 x LO2 -very pale blue foarn

¿J
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(D = 1.86, 1.76 arrd 1.78 x 105 l, kg-I, respectively) seemed faírly

similar in their behaviour wíthin the relatívely 1ow precision of the

experiment and so r¡Iere assumed possibly to fulfill the sÈated require-

ments for anttinerttt salt. Of these three, sodium chloríde was chosen

for use ín all later experiments because of its available high purity

and Iow cost.

From the sorption/time profiles (not shown), it was apparent thaÈ

all of the salts tested (except for NaI) were stable toward the system

over the 3 day períod. Sodíun iodide, judging from the appearance of

a yellow colour in solution, appeared to suffer oxídation by air and

some interference r^ras evidently produced by the I, formed such that some

originally sorbed cobalt was returned to solution. Sodium sulfate, on

the other hand, seemed to retard the atÈaínment of equílibrium with foam

in some unknown way.

Although the results of the preliminary tests provided the basis on

which a salt was selected for practical use in the experiments to follovi

iË, the dependence of cobalt sorptíon on solution íonic strength stíll

renained to be established. Sínce the use of sodium perchlorate in such

studies is tradíÈional and since iÈ was later discovered apparently not

to oxídize either SCN- or foam as was feared, one such study (Experiment

// 1) was performed usíng NaCIOO as the "inert" salt along wíth anoËher

(Experinent ll 2) ernploying NaCl instead for comparison.

In designing the experiments, it was desired to maintain the solution

pH relatívely eonstant vrithout having to resort Èo a buffer (which r¡ould

both íncrease the mínimum ionic strength achíevable and complicate the

solution equilibria). Therefore, the pH was fixed at 1.0 by the use of
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0.10 M acid (HC10* or HC1 as appropriate) in each solution. Two 250 mL

stock mixtures containíng NaSCN, Co(II) and either 707" HC104 or 12 M HCI

vrere prepared such that 20.00 rDI of the stock would produce a solutíon

containing 0.100 M NaSCN, 1.7 x 10-6 M (0.10 ppm) Co(II) and 0.10 M of

the acid v¡hen díluted to 150.0 mL. Various weights of the salts (NaC104

or NaCl) were then weíghed into beakers, dissolved and transferred quan-

titatÍvely to 150 mL volumetric flasks followed by a 20.00 nL aliquoË of

the appropriate stock solutíon and sufficient 60Co tt""er Ëo yield an

initial count raÈe of 500-600 seconds-I. One solution containíng both

NaCl and NaCIOO r,¡as also prepared with HCI as acid to test the effect on

sorption of equal amounts of the two possible anions. All solutíons r¡ere

diluted nearly to the mark, ur-ixed and allowed to sít overnight before

final volume adjustnents and míxing. A summary of the initial soluËion

conditions appears aË the top of Table II-17.

The solutions were poured into awaiting distribution ce1ls contain-

íng 50 rng i11338 BFG foam pieces and sealed r,¡ith double condoms and sili-

cone grease at the ground glass joints. Equilibration between foam and

solution was carried out in the usual manner with samples beíng ¡¿ithdrawn

afÈer 6, !2 and 24 hours for countÍng. No corrections were made to Èhe

radiomeËric data to al1ow for possíble spectrometer drift but counting

tubes ri¡ere covered wíth polyvinylchloríde filn during use to reduce evap-

orative losses as much as possible. After tlne 24 hour equilibration per-

iod had elapsed, the solution pH was checked by meter to ensure that no

large changes had occurred.

A few visual observations r¡rere made during the course of the exper-

íuent which are worth noting. First of all, paralleling the measured



- 305-

cobalt sorptions, many of the foam pieces did not assume any discernible

colouration ín contact with solutions of lor¡ ionic strength while blue

or green colours developed ín hígher ionic strength medía. Secondly, i-t

was observed that the foam pieces acquired pink colours after very brief

sgueezing in those solutíons ín which a large amount of added salt r^ras

present. Much more of this pínk colouration Ì¡ras noted r¿hen NaCl was the

salt used than was the case for NaclOO. trrrhen observed, horvever, this

colour generally reduced in intensity as cobalt was sorbed and the

expecÈed blue or green colouration appeared in its place. As for many

previous experiments, these observations were interpreted to be indica-

tive of the unavoidable presence of iron in both NaC1OO and NaCl but at

a higher concentration in t.he 1atËer case. Although obviously present,

because of the seemingly low distribution ratio for iron as compared to

cobalt (observed in many previous instances), its presence as a contam-

inant is not expected to ínfluence strongly the outcome of the experi-

ments at hand.

The experj-mental results are presented in Table II-17 and in Fígure

2-20 wL'ích sho¡,¡ the percentage of cobalt extracted and calculated

dístríbution ratio as a funcËion of the concentration of added NaClOO

(Experiment //1) or NaCl (ExperÍurent ll2). From both, !¡e see that cobalt

sorpt.ion by foam is generally íncreased by the addition of a sodium salÈ

Èo the solution (in agreement with the preliminary tests carried out

earlíer) and t,hat. the increase achieved is quite a dramatic one. Never-

theless, !¡e note that the effects of NaC1OO and NaCl are quíte different.

To be specífÍc, the exËraction of cobalt is seen to declíne with the
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TABLE II-L7 EFFECT OF SOLUTION TONIC STRENGTII ON COBALT EXTRACTION

Initial Conditions:

lscN I ...
lco l
Ioníc Strength (I)
pH ..
Solution Volume (V)
Foaur I,treight (I,I)

TYPe '
Squeezíng Time
Temperature ..

Experiment llLz pH fixed with 0.100

0.100 M (NaSCN)

L.7 x 10-6 M (0.10 ppur)
0.2 to 6.0 M (tlaCtO, or NaCl)
1.0 (0.1 M HC1O¿ oraHcl)
150 .0 rnI-

0.050 grams
/11338 BFG
24.0 hours
25 .00"c

M HC104

Ionic sÈrength controlled with NaC1OO

Sample [NaC10, ]
Number (M) L+

!L7.

Ioníc Foarn
Strength Weight

(l"t) (utg)
!L1( !0.01

Cobalt
Extracted

(z)

D

(r tg-t¡
Iog D

10

0.000

0.091

0.293

0 .489

0. 825

L.743

2.837

3. B3

4.84

s. 70

0.20I

0.292

0.494

0.690

L.026

t.944

3 .038

4.03

5. 04

s .90

r.7 6

10.18

L.34
t0. 11

L.2L
10.11

1 .36
!0.L2

1.78
r0.13

4 .47
10. 14

1. 390
!0.024

4.65
r0.05

1 .60
r0.04

4.8
10.4

x 102

x 102

x ]-]2

x 102

x IO2

x I02

x 103

x 103

x 104

x 104

, )\
10.05

2.L3
t0. 04

2.08
t0. 04

2.13
i0. 04

2.250
10.031

2.650
t0.013

3.L43
!0.008

3.668
t0.004

4.205
10.010

4.685
r0.033

47.04 .:,'.2

s0.67 ,t'.?r

4s.os ,3:l
s0.23 ,i'.?r

sL.oz ,:,'.'^

4e.8s !3'.i

46.2s 13: ?

48.01 i3 :f
4s.so ?å:3?

4s.24 ?á:l
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TABLE II-L7 - continued
pH fixed with 0.100 M HC1
Ionic strength controlled r¿íth NaCl

Sanple
Number

lNaCl l
(M)
!77"

Cobalt
Extracted

(7")

D
(r t*- t¡

log DIonic Foam
Strength lleight

(M) (ne)
!L"/" 10.01

1 0.000

2 0.100

3 0.300

4 0.500

5 0.800

6 1.800

7 2.80L

8 3.80

9 4.80

1.35 M NaClru +L.L5 M Nacloo

5r.37 i3: i
4s.s3 lå:?

s0.47 !3.\I
46.80 !t'.i
4s.s3 

"t.i47 .04 13:?

so.s3 13:i

46.30 ?:r.li

47.63 ?3:3i

4s.44 i3:1å

0. 200

0. 300

0.500

0.700

1.000

2.000

3 .001

4.00

5.00

3.00

3.43
10.14

3.72
!0.12

4.L2
!0.L2

5.38
10.14

B. 15
t0.18

4.06
r0.05

))q
10.07

r.20
10.15

5.0
!2.6
2.969

r0.026

LO2

LO2

ro2

ro2

LO2

103

104

10s

105

103

2.536
t0.018

2.57r
r0.014

2.615
r0.012

2.73].
t0 .012

2.gIL
10.010

3. 608
10. 005

4.360
r0. 014

5 .08
r0 .05

5.70
!0.22

3.473
10.004
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initial additíon of NaCIOO before again clirnbing at higher concentrations

¡¿hereas a contínuous íncrease in sorptíon accompanies all additions of

NaC1. Obvíously, at least one of the salts cannoÈ be considered "inert".

There are, therefore, two possible explanations whích uright be con-

sistent with this difference in behaviour between the two. First of all,

vre nay consider that C104- is strictly inert and could then postulate

Ëhat the presence of Cl- as a lígand may provide for some formation of

other (perhaps rnixed) extractable cobalt species. Thus, the greater

value of D ín chloride rather than perchlorate medíum at a particular

ioníc strength r¿ould be due to the added effect of this complexation

and extraction. Although this is not ímpossible, a glance back to Tabfe

I-T-I4 (which shows the calculated relative abundances of a number of

cobalt-contaíning ions for several different solutíon condítions) will

demonstrate ÈhaÈ Cl- ís not a powerful ligand for cobalt and that cobalt-

chloro species r,sould be expected only in very small amounts in the pre-

sence of SCN-. Actually, íf true enhancement of cobalt sorption by Cl-

ís takíng place by any mechanism, then one would expecÈ to find that 1og D

for the mixed experíment (1.45 M Cl- + L.45 M C10; + 0.10 If SCN-) should

be that characteristíc of a solution whích is of 3.00 M íonic strength

but enhanced by an amount attributable to the presence of 1.45 M Cl-

(í.e. the dífference in log D between 1.45 M Cl- and 1.45 M C10;). This

would predíct, in fact, log D - 3.97 for the mixed experiment which is

much greater than the experiurentally determined value of. 3.473. Thus,

enhancement of sorption ty ðf- seems doubtful.

On the other hand, one rnay consider that Cl- i-s strictly inert and

that the presence of ClO[ ín soluÈíon ínterferes in some r/¡ay !üith the
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cobalt sorption process. As originally suggested, it is conceivable

thaË the method by which such interference could occur might be by

oxídaËion of scN- or foam but we should probably expect declining sorp-

tíons of cobalt \,rith tíne then, and this r^ras not observed. Thus, any

interference must occur in the foam phase rather than ín the aqueous sol-

ution since C1OJ is almost devoid of power as a ligand. That this may

be the case, in fact, is supported by ion exchange data whicn 
"Oor(232)

thar ClOf, is approxímately 700 times more extractable into synthetic

anion exchangers such as Amberlite II{A 400 than is Cl-. In addition, if

we again consider the data for the mixed experiment (1.45 M Cl- + 1.45 M

C10; + 0.10 M SCN-), we predicr rhar rhe value of 1og D should be thar
4

expected of a solutíon r+hich is of 3.00 M ionic strength but depressed

by an amount characteristic of the presence of 1.45 If C1O;. In thÍs case,

r¿e would arrive at a value of log D - 3.52 which is in good agreement

v¡ith the experímentally measured value of 3.473. Thus, it seems that

ClO. interferes with sorption and is not an "inert" anion with respect
4

to cobalt extraction by polyurethane foam.

The reasons for the interference of c10[ could be several but, as

was pointed out, \¡re expect that the ef fect occurs r¡ithin the polymer

phase raËher than ín soluÈion. Tf the mechanism whereby cobalt sorption

takes place should be a type of solvent extraction, then r¿e must assume

that NaCIOO (or perhals HCIO* ín this particular experinent) ís extract-

ed and ínterferes with cobalt sorption r¡íthin the polyurethane. This

depression of cobalt sorption may conceivably occur by some common ion

effect; for example, by suppressing rhe ionizerion of Ul.Co(SCN)Í?f) ion

associates due to excess 
"Trl 

* atooCrl present (where M* could be Na*

or perhaps H+). Alternatively, it may be that the perchlorate is extracË-
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ed to the extent that it ties up a great deal of the polyurethane "sol-

vent" (i.e. it physícally occupies most of the space bet¡,øeen chains) or

perhaps Ëhat it alters the bulk physical properties (e.g díelectric

constant, etc.) of the foam such that the sorpËion of co(scN)f;- it no

longer so híghly favoured.

On Ëhe other hand, íf the cobalt extractíon mechanism is more

properly consÍdered as an anion exchange process, then the interference

could possÍbly be descríbed simply as a comperition between c10f, and

Co(SCrq)f for exchange sites in the polyrner (i.e. 2 Cfo4("q) + Co(SCN)|if 
)

s 2 cro4(r) + co(scN)l?.orl.

Any of these possíbilities seems not unreasonable but ít is very

diffículË to disËínguish quântitatívely between Ëhem. However, some

ínteresËing results are obtained by further mathemetical Ëreatment of the

data obtained in this experiment. Thus, if one calculates the ratio of

the cobalt distribution constant as measured from perchlorate medium,

DafO; , at a particular total ionic stxength to Èhat measured at the

same toË41 ionic strength but from chloríde medíum instead, Dc1- , then

the logarithn of this raÈio, log(Oaf.; /nar_ ), ís found to be linearly

related to the square root of the solution perchlorate concentration,

LCfO4lZ . (The effect of using rhe rario of DCfO; ro Dar- ar rhe same

total ioníc strength should be to cancel out those changes in the cobalt

extractÍon which are related only to the aqueous ionic strength). Such

a relatíonship is pictured in Figure 2-2L ín which the origin (r¿hich is

a logical part of the daÈa sínce DCfO; and Dar- must be identical when

neither anÍon is present) has been included as a filled circle.

I+rhether the nearly línear dependenee observed here is physically



Figg¡e 2-2L

Relationship between the aqueous perchlorate concen-

Ëration and the quotient of cobalt distribution ratios
as measured from thiocyanate solutions containing equal

amounts of either NaC1OO (OrfO;) or NaCl (Dar_) as

"inert" sa1t. Equílíbrirru r""4."ached ovet 24 hours be-

trireen 50 rng /11338 BFG polyurethane foam pieces and 150.0

nL of solution at 25.00oC. For initial solution condi-
Ëions see Figure 2-20.
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significant or simply fortuÍtous Ís not at all certaín. However, if

ít ís assumed to be real, then we may atÈempt to fít it as best as

possible to the foregoing proposals.

Although the proposals of tying up available "solvent" or of

altering Èhe bulk physical propertíes of the polymer significantly are

quite diffícult to treat matheuatically, it can be shor¿n (at some

length, unfortunately) that neither the suppression of ionization in a

solvent extraction-líke mechanism nor simple exchange competition in an

ion exchange-1ike mechanism can be expected Èo give rise to a linear

1og (DctOi /orr-> versus îcko¡|l'á relationship. Thus, it seems that

some other factor must be involved.

There are, in fact, few known correlations between t!üo physical

parameters which follow a Log/f dependence. One fairly common one,

though, which may have to do wíth alteration of bulk physical proper-

ties of the polyraer ís that between the mean activity eoefficient, y+,

of ions in a solvent as a functíon of the solution íonic strength, u.

According to the Debye-Hückel Lirnitiog l,"r(233), ín dilute solution

Ëhe two are related by an equation of the form:

1og = -lz*"_lafr (rs2)

r¿here A is a constant dependent on Ëhe characterístícs of the solvent

and on the ternperature while z* and z- are the charges on the ions.

This relation is adhered to only at relatively low ionic strengths

(up to perhaps a ferr tenths of a mole per liter) and so r¿ould not be

expected to hold true in the aqueous phase where 5 or 6 M concentra-

Y+
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Èions are reached. However, íf sorption of materials by the polyure-

thane is not extensive (up to something rike 0.2 mor kg-l or so) these

conditions may conceivably be fulfilled there. Nevertheless, if

NaC10, (or HCIO,.) is sorbed in increasing amounts as its concentration+4
is increased, thís should produce an increase in ionic strength and,

according to equation (152), we should then expect a progïessive de-

crease ín the mean ionic activity coefficientr.¡*, in the polymer. For

the sorpËion of ions, this would lead to an increase ín meËa1 extraction

(ueasured ín concentrations, not actívities) yet this ís exactly opposite

to v¡hat is observed. trIe conclude, therefore, that íonic strength

changes must also not be the appropriate explanation for the phenomenon.

Thus, ít seems that the true origin may be related to space-fillíng by

Ëhe sorbed perchlorate or may be a complicated composite of several

facÈors (i.e. a forËuitious relatÍonship). I,rrhatever the case, the

correct interpretation will have to await the more lucíd thinking of

others.

Having thus attempted a discussion of the possible reasons for

the apparent failure of Naclo, to act as an "ínert" sa1t, we will nor,¡

turn our aÈtention toward the effects of Nacl ínstead. Although we

assume that NaCl does not suffer greatly frour the same problens whích

r¿e have suggested for NaCIO 4, ít should be pointed out that ¡¿e have no

guarantee that Nacl is a truly inert sa1t. rn fact, as r¡re shall see,

it cannot be so but it is stilI useful in a pracËical context.

consídering, then, Figure 2-20, we observe that the extraction of

cobalt ís steadíly improved by the additíon of Nacl (at least up to the

linits inposed by the solubílíty of the salt). Based on ouï understand.-
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thus far of the form in r¡hich cobalt is beíng extracted, this must

the resultant of at least three separate effects which u¡il1 influence

process.

First of all, if the cobalt is sorbed by an ion pair solvent extract-

tion-líke process and it is therefore being accompanied by two Na* ions

(í.e. 2 Na* + Co(SCN)1) 
"= 

is apparenrly the case ar higher pH ar

least, then iËs extracËion will clearly be Ímproved by the addition of

any sodium salt. Thus, to the extenË Ëhat this may be true, NaCl is

actually not an "inert" salt for use in ionic strength studies sínce it

may bear a common ion to the extractable specíes (but it is, nevertheless,

acceptable to maintain constant íonÍc strength r¿hen used in substítution

for other sodíum salts in solutíon). rf, on the other hand, cobalt

sorptíon were to take place via a genuine ion exchange type of mechanism

(co(scN)tt^o> * 2 o?r) s co(scN)î7r> * 2 Ai"o)) then no such phenom-

enon should exist provided that Cl- díd not compete effectively for

exchange sites.

A second contributíng phenomenon which musË be considered regardless

of the mechanísm is the increase in dielectric constant of the aqueous

phase resulËing from moderate increases in the ionic strength(234) . The

effect of this change should be to favour the extraction of less polar

and more hydrophobic specíes (such as co(scN)f,) ana rhus a further

íncrease in D rnight be expected. However, if there are Na* ions

accompanying Co(SCf,f)f-, Èhese catÍons r¿iIl then be some¡¿hat less extract-

able and there are other possible, more complicated, effect.s which may

resulË in sma1l 
"trift" in many of the solution equilibria Ínvolving

cobalË. SÍnce these may work in oppositíon to the above effect, the net
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result of a moderate increase in ionic strength is dífficulÈ to predict.

The third phenomenon whích definíte1y becomes important at hÍgh

ioníc strength (nearer saturation) would be the decreased \{ater activity
(234)' , "H^O' 

as a result of the large nurnber of waËer molecules Ëhen
z

tíed up in solvatíng the added solute ions. The effect of this "saltíng

ouË", of course, is to further decrease the water solubility (and

thereby íncrease the extracËabílity) of hydrophobic specíes such as

Co(Scn)fr-. In addition, equilibria such as CoZ+ , + 4 SCN; Í(aq) - (aq)

Co(SCN)11"q) are expected to be shífted to favour producrs more fu11y

sínce the solvation of one large íon is more easily accomplished than

five smaller ones when Hro becomes ttscarcett. Thus, in both cases,

increases in D are predicted whdn the ionic strength is high.

Taking all of these phenomena into account, one expects a general

improvement in cobalt sorption with increasing NaCl concentration but

with some uncertainty perhaps at 1o\4r values (as ís observed from Figure

2-20). However, since the dependence is probably the resultant of

several different phenomena, no si-mple mathernatical relationship likely

wíll exist betr¿een the measured values of log D and the concentration of

.NaCl. This ¡¿as confirmed by several atternpÊs to find such a relation-

shíp (including plotting log D as a functíon of the square root of

the íonic strength or as a function of 1og [Na+] which both failed. to give

near-linear results). Unfortunately, this same complicated behavíour

makes obtaining mechanistíc information from the data nearly iurpossíble.

In surmaryr then, vre have shor¿n by experiment that the sorption of

cobalt from aqueous thiocyanate solutions ís a fairly sensitive function
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of the concentration of salts other than NaSCN added to the solution

and is often dependent on the identities of the salts used. Sodium

chloríde was found to be more suiËable than sodium perchlorate when

attempting to assess the effects of changes in soluÈion ionic strength

alone but may also be strictly unsuitable. As r^rill be apparent from a

discussion of the CaÈion Chelatíon Mechanism, the selection of a truly

suitable salt for this purpose ís a very difficult task.

Regardless of Ëhese problems, strictly from a industrial point of

view, the resulËs of this experiment are important since they demon-

strate that large improvements ín extraction are available sirnply by the

addÍtion to solution of relatively inexpensive salts. For instance, v/e

see that the presence of 5 M NaCl in solution improves Ëhe extraction

of cobalt from only LO% to better than 99"/". Thus, processing of con-

centraËed brine liquors (or even Dead Sea water) by the addítion of

quite small amounts of thiocyanate should be feasible. 0f course, since

a number of other metal-chlorocomplexes are also knov¡n Èo be sorbed by

polyurethane foam, other uetals may then also be extracted and ínterfere

íf present in large amounts and this must be taken into consi-deration.

From the standpoint of analytícal usage, the dependence on salt

concentration provides one Inore parameËer whích is available to control

selective sorptÍon or desorption of cobalt ín either batch or column

ueËhods. On the other hand, of course, it represents a factor which

must be closely conËrolled if reproducible results are required when

less than quantitatíve exÈractíon is being achieved.
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2. Effect of &rvuæÉele Foam Type
on Cobalt Þgtp!¿o" from ThiocyanaËe
Solution

A study r.ras desíred to compare the relative abilities of several

different types of polyurethane foam for sorbing cobalt from aqueous

thíocyanate solutíons with the hope of relating foam strucËure to per-

formance.

Near the outset of the research, a semi-quantitative comparÍson

of several readily available foam rypes (lÍL122 BTG, i/1338 BFG, i/1538 BFG,

i/1831 BFG, ll233L BFG, A, B, and díSPo) was made based on the intensities

of colours developed by roughly 50 urg pieces of each type squeezed to-

gether ín a single container. Thus, ít was noËed that with 150 mL of

solution containinC 1 M NH4SCN, 1 M NaOOCCHT/HOOCCH3 buffer and 1.4 x

t0-4 t"t (8.3 ppm) Co(II), all of the foam types tested (except the last

one) acquired a bright blue colour of nearly the same íntensity during

15 minutes of squeezing, All of these polyurethanes r¡rere knovzn to be of

polyether type. However, diSPo ( a polyesËer-based polyurethane) hardly

assumed any colour at all, even when the cobalt concentration v¡as sub-

sequently doubled.

These observations and some nagging questions regarding the actual

mechanism of the sorptíon phenomenon prompted more exact comparisons to

be made wíth addítíonal foam types íncluded. For this experiment, a 1 L

stock solution containíng NaSCN, NaOOCCHT/IIOOCCH, buffer and Co(II) was

prepared such that 20.0 mL aliquots would yield 0.100 M NaSCN, 0.10 M

buffer and 1.7 x 10-6 M (0.10 ppm) Co(IT) v¡hen diluted co 150.0 nL. An

equal amount of solid NaCl was then weighed individually inÈo the 150.0
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mL volumetríc flasks to rnake the solution 2.80 M in that salt (and to

give a total ionic strength of 3.00 M). Sufficient 6oco tt"""r soluÈion

was added to yield an initíal count rate of about 300 to 400 seconds-I

and the flasks were diluted nearly to the mark. After sitting overnight,

final adjustrnents to the solution volume hrere made before mixing and

beginning the distribution study ín the usual manner. A summary of the

initial solution condítions appears at the top of Table II-18.

Twenty-one different available types of polyureËhane foam were test-

ed in three set.s of ten or less using solutíons prepared from the same

stock. To ensure intercomparison between Ëhe results of each set, one

of the ten in each case was chosen to be the //1338 BFG foarn used ex-

clusively in other experiments. All other foam types were tested only

once.

A listing of the polyurethane foams included in the study along

with the prepolymer producer and supplíer (when known) ís given in

Table II-18. The BFG series of foams were obtained at the same time from

the same supplier and are believed to have been produced from the same

prepolymer r,ríth small differences only in Èhe amounts of cross-línking

achieved and minor additíves present (e.g. surfactants). The series of

Hypol polymers vtere supplied as samples from I{. R. Grace and Company

(Carnbridge, MassachussetÈs) along wíth the formulatíons used in preparing

them. These foams are the products of eíther of tr¿o polyether prepolymers

(FHP 2000 or fïP 3000) but with differing amounts and types of surfact-

ants and occasionally dyes råa"¿ to produce widely differing physical

appearances and properties. Those foams desígnaÈed as A, B, D29314'

27CGS44-2A, 27CGS44-L and 27CGS44-3 ¡¿ere prepared specifically to be
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tested by Dr. H. D. Gesser et al. of this Department and were the very

kind gift of Dr. C. G. Seefried of the Uníon Carbíde CorporaËion. The

composiËions of each are listed in the Table (p¡O = polyethylene oxide,

PPO = polypropylene oxide). Other foams were from various sources as

shown. All types were cleaned, cut and weighed prior to testing as des-

cribed ín the General Procedure. Several, including iÉ1338 BFG, were

noted to develop a slight pink colour during washing with I M HCl but

this disappeared on thorough rinsing with distilled hrater.

Infrared spectra of a few of the polyurethane polymer types (/i1338

BFG, A, and díSPo) were obtained as thin filns by dissolving 200 mg

of the foam as small bíts ín 10 mL of refluxing freshly distilled

m-cresol (3-nethylphenol) and evaporating several volumes of the solu-

tion on 1.5 crn x 3 cm sodium chloride plaËes inside a heated vacuum

desiccator. This treatmenË chiefly has the effect (I' 2) of breaking

some of the urethane bonds in the polymer and substituÈing the m-cresy-
,cH^

late group 
-0õ ' for the polyol at many of the chain links thus

disrupting the three-dimensíonal structure as follows:

-T 
fDlry-t-o-n-o I oOT- + 2

H /rrH H l_H"rr3 ..3

polyurethane (R = polyo1 portion)

.+ ,-iqi-E-.-d'"' + HO-R-.H
rr ctr" polyol

OH

D
m-cresol

-CHĴ

( ls3)

m-cresylate-capped polymer
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On heating under vacuum, the excess m-cresol is evaporated ahtay to leave

a thin fí1m of the slightly degraded polyner on Èhe sodium chloride p1ate.

The infrared spectra of the resulting thin filrns for //1338 BFG, A

and diSPo foam types are shown ín Figures 2-22, 2-23 and 2-24 respective-

ly. PolyureËhanes based on polyester polyols (such as diSPo) sholr(l' 2)

strong absorptions near 5.8 un (shown as rmicrons'in the Figures) due
0

to the large number of ester C-ë-O-l groups, while those of polyeËher

type (such as i11338 BFG and A) show broad absorptions near 9.0 um

from Èhe eËher C-f-o-i-l groups.

The procedure followed in the distribution study itself \"Ias gener-

ally that described ín the Experimental sectíon although a nalfunction

of the temperature regulating system in the fírst 24 hours necessitated

leaving the foams to equilibrate for an additional 24 hours in one case.

Distributíon cells were tightly sealed with double condoms and sílicone

grease at the joints. Calíbration corrections of as much as 32 were

applied to allow for changes in the sensitivíty of Èhe spectrometer

over wide fluctuatíons in room temperature.

Visual examinaËion of the foam pieces vras made at several times

during the equilibraÈion period of the dístribution experiment. In

almost all cases, a green Ëo blue colour began to appear \^títhín the

first several minutes of squeezing and intensified gradually over 6 or

12 hours. Exceptions to thís r¡ere the 27CGS44-2A foan which slowly

achieved only a very pale green colour and díSPo which renained white

throughout. As usual, the ínÈensíties of the colours developed parallel-

ed Èhe measured sorptions of cobalt. Some of the foam specimens (e.g.
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D29314 and Hypol 928L-2-B) hrere noted to approach equilibriurn more slowly

Ëhan did others probably owing mostly to smaller síze arísing out of

slightly higher density and Ëherefore leading to lower squeezing efficien-

cy. The diSPo foam showed a barely measurable sorption of cobalt (about

0.2"Á) after 6 hours but Èhereafter the solution cobalË concentration was

measured to be higher than the initial value. rn keeping with what we

have demonstrated earlier, this doubËless indicates that small losses

of solvent by evaporation become larger than the very sma1l sorption

after some period of tíme. For this reason, the data for 6 rather than

24 j¡'outs have been used ín the calculations.

The results of the experíment are collected in Table II-18 which

shows the percentage of cobalt extracted and distributíon ratio for

each foam type tested. From the Table, lre see that the three separate

determÍnations of D for il1338 BFG foam made on different days agree

wÍËh one another within Ëhe experimental uncertainty resulting from

radiometric counting errors alone and thus the results from all three

experiments are intercomparable. Perusal of the rest of the data shows

that measured values of D range all the way from only about 6 (for diSPo

up to nearly 25000 (for /11831 BFG) and that rhe type selecred for mosr

oËher experiments (//f338 BFG) is only slightly better than average amongst

them.

The rnosË striking contrast to be noted within the Table ís the dif-

ference ín sorption between the only available polyesÈer-based polyure-

thane (aiSfo¡ and all of the polyether-based ones. Since D in the former

case is only of the order of 0.05"/" of. that for the average polyether-based
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foam, vre must conclude that Ëhe polyol portion of the polymer is extreme-

ly important to the sorption of cobalt and that polyesters are somehor,r

largely unsuiËable for this purpose. In seeking an explanation for this

obvÍous difference beËween polyethers and polyesters, one could ímagine

that perhaps polyesters Eay engage in such significant dipole-dipole

inËeractions between carbonyl groups in neighbouring polyuer chains that

the íncursion of foreign ions and molecules is essentíally prevented.

Hovrever, for this effect t.o be great enough to produce the measured

marked decrease in dístríbutíon ratio, the polymer should be quite stiff

and rígid. Sínce r¿e do noE observe such rigidity in diSPo foam, r{e con-

clude that this ís not Èhe case. Thus, if there is no other indirect

physical reason which prevents access of the sorbing species to sites on

the foam, we deduce that Èhe polyether ítself must provide these sites

and thaË polyester cannot.

As an easy corollary to Èhis conclusion, vre may also infer then that

the urethane, urea and other links whích are comnon structural features

of all polyurethanes are apparently not greatly important to cobalt

sorption (at least in the absence of polyethers). This conclusion Ís a

very important one since ít would seem to eliminate a number of possible

sorptíon mechanísms from active consideration such as lÍgand exchange or

addítion, r¿eak base anion exchange or cation chelation at other than

ether sites. Such eliurination casts further doubts on the concept. of

conventional site protonation as the mode of action since t.he nitrogen-

containing portions of Ëhe polyurethanes are expected to be stronger

bases than are the oxygen-containing ether or ester parts. Furthermore,

the failure of polyester Èo perform adeguaËely to sorb cobalt even though
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esËers such as buËyl acetate are known QZS) to extract the thfocyanate

complex nearly as well as ethers indicaËes that some oÈher more specific

phenomenon is at work here.

Apart from these obvíously sígnífícant observatj-ons some other

ínformation is available by consideríng comparisons between individual

members of the varíous series of closely-related polyether foam types in

Table II-18.

For example, in the Hypol series of polyners, for which Ëhe formula-

tÍng ingredients and most physícal properties are kno¡¿n(¿36), significant

dífferences ín the dístribuËion coefficíent are noted even though they

all contain either one of thro prepolymers, vrater and different surfact-

anËs. Hypol (9030-43-1) and Hypol (9131-13-1), for instance, are pre-

pared by admixture of ídentical amounts of the same prepolymer and water

but differ only ín the type of surfactant used. As a result, even after

cleaning, the former one is relatively hydrophobic and fine textured

while Ëhe latter is more hydrophilic and completely reticulated (no walls

left ín cells). Even though these tr{o musË be chemically quite similar,

the latter r¡Ias measured to have a value of D which is 40% greater than

the former. Thís difference must be related almost entirely to the

accessíbílity of sítes at vrhich sorption may occur and so we see that

essentially non-chemical factors may play a significant role in deter-

miníng the sorption efficiency of a polyurethane foam. An attexnpt to

correlate the sorpÈion behaviour of the entire seË of Hypol polymers to

the reported physical properties of the polymers does not índicate any

absolute relationship. However, Ít appears thaÈ properÈíes which

measure the flexibiliÈy of the polyrner (e.g. elongatíon) or its oxygen
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content (e.g. oxygen index) very roughly paral1e1 the order of sorption

efficiency with the more flexible and most oxygenated foams being general-

ly more successful.

Another comparison to be made in Table II-18 is that between the two

foam Èypes designated as A and B whích differ in the amount of polyether

polymer relative to styrene/acrylonítríle copolyurer. The Table shows

that greater cobalt sorptions result when larger percentages of polyether

are present, in agreement with our earlier statements regarding the

ímportance of that constituent Èo sorption. However, Ëhe fact that an

increase of 337" in the polyether content results in an increase of only

about 727" in D indicates either that the styrene/acrylonitrile copolymer

is also partly capable of sorbing species as well or that there are

ot.her complicating factors involved (such as site accessibility or posi-

tion requiremenËs in order that the added polyether may be useful).

trlhich of these is the case, if not both, is not definitely known although

the latter inËerpretation will be most consistent r¿íth models to be

proposed 1ater.

One of the most interestíng comparisons to be made in Table II-18 is

amongst the set of three polyurethanes denoted as 27CGS44-24, -1 and -3.

Here v¡e see Èhat for otherwíse identical polyurethanes cobalt sorption

is very sensítive to the polyether polyol portion of the polymer as it is

alËered from all polypropylene oxide (PPO) to L4"/" by weight polyethylene

oxíde (PEO) with 86% PPO. As this substítution of PEO for PPO occurs,

D ís seen to be increased by more than 20-fo1d and thus indicates that iË

ís a very important chemical factor Ín the sorption phenomenon. (Unfor-

tunately, no polyurethane foams known to contain 1002 PEO polyether were
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available for testing to see if the trend would continue!)

In trying to decide what differences in chemical properties exisEing

between PPO and PEO might be responsible for this large difference in

sorption behaviour with a change ín polyether polyol, our atÈention is

drawn both to the Lewis base strength of the ether oxygen atoms and to

possible steric interference factors. Considering the first of Ëhese,

CHa CHe CHe.. | .. I

. . . -9-CH-CH2-0-CH-CH2-g-CH-CHZ- .

polypropylene oxide
(PPo)

. . . -!)-cHz-cH2-ö-cH 2-cH2-Q-cH2-cH2- 
. . .

polyethylene oxide
(PEo)

r4re may quite easily predíct from the known nild electron-donating induc-

tíve characËer of the meËhyl group that the oxygen atoms in PPO will

be slightly stronger Lewis bases (and thus generally better ligands for

metal aÈoms) than ín PEO. The fact that PEO seems to be more effectíve

Ëhan PPO indicates that the extent of sorption must be governed by some

factor other than base strength. This provides further evidence in

contradiction of a weak base anion exchange type of mechanísm ínvolving

protonation of ether oxygen atoms since the protonation should definitely

be favoured by the stronger base (PPO).

This brings us instead to consideration of important steric factors

rather Ëhan inductive ones. If this point of view is now taken, we infer

Èhat the methyl (-CH3) groups in the PPO have a pronounced effect on the

geometry of the polyether/sorbed species interaction, whatever it may be.

We ¡¿í11 leave further discussíons of this to 1aËer sections which will

consider the sorption mechanism more fully.
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Some further couparisons may also be attempted in the BFG series

of polymers listed ín Table II-18 in order of íncreasing density (given

ín tenths of pounds per cubic foot by the first two digíts Ín the number).

From the Table, \¡7e see that il1338 BFG foam with a density of 1.3 1b ft-3

is apparently Ëhe least efficient at cobalt sorptíon and that foams of

both lower and higher density perform at least marginally better. Siuri-

Iar1y, the data show Ehat no monotonically increasing or decreasing rela-

tíonship appears Ëo exíst betr¡een the compression strength of Èhe foam

(as gíven by the last t¡¿o digits in the number in the peculiar units of

pounds per 16 square inches requíred to achieve 50% compression) and

íts ability to sorb cobalt since those with intermedíate compression

strength are evidently optimal. Thus, iË would seem that sorptíon abil-

ity rnay not be directly related to either of these two physical char-

acterístics and we have no other inforrnation regardíng their manufacture

or propertíes with r¿hích to make further comparísons. However, visual

observation suggests that perhaps some of the decrease in the value of

D for /i1338 BFG foam may sinply reflect the increased degradation of the

polymer (as evidenced by slight yellowing) ín the presence of light and

oxygen owing to its storage over long períods of time in cut raËher than

in full sheet form. This hypothesís ís partly supported by earlier com-

parative ueasurements made on five yellowed and five nearly unyellowed

(obtained from the centers of stored foarn píeces) samples of i/1338 BFG

which showed a difference in sorption of approxiurately 3% between the

th'o sets. This difference is less than Èhat observed here bet¡¿een ilt338

BFG and foams r,¡ith the next lovrest distribuÈion coeffícients (about 7 or
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BZ) but this discrepancy may simply be due to the fact that Ëhe foam

pieces obtained from Èhe centers of the //1338 BFG foan pieces in the

experiment mentioned above !ùere also already degraded to some extent.

Although very little ís kno¡¿n about Ëhe chemical compositions of the

remaining foam Èypes and therefore no sËructure/performance ínformation

may be obtained from them, they have been included in Table II-18 for

completeness and to provide further represenEation of ttaveragett foam

types.

Apart frorn Ëhe many mechanistíc iurplicaËions which have already

been mentioned, the results of thís experiment, although not exhaustive,

have identífied some of the chemical and physical factors which should

be consídered in choosíng a polyurethane foam for practical metal ion

sorption uses. First of all, it ís apparent that polyether raËher

than polyester-based foam is essential for effícient sorption. Secondly,

the polymer should contain as large a percentage of polyether as possible

and it should preferably be of polyethylene oxide rather than polypropy-

lene oxíde type. A thírd consideraËion may also be the state of degrad-

ation of the polyurethane with some losses in abilíty to be expected with

any sígnificant oxidatíon of the polyether occurring. Finally, some

attention should be paíd to obtaÍning both hydrophílic and highly porous

polymers as dictated by the exact method of manufacttlre sínce each of

these properties will affect at least the rate of sorption if not also

the positíon of equilibriurn. Many other factors such as the polyether

chain length and degree of cross-linking are also expected Ëo be important

but we are unable to verify this from the data of the experiment.
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10. Effect of Various Foam Pretreatment
Procedures on Cobalt Sorption

In order to test some of the possible sorption mechanisms suggested

by the results of other experíments, it was desíred to observe the effects

which chen¡-ical pretreatment of foam mighË have on its ability to sorb

cobalt from aqueous thiocyanate solution.

Although no true preliminary experíments had been undertaken to

assess Èhe effects of chemícal attack on the polyurethane foam alone

prior to use for cobalt sorption, one early observat.ion showed that a

reducing agenË (hydroxylamine) added to the solutÍon produced an Íncrease

in cobalt sorptíon while an oxidizing agent (hydrogen peroxide) had the

opposíte effect. Thís prompted some curiosity about r¿hether the observed

effect arose out of changes in the chemistry of the aqueous or of the

foam phase.

I^Iith this in mind, a variety of chemical reagents with v¡hích to ex-

pose the polyurethane foam pieces were selected based on reactíons which

rníght be expected to destroy or create various Ëypes of sites in poly-

ether-based polyurethane. Thus, sínce it was considered possible that

some reduced niËrogen (such as amine) sites might be present either from

polymerizatíon catalysts or from unreacted products of isocyanate and

r¡iater, several oxídizing agenËs (uror, ce(IV) * H*, CLì and reducing

agents (NH2OH, HZWZ, Ti(ITI) + H+) \¡rere Èested to see.r¿hether decreases

or increases respectívely ín sorption would occur. Similarly, to evalu-

ate whether or noË Lewis base sites rníght be involved in the process, a

few strong Lewis acids (SíC14, BF3) ¡^rere íncluded to see if these siEes

nÍghÈ be blocked. Fínally, to ínvesÈigate whether strong base anion
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exchange sites might be present, tv¡o anions which form insoluble pre-

cipitates with many cations and cationic sites (B(C6H5)f and PFU) were

also tested for their ability to block sorption. It was planned to ex-

pose polyureËhane foarn píeces to each of these reagents for a sufficient-

1y long period of time to allow some reaction to occur and then to rinse

away the excess before testíng cobalt sorption in the normal ^nner.

To accomplish this task, 1líter of stock solution \,7as first pre-

pared exactly as described ín Ëhe prevíous section ("effect of foam type").

As previously, when 20.00 nL of the stock and the appropriate weÍght

of solid NaCl r"rere diluted to the mark ín Índividual 150.0 nL volumetric

flasks, solutions which contained 0.f00 M NaSCN, I.7 x 10-6 M Co(II),

0.10 M Na0OCCH^/H00CCH^ buffer and 2.80 M NaCl (to rnaintain ionic strength
J'J

at 3.00 M) resulted. A summary of the initial conditions appears at the

top of Table II-19.

For the experíment, regular 50 mg i11338 BFG foam pieces previously

washed, dríed and weighed as usual were employed but were first treated

with the variety of substances listed above. To do this, solutions of

each of the chemical reactants ín a suitable solvent hrere prepared as

ouÈlíned in Table II-19 then approximately 50 aL of each was transferred

into 100 nL Pyrex (or polypropylene in the case of HPF6) beakers in v¡hich

the cleaned and weighed foam pieces had been placed. Air trapped within

the foams r¡as squeezed out usíng the bottom of a test-tube then the tops

of Ëhe beakers were covered r¿íth polyvinylchloride fihn to retard evapor-

ation. The foam pieces lrere left in contact with the solution at room

temperature for a period of 18 hours accompanied by occasional squeezing.

Thís length of tíme was thought to be sufficient to a11ow at least some
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desirable or undesirable reactions to occur with the foam.

At the end of 18 hours, the solution was poured off and replaced by

an equal volume of a rinse líquid (water, dilute HCl, diethyl eËher or

acetone as consídered necessary to renove excess reactant). After re-

peated squeezing, the rinse líquid was discarded and replaced with a

fresh 50 rDI aliquot with continued squeezing. After sufficient rinsings

wiËh this liquíd (usually about three but sometimes many more), a second

rinse liquid occasionally followed the first one to finish the job. The

completeness of rinsing was judged ín the case of the foams Ëreated with

sodium tetraphenylborate by the presence or absence of a white precipi-

tate when a solution of tetraethylammonium chloríde r^ras added to the

rinse \üater. In other cases, only intuition dictated when the process

was halted. After all rinsing r¡ras judged Ëo be complete, each foam was

squeezed nearly dry between sheets of fí1ter paper and vísua11y examíned

for changes in its physíca1 appearance or mechanical properties. It was

then dried in a vacuum desíccator under house vacuum (but without desic-

cant present) for 12 hours, examined once more for physical alterations,

then reweighed to determine any mass changes.

Minor exceptions to this procedure were made in three cases in which

Èhere was no chemical pretreatment. Two of these r"rere run as blanks

while for the third one sodium tetraphenylborate T¡Ias added directly to the

solution rather than to the foam. In this last insËance, Ëhe amount of

NaCl added to the solutíon in íts preparation \^ras reduced to compensate

for the íncreased ioníc strength due to the NaB(C6H5)4 present.

Cobalt extractíon experimenÈs urere then performed exactly as out-

lined ín the previous section ("effecË of foam type") including the method
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of sealing the distribution cells and the application of spectrometer

sensitiviÈy calibrations to correcË for equipment drift. Since a total

of twenty measurements \,üere made, the experiment was split up into two

parts performed on separate days with a separate blank being run r^¡ith

each to ensure intercomparability of the results. As ín the previous ex-

perímenÈ, problems lrere encountered with the temperature regulating

apparatus on one of the days which necessÍtated allowing an additíonaL 24

hours for equílibration to take place in that case.

A number of important observations were made during the pretreatment

portion of the experiment. In partícu1ar, it vas noted that both satur-

ated chlorine water (a fairly strong oxidant) and 45% (w/r¿) BF, in di-

ethyl ether (a strong Lewís acid) proved to be too effícient at att.acking

the foam since they both rendered ít entírely unusable in the experiment.

In the case of CL2/HZO, the polyurethane turned orange quickly and then

degenerated ínto a sticky yellow mass over 18 hours of exposure. The

foam piece exposed to BF3/ether, on the other hand, swelled up immediately

to fíl1 the entire beaker and soon dissolved completely.

Although further experiments using chlorine as a reagent r,lere not

considered to be worthwhile, a number of lor¿er eoncentrations (0.45,

2.25,4.5 and 9.0% (v/w)) of boron trifluoríde in diethyl ether r¿ere

tested successfully without destroying the polymer conpletely. For the

least concentrated of these, only a slight greying of the foam resulted

frour the treâËment whereas the more concentrated ones agaín showed remark-

able sv¡elling of the polyurethane ín ether solution along wíth some mea-

sure of stickíness and lack of resilíence in the finíshed product. The

sËicky state of the foam preËreated wíth 4.57! (t/w) BF, in ether caused

a portíon of it to adhere to the Ëest-tube used to squeeze it occasionally
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and Ëhus produced a slightly anomalous vreíghË loss (see Table II-19).

Other changes ín foam characËeristics were observecl r¿ith many of the

other reagents. For instance, 0.01 M Ce(SOO), ín L M HC1 (the Ce(SO4)z

ú¡as actually less concentrated than this since not all of it could be

persuaded to díssolve) stained the polyurethane pale yellor¡ and also

rendered it slíghtly sticky. Similar changes were also observed after

treatment wíth 99.8% SíCL4 líquid. On the other hand, 6.5% (w/w) HPFU ín

water caused the polyner to become pale brown wlniLe 2% (r¿/w) TiCl, in

0.1 M HC1 dyed the foam a deep purple colour without any increase in

stíckiness. Sodium tetraphenylborate produced, in some cases, a slight

stíffness ín the polymer but r¡as oÈhen¿ise without visual change. Other

reagents produeed no apparent alteratíons.

A furËher observation r^Tas made, however, for those foams which were

treaËed with sodium tetraphenylborate. For these foams, almost no amount

of rinsing with vrater (up to ten 50 mL aliquots) was able to reduce the

bleed of that subsËance to a quantity which would not produce a precipi-

tate \,rith tetraethylammonium chloride. Furthermore, roughly Èhe same

quantÍty of precipitaËe resulted after each rínsing so it was inferred

that the tetraphenylborate must be effectively sorbed by the foam and is

only poorly rereleased to fresh vrater. Acetone proved to be much more

effecÈive at removíng the salt from foam.

Several oËher ínteresting observatíons were made during the cobalt

distribution portion of the experiment. fn most cases, the foam pieces

assumed a pale blue or green colour after only several minutes of squeez-

ing and then progressed to a darker blue-green over several hours. How-

ever, the three foams exposed Èo the most concentrated BF"/ether solutions
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(2.257., 4.57. ar,d 9.0"/. (w/w)) became somewhat flatËened with squeezíng

and were noËíceably slower ín developing a blue or green colour. Thís

was also paralleled by a pronounced slowness in reaching naximum cobalt

sorptíon over 24 or 48 hours compared to all other foams. A similar

slor¿ness ín equilibrium attainment tras also observed for the polymer

treated ¡,rith 0.45% (w/w) BFr/ether even though no stickiness or loss

of physical shape was observed in this case. Thus, it appears that the

slow sorption ¡nust reflect a difficult dísplacement of attached BF, fron

the polyureÈhane rather Ëhan simply a reduction ín squeezing efficiency.

InterestínBly, that foam which \.ras pretreaÈed wíth 99.8% SiCIO was

seen to develop a strikíng orange-red colour inmediately on contact with

the Co(II)/SCN-/buffer/NaCl solution and this colour íntensifÍed gradual-

ly for about 10 minutes then faded slowly to tan-brown over 24 hours.

The orígin of thís colour is noË entirely certaín but since almost all

conmon silicon compounds are colourless or white (the sulfide, SiS2, is

yellow), likely the colour is due to some other component present on the

foam. A reasonable suspect. is íron(III) likely present as a healthy

contaminant in the 99.8"/" SíCL4 which r¡ould, of course, form an intensely

red-brown but unstable thíocyanate complex.

Further departures from the usual blue-green colouraÈion r,¡ere noted

in the case of the foam pretreated with 0.1 M NaB(CUH')O in water and

also for the experíment in whích 0.001 M NaB(C6H5)4 was present ín solu-

tion rather than prereacted r¿íth foam. In the former instance, the

usual sorts of colours developed buÈ ínhomogeneously throughout Èhe foam

intermíngled r¿ith areas in which very litt1e colour appeared. This seems

to show either uneven sorpËíon or desorption of sodium tetraphenylborate
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for some unknown reason. In the latter case, no colour at all developed

on foam, paralleling Èhe very low sorption measured for cobalt (about

0.97.) .

The results of the experÍment are collected in Table II-19 which

shov¡s the recorded weighÈ changes arising from pretreatment along with

the percentages of cobalt extracted and distribution ratios calculated

on the basís of the fínal pretreated foam weight.

From the data, \^re see first of all that the distributíon ratios

measured for the blank on different days (saurple numbers I and 2) are

identical within the experimenlal counting uncertaint.ies a1one. Thus,

data acquired on the Ëwo days may be intercompared. In addition' r47e see

that a variety of weight and distribution ratio changes have resulted

from Ëhe pïetreatments. In many cases, Èhe changes in foam weíght have

been quite small (a few tenths of a percent increase) and doubtless índi-

cate that relatívely minor residues of the reactants (or the ímpurítíes

whích they contain) are being sorbed and left behind on the polymer.

However, in other cases, fairly significant increases or decreases

in weight were observed and these may be correlated to changes in D in

some cases. For example, with - 0.01 M Ce(SOO)r, the polyurethane lost

2.6% of its weight likely either by adhesion to beaker walls, etc. or by

cleavage of some important links to release water-soluble materíals.

This loss slas accompaníed by a modest decrease in D (about 62) for the

remainíng polymer indicating that a sma11 part of it had been somehow

damaged.

Considerably larger weight losses vrere recorded for most of the foams

treated with BF, (sarople numbers LI, 72 and 13) where the products hTere
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also found to be sticky after pretreatment. As already mentioned, part

of the decrease in mass for sample lltZ was definitely due to foam maLeri-

al adhering to the bottom of the Ëest-tube used in squeezing it but de-

gradation and solubilization may have been more important factors ín the

other instances. However, treaËment with t.he least concentrated BF, so1-

ution showed no mass loss at all but rather a modest increase of 0.7%

instead (presunably from sorbed BF, and/or ether). In all of these cases,

Ëhough, the sorptíon of cobalt from solution was markedly delayed by

the BF, treatment (more noticeably so with those foams exposed to Lhe

most concentrated solutions but nevertheless easily visible for all).

This delay nust reflect strong interacËion of BF, with the key sorption

sites in the polyurethane (probably polyether oxygen atoms) until it is

slowly displaced to other Lewis bases (e.g. HZO). Curiously enough,

though, Þ/e see that the equilibrium value of D which Ís eventually a-

chieved after 24 or 48 hours (as displayed in the Table) has been in-

creased as a result of the process by from 11 to 27 percent above the

untreated value. Thís could conceivably be due eíther to generating or

freeing more sites per unít of remaining foam mass or even to direct ad-

ducË formation between BF, and the extracted cobalt species. Exactly

how eíther of these uright come about is not entirely obvious, Ëhough,

and Ëhe explanations offered are speculative.

Another observation to be made from the Table is the 5.0% increase

in weíghÈ resulÈing from contact with 99.8% SiCl4 followed by ether

rinses. The increase in mrss is accompanied by a sma11 (about 9%) de-

crease in D indicatíng that perhaps a little blockage of sites ís occur-

ring but the efficacy of this Lev¡is acid ín doing so is definitely not as
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great as that of BF3.

A number of significant changes in mass were also measured ín those

cases of pretreatment with sodium tetraphenylborate in which rinsing with

r^rater only has been carried out. This seeuìs to indicate that considerable

sorption of NaB(CO"S)¿ has occurred and that the original solvent (water)

is very inefficient at removing it. For example, from 0.01 M NaB(C6H5)4,

a 5.0% increase in weight ís recorded when followed by repeated rínsings

with water only (sample /i16) but líttle more than a 0.3% íncrease is

obtained when acetone ís used also (sarnple lfl-T). Comparison of the dis-

tribution ratios measured in each case shor¿s that D ís 231( greater in the

second instance so NaB(C6H5)O obviously interferes with cobalt sorption

in some way. Even more dramatíc demonsËratíons of this interference are

evidenced in sarnple //18 (0.1M NaB(CUH5)O with a brief vrater rinse)

which shows a 24.0% ínerease in foain weight and an accompanying 8.7-fo1d

decrease in D compared Èo the blank and in sample ll20 in which an approx-

imately 600-fo1d decrease in D resulted from adding 0.001 M NaB(C.ttr)O

dírectly to the solution. All of these decreases in cobalt extraction

can probably be.interpreted ín terms of sorption of B(C6H5)4 it place of

Co(SCN)1- "t some sort of cationic sÍtes ín the polymer and thus B(C6H5);

may be regarded as a fairly effective competitor. However, the possibil-

ity also exists Ëhat some of the interference may take place in the aque-

ous phase perhaps from íon pairing between Co2* and B(C6H5)f, or some sim-

Ílar phenomenon whích would cause a shift to decreased Co(SCN)20- totur -

tion. Although this may not be ruled out entíre1y, it is not felt that

ít would be at all a rnajor contribuËor to the effects observed sínce the

soluËions are so dilute in both cobalt and tetraphenylborate ions. As a

partíal confirmation of this, fíltratÍon of the solution containing 0.001
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M B(C.H-)l through a 0.45 pn filter after reaching equilibríum r¡íth foam
o.f+

showed aË leasÈ that no cobalt-containing precÍpiÈates r,lere formed.

Some further very ínterestíng bits of informatíon are also available

from the daËa involving Ëetraphenylborate ion. For example, rruch as in

the case of BF^, a 207" increase in D as compared to the blank is measured
J

to occur for sample llLT where B(C6H5)[ has apparenËly been deposited and

then almost enËirely removed by rinsing with acetone (ttre 0.3% increase

in weight still remaining could only fill about 1/100 of the knor"¡n max-

imum number of sites on foam). One can only guess that some new sites

nay have been opened up by thís treatment perhaps by rearranging the

three dimensional conformation of the polymer chains inÈo a shape r^rhieh

then accep¡s other absorbed specÍes more readily. On Èhe other hand, no

such increase in D was noted in the case of sample lltg tn which the

NaB(C,H.), was applíed in acetone solutíon instead and removed by ueans
o)4

of the same solvent. Presumably, under these conditíons no sorption and

rearrangemenÈ of the polyrner has occurred if the above hypothesis is Lrue.

This is, of course, only speculation at this point which will only gain

some signíficance when the CaËíon Chelation Mechanism ís discussed more

fully later.

Having Èhus díscussed most of the daËa in Table II-19 we may then

sunmarize the mechanistic ínferences to be drawn from them. First of all,

since we do not observe appreciable increases or decreases in D in the

presence of several oxídizing and reducing agents, lre conclude that. the

prelimínary observatíons which showed changes with hydroxylamÍ-ne and

hydrogen peroxide hrere not due Ëo foam site formaËion or desËruction but

were more likely solution phenomena. Consequently, amine-type sites must

not be present in sígnifícanË numbers or at least are not involved in the
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sorptíon of cobalt. Therefore, a v¡eak base aníon exehange type of mechan-

ism seems doubtful.

On the other hand, BF, (which is a particularly good Lewis acid for

sites such as the polyether oxygen atoms) shows ínhibition of cobalt sorb-

tion untíI such tíme as ít ís removed by and transferred Èo other sub-

sËances in the soluËíon (rnost probably ,ZO). The failure of SiC14 to do

much the same thing in blockíng foan sites even though some was initi-ally

absorbed by foaur líke1y results from the fact that SiCl4 is easily hydo-

Lyzeð in the presence of r"rater and so would have been readily removed

from Ëhe foam on contact with the cobalt-containing solution. Thus, we

strongly suspect that the polyether oxygen sites are, in fact, very

important Ëo cobalt sorption in agreement \tith what we have already sug-

gested on the basís of studies with different foam types. Furthermore,

sínce sodium tetraphenylboraËe present on foam (originating either by a

pretreatment step or by simultaneous sorption from solutíon) competes

fairly effectively with cobalt as Co(SCN)f,-, *" guess that there may be

a number of cationic sítes ínvolved. The failure of PFU to símílarly in-

t.erfere at these sites is probably since it ís noË a bulky, hydrophobic

and highly polarízable aníon (such as are both Co(SCN)f,- and B(C6H5);)

and so is not readily accommodated in polyurethane. In fact, much of the

observed 0.4% íncrease ín foam weight after treatment is attributed to

some dark insoluble impurities in the HPFU which imparted the brown colour

Èo the foam.

Thus, taken together, ¡¡e concl-ude that the experimental resulËs appear

to be consistenË with an extractíon mechanism involving the polyether

portÍon of Èhe polyurethane ín whÍch caÈionic siËes of some type may
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possibly be involved.

AlËhough the experíment was desígned solely as a means of obtaining

information of a mechanisËic nature, the results might also be considered

from an applications poínË of view. In Ëhis light' I^Ie note that at

least one anion (tetraphenylborate) is capable of interfering quíte

sËrongly with cobalt sorption. Later, we wí1l see that some others do so

also and together these could probably be exploited for the recovery of

cobalt from foam. However, a number of other means are already at our

disposal (temperature, ISCN-], pH, ionic strength, etc.) so a more

ímportant use mighË be for dísplacement elution in colurn chromatography

ínstead. Also, although the slight increases ín sorptíon effÍ-ciency

(20% or so) shown Ëo be produced by certain pretreatment procedures might

possibly be of interest in an indusËrial setting where very high perform-

ance is required, more dramatÍc improvements would probably be available

in other ways such as careful polymer choice and Ëhe preËreatment route

would líke1y be uneconomical.
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11. Effect of Various Anions, Metal Ions
and Nitrogen-Containing Substances on
Cobalt _EgEp!Åg! ÞV pofy"tettta"e. Foam

IË was desired to establish what effect the presence of a wide

variety of substances in solution might have on the sorption of cobalt

thiocyanate. Thís experiment was undertaken in order to delíneate Èhe

limits of concentraËion within which these substances could be tolerated

in analytícal or industrial use, to shed further light on the extraction

mechanism and to suggest other areas of fruitful ínvestigation.

A brief preliminary study to assess the effects of a few anÍons as

their sodium salts r¿as carried out quite early and has already been de-

scribed in conjunction with the experiments concerning ioníc strength

effects. The results of the study appear in Table II-16 and show that

both qualitative and quantítative dífferences exist among the various

anions in respect of their effects on cobalÈ sorption. In some cases,

enhancements rvere apparently produced while in others interferences def-

ínÍtely occurred. As a result of this, ít was decíded to conduct a much

larger test including many more anions and the experiment v/as later ex-

tended to ínclude a ¡,rÍde variety of metal ions and nitrogen-containing

compounds as well.

In planning the experiment, it was considered important to keep the

number and amounts of solution components to a mínimum in an effort to

simplify inÈerpreËation. Therefore, no NaCl was added to each solution

(as was done in most previous experiments) and no efforl was thus made

to control the ionic strength. However, since a substantía1 drop in

cobalt extract.ion accompanied the resulting lor¿er ionic strength, it was
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necessary to use a greater than usual concentration of NaSCN ín order to

keep the percentage of cobalt extracted in the range of highesl measure-

ment accuracy. Thus, a thÍocyanate concentratíon of 0.50 M was used.

In addition, sínce it was also desired to hold the solution pH within

the already esrablished optimum range (about 1 to 9) whenever possible

but \,¡iËhout undue influence on the solution chemistry, a mild sodium

aceËate/acetic acid buffer of 0.10 M strengËh r¿as also incorporated.

Aside fron Co(II) and 60Co tra"er, no other reagents apart from the sub-

sËance under study r¿ere added to the solution.

To perform the experiment, a 2 liter stock míxture containing NaSCN,

NaOOCCHT/HOOCCH3 buffer and Co(II) was first prepared such that 20.00 nL

aliquots r^rould yield 0.50 M NaSCN, 0.10 M buffer and 1.7 x 10-6 M (0.10

ppn) Co(II) when diluted to 150.0 nL. OwÍng to the very large number

of experiments, three such st.ock solutíons vlere eventually required and

r,rere prepared as the need arose. Since different bottles of reagents of-

ten had to be used, each may have díffered slightly frorn Èhe oLhers in

concentrations or impurity levels and therefore had to be "sËandardized"

in some way (to be descríbed). A predeËermined quantity of the substance

selected for Èesting \¡ras then weighed into a 100 rnI- beaker, dissolved and

transferred quanËítatively to a 150.0 EL volumetríc flask followed by

20.00 nl- of Ëhe sËock solution and a suffícíenË quantity of 60Co tt"".t

Èo produce an initial count rate of about 300 seconds-l. After diluting

to near the mark and mixing, the flask vras allowed Èo stand overnight

before final dílution and mixing lrere perforrned. The appearance of each

solutíon was noted at that Èiue before the contents were initially count-

ed and then emptied into dístríbution cells. A sumnary of the inirial
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solutíon conditions appears at the top of Tables IT-20, II-21 and II-22.

The procedure followed in the distributíon study did not differ

substantially from that already described in the Experimental sectíon.

Type //1338 BFG polyurethane foam pieces of 50 mg size were employed as

usual. Double condoms and sÍlicone grease lrere used to seal the distri-

butíon cells and a thin film of sílicone grease LTas coated onto the

plunger stens to reËríeve any shredded bits of foam. Samples were with-

drarnm for counting and observation after 6, L2 and 24 hours and correc-

tions to allow for any drift ín specÈrometer sensitivity r"7ere applied

to the daËa. At the end of 24 hours, the fínal pH of each solution was

determined by glass elecËrode to note any changes and to ensure that it

sti11 remained r¡ithin the optimum range for cobalt sorption.

Blank experiments in whích no extraneous substance was added to the

soluËíon were performed periodically in order to test the reproducibíl-

ity of the experiment, to "standardize" the various batches and to

provide a measure of extractíon in the absence of additives. A fotal of

three such experiments was performed for each batch of sËock solution

prepared and the resultíng calculated distributíon raÈíos r,/ere averaged.

Comparíson of these averages for the three dífferent stock solutions

showed that snall differences (by as much as 92) existed amongst them

so that al1 experimental results were not directly intercomparable. Hov¡-

ever, to circumvent this problem (as a "sÈandardization" procedure) and

to al1or¡ easier comparison to be made between results with and without

additives, the ratio (D/no) of the distribution ratio, D, measured when

additives r,tere present to the average distribution ratio, Do, measured

on thaÈ particular batch of stock soluËion in their absence was calcu-
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lated in each case. A value of D/Do = 1.000 therefore indicated that

the added substance had no effect on cobalt sorptíon while val-ues above

and belor¿ this represenËed enhancement and depression, respectively.

In most instances, several concentrations of each added substance

rrere tested. High concenËrations úrere generally tried first, then, de-

pendíng upon the results of these, progressívely lower concentraËions

were used untíl any ínËerferences noted became very small. In this way,

interference/concenËration profiles (Figures 2-25, 2-26 and 2-27) were

obtained for many of the substances tested. Information about the

source and puríty of the variety of reagents used has already been pre-

sented in Table II-1.

The results of the experiment are collected into Tables II-20, II-ZL

and IT-22 which show the fína1 solution pH, percentage of cobalt extract-

ed, calculated distribution raËio (D) and iÈs ratío to that of the blank

(D/Do) for the varíous concentratíons of the many substances tested.

The three Tables divide the data into that pertaíning to the sodium

salts of anions, many metal íons (usually as chlorides or nitrates r¿hen

these were available) and an assorEuent of selected nitrogen-conÈaining

substances. A number of observations of both foam and solution made

during the experíment are also included in Èhe Tables and will be dealt

with ín discussing the results.

As an auxilliary experimenÈ to aíd in distinguishing betr¡een effects

arising out of changes in the state of cobalt itself (i.e. the amount of

Co(SCU)f- formed) and oËher phenomena, a snall specÈrophotometric study

was also initiated âÈ the conclusion of the above r¿ork. Thus, in several

cases in which eiËher substantial enhancement or depression of cobalt
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sorptíon r{ere found to occur, both visual observations and measurements

of the electronic absorptíon spectra of solutions containíng the same

constituents and treaËed in a similar manner vrere obtained.. In this

case, however, Ín order to observe any spectrum at all, it was necessary

ro increase thê Co(II) concentratíon 1000-fo1d to 1.7 x 10-3 M (f00 ppn).

Initial observations and measurements of spectra were made r¿ithin 1-2

hours after the uixtures vrere first prepared. They vrere next allowed

to stand at room temperature overnight and then at 25.00'C for a further

24 hours before the observations and spectra \,rere repeated in order to

mimic the history of Ëhe solutions used in the distributíon study as

closely as possible. A wide range of cuvet path lengths (1, 10, 40 and

100 urm) r¡ere used in the measurements to allow most peaks to be brought

on scale. In all cases, the spectra obt.ained before and after t}:.e 24

hour perÍod were not substantially different. The results appear ín

Table II-23 and will be dealt r¿íth in later discussions as required.

Considering first the effects of various anions (as Èheir sodium

salts) on the sorption of cobalt, r¡re see from a perusal of Table II-20

that, as expected, both enhancements and ínÈerferences can occur ¡,rith

the additíon of different salts to solutíon. A sËriking difference in

the rna6gritudes of the effects, however, is visible when the results of

Tables II-16 (the prelímínary experiment) and Table II-20 are compared.

In almost all cases, we see more dramatic changes in D occurring in the

more recent data for the same 1.0 M addiËion of the various sodium salts.

For example, ín the current experiment, a 13-fo1d increase in D results

frorn the addition of 1.0 M NaCl but only a 1.2-fold change was produced

in the prevíous case. This vast difference is doubtless brought about
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by the dissi¡nilar experímenÈal condítíons exísting in the Èwo ínstances

(present experíment ..... 0.50 M NaSCN, 0.10 M NaOOCCH,/HOOCCH3, 1.7 x

10-6 M Co(II) , 25.00"C, 50 ng foam; preliminary experiment 1.0 M

NH4SCN' 1.0 M NaOOCCHT/HOOCCH3, 2.L2 x 10-s M Co(rr) , 22"C' 20 mg foam).

Although all differences nay play a part, likely the most important fact-

ors in this discrepancy are the relatively large concentrations of both

NIII and Na* ions present on the one hand compared to a lower Na* concen-
4

tratíon and no Ufff, on the other. As we sha1l see later, the NHf, ion is

an especially good cation for extraction and so íts presence in large

amounts ís expected to diminish t.he effecÈs of adding Na* to solutíon as

r{e seem to be observing.

Returning to the present experíment, then, a part of the effects

visíble in Table II-20 is expected to be due only to íncreases in ionic

strength and to the presence of additional extractable cation, Na+

(as r'¡e have discussed in an earlier section). However, the remainder

may conceivably result either from competitive reactions between added

lígands and SCN- to form other cobalt complexes (which are more or less

extractable than Co(SCN)f-), a""aruction of the SCN- lígand by chemical

reactíon, competitive sorption onto foam from solution of species other

than Co(SCN)l-, or alteration of some important solution parameter such

as pH.

If we assume (as we have done previously) that C1- is a sufficiently

weak ligand for cobalt that it does not appreciably affect solution

equílibria and also that ít is not extracted into polyurethane to any

great extent at pH 4-5, then the other modes of interference described

above will also be negligible as r^re11 and r.re may suppose that Èhe addí-
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tíon of NaCl to the solutíon represents only the combined effects of

íncreased extractable catíon (na+) availabÍlÍty and solutíon íonic

strength. some supporË for thís view is provided by the spectropho-

tometric study summarized in Table II-23 ín r¿hich the absence of spec-

tral changes indicates that no apparent shift in soluËion equílibría

likely occurs \,üíth addition of 1.0 M Nacr. As we see from Table Tr-20,

the result of adding 0.10 M NaCl to solution is to increase the distri-

bution ratio of cobalt 1.38-fo1d while 1.0 M Nacl produces a l3-fo1d

increase. I^Ie note that thís Ís numerically very similar to the effects

of both NaBr and NaI l¡hich nr-ight also be expected to be comparatively

inert tor.rards cobalt (1og K, - -2.3, 1og KZK¡ - -4.9 for Br-; no

evÍd.ence availabre for complex formation in aqueous solution for r-(z:o)r.

The equivalent behaviour of C1- and Br- was previously observed in

the preliminary experiment (Tab1e II-16) but on that occasion, díffer-

ences bet\,7een these two and NaI were evídent which did not materialize

in thís experiment. There are several possible reasons for this discrep-

ancy. One such could be additÍonal free radical-initiated oxidation of

r- to rz by atmospheric oxygen since tþe preliminary experiment was ex-

posed to fluorescent líght and occasíonally sunlight during the equíli-

bratíon period whíle the second ¡¿as essentially carrÍed out in the dark.

Thus, perhaps less I, was formed in the latter case although its presence

was stil1 evidenced by solution yellowing and a bror,m colour acquired

by foarn. However, a number of other factors (such as the rnuch higher

solution cobalt cont.ent and thus closer approach to saÈuratíon of the

foam in the prelimínary experíment) may also have contributed to the dis-

crepancy.
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Another substance whích produced very similar values of D/Do is

sodíum sulfate (NarSOO) which is seen from Table II-20 to have an

enhancing effecË on cobalt sorption perhaps even slightly greater than

that of the halide salts. However, sínce a 1.0 M solution of NaTSOO

contains t¡¿ice âs me¡y Na* ions and has three tímes the ioníc strength

of a 1.0 M NaCl solutíon, the fact that D/Do is nearly the same indicates

that some form of urild interference ís acËualIy at work in Ëhe presence

of. SOl.-. This ís apparently so since precipitation from solution of a4

small amount of an unidentified whíte solid (evidenËly too much for it

to be CoSO, ) occurred. AnoÈher difference betT¡reen the results of thís+

experiment and that carried ouË prevíously hTas that although observations

of the prelímínary experíment had indicated that a decrease in the rate

of cobalt sorption had resulted from the additíon of I.0 M NaTSOO to

solutÍon, no such decrease was noted in this case. Thus, Ëhe previous

observation may have had another cause or was influenced by the substan-

tially different conditions exísting then.

Sinílar precipítation to Èhat of sulfate but with greater enhance-

DenÈs of cobalt sorptíon were found also with the addítion of its ana-

1ogue, thiosulfate (as N"2s2o3'5H20). The observed íncrease ín cobalË

dístribution ratio over that expected r¿ith the addition of 1.0 M NaCl

is probably still less than what one rnight expect from Èhe added cation

concentration and higher Íonic strength so there ís likely a smal1 inter-

ference effect here, as r¡ell.

As further dífference betrveen the results of the preliurinary exper-

íments and Èhese, we observe also that NaNO, ín Èhis case sho\,rs less

enhancement of cobalt sorption relatÍve to NaCl than it did in the previ-
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ous experimenÈ. The reason for this difference is not known definitely

buË, of course, many experinental parameters as well as the expected

precision of the neasurements are different ín the tr"ro instances. Fur-

ther, sínce a mä.uve colour r,ras ínítially iurparted to foam in the present

experíment, it is likely that some other material (perhaps a decomposí-

tion product of SCN- or a complex of cobalt or trace metals present) is

also formed and is partly extractable under these conditions. The

spectrophotometríc study (tab1e IT-23) indicates that no rnajor changes

in solutíon cobalt-thíocyanate equílíbría occur r¿íth NaNO, addition so

only smal1 amounts of cobalt-nitrate complexes could be present.

Similar moderate enhancements of cobalt sorptÍon (but less than

those for NaC1, NaBr and NaI) are also produced by several other salts.

0f these, NaClO, and NaClOO do not appear from spectrophotometric measure-

ments (Table II-23) to alËer the cobalt-contaíning equilibria noticeably

and thus must act in interfering by some other means. I^le have previous-

ly discussed the probable behavíour of perchloïate in this respect and

concluded that it was likely extractable to some extent by polyurethane

foam thus ínterfering rnildly by competition for available sorption sites

or t'solvent". Presumably, thÍs mode of action may also apply to the

chlorate anion since it is also reasonably large and polarízabLe. 0n the

other hand, sodium díhydrogen phosphate (NaH2POO), which also displays

much the same quantit.ative effecÈs, is known(ZOO) to form a phosphate

precípitate (Cor(P04)2'8H20) with cobalt under suitable conditions and

so may be expected to interfere slightly perhaps by ion association in

the aqueous phase. Thís ¡"rould be qualítatively consistent with the
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spectrophotometric observations which showed a smal1 decline in the co-

balt absorption spectrum in its presence.

Another salt which displayed enhancement

than NaCl was sodiuro acetate (NaCrHrOr'3H20) .

tometric study showed some evidence for a smal1 amount of new cobalt

complex formation as predi-cted by the acet.ate formation constants

(see Table II-14). This observatíon has some significance, of course,

since sodium acetate/acetic acíd buffer \¡/as used throughout the experi-

ments.

An apparent small depressive effect was also noted for the additíon

of 0.10 M NaHCO. to the solution. In thís case, bubbles of gas (undoubt-
J

edly COr) were released and the pH r,¡as thereby increased to a value of

6.8. Although this is well within the optimum range for cobalt sorption,

it was not possible to add larger quantities of HC03- since the pH would

then have been dríven beyond 9. The hydroxide of cobalt, Co(OH)r, is

""rU(ZOO) 
to be produced by the addition of sufficient carbonate or bi-

carbonate ion in an alkaline medium but its formation in any signifícant

amount in this ínstance seens unlikely. Therefore, some other sma1l de-

pressive effect is likely at work - perhaps slíght competitive sorption

of the anion itself sÍnce carbonate is report uu2sl) to be highry ex-

tracted by some anion exchangers.

Somev¿hat larger depressive effects \./ere noted for the addition of

a fev¡ other salÈs to solution. The first among these was sodium fluoríde

(Uaf) which demonsËraËed the peculiar tendency of forming a white precip-

ítate and even separating into Èwo liquíd phases at 1.0 M concentration.

effecÈs notÍceably smaller

In this case, spectropho-
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From Ëhe spectra measured, it would seem that some small amounts of a

new species may be formed in the process buË thís is not certain. The

fluoríde of cobalt, CoF, is sparingly soluble but ís not readÍly formed

Ín aqueous solurion(zoo).

Sodj-um nitrite (NaNOr) also shor.¡ed moderate effects of depressíon

on cobalt sorption. unfortunately, the increased absorptions in the

ultraviolet and violet regions of the spectrum vrere so large as to ob-

scure any deËail in the cobalt spectrum. Presumably, the observed inter-

ference effect could result eiÈher from formation of non-extractable co-

balt complexes, destructíon of SCN- or of polyurethane foam. The oxida-

tion of scN- by HNO, to give sulfate, cyanide and sulfur dicyanÍde is

knor,mÍl 0) to occur but may not be signíficant at the pH being consider-

ed here.

Moderate Ínterference was also produced by sodíum sulfite (NarsOr)

and in this case spectrophotometric observation indicated that nevr un-

extractable cobalt complexes \,rere most likely produced (perhaps sirnilar

to CoSO"'5HrO). In addition, some subsequent chemical attack of eitherJ¿

polyurethane or SCN- appears to have occurred since cobalt which was

originally sorbed onto foam rvas slowly re-released to solution over 24

hours of equilibration.

Stronger interferences $rere produced by a few organic and inorganic

anions. For example, sodíun sulfide (NarS.9H2O) added at about 0.1 M

concentration was found to create large depressions in cobalt sorption.

However, since Ëhe capacity of the 0.1 M acetate buffer r¡ras Lhereby ex-

ceeded, the pH of the solution juinped to nearly t1 by thís addition so

mosË of the effecË is expected to be by formation of cobalt hydroxide,
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of urixed cobalt sulfide and hydroxíde species (i.e. Co(SH,OH), with the

ratio of SH- to OH- ligands being dependent on solution alkaliníty) or

a varíety of cobalt-sulfur complexes in quite ,basic solution(200). By

reducing the sulfide concentration to half this value (0.05 M), the so-

1utíon was kept very slightly acídÍc (pH 6.76) and under these circum-

stances an enhancement (l/Oo = 3.35) rather than a depression ensued.

Sodium tartrate (Na2C4H4O6.2H2O) also demonstrates signíficant in-

terference of sorptíon (D/Do = 0.52T) at the level of 0.10 M but consid-

erably less aË lower concentratíons. From the spectrum measured, ít

appears that only rn-inor formation of some cobalt-tartrate complex may

be occurríng in solutíon although this could be expected Lo be slightly

greater at the lower cobalt concentratíon used in the sorption study.

A1so, from Table II-20, ü/e see that sodium chromate (NarCrOO) at

1.0 M concentration produces fairly strong interference (l/Oo = 0.296)

but at 0.1 M has only a relatively srnall effect. Since the solution

was observed to be orange ín both cases, at least some of the ye11ow

chromate ion rnras fírst converted to díchromate (CrrOl) in the mildly

acidic environment according to: 2CrO2O- + 2H+ ? CrrOl- + H2O. A1-

though spectrophotometric meâsurements made on the solutíon could not be

especially conclusive, the chief mode of interference here would likely

be the oxidation of some of the solution thiocyanate eíther by chromaÈe

or by dichromate to form, ult.imateIy, sulfate and cyanide according toÎlO)

2crof,- +scN-+8H+ Ì zcr3* +sol- +cN- +4H2o. rnrerference

would then be either by loss of SCN- ligand or, more probably, by the

effects of the CN- produced (díscussed below).
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Even more dramatic ínterferences \¡rere observed ¡¿ith a group of

carbon-containing aníons for which thíocyanate oxidation is not a consid-

eration. The interference/concentration profiles for Ëhese aníons have

been plotted ín Figure 2-25 for comparison betr¿een one another and with

the cobalË concentraËíon (shown by arrow). sodiuur cyanide (NacN) , for

example' at as liËtle as 0.010 M almost corrpletely prevents cobalt sorp-

tion (D/Do = 0.0008) and ís stÍll not entÍrely withour effecË at 1.10 x

10-4 M concentratíon (D/Do = 0. 964). spectrophotomerric study shows

that new and apparently unextractable cobalt complexes are definitely

produced ín this case and the thiocyanato ones are thus disfavoured.

This is in agreement wíth the knov¡n(z¡o) ability of cN- to behave as a

strong lígand for cobalt producíng complexes conËaining varíous numbers

of cyanide ligands.

Much the same sort of behaviour is demonstrated by both sodÍum ox-

alate (NarcrOo) and sodium cirrare (NarcuHroT'2H2o) both of r¿hich also

are knovm to form reasonably stable complexes with cobalt ions (oxalaÈe

loB K, - 3.7, log K, - 2.3; cirrare .... 1og K - 4.5(z:o)r. This

is further confirmed by our spectrophotometric measurements (Table II-23)

whÍch shornr that some alteration of the form of the cobalt specíes

occurs ín the presence of 0.1 M concentraËíons of both these salts. Ox-

alate ion, for instance, at a concentration approaehíng 0.1 M (less than

this since a portion r.rould not díssolve) interfered to the extent that

no cobalt sorption by polyurethane foam could be measured at all (i.e.

log D/Do = -- but plotted in Fígure 2-25 sinply as 1og D/Do . -3.5).

Presumably, this results from the extensive forroation of the 1:1 and 2:1

oxalate-cobalt complexes. CÍtraÈe, on Èhe other hand, was slightly less
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severe in its actíon (in spíte of its reported greateï formation con-

stanË) but nonetheless very strongly interfering. BoÈh appear from

Figure 2-25 to begin to bring about sÍgnifícant declines in cobalt sorp-

Ëion when they are each present at a molar ratio to cobalt of approxi-

nately 1000.

However, by far the most powerful interferent of cobalt sorption

tesÈed was ethylenediamÍnetetraacetic acid (EDTA) as its disodíurn sa1t,

-on is reported(23O) to have a 1:l complex formation con-

stant in the neighbouthood of 1016 r¡ith the meta1. The extensive form-

ation of this couplex under the condítíons of the experíment shows up

both as large spectral changes and as a measurable interference in cobalt

sorption beginning at concentrations which represent even less than a

1:1 molar ratio (see Figure 2-25). At higher molar ratios (100-fo1d or

greater), EDTA suppresses cobalt sorptíon to the extent that it becomes

unmeasurable (plotted, once more, as log D/lo < -3.5 ín Fígure 2-25).

Thus, in suunnarízíng the response of cobalt sorption to the addi-

tion of a range of sodium salts, we see a broad assortment of effect.s

produced extending fro¡n mildly enhancíng to strongly inËerfering. Most

of the effects are explainable ín terms of the modes of interaction

anticípaÈed at the beginning of this secÈion (i.e. ionic strength in-

creases, greater extractable cation availability, complexation of cobalt

by the anion, chemical attack on SCN- or polyurethane, or competitive

sorption of the aníonic salt). Before leaving the topíc, however, we

should briefly mention some further information regarding the lasÈ mode

in thís list - the sorptíon of anionic salts and competition of these

for polyurethane foam sites. Although thÍs has not been evaluated for
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polyureËhane it.self, there are many sirnilarities of circumstance to an-

íon exchange for which, of course, many selectivity coefficíents have

been determined. In these cases, the order of extractability of anions

depends upon the specifíc exchanger but Ís generally forrnd(237) to b"

approxim¡ tely:

F- < C1- < Br-, I-, CH3COO- . tO;- . nOã < taïtrate < citrate < CrO4

. so?r

On the other hand, the selectivity order for liquid anion exchangers is

said ro o"(z:s).

F- < oH- < cH3coo- . Coå < c1- . Soî < Br- < MoOf, wO; . NOã < r-
< c10;

In some ways' these bear resemblances to Dany of the smaller ínter-

ferences observed in this experiment ¡¿here there are no other factors

known to be at play. Thus, much as for anion exchangers, competitíve

sorption of aníons uuay be the cause of certain of the ínterferences noted

wíth polyurethanes as well.

Havíng thus discussed the effects of a number of anions, we will

next consider the results of experiments r¡ith varíous added metal ions

as well. Turning Èo Table rr-21, r¡re see quickly that a varíety of

effects ranging from strong depression to míld enhancement. were observed

Ín Èhe presence of other metal ions. hle r¡ill be dealing with these in-

dívidually in theír respectíve chemíeal groups.

As for the most sÈrongly interfering anÍons, the interferences

(D/Do) produced by a number of neÈal ions were evaluated at several dif-
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ferent concentratíons. These have been plotted as a function of metal

íon concentration ín Fígures 2-26 and 2-27 to allow easy visual compari-

son of effects to be made. Included in these Figures for reference pur-

poses are also sorption profiles calculated for Co(II) itself based on

data obtained earlier in the studíes of the effecÈ of cobalt concentra-

tion on sorptíon (Table II-10 and Figure 2-I4). In naking the calcula-

tions for these Figures , L.7 x 10-6 M Co(II) r.ras regaïded as the sorbíng

metal whíle the rernainder of the cobalt was considered to be added as

interferent. Although the conditions in that experiment r.rere not iden-

tícal to ÈhÍs one (in partícular, the íonic strength r,¡as much hígher at

3.00 M and a 1.0 M buffer was euployed) the comparison is nonetheless

semí-quantitatively useful.

Beginníng first, then with the Group fla met.als, r^re see thaÈ nearly

all of the alkalíne earth salts ínvestígated (i.e. Mg(II), Ca(II), Sr(II),

Ba(II) as either nitrates or chlorides) produce small but statistícaIly

signifícant increases ín cobalt sorption at the level of 1000 ppm. As

indicated by the lack of observations recorded in Table lÍ-27 for these

meÈ41s, no vísible differences in eiËher solution or extractíon behav-

iour r¡ere noted ín theír presence. Much as for the addítion of NaCl,

Ëhen, such an effect must arise either by increased cation availability

(if the cation is solvaËable by polyureÈhane) or sinply by raísing the

solutj.on ionic strength rather than by more complicated means. On the

other hand, the smallest melnber of the group, Be(II) (as its sulfate)

produces no such enhancement and so rnight be supposed either to be un-

suítable as an extractable counter íon for Co(SCN)1- o, to ínterfere by

formatÍon of its or^rn extracÈable complex. Both of these possibilities
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may be true to some extent but probably the larger effect v¡ould be inter-

ference due to the known(tgg'z¡0 '239) unique behaviour of Be(rr) among

the a1ka1íne earths to form a thiocyanate complex which is extractable

into oxygen-containing organic solvents. This interpretaÈíon is con-

sistent \ríËh the observed development of a red colour (presumably

Be(SCN)1- o, a similar species) on foam prior to being displaced or

obscured by the fa¡niliar blue-green Co(SCn)f-. Sma1l amounts of precip-

Ítate also observed ín soluEion are likely attríbutable to the accompany-

ing sulfate anions raËher than to the metal Ítself.

Of the Group IIIa metals, only Sc(III) and La(III) (as nitrate and

chloríde, respectíve1y) were tested and both were found to produce sma1l

enhancements of cobalÈ sorption without any significant difference in

appearance as for most of the Group IIa elements jusÈ díscussed. This

happens in spite of the facÈ that both of these metals are reported(lg8)

to be extracËable as thiocyanates from solutions of relatively high

SCN- coneentration. Apparently, Ëhe conditions in this experiment were

not suitable for such extraction or the complexes are so weakly held as

to be unable to displace Èhe cobalt species.

Several Group IVa netals demonstrated very interestíng solution

chemistry ¡¡hen tested for interference. For example, Ti(III) (as TiClr),

r.rhile producing nild enhancement of cobalt sorption, also sparnmed a mu1-

titude of colour changes ín solution prior to contact \,títh foam. The

peculiar colour changes observed líkely reflect the initial formation

of some mixed títanium-ctrlori-de-thiocyanate species (the black colour)

whích probably then undergoes hydrolysís to produce hydraÈed oxides,

hydroxides, sulfides, etc. (the white, blue and brov¡n precipitates).
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The foruratíon of some hydrolysís products is evídenced by a sizeable

decrease in solution pH (see Table II-21) aecompanyíng the additíon of

Ti(III) to solutíon. Ti(IV) (as the sulfate) agaÍn produced some v¡hite

precipitate probably arising parLly out of the use of the sulfate salt

and resulted in a s1íght depression of cobalt sorption. As for Ti(III),

a decrease in solution pH \,¡as recorded along v¡íth the addition of Ti(IV)

so that hydrolysis of the origínal Tj-(S04) 2'9HZO must also have occurred.

The usual products of such hydrolysis aïe "rrU(zOO) to be basic oxo

salts or hydrated oxides (such as TiO, xHrO). Likely due, in part, to

thís hydrolysis and precipitaËÍon, ít was not possíb1e to dissolve Ti(IV)

completely to either 1000 ppm or 100 ppm concentration. Others(Z:O)

have reported the occurrence of several Ti(IV) thiocyanate species (such

as Ti(OH)(SCN)2* anð. even Ti(SCN)O in meÈhyl isobutyl ketone) buË not

with exceptionally large formation consËants. The exÍstence of these

complexes and theír slight extraction by polyurethane must likely be the

reason for the olive colour on foam at equilíbrÍum and the small depres-

sion of cobalt sorption. A red colour noted to be extracted after only

brief equilibration of foam and soluÈion may be due to some títaníum-

thiocyanate complex although some of it could easily be caused by Íron

(which would not be an unlikely contarrinant).

Líke Ti(IV), k(IV) (as ZrOCl2.dZO) shows peculíar soluËion and

foam colour changes but nevertheless results only in slight enhancement

of cobalt sorption rather Èhan depression. Judging from the inítíal

development of a red colour ín solution whích quickly becomes yellow, it

seems likely that the ZTOCL, species (which is relat.ively stable tor"rard

hydrolysis by water) ís first transformed into a red thiocyanate complex
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r¿hich Èhen passes into some other form. The existence of specíes such

as Zro(SCN) 3HZo-, Zr(SCN) 62- o, zrOoH+SCN- have all been suggested by

others(Z¡O) although we have no way of knov¡ing whether or not any of

these are the observed complexes. Apparently, based on the mauve colour

reached by foam at equílibrium, some complex (which rnay or mây not be

Zr-containing) must also be extracted but is evidently so weakly held

that it causes no interference.

In the Group Va metals, only vanadiu¡r (V) (inítially as VrOr) was

tested for Íts possible interference effects. Although ít was not

found possible to dissolve Ëhe VrO, completely at either 1000 ppm or

100 ppm levels, it was observed to interfere significantly ín this form.

Vanadíum (V) is not knovsn(lg8) to be directly exËractable as a thiocyan-

ate complex, nevertheless ít is slowly reduced to V(IV) in acidic solu-

tions and is some¡,rhat extractable in this forn. Sínce the acidity \,Ias

quite low ín Ëhe experiment, it is not knoun íf this may have actually

occurred. However, V(V) in Èhe alternate form of M4V03, although much

more soluble, produced an enhancing effect instead. Part of this en- ,

hancement may likely be caused by the NHI ion present (as r¿e shall see

later) but evídently this form is unlíke VrO, in j-ts behaviour.

Considering next Group VIa (Cr, Mo, I^i) we fínd that definite differ-

ences exist in theír indivídual inËerference characterístics toward

cobalt. Chromíun (III), for example (as CrClr'6H2O) shows quite strong

interference (¡/lo = 0.0230 at l-000 ppm concentration) and iÈs interfer-

ence/concentration profile il 
"f,o"rr 

in Figure 2-26. From the observations

m"de duríng Èhe extraction and from the spectrophotometric study (table

If-23), it is evident thaÈ some steel-blue complex of Cr(III) forms in
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the presence of SCN- but at a very slow rate (at least under the condi-

tions tested) and is extracted onto foam. In fact, ít seems that sítting

overnight at room temperaÈure may not have been sufficient to reach

equilibrium. Apparently, nore of the chronium-thiocyanate complex r,ras

produced and then slow1y displaced further cobalt from foam during the

24 hour squeezing period which followed. All of these observations are

consistent vriÈh the conclusions of others(198) regarding the extract-

ability of the chromium(III)-thíocyanate complex. 0n the other hand, as

we have already díscussed when considering the effects of various aníons

on extractíon, chromíun (VI) (in the form of NarCrO4) produces some inter-

ference by virtue of Íts oxidizing por¡rer aÈ very high concentrations

(1.0 M = 52000 pprn) but not at more moderaÈe levels (0.10 M = 5200 ppm).

Thus, Cr(VI) appears noÈ to interfere signíficantly with cobalt sorption.

Sirnilarly, Mo(VI) (either as MoO, or as NarMoOO.2H2O) dísplayed only

slight enhancements of cobalt sorption rather than any depressive effects.

By contrasË, I4I(VI) (as NarI^IO4'ZHZO) interfered measurably at both the

1000 ppm and 100 ppm levels and its interference profile is shovm in

Figure 2-27. Líke Cr(III), the phenomenon of slow dísplacement of some

ínitially extracted cobalt from foam was observed to occur and may thus

índicate less than rapid formatíon of an extractable thiocyanate complex

as well. Interestingly enough, both Mo(VI) and W(VI) have been reported
(1eB)

to form extractable thiocyanâte complexes although r¡e observe sig-

nifícant Ínterference wíth cobalt sorpÈion only in the case of I^I(VI).

Thís will likely reflect differences in the relative degrees of formation

or extractabilitÍes of the two complexes under the prevaíling conditions.
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Of the Group VIIa netals, only ì,fn(II) hTas tested for ínËerference

and found to be without effect. However, all of the meÈals of Group

VIII (Fe, Co, Ní and the platínum metals) were investigated and found

to differ consíderably in theír effects.

Begínníng first rsith iron, \¡re see from Table TI-ZL that eíËher

Fe(II) (as Fe(*+)r(S04) 
Z'6H2O) or Fe(IlI) ( as FeC13,6HZO) inrerferes

moderaÈely wÍth cobalt sorptíon at the 1000 ppur level but Ëhat only

Fe(III) persísts as a problem at 100 ppn concentration. A spectrophoto-

metric .study índicated only that large new absorptions are formed with

the addítion of Fe(III) ¡+hich obscure Èhe spectra of cobalt species so

it ís irnpossible to distinguish between competítion ín solution for SCN-

or on foam for sites. However, the observed colours developed by foam sug-

gest thât the latter possibílity is much more likely. The interference/

concentration profile for Fe(III) is shov¡n in Fígure 2-27 arrð demon-

strates comparatívely 1ow inËerference of cobalt sorption in relatíon to

many other metals. This is, of course, as r¡re have noted from many ob-

servations made duríng several of the previous experimental sectíons

where iron was unavofdably present as a contaminant. The formation and

extractabílity Ínto various solvents of Fe(III) thiocyanate complexes for

both photometric and separatÍon purposes has been known at least since

the nineteenth century but the exact forro of the extractable species

appears to depend strongly on Èhe solvent and solution condítions. The

formation of Fe(II) thíocyanate complexes is not as well esÈablished but

from the ínformation availaot.(zso) they seern to be of generally lower

stabílity. Thís being the case, ít seems peculiar that Fe(IT) interferes

rvith cobalt sorpÈÍon more strongly than does Fe(III) at 1000 ppm concen-



-392-

t.ration. From the observatíons in Table II-2L, íË seems that some iron

ínítially present as Fe(II) ís slowly oxidized ín solution (presum-

ably by aír) and is extracted as the rust-red thiocyanate complex. Judg-

ing from the precipitates formed in Fe(III) solutíons, some hydrolysis

to oxides and hydroxides of iron also occurs.

Rutheniurn(IV) and osmium(Iv), both congeners of iron, were also

tested as the KrRuClU 
"tta 

(M4)r0sC1U eomplex sa1ts. Osmium(IV) pro-

duced no measurable interference r¿ith cobalt extraction under the condi-

Ëions studíed but Ru(IV) appears to do so slightly (¡/Oo = 0.95 at lOO

ppm concentration). Both metals are known(198) to yield thiocyanate

complexes which are extractable into various organic solvents under spe-

cífic conditions. Since a dark blue colour vras observed to be produced

with rutheníum, apparenË1y some amount of a Ru(III) complex (perhaps

RuO(SCN)1-n (n = O, I,2, 3)) is formed by reduction of Ru(IV) and' -n

is extracted. The presence of a black precipitate 1ike1y indicates that

some of the salt is reduced further to metallíc ruthenium.

Considering next the congeners of cobalt ítse1f, Rh(IlI) (as

NarRhClU'18H20) was found to depress cobalÈ sorption significantly

(n/Oo = 0.793) at the 1000 pprn level but noË measurably so at lower con-

centrations. Evidently, an extractable rhodíum-thiocyanate complex must

be formed but ín small amounts and/or of low extractability under the

solution conditions. Iridium, on the other hand, did not interfere at

all eíther as Ir(III) (NarIrClU'L2H2O) or as Ir(IV) ((NH4) rkCL) at the

1000 ppn level. The observed changes in solutíon colours from brown to

yeIlow-green are characteristic of the rapid reduction of that metal

froro the *4 oxidaËion sËate to *3 (p,robably by SCN-). Brown colours
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initía11y present in the Ir(III) salt arise from i-mpurities of Ir(tV)

very conmonly present.

Like iridium, nickel present at 1000 ppm concentration (as NiC1r.

6H2O) did noË interfere with cobalt sorption since íts thiocyanate com-

plexes are relatively unstable(Z¡O). By contrast, both palladiun and

platinum are strong interferents of cobalt sorption. Palladiun(II) as

(PdC12) seems to be lhe less severe of the t\,ro but shows large depres-

sion at both the 1000 ppn and 100 ppur levels evidently by formation of

an extractable red thiocyanate complex as reported for differenÈ solvents

by others(fg8). Platinum(rr) (as KrPtcl.) and Pr(rv) (as NarptcI6-6120)

appear to form yellow and orange extractable thiocyanaËe complexes, res-

pectively, in accord with solvent extraction methods based on thiocyan-

ate use(fgg). The interference/concentråtion curves for both Pd and Pt

are shown in Figures 2-26 and 2-27.

Considering next the Group Tb metals, \,re see that interferences

are observed for both Cu(II) and Au(III). Copper(Il) (added as CuClr'

2H2O) would not díssolve nearly to the extent of 1000 ppm concentration

but interfered considerably wíth cobalt sorption. From the recorded

changes ín solution colours and the formation of a precípiËate, it seems

that at least some of the Cu(II) added is reduced to Cu(T) by SCN- under

the conditions used and precÍpitaËes as CuSCN. The observed interference

probably arises, then, out of the extraction of a yellow-bror{rì copper

complex (probably of SCN-). The complex could contain either Cu(I) or

Cu(lI), however, since both are known to be extractable(198).

A much rnore polrerful inÈerferent of cobalt sorption is Au(III)

(taken as HAuC1O'3H2O) whích appears Èo do so even down to Ëhe 1 ppur
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1evel. From the observaÈions made in Table II-2L, it seems that the yel-

low Au(III) is perhaps partly reduced to Au(I) and complexed by SCN- to

form a precipitate which may or may noË be extracted by foam. Some

metallic gold uray also be produced by disproportionatíon of Au(I) but

it is dÍfficult to tell whether or not thís actually occurred. Sínce no

colour was observed to be acquired by foam, we conclude eiËher that â

colourless complex is extracted Èo displace cobalt or that the interfer-

ence effecÈ is due to changes in the solution ehemistry (e.g. production

of CN- from SCN- or some such phenomenon). The interference/concentra-

tion profile for Au(III) is sho¡¡n in Figure 2-26.

Ag(I), also a member of Group Ib, was nonetheless not tested since

it forms a precípitate (AgSCN) with thiocyanate ion (the basis of a grav-

imetric procedure for SCN-). For thís reason, ít was felt that asses-

sing íts interference effects would be difficult.

Considering next the Group IIb rnetals (Zn, Cd, Hg), we see from

Table IT-2l- that each shows some tendancy to block the sorption of co-

balt by polyurethane foam. Most impressive among these ís Zn(II) (as

ZnCLr) which suppresses cobalt sorpËion completely even at the 100 ppn

level. Spectrophotometric measurements (Tab1e II-23) show that no inter-

ference with the cobalt solution equilíbría appears to take place so \¡/e

conclude that an extractable but colourless zi-nc Ëhiocyanate complex

must be competíng effectively for foam sites. In additíon, judgíng from

the position of the inÈerference/concentration profile in Figure 2-27,

Ëhe zinc complex appears to be even slightly more efficiently extracted

rhan ís thar of Co(Ir) itself. This is in keeping with Lhe known(fgg)

ready extractability of the zínc thiocyanate complex which is variously

reporÈed Ëo be Zn(SCN) 2, Z}(SCN); or Zn(SCl\I>f- for various solvenÈs.
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Much less strongly ínterfering Èhan this is Cd(II) (taken as CdClr.2r4H2O)

which also is reported to be solvent extractable either as a neutral

thiocyanate or as its acid complexes under appropriate conditions. How-

ever, Hg(II) (as HgClr) shows more ínÈerference than this but much less

than zínc. The ínterference/concentraËion profile for Hg(II) is shown

in Figure 2-26. As for Zn(TT), spectrophotometríc measurement indicates

that inËerference with cobalt sorption ís not accomplished by alterations

to Èhe Co-SCN- equilibría and agaín a colourless Hg(II) thÍocyanate com-

plex must be both formed and extracted. InteresËíngly, although Hg(II)

produces one of the most stable thíocyanate complexes known (ß4 = LO22Q30) ),

its presence nevertheless inËerferes much less r¿ith cobalt sorptíon than

do many other metal ions. Thís rnay indícate that the complex is much

less extractable than those of many oÈher metals but. part of the reason

is also líkely the fact that Hg(SCN)l- forms a co-complex with cobalr,

CoH8(SCN)4, \,üiËh low solubilíty whÍch has been used ín a gravímetrÍc

procedure for cobalt(200). Thus, either the ion pairs have been extract-

ed or some precípítate m¡y have been Ërapped by foam (although none r,ras

visible) .

Next considering the Group IIIb metals (41 , Ga, In, T1), r^re see

frorn Table rr-ZL rhar A1(rrr) (as Al(Nor)r'sttro) and T1(r) (as Ttcl)

both produce very slight enhancements of cobalt sorption at approximate-

ly the 1000 ppn level (T1(I) could not be induced to dissolve Ëo that

extent). Ga(III) (as ca(NOr)3'9H20) appears to be largely wíËhout any

effect at all buÈ fn(III) (as InClr) is a strong interferent (see inter-

ference/concentration profile in Figure 2-26). Although neitheï A1(IfI)

nor T1(r) are known Èo form highly extractable Èhiocyanate species(198)'



-396-

both In(III) and Ga(III) are reported to be readily extractable in thís

form. Apparently, only indium is able both to generate the thiocyanate

complex and have it extracted into polyurethane to interfere with cobalt

sorpËion under the conditíons of the experiment. This interpretatíon is

supported by spectrophotometric measurements (Table II-23) which show no

alteration of the Co-SCN- equilibria as a result of In(III) addition.

Movíng on to the Group IVb metals (Sn and Pb), we observe from Table

I;-2L that both Sn(II) (as SnClr'ZHZO) and Pb(II) (as PbClr) are apparent-

ly wíthout interference effects. Both salts i.rere diffÍcult to dissolve

and the SnClr'2H2O evidently hydrotyzed to some extent in the very weak-

1y acidic solution to yield a whíte precipitate (either Sn(OH) 2 or a

mixed chlorohydroxy species(201)). on the other hand, Sn(IV) (as SnCIO'

5H2O) was found to interfere fairly strongly wíth Co(II) sorption but

not in Ëhe usual manrler. In this case, a small amount of gelatinous

precipitate (probably SnOr'*ZO) formed by hydrolysis of the SnCIO (as

evidenced by the lower fína1 solutÍon pH produced). ThÍs precipitate

was found to contain nearly 90% of the 60Co actívity líkely as coprecip-

ítated oxides or hydroxides. Additional interference with cobalt sorp-

tíon may also have occurred by uptake onto foam of Sn(IV) thiocyanate

species since these are reported(lg8) to be extracted by a varÍety of

solvenËs.

With Group Vb (Sb and Bi), Table II-21 shor¡s that Bi(III) (as BiClr)

has no effect on cobalt sorption but that some Ínfluence is felt in the

presence of Sb(III) (as SbClr). In the presence of ¡¿ater, Èhe SbCl, is

expected to hydrolyze(198) somewhat to produce insoluble oxo chlorides

such as SbOCI and SbOOrCl, thus loweríng the solution pH slightly. How-
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neirher readily formed nor exËractable(198)

interference rn:ight occur is unknown, there-

are

any

Finally, Ëhe last remainíng metal íon tested, U(VI) (as UOr(CH3C00)2

'2HZO) was found to be without ínterference of cobalt sorption in spite

of the fact that this element is also extractable as íts thiocyanate

(buË prcbably in a neutral form such as UO'(SCN)r'25 where S ís a solvent

molecule) 
(198).

To allow quíck reference and easy comparison of the large amount of

data in Table IT-2:-. to be made, a display of the metals tested as inter-

ferents and the qualitative resulËs obtaíned is shov¡n ín the format of

a periodic table ín Figure 2-28. Elements which showed the largest

interference effects appear rrith the darkest backgrounds in the Figure.

Many of the strongly interfering metal ions do so by formatíon of poly-

ureËhane-extractable thiocyanate complexes and are thus good candidates

for sorption studíes of theír ornm and can obviously be separated from

many others which do not, at least under the existing condítíons. It

should be sÈressed, however, that quíte different results would most

probably be observed if Ehe soluËion parameters were altered substantial-

ly.

Having dealt with the effects of boÈh anions and metal íons, we

may now shifÈ our attentíon to the various nitrogen-containíng compounds

listed ín Table II-22. Cobalt forms a faír1y large nuunber of complexes

with ligands containing Èhe N atom and a number of extractíon procedures

make use of both SCN- and a protonated nitrogen-containing compound. In

addÍtíon, since ¡,¡e have suggested that sufficíent nitrogen is actually
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presenË ín polyurethane foam to perhaps contríbute to extractíon, it was

considered desírable to t.est a few compounds for their effects in solution.

Several series of compounds were selected for these tests in the hope that

developing trends ¡¿ould be apparent and understandable. In the process,

some quite interesting characterístics r¡7ere noted which have some bear-

ing on our interpretation of the extractíon mechanism.

Before proceedíng, however, ít is fÍrst important to establish the

form in whích the various added substances will exist in solution. The

relatíve acid strengths Q40-43), pKHB of the protonated bases in

lvater (i.e. for the equílibriurn HB* + H2o S B + H3O+ where

B is the base in question) are listed in Table II-22 for most of the sub-

stances there. By comparison of these values of p\S with the solution

pH (fixed at about 4.5 by the acetate buffer), it is possible to esËa-

blish the chief form of the base in solutÍon. Thus, lre see that most of

the substances tested are sÈronger bases than aceÈate ion (nK", > pH)

and so vrill exist primarily in the protonated HB* cationic form in solu-

tíon. A few (tetramethylarnmoníum bromide and tetra-n-butylammonium

broníde) are íonic and exist entirely as RON+ * Br- ions at any pH. On

the other hand, a small number are very v¡eak bases (the last four in

Table II-22) and so r¿ill be essentially neutral under the chosen experi-

mental condítions. Pyridine (ph' = 5.23) and anilíne (nfug = 4.60)

are borderline cases and sígnifícant amounts of each form wíll be present

in these ínstances.

Consídering then the data of Table II-22, probably one of the more

interesting comparisons to be made is thaÈ between the blank, ammonium

and hydroxylammoníum ions. Thus, r.re note,that the addition of either

1.0 M fffff, (as NH4CI) or 1.0 M NH3OH* (r" NH2OH'HCI) to soluÈÍon produees
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enhancements in cobalt extraction (D/Do) of. 34- and 21-fo1d, respective-

1y. Reca11íng that 1.0 M NaCl produces an enhancement of only l3-fold

and that this has been interpreted as arisíng from both increased ioníc

strength and greater cation concentration, we ínfer that some addítional

effect must be at play here. Spectrophotometric measurements \,7íth both

NH4C1 and NH,OH'HCl (Tab1e II-23) show that no visible changes in the

solution cobalt-thiocyanate equilibria accompany the additions. Thus,

the effects musÈ probably be related directly to soEe sorption character-

ísËics of the added ions themselves. As already menËíoned, the ammonium

chloride will be almost entirely in the *f * Cl- form at the pH of the

experiment whíIe Ëhe NHrOH'IICl would exist as about 962 NH30H* + Cl-

r¿ith the remainder as NHTOH. Since Èhere ís a large effect for NHOCI

and a smaller one for NH2OH'HCI, iÈ is most líke1y that the ions Nfff, and

NH^OH+ are extractable as counter ions to Co(SCN)?- and that each of""3--' ' '4

these cations is more efficiently sorbed than is Na*. ApparentlY, NHrOH+

is slightly less so perhaps because of its inereased hydrophilícity due

to the -OH group. Seen in thÍs light, we thus reaLíze that the identity

of the cation is quite important t,o anion sorption. A strong interaction

between polyurethane foam and the ammonium ion may be indicated by the

red colour developed initíally by the foam but this colour would be

dífficult to distinguish from what night be expected from contanr-inating

iron.

Further interestÍng ínformation comes from a comparíson of

values for Ëhe series in which H atoms in nfff, are progressively

by nethyl groups. Thus, sunmarízing the results of Table II-22,

the D/Do

replaced

we have:
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Ion Added D/Do for 0.10 M concent.ration

MIf
¿

CH3NHå

(cH3) 
2NHt

{cHr) run+
(cH3) 

4N+

2.33 I 0.18

1.19 t 0.04

0.919 ! 0.026

0.BBB I 0.030

0.837 ! 0.024

From Ëhis, ne see a steady trend away from the substantíal enhancement

prod.uced by 0.10 M NHI to the sIÍght depression caused by 0.10 M (CH3)'fr.

Although spectrophotometríc measurements I¡rere not made on all of the menr-

bers of this series, both NHf, and (CH3)ON+ were observed not Ëo prod.uce

any substantial changes in the Co-SCN- equilibría (see Table II-23)

and this níght be assumed to be true for the others as wel1. The steady

decline in the measured cobalt sorption as hydrogen atous in fUfff, are sub-

stituted with rnethyl groups is curious since it occurs in spíte of the

fact that the catíons thereby become progressively more hydrophobíc and

should therefore be expected to be more readily extractable inËo any sol-

vents with lower polarity than \./ater. This should apply to polyurethane

and so we again infer that there is special solvatíon available to the

fUff, ion r¡hich becomes impossible with the trend to (CH3)4N+.

There are t\¡/o obvÍous chemical properties which change in a regular

manner Ín thís series: ion size and the availability of weakly acidic

hydrogen atoms for H-bonding. Either or both of these may be important

factors ín deciding the effect of the catíon. If hydrogen-bonding capa-

bilÍty ís at issue then the progression is very easily understood since

mfff, is very well-equípped r¿hile (CH3)4N+, of course, is not. However,

if íon size is the key, then it must be directly related to the mechanism
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of special solvation rather than to liulitations on peneËratíon into the

polyurethane (as Ít ís for ion exclusion chromatography, for example)

since ions much larger than (CHr)ON+ {s,rch as Co(SCN)l-, for that matter)

are easily sorbed. l,Ie have prevíously hinted that cation solvat.ion ín

polyurethane may be of a chelation type probably involving the po1-yether

moieties (the Cation Chelation Mechanisrn) and in this light it is easy

to understand decreases in its possible effectiveness as the bulk of the

cation is greatly increased or its H-bonding abilíties are removed.

I^Ihat is perhaps rrore difficult to explain is the mechanism whereby

interference r.ríth cobalt sorptíon may be brought about (i.e. D/Do < 1.00)

by Èhe addition to solutíon of a catíon such as (CH3)ON+ which appears

not to disrupt the Co-SCN- solutíon equilibria measurably and whích we

suppose not to be especíally well sorbed by foam. One possible explan-

ation of this is thaÈ the addítion of Cl- or Br- to solution actually

depresses sorption slightly (perhaps by competirion for sorption sites)

but that this effect \,ras previously urasked by the accompanying increases

due to extra Na* also added. Although possible, this seems unlikely

since the addition of 0.1 M Cl- or Br- in the presence of 0.5 M SCN-

(which should be a much more extractable anion) v¡ou1d noÈ be expected to

produce a signíficant effect. On the other hand, it is possible that

ion multíples of the type ((CHr)u+)rco(SCN)7*- 
^"t be foruíng in solution

to some extent thereby interfering with the normal extraction of

Na.Co(SCN),. This Ís perhaps not entirely unreasonable although another¿+
equally feasible explanationt r" thaÈ srnall amounts of the large cation

(along wiÈh sorne aníon) are sorbed by foam and as a result of not being

chelatable tÍe up t'solvent" very ineffíciently. This loss of avaílable
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"solvent" might thus inËerfere \,üith the solvaËion of a larger number of

chelatable cations to produce a net drop in cobalt sorptÍon. trrlhich, if

any, of these suggestions is true, ís not knorn¡n and r¡ou1d be difficult

to deterurine.

Strangely enough, although successive substitution of CH3 groups

for hydrogen atoms in the ammonium ion leads to decreased sorptíon of

cobalt, the opposite effect r¡ras apparently demonsËrated when n-butyl

groups are substituted ínstead:

Ion Added D/Do
0.10 M 0.010 M

Mli
( cH3 ( cH2 ) 3) 

NHT

(cH3 (cHz) 
¡) zNHi

(cH3 (cH2) 

') 
rllH+

(cH3 (cH2 ) ¡) ¿N*

2.33

2.80

11

-200

-6.8

0.18

0. 14

L7

1000

1.1

L,I4
r.72
10.2

50

0.07

0.07

2.8

70

1

t
t
+

1

Ì
t
t
+

However, the situation is uore complicated here since it was observed in

the experiment and agaÍn in the spectrophotonetríc studies (see Table

II-23) that two phases were produced ín each case by the addition of the

(n-butyl)-containing substances to solution and that much of the green

cobalt colour and 6oco actÍvity (progressively more as the number of

such groups increases) was extracted ínto the organic phase. The exist-

ence of two immiscible phases containing very different concentråtions

of cobalt created large analyËical problems in the experiment and so

precision was 1ow. An attempt \.ras made to circumvent a parË of this by

not using some of the ínitial soluÈion acÈivity data in the calculatíons
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(see Table II-22 and footnotes thereof) but r¿ith liroited success.

Once in contact wíth polyurethane foam, Èhe organíc phases were

not.ed Ëo associate themselves irn¡nediaËely wíth the foam, causing ít

to swell considerably in some cases. hlhere the volume of the organic

phase was relatíve1y large, much of it vTas squeezed out by the action of

the distríbution ce11 plunger but was again "mopped up" when the foam

expanded once more. Thus, the apparent anomaly is easily explained

since these (n-butyl)-containing amínes evldently are themselves be-

having as liquid íon exchangers whích probably collect mostly at the

foam/v¡ater ínterface. The use of liquid ion exchangeïs (but of higher

molecular weíght ) in conjunction hrith polyurethane foam for metal ion

extraction has arready been desctib.d(50' L2I-3' 125-7) 
.

Another interesting series in this respect is that ereated by

the substítution of only one a1kyl group but of dífferíng chain length

for a hydrogen atom in the ammoníum íon:

Ion Added n/oo
0.10 M 0.010 M

a
NH¿

CH3NHT
-l-

cH3cH2NHå

cH3 (cH2 ) 3Nrrå
cH3 (cH2) 

5NHT

I 0.04

r 0.029

t 0.07

t 0.26

2.33

1. 19

1. 208

2. B0

-26

0. 1B

0. 04

0. 028

0. 14

27

1. 05

1. 034

L.T4

3.05

t
I
t
+

+

In this series, hte note that the initíal decrease in cobalt extraction

accompanying the replacement of one H-atom ín NHf, with a methyl group

and then an ethyl group (and thus decreasÍng H-bondíng or creatÍng

steric inÈerferences with chelation) is overtaken by the liquíd anion
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exchanger effecË mentioned above as longer chaíns are incorporated.

Again, two distínct phases lrere observed (at least ín the case of the

n-hexylammonium ion) in both the distributíon experiment and the spectro-

phoromeËric srudy (tabte II-23).

A further series comparíson to be made in Table II-22 is that

between the various ammoníum salts whích contain Ëhe three isomers of

the butyl ion as the sole alkyl group:

Ion Added D/Do
0.10 M 0.010 M

cH3(cH2) 3M3*
cH3cH2cH(cH3) NHT

(cH3) 
3CNHT

2.80 I 0.14

1.33 1 0.05

L.Lz ! 0.04

1.14 t 0.07

1.01 1 0.04

0.976 I 0.031

In thís case, there appears Ëo be a general decrease in the enhancement

of cobalt sorption as the alkyl group becomes shorter and more compact.

Such an effect could arise either by increasing the steric interference

of catíon chelation (since more of the alkyl group ís then in the ímmed-

iate vicinity of the chelatable -m| eroun) or by decreasing the extent

to r¿hich it can behave as a liquíd anion exchanger with íts hydrophobic

"tail" solvated by polyurethane while anions exchange at Íts polar "head"

in the aqueous phase. Quite likely, both of these phenomena should be

consídered.

Several other substances which do not fit readily into a logical

series were also tesËed for different reasons. First of all, ethylene-

díamine (added in that forn but present chíefly as the mono- or diammon-

íum salÈ in solution) was tested as an example of a known N-contaíning
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complexant of cobalt (wíth stepwise formation constants Kt = 7.8 x 105,

K2 = 6.9 x 10a and K, = 1.3 x lo3Q+o)r. The results in Table rr-22

shor¡ that it is a powerful ínterferent presurnably through its influence

on the solution equilíbria of cobalt. In addition, the reasonably weak

base, pyridine (whích should be approximately 847" protonated to the

pyridinium ion in Ëhis experiment) showed some interfering effect though

not so dramatic. The spectrophotometríc study indicated that a pink

precipitate (most probably Co(C5H5N)4(SCN)2) formed with its addition and

removed almost all of the cobalt from solution. This complex Ís commonly

used for the gravimetric determination of cobalt(200). Another amine

which !,ras tested ¡¿as aniline (C6H5NH2) which would be present in approxi-

nately equal amounts as the protonated and free base forms under the ex-

perÍmental conditíons. In this case, moderate enhancemant of cobalt

sorption \,ras experienced. However, spectrophot.ometric study indícated

that no shift in Co-SCN- equilibria occurred and that two phases were

again present ín the absence of foam. Thus, a liquid anion exchanger

effect símilar to mâny other large bases was 1íke1y again at work.

Another inÈeresting but largely unrelated set of N-contaÍ-ning

courpounds tested ín this experiment was the group of four found last in

Table II-22 (formamide, N-methylforrnarnide, N,Nr-dimethylurea and ureËhane).

All are very weak bases and so would not be measurably protonated at pH

4,5. These were deliberately chosen to mimic the types of N-containing

groups present in large numbers in polyurethane foam which night possibly

be expected to participate in cobalt sorption. Thus, amide, urea and

urethane links are represented by these compounds and níght be expected

to influence the sorptÍon of cobalt either posítively or negatively by
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their presence. The fact Ehat there I,ras no detectable effecÈ in either

direction from any of them suggests that their counterparts in polyure-

thane also likely exert little oï no influence on the phenomenon of co-

balt-thiocyanate sorpion. This information complements the previous ob-

servatíons based on extractíon differences related to foam Èype and foam

pretreatmenË r¿hich indicated thaÈ the polyol portion of the polymer was

most ímportant. It r¡ou1d thus appear that it may be all-iurportant and

that any possible mechanism involving foam nitrogen lígands can probably

be rejected in this instance.

Having now considered all of the data in Tables II-20, II-21 and

II-22, it is possible to say that the results are generally ín agreement

wíth the proposal of a specíal solvent extractíon or ion exchange-like

process in whích the identity of the catíon and anion are both important

parameters. Many substances present ín solution can exert some influ-

ence (both positive and negative) on Èhe extTâction but many others are

without effect. Those substances whích ínterfere \riËh the cobalt sorp-

tíon process apparently do so by one or more general mechanisms.

fnterference phenonena :

1. FormaLÍon of cobalt-containing complexes other than

Co(SCN)f- whích are of lower extractability by poly-

ureËhane.

Removal or destruction of free SCN- ion from solution

as by oxídation or by compeÈitive eomplexation of other

substances where SCN- is at low concentration.

Fíl1íng or destroying sorption sites on foam such as by

competiËive sorptíon of anions other than Co(SCN)1- "t
by such reactions as oxídaËion,

t

3.
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4. Alteration of some solution

co(Scu)f- formation.

On the other hand, where enhancements

occur, rhey likely do so by one or more

parameter crítical to

cobalÈ sorptÍon are seen

the following processes.

of

of

Enhancement phenomena :

1. FormaÈíon of cobalt-containing complexes other than

Co(SCN)f- which are of higher exËractabílity by poly-' '4

urethane.

2. Increasing the concentration of available cation, M+

(or M2+, etc.), which accompanies the Co(SCN)20- into

the polyurethane phase. All catÍons are noE equal in

their abilíties to perforur this function and size and/

or hydrogen bonding ability may be important factors.

3. Increasing soluÈion ionic strength.

From a practical poínt of view, these generalizations are víta1

both in predicting and avoiding other interferences and in planning

possible enhancemenLs. In an industrial setting or in the cleanup of

nuclear ü7astes, a number of other metals, salts and perhaps surfactanËs,

flocculants, etc. will normally accompany cobalt in solutions from r¿hich

it ís to be recovered. Tn both qualitatíve and quantitative analytical

uses as we11, many substances r¿il1 be present in specific samples and

will require careful choíce of conditíons.

Based on the daËa already obtained, it is evident that the import-

ant separatíon of cobalt from iron or from níckel (with which it r^rill

often be associated) should not be difficult. Furthermore, glancing at

Figure 2-28, it seems thaË separâtíons based on polyureÈhane foam and
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thiocyanate wíthin almost any Group of metals in the periodic table

should be possible. Also, marked enhancements of sorption can be

achieved by the use of long chain organic aruines in conjunctíon wÍth

foam. In addítíon, we see that a variety of organic and inorganic

complexants (CN-, EDTA, oxalate, cítrate, ethylenedíamine) are avail-

able, if necessary, to aid in the recovery of cobalt from foam and that

many others whÍch do not greatly interfere with cobalÈ sorption

(N0;, F-, C1-, Br-, I-, H2Poi, etc.) may be used to mask other interfer-

íng element.s.
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L2. !g!vgæ!h""-g Film Sorption and
Membrane Díffusion of Cobalt

The fact that the measured capacity of polyurethane foam for

cobalt-thiocyanate is too large to be due to an adsorption phenomenon

indicates that the species involved must be transported direcË1y ínto

the bulk of the polyner, presumably by diffusion. The probability then

exists (as suggested by the prior r¿ork of Horsfall(42) on ga11íum

chloride, Gesser et al.(156) on gallium and iron chlorides and the later

work of GupËa(48);;g uranyl nitrate) that cobalt-thíocyanate could

thus be absorbed on one side on a thin film (rnembrane) of polyurethane

and transported by diffusion Èo the other side.

Concurrently with the experiments designed to confirrn this, some

preliminary comparative tests were made of the relative cobalt sorption

abilíties of several commercially-available polyurethane film tyPes.

The blue colour of the absorbed cobalt-thiocyanate complex made this

task qualítatively quite easy. Thus, 2.0 x 3.0 cm píeces of a number

of avaílable membrane materials were cut and exposed as a group to

stirred solutions containing cobalt(II), potassium thiocyanaÈe and sodium

acetate/acetic acid buffer. The intensity of blue colour developed by

each was noted visually and selections of those films to be tested

further \,rere thus made.

The three polyurethane types chosen for further study were those

knor,¡n as MP 1880 ( a polyether-based producL of the J. P. Stevens Company,

Easthampton, Massachusetts) and Tuftane 312 and 410 (both polyether-

based products of the B. F. Goodrich Company, Cleveland, Ohio). The

physical properties of Ëhese substances are summarized at the top of
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Table LI-24.

Two solutions of 100 nL volume úrere prepared each containing

8.5 x 10-4 M (50 pprn) co(rr) and 1.0 M NaooccH3/HOOCCH, buffer. The

first solution also contained 1.00 M KSCN and was pink in colour while

Èhe second was 5.00 M in that salt and was decídedly blue. Two rec-

tangles of 2.0 x 3.0 cm size were cut from each type and one of these

was placed ín a beaker containing the 1.00 M KSCN and the second in the

5.00 M KSCN solutions descríbed above. Magnetíc stirring bars were

added, the Èops were sealed with polyvinylchloride fí1n to retard

evaporation and the film pieces in the beakers were left to stir at

room temperature for some time. The three film types were thus exposed

to identícal solution conditÍons.

After certain períods of time had elapsed, the filn pieces were

removed, rinsed briefly with distilled nater, visually examined and

then the transnission electronic absorption spectrum vras measured for

each. The result.s of the measurements are collected in Table II-24.

None of the fíhn types was found to acquire any apprecíable colour in

the pink 1.00 M KSCN solution even after nearly one week of stirring.

In this respect, all of the polyurethane membrane types are quite

dífferent from polyurethane foam since the foam material under these

conditions (1.0 M KSCN, 1.0 M buffer) would be expected to have a cobalt

distribution ratio, D, in the neighbourhood of 106 L kg-l (see Figure

2-18) and would have become Íntensely coloured almost immediately. We

conclude that the types of polyurethane film available are of such a

composition as Èo be very much less efficient at cobalt sorption than

are the foams. PossÍble reasons for this v¡i1l become apparent 1ater.
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Both Tuftane 3r2 and ruftane 410 \,Íere, however, noted to become

visibly blue after less than one hour of exposure to the blue 5.00 M

KSCN solution and an absorption maximum at 623 nm developed with time.

MP 1880 also acquired a faint blue colour but much more srowly.

Measurements of the absorbance aE 623 nm as a functíon of polymer/

solution contact time for each of the three membrane types are tabulated

ín Table Tr-24 and displayed graphically in Figure 2-29. From rhese,

\¡Ie see that Tuftane 410 is the most proficient of the three at sorbing

the blue colour of the cobalt-thiocyanate complex from solution but

that equilibrium is not established quíckly. rt is obvious, however,

that rapíd equilibrium attainment may not be expected since the condi-

tions of the experíment (with vast excesses of co(rr) and scN- com-

pared to the quantity of polyurethane) would be such as to saturate

each of the polyrner types rnrith the cobalt complex.

The visíble spectrum of the sorbed complex on each of the three

membrane types is shom in Figure 2-30 along with that of the blue aque-

ous solurion (8.5 x lO-a M co(rr), 5.00 M KSCN, 1.0 M NaooccHr/HooccH3

buffer) \,/ith \"/hích they v¡ere in contact. The Fígure illustraËes, first
of all, that the same (ornearly the same) species must be absorbed by

each of the polyurethane film types (e = Tuftane 410, B = Tuftane 312,

C = MP 1880) although to greaËly different extents. Furthermore, this

spectrum ís identical to that reported for the Co(SCN)rt- aníon in a wide

varíety of símp1e organic solvents (acetoneQ06), methylísobutyl ketone
(2ts¡, 

dimerhylsurfoxid e(207,244), rribuËylphosphare(245), rrímethyl-

phosphate Q07), nitromerhane Q46), N,N-dimethylacer"rid"(207), 
"rrd

1,2-propanediol carbonateQ}T)). Thus, the absorbed cobalË-containing
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TABLE TI-24 COMPARISON OF VARIOUS POLYURETHANE MEMBRANE TYPES FOR

ABSORPTION OF COBALT FROM Aaglgqs THIOCYANATE SOLUT]ONS

Solution Conditions:

Ico ]
I scN- ]
pH..
Ionic Strength (I)
Solution Volume (V)
Temperature ..
Membrane Size .

Membrane Specif icat ions :

Type .

Supplier

8.5 x 10-4 t"l (50 ppm)
1.00 M, 5.00 M (KSCN)
4.8 (1.0 M Na acetare buffer)
2.0 M, 6.0 M

100 mL
ambienË (20 - 24"C)
2.0 cm x 3.0 cm

ThÍckness (rnm)

(inches)
Area Density (gm 

"r-2)

Tuftane 312 Tufrane 410
B.F. Goodrich B.F. Goodrich

0. 038
0. 001s
0.00584

MP 1B8O
J.P. Stevens

0. 13
0. 005
0.01951

0. 025
0. 001
0. 00353

Membrane
Type

I scN- ]
(M)

Contact
Time

(hours)

Absorbance
aL 623 nm

MP 1BBO

Tuftane 312

Tuftane 410

r. 00

5.00

1. 00

5. 00

1. 00

5.00

L25.0

25.2

r25.0

143.0

1.1

3.0

L7 .5

43.s

143.0

125.0

6.0
25.2

L25.0

0.02

0. 05

o.L2

0.00

0.06

0. 10

0.42

0.64

0. B3

0.02

0.72

1. 68
¿

2.34^

* Calculated from measured absorbance aË 585 nm shoulder
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species is apparently Co(SCN)|- "" 
\¡/as suggested to be the case for poly-

urethane foam, as well.

The last curve (D) in Figure 2-30 is the absorption spectrum of the

8.5 x t0-4 t"t co(rr), 5.00 M KSCN, 1.0 M NaOOCCHT/HOOCCH3 solution with

whích these films were equilíbrated. From Ëhe spectrum, it is evident

that species other than Co(SCN)f;- 
^t" 

also present in the aqueous phase

aÈ room temperature (since the spectrum of Co(SCN)1- t" rdater is very

similar to thaÈ in organic solvents(215)). This is as predícted by

some of the relaËive íon abundances calculated in Table II-14 for the

thíocyanate and other species.

The infrared spectrum of Ëhe thinnest of the film types (Tuftane

3L2,0.025 mm in thíckness) was also obtained before and after 143.0

hours of contact with both the 1.00 M and 5.00 M KSCN/Co(ff)/buffer

solutíons. In the case of the 1.00 M KSCN solution, very lÍtt1e change

in the spectrum r¿as noted to have taken p1ace, paralleling the lack of

visible absorption at 623 nm. However, in Figure 2-3I L7e see that from

5.00 M KSCN solution, a large absorption band at 4.87 um (2055 cm I)

was observed as well as a much smaller one at 20.8 um (480 c¡-l¡.

These absorptions are consistent with the identification of the sorbed

cobalt-containing species as Co(SCN)'a- t"t, more properly, as Co(NCS)l-

taking línkage isomerism - which we have consistently ignored so far -

into account). To support this, Lewis et a1.(185) have observed an in-

tense C-N stretching band at 4.82 um (2076 
"t-1) 

for K,Co(NCS)4'4HrO in

aceÈophenone solution and 
"rrt-*=a=, 

bending mode of moderate íntensity

at zL.O um (475 cm-I) ín either solution or mull. Heitner-I^lírguin and

Ben-ZwiQ47) report the C-N stretchíng frequency Ëo be 4.85 uro (2060 cm-l),
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in much closer agreemenÈ r.¡ith our observaÈions. Another absorption re-
ported by these authors ât 116 un (960 

"r-l) would likely have been roo

r^reak and obscured by the polymer spectrum to be visible here.

Having established from the preliminary results both the absorbing

species and the relatíve extractÍng abilities of several polyurethane

membrane types, a few experiments were then devised to test the Ërans-

porÈ of cobalt-thiocyanate from one solution through a membrane and into
another soluti-on on the other side. For this purpose, a speciar pyrex

glass membrane díffusion cel1 (Fígure 2-32) was used as Ín the work of
others(42'48'156). The apparatus was assembled by cutting a piece of
the uembrane material to be larger than the ground glass flange openÍng

on one síde of Ëhe equÍpment and sealing it to the ground surface lrith
hígh vacuum sílicone grease. The other half, also bearíng silicone
grease on its ground surface, úras then fitted to this, the excess mem-

brane cut ahTay and the two halves fixed together with a stainless

steel split ring clamp (not sho¡,¡n). Teflon stírring bars r¿ere inserted

and Èhe ground glass stoppers were lightly greased before Ínserting the

cell into a thermostatted !üater bath (25 t 1"c) to test for leaks and

to come to thermal equilíbrium in preparation for their use.

rn the experiments, dífferent solutíons were prepared to fill
Èhe tr+o halves, t'4" and "8" of the dÍffusion ce1l. rn sid.e "A" (ttre

starting flask) a solutíon containing co(rr), 60co tracer, KSCN and a

NaooccHr/HooccH3 buffer was placed while síde "8" (the receiving flask)
contained only the buffer. one líter volumes of each type ,^rere prepared

and placed ín the thermostatÈed water bath for 12 hours prior to begin-
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ning the experiment in order to come to thermal equilíbrium.

To begin Ehe experiment, samples were first removed into calibrat-

ed 15.0 nL test-Ëubes for non-desEructive analysis by repetitive radio-

active counting (ten 100 second íntervals ín most cases but occasionally

t\,renty intervals where âctivity levels were quite 1ow). The counted

solutÍons \,rere returned to the flasks then the two halves of the dif-

fusion cell were filled in stages to give equal heights of liquid on

both sides (but not necessarily exactly equal volumes). The volume of

liquid delivered to each side was measured as it was dispensed and these

volumes \¡rere recorded for comparison with what remained at Ehe comple-

tion of the experiment.

Visual observations of the progress of diffusion during the

experimenË vrere made períodícally over many days and 15.0 rn]- samples

were withdrawn for counting in the same test-tubes as \,rere used for

the initial measurements. The measured act.ivíties r¡rere employed Ëo

calculaEe the concentrations of cobalt on both sides of the membrane

after corrections for background and 40K activíty were applied.

Three attempts were made to observe diffusion of cobalt through

polyurethane with dífferent film types, cobalt concentrations and thio-

cyanate concentrations. The fÍrst two, using polyurethane wíth a poor

affiníty for the cobalt complex andfor lower thiocyanate concentrations

v¡ere terminated after only 9 or 10 days had elapsed. The third one,

which was much more informative, r¡ras continued for nearly one monEh.

The results of the experiments are displayed in Table II-25 where

the corrected solution activities and cobalt concentrations on eit:her

side of Ëhe membrane are shown as a funcËion of the tirne elapsed from
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COBALT THROUGH POLYURETHANE MEMBRANES

Initial CondítÍons:

Membrane Type .

Thickness
Area .

Temperature ..
pll ..

lcol
lscN-l ...
Ionic Strength (I)
Solution Volume (V)

E¿perrÐ9É

MP 1880/Natural
1.3 x 10-2 cm (0.005 inch)
50 cm2
25 !L"C
4.8 (1.0 M Na acetate

Starting Side
1.7 x l0-s M-G.O ppm)
1.0 M (KSCN)
2.0 M

940 mL

buffer)
Receivíng Side

0
0
1.0 Lf

780 mL

Sample
Number

Elapsed
Time

(days)
10.004

Startíng Side
Solution Cobalt
Activity Concentration

(dps) (ppr)

Receiving Side
Solution Cobalt
Activíty Concentration

(dps) (ppor)

0. 000

0.03r

0. 201

1. 04s

2.045

4.031

10. 021

207 .3
r1 .5

206.4
r0. B

206.7
10. I

207 .3
lL.4

206.3
11. 1

207.6
11.1

205.3
11.1

1.000
10.007

0.996
10.004

0.997
10.004

1.000
10.007

0.995
r0.005

1. 002
r0.005

0. 990
r0.005

0. 03
r0. 19

0.L2
t0.72

0.02
t0. 1B

0.02
t0. 20

0.06
r0. 15

0. 10
Ì0. 16

0. 19
!0.22

0. 0014
10.0009

0. 0006
r0. 0006

0. 0001
t0. 0009

0.0001
r0. 0010

0. 0003
r0. 0007

0.0005
r0.0007

0. 0009
10.0011
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TABLE II-25 - continued

E¿psereeq ?
Initial Conditions:

Membrane Type
Thickness
Area .

Temperature ..
pH..

SÈartíng Side
[co] . s.5 " to: r'r (so ppm)
I scN] 2.0
Ionic Strength (I) 3.0
Solutíon Volume (V) 945

Tuftane 410/Natural
3.8 x 10-3 cm (0.00f5
50 cm2
25 1"C
4.8 (1.0 M Na acetate

ínch)

buffer)
Receiving Side

0
0
1.0 M

77O mL

M (KSCN)
M

mL

Sample
Number

Elapsed
Time

(days)
r0. 004

Starting Side
Solution Cobalt
AcÈivity Concentration

(dps) (pprn)

SoluÈíon
Act ivity

(dps)

Receiving S ide
Cobalt

Concentrat Íon
(ppm)

10

0.000

0.018

0.L25

0.370

0. 950

L.943

2.964

3.957

5.992

8.929

131.1
!0.7

131. 6

11. 1

131.5
10.8

L32.O
!0.7

I3L.2
10.8

L3L.7
11.0

131.4
t0. 9

131.4
10.5

131. 3
t0. B

130. I
11. 1

50.00
10. 28

50.2
!0 .4

50.14
10. 31

50.32
10.28

50.00
t0. 31

50.2
!0.4
50. I
r0.4
50.11
r0.19

50.06
!0.32

49.9
!0.4

0. 19
10. 16

o.r2
10.14

0. 15
r0.19

0. 39
t0. 14

0. 30
10.14

0.15
10.14

0.27
10. 18

0. 07
10. 06

0.04
10.05

0.06
r0. 07

0.15
10.05

0.L2
10.06

0.06
r0.05

0. 10
r0. 07
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TABLE II-25 - continued

eriment 3E¡P
Initial CondÍtions:

Membrane Type
Thickness
Area .

Temperature ..
pH...

Tuftane 410/Natural
3.8 x 1O-3 cm (0.0015
50 cm2
25 !L"C
4.8 (1.0 M Na acetare

inch)

buffer)
ReceivingStarting Side

lcol 8.5 " 1o=q r'r (so ppru)

lscNl s.00 M

Ionic Strength (I) 6.0 M
Solution Volume 939 mL

Final Solutíon Volume 1130 mf

S ide

(KSCN)

Total = 1684 mL

Total = 1661 mL

0
0
1.0 M

745 mL

531 mL

Sample
Number

Elapsed
Time

(days)
r0.004

Startíng Side
Solutíon Cobalt
Activity Concentration

(dps) (pp*)

Receiving Síde
Solution Cobalt
Activíty Concentratíon

(dps) (pp*)

10

0.000

0. 097

0. 306

0 .847

1. 853

3.853

5.875

7.898

9.888

11. 90r

14.058

I|L.6
10.9

139. B

t0. B

138. 7

r0. 6

136.5
10.8

133. 1
10. 9

L26.0
tl. 0

117.0
!0.7

108.0
11.0

98.4
r0. B

82.4
10.6

61.6
t0 .4

50.00
10.33

49.38
r0.28

48. 98
!0.22

48.27
!0.27

47 .02
i0. 30

44 .50
lo .34

4L.34
!0.23
38.L4
10. 36

34.76
10. 30

29.L2
!0.20
21.7 4
10.15

0. 00
J0. 16

0. 000
t0. 009

I.I4
!0.2L
4.38

!0.L7

72.2L
!0.24

23.36
10. 35

34,22
!0.24

47 .O
t0. 4

67 .9
t0. 6

94.9
10.9

0.00
10. 06

0. 0000
r0.0032

0. 40
10. 07

1. 55
10.06

4.3L
r0.08
8.25

!0.I2
12.08
t0.08
L6.6L
r0. 15

23.98
to.2L

33.52
10. 33

11
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TABLE II-25 - continued

Experíment 3 - continued

Sample
Number

Elapsed
Time

(days)
10.004

Starting Side
SolutÍon Cobalt
Activity Concentration

(dps) (ppm)

Receívíng Síde
Solution Cobalt
Activity Concentration
(dps) (pput)

I2

13

L4

15

t6

L7

18

L5 .87 7

17.891

t9.943

21,.832

23.783

25.97L

27.867

45.0
r0. 6

28.03
!0.32

L3.2
10. 4

4.69
10.20

1.48
t0. 19

0.2
!0.4

0. 14
t0. 17

15. 88
!0.2I
9.90

t0. 11

4 .65
10. 13

r.66
r0. 07

0.52
r0. 07

0.06
10.14

0.05
10.06

118. I
!0.7

L43.8
r1.0

767 .9
10. 9

19L.4
lL.2

270.7
lL.2

229.8
lL.2

242.6
11.5

4L.72
!0.24
50.8
10.4

s9. 31
t0. 30

67 .6
r0. 4

74.4
t0. 4

87.2
!0. 4

85.7
r0.5
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the beginníng of the experiment. In Experiment 1 (whích actually pre-

ceded Ëhe preliminary investigations to find the most suitable film type),

r^re see that no measurablu 6oco disappeared from the solutíon in the

starting flask and none appeared in the receiving flask after 10 days

of equilíbration when 1.0 pp* Co(II), 1.0 M KSCN and MP 1880 poly-

urethane fílm were used. This lack of measurable change \¡las accompanied

by a marching lack of vísual alteration (although at 1.0 ppm Co(II) is

not easily visíble in solution).

To concentrate the radioactive waste prior to disposal, a single

50 mg píece of /i1338 BFG polyurethane foam was added to the starting

side of the diffusion apparatus. After two days of stirring, approxi-

mately 957" of the solution actÍvi¡y was found to be mopped up by the

foam píece. Thís clearly demonstrates the difference in behaviour be-

t\deen the MP 1880 rnaterial and that of polyurethane foam since although

there r^ras actually about 980 mg of polyurethane membrane here wÍth a

surface area comparable to that of the 50 urg foam piece, no cobalt was

absorbed by the film over a 10 day period.

After some of the preliminary experiments had demonstrated the

poor performance of MP 1880 for cobalt sorption, Experiment 2 I¡Ias begun

using Tuftane 410 instead, at a higher thiocyanaÈe concenËration (2.0 M)

and at 50.0 pprn Co(II) conceûtration (so observations could be made more

readíly). From Tab1e II-25, however, it will be apparent that once again

very 1ítt1e, if any, 60Co \¡Ias removed from the starting side or appeared

in the receiving side of the diffusion apparatus. Visual observation,

nevertheless, revealed that â very faint green colour \¡ras transferred

from the bluish-pink starting soluËion to the polyurethane film and the
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presence of slíght 6oCo activity was measured on it following termina-

Èion of the experiment after 9 days. Evidently, though, 2.0 M SCN-

was insufficient to produce apprecíable absorption or diffusíon of any

cobalt-containíng sPecíes.

Another experiment (Experirnent 3) was thus devised in whích the

aqueous thiocyanate concentration was increased substantially to 5.00 M

while other parameteïs were maintained símilar to Experiment 2. The

results, as listed in Table IJ-25 and plotted in Figure 2-33 show that,

as expected, under these conditions cobalË is removed from the starting

side and transpoïted at an appreciable rate to the receiving síde until

the transfer is essentially quantitative (>99.57. af.ter 28 days).

Duríng the eourse of this experíment, several very ínterestíng

observations r,/ere made. First of all, the starËing solution was, in thís

case, blue in colour índicating the presence of significant amounts of

Ëetrahedral Co(II) species. The polyurethane fi1m, moreover, became

bright blue-green withín the fírst fevr hours of exposure and remaíned

this colour (wíth gradual reduction in intensity) throughout mosÈ of

the duration of the experiment. As time progressed, the blue colour of

the starting solution disappeared and it eventually became colourless

while the receiving side acquired a discernible pink colour after be-

íng inítially colourless.

The membrane itself was also observed to undergo definíte physi-

ca1 changes during the experiment. After L2 ot so days, ít began to

bulge noticeably int.o Èhe receiver side of the apparaËus unËi1 it r¡as

very markedly distorted at the conclusion of the experimenË. Examína-

tion of Èhe merobrane after dismantling Èhe apparatus showed that'
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although no weakening of the polymer was apparent, this change in

physical shape Ì/ras permanent and that the polyurethane had transformed

itself from beíng faintly amber and nearly transparent to beíng white

and opaque. Accompanying this deformation of the membrane, there was

a substantial transfer of ÍraËer (measured to be approximately 200 mL)

from the receíving side of the apparatus to the startíng side thus

necessitaËing the bulging.

In developing an explanation for the observed behavíour, vre may

fírst draw upon the prelíminary observaËions (Figure 2-30) which demon-

strate that the cobalt species sorbed by Tuftane 410 from 5.00 M KSCN

solution is most likely Co(SCU)f- (ín courpany with some cations, M+,

of course) . Thus, the first tr^ro steps in the process are the formation

of this species and íts extraction into Èhe polymer:

t'?iol + 4 scNl"q) : co(scN) |-Gq) (ls4)

a*i'o) co(scN)?_l^r> -+ , 
"tnl 

+ co(scN);?e) (1ss)

, *T"ol + co(scN)17^ù

where the subscripts aq and p refer to species preserit in the aqueous and

polymer phases, respectively. trJe are uncertain r¿hether the ionic spe-

cies will be appreciably ionized (equation (155)) or associated wíth one

anoËher (equation (156)) in the polymer phase but this is not greatly

important here.

The complex formaÈion equílibrium (equation (154) ) is very rapid
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and so v¡íIl not influence the comparatívely slow rate of absorption.

For a period of time, therefore, the blue co(scN)f;- i"" ís absorbed ar

some rate from solution by the polyurethane and diffuses into the bulk

of the polymer until ít begins to approach saturation. DurÍng this time,

no appreciable amounts of cobalt reach the opposite side of the membrane

and are discharged into the receiving side. This phase, occupying about

6 to 8 hours of time, is identified as region A ín Figure 2-33 and is

characterízed by a fairly rapid drop ín cobalt concentration on the

starting side but no change in the receiving side as the polyurethane

membrane becomes "charged" r"¡ith the absorbed species. Once nearly fi1led,

signíficant transfer of the cobalt to Ëhe receiver begins by the reverse

of equatíons (154-56) since there is no appreciable scN- ligand Èhere.

The nearly constant rate of cobalt transfer during this diffusion phase

(region B of Figure 2-33) is presumably controlled jointly by the rares

of absorption, diffusion and desorptíon (wíth diffusion like1y being the

slowest) .

However, a further complicating phenomenon begins to become appar-

ent after approximately 10 days of diffusion (region c of FÍgure 2-33)

sínce here we observe an Íncrease in the rate at which the cobalt con-

centrations are altered on the two sides of the membrane. As noted from

Ëhe observations, this coincides with the perception of membrane bulging

and has been related to the eventual transfer of approximately 200 mI

of ¡¿ater from the receiving Ëo the start.ing side. rt seems, therefore,

that the polyurethane membrane has suffered morphological changes to

become semí-permeable during the transport of cobalt so that osmosis of

vraËer occurs in the opposite direction (from the receiving side, where

the íoníc sËrength ís 1.0 M, to the starting side, where it is 6.0 M).
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Thus, some of the hastened concentratíon changes observed ín thÍs

region are attributable to thís transfer of solvent from one síde to the

other although we also expect improved cobalt diffusion as a result of

the larger surface area and decreased thickness of a bulged membrane.

Similar phenomena of osmosís and membrane bulgíng r¿ere also re-

ported by Gesser et al. (156) for Ëhe transport of Ga, Fe(III) and U(VI)

and were noted to occur only afËer some diffusion of metal eomplex had

taken place. This strongly suggests that the presence of sorbed metal

complexes results in a relaxatíon of the inter-chain forces (plastici-

zatíon) in the polymer duríng which they are free to adopt ner¿ relative

orientations as imposed by invading \,iater molecules. Thus, a series of

"channels" through which \"Iater may pass are formed and would líkely

remain until complete dryíng of the polymer or thermal disruptíons re-

sulted in a reversion to specific inter-chaín associations or to random-

NESS.

There ís no distinct boundary betv¡een regions C and D in Figure

2-33; however a distinction is made to illustrate the fact that nearly

all metal transport is concluded after some period of time and the

largest contributíon to concentration changes Ëhereafter (region D)

is sÍmply by the osmotíc movement of water. As \^re see from Figure 2-33,

t.his concentrating by loss of LTater of the receiving side solution has

resulted in a substantía1 increase in the final cobalt concentration

reached there (about 85 ppm){as compared r^ríth the initial concentration

on the starting side (50 ppn). IË should be pointed out that although

this additíonal concentrating ability is probably desirable in a number

of applicatíons, it could likely be eliminated along røith membrane bulg-
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ing by choosíng starting and receiving solutions which are isotonic.

The polyurethane membrane diffusion phenomenon has obvious poten-

tíal industrial applications in the extractíve processing of mine

liquors or even of sea \^râ.ter. Hor¡ever, due to Ëhe relatívely long times

required, analytical applications ruight be expected to be limited to

cumulative monÍtoring problems (such as, perhaps, in the vícinity of

industríal outfalls along the ocean coastlines or in specific marine

locales such as oysËer beds or fishing grounds). Unfortunately, the

oceans do not contain suffícíent thiocyanate íons to make the moniËor-

ing of cobalt amenable to this type of apolicatÍon but a number of

other metals r,rhich readíly form extractable chloro complexes (e. g.

Au(III) or Hg(II)) would be natural alternaËives to tesË.



-44s-

INTERPRETATION

Having presented the experimental information obtained concerning

the extraction of cobalt-thíocyanate by polyether-based polyurethane foam,

we v¡íll now describe r¿hat we feel to be the most probable mechanísm for

the phenomenon which ís consistent with the data. It wíll by now be no

secret that the mechanism to be put forward is the Cation Chelation Mech-

anism (CCM) which was outlined only very briefly in the Introduction.

This mechanism has not previously been suggested or proposed to account

for the extractíon behaviour of polyurethanes and before unveiling the

concept completely, it is first necessary to consider some background

information about the chemÍcal and physical properËies of polyethers in

general.

The Chemical and ËÞygigg! lfepg¡qae.gof Cyglig and xgnsyrlis lglveÉeIg

Basically, polyethers are molecules of the general form Rr-O(R-O)'R"

whích contaín alternating alkyl (R) and ether (-0-) groups repeated reg-

ularly in a cyclic or linear chain. The value of n may range anywhere

from as little as 2 to several millions and the ends of the polymer (Rt

and R") may bear hydrogen atoms or various alkyl or aryl groups or may

be joined together in the case of a cyclic polyether. The wide range of

n as well as the variety of potenÈial indentities for R, Rr and R" (and

the possíble inclusion of otÁer occasional groupings) ensure thaÈ the

number of compounds included in Èhis classification ís very large. Poly-

ethers of the noncyclíc type have been in manufacturíng and chemical use

D.

1.
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for quite some time but the eyclÍc types proved t.o be the key to under-

standing some of the peculiar propertíes of their noneyclic relatives.

We will Ëherefore first díscuss cyclic polyethers before moving on to a

consideration of the noncyclic variety.

a. gyclic Pofyglh"Lq

Cyclíc polyethers (or, more properly, "macrocyclíc" polyethers - to

distínguish them from small molecules such as tetrahydrofuran) are those

which contain a mínimum of Ëwo and usually at least four ether (-0-)

groups in the form of a ring. A large number of these compounds, mostly

of the type shown as compound I belor¿, have nor.r been prepared and dis-

covered to have very interesting cation bínding propertíes. The pioneer

á.ò

v

compound I - a cyclic polyether

in the field of both theír synthesis and complexing abílitíes was

Charles J. Pedersen of E. I. DuPont de Neuours and Company who in 1967

announced(¿4B, 249) the preparation and metal salË complexing propertíes

of thirty-three such cyclic polyethers given Èhe collective title of
ttcrown eEherstt. The standard nomenclature of these compounds is very

cumbersome so Pedersen proposed a trivial naming systeln consisting of

one or more prefixes describing the Rr and R" groups, followed by the

number of atoms ín the ring sÈructure, then the word "cror¡n" (to describe



the geometrical shape

gen atoms in the ring.
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of the ether ring) and,

For instance, compound

finally the number of oxy-

II below would have either

JÐ
compound II - dibenzo-18-cror^m-6

Ëhe reconmended IUPAC name of 2,3,LL,L2-dLbenzo-114r7,10,13,16-hexaoxa-

cyclooctadiene or the trivial name of díbenzo-18-crorvn-6.

Many of the crown ethers were discovered by Pedersen t.o form stable

complexes wíth some or all of the catíons Lí+, Na+, *1, *å, K+, Rb+,

cs+, Ag+, Au+, ca2*, st2*, B^2*, cd2*, Hg*, Hg2*, L"3*, c"3*, Tl* and

Pb2* r¿hen they contaíned from 5 to 10 oxygen atoms in the ring. From

these, a símple l:1 stoichiouetry \,ras found to exisË beËween the cations

and the crown ethers regardless of the valence of the ion. The author

inËerpreted the couplex formation as arising frou ion-dipole interactíons

between single cations fitting within the cavity of the ring and the

coplanar oxygen atoms of that ring (as shown below for the complex of Ba2*

with dicyclohexyl-18-crown-6) .

One of the primary factors governing the ability of the cror{¡n ether

-cation pairs to form a complex r¿as said to be the relatíve sizes of the

ion and Lhe cenËral caviËy of the crown with complexaÈion of only those

ions which fÍt snugly within the cavity beíng very strong. However, a

number of other considerations such as the number and symmetry of place-

ment of the O-atoms ín the ring, any steric hindrance produced by substíË-
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Borium

Oxygen

Corbon

Complex of. Ba2* with dicyclohexyl-18-crown- 6(250)

uents on the Rt and R" groups, the basicity of the eLher oxygen atoms (as

influenced by these substÍtuents), associatíon of the ion ¡¡ith solvent

molecules and its electrical charge were all said to be important in

determiníng ruhether or not a stable complex would be formed. Approx-

inâtely six oxygen atoms in the ring were usually found to be optimum ín

accomplishing the task r,rith declines in complexation accompanying much

larger and particularly smaller ring sizes (into v¡hích larger cations

were then unable to fit).

Several later publications by Pedersen and his coworker, H. K.

Frensdorf fQ5L-56) expanded both the l-ists of cror..m ethers avail-

able (to more than sixty) and the number and types of cations noted

to form complexes wíth thern. In these works, comparative studíes

were undertaken in which several prímary alkylamrnonium ions, R*T,

were found to be effectively courplexed and hydrogen bonded by the crowrt

ethers by intruding the -NHj moiety into the cavity of the cro\,ùn ether

whíle the corresponding secondary (R2NH2+), tertiary(R3NH+) and quateïnary

(R,N+) amnonium íons were not (apparently because of size and steric
4

C
o
o
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híndrance effects). Although they were

ity, the possibility of forming some 2:1

wích") complexes (shown below) of srna11

ions was also recognized and some of the

usually of somewhat lower stabil-

("sandwich") and 3:2 ("club sand-

crovrrl ethers vrith larger metal

compounds were isolated. It was

sandwÍch complex b) club sandwich complex(257)

(çn* = cation, L = cro\,rn ether ligand)

further pointed out that ín all cases of cation complexation, the particu-

1ar aníon used greatly ír:fi-uenceC the so-l-u'c-i-1itv in an organic solvent of

the complexed catÍon-anion paír wíth only "soft" anions such as SCN-, I-,

picrate and fatty acíd anions beíng successfully accommodated. Very

interestíng applicatíons to solubilízíng and íncreasing the effectiveness

of various polarizable anionic catalysts and oxidizing agents (such as

Kl'ÍaO/ in benzene) were then suggesLed and a number of these are in cur-
¿+

rent use.

The stability constants of all types of crovm ether-cation complexes

were found to be much hígher (by 3 or 4 orders of rnagnítude) in an organic

a)
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solvent such as methanol compared Èo Ëhe case in water. In testing a

series of related nacrocyclíc polyethers in which there were different

numbers of carbon atoms between successive oxygen atoms in the ring, the

authors noted that a -CHZCH.- interval produced much stronger complexa-

tÍon than did either -CHr- or -CHTCHZCHZ- (or longer) moíeties. Further,

comparisons between the cyclic polyethers and Èheir noncyclic counter-

parts containing the same number of oxygen atoms showed much lower stabíl-

ity constants existing for the latter. However, some increases in the

stability of metal complexes was observed vrhen the ring size became quite

large and this was explained by an abílity, then, of the polyether to

r¡rrap around the caËion to solvate íÈ completely (as was not possible for

the smal1 coplanar ttcrowntt) 
.

Followíng the ínítial and extensive pioneeríng work of Pedersen and

Frensdorff, interest in the subject spread quickly around the world and

many other researchers subsequently offered sígnificanË contributions.

Although ít would be neither possible nor approprÍate Èo review all of

these at this point, a very brief overvíew míght be in order.

A number of additíons vrere md.(258-62) to Ëhe long

list of complexes isol-ated containíng a varíety of metal ions, cro!ùrl

ethers and anÍons. 0n the oËher hand, measurement of the complex stabil-

ity constants in \.rater and several other solvents and solvent mixtures

has been the subject of many publicatíons (263-68). 
The general

consensus reached by these r¿orks, is that the complex stabíIíties

depend upon the relative sízes of both crovrn ether and cation and

1n some eases also on the catíon-solvating propertíes of th.e solvent as

well as steric effects produced by substituents presenË on the polyether.
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SpecifÍc studies on the solvation of alkylammonium ,ont(269-72)

and of hydrogen rorl"(zz3) have also been reporËed for particular crortn

ethers and outline the importance of both size compatibility and hydrogen

bonding on the strength of complex forrnatÍon. Other authors have dealt

primarily with the evaluation of thermodynamic parameters of complex

formation and extractíon(274-76) into organic solvents. Much

information of a concrete nature has come primarily from x-ray crystal

structure determinations(250' 277) ,t'rite infrared studies of the solids
(z7B' 279)or ultraviolet measurements on sol-utÍon(280) have also shed

some 1Íght on the mechanism of complexation. Olt the other hand, a good

theoretical treatment \,ras offered by Marcus and Asher(ZAf).

A number of practical applícations of crown ethers to nearly all

branches of chemj-stry and technology have been realized. However, some

which are of more analytical interest to us deal wÍth the separation of

various metal ions by selective solvent extractíon(282-283) or colurnn

chromatography(ZB4' 285) of their cror{rl ether complexes. Several other

papers which compared the solvent extraction capabilities for several

metal íons but whích stopped short of an actual separatíon based on

Ëhís process vrere also reported(286' 287). Another procedure which ín-

corporated the selective separation of sodium ion into neutron activaÈion

analysís has also been described(288). In addition, considerable activity

ínto the preparation of ion-selective electrodes based on crortrt ether and

related complexes i-s also under r"r. (289).

The chernícal attachment of crown ether complexing groups to varíous

solid supporËs has also been describedQg0-94). These
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polymers have been found to be more efficient extractants than are their

monomerÍc analogues and shor¿ great promise for future use. Japanese in-

vestigators, in particular, are currently very active in this fíe1d.

Shortly after the disclosure of interestíng bindÍng capabilitíes

of the crown ether complexes, an improvement in both selectivity and

strength of complexation r¿as achieved by Lehn and corvorkers Ín their

production of the I'cryptatet"(295-96 ). The complexing agents, "cryp-

tands" (shown belor¿) accomplish much the same complexíng functions as do

n
A-l
)-/

Lehnts tf cryptands" showlrn1- QSI)
shorËhand naming system

crown ethers except that these do so by completely surroundíng the bound

metal ions in a well-defined cavity. As for the cro\^lrt ethers, the IUPAC

nomenclature is cumbersome so Lehn adopted a shorthand naming sysËem whÍch

includes only the number of oxygen atoms in the three polyether chains

(as indicated above). Cryptate complexes of a variety of alkali, alkalÍne

earth and transition metal complexes(2gT) have been reported. Both

oxygen and niËrogen atous in the cage structure r¿ere found to be capable

of particípating in coordinatíng metal ions contained within the caviËy.

Some interesting equílibria betvùeen the two possible conformations of the

eoñ-"
"(Jo

il

[t .l.l] m'n'o
[2.t ì] ñ,o,n.l
[z.z.r] m.t,n'o
lZ.?.21 ¡,¡.t
{3 2.21 m.l,n'2
[3 3.2] n'2,n.1
[3.3.3] m'n.2
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3
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N atom6 vrere noted (each may have íts lone pair of electrons dírected ín-

ward to or out\,üard from the cavitÐQ96' 298). Also, potentially useful

proËonation behaviour of the bridgehead nÍtrogen atoms was obseru"a(299)

whích uray be employed to remove complexed ions and to improve díscrimina-

tion bet¡¡een various metals. Although generally higher selectivities and

complex strengths are available from the cryptand famíly of complexants

than from crown ethers, the increased cost of preparation is a disadvan-

tâge to be considered.

Although we have presented only a very small (but fairly representa-

tive) fractíon of the literature dealing with cyclic polyether (including

cryptand) complexants, several excellent reviews have appeared in the lÍt-

erature from whích more detail is available. One such whích was publish-

ed in 1974 by ChrÍstensen er rt. (:OO) Ís quite complete ín that it dis-

cusses all aspects of cyclic polyether preparation and use. AnoËher by

Lévêque and Rossear(:Of) of approxímately the same vintage confines itself

to the analytical applications of the compounds. Both of these treatj-ses

are novr slightly out of date, however, and have now been added to by Aka-

bori(302) (rrrrfottunately, in Japanese) and by Kolthof f Qsl). These lasË

Èwo reviews also concern themselves vsíth analytical applications only.

The laËter work is especially recommended as being both complete and

v¡e11-¡¿ritten.

Þ. No¡gv"-ll-ç. IglveÊcr.9.(303-304)

Having described some of the important complexing discoverÍes made

with macrocyclic polyether compounds, we will now direcÈ our attention

toward the símpler noncyclic analogues of these conpounds.
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The polyeÈhers ín most cotnmon industrial use today are materials

produced frorn ethylene oxide or propylene oxide to yield, respectívely,

the polymers shown below:

CH^
R'-o-(-cH2-cH2-ol-R" n'-o-eósJcHr-o-hn"

PEO PPO
poly(ethylene oxíde) poly(propylene oxÍde)

or polyethylene glycol or polypropylene glycol

The values of n may extend from jusË a few to several millions while the

identities of Èhe Rr and Rt' groups may be quite varied ranging anywhere

from H atoms (to give, therefore, polyols suitable for polyurethane manu-

facture) to large alkyl or aryl groups. As vre have already suggested,

the Èrue complexing abilities of some of Ëhese compounds went largely un-

noticed until the properties of their cyelic counËerparts \¡rere elucidated.

Noncyclic polyethers, unlike their cyclic cousins, are comparatively

inexpensive and have been available on an industrial scale in several pro-

ducts for quiËe some time. In fact, poly(ethylene oxÍde) or polyethylene

glyeol was first prepared in 1859 by Lourenco by heating ethylene glycol

vü-ith ethylene dibromide in a sealed tube at 115-120"C. However, thís

method produces only faírly low molecular weight polymers and it \,¡as riot

unËiI later (the 1930s) that longer chains and only ín the 1950s that

very high molecular weight polymers could be produced by dífferent means.

Poly(propylene oxide), PPO, is a relatively recent buL cheaper addition

Èo the list of cormnercíally-produced polyethers.

The physical propertíes of the polyethers are of some interest. All
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are stable, nonvolaÈile and odourless materials. The PEO polymers havíng

molecular weights below about 700 daltons and nearly all of the PPO poly-

mers are liquids at room temperâture. Above 700 daltons, PEO polymers

have increasingly hígher melting points untj.1 a maximum of about 65oC is

reached beyond a molecular weight of 7000-8000 daltons. The solubility

characterÍstics of the two polyether types are also slightly different.

PEO of low molecular weight (under 1000 daltons) is completely niscíble

wíth water and the solubilíty falls off quite slowly with íncreasing

molecular weight at least up to 4000 daltons. On the other hand, while

also completely \,üater-míscíble at 1ow molecular weights (up to about

500-600 dalcons), the solubility of PPO drops off quite rapidly there-

after so that it is nearly ínsoluble at 2000 daltons.

Aside from their applications as polyols for polyurethane manufacture

(discussed earlier), PEO and PPO have a number of industrial and commer-

cial uses. Poly(ethylene oxide), for example, finds a wíde variety of

dírect applications ín the pharmaceutical, cosmetics, textiles, agricul-

tural and packaging industries as r¡ell as more indirect use in many others

ín which substantía1 liquid purnping is carried out.

As pharmaceuticals, the poly(ethylene oxides) of low molecular

weíght are used extensively in ointmenÈs, suppositories and as lubricants

in the nanufacture of compressed tablets. f.n cosmetícs they are included

ín shavíng creams, lotíons, cakes, sticks, powders and hair dressings.

Industrially, poly(ethylene oxide) finds use in rtlosË-vrax" metal-casting

and as mold release agents, pígment díspersants, polishes and lubricanËs.

They are also employed extensively ín textile manufacture as spinning 1ub-

ricanLs, sízíng formulations and as dye dispersants ¡+hile, in other areas,
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they are used as emulsifiers in agricultural sprays, noníoníc surfact-

ants ín detergent manufacture, antí-statíc agents, humectants and plasti-

cízers for starch adhesives and cellulose.

Poly(ethylene oxide) of higher molecular weíght ís used in sma11

amounts to reduce dramatically the friction of water ín turbulent flow

situations (such as in fire hoses, for example). It is also formed into

water-soluble films used in the packaging of products such as pesËícides.

Another application in use today is in the preparation of "seed tape"

for the planting of very uniform rows necessary for mechanical harvesting

equípment. The very hígh molecular weíght products are effective floccu-

lants for fíne1y díspersed solids in water. In addition to all of these

uses, hovrever, the chemist r¡i1l recogníze poly(ethylene oxide) of varíous

molecular weights as very coinmon stationary phases for use in gas chroma-

tography under the CARBOI^IAX trade name.

The poly(propylene oxíde) polymers are employed primarily as inter-

medíates in the preparation of many emulsifiers, alkyd resins and lubri-

cants. PPO ítself fínds use as a lubrícant, in hydraulic fluids and as

a component of automotive brake fluid. Monoesters of poly(propylene ox-

ide) are effective as nonionic surfactants useful in a number of applica-

tions.

The strucËures of these lwo polyethers are also of some importance

to us. In the cïystalline state, it has been determined(3os) by x-ray

diffraction that poly(ethylene oxide) adopts a helícal arrangement in

which there are seven oxygen atoms and two turns of the helix contained

in a unit cell (as shovrn below). The conformations of the O-CH' CHZ-CH.
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.lA

Skeletal model of poly(ethylene oxide) ín the crystalline state(305)
(oxygen atoms are whíte, methylene groups black)

and CH,-O bonds in the polymer are, respectively, trans, gauche and trans

On the other hand, poly(propylene oxíde) crystallizes in a planar zígzag

o<
(f)

o;

il



configuratíon (see below) with a
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unít cell containing three such chains.

t /-\

crysÈat structure of poly(propylene oxide) 
(305)

Of course, although they reflect the lowest energy state to v¡hich these

polyethers r¿ould Ëend, these structures do not necessarily indicate the

conformaÈions adopted under conditions other than the crystallíne state.

In particular, in the líquid state the C-C and C-0 bonds ín the PEO chain

\()r
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apparently becone(¡00-goz ) ,r.rrly randomly oriented in trans and gauche

conformations and so Èhe helícal structure ís 1ost. A similar disordered

structure has also been shown(307) to exist in chloroform solutions. Hovi-

ever, in water, much more of the crystalline helical structure is observed
/ '07)to be retained\J-'l and so r{e expect at least some helical segments under

condiÈions ín which r¿ater ís the only solvent present. Poly(propylene

oxíde), on the other hand, is apparently much less disposed to adopt

the form of a helix under any condítions, preferring the planar ztgzag

arrangement in which alternaËe oxygen atoms point in opposite directions

instead.

I,ie will now consider the complexing behaviour of the noncyclic

polyether family. Although isolated examples of interactions between

these compounds and a few meËal ions have been knov¡n for some Èime, only

after the disclosures of Pedersen(248'249) did furËher systematic invest-

igations and a unified ínterpretation begin to emerge. Some of the

impetus to study noncyclic polyethers has arisen strictly from a desire

to understand the complexing abilíties of the cyclic molecules better

and perhaps to produce cheaper noncyclic analogues which would behave

ín the same manner. Some further interest has developed as a result of

Ëhe need to reassess the mechanísms of old methods developed for the

analysis of commercíally-prominent polyethers and a few related topÍcs.

Beginning fírst urith the experíments devised to tesË short-chain

analogues of cyclic cro\¡ùn ethers, a number of work.r"(285' 308-311)

have studied molecules contaíning about 4 to 6 ethylene oxide units

termínated at both ends with groups capable of participating in cation
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coordination by virtue of oxygen or nitrogen atoms present there. An

example of such a noncyclic ether with complexing end groups is shown

belov¡. These compounds are found to form faírly strong complexes with

alkali and alkaline earth metal ions and are víewed to chelate the

cation in a spiral wrap-around fashion. X-ray crystal strucËures have

been determined for a few of these complexes. 
(¡fZ-fS) 

Hovrever,

it has also been 
"ho"Il(285' 

308' 310-12' 3L6-L7)

o f'l
OC
oo
ØN

X-ray crystal strucËure of complex formed

3
173

berween NaSCN and CHr0C6H5(0CH2CH2)30C6H50CH3

showing spíral årrangemenË of oxygen ligands(315)

that chains containing about 5 to 7 ethylene oxide units Ëermj-nated at

each end with a hydrophobíc group (such as phenyl, naphthyl, etc.)

whíeh cannot particípate in coordínation so readily also produce com-

plexes. These are once again irnagined to form a spíralling ring type of

complex buÈ r4rith the attraction betvreen the hydrophobic groups being
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responsible for holding the ends close together (see below)

Noncyclic polyether complex of spiral type with
hydrophobic (phenyl) end groups. Complexed cation
is shown at center.

In both of the above cases, the degree of complexatíon for a par-

ticular metal íon was found to be faÍr1y sensiËive to the number of

ethylene oxide units present in the chain wíth an gptímum size existing

for each. Although apparently leading to higher complex stability

constarits in Ëhe case of these short-chain polyethers, the presence of

coordínating or hydrophobic end groups on the poly(ethylene oxíde)

chains was, however, found noE to be a necessary requirement for complex

formation(309). A number of publications have been reported which

describe metal ion complexation by polyethers with only one(309'318-19)

and many more v¡ith no(318-27) attached end groups particularly

where the poly(ethylene oxide) chain is made quite tonr(322-zs¡ . rn

fact, complexing strength cornþarable to that of the crovm ethers has

been noted for PEO r,¡ith more than 23 ethylene oxíde units(323). Thus,

taken together, the studíes índicate that a minimum of about five to

seven coordinatÍng oxygen atoms are requíred Èo form complexes of

reasonable stabílity with most metal ions and Èhat the two ends of the
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successful complexant must be kept from r¿andering eíther by being co-

ordinated Ëo the metal ion, by assocÍating with one another or by being

made sufficíently long.

Of further importance is Ëhe suggestion by some authors ß26) that

the requirenents of matching between polyether cavity síze and ion

diameËer are not as absolute as Pedersen had implied probably due to

the very high flexibility of the polyether chain and the realization

of an "induced fiË" therefore. This particular situation r¿ould app1y,

it seems, even more cortrnonly to noncyclic than to sma1l cyclíc poly-

ethers for which less freedom of conformation must exíst. Thís is borne

out by the observed(316) ,or"r cation selectivity of the noncyclíc

polyethers compared to theír cyclic counterparts. Tn additíon, where

comparisons between the abilities of polyethers based on poly(ethylene

oxide) and poly(propylene oxide) have been rnrd"(323), it has been

found that Èhe laËter type does not achieve as great metal ion com-

plexation as does the former alËhough the complexes formed may be

more extractable into an organic solvent (319 ) 
.

Considering nor¡I the area of analysis of polyethers, several inter-

esting papers have appeared dealing with the determinatíon of noníoníc

surfactants in r¡raËer (an important consideration regarding vÍater quality).

Of most concern to us are those which deal ¡^ríth the indirect uses of the

cobalt-thiocyanate complex in the determínation since these bear a

very sÈrong resemblance Ëo the experiments at hand.

In this connection, van der Hoeve(fZS¡ as long ago as 1948 proposed

Ëhe use of a mixture of cobalt nitrate and anmronium thiocyanate as a

Teagent for the qualitative identification of poly(ethylene oxide), PEO,
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compounds in r¡aËer. According to his observations, the polymers of

ethylene oxide assume a blue colour ín the presence of both cobalË and

thiocyanate ions which would remain unprecipitated for tvro hours (as

distinct frorn the behaviour of soue other compounds such as quaternary

ammonium salts with whieh a blue precipítate \4las formed before this

tíme). Although no ínterpretaËion of the phenomenon \^7as offered, it

v¡as noted that PEOs which also contaíned a large group (such as the

lauryl radical) at one end were even more effective ín producing the

blue colour.

A number of other qualitative and quantítative tests for noníonic

surfactants \^rere subsequently developed using such reagents as phospho-

urolybdate, sílieotungstate, ferrocyanide and a few others. However, the

cobalt-thiocyanate colour reaction v/as extended in 1955 (with rnodifica-

tion) by Brown and Hayes ß29) to produce a usable quantitative method.

These authors observed that the blue-coloured complex which formed in the

presence of PEOs was stable with time and could be extracted into a num-

ber of organic solvents. Chiefly for reasons of ease of phase separatÍon,

chloroform \,ras chosen as the solvent for the procedure and spectropho-

tometric measurement r.ras made at either 620 nm or 318 nm. Although many

amines, alkylammonium compounds and monoethers of PEO also produced an

extractable blue colour, low molecular weight monoesters of PEO (such as

triethyleneglycol monostearate) were tolerated r¿it.houË significant error.

Temperature, however, e/as found to play an important part in the efficiency

of exËraction wírh definite decreases resultíng above about 25"C. The

authors suggested that the poJ-y(ethylene oxide) most likely first

produces a polyoxoníum complex wiÈh m] ions which Èhen associates wilh
4
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Co(SCN)f- aníons to r.¡hich Ëhe blue colour r^râs attributed.

Crabb and Persinger(330) later adapted this procedure to Èhe deter-

mination of nonionic surfactants at low concentrations in aqueous

bacterial soluËíons used Ín biodegradation studies by adding a prelím-

inary continuous eËher exËraction step to the procedure for preconcentra-

tion. It was found that the inËensiËy of blue colour developed in the

presence of the cobalt-thiocyanate reagent was quite dependenË upon the

lengÈh of poly(ethylene oxide) chain in the molecule with six such

units apparently beíng the míninum number required. It was further

poínted out that the presence of hÍgh salt (KCl) concentrations in the

aqueous phase resulted Ín a drastic decrease in the efficacy of the

ínítial ether exÈractíon and thaË both very high and very low pHs were

equally unsuitable. Based only on the apparent requírements of six

ethylene oxide units, the authors surmised that the sËructure of the

final coloured species consisted of a Co2* cation ocËahedrally coordin-

ated by the oxygen atoms of the poly(ethylene oxide) chain together slith

an acconpanying blue Co(SCN)f,- aníon for neutrality. Thus, for a non-

ionic surfactant, R-O+CH2CH2O->'H, the extracted íon complex r¡¡as en-

visíoned as IcorrR-o{cH2cu2ot-tt]2+ [co(scN) 1-lr.
Morgan(¡¡f) next submítted a uodífication of the method of Brown

and Hayes r¡hích increased the sensítívity of the analysis slightly by

using benzene as the extracting solvent and by decomposing the extracted

cobalt-thiocyanate-PEO complex prior to deÈerminatíon of cobalt by

foruation of the nitroso-R salt. Considerable differences in Ëhe sensi-

Ëivíty of the method as applied to different nonioníc surfactants

were again noted so thaÈ standardization agaínst the same particular
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t.ype of surfactant was essential for quanËitaËíon.

Weber et al. (:¡f) made a furÈher modífication to the procedure

of Bror¡n and Hayes whích allowed for some prior removal by urixed-bed

ion exchange of both anionic and cationic surfactants also present in

solution. The cobalt-thiocyanate colorimetric procedure was further

altered to use 1r2-dichloroethane as the solvent of extraction and

measurement..

Shortly after this in 7965, Greff qt ql.(332) presented a

simi-lar quantitative method based on cobalt-aumonium Ëhiocyanate using

benzene as extracting solvent r,rith measurement at 320 nm. In this

case, the aqueous phase $¡as saturated with NaCl whích was found to im-

prove extraction somer,¡hat. The reagent formed extractable blue com-

plexes with PEO compounds containing three or more eËhylene oxide uníts

but vrith differences j-n sensitivity for different chain lengths. I^IÍth

less than about 2.5 erhylene oxide units per cobalt atom, no blue colour

at all was developed or extracted. The authors concluded, as did Brown

and Hayesß29), that the reaction probably involves formation of oxonium

ions with NHj accompanied in extraction by the blue Co(SCN)?- ion.4'4--
Shortly thereafter, Huddleston and Allred(333) made a reassessment

of the applícabiliry of the cobalt-thiocyanate spectrophotometric anal-

ytical method to bíodegradation studies of nonionic surfactants. They

pointed out that the disappearance of extractable blue complexes after

a períod of bacterial degradation did not always correlate wÍth the

surface tension and foaming observations on these solutions. The differ-

ence betrveen the chemical and physical measurements v¡as attributed to

only partial degradation of some nonionic surfactants to the point that
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they stíl1 had surface-actíve properties but contained insufficient

ethylene oxide uníts (two or less) to produce the blue cobalt-thíocyanate

complex.

Several years 1ater, Courtot-Coupez and Le sit"n(334) ,*orolr.d the

method of Greff et al. further by fÍxing the solution pH (at 7.4) and

by using atomic absorption rather than spectrophotometry as the means

of determining cobalt extracted along v¡ith the nonioníc surfactant and

annnonium thiocyanate. The method was applied to the determination of

noníoníc surfactants in ocean vraËer samples. Since it was observed that

Ëhe extraction of cobalË into benzene \^ras decreased at pH values below

7 and on the basis of some spectrophotometric measuremenËs, they sup-

ported the proposal of Crabb and Persingsr(330) of 
"oru 

co2* ions octa-

hedrally coordinated by the poly(ethylene oxide) and an equal nuurber of

cobalt atoms in the Ëetrahedral thiocyanate cornplex (i.e. ICo n-O4CH2CHZ-

oìñlr I 
2n* 

[ co ( scN) ?,- l r> .

Still later , CalzoLari et rt. (::S) obtained an empirical relarion-

shíp between the average poly(ethylene oxide) chain length of the non-

ionic surfactants and the intensity of the blue colour extracted into

1,2-dichloroethane from Co2* - NH4SCN solutions. The results were applied

to the analysis of nonylphenyl ethers of PEO in hair dressings wiÈh the

PEO chain length being determined independently by vapour-pressure osmom-

etry.

At about the same time, Calzolari et al. Q47) fínally published the

x-ray crystal structures of cobalt-thiocyanaÈe complexes of closely

-related noncyclíc polyethers which carried phenyl groups at each end

(i.e. C6H5O(CH2CH2O)'OC6H, with n = 4 or 6) to aËtempt to seËtle the
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issue of the extråcted complex structure.

with n = 6 forms a 1:1 complex with each of

precipiËates wiËh a single Co(SCN)fr- anion

ït was found Èhat the PEO

¿ftwo NHi or Na' ions and
4

(í.e. [ (c6nro (cl'j.zcÉzo) 
OcOHs)

formed

ions

a complex in which two

and precipitated with a síngle

This

the

of

*olr'*. co(scN) f,- and [ (c6Hso(clzctzo)ocons)to"];* co(scn)fr-). on rhe

other hand, the polyether with tt = 4

chains coordínated to each of two Ufff,

co(scN) f;- anior- (i. e. [ (cunro(cH2cHzo)¿coHs)zM+] 
T*' r"(sculf-¡.

type of behaviour explains many of the observed differences in

sensitivity of Ëhe colorimetric met.hod for nonionic surfactants

varyÍng chain lengths.

An important paper which shed some light on the topic of the

assocíation between many noncyclic polyethers and cobalt-thiocyanate

was offered by Sotobayashi et 
^t.ß20 

) r f"r years later. The study

approached the interaction from a point of view opposite to that taken

Ín the previous papers by considering it as a means of extracting trace

amounts of cobalt into 1r2-díchloroethane containing a polyether com-

pound in the presence of excess ammonÍum thiocyanate. As such, these

studies bear the closest resemblance to our ovrn ¡¿ork.

Several commercially available polyether mixtures \¡/ere Ëested in

the experiments includíng various poly(ethylene oxide)s (PEO) ranging in

length from approximaËely 4.5.to 455 units, poly(propylene oxíde)s (PPO)

ranging from about 17 to 34 units in length, as well as some cornmonly

-used commercíal nonionic sufactants; Triton X-100 (PEO rnonoisooctylphenyl

ether with roughly 10 -CH.CH2O- units), Nonion NS (PEO monononylphenyl

ether with approximately 20 -CHZCHTO- units), trríj 58 (PEO monocetyl
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ether r¿Íth about 20 -cH2cH20- units), and Bríj 35 (pEo monolauryl ether

with aboux 23 -CH.CH2O- units). It was observed from the results that

under suítable conditions cobalt could be quantitatively extracted into

an organic phase containing 1% (w/v) of many of these compounds, partÍcu-

larly those wíth longer polyeËher chaín segmenËs. For compounds with

the same degree of polyether polyrnerization, the order of effectiveness

for cobalt extraction vras found to be PEO alkyl ethers, pEO alkylphenyl

ethers > PPO >P80. [rn this, the order of the last tv¿o is contrary to

the expectaËion of higher cation binding abilÍty for PEO than for ppO;

however, the difference is líke1y due mostly to the lower water solubil-

ity of the PPO marerial. l

Further experiments to test the thiocyanate dependence of extractions

¡¿ith most of the polyether compounds demonstrated that maximum cobalt

exÈraction r¡7as achieved from about 2 to 4 M NH4scN' with pEO looo

(i.e. r,rith about 23 units) as the only exception. [In this case, no urax-

imum v¡as attained probably because of the inherent high water solubility

of PEO and the superÍmposed salting-out effect of adding NH4SCN to the

solution.] A1so, the addition of substantial amounts of acid was

found to affect the exËracËion of cobalt deleteriously and best results

r¿ere obtained with only 0.01 M HCl or less.

Some more detailed tests. carried out \,¡iËh Triton X-100 specífically

as exËracting agent showed that cobalt extracËÍon rrras very sensÍtive both

to the concentration of thiocyanaÈe in the aqueous phase and to surfact-

ant in the organic phase when present in small amounts. The 1og D versus

logISCN-] plot at constant NHf, concentration yielded a slope of 4 while
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1og D versus log [triton X-100] gave a slope of 2. On this basís, the

authors concluded that the extracted speeíes \,ras most 1ike1y (NH4)rCo(SCN)0.

(tríton X-100). a1Ëhough whether the surfactant T¡ras expected to be asso-z

cíated wíth the cations or with the anion r¡ras not clarified and generally

little inÈerpretatíon was offered.

With the exception of the x-ray crysËal sLudies, all of the preced-

ing reports deal wíth nonionic surfactants manufactured from industrial-

1y-produced poly(ethylene oxide)s which inevitably contain a statístical

mixture of chain lengths. Ho¡¿ever, Nozawa et a1. 
(336) 

re-examined the

phenomenon of cobalt extracËion more carefully using chemically pure

individual POE monododecyl ethers and specific synthetically-prepared

míxtures of these. From this study, it ¡¡as concluded that the cobalË

-ammonium thiocyanate spectrophotometric method in which benzene was used

as the extracting solvent did noÈ always obey Beerrs Law but that appar-

ently many conmercial mixtures fortuitously díd so. Different results

were thus obtaíned with synthetic mixtures even having the same average

number of ethylene oxide uníts but produced by mixing different propor-

Èions of the pure substances. Essentially quantítative extraction of

nonioníc sufactant was observed with compounds conËaining from 4 to 10

(and presumably more) eËhylene oxide uníts. However, appreciable blue

colour formation Bras not observed for less than 6 eËhylene oxide units.

The authors concluded from the absorption spectrum and the number of

PEO chains associated wíth each cobalt atom (about 2.5 irrespective

of length in the range from 6 to 10 units per chaín) that there is no

direcÈ coordinatíon of etherie oxygen to cobalt, ín agreement with

suggestions that lüf] is actually the complexed cation.4'
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Most recently, a furËher nodification Èo the method of Greff et a1.

has been reporËed by Le Bihan and courtot-coupezß37). rn this case,

flameless atomic absorptiorì I¡Ias used as the method of analysis for cobalt

-thiocyanaÈe extracted into benzene Ín the presence of commercial mix-

tures of PEO noníonic surfactants with a resulting irnprovement in detec-

tion limits. A fairly detailed study of Èhe effects of the relative

extractíons of nonionic sufactants and poly(ethylene oxide)s (i.e. con-

taining no attached a1ky1 group) was made ín an effort to determine one

in the presence of the other. As in their prevíous investigatíorr(334),

they found an optimuu pH of about 7.4 for Ëhe extraction of cobalt and

an increase Ín extraction resulLing from the addition of NaCl. Quite

complicated interference effects \,rere noted in the determinaÈion of non-

ionic sufactants in Ëhe presence of PEOs of various chain lengths but

the authors claimed that careful choice of extraction volumes could

render many of these tolerable.

As alluded to earlier, several other procedures have been developed

for the analysis of nonioníc surfactants which make use of the peculiar

catíon complexing characterÍstics of po3-y(ethylene oxide) cornpounds ín

conjunction wiËh a variety of other intensely-coloured aníons for ex-

tracÈíon. These are not directly related to the cobalt-thiocyanate

sorption of primary concern to us here but are further examples of the

complexing behaviour of noneyclic polyethers. These will not be dealt

wiÈh specifícaIly. However, in passíngr wê should mention a more recent

article by Favretto et 41. 
(338 ) which descríbes the use of picrate anions

in the determinatíon and which v¡ill serve as a source of references to
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this related literature.

Apart from these, some other strictly analytical applícations have

been made of the observed noncyclic polyether complexing abilíties. Some

of these compounds have found direct use in the colunrr chromatographic

separation of several alkali and alkalíne earLh metal Í-or."(ZB5). A1so,

largely successful efforts have been underway Ëo prepare ion-selectíve

electrodes based on noncyclíc neutral charge carriers of this type.

To that end, Levin"(::9-40) n"" described an electïode wiËh high selectiv-

ity for barium over many other cornmon metal ions and proposed it as an

indicator electrode for SOf- títrations. The polyether in this case ís

the nonylphenoxy polyoxyethylene ethanol containíng about thirty ethylene

oxide units and distributed under the trade name of lgepal CO-880. MÍnor

urodifícations to tf,i"(341) rrrd an extension Ëo a poly(propylene oxide)

derivative possibly usable for calcium ions Q42) have also appeared

more recenËly.

In addiÈion, the preparation of polystyrene resíns containing pen-

danL noncyclic poly(ethylene oxide) groups has been reported ín the

last few yearsß43-45). Separatíons of a few alkali and alkaline earth

metal ions as their nitrate or thiocyanate salts were demonstrated using

packed columrs. As for the free polyethers, the length of PEO chaín

as well as the accompanying anion and the solvenË chosen r¿ere all fourrd(345)

to be inportant factors in the strength of catíon binding observed. A

mínímum of five ethylene oxide units appeared to be required to exhibit

signifícant complexation. In this case, then, the order of increasing

extractabilíty of the K* íon in iËs varíous salts proved to be SCN- > I-

> Br- > Cl- and for a particular anion the order of cation selectivity
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was found to be K* > Rb* > cs* > Na*.

Of course, as rùe have briefly rnentioned earlier, polyethers as a

class have been widely applied to the analytical methods of gas and

high pressure liquíd chromatography for some time now. However, in our

impendíng consíderation of the complexatíon of cations, some more

interestíng observations are made from the alt.eration of chromatographic

properties noted for the polyethers which have been treated with alkali

metal salÈs. In this connection, Hamaguchi et aI.ß46-48) n..ru reported

dramati-c changes in the gas chromatographic interaction behaviour between

a varíety of amides and poly(ethylene oxíde)stationary phases with and

r¿ithout added alkalí metal salts. Since,the same changes r/üere not appar-

ent Íihen the salts were added Eo a polyester statíonary phase (diethyl-

eneglycol succinate polymer - DEGS) instead, it seems 1ikely that poly-

ether cation complexation is at work in the former case (even though

the authors did not interpret the phenomenon in Ëhis vray). Similar

effects should also be visible for bonded polyether liquid chromato-

graphíc stationary phases but no such reports have come t.o our attention.

Polymer chemísts per se seem to have been more observant in respecË

of property changes resulting from the inclusíon of metal salts in poly-

ether polymers. An early such observatíon \4ras reported in 1966 by

Moacanin and Cuddihyß49 ) rho. noted large increases in the glass transi-

Èion temperature, modulus and density of poly(propylene oxide) polymers

which accompanied the addition of líthium perchlorate. RaËher foresight-

ed1y, they concluded that these changes were induced by the formation

of helical structures in Èhe polyeÈher stâbilized by lithium perchlorate

situated in Èhe he1íx core. Unfortunately, Ëhey seem to have viewed the
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entire Li+Cl-O,- íon pair as being solvated in this fashion rather than4

Èhe cation only. Sín:ilar sorts of interaction behaviour were also re-

ported much later by Hannon and l^Iissbrun(350) b"areen calcium thiocyan-

ate and "phenoxy" polymer (an aromatic polyether prepared from 2r?-bís

(4-hydroxylphenyJ-)-propane and 1-chloro-2r3-epoxypropane) in ¡¿hich the

cation was suggested as the enËíËy associated with the polyether but

the property changes lrere thoughË Èo be only the result of redueing the

free volume of the polymer. I{etton et al.(351) also reported similar

phenomena for poly(propylene oxide) (but not for poly(tetramethylene

glycol)) to which zinc or cobalË(II) chlorides were added. They conclud-

ed, however, that the strong interactions observed were the result of

direct inner sphere coordination of two adjacent polyether oxygen atoms

with the ZnCL, or CoC1, species. A later prp"t(352) ,tor the same lab-

oratory extended the study Èo include the chloride salts of Fe(III),

Sn(II), Hg(II) and Li(I) as v¡eIl as to the bromide and íodíde salrs.

of zinc. Once again, based prínarily on eapacity measurements, a prím-

ary she1l polyether oxygen coordination process involving the metal

halide species hTas proposed although it seeus equally likely that the

cations of cat,ion-anionic metal complex pairs were Ëhe actual partici-

panËs. Thís should be easily verifiable by study of the infrared specËra.

Although one míght include many other pieces of inforrnatíon from

various areas of the chemícal and technical líterature, ít should now be

guíte clear that there ís ample evidence for a type of specific int.eractíon

bet¡.reen several types of polyethers and metal ions. With this background

ít is now appropriate to propose Èhe Cation Chelation Mechanism as iÈ

applies to metal ion sorption by polyurethane foam.
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2. The Cation Chelation Mechanism
(qçM) for Scly-relhane Foam

As r¿e have prevíously pointed out ín ChapÈer I, flexible poly-

ureÈhanes are usually prepared from polyols of either polyether or poly-

ester type joined together by the urethane and urea links characteristic

of polyurethane chemistry. Those polyols of polyether type employed in

flexible foarn manufacture are generally prepared either from poly(ethylene

oxide) (PEO), poly(propylene oxide) (PPO) or, quite often nowadays, a

míxture of the two. Polyether polyols of an approximate average molecular

weight of 1000 daltons (give or take a factor of two or so) are usually

selected for this purpose. Thus, a single prepolymer chaín of this type

contains of the order of perhaps 10 to 40 ether oxygen atoms spaced at

regular two-carbon intervals down its length and is joined at its ends

to other segments of the polyrner by urethane links. Both PEO- and PPO-

based foams share this skeletal structure; the only difference between

them being the presence of pendanÈ CHj groups ín the latter but not the

former. EiLher type gives rise to a very flexíble molecule owing to the

facile rotation possÍble about C-C or C-O single bonds and the lack of

very strong dipole-dlpole interactions or hydrogen bonding between chains.

Polyesters, on the other hand, may consÍsË of a lrider range of

types and skeletal patterns depending on the choice of parent díol and

dicarboxylic acid from v¡hích they may be prepared. Compared to poly-

et.hers, polyester polyols chosen for use in flexible foam manufacture

must contain larger numbers of carbon atoms in each monomer unit (about

B or 10) and must usually also be of higher molecular weight (about 1000

to 3000 daltons) in order to conpensate for their inherently less flexible
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nature. A more-or-less typical type of polyester for purposes of díscussion

ís poly(ethylene adipate) (PEA) whích would possess chains of approximately

6 to 17 or so monomer units. For this and for polyester-based foams in

general, the oxygen aËoms ín the chain r"¡il1 obvíous1y be more wíde1y

and less uniformly spaced than ís the case for most polyether polymers and

this is one of the key chemical differences between the tvio types.

Further differences also exist in the three-dinensional conformations

adopted by each of the polyo1 types: x-ray studies in the crystallíne

staËe have revealed that they each prefer slightly different orientations.

Polyesters such as PEA typically assume a planar zigzag arrangement in

which alternate carbonyl groups poÍnt in diametrically opposite directions
(¡SS) with strong interactions occurring between carbonyls ín neighbouring

chains. Polyethers of PPO type also crystallize in a planar zígzag form

but without such dístÍnct inter-chain attractions while those of the pno

variety readí1y adopt a helícal configuratioo(305). Although none of

these structures could be expected to be strictl-y realízed Ëhroughout

the bulk of an entire polyureËhane polymer (there are intervening links

and cross-línks with some obvious disorder since the polymers are, ín

fact, non-crystalline), Èhey should, nevertheless, represent the lowest

energy states which would be most nearly adopted by those portions v¡hích

are free to do so. Different.structures may certainly be induced locally

in any of the polymers but at some additional energy cost. A summary

comparíson of the normal propertíes of the Èhree representative polyol

Èypes appears belo¡¡.
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In successfully developing a model for the sorption of metal ions

by polyureËhane foam according to a mechanism involving cation chelation,

we require first an arrangement of the polyoI which readily lends itself

to chelation. In this respect, very few reports of sígníficant metal

íon complexation by polyesters containing 6 or B carbon atons between

consecuËive ester groups have come to our attention. This lack ís

perhaps a reflection of relatívely 1ow complexing strength of the ester

group but is likety more closely related to the geometrical problems

of bringíng tnany such groups near to a metal aÈom. However, from the

work of many others, it has been demonstrated quite convíncingly thus

far Èhat cyclic and noncyclic polyethers alike having the skeletal struc-
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ture of PEO (and to a slightly lesser extent PPO) possess the ability

Ëo complex many catÍons to the extent that some ion pairs contaíning

these cations are Èhen extractable ínto organic solvents or resins

containíng the polyethers.

Included in the J-ong 1-ist of cations thus far reported to be com-

plexed to varyíng degrees by cyclíc and noncyclic polyethers are the

alkati merals (except Fr+¡(248-49,25L'56,259-60,263-68,270-72¡275,277-78,
280-82 r2g5 ,297 -90 ,292 ,293-96 ,2gg ,301, 308 ,316 ,32r-23,325-26 ,344-45)

the alkalíne earths (excepr ne2*) Q47-48,250-5I,256-58,26L,268,274,278,

280,292,284,299,295-96,2gg-30L,32r, 323,325,330, 344-45), cr 3+(259 ),

WL2+(257,262) , Co2r(257,262), ¡iz+(32l,257,262), Cu2*(321), 6*+(248,254,
256-57 ,274,295-96,299,301), Au*(248 ,256) , Zn2*(256-57) , Cd2+(247-48,256-

5 7 ) , ¡19+(248 ,256,301) , Hgz+(247 -48 ,256, 301) , TI+(248 ,256 ,27 6,301 ) 
,

ptoz+(247-48 '256 '276,295,32L), Bi3+(257), several lanthanid 
""(248,25r,256-t'¡, uo1*(257,319), ¿nrmenis¡ ion (runf,) Q47-48,25I,254,256,27L-72,274,283,

289 ,30L,323,325-26) , ,^rLous alkyla onium ions (RNH|)Q47 48 ,256 ,269 ,

27L-72', rro*t'73) 
"nd 

several others listed in the reviews by christensen

et al.(300) and Kolthott(257). For nany of these ions, complex sËrength

is noË large but they may be prepared under carefully chosen conditions,

whereas for oEhers quite stable assocÍaÈíons are formed. The aqueous

bÍnding constants 1¡ = [(M'cr¡)p+]) of nany unívalent and bivalent cations,

vP+, with rhe cycli" "':H*åff:il (crE) ai"y"ror,"xy1-18-crov¡n-6 (this

compound exÍsÈs as Ëlùo isomers, A and B) have been measured by calorí-

metry and a comparíson between them has been presented by Christensen

et 41.(300) (see below). From thís, the cation selectivity characteristic
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from its neighbours by a two-carbon inEerval so that a five-membered

ring can be formed ín association wíth a meËal ion, MP+ (as shown below).

Polyethers containíng larger or smaller numbers of intervening carbon

"p+If

Fíve-nembered ring associations formed
betv¡een metal ions, ¡1P+, and PEO or
PPO polyeËhers

atoms are much less effective at complexing caËíons evidently owing to

the departure from 5-membered ring stabilíty. Furtheruore, the excellent

flexibility of the polyether structure (as distinct from polyesters, for

example) a11ows considerable leeway in formíng many 5-membered ring

associations at the same tine with líttle or no actual dístortion of the

C-C or C-0 bond angles. Thus, an "induced fít" to many cations having

slight dífferences ín size or coordinatÍon requirements is possible.

In cyclic polyethers, the geomeÈrical constrainËs iuposed by the

ring ensure the perpeËual alignnent of the oxygen and metal atoms when

both are of nearly coupatible size. In noncyclic polyeÈhers, however,

we have seen that a spíral r¡rrap-around arrangement results in much the

same sort of alignnent and \ríth longer chains the effectiveness has been

observed to improve ß22-23). The extension of thís spiral configuration

in longer polymers leads to a helix. As rre have noted, this is the form

adopted naturally by PEo Ín its crystalline state(305) and largely re-

tained Ín aqueous solution(307). This helícal structure, then, ís easí1y
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formed and possesses the requisit.e abilíty, with only minor distortion

(by contraction in length or slight opening of the helix), to bring

many oxygen atoms into simultaneous proxinity r¡ith a specific poínt

wÍt.hin its core. Here, they are able to solvate (chelate) any cations

of suitable size and coordination preferences vrith many 5-membered

ríng assocÍations. The cations are thus viewed as being acconmodated

along the central axis of a helix formed by the inwardly-directed

polyether oxygen atoms in which many of them (6 to L2 or more) will be

suffíciently close to the cation to engage in ion-dipole attractions.

Presumably, PPO polymers are also able to adopt thís arrangement al-

though less readily due Ëo steríc influences of the methyl groups.

Polyesters, however, (especially those wÍth large numbers of interven-

ing carbon atoms) would not be disposed to assuming the helícal shape

wiËh inr¿ardly-dírected oxygen atoms.

Since we have no logical reason to expecL substantially different

chemical behaviour from polyethers díssolved in an organic solvenË or

índigenous in polyurethane foarn (an extremely viscous organic líquid

from our point of vÍew), we predict that the idenÈÍcal type of interac-

tion between the polyether-based polymer and many cations must also

occur in Ëhis medium as r¿ell. The equilíbriun between cations, MP*, in

solutíon and in polyurethane atay thus be vrritÈen as:

^f,

"T.o) 
* "ite(f) (r"r' site) ff,

where, as usua1, the subscrípts aq

and foam phases, respectively, and

(ls7)

and f refer to species in the aqueous

Þ/e novr understand the specific chel-

-'+

-
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ation "sitest' to be the hel-ical- polyether portions of the polymer.

Polyurethane foam thus bears a very strong resemblance to the

polymer-attached noncyclic poryether resíns ß44-45) r¡hich have been

observed to complex Li+, Na+, K+, Rb+, cs+, Mg2*, ca2* and Ba2* to

varyÍng degrees. The products produced by Fujita et al. (345)are probab-

ly the most similar to polyurethane foam. These r¡rere reported Ëo have

theoretical cation conplexing capacities of about 0.5 to 1.3 nol kg-l

and said to exhibit distribution ratios, D, ranging up to 68 L kg-l

(depending on the metal ion, the polyether chain length and solvent

used). Less polar solvents and longer chains were rioted Ëo be most

effectÍve and the catíon selectívity sequences r¡rere K* t Rb* > Cs* >

Na* > Lí* for univalenË cations and Ca2* r Mg2* for bivalent ones.

The chenical resemblances between Ëhese resíns and polyurethane

foam obviously arise only by accidenE since the polyurethanes have

been selected and prepared almost entirely on the basis of physical

rather than specific cheurical propertíes as compared to the conscious and

careful design of the polyrner-attached polyether resins. The two

differ, addítionally, in the fact that aside from comparatively sma1l

amount,s of chain 1Ínking (urethane, urea, eËc.) groups, polyurethane

foam consists almost entirely of potentíally actíve polyether whereas

the meticulously prepared resíns contain a significant proportion of

styrene-divinylbenzene backbone. Thus, Èhere may possibly be a srnall

improvemenÈ expected in Ëhe capacity of polyurethane foam compared to

that of Èhe resins for cation complexation but otherwise fairly sinilar

behaviour is antÍcipated. I,Ie Èherefore expect that chromatographíc
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separations of cations based on the affiníty differences should be

possible for polyether-based polyurethane foam just as they have been

demonstrated for the polyeÊher-containing resins.

However, Èhe importanË question which nor,r occupíes our interest

is whether thís can be directly related to the observed sorpEion by

polyureËhane foam of a number of metal-ion-containíng anioníc complexes

instead. The answer to this quesËion is obviously quite símple since

the sorption of any cations, Mp+, automatically requires the simultaneous

sorption of an equivalent number either of simple anions, A-, (assumed

to be unívalent for sirnplicity) or complex ones, MeX$- (Me = metal

atom, X = anionic ligand), Ëo mainËain electrical neutrality in both the

polyureËhane and aqueous phases. Thus, while the polyether portions of

the foam act as the ttsitestt at which cation chelaËion occurs, suitable

accompanying anions are also sorbed. In general , therefore, r¡¡e may

write the equation describíng the sorption of simple aníons by foam as:

"?lol 
* p Ai"c) * sire(r): (tvt'sire)?il * n oirl

understand that ion

possibly take place

. (1s8)

(lse)

pairíng between Ëhe chelated cations

within the polyurethane depending on

and the corresponding equation for the complex anions as:

**?iol *pM"xÏ?,q) * m site(f) : n (M'site)ff, * p M"xlir)

Here, we

and anions may
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the effective dielectrÍc constant of the polymer and the charge, síze,

etc. of the íons involved. It should be borne ín mind, though' that

the chelated cation ¡¿ill have quite a large effective diameter so that

close approach to any anions (as would be conducive to ion pairíng) v¡il1

be dÍfficult. However, if ion pairing does occur, ít may be vrritten

éÞ.

(M'sire)?Tl * n o?rl ;* ( (M'siËe)p+'p A-) (r) (160)

and

n (M.site)?Tl * I MexmOr.-' (m(M'site¡P*'n lr.xfi-) 1r¡ (161)

Just as there are preferences displayed by polyethers for particu-

1ar cations, the sorption of anions by any solvent and a1l ion exchangers

ís not random and ¡¿ithout selection. Therefore, the relative proportíons

of the Èr¡io or more types which find theír I¡Iay into the polyurethane will

depend prirnarily upon their ourt solva¡íon propertíes in both phases.

In respect to thís aníon selectivity phenomenon, Marcus and Asher(281)

have recently consídered many of the factors which are important in the

relative extractabílities of'several anions of simple type (halides, sul-

fate, acetate) when the accompanying cation is complexed by a macrocyclic

crown ether ín the organic phase. They conclude, based on both theoret-

ical and experimental grounds, that the degree of extractability depends

largely on Ëhe free energies of hydration of the anions in the aqueous

phase from whích Lhey are removed and the corresponding free energy of
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solvatíon offered by the organic solvent (and also perhaps partly by any

accompanying water molecules). Thus, since the transfer of anions be-

comes the primary problem in cases \,Ihere the cation ís assured efficient

solvation (chelation), as smal1 as possible a free energy of transfer of

the anion from water to the solvent is the prime condition for extract-

ability of the pair. Physical properties of the solvent (dielectrÍc

constanË, hydrogen donor abilitíes) and of the anions (size, charge'

polarizability) are of very great importance, therefore, to the extrac-

tion of ion pairs.

I,Iith reference to Èhe physical propeTties of the solvent, the

authors state that an ideal solvent for a salt such as KCl (in the pre-

sence of crornm ether) would be a protic one which has a low dielectric

constant (to perrnit ion pairing), a low free energy of transfer of the

aníons (i.e. chloride ions in this example) into it from water, a high

solubílity of water in it (thus further reducing the free energy of

transfer) but which has itself a lov¡ solubílíty in water. The "solvenE"

r{e are dealíng vJíth is the extremely víscous lÍquid called rpolyurethane'

whích, being prirnarily a polyether, has only moderate polarity and

dielectric constant as well as rather limited hydrogen donor capabilitÍes

for hydrogen bonding (conceivably Èhere may be some from urea or ure-

thane )U-U groups). In addiLion, since it ís a polymer, its solubilíty

in water is defínitely very low and if it r^rere entirely of PEO type '

the solubility of vrater in the polymer could likely be faír1y high

(judging from the niscibility of PEO with water) but this will be less

Ërue of PPO polyethers. Thus, since polyether-based polyurethane

possesses some but not all of the necessary attributes for efficient
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símp1e aníon solvatÍon, r^re expect faírly poor (and therefore fiercely

competitive) but not negligible sorption of some anions along with the

chelated cations.

Considering next desirable Properties of the anions, we see that

the prímary factor governing extraction ís their relative energies of

solvaÈíon in the two phases - r{ater and polyurethane. Other things

being equal, small anions and those of greater charge (which are there-

fore more strongly hydrated in r,¡ater) will be most diffícult to trans-

feï to the organíc phase. In addition, even if much r^/ater of hydration

is carríed over into the organic phase along r"¡ith the anions, those

which are larger (and thus less hydrated) are expected to engage in

more ion pairing with the catíons, thus íncreasing extraction abilÍty.

I¡le conclude from this that large ions of low charge density (such as

I-. ClO;, etc.) will be preferred while low extractabílity will be' +'

characteristic of small ions of high charge density (such as F- or Cl-,

for example).

The same basíc therrnodynamic principles which influence the ex-

tractability of sirnple anions also govern the extraction of anionic

metal complexes, MeXr, as wel1. However, Ëhere are other complícating

factors added to these which are related to the formation and decomposi-

tion equílibría of the compléx anions themselves. Since complexes of

this type have long been used in the solvent extraction separations of

rnany metals, a very large number of publications dealing with the multi-

Èude of factors involved (but in the absence of cror{rl ethers, of course)

have appeared over the years. It is certainly not possíble to review

these but a rePresentative sarnpling of the principles involved can be



-486-

obtaíned from the works of a fer¿ of the pioneers in the field.

rn thís connection, rrving, Rossotti and coworkers(353-57)

presented a fairly comprehensíve study of the consequences of al-tera-

tions in a number of soluËion parameÈers (ligand concenÊration, metal

concentration, pH, solvent type, etc.) on the solvent exEraction of

netals. Various conditions ín which dimer formation, ion assocíation,

dissociation and acid-base equilibria became ínvolved were dealt v7íËh

quiÈe thoroughly but these are related mostly Ëo courplex formation and

stabilÍty.

In addition Ëo these considerations, however, Diamond "oa f,r"t 
(358)

and Díamond(359-63) h"rr" listed the most important attributes for extrac-

tíon of complex anions as low charge, large size and hydrophobíc struc-

ture (a11 of which are seen to reduce the degree of hydration of the

aníon). Also, they point out the important observation that complex

aníons formed with the larger pseudohalide ions such as thiocyanate are

often stronger than are Ëhe halide ones (such as chlorides) and, being

larger, are more extractable. ThÍs fact is further confirmed by the

treatise of SulËan ova, ZokoËov et aL.QO4) whích reviews the many thio-

cyanat.e complexes employed in solvent extraction procedures.

Finally, zolotov et al. ß64-66) have pointed out that only those

complex metal ions r¡hich contain neíther free hydroxyl nor carboxyl

groups can be expected to be efficiently extracted from aqueous solutions

sínce only they are hydrophobic in nature. Included within the t'for-

bidden" ligands, therefore, is the water molecule so that only complexes

which are coordinaÈively saturated with some other ligand(s) are easily
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transferred to an organic phase. Extractions ¡¿ere also classifíed

into several different categories by the authors,and' in particular,

the competition between metal extractíon via neutral species r¡hích con-

tain the solvenË as a ligand ("coordination solvation") or as anionic

complexes ín company with cations ("ion assocíation") was pointed out.

Mention was also m¡de of the useful application of Pearsonts(190-91)

Principle of Hard and Soft Acids and Bases to predicting the extent of

interaction between various solvents and metal couplexes as a means of

identifying the extraction mechanisur (r¿hether by ion association or by

coordinaËion solvation). Many other publications by this grounßøl-os)

have been concerned prirnarily with factors which affect coextraction

and suppression phenomena in acído complex metal ion extracËion (i.e.

complexes of the %".*' type sometímes formed in acidic soluÈions).

These consíderations may be quite important under acidic conditions

since this roay be a competing mechanism to CCM for metal extraction.

However, at higher pHs this mode becomes unfavourable.

From these díscussions, it will be apparent that r¿hen a rnixture

of símple and complex anions is present in the aqueous phase, all will not

be equally represenËed in the organic phase in company with cations chel-

ated there when equilibrium is established wíth polyurethane foam (or

any other solvent). fn general, when suitable eomplex anions are Present,

they will be larger, more hydrophobic and thus less hydrated than will be

the rnajority of simple anions and so will be the most efficiently extracted.

However, apprecÍable amounts of both types may be present under appropríate

circumstances.
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Keeping this in mind, there are therefore two distinguishable

ways in which we nây regard the process of complex metal ion sorption

to occur in terms of the exEraction mechanisur (CCM) whích r{e are pro-

posing. In the first of these, if the concentrations of all other anions,

A-, are suffíciently low in solutíon or if their properties are such as

to render them very poorly extracted by polyurethane (i.e. if equatíon

(158) above can be neglected) , then essentially all of the cations ' Mp+'

r,¡hich are sorbed and chelated by the polymer will have originated as

partners with the extracted complex anion, MeXm-. In this case, there

will be m cations sorbed and m polyether sites filled for each p anions

present and the process v¡i11 be largely índistinguishable (except, Per-

haps, for higher distribution ratios) from any simple solvent extraction

in which catíon chelation is not involved at all. The complex

aníon extraction equilibria (including ion pairing but neglecLíng dímer

formation and other complications) can then be summarízed byz

' "?jol 
+ I Mexm,aq) + m síte(f) : m (M'site)?il * p M."Tirl

(M'site)?il * p M.xlirl :-* (' (n'site)e+'p uex|-)(r)

On the other hand, íf large numbers

anions, A-, are present in sólution, then

sites (i.e. ones complexing a catíon, MP+¡

uP* + p A- íon associaËes:

(lse)

(161)

of appreciably-extracted

the chief source of filled

will be frour the sorption of
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"Tåol 
+pA?rq) +site(r): (M'site)?il *o ocrl (rss¡

In the limiËÍng case, these sorbed Íon associates may be so numerous as

to fill completely the available sites so that the maximum possible num-

ber of positive charges wíll be developed in the polymer. under these

conditíons' any complex aníons, l'feXf,-, ín solution must compete v¡ith and

displace A- ions fron the polymer in order to be sorbed at all. The

polymer is then most conveniently thought of as an anion exchanger in

which, unlike conventional types, the posítive sites are not pernanent

(as with quaternary ammonium sites in strong base exchangers) and yet

are not dependent on pH (as is the case r¿ith weak base anion exchangers)

rnstead, they arise entirely from the presence of chelated cations,

¡'1P+, and Ëhus theír numbers depend on the avaílable concentratíon of

these cations. I^/e may then express the sorption of complex anions sim-

ply as the exchange equilibrium:

"'*Ïi'ol *' o?r) ;* "'*Tlrl * ' A(.q) (r62)

Naturally, if the anions, A-, are very v¡el1 extractable and abundant,

ühe competitíon between MeXÞ and A- anions expressed by equatíon (toz¡

wí1l be one-sided in favour of the A- ions so that very little metal

complex sorpËion can take place. In most cases, however, conditions

intermediate betr¿een very efficienÈ anion sorption and none at all will

likely exist resulting in extraction behaviour somewhere between these

tr¡ro extremes, being neither enËirely solvent extracËion-líke nor ion

exchange-1 ike.
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As an easy corrollary to the proposed CCM nodel, the maximum

capaci-ty of the polyurethane for complex anion sorption can be seen to

be directly related to íts capacity for cation chelation and is thus

given by the number of equivalents represented by the product of the

number of polyether chain sites and Ëhe charger Pr on the catíons chel-

ated there. Thus, íf one kilogram of the polyurethane will accom-

modate Q moles of MP* cations at an equal number of chain sites, then

the maximum number of MeXr anions which may be accoûmodated ¡¿il1 be

q.$ mol kg-Ì. This relationship arises simply out of the requirement

of organíc phase charge balance.

What is difficult to estimate, however, is the value of Q (the

maximum number of polyeÈher sites at which cation chelation can occur).

I^le predíct from the previous work of others on polyether complexation

Ëhat such a site could not ínvolve fewer than 5 to 7 consecutive ether

units (depending on the cation size) íf they were all of ethylene

oxide type and all were available for cation chelation. In this case'

Q could have a value as hígh as 3.2 to 4.5 rnol kg-l ¡oith a polymer which

is essentially pure PEO ¡,¡ith no other chemical constituents. In actual

facË, however, Irre are dealing with a nixture v¿hich may also contain

PPO (which has a higher monomer unit weight) and there will definitely

be inËervening línks and crogslinks to prevent comPlete utilization of

the polyether (for example, at positions immediately adjacent Èo such

links). For these reasons, it is perhaps not too surprising that cation

capacít.ies of only about 1.0 to 1.5 mol kg-l are more typically observed

(by inference from the complex anion capacities) for polyurethane foam.
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InteresÈingly, values such as these represent approxímately one

catíon per polyeËher chain in the average polymer (in which about 20

ether uniËs per chain is common) so that as much as tv/o thirds of the

uníts in a chain apparently may not be directly utilized in cation

chelaÈion. If the cations are, ín fact, acconmodated wíthin the central

core of a polyeËher helix, Èhen we míght expect that thÍs "unused"

fracÈion may depend somewhat on soluËion conditions such as the excess

of avaÍlab1e caËion. This aríses since some sites which do not natural-

ly adopt a helical configuration may likely be induced to do so (at

some addiÈional energy cost) in the presence of a cation if there is

suffícÍenË outside chemical ttpressurett for it to do so. Thus, we

anticipate some limited expandabilÍty to Ehe polymer capacity which may

only be realized when the sorbing species are in overabundance.

Although the capacity for cations may be essentially fixed by

the number of polyether sites available, it should be noted that the

capacíty for any gíven anion can be altered by changing the ratio of

charges, p/m, on the cation and anion. Therefore, if the cation capa-

city is 1.0 rnol kg-l for a particular polyurethane when univalent cations

are sorbed, the anion capacíty will be only one half or one third of

thi-s value for divalent and trivalent aníons, respectively. On the other

hand, one can conceivably dorfble or even friple the anion capacity if

suitable di- and trívalent cations can be found to be sorbed. This is

perhaps feasible for several divalent cations such as Ba2+, tr2+, Pb2+

and Hg2+ which are effectívely complexed by polyethers. In fact,

Ba2* has been found by x-ray fluorescence analysis to be Present already

ín some commercially produced polyurethanes (but not ín the one used
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exÈensively in these experiments). Its addition to these polyurethanes

is likely quíte deliberate, incídentally, as a means of improving the

load-bearing characterisËícs of the polymer but it will have the added

effect of givíng the polyurethane anion exchange capabilities.

To summaríze, then, the Cation Chelation Mechanism for complex

metal íon sorptíon by polyurethane foam has as its basj,s the supposition

that many cations, MP*, such as Na+, K+, *o*, Ag+, eb2+, B^2*, etc. and

J-including HrO- are capable of beíng effectívely (but not equally) chel-

ated at the center of a helix formed by the polyether portion of the

polymer. The exËraction of ion pairs including these catíons is then

greatly facilitated owing to Lhe stabilíty of the chelated cation.

However, which anÍons will accompany the cations in largest numbers to

maintain electrical neutrality wí11 be determined by a variety of factors

Íncluding the aníonrs indívídual hydrophobic nature, its charge and per-

haps íts ability to interact in other ways with the polyrner. Nevertheless

although at least some specific aníon-polymer interactions must take

place (since selectívity is demonstrated) and are important in thei-r own

right, Èhe central focus in understandíng the entire phenomenon is really

on the sËate of the cations.

Having thus presented an outline of the concepts of rhe Catíon

Chelation Mechanism, \¡re may now apply the general equations and

concepts expressed above to the specific case of the sorption of cobalt

from thiocyanate soluËions as investigated in the preceding experiments.
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app lied to Cobalt-Thíocygggle lgrp tions

From the preceding discussions, it will be apparent that !'Ie re-

gard the key to understanding the observed sorption of many metal aníon-

ic complexes to be the unique association of the accompanyíng cations

r,¡ith the polymer. The selectivity for particular aníons is then based

on such factors as their size, hydrophobic nature and possibly other

criteria.

In applying these princÍples to Ëhe particular example of

cobalt sorpÈion, we should fÍrst ídentify the various ions ínvolved.

In Ëhe case of cations, the only abundantly available one in most cases

has been Na+ (usually at 3.0 M concentration jointly from NaSCN, NaCl

and NaOOCCHT) although very mínor amounts of others such as UrO+ (at

2 x 10-5 lul concentrarion when pH = 4.7), or Co (urÐzu+, co(sCN)(Hro)f,

CoCl(HrO)l ana Co(OOCCHT)(nrO>f (at a total concentratj-on not exceedíng

I.7 x 10-6 M when the initial cobalt concentratíon vras 0.1 ppm) will

also have been present in a typical experiment. I{e infer, therefore,

that the sodium ion will have been essentially the only cation chelated

by the polymer in almost all instances though some important possible

exceptions wí11 be mentíoned a bit 1ater.

On the anion síde of the ledger, there is slightly more diversíty

since at least three anionic ligands have generally been present at

apprecíable concentrations (typically ISCN-] = 0.10 M, [C1-] = 1.90 M

and [cH3cOo-] = 1.00 M). IndÍvidually or ín mixtures, these may form

various anionic complexes with the cobalt ions present (i.e. complexes

of Èhe form Co(SCN).. (C1)k(CH3COO)2s-(j+k+f.) r¿here (j+k+r,):3) buE their
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Ëotal abundance is again limited by the low ínítial cobalt concentration,

L.7 x 10-6 lt. At least one of these minor anions (Co(SCN)f-) i" *o"t

important to us, however, since it represents the chíef means by which

the metal ís sorbed into polyurethane. In a few experiments (notably

those in which the influence of many interferents ¡,¡as studied) , other

anions have also been present but we will also consíder some of these

1ater.

Of the three major anions added, r^7e expect that the chloride and

acetate ions are likely more strongly hydrated than is the large and

hydrophobic thiocyanate ion and so this last may be the most efficiently

sorbed of the three. This is certainly the case in most ion pair sol-

vent extract.ions and, consequently, SCN- has been used as a counter ion

for various cations Ín many such extractions, includíng those involving

crov?Tt ethers. However, since SCN- i-s present here in much lor¿er concen-

trations Ëhan are either Cl- or CH3COO-

ity that Èhese last two will share some

accompanying the extracted cations.

, r{e cannot rule out the possíbil-

of the responsibility of

I^Ie have deduced, we think, from a number of pieces of evidence that

the chief sorbed cobalt-conÈaining species is actually Co(SCnlf-. This

conclusion has been reached based largely on the observed relationships

between the cobalt distribution ratio, D, and the concentrations of

cobalL and thíocyanate ions. Thus, since the log D versus log [SCN-]

plot (Figure 2-13) Ëends at 1ow thiocyanate concentrations to be linear

v¡íth a slope very near to 4, we have concluded that the extractable spe-

cies contains four thíocyanate ligands. Similarly, Èhe linearity and

slope of zero exhibíted by the 1og D versus log[CoJrn Bralh (Figure 2-L4)
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has suggested that only one cobalt atom is Ínvolved in this species.

Together, these observations are fairly strong evidence in support of

Co(SCW)|- but are not, of themselves, entirely conclusive since, as

Danesi et al.(400) have pointed out, uncontrollable changes in the

organic phase ionic strength (and Ëhus actíviËy coefficients) can occur

with changes ín the aqueous phase cornposítiori and can lead to rLisleading

results.

However, many other bits of ínformaËion which we have gathered

also point Èo the presence of the Co(SCN)f- species ín polyurethane

foara. One such obvious one is the very strikíng blue-green colour r¿hich

ís observed to appear on the polymer whenever cobalt-thiocyanate is

sorbed (either ín the presence or absence of both Cl- and CH3C00-).

This blue colour is characterÍstic of many Co(II) tetrahedral complexes

and is visually identical to that whích was obtained when an aqueous

solution containing Co(II), acetate buffer and large amount.s of NaSCN

r¡rere mjxed with a large number of oxygen-containíng organic solvents

(tetrahydrofuran, 1r4-díoxane, acetone, diethyl ketone, rnethylisobutyl

ketone, dineËhylsulfoxide, anisole, ethyl acetate, acetylacetone, formic

acíd, acetÍc acíd, meÈhanol, ethanol, ísopropanol, nitromethane, tribut-

ylphosphate and hexamethylphosphoramíde). The chief cobalt-conËaining

specíes in several of these solvents (acetone(206), dimethylsulfoxide
(207 

'244) , nethylisobutyl ketoneQl5), tributylphosphat eQ45) and nitro-

merhane 
(246) 

) has already been identífied by others Èo be Co (SCN) ?-- "o
we suspecÈ that. the colours r,re observe are like¡+ise indÍcaÈive of this

specíes on polyurethane foam.
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However, more conclusive evidence would be obtained from spectral

measurements made in sítu on the polyurethane foam itself. Unfortunate-

ly, attempLs to obtain a usable transmission electronic absorption

spectrum of the sorbed complex directly on foam squashed betr¿een Ëwo

glass plates were not successful (owing to the very high light scaËÈer

of the foamed polyurer) and other efforts to generate a reflecEance spec-

trum of this material were also filled with technical difficulties.

Thus, it proved not to be possible to produce an electronic absorption

spectrum of the complex as it exists on polyurethane foam.

As an alternative to the direct. measurement, however, it was found

that the blue cobalt-thíocyanate colour could be transferred rapidly and

visibly unaltered from a piece of polyurethane foam on which it had

been absorbed Ínto several oxygen-containing organic solvents (acetone,

methylisobutyl ketone and tetraglyme) in which the absorption spectrum

could then be readily determíned. The spectra of these solutions then

shor¿ed that they all contained the same absorption maximum near 620 nm

with a shoulder near 585 nm v¡hich is ídentical to that of the Co(SCU)|-

anion reported ín a wide variety of organic solvents (aceton e(206) ,

nethylisobutyl ketone QL5), dimethylsulfoxid e(207'244), tributyl-

phosphate Q45), trimethylphospha æQ07) , nitromethane Q46), N, N-dimethyl-

aceËamideQoT) and 1,2-propanedíol carbonate(207)). Thus, the species

rapidly removed frorn polyurethane foam ís evidently Co(SCN)f- although

$re cannot be certain from this that it is not altered on removal.

As a further confirmation of the identíty, however, we have previ-

ously recorded the spectrum of Ëhe cobalt-thiocyanate species absorbed

by several polyurethane film types (Fígure 2-30) and this ís identical
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Ín feature to the spectrum of Co(SCN)f- r"lorted by the various works

listed above. Although we concede that these filurs are not chemically

identícal to i11338 BFG polyuret.hane foam (as evidenced by lower extract-

ing abiliËies), the stTong similarity between the two types of polymer

and the apparenËly large number of structurally different oxygen-contain-

ing organic solvents in which Co(SCIU)f- is the predominant cobalt-con-

taining species is very strongly suggestive of íts presence in poly-

urethane foam, as well.

Still further evidence comes from measurement of the infrared ab-

sorption spectrum of the polymer bearing sorbed cobalt-thiocyanate.

Once again, unfortunately, the physical form of polyurethane foam

makes direct measurement of íts transmissíon spectrum difficult. How-

ever, some success was achieved using the Attenuated Total Reflectance

(ATR) technique in whieh the specimen is pressed against the outside

surfaces of a high densíty crystal material r,¡ithin which rnultíp1e total

inÈerna1 reflection of infrared radiatíon takes p1ace. By this means,

it was observed that the sorption of cobalt either from solutions con-

taining 0.10 M NaSCN, 2.80 M NaCl and 0.10 M NaOOCCHT/HOOCCH3 buffer or

from those conrainíng 2.9 M NaSCN and 0.10 M NaOOCCHT/HOOCCH3 buffer

resulted in the appearance of the same addítional absorption bands at

4.85 urn (2060 cm 1) and 11.9 !r (840 s¡-l¡. These absorptions would

agree fairly well ¡¿íth Ëhe report.¿(185 '247) infrared spectrum of the

Co(SCN)20- ion (or, more properly Co(NCS)f- since evídence indicates

that it is an isothíocyanato cornplex) and so we take thís as confírmatory

evidence. Thís assessment also agrees with the spectrum of the complex

on polyurethane film (Fígure 2-31) obËained by the regular infrared
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transnissíon technique.

Thus, although no one piece of evidence establíshes Ëhe sorbed

complex ídentity unambiguously, we conclude from the mass of accumulated

data that polyureËhane foam extracts Ëhe Co(SCN)f,- aníon as the chief

cobalt-containing species.

I,Iíth the identity of the sorbed cobalt-containing specíes Ëhus

established, ít is now possíble to describe in pícËorial fashion what

lre vier¿ to be the physical state of the polymer and absorbed specÍes.

If we assume that only unívalenE cations, d, are avaílable to accompany

Co(SCU)f- into the polyureÈhane (í.e. N"+, K+ or perhaps HrO+ as rìrere

generally the only possibiliÈíes in these experiments), then r"le expect

the type of arrangement portrayed in Figure 2-34.

Here, as dictated by the Cation Chelation Mechanism, the cations,

M+, are accommodated at positions along the central axis of helical poly-

(ethyene oxide) chains ín which 6 to 10 or so inwardly-directed oxygen

atoms are símultaneously in reasonable proxim:ity Ëo the cation and so

constitute a chelated "solvent shell" in which ít resides. As shown in

the Figure, the polyether helix is expanded slightly at the position of

cation chelatíon. This action would bríng larger numbers of oxygen

atoms into the neighbourhood of the cation but would also separate Ehem

further from ít and thereby tend to reduce the effecËiveness of ion-di-

pole interactíons. The diameÈer of the helíx at the chelation point

r,¡oul-d therefore be dictated by a balance betr¡een these t\,ro factors and

would depend upon both the sÍze and coordination requiremenËs of the

parÈícular cation. It should be clear, however, that some distortion

of the regul-ar helical sÈructure Ís inevitable here as oxygen aËoms are



F
íe

ur
g 

Z
-3

!_
S

tr
uc

tu
re

 (
no

t 
st

rí
ct

ly
 

to
 s

ca
le

) 
of

 c
ob

al
t-

th
ío

cy
an

at
e-

po
ly

et
he

r
co

m
pl

ex
 p

ro
po

se
d 

by
 t

he
 C

at
io

n 
C

he
la

tio
n 

M
ec

ha
ni

sm
 f

or
 

th
e 

ex
tr

ac
-

tio
n 

of
 c

ob
al

-t
 b

y 
po

ly
ur

et
ha

ne
 f

 o
am

. 
T

he
 c

at
l-o

rr
",

 M
+

, 
ar

e 
un

sp
ec

i-
fle

d 
an

d 
ar

e 
sh

or
¿

n 
la

rg
er

 t
ha

n 
no

rm
al

 t
o 

de
m

on
st

ra
te

 t
he

 e
xp

an
da

bi
llt

y
of

 t
he

 p
ol

ye
th

er
 t

o 
ac

co
m

m
od

at
e 

io
ns

 o
f 

va
rio

us
 s

íz
es

. 
T

he
 p

ol
y(

et
hy

-
le

ne
 o

xi
de

) 
ch

ai
ns

 s
ho

w
n 

he
re

 h
av

e 
be

en
 e

xt
en

de
d 

sl
íg

ht
ly

 
be

yo
nd

 a
'le

ng
th

 t
yp

íc
al

 
of

 p
ol

yu
re

th
an

e 
fo

am
 (

 -
20

-2
5 

et
hy

le
ne

 o
xi

de
 u

ni
ts

) 
in

or
de

r 
to

 p
or

tr
ay

 t
he

 g
eo

m
et

ric
al

 s
ha

pe
 m

or
e 

cl
ea

rly
.



_¿ oo_

o

A
@

z
:

Ø

o

o



-s00-

redirected to give optimum interaction with the cation and also that

movemenËs of the cation will be restricted largely to the axis of the

helÍx.

In polyurethane, naturally, the polyether chaíns must be joined to

their neighbours by the usual urethane and urea links and cross-links

(not shown) to form the final polymer net\"Iork. The presence of such

amorphous regíons (which often contain aromatic rings) thus disrupts the

extension of the helical polyether arrangement at íntervals along the

length of the polymer and thereby would limit effective cation chelation

to Ëhe intervening polyether sections. Although Figure 2-34 shows 38

ethylene oxíde units in each of the polyether chains ín order to

portray the helical nature clearly, thís represents an upper linit to

the number which would be found between any tr¡¡o linkage disruptions in

a polyurethane foam formulation. A more typical representaÈion would

contain only about 20 to 25 units. Thus, since dísruptions to the

helical sËructure must be suffered in the vicinity of the links at each

end of the polyether chain, T¡/e expect that only the middle portion will

be capable of achievíng effective cation chelation and Ëhat only suffi-

cient units will probably then be available to acconrmodate a single

catíon there. This restrict.ion will then establish Ëhe capacity of the

polymer for cation absorPtion.

The anionic co(scN)f- comllex as r"7e have shown in Figure 2-34, is

reported(185) t.o have a tetrahedral geometry \^rith nearly 120o Co-N-C

bond angles and nr:ight be expected to prefer a staggered arrangement of

the SCN- ligands. The complex rnrould probably Èend most often to occupy
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a space somewhere between the polyether chains in the vicinity of two

chelated catíon sites but may derive some further degree of solvatíon

by cl-oser assocíatíon with free polyether as r¡e1l. In contrast to the

accompanying chelated cations, the anion would therefore be expected to

have a reasonable degree of freedom to stray some dístance from these

sites íf its solvation requfrements are mínimal. This would be particu-

larly true in a polymer containing many neÍghbouring cationic sites

(í.e. one having a hígh concentratíon of sorbed íonic species ) where

hopping from pair to pair of calionic sites should be quite easy.

Accompanying this pictorial description, vre would líke novr to

express some of the concepts of the sorpion of cobalt-thíocyanate

according t.o the Cation Chelation Mechanism in mathematical form as we11.

Thus, as \,re have stated several ÈÍmes before, the first steps involved

ín the process r¿ill be those controlling the formation of the extract-

able Co(SCN)f- species in aqueous solution. To summarize these,4

there are, first of all, the four stepwise formation reactions replacing

r^rater Iígands with scN- about the cobalt atom. For símplicity, we

¡¿ill ornit the water ligands and also write the equations in overall

form as:

ß_

t'?inl * tt*lro) +-* co(scu)fro, (163)

Ico ( sct¡)+]
aqa-tl_ (L64)

lco2+l"q IscN-]aq
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ß2

t'?lnl * 2 tt"?"') ;._ co(scN) 2Gù (16s)

Þ2-
lco(scN)^l¿aq (166)

I co2+] ,o I scn- ] zo

aP¡
J

s.*?"0) . * co (scN) 
ã crql {]67)^ICol'. +3

(aqJ

t"?j.or

lco (sCN) 
^ lo _ 3'aq (168)Þ^-, [Co2+l [sCu_1 a' 'aq - 'aq

ôu4

* 4 t.ti.o) ;* co(scN)|f^r> (16e)

+ j t.*ìrn) * k .11"0) * s .r:.oo?.0)

a-t'4 -
tco (scN) ?-l4aq (170)

I co2+],o I scu- ] +o

From the equation describing the formation of the extractable

specÍes (169), we deduce that the extraction of cobalt wíl1 generally

increase with increasing thiocyanate concentration. A1so, in the pre-

sence of such ligands as cl- and cHrcoo-, we may have appreciable amounts

of other complexes formed in solution ¡¡hich rde sumrrarÍIy describe by

the general equation for the formation of such species:

t t'?å0,

Ki¡ t r,

----+-- (co . (scN) . (c1)k(cH3coo¡ zi-15+k+1,) ) (rn) (171)



w _ lcor(scN). (c1)n(cHrcoo)?i-(j+k+s) ]r, |]72)
"i¡k'l' 

Ico2+]åotr.*-Jlotcr-J]otcrrcoo-tåa
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I co2+] 
"o 

IoH- ] 
zo

where we exclude the conditions i=l, k=9=0 since these would then dupli-

cate the equations (163), (165) , (L67) and (169) above. The effect of

any appreciable formation of species of this type would be expected to

decrease formation of the extractable Co(SCN)f- anion and thus some

depression of cobalË extraction may result.

Two other reactions which may also substantíally affect the

formation of the extractable complex in moderately acidíc or basic

solutions are the following:

r/K

"trn, 
* t.*?rq) =--a "r.*("0)

v _ [n+]"0 [ scx- ].0
K = ...-4

" IHSCNI' -aq

(17 3)

(L7 4)

(176)

K
sp

."?iol*2o"("0): co(ou)z(") (17s)

K
sp

Both equations (173) and (175) represent further competing reactions

to the formation of the extractable cobalt-containÍng species and so we

predict declines in cobalt distribution in both strongly acÍdÍc or

strongly basic solutions.
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The major method of transfer of cobalt to the foaur (f) phase is then

via the absorption of the Co(SCN)20- aníon in assocíatíon ¡¿ith two cations,

Ivf+, which become chelated by polyether "sites" in the foam. For siurpli-

city, we will assume that the cations are univalent but will not iden-

tify thern further (although, as hle have indicaÈed, they will be Na* ín

most experimentally tested cases). Thus, we wríte the distribution

equílibrium as:

Kt

, 
"t"o) 

+ co(scN)17^r> +2sire1¡)- 2 (Ì{.sire)trl * co(scn)f ,r,
(L77)

[ (¡r. site) +J 
f Ico (scN) l- ] f (178)

Kt
lu+låq Ico(scN) î-] ̂ rtsirelf

Here, r¿e have assuued that very little ion pairing of the absorbed

aníon wíth the chelated cations occurs as is consistent !ùith our view

of the mechanism in which the anion is free to wander whereas the cat-

ions are largely fíxed Ín positíon and are unavailable to accompany

(i.e. be paired with) the aníon ín its wanderings.

Since effective caËion chelation is the important feature of the

mechanism, we further expect that perhaps some sorption of other hydro-

phobic anions, A-, may also occur when these are Present (again, without

identifyíng them specifically and assu.ing thaË they are univalent).

These anions could be C1-, CH3COO- or SCN- in mosË of the experiments

described prevíously but many others such as C10[ or other metal aníonic
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be included ín this

express the sorption
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group when they

of A- anions by

are also present.

the equation:

Kz

trol * A?ro) + site(r) :

Kg

.'?lo> + co(scN)'07^r> * site(r) :

(L79)

+ co(scN)1(f)

. (181)

(u.site)frl + A(¡l

[ (M'sire)+], Ia-], (1Bo)
Kz=

llr+l 
"q 

[A- ] aq I síte ] ,

The foregoing nine chemical equations express most of the signifi-

cant happeníngs to be expected with respect to cobalt. and polyurethane

foam. However, we wíl1 add one other which may become significant at

higher aqueous corìcentrations of cobalt:

(co'site) lf,

[ (co.sire) t*], Ico (scN)å-] f (r82)

lco2+l"q Ico ( scN) 
'o-J 

^r[ 
site l,

The existence of reaction (18f) presupposes that some appreciable

polyether chelation of the Co2* ion may occuï and that this uray repre-

sent another (probably minor) avenue for íts sorption. There ís, in fact,

some prior justification for *this suggesËion. For example, both Crabb

and Persinger(330) and courtot-coupez and Le rihtrr(334) ptopo""d just

such an associaÈion between Co2* and nonionic surfactants, Èhe latter

group cíting a very ¡,reak visible absorption at 495 nm ín concentrated

K^
J
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solutions as evidence for the presence of octahedrally-coordinated

Co2* (accompanied by Co(SCN)1- "t 
the anion). Although oËher x-ray

crystallographic results Q4L) with short-chain non-cyclic polyethers

did not. confirm this under other conditions of complex formation, iË

seems possible Ëhat such may occur to a limited extent under certain

circumstances. In parËicular, where nítrogen ligands are also avail-

able, cobalt may well be complexed by a polyether. This has been de-

monstraÈed by Mathieu and Weiss Q97) who presented the x-ray crystal-

lographic structure of the cobalt-thiocyanate complex of the L.2.2

crypÈand showing it to be a (Co'cryptand)2*'Co(SCNlf- ion pair. If

the urea, urethane and oËher nitrogen atoms of polyurethane may also

participate in sÍruilar fashion, the proposal of reaction (181) to a

limited extent (i.e. K3 not large) is not unreasonable.

Taking, then, these ten equatíons, \,¡e may write the expression

for the cobalt distribution ratio (ignoring any Co(OH)r(") in both

phases) as:

[cobalt in all forms]- lcol.rD_
lcobalt in all forms ¡Co I ae

[ (co.site)'*], * [co(scN)2-]f

lco2+l.o * lao(scN)*]"q * lco(scN) 27^o* [co(scN)¡ ]"q

l aq

+ [Co(scN)'O-1^, + r I co- (scN) . (c1)k(cH3coo) 2gi-(j+k+s) ] 
"qijk.s, t J

(183)

Unfortunately, though visibly fairly simple, the mathematícaI
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solution of this eguaÈion based on things we níght be able to know

(i.e. IscN-]aq, Icl-]as, Icrircoo-]"q, ¡r"f+Jao, IA-]aq, IH+]as, IoH-]"q,

the initial concentration of cobalt, and the number of foam sites) would

involve more Ëhan tvrelve simultaneous non-línear equations in an equal

number of unknor,sns (i. e. D, Ico2*]"0, ICo(SCN)+]aq, [co(scN) 2] 
^q,

lco(scN)ã1"n, Ico(scN)1-] 
^r, 

IHSCN]aq, [ (r'l.site)+] r, [ (co. site) r*) r,
lco(scN)1-lr, [A-]t, Isire], and each of rhe Ico. (scN), (cr¡n¡ç"3coo)2si-(
j+k+¿)]^-) and so ís not read.ily solvable even if all of the ß and K'aq'

values are knov¡n or assumed. However, one uríght attempË to do so

numerically with a large allotment of computer time although, of course,

many of the varíous ß and K values are unknorfir or diffícult to assume

and most others are poorly known, at best. Thus, we are unable to

deal nathematically with the general sorption equation.

Before we leave the Èopic of the Cation Chelatíon Mechanism as it

applies to cobalt (and presurnably to other metals) sorption, we

should point out that, although we expect ít to be the dominant mode,

it should not be supposed that all sorption (even of anions) urust occur

by thís mechanism. rt has been anply demonstrated in our review of

the work of others (Chapter I) that a large number of completely neutral

compounds are quite efficiently extracted from both gases and liquids by

polyurethane foam. Consideration of thís obviously demonstrates that the

polymer possesses all of the requisíte propertíes of a simple ether-

like solvent in r¿hich chelatíon need not be a part. Moreover, Ì^7e ex-

pect from the very much lower affinities of the polyurethane film

materíals tested corapared Èo the foams, that caÈion chelation could not

have been in operatíon there (conceívably as a result of a polyether
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componenË which contains many more than two íntervening carbon atoms).

Nevertheless, the species absorbed in that case was again Co (SCN) f;- anð

r.7e expect that the poor sorption observed probably represents the extent

of strictly ether-like solvent extraction of NarCo(SCN)4. Thus, some

(probably much less than one percent) of the metal ion sorption by

polyurethane foam v¡hich we observe may occur by símple solvent extraction.

This proportíon may be considerably higher in those instances in which

aníoníc complexes do not form readily or in cases where acido metal

complexes do. Likely, in all cases, a mÍxture of extractíon mechanisms

may exist with possible but not necessary predour-inance of one or another.



!..

-509-

Conparíson of Some SIpeIisg$e! Results l.r-ith CCM

I^Ie may now revier^r so¡ne of the observed experimental results ín

líght of the proposed mechanism. Fírst of all, one of the most striking

features of the sorption of cobalt Ís the very hígh distribution ratio

attainable (,rp to about 3 x 106 L kg-1). In the sirnple solvent extrac-

tion of ion pairs or even neutral complexes, distríbution ratios ex-

ceeding 1000 (or even 100) are extremely rare even under optimum con-

ditions. Thus, although some addítional improvernent mighË be expected

when the "solvent" is polyrneric due to the reduced phase mixing, this

cannot logical1y be expected to result in values in the 106 range based

solely on solvent extractÍon. However, the Cation Chelation Mechanism

explains fairly readily how the distributíon ratio for anions can approach

that more typical of íon exchange (about 105 or 106 l, kg-1). The two

are quite closely related, in fact, sínce in both cases the solvation

of a cation within the polymer becomes an unimportant consideratíon

relative to the sorptÍon of the aníon (i.e. it is energetÍcally assured

already and so does not represent an impediment).

Furthermore, in studying the extenÈ of cobalt sorption as a funcÈion

of equilibration time, it was noted that an exponenÈial sorption profile

was not stríctly followed. Instead, fairly rapÍd initial uptake of

cobalt occurred (considering the unfavourable ratio of phase volumes and

weíghts chosen) but that much slower increases resulted thereafter (Fig-

ures 2-10 and 2-11). In addítion, it was observed that consÍderable

differences in rate of uptake could exist between foam pieces located

in dífferent disÈributíon ce1ls where the efficiencies of squeezing dif-
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fered. It was suspected at the

and possibly polymer reordering

these observations; however, ít

ics of this more c1ear1y.

time of those experimenls that diffusion

phenomena must be the cause of some of

is now possible to understand the mechan-

First of all, rre recogníze that at least some of the useful compres-

sibility and expandabilíty of the polyurethane is due to the easy com-

pression, extension and bending of Ëhe polyether sections of the poly-

mer. I{here helical sections exist, it is not difficult to view the

effects of such deformations on the polymer in much the same fashion as

they would be for a spring. Consequently, we expect that the act of

flexíng the foamed polymer (as we have done by squeezing ít 25 times per

minute in conLact ¡,rith solutions to bring them to equÍlÍbrium) would re-

sult in opening and closing of the helices or reorienting some polymer

segments to and from a helical arrangement. The introductíon of a cation

into a helical síte or its expulsion from one should therefore be enhanc-

ed by such a process. Thus, the provision of mechanical energy ín this

fashion should have the dual effects of increasing both cation absorp-

tion and desorption rates in the polymer and this should probably, in

turn, aid the process of díffusion further into its bulk. trrlhether this

or the more obvious problem of continuously bringing fresh solution

ínto contact wíth Ëhe polyurethane surface is the primary reason for

differences in sorption rates v/ith different squeezing effÍciencies ís

difficult to tell, however.

From the experimenËs designed to test the effects of solution pH on

cobalt sorptíon (Figure 2-L2), we have interpreted the precipitous de-

clíne in D at a pH lower than 1.0 as arising out of the formation of
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HSCN at the expense of SCN- ligand. Hovrever, one faceË of the results

whích \,ras not commented on earlier v/as the slight but measurable increase

in the distribution ratio, D, as the pH was lowered from 9.0 to 1.0. A1-

though minor acrivity coefficient changes could simply be the cause,

another possíbility to be considered is that HrO+ could actually be

chelated by polyether in slight preference to Na* (which it replaces in

solution as the pH is decreased to maintain constant ionic strength).

Any such cation sorbed more effectively than Na* would then generate a

larger number of fi11ed "sites" at r,¡hich cobalt sorption could occur.

Chelation of HrO+ by polyether could conceivably occur, in fact,

sínce it would be able to engage in hydrogen bonding to the oxygen

atoms of the helix surrounding it in addition to the usual Ëype of

solvation available to most cations. In support of this suggestion,

Haymore and Huffman(401) have reported the x-ray structure of an Hro+

-cyclic crou?n ether complex confirming such an arrangement. However,

competing v/ith the possible improvement in polyether-cation inËeraction

brought about by hydrogen bonding is the extremely hydrophilic nature
I

of H"O+ surely rendering it very difficult to remove from water. The
J-

net effect of thís, therefore, is not known and Èhe suggestion that

H.O+ may be better than Na* is conjecture on1y. Nevertheless, in
J-

strongly acid solutions, polyurethane foam has been noted Ëo become pink

and to sorb several metal anionic complexes (e.g. GaCl[). The existence

of chelated H.O+ ions ín these cases seems quite possible.
J

Consídering next those experiments performed to establish the effects

of cobalt concentration (see Figures 2-\4 and 2-I5) and aqueous:polymer

phase ratio (see Figure 2-16) on sorption, ne commenËed at that time
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that fairly small íncreases ín D observed at high foam cobalt concentra-

tions could perhaps be explained by equations such as the following

(written in íon paired solvent extraction format vrith appreciable

sorption of MSCN assumed):

2 ((M¡r.co(scN)1) 
<r>

K
m

: (co2+.co(scN)1) 
<r> 

* o {u+.scn-),r,

(ee)

(ru+.smq-) (f) .:-- "t"ol 
* rcr?"q) . (101)

In light of the CCM, we norr recognize this as an expressíon of the

chelation of a Co2* cation (rather than an M* cation) at a polyether

síte when the concentration of cobalt becomes higher. The result of

this switch from a *1 Èo a *2 ion as the capacity of the foam is approach-

ed is, of course, to increase Ëhe effective capacity and thereby to in-

crease cobalt sorption. Thus, the peculiar íncreases v¡hich were noted

Ín these experiments no!ü seem interpretable

A further observatíon made ín the experiments to establish the

capacíty of the foam for cobalt sorption (Tables II-10 and 1I-11) was

that some degree of foam breakage occurred near saturation. This comes,

in fact, as an easy consequence of the CCM since the orientation by

moderately strong ion-dipole interactíons of some 6 to 10 or so oxygen

atoms in the polyether chain about a single cation will severely restrict

the ability of that porËion of the polyrner to undergo any sort of de-

forrn¡tÍon readily. As a result, some overall stiffeníng should thereby
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occur r¡ríth the degree of change being dependenÈ on the concentration of

cations so complexed. In addition, when the anion:cation charge ratío

is greater than one (as is the present case r¿here divalenË anions and

univalenË cations are involved), the electrostatic attractions betr^leen

chelated cations in neÍghbouring chains and the intervening anion

constítute a type of ionic cross-link between the chains and would tend

to restrict theír moÈíons relative to one another with a further decrease

in polymer flexibilíty. The combínatíon of these two effects vras

apparently severe enough to result ín the breaking of covalent bonds ín

the polyurer and the release of sma1l bíts to solutíon when squeezed re-

pearedly. The saue behaviour was also noted by Moore(52) thite studying

the sorption of NarIrClU from acetone and ethyl acetate although it

passed uninterpreted.

In investigating the effects of teuperature on the sorption of

cobalt (Figures 2-18 and 2-I9), I¡re noted that under conditÍons of op-

timum extraction (i.e. 1ow temperature and/or hígh thiocyanate concen-

tration), temperature had very litt1e influence on extraction over a

fairly wíde range. This led to calculation of A H'0 and AS > 0. trrle

\,üere forced Èo inteTpret this either in Ëerms of an ion exchange-líke

process or of a solvent extraction-líke one in which very effective so1-

vation of at least the cation musË be in effect and for r¿hích 1íttle addition-

al ordering of the polyrner must take place on solvation. lie see now

that eíther ínterpretatíon is indeed quÍte ín keeping with the Cation

Chelation Mechanism as üre have discussed it and we consider thís to be

evidence in its favour.

Líkewise, it is now possible to interpret more easily the results
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of some oÈher experiments having to do with the effect of polyrner type on

the efficiency of cobalt sorptíon. tr^le understand, therefore, that the

chief effect of structural changes will be to alter the effectiveness of

chelation of the catíon. Thus, the key requireÍnents to achieve efficí-

ent chelation are that the polyol must be of polyether type (since

polyesters do not form helical chains so readíly) and thal tr^ro carbon

atoms intervene bet\,ieen successíve oxygen atoms (so S-membered ring

assocíations can be made úríth the catíon). These requírements obviously

indícate why polyester-based foam was so much less successful than its

polyether cousins (Table II-f8). Also, since polyurethane films are

often prepared from such polyethers as poly(tetraurethylene oxíde) which

contain four íntervening carbon atoms between successive oxygens, \,te

expecË poorer performance for the films, as \,/as observed (Table II-24) .

The preference for poly(ethylene oxide) over poly(propylene oxíde)

demonstrated in Table II-IB must likely be related, then, to the

reduced he1Íx formation brought about by'steric interference of the

nethyl groups. Furthermore, insofar as some methods of preparation

(with various surfactants, etc.) may tend to leave much of the polyether

in a permanently tangled form u¡hen the polymer links are completed, we

can understand some of the differences displayed by polyurethanes pre-

pared from the same major starËing materials. I^Ie ur,ay also thus r.rndersEand

why it \,ras generally observed that the more flexible foams tended to Per-

form best.

Thus, r^re see from these few comparisons between the experimental

results obtaíned and our expectaÈ,ions based on the Cation Chelation

Mechanism that Èhe data are generally consistenÈ \d-ith the mechanism.
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Although this does not alone constitute its proof, it is strong evidence

in its favour. Additional, more conclusive evidence ín support of

cCM has already been amassed by others of this laboratoryG02-403)

following its initial conception some tíme ago. The results of their

studies will be presented by them shortly.
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F CONCLUS IONS

Cobalt(II) is extracted very effíciently from aqueous thiocyanate

solutÍons by rnany types of polyurethane foam and less efficiently by

several types of polyurethane filrn. The cobalË sorption capacíty of the

polyurethane foam material tested (/lf¡¡g nFC) is approximately 0.47

mo1 kg-l and the efficíency (as measured by the distríbution ratio, D)

can be as high as D = 3 x 106 L kg-]. The distribution ratío ís essenti-

a1ly independent of aqueous cobalt concentration when the capacity for

sorption is not approached and D is also reasonably independent of the

ratio of phases chosen (aqueous:foam) wíth slight increases apparent

for high ratios.

Conditions which favour efficient cobalt extraction and which

lead Èo maximum values of D are: high thiocyanate concentration,

high ioníc strength, low temperature and 1.0 < pH < 9.0. Most simple

salts added Ëo solutíon produce enhancements due t.o Íonic strength

increases. However, a few others creaËe substantial depressions where

some cobalt complexation or competitive sorption are indícated. Thus,

probably through cobalt complexatÍon, EDTA produces a very strong

depressive effecÈ on sorpËíon while cyanide, cÍËrate, oxalate and ethy-

lenedianine are less severe. Tetraphenylborate ((C6H5)48-) also inter-

feres but likely by competitive sorptíon instead.

In 0.5 M NaSCN, 0.1 M NaOOCCHT/HOOCCn, buffer solution, the presence

of many metal ions (Ca(II), Mg(II) , Sr(II), Ba(II) , Sc(III) , La(III),

Ti(III), Zr(IV), Cr(VI), Mo(VI), Mn(II), Os(IV), Ir(TII), Ir(IV), Ni(II),

A1(III), T1(I), Sn(II), Pb(II), Bi(III) and U(VI)) is apparently wíthout
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effect even at 1000 ppm leve1s when Co(II) is present at only 0.10

ppm concenrrarÍon. orhers (Be(II), Ti(IV), Ru(IV), Ga(III) and Sb(III))

produce only mild interferences while still others (I^f (VI), Fe(II), Fe(III),

Rh(III), Cu(II) and Cd(II)) are tolerated less well. The strongest

interferences to cobalt sorptíon, however, come from Cr(III), Pd(II),

Pt(II), Pt(IV), Au(III), Zn(II), Hg(II), In(III) and Sn(IV). Most

of these metals are suspected of also being sorbed efficiently from thio-

cyanate solutions by polyurethane foam but others interfere by other means

(such as coprecipitatÍon in the case of Sn(IV)).

By conËrast, the presence of some organíc nitrogen-containing spe-

cies is very conducive to cobalt exËractíon. Thus, several ions of the

forur RNHI, R2NH}, *r** or RON+ increase the distribuËion ratío when

R ís quite large (such as n-butyl or n-hexyl) but are much less effective

or even depress extraction where R is small (e.g. rnethyl). The compounds

with large R groups evídently behave as liquid anion exchangers to

aid in cobalt extractíon. The presence of NHf, and NH3OH+ ions also

results in substantial increases in the distributíon ratio as a result

of their greater extractability by polyurethane than Na*.

I^le conclude strictly from a consideration of the measured hígh

distribution ratios and reasonably large capaeities (both of whích are

similar to those of typícal i-on exchangers) that polyurethane foam rnay

find several industrial and analytical applications for t.he extraction of

cobalt (and obviously other metals also). Like íon exchange resins,

polyurethane foam has several advantages over organic solvents. Firstly,

it is completely insoluble and so is not lost to and does not itself

conËaminate aqueous solutíons v¡hich it nay be used Ëo extract. Since it
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ís equally insoluble in organic solvents, its range of applicatíon can be

extended to them as well. Moreover, as it has no vapour pressure,

ít does not represent either a health or explosion hazard as do many or-

ganic solvents. hrhile possessing many of the advantages of Ëradítional

ion exchange resins, however, it has the important advantage of being

reasonably inexpensive (current commercial price about $2.00 per kilo-

gran) and so may be industrially atÈractive.

As possible industrial applieations, we have in mind the concentra-

tion and pirrifÍcation of cobalt by selectíve extractlon from mining

liquors, the treatment of índusÈrial effluents, the cleanup of radio-

active \¡¡astes or perhaps even the reprocessing of nuclear fuels. As r,re

have shown, high extraction efficiencies for cobalt can be obtained wirh

rather modest use of thiocyanate especíally when olher cheaper salts

such as sodium chloride and 1or¿ temperatures are used. Inle have also

shown that cobalt-thiocyanate is extracted in the presence of many

other metal ions and could therefore be separated from them.

In analytical usage, we recognize that the physical form of an

open-cell foam is a good one for effÍcient flow vrith equally effícÍent

solution/polymer conËact. IËs use ín colurrn chromatography is therefore

natural and has been demonsËrated nany times by others. However, this is

not Ëhe only perceived assetr.particularly in the cobalt-thiocyanate ex-

traction system which we have described. Thus, the combination of very

high distribution ratio, intense blue colour of the complex and high
f

degree of control of sorptíon avaílable through manipulatíon of the

various parameters involved ([SCN-], temperaÈure and ionic strength are

each capable of altering D by several orders of maçgtíËude) suggest its
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use in several r^7ays. First of all, the very hÍgh distribution ratio

achievable under optimum conditÍons and the facË that it does not de-

crease at either low cobalt concentraËions or high solution volumes allows

one üo apply polyurethane foam quite successfully to the preconcentration

of that metal from very large volumes of dilute solutíon. Since cobalt

sorpËÍon is quite insensitive to pH (over the range from 1.0 to 9.0),

some selectivity over other metals may thus be found by careful choice

of thís parameter. Also r{¡e expect further metal selection Ëo be possible

based on the aqueous thiocyanaLe concentratÍon and probably on the tempera-

ture chosen.

Once sorbed, the cobalt is then readily arnenable to qualitative,

semí-quantitative or quantÍ-tative analysis directly on the polyurer by

vÍsual examination, x-ray fluorescence, neutron activaËion or other me-

thods. Alternatively, it can be stripped off into strong acids, organic

oxygen-containing solvents or símply hot water for Ídentíficatíon or

quanËitation by spectrophot.ometry, atomic absorptíon or any other con-

veníent technique. I,Ie have demonstrated in this ¡¿ork at least the

feasibility of applyíng the method to the semi-quantitative analysís of

cobalt by sirnple visual eomparison down to the nanogram range on a radÍo-

active tracer. The technÍque would not be without strong interferences

from a few meÈals but r¡e have demonstrated that many others and a large

nuuber of cornmon salts do not interfere appreciably. The applÍcability

to quant.iËative analysÍs by means other than radioactive Ëracer remains

to be demonstraÈed properly by others.
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From log D versus log [Co]a' and log D versus tog[SCN-JrO Plots

as well as spectroscopíc evidence, \¡re conclude that the species extracted

from aqueous thiocyanate solutions by polyurethane is the Co(tlCS)fr-

isothiocyanato complex anion in company with an equivalent number of cat-

ions to rnaintain electrical neutrality.

Based on the many experimental measurements made in the cobalt(tt)

- thiocyanate system and also on a careful consideration of the known

catÍon complexing behaviour of polyethers, T¡/e conclude thaË the sorption

of many anionic metal complexes may take place via a newly-proposed

mechanism (the Cation Chelation Mechanism). In Ëhis proposal, suitable

accompanying cations are multiply cornplexed (chelated) at Ehe central

axis of distorted helices formed by the polyether portions of the poly-

ether-based polyurethane thus generating cationic "sites" in the polymer.

The strength of cation complexation likely depends on characteristics

both of the polyether and of the cations. Polyethers (such as poly(ethy-

lene oxide)) containing two intervening carbon atoms between successive

oxygen atoms are expected to form more stable complexes than are those

r^ríth either fewer or more carbon atons since their associations with

cations then result in 5-membered ríngs. Alky1 groups attached to the

carbon skeleton (such as CIIS in poly(propylene oxide)) signifícantly de-

crease the complexing abilíty apparently due to their steric hindering

effects on the adoption of a helical structure. Polyester-based polyure-

thanes are without the abilíty to chelate cations.

Many cations, including most. of the alkali metals, alkaline earths'

lanthanides, actinides, sorne main group transition metals, HrO+, NHO+ and

its monoalkyl (and possibly dialkyl) derívatives as well as a few oËhers
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can be expected to be complexed by polyether. However, the sÈrength

of complexation will vary according to'both the size and character of

the catíons. Catíons which are very large (e.g. (C4H9)Ofú) tiff be unable

to be accommodated Þrithin an unstraÍned helical arrangement of the

polyether. On Èhe other hand, those whích are very sma1l (such as

Li+) r,riil not be closely approached by sufficient ether oxygen atoms to

be strongly complexed by Ehem but v¿il1 be very well solvated in water.

Moreover, all other factors being equal, eations (such 
"s fmf,) for which

extensive hydrogen bondíng with the polyether oxygen atoms is possible

are expected to have enhanced complex stabilities. For all types, how-

ever, the flexibility of the polyether chain is expected to allow for

accommodation of a fairly wíde range of cation sizes in tetrahedral,

octahedral or a number of other coordÍnation geometries by some adjust-

ments in the dimensions and local distortions of the helíx. Nevertheless,

some degree of selectivity between cations will be dísplayed.

In the presence of an abundance of chelatable cations, the very

efficient sorption of ion pairs containing those anions which are

poorly solvated in v¡ater and/or well solvated by the polymer qríl1 occur.

In particular, r,re etrpeat large and bulky anions which contain neither

free carboxyl nor hydroxyl groups and which can be generally described

as "soft" Lewis bases to be preferred. Among the easily extractable

anions are many metal complexes (such as Co(SCN)20-, cact', AuCll, reClf,

and Fe(CN)¿-) which are coordínatively saturated \4?íth ligands other than

\^rater. Also included, however, ane some conmon aníons such as C1O;,

(C6H5)OB- and even SCN- (but to differing extents). From solutions in

which only one reasonably extractable anion is present, its extractíon
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may be regarded essentially as a simple ion pair solvent extraction

in which Ëhe cation is especially r¿ell solvated. However, in the pre-

sence of appreciable quanËitíes of other extractable anions which enter

the polymer príor to or concurrently i^/ith the one in question (and

thereby create a large number of cationic ttsitestt), Ëhe sorption process

is more easÍ1y vj-ewed as one of anion exchange.
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