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INTRODUCTION 

The first systematic obscrvetionsof the 

phenomenon of ion exchange were made in 1850, 

simultaneously by Way (1) and Thompson (2). 	From 

their study o 	notion of water soluble fertilisers., 

such as ammonium sulphate end potassium chloyide on 

soil anCi clay, they observed that the exchange of ions 

involved equivalent queittities and that certain ions 

mere more readily exehanged than others. 

No further progress was made until 19C6 when 

Gans (3) noted the phenomenon in some naturally occurring 

alumino silicates. 	Shortly afterwards, synthetic 

elumino silicates (4,5), with a high exchange capacity, 

were prepared. 	These were extensively studied from 

the physico-chemical point of view, particularly from the 

standpoint of their use in the softening of water. 

In 1935, Adams and Holmes (6) discovered that 

ion exchange would occur in organic cross-linked resins 

containing appropriate chemical groups. 

progress was very rapid, and a wide range 

and cation synthetic exchange rosins have 

prepared. 	These resins are finding an 

number of practical applications. 

3ubsequent 

of both anion 

since been 

ever increasing 



The monefunctional cation exchange resins 

are classified, according to the nature of their exchange 

groups, as strong acid or weak acid resins. 	Most 

strong acid resins contain suiphonic t,cid groups attached 

to the hydrocarbon network; week acid resins contain 

carboxyl or hydroxyl groups. 	The counterpart of these 

two types is also found in the anion exchaneg resins, 

which possess either strong quaternary amine groups or 

weaker amino groups. 

The strong acid resins have been studied 

extensively, and many attempts have been made ( 7,8,9 ) 

to formulate a theory of ion exchange, which adequately 

describes the behaviour of the resins. 	These 

approaches do not take into account the variations of 

the activity of an ion in the resin phase and in this 

sense must be regarded as empirical. 

The only rigorous thermodynamic treatment is 

that put forward by Glueckauf and Duncan (10, whioh 

successfully treats the strong-acid resin phase as en 

aqueous solution of a strong electrolyte. 	The theory 

has not, however, been applied to the behaviour of weak 

acid resins. 

Many different types of carboxylic acid resins 



have been prepared but they hove not been investigated 

so extensively as the strong acid resins. 	hinin and 

Barry (11) and Hale and Beichenberg (12) have shown 

that the behaviour of the resins can be explained by 

assuming that only a small fraction of the carboxylic 

hydrogen is ionised. 

The interpretation of exchange equilibria 

with week acid resins is complicated by the incomplete 

dissociation of the carboxyl groups. 	Th(J resins have 

a very high affinity for hydrogen end the exchange 

characteristics will be highly dependant on the pH. 

The need for the further investigation and 

theoretical interpretation of carboxylic sold resins has 

an importence which. is not confined to simply the 

practical application of ion exchange resins in aftoctin6 

the separation of various ions, 

Ion exchange resins are fundementally week or 

strong polyelectrolytes. 	The interretetion of the 

behaviour of the weakly acidic and basic resins would 

provide a sound basis for a fuller interpretation of the 

behaviour of amthoteric resins it, which both acidic and 

basic groups are present. 

In the vast ramif,riht; fields of protein and 

colloid chemistry, the interpretation of the observed 

3 



phenomena is in many ce,ses very limited, owing to the 

complicated nature of the systems involved. 	There 

Is a primary need for the investigation of more 

fundamental phenomena, with well defined sirapler systems, 

before the interpretation of the phenomena, observed 

with the more complicated systems, can be effected. 

The object of this research initially, was to 

investigate the adsorption of various cations at 

Isolated carboxyl groups, in order to gain a measure of 

their relative ion affinities, when no interaction with 

other carboxyl groups was involved. 

However, the medium chosen proved to be 

un8uitable, end 	behaviour of high capacity carboxylic 

acid resins was investigated. 	The approach to this 

work has been more of a prospective than a speculative 

nature, that is to say, more attention has been 

concentrated on producing a suitable system upon which 

accurate measurements can be made, and on investigating 

th broad outlines of its behaviour, than to investigate 

in detail particular aspects of cation interaction. 

The preparation of well defined carboxylic 

exchangel 1Tas been investicated in same detail. 	A 

monofunctional carboxylic sold resin has been prepared 

in the form of n rod, which allows for a simple and 



accurate analysis of the resin phase after equilibrating 

the rod with any particular solution. 

The interaction of various cations with the resins 

has been investigated. 	The results obtfained indicate 

tWA the weak acid resins differ fundamentally from the 

strong acid type. 	These latter behove as strong 

electrolytes, to which the Debye-Fuekel theory tan be 

applied. 	The weak acid resins, however, 

phenomena which have been interpreted on the basis that 

considerable ion association occurs. 

The difficulties inherent in the investigation of 

colloidal end gel-like systems are due to the complexity 

of their structures. 	The week acid resins are 

characterised by their gel-like behaviour nnd, like other 

colloidal systems, the investigation of their properties 

is subject to certain limits of accuracy. 

llen the equilibrium is displaced from one position 

to another, many rectors are opertive, 	The interpretation 

of the, displacement may therefore be extremely complicated. 

The significance of a small chance is very often not 

unambiguous, and of more use is the interpretation of the 

more pronounced changes that occur in the system. 

5 



PART 1. 

aaLIMIWRY INVESTIGLTIONS 

SECTI 

 

Attempted investigation of the 

adsoxl ion of cationA at isolated carboxyl groups. 

  

   

(T2Orill 	Preliminary investigation of the  

propertiesof  high-capacity carboxylic resins. 

6 



PRT 1 

3IssCT I Oli I 

ATTEMPTED INVESTIGATION OF TI AlyvvrIoN OF CATIONS .jiT 

Isola= CARB4XYL GROUPS 

Introduction : 

A preliminary attempt was made to study the 

adsorption of cations at isolated carboxyl groups. 	it 

was considered that the ideal requirement would be e 

substance possessing a uniform surface, supporting 

uniformly distributed and widely separated *cidio sites. 

The distance between adjacent sites was required to be 

such that interaotion between the exchange processes, 

occurring at adjacent sites and between the sites 

themselves, was negligible. 

The initial requirement was to obtain 

substance with an extremely large surface area, and then 
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to introduce the acidic groups onto the surree. 

Polymers were prepared, as subsequently described, 

containing amall amount of carboxyl groups. 

Because of the very low capacity of the 

polymers produced, a basic dye, which could be 

determined celorimetically at very to concentrations, 

ves used in order to follow the adsorption of cations 

at the eoidic sites. 	It was intended to obtain a 

measure of the relative &trinities of various cations 

for the carboxyl groups, by carrying out the 

adsorption of the basic dye in the presence of other 

eations, and measuring the relative uptk or the 

basic dye. 



EXPERIMENTAL 

Introduction of acidic sites by hydrolysis. 

Methyl methacrylate was selected at the initial 

substance with which to work. 	The polymer was prepared 

and converted into a form possessing an extremely large 

surface area (P4). 	ttempts were rondo to surface 

hydroyse P4 with aqueous NaOH, the extent of hydrolysis 

being indicated by the adsorption of methylene blue (MB). 

kppreciable hydrolysis was observed with boiling 5-10 N. 

NaOH, but considerable degr;dation of the polymer resulted. 

with lower concentrations of NaOH little hydrolysis was 

observed and hydrolysis with HC1 was also found to be 

negligible. 

Introduction of acidic sites by co-polymeriertion.  

Owing to the difficulty of producing acidic sites 

by surface hydrolysis, polymers P6 and £9, of known 

equivalent weight, were prepared in a similar manner to 

P4 from co-polymers of methacrylic acid and methyl 

methacrylato. 	The equivalent weights, s defined by the 

weights of monomers used for the bulk polymerisation, were:- 

P8 18,600 

P9 7,620 

9 



Propartion of polymer 114 	(polymethym 	Titato) 

The redistilled monomer was polymerised in 

bulk by u.v. irradiation and dissolved in dioxan. 

The dioxan solution 	5fl was allowed to flow 

dropwise down o. long (lQOom.) column of ethyl alcohol 

and the resulting gel-like fibrous precipitate 

immediately tranoferred. to water and agitated until, 

it had hardened. 	The concentrntion of the dioxan 

In the elcohol column was not allowed to exceed as. lap 

The hardened polymer was washed free of organic 

solvents with hot water and air dried. 	The product 

was an extremely light fibrous white solid which 

powdered readily when dry. 	The polymer was not 

wetted by water, but was wetted readily by alcohol. 

Preparation of polymers £8 and 9 (0onolymors of 

methyl methacrylate and nethacrylic acid.) 

The methacrylic acid was distilled in vaouo 

and weighed qutlaLitien of the two monomers were mixed 

and bulk polymerised by u.v. irradiation. 	The 

resulting polymers were then subjected to the same 

treatment as for 14. 

10 



1o1ecn1ar welch of polymers 

The molecular weights of the polymers, determined 

by 	ettering (pacelSe), were Ps follows: 

P4 630,000 

P8 470,000 

119 400,000 

The adsorption of basic dye by P8 

The cdsorption of MB by FS N ,s followed by the 

equilibration of the polymer with buffered dye solution and 

the determination of the residual dye colorimetienllys  

Graph 1.2 shows the extent of adsorption of MB by P8 at 

various pH values. 	Below pH 10 the amount of dye 

adsorbed by the polymer is very small. 	At pH 11.2, 

however, the polymer adsorbs maximum of 5,35'10-5  

equivalents of dye per gram which coincides with the 

calculated capacity of3x10-5  equivalents, within 

the experimental error. 

Proceedure  

30 mg. portions  portIons of dry. P3 were weighed into 

tared 10m1. centrifuge tubes, wetted with 0.2m1. ethyl 

alcohol and the ?.lcohol wshed Out by successive shaking 

with water. 	The washes were removed by pipotting 

after the tubes had been centrifuged. 	„4fter removal 

11 



of the lent wash, the tubes were weighed and water 

a0Aed to bring the total amount of water to lml 

Known mounts of the buffered dye solution (0.01 N. 

with respect to buffer) were added, and the tubes 

allowrd to stand for 40 hours with occasional 

shsking to allow equilibrium to be reached. 	The 

tubes were then centrifuged, the solution pipetted 

out, and the residual MB determined calorimetrically 

using e. Unless photo-ctrIc 

Prior to use the methylene blue (Vital 

stain) was dried to constant weight at 1209D. and 

the stock solutions prepared by direct weighing. 

At pH. 11.2 slight decomposition el: the dye took place 

reducing the concentration of the solution. 

Allowance was made for this by carrying out a blank 

series of adsorptions on 14, (pure polyester), and 

subtracting the curve obtained frohl that obtained 

with PS, to give the nctual value of MB adsorbed. 

(Graph 1.1). 	initially the NB was quite rapidly 

adsorbed giving comparable concentrations of MB in 

contact with both P4 and P when decomposition of 

th.. dye set in. 

12 
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GRAPH 1.2 	 ADSORPTION OF METHYLENE BLUE BY P8 
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Adsorption of methvleile blue by P3  

Series A : (Buffer: H3BO3-Ne2 04) pH 2.6 

1 lapt. 	mg.P8 	i mg.MB. i Final. oone. 1111C,M8.adsorbed 
'adsorbed 'mg.10H./litri 	per .dry PS 

I 	30.0 	1  0.026 ' 	1.43 	0.67 

s 	30,0 	i 

	

, 0.032 	7.90 	1.07 

3 	30.0 	0,031 	11.73 	1.0‘ 

4 	30.0 - 	

i 

	

04068 	17.95 	0.9E 

5 0 	30,0 	0.049 	20.01 	1.64 

6 	 (. 	0,034 	27.82 	1.21 

30.0 	0.042 	32.50 	1.40 

30.0 	0,067 	mao 	1.89 

Series B  : (Buffer: H3203-Ne2UPO4) pN 6.7 

7 

8 

1 3n.0 0.024 1.70 

2 30.0 0.046 3.63 

3 30.0 0.050 8,60 

4 30.0 0.063 12. C3 

5 30.0 	0.068 16.90 

$ 30,0' 	0.082 20.15 

30,0 	0,084 25.50 

8 30.0 	0.084 31.20 

0.79 

1.52 

1.70 

2.11 

2.26 

2,74 

2.90 

2.80 



aeries 

8 

3 
4 
5 
6 

7 

14 

: 	(Buffer: H 3 lie0H ) 

mg.MB. 
adsorbed 

nawle 

38.3 0.135 
28.9 C.128 
3.3 0.198 
3c1.0 0.174 

2.8 0.173 
40.5 0.198 
36.8 0.190 
28.8 0.171 

pH 9.7 

Flaal eon-;71;geNIE•adsorbeit 
ag,i184111tre per g.dry P8 

	

6.58 	3.53 

	

7.80 	4.43 

	

25.20 	5,61 

	

29.21 	5.83 

	

29.62 	6.01 

	

44.41 	l).B8 

	

55.79 	5.15 

	

58.88 	5.94 



pH 11.2 

Final sone. 
.143./litre 

ng.MB.adsorbed 
per g.dry P8 

0.18 2.13 

0.18 2.29 

0.52 4.55 

0.53 4.55 

1.26 6.62 

1.3e 7.31 

2,91 8.25 

2.77 	9.25 

7.317 	15,60 

18.27 	17.47 

19.80 	22.22 

31.60 	24.72 

pH 11,2 

15 

u : 	(buffer: Na2HFO4-NaOH) 

nig.Mbe 
itaatarbaii 

t. 	mg.P8 

33,3 0.071 

31.0 0.071 
31.0 0.141 

31.1 0.141 

31 .4 0.208 

28.3 	0.207 

32.6 	0.269 

29.3 	0.271 

34,0 	0.530 

27.3 	0.477 

33.4 	0.742 

27.2 	0.673 

1 
2 

3 

4 

5 

6 

7 

a 

9 

10 

11 

12 

Series 	: (Buffer Nt; 2HP 04-Na OH 

Blank eeries with 14 

t 

1 37.4 

32.4 

3 29.8 

4 30.8 

5 31.9 

adsorbed 
anal cone. mg.MB.cd.,3orbed 

mg.MB./litre 	per g.dry P4 

0.060 1.75 1.61 

0.066 12.87 2,05 
0.064 13.20 2.16 

0,141 36.40 4.58 

0.24 c 55,80 7.51 



q'rect of selts on the adsorption of methylene blue 

An attempt was made to investigate the effect of 

salts on the adsorption of methylene blue by k3 at pH 9.7, 

but accureto mensurements could not be made due to the low 

adsorption of MB at this pH (at higher pH values the UB 

decomposee). 	A decrease in adsorption was observed in 

the presence of 0.1 N. NeCl, but in 0,01 N. Nan and BaC12  

of the rime ionic strength had no effect. 

Potentiometrie titration of P9 with NenH 

A suspension of £9 was titreted ageinst NOM in 

micro apparatus. 	The pH measurenents on the solution, 

in equilibrium with the suspension, were carried out using 

a hydrogen electrode incorporated in the apparatus. 	The 

titration curve for this solution cleeely fulluw,A the bleak 

titration of water against UGH and showed no discontinuity, 

Trapping of dye by PS 

Although the parlor showed no apparent swelling 
with alkaline solutions, it was observed that when methylene 

blue was adsorbed by V3 from alkaline oolutions, subsequent 

wishing with Eel did not reriove all the adsorbed methylene 

blue. 	The polyeee eeeined a light blue colour. 	it 

appeared that proportion of the adsorbed methylene blue 

cations were trapped inside the polymer network. 

16 



Discussion 

The adsorption of basic dye by PEI (Graph 1.2) 

shows that at pH 11.2 ell the acidic sites are accessible 

to the large dye cations, but below pH 10 little adsorption 

takes place. 	It follows thet, below pli l, either the 

carboxyl groups are =dissociated or that the majority of 

tho groups are inaccessible ta the dye actions. 

The polymer shows no apparent swelling with 

elk-Aine solutions, eed the egeellibrium 13 reached in a 

comeeretively short tine, 	This indicates that below pH 10 

the oarboxyl growls nre largely undissociated. 

On the other hand the trapping effects  previously 

mentionek indicates that a proportion of the groupe are not 

situated on the surrece of the eolyeaer, but inside the 

polymer network. 	The trapping effect also gives an 

indication that the polymer swells euffloiently in alkali 

to llow for free diffurion of the dye cations into the 

polymer when a high pi! is reached. 	It follow, from this 

that the smell adsorption of dye below pH 10 may be due to 

the inability of the dye cations to reech the internal 

acidic sites, 

If the carboxyl groups do not dissociate below 

pH 16, the titration curve of the Jolymer against WAIL 

would closely follow the blank titration of water against 

17 
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Neal, as was experimontally observed. 	The sodium ion is 

small compared with the methylene blue ion and it is doubtful 

if the absence of capacity for NaOH Gdsorption is due to the 

acidic sites being inaccessible to the small sodium ions. 

Conclusion 

It appears that below pH 10 the carboxyl groups 

are largely undiesociated. 	.`:hove pH 11 the cerboxyl 

groups are completely dissociated as is shown by the 

adsorpf;ion of the MB cations. 	It 13 remarkable that 

the acidic groups  show no tendency to dissociate below 

pH lr.). 	This must be due to the nature of the medium 

surrounding the carboxyl groups. 	Possibly carboxyl 

group forms hydrogen bond with a neighbouring ester 

group, which prevents the carboxyl group from dissociating 

until a higher pH is reached. 

in view of the behaviour of the polymers, it was 

Fwereut that they were unsuitable for the study of the 

adsorption of cations at isoleted carboxyl groups. 

Further work with these polymers was therefore discontinued 

and the behaviour of high ()opacity resins investigated as 

described in the next section. 



=TIM 2  

PRICLDITIVAT 	V3T IGAT ION OF THE 

PROPMTDIS 	HIGH-C 'IC ITT CrRBOICY1 PEnniS  

Since the copolymers of nethyl methacrylate and 

methaorylic o1a, described in the first section, did not 

afford suitable Tledi'A for the study of ion adsorption at 

carboxyl groups, it was decided to study the behaviour of 

high capacity carboxyl resins. 	Tworalymers with 

different degrees of cross-linking were investigated. 

The first resin investigated, (PLC), was an 

experitiental b°4toh of bead polymerised polymethaorylie 

-old (PMA), cross-linked with divinyl benzene (MB), 

suppliod by Permutit C o. Ltd. 

Experimental 

lflItItl tretment  

The resin I-10, as received, gave a pH on. 4 in 

contact with distilled water. 	The resin (bead size 50,..18) 

19 



wes placed in a column and washed With 23. NaOH, water, 

2N. MI, and water, until the effluent gave p! ca. 6. 

The resin was then air dried and bottled, samples being 

taken for the water content. 

Water content 

'Iamples of the sir dried resin were dried to 

constant weight in an oven at 12e-125%. 

Water yontent determined 14 O'f,  

At ca. 13a 0. the resin darkened somewhat and 

lost weight slightly. 	This was not encountered with 

later resins and was probably due to impurities introduced 

during preparation. 

Titration of rio with H. 

After initial treatment the resin was titriited 

with KOH, by itself and in the presence of different 

concentrations of NCI. 

PIO adsorbed 1.7.0H very slowly even in well 

stirred suspension. 	Titr!Ations were therefore carried 

out in bottles which were shaken with an efficient 

shaker. 	The equilibrium was complete after 24 hours. 

No change was observed after a further 43 hours shaking. 

0.5g. of dried resin. were weighed into 25Cml. 



regent bott.Les, nd 10(111. of the base solution eddod. 

After equilibrium hF,(1 been reuehed the resin VMS snowed 

to settle, and 5m1. of the supornatent liquid druwn off 

for the pH measurement. 

TLv3 tltrstion data are recorded in 'fable 2.1. 

The amount of base remaining in the eterilial solution 

was calculated from the pH (see page 91).. 

'.;2he capacity of the re-in (7.3 milli-equivalents 

per gram), deduced from the titration curves (Graph 2.1), 

showed the polymer to be of excessively high cross-lintmgc, 

a fact which agreed with the absence of any !wellinG 

phenomena. 	fter this preliminary investigation, wor 

with F10 wrs dicontlnled4 
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GRAPH 2•I  TITRATION OF P10 WITH KOH 

12 

pH 

Io 

O NO SALT 
0 0.1 N. KCt 
• 1.0 N. KCl 

T 

I T  
I

2 	4 	O 
meq. base absorbed per g. dry HR 



Titration of P10 with KOH. 	Table 2.1 

Series 	: No salt 
•••••••••••••••••••••••01••••••••••• 

	

Nxpt. 'Dry weight..1 m-eq4base m-eq.base 	pH 	' m-eq.absorb: 
' • 	added. absorbed. 	per g.dry HR 

1 0,4976 0.215 0.215 7.25 0.43 

2 0.4375 .04431 0.431 7.96 0.93 

3 0.4455 0.853 0.853 8.30 1.95 

4 044334 1.508 1.506 9.18 3.17 

5 0.4404 1.939 1.934 9.60 4.00 

6 0.4922 2.378 2.370 9.90 5.32 

7 0.442 2.600 2.734 10.19 5.91 

8 0.4758 3.231 3.205 10.56 6.82 

9 0,4334 3.434 3.351 10.92 7.04 

10 0.4711 3.662 3.583 1.0.90 7.68 

11 0.4694 4.312 3.949 11.56 8.97 

12 0.4663 5.385 4.709 11.33 9.81 



Series 8 : 	In 0.10 N. IC1 

1 0.4529 	4110, 	MO .0 	.. :3.60 - - 

2 0.4042 	0.646 0.646 5.84 1.39 
3 0.4727 	1.292 1.292 7.60 2.73 
4 0.5061 	1.939 1.939 7.81r._..83 
5 0.4640 	2.535 2.585 3.17 5.57 
6 0.4733 	3.018 3.015 8.35 6.92 

0.4821 	3.446 3.445 9.03 7.15 
8 0.4730 	3.877 3.367 10.0l.) 8.09 
9 0.4770 	4.308 4.148 11.16 8.70 

1C 0.4043 	4.739 4.::)39 11 .t.,5 9.34 
11 0.4987 	5.170 4.770 11.64 9.57 
12 0.4933 	5.600 5.100 11.03 10.34 

Series C : In 1.0 N. IC1 

0.4976 	0.215 0.21.5 4.00 0.43 
3 0.4455 	0.431 0.431 5.60 1.95 
3 0.4322 	2.376 2.376 6.29 5.32 
4 0.4M2 	2.795 2.795 6.46 5.91 

0.4758 	3.222 3.2?,2 6.79 6.82 
8 0.4334 	3.406 3.408 3.00 7.04 
7 0.4711 	3.636 3.634 3.73 7.71 
8 0.4694 	4.191 4.025 10.71 8.57 
9  0.4063 	5.160 4.797 11.05 10.29 



The -ccona ra invostignted (Pll) was an 

experillental botch of cn aqueous bulk polymerised PNA 

cross-lined with DVB, supplied by Psrmutit Co. Ltd. 

Lxperimental 

reiininary treatment 

ill (5 ..20C mesh) was ''cycled." with NaCH and 

HG1 and washed with distilled water to pH 5-6. 	The 

Resin was then air dried and bottled, samples being 

taken for the water content determination.. 

3r oontent 

f"amoles of the air dried resin were dried to 

constant weight in an oven :t 120-125a0. 

:ater ccnent determined 	16.44/ 

Titration of I11 'ith variousbases 

The behaviour of Pll with monovalent, divalent, 

and trivalent cations was investigated by titrating with 

YOU, Ba(CF) and (Co enz)(OH)3. 	The preparation and 

properties of the trivalent base (Co en )(aR)3  are 

described in Appendix A. 	Titrations rere carried out 

with the bases alone and in the presence of their salts. 
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ale same procaedure Wa3 followed as for P10, excepting 

that the solutions ware handled under nitrozen. 	The 

measureartent of pH is described in Apvfandix C. 

Swelling measurements 

The resin was found to swell extemAvely in 

alkaline solutions. 	The settled volumes of P11, 

in contact with XOH solutions, were determined. by 

allowing known weights of the resin to equillbrte 

with the K.011 solutions in graduated centrifuge tubes. 

The pH of the anbient selutions wcs then measured. 
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SWELLING OF Pll IN KOH 
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1445 

X*64 

3.58 
5.02 
6.13 

7.10 

9.30 

9.99 

10.72 

11.65 

7,70 

7.95 

7,88 

8.10 

8.126 

8,51 

1042 

11,Y6 
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Tltrrtion o i3.]  with KW 	Table 2.2 

.eries A : No 	it 

2=0, Dry wei8ht.!m-eq.basoel.ba8o 
added. 'absorbed. 

pH m.eq.0)orbed' 
. 	per g.dry HR. 

0.3^.n5 .1111 	 OW 	IMP 5.57 Moo 	OW 

X 0.5138 0.424 	0.424 7.20 1.35 

0.267 0.3t2 	0.862 7.55 2.64 

4 u.314 1492 1.292 7.66 3.68 

5 0.3430 1.723 1.72Z 8.11. 5.03 

6 0.3511 2.154 2.1b4 8.62 6.13 

7 0.3641 	2.565 2.584 8.90 7.10 

8 0.3233 	3.009 3.004 9.68 9.29 

9 0.3446 	3,446 3.457 9.97 9,97 

10 0.3531 	5.869 	3.773 IC.98 10.63 

11 0.3371 	4.739 	3.889 11.93 11.54 

Serie* X 	In 0.01 N. 1401 

1 	0.3008 	OM OP AM 	MP 

2 	0.3138 	0.424 0.424 

3 0.3267 	0.862 0.862 

4 0.3514 	1.202 1.292 

5 0.3430 	1.723 1.723 

8 0.3511 	2.154 2.154 

0.3643. 	2,585 	2,584 

8 0.3233 	3.009 	5.007 

9 0.3446 	5.440 	3.444 

10 C.3t•)31 	3.649 	3.812 

11 	0.3371 	4.069 	5.921 



. I n 0 . 1 0 U• ED l.
----

1 • 0 . 4 0

2 0.3138 O. 24 0.424 5 . 1 . 35

3 0.32 7 0 .862 0.862 . 4 Q 2 . 4

0 .3 1 1 .2 2 1 .292 . 8 0 3 . 6

5 O. 3 0 1 .7 1 .723 7 . 6 0 5 . 02

0 .3511 2 .154 2 . 154 7 . 6 6 .1:3

'7 O. 641 2 .565 2 .5 7 . 8 6 7 .10

0 . 3233 3 . 008 3 . 007 .15 . 3 0

0 . 344 3 . 444 3 . 8 .32 9 .9

1 0 0. 3631 3 . 842 • 1 0 .83

1 . 3 7 . 4 9 3 . 11.7 1 0 .'73



'itrntion of P11 with BP OH), 	T,Rble 2.3 

,eriGs A : No salt 

Expt. 'Dry weight.' m-aq.basel m-eq.base ' 
addeu, absorbed. 

- - 

0.605 

1.2100, 

1.815 

2.420 

2.784 

3.147 

2.879 

28 

1 0.3188 - - 

2 0.3014 0.605 

3 0.2845 1.210 

4 0.3174 1.815 

5 0.2987 2.420 

6 0.2809 2.9114 

7 , 	0.2982 3.147 

8 0.2628 3.510 

pH 

6.8 

m-eq..lbsorbed 
per g.dry HE. 

- - 

7.6( 2.00 
,--1 -,,- 4.25 

8.0( 5.72 

8.0 8.10 

Bat 9.91 

8.36 10.55 

11.80 10.95 

Series I : In 0.01 N. Ba012  

1 	0.3188 

2 	0.3o14 
3J 0.2845 
4 	0.3174 

5 	0.2987 

6 	0.2809 

7 	0.2982 

a 	0.2628  

- - 	. . 	1 

0.606 	0.605 

1.21u 	1.210 
1.815 	1.815 

2.4rA, 	2,420 

2.784 	2.784 

3.147 	3.147 

3.447 	2.979 
I 

3.U4 MO 	G. 

4.88 2.00 
5.84 4.25 

6.55 5.72 

7.7Cv 8.10 

8.31 9.91 

8.25 10,55 

11.61 11.34 
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: 	0.10 N. Bael 2  

0.3188 OM 	OW 3.38 II/ 	WO 

0.3014 0.606 	0,605 4.62 2,00 
3 0.2B45 1.210 	1.210 5.39 4,25 
4 0.3174 1.815 1.815 5.84 5.72 
5 0.2007 2.420 2.420  7.36 8.10 
4 0.2809 2.784 2.'784 8.24 9.01 

0.2982 3.147 3.14? 8,26 10.55 
8 0.2628 3.400 2.945 	11.46 11.20 



3 

4 

6 

7 

8 

Series B : 

30 

Titrrction  of Pll  with (Co en3)121) 3 

Series A : No salt 

Table 2.4 

 

ght. rnect.tRisel 
addea 

m-eq,bse 
absorbed. 

p11 m-eq.nbsorbed 
per g.dry HP. 

0.3204 1110. 

0.3330 0,631 0.631 1.37 

0.3124 1.262 1.262 a.n4 4.34 

0.3003 1,894 1.894 8.25 6.29 

0.2730 2.525 2,525 	8.32 9.25 

0.2894 2.888 2.888 	8.17 9.97 

0.2915 3.061 	3.061 	S.23 10.50 

0.2728 2.998 	2.950 	10.53 10.83 

0.01 N. (Co 8113)(011)3  

0.3204 	.011. 	 .1•• 3.06 4111P 

0.3380 	0,631 	0.631 3.98 1.00 

0.3126 	1.262 1  . 262 4.86 4.04 

0.3008 1,894 1.894 6.80 CA9 

0.2730 2.525 2.525 901 9.25 

0,2894 	2.818 2,888 	8.03 9.9? 

0,2915 	3,061 3.061 	8.14 	10.50 
0,2728 	2,993 2,981 	9.66 	10.95 a 



Swirnnry of results 

Graphs 2.2 - 2.4 show the titration curves 

of Pll with HUH, Be(CH)2, and (Co en3 )(OH)3  respectively. 

The capacity of the resin, deduced from the titration 

ourves, is 10.8 milliequivalents per gram. 	This 

corresponds to a DVB content of 7%, end thus a nominal 

cross-linking of 34%. 	Only a nominal value can be 

given for the degree of cross-linking, owing to the 

uncertain composition of the commercial DVB (see pager). 

The titration curves show that the polyvalent 

bases are more strongly absorbed than the monovalent 
base. 	These phenomena are discussed in more detail, 

in conjunction with swelling data, in Part 2 of this 
thesis. 

Graph 2.5 shows the variation of the settled 
volume of fll with the pH of the ambient COI solution. 

As the pH increases, the volume increases sharply, 

reaches a maximum at about pH 9, and then shows a slow 

decrease at higher pH values. 	In contact with the 
polyvalent bases, the resin did not swell appreciably. 
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onclusion 

From the preliminary work with high capacity 

mains it is concluded thit: 

(1) Swelling data of the resins in equilibrium 

with any partiolilr solution are 

necessary for a fuller interpretation 

of their behaviour. 

(2) Since the commercial supplies of IWB are 

of doubtful composition, their use in 

the preparation of the resins does 

not permit the accurate definition of 

resin composition. 
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PART 2 

Dart UDUCTIUN 

2-..fter the preliminary investigations 

described in Part 1, it was apparent that for a fuller 

interpretation of the behaviour of the resins, it was 

necessary to measure swelling data in conjunction with 

the processes of cation exchange. 	The measurement 

of settled volumes gives only a semi-quantitive 

measure of the variations in the resin volume, and it 

is desirable to obtain more precise data of the 

coaposition of the resin phase. 

The measurement of swelling data of fround or 

bead resins, has been investigated in detail by several 

workers, notably Gregor (13) and Pepper (4). 	Most 

of this work has been carried out with the sulphonated 

polystyrene type of resin. 	The measurements 

involved the determination of the weight swelling, 

which, in conjunction with pycnometric measurements, 

gave, the volun of 1n resin phase. 	All the 

measurements described by the above workers, involved 
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the use of particulate resins and the determinations, 

especially with the ground resins; were subject to 

undefined errors, although in themselves they were 

reproducible. 

In order to facilitate the direct 

measurement of both weight-swelling and volume-swelling 

the preparation of polymer rods was investigeted. 

2. polymer rod of MA, cross-linked with 0Th, and 

similar in composition to flu, was prepered. 	This 

rod was found to behave quite well, ifVen with the 

large swelling changes which occurred during 

neutralisation with :TTR. 

At the same time the preparation of pure 

cross-linking monomers was investigated and a suitable 

cross-linking agent was prepared as subsequently 

described. 	Rods were then prepared using this pure 

cross-linking agent; these provided a well defined and 

reproducible system with which to work. 

A range of polyners, with different degrees 

of cross-linking, has been investigeted, in order to 

determine the broad outlines of the varistion of the 

resin properties in rein:V..0n to their cross-lining. 
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SZOTI ulf 

PRE,PARA14 ,,, 

acIents  

emnercial divftylbenzens (DTh) is in 

general use as a cross-linking agent, but its use 

does not allow for good preparative reproducibility 

and definition of the resin composition. 

Commercial DVB is produced by the dehydrocenation of 

diethylbenzenei 	A: typical batch analysis is es 

follows: 
divinylbonzene 

ethylvinylbenzene 	45% 

diethylbezzene 	 5,- 

These main components are themselves mixtures 

of the corresponding three nuclear isomers. 	The 

cross-linking component is usually represented as the 

symmetrioal pare-divinylbenzene but, in fact, the 

coumercial mixture contains only a few per cent of this 

isomer (lc). 

When used as a cro 	king agent, a nominal 

value (half the amount used) is given for the 



percentage cross-linking, since the ethylvinylbemene 

copolymerises as inert hydrocarbon chain. 

The main oomponents in the commercial mixture 

are not readily separable, and it was therefore 

considered advisable to obtain a pure cross-lin:dng 

agent, 

itn ideal cross-linking agent should possess 

the follovl 	characteristics: 

1. Two ethylenie linkages. 

2. Molecular symmetry. 

3. The capability of copolymerising with the 

required monomer and at the same rate 

as between the monomer molecules. 

4. tfle absence of other functional groups. 

With a view to using a pure cross-linking agent 

the following compounds were considered: 

1)1-all4r1 ether. 

Para-divinylbenzene. 

Ethylene dimethaorylate. (3) 
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) 

CH-- CH--  CIT 
2 

1 
CH C 

This oompound possesses charnoteristics 

Ube- 	0 and 4 enumAratod above, but attempts to 

copolylierise it WthN,. proved unsuccessful. 	The 

commercially available ether was purified by 

fruotionation and attempts were madQ t copolymorise 

the pure ether with MK in various solvents, using a 

catalyst of 	persulphate or by u.v. irradiation. 

Cross-linking was observed in some cases, as indicated 

by the swelling of the polymers in water, but not to a 

sufficient degree. 	This compound was therefore 

rejected as unsuitable. 

(2)  IttESAIAStEtete! 

This compound possesses all 	 suitable 

characteristios since the commercial DVB copolymerises 

well With W. 	Unfortunately it is not available 

for use but an attempt at its synthesis is discussed 

in Appendix B. 
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(3) Ethylene dimethacrylate: (EDM) 

C113  
C— CO 0-01. 

" C CO 

CH3 

MU is a symmetrical molecule and it has been 

found to copolymerise with methyl methaorylate (1(). 

however, the monomer possesses two ester linkages; its 

suitability as a cross-linking agent for polymethaorylic 

acid will therefore be determined by the stability of the 

ester links in the copolymer towards acids and alkalis. 

Hydrolysis is required to be negligible over a large pH 

range. 

The ester has been found to copolymerise 

suitably with methaerylic acid (see page 44.). 	All 

work subsequently described was carried out with 

cross-linked with EDM. 	The preparation of :Q.)1 by 

ester exchange from methyl rnethaorylate is described in 

Appendix B. 	The stability of the ester cross-links 

in the copolymers is discussed on page1r3. 

The ester possesses the added advantage of 

producing polymer chains with identical base units; the 

cross-linking tekes place by means of the simple 

hydrocarbon chain -CH
2
-CH2- between two carboxyl groups. 
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Diagratunatie section of the 3olymer network  

Polymethacrylic acid cross-linked with ethylene dimethaorylate. 
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2.Curvey of polymerisation conditions  

The *starit of a copolymerisation product will 

depend on the initial definition of the sy ten., 	The 

conditions to be defined aro as follows: 

(1) Solvent 

(2) Catalyst 

(3) Catalyst concentration 

(4) Monomer concentration (Total) 

(5) Relative monomer concentrations 

(6) Temperature 

(7) Pressure 

For a useful set of conditions, it is 

necessary to vary (5), the relative nonomer concentrations, 

so as to produce u. range of polymers with different 

degrees of cross-linking. 
• 

Many attempts wore made under a variety of 

conditions to copolymerise methaorylic acid with both 
commercial divinylbunzene and ethylene dirnethacrylate. 

Although the actual polymerisation was quite simple to 

effect, it was found difficult to produce a homogeneous 

copolymer. 

In initial attempts the following solvents were 

tried: 
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ethyl alcohol 

Ethyl alcohol 

Di or= 

Benzene 

Cyclohexane 

eyelebexanone 

Alcohol 

Alcohol 

Ether 

Aromatic hydrocarbon 

eaturated hydrocarbon 

Ketone 

43 

The percentage of cross-linking monomer was 

fixed at about 5e) relative to the W and a high and low 

total monomer ooncentration in the solvent were tried. 

Bouzoyl peroxide (if soluble in the system) was used as 

a catalyst at concentrations of 0.1% and lei. 

Catalysis by u.v. irradiation was also attempted for 

varying periods. 

Polymerisations were first tried in open tubes 

at room temperature and then at higher temperatures viz 

80
4.)C and over 100 C (if the boiling point of the solvent 

allowed) for periods of about 1 hour. 	if no 

polymerisation had then resulted, the tubes were sealed 

off and heated for longer periods at similar temperatures. 

Where u.v. irradiation was used for catalysis, 

the temperature was altered by placing the tubes nearer 

to the mercury tipple lame, thereby giving temperature 

variations of up to about 80°C. 	In all oases complete 

solution of the monomers was brought about initially, if 

necessary by raising the temperature. 



eolymerisations wore tried in some oases 

in the absence of catalyst. 

In nearly every case tried, polymerisation of 

some sort took place, but only with Meal as solvent were 

visually uniform gels obtained. 	In this case the gels 

were white and opaque, and the behaviour of these rods, 

which cosily disintegrated, indicated that very low 

molecular weight chains had been produced. 	When the 

catalyst concentration was reduced in order to prevent 

this, by reducing the number of polymerisation centres, 

polymerisation did not take place. 

Polymerisation was also attempted in the 

absence of solvent with just the two monomers in the 

presence of benzoyl peroxide as catalyst, but only opaque 

white rods were obtained, usually of a very brittle 

necOare. 	The majority of the polymers produced by the 

above methods were opaque, white, irregular masses. 

In many cases precipitation of the polymer took place as 

polymerisation proceeded. 

The failure to produce a homogeneous gel of 

cenolymer in non-aqueous solvents was perhaps significant, 

especially since 	was insoluble in the solvents used, 

except in the case of the alcohols. 	!..lso, the use of 

the alcohols gave enoouraging indications that a 
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homogeneous copolymer could be produced. 

Water was then investigated as a possible 

solvent, notwithstanding the fact that DVB and EDM are 

insoluble in this solvent. 	It was found that MA 

could be polymerised in 1O, or higher, aqueous solution 

by u.v. irradiation. 	These gels contained 1,11.1A of 

very high molecular weight (ii- ). 	Owing to the 

difficulty Of controlling the conditions with u.v. 

irradiation, anNonium persuiphate Yas tried CS Q catalyst 

and found to be quite suitable in concentration of about 

Cols were thus produced containing PM1.1. of a 

reasonably high molecular weight, es indicated by 

viscosity measurements. 

DVD and EDM are practically insoluble in cold 

1(V,  aqueous 	but it was found thtlt the solubility of 

the cross-linking monomers could be increased by raising,. 

the temperature or increasing the concentraticr, of MA. 

Copolynertsations of PVT, and BM, with 'Mt, were then 

tried in concentrated aqueous solutions of MA and found to 

be successful. 	The actual production of polymer rods 

(FMA cross-linked with EDM) is described later in this 

section. 	Very dtmilar conditions apply also for 

copolymers of MA and DVB. 

4
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3. Bulk polymerisations:  

Before preparation of the polymer rods, 

polymerisation in large bulk was carried out under 

similar conditions in 5C Mk. 	Volumes o the order 

of 5Cm1. were polymerised, and on heating it was found 

that at ea. 02 C. a vigorous exothermic reaction set in; 

the previously mobile solution set instantaneously to 

a hard gel, the temperature 01 which (indicated by an 

imbedded thermometer) rose to about 115
o
C. 

At this settine point the gels contracted, 

cracked extensively, and some discolourisation was 

observed. 	In the subsequent preparation of the rods, 

this critical point was not allowed to be reached until 

light gel formation had taken place at a lower temperature. 

Also the smaller volumes used gave better heat conduction 

when the final setting point was reached. 

Behnviour of ground polymers  

After preparation the bulk polymers were partially 

dried at 120°C., and ground down with a large pestle and 

mortar. 	The ground polymer was then dry sieved and the 

100-200 mesh fraction washed by decantation with water, 

wet sieved and "cycled" with KOH and HCl to remove any 
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soluble materials. 

Aqueous suspensions of the hydrogen forma 

were found to give anomalous readings with the glass 

electrode when attempts were made to measure the 

pH. 	Afte: ilowing the resin to settle when in 

contact with distilled water, the ph of the ambient 

solution was always low, below ph 5. 	UR stirring, 

the resulting suspension gave still lower readi, 

in some cases below pH 4, 

Even when the water was drawn off through 

fine glass sinters, the pH of the withdrawn eolution 

as low. 	amal.1 amounts of finer particles were 

not visually detectable in suspension; it le 

possible that these adhered to the glass electrode, 

and caused the anomalous readings. 

In view of these affects and because it 

was difficult to establish whether or not the ground 

polymers were being attacked by moulds (see page 5i ),  

ground polymers were not used, and all subsequent 

work was carried out with rods. 
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4. Preparation of polymer rods (PML crose-linked with LDM) 

Approximately equal amounts of methaorylio 

acid and a 0.L aqueous solution of ammonium persulphate 

were weighed into a small flask, together with the 

requisite amount of EDM. 	Above ca 2 (with respect 

to M&) the LDM was immiscible at room temperature, but 

the solution became homogeneous as the temperature was 

raised. 	The temperature of the solution was kept 

above the clearing point, and the solution was 

transferred to Iletubes by means of a capillary pipette. 

All glass-ware was preheated to ca. 50°C 

before use to prevent the separation of the ester. 

Tubes of two bore sizes generally were used, having 

internal diameters of ca, lmm and 2mm. 	open U-tubes 

were used in preference to straight tubes as, during 

polymerisation using the latter, there was a tendency 

for vapour pockets to form at the sealed ends. 

After filling, the tubes were partially 

immersed, above the level of the tube contents, in a 

water bath at 50oC and the bath temperature increased 

slowly. 	The first sign of polymerisation occurring 

was the slow formation of a continuous light gel when 

the tube oontents ceased to flow. 	When gelling set 

in, (below 80°C), the temperature was slowly increased 



to over 800C, when an exothemlo reaction suddenly set 

in, and the tube contents set to a herd rod. 	The 

setting of the rod was observed by the formation oi 

,Iiscontinuous peripheral liquid film due to the 

contraction of the rod Sway from the glass wall. 

The temperatOre of the both we s raised to the 

b.p., and fter 15 minutes the bath was allowed to cool 

somewhat* 	The tubes were removed, scored. about lam 

from the ands of the rod, and broken (without unduly 

displacing the ass)* 	The end sections of glass 

were drawn off and the rough end sections of rod 

(ca 0.5cm) were cut off*  

The tube was next broken at the U and the rod 

cut* 	The curved end sections of glass were removed 

as before and the rods gently eased out of the tubes. 

If the rods did not draw out easily, a slight twist 

was usually sufficient to free them; if not thc tubes 

were izmersed in toe water und the rods gently pulled, 

when they readily slid out. 	After removal, the rods 

were placed in water and heated to boiling for ca* 

hour in order to ensure that polymerisation vas 

completed. 
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Lffeot of TOM and NA concentrn ion  on polymerisrAtion conditions  

Rods have been prepared contnining EMI 

varying from 0.01r/ up to 2.(V. 	In the region 2,; 

15; conditions of polymerisation were more or less the 

same ES described above. 	Below 27. EDM however, it 

was found that the initial gelling temperature was 

somewhat hihor, increasing to over 900C for a 0.1% 

cross-linked rod. 	The lower cross-linked rods Were 

also more difficult to handle owing to their leek or 
rigidity and their tendency to adhere to glass. 

About 15% Lail was the limit of its solubility in 5.0- 

aqueous MA at 10000. 	It was therei'orc necessary to 

increaso the concentration of LL when preparing rods of 

very high cross-linking (greater than 15.,). 	Very 

low and very high cross-linked rods were found to 

appear very slightly opalescent, but those of intermediate 

cross-linking were quite transparent. 

The optimum concentration of kh for Lcueous 

polymerisations was about bo% 	Below bk,, tht; EMI was 

not sufficiently soluble, and above about (.05. idh the 

polymer precipitated during polymerisation to give a 

granular product. 



Summary of polymers used in Part 2  

Polymer code 	Weight percent 	Calculated capacity 

EDM 	milli-eq.per gram 

(Dry WO dry hE 

PR42 5.16 11.03 

PR43 1.15 11.50 

H46 10.0 10.47 

kR48 0.15 11.61 

PR53 4.70 11.08 

In the text, PR43 is referred to as a IY resin. 

Similarly, for the other polymers, integer values are 

given for the percentage of EDM. 

The symbol MR refers to a resin in the hydrogen 

form. 
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GENERAL PEOPIZTIES OF TI POLTAR 

RODS 

sterilisation 
4/111M1001111•00011.1.4. 

If left in contact with water or very dilute 

alkali without any precautions being taken, the rods 

may be rapidly attacked by moulds which will eventually 

cause the rods to disintegrate. 	Aqueous solutions 

of PMA were re7dily attacked by these organisms and the 

viscosity decreased presumbly owing to the breaking of 

the polymer cheins. 	A dilute solution.. of Mik, pH 4, 

has been observA to be completely assimilated in about 

three days to A. e a solution with a finel pH 6. 

The polymers were prone to attack in the pH 

region 5-10 and especially so when partially neutralised 

with 23;a(1, when they exhibited their maximum swelling. 

Partly neutralised rods in contact with unsterilised 

.;elution of pH 9-10 have been observed to begin to 

disintegrate within 48 hours, but further attack has 

been innibited indefinitely with penicillin (1:100,000) 

and biostatic reagents such es p-chloro-m-xylenol 

(saturated). 	These same reaents, if added initially, 

completely inhibited any attack and disintegration. 
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If the rods anO, a..7tbicnt solutions of water 

or alkali were sterilised by bother, then attack was 

delayed for lonr periods. 	In practice it was found 

to b3 suMcient to sterilise the rods by boiling with 

water and to make up all the required solutions with 

boiled water just prior to use. 

Id the water soollen hydrogen form, low 

cross-linked polymers were much more readily attacked 

by moulds, than those of high cross-linking. 	The 

latter were attacked only superficially. 

of the ester oross-links 

Tao resins swell when in contect with aqueous 

solutions, 	The meximum smelling of a resin in 

contact with any particular solution, will be determined 

by the decree of cross-linkinrr. 	Thus, if any 

hydrolysis of the ester linkages occurs, the resin will 

swell proportionately. 

The UR rods contracted somewhat when 

transferred from water to dilute HC1, and kept 

indefinitely without any attack or hydrolysis. 	Ath 



EN. Nadi, after swelling to the equilibrium volume, 

the rods remained unchanged for long periods. 

1% Groin-linked rods have been Inept for 6 months in 

MOM without any loss of definition, and with 

neplits,ible volume increase. 	It is therefore 

a7arent thst if sny hydrolysis does occur, then 

this will hsve no effect on the physicsl properties 

of the rods in contact with alkaline solutions over 

reasonable periods of time. 

e IMO 

3. Swelling phenomena  

Swelling behsviour with  acids and alkalis 

Water-swollen HH rods contracted slightly 

when placed in contact with dilute HCl. 	This is 

probably due to the repression of ionisation of the 

cerboxyl groups, as is normel for a weak acid, and 

indicates that in the weter swollen state the acidic 

groups are slightly dissociated. 

in the presence of monovalent alkalis, the 

low cross-linked polymers swelled extensively, and 

the extent of swelling decreased with increasing 
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cross-linking. 	5% rods swelled considerably, but 

the effect was much reduced in the 10% rods and hardly 

cony swelling was observed with 15% cross-linked rods. 

6hen a rod was placed in contact with dilute 

t;" 1, its surface crinkled; as swelling proceeded and 

the alkali diffused into the centre of the rod, the 

surface recovered its smooth appearance, and the fully 

swollen polymer was Obtained in a perfect cylindrical 

condition, 

With 	rods a more fncile swellillg was 

observed; the initial surfece discontinuities were 

relatively fewer and more undulating, than with the 

rods of higter cross-linking, and recovery was fairly 

rapid. 	In the case of the more hi 01y cross-linked 

rods, more strain points were present for the same 

surface area, end the individual wrinkles were smaller 

although more sharply defined. 

Because of this, the higher cross linked rods 

owed a greater tendency to splinter on the surfdoe as 

swelling proceeded. 	They had to be carefully treated 

to prevent their disintegration. 

If the ambient alkali solution contained less 

than about one third of the base required for neutralisation, 
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no splintering occurred, and by successive small 

additions of alkali, the rods could be fully swollen 

without damage. 	The lower erose-linkinG rids, in 

general, behaied well in any concentration of alkali, 

since the polwer network was more mobile and less 

setjected to strain. 

By using very strong al!rali (ca. 5N.), the 

high concentration of alkali prevented any large 

swelling chances by levelling up the effective internal 

and external ionic concentrations. 	After 

neutralisation, the rods could then be swollen, without 

(Image, by washing out the excess alkali with water. 

A sinilar result was obtained by adding alkali in strong 

snit solution, when the rods were neutralised without 

swelling. 	The soft could be subsequently 

washed out. 

In the water swollen state the rods tn the 

hydro en fora possessed good mechanical strength and 

elasticity, but when swollen with monovalent alkalis, 

they beeme brittle. 	With the polyvalent bases, 

where little swellinl occurred, the rode did not lose 

their stleengtb. 

Alen HC1 was added to ti,c,  alkelieswolion 

rods, the acid dirfused rapidly into the peri)hury of 
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the rod which contracted and broke up. 	In order to 
• 

cycle the rods, and convert them into the UP form for 

further use, the alkali swollen rods were removed from 

their ambient solutions and allowed to dry over silica 

gel. 	The rods were thus reduced to a smaller 

volume than when water-swollen, 	In this condition 

they could safely be transferred into HC1, without 

undergoing the disintegration, which occurred when 

HO1 was added directly to the alkali swollen rods.  

By successive washing of the rods with HC1 

all the AC1 formed could be removed. 	The rod could 

then be washed with water to remove HC1 0  giving the 

water swollen hydrogen form. 	With the polyvalent 

bases, the rods did not swell appreciably, end HC1 

could be added directly to the neutralised rods 

without causing any damage. 

Behaviour of the rods subsequent to drying 

ater-swollen rods, which had been previously 

dried out for dry weight determination, when swollen 

with alkali developed well defined radial cracks, 

although the overall cylindrical definition was retained. 

This phenomenon was not observed with rods which had not 

previously been dried, and for this reason it was 

considered that e better technique was to determine the 
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dry weight indirectly (page 62  ). 

The higher cross-linked HR rods could be 

completely dried and reswollen in water without any 

variation in the fully swollen water content. 	Rods 

of 5% and 107,  cross-linking reswelled to their maxinum 

value in water, from the dry state, within severel 

hours and the reewelling was accelerated by heating the 

water up to the boiling point. 	Me lower 

crosselinked rods, e.g. 174  reswelled to their maximum 

value only after several days, end this slow process 

was not accelerated by heating. 	Iroeumobly tnis was 

due to tangling of the polymer chains on drying. 

In a t% cross-linked polymer, each cross-linking 

point is separated by about 20 monocer chain units and 

the overall rigidity of the polymer network must prevent 

chains of this length entengling to any great extent. 

10% cross-linked rod reswelled in hot water within a 

few linutes and he?, obviously en entangling effect did 

lot aoeur. 

Street of temperature on swelling 

The solubility of PM A in water decreases with 

increasing tempereture, pnd it WAS observed that low 

cross-linked polymers contracted in hot water. 	Water 

58 



swollen 0.11) rods contracted to a fraction of their 

original volume in hot water, and, although this effect 

was less marked with 1%,  rods, small variations were 

noticed with 

Reproducibility of swelling behawour  

5% and le cross-linked rods were reproducible 

in their swelling behaviour. 	The water-swollen 

weights were the same for dried rods, and those which 

had been "cycled" with KW and R01, before, end after 

treatment. 	LIraphs 3.1 to 3.3 show the vari2tion of 

dry weight with water-swollen weight for l, 3; and 10F/7,  

cross-lined polymers. 	No variation was observed 

with both large and small diameter rods for the weight 

of water per gram of dry resin showing that for any 

particular batch the polymer homogeneity was not 

affected by dimensions of the container. 

Swelling in non-aqueous solvents 

The polymers swelled to about the sane extent 

in ethyl alcohol as they did in water. 	In ifieell a 

facile swelling was observed and a 1: rod increased in 

size to several times its water-swollen volume. 	The 

polymers were not atteoked by moulds in Meeli and they 

could be conveniently kept for indefinite periods in 
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SWELLING OF 1 % RESIN (PR 43)  IN WATER 
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this medium. 	With higher alcohola the swelling 

progressively decreased. 	In ecetone and in ethers 

the polymers showed no swelling. 

ping of the weter-swollen polymers 

The polymer rod was removed from the water 

by means of a light pair of tweezers and dropped on a 

No. 1 filter paper. 	The adhering external water 

was ilmtdiately absorbed by the paper and the rod was 

then rolled t few times on a dry part o the paper and 

immediately dropped into a weighing bottle which was 

welched on an aperioeic balances  taking the first rest 

point. 

The whole operation was carried out in less 

than 30 seconds and the weight recorded to the nearest 

0.1 mg. 	The weight of weter-swollen small rods 

generally used was about 20 mg. 	The error due to 

weighing wes thus less than. 1% 	Within the liuits 

of the experimental accuracy this method gave very 

good reproducibility. 	It lees neoessary to carry 

out the operetion as quickly as possible, since the 

water-swollen rods lost weight very rapidly when in the 

air. 

The higher or000-liAked rode could be handled 

quite easily, but rods of 	cross-linking and below 



were not so rigid and tended to adhere to paper and 

glass. 	:his did not affect the swollen weight 

reproducibility of the 1, rods, but 0.1: crosa-linked 

rods gave slightly erratic results. 	This is not 

surprising as, in the swollen tcte, they .,re 

oquivalent to about a 1052 solution of polymer in water. 

4. 	Drying or polymers 

Most of the water content of the H polymers 

was lost very readily by air drying. 	The remaining 

more strongly bound water was not lost until about 

110°C. 	The polymers did not dry completely even with 

prolonged heating below 110°C. 

ti.fter drying out at li5C no further loss in 

weight occurred up to over 1400C. 	The polymers did 

not discolour or change in appearance even at 140°C and 

appeared to be,  quite stable at least up to this 

temperature. 

Determination of the dry weight 

Tvo methods have been used for dry weight 

determination: 
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Direct method: 	The water-swollen rods were first 

allowed to partially dry out over silica gel and then 

oven dried to constant weight at l25C. 	If oven 

dried straight from the water-swollen state, internal 

gas bubbles tended to form in the rods, whiob also 

wrin171ed and lost their original good cylindrical 

definition. 	These effects tended to be more 

pronounced with the lower cross-linked rods. 

Indirect  method: 	Owing to the subseouent behaviour 

of the rods which were used after direct drying 

(page 57), it was found to be a better technique to 

weigh the water-swollen rods and to take samples for 

the dry weight. 

For the /1153 with KUR titrtion serial's  

(vide infra. 9ection 4), a number of narrow diameter 

water-swollen rods (length ca. 1Cam.) were cut up into 

the usual 2cm. lengths for the titration, and samples 

were taken from each main rod for dry weight determination. 

Graph 3,2 shows the linear variation of dry weight with 

the water-swollen weight of the samples, 

6? 
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SECTION 3 

osmoT IC PBOPEH'flES 

The sorption of water by  HE rods with different deroes  

of cross-linkinj 

The sorption of water by the rods in the 

hydrogen form was followed by allowing the rods to 

equilibrate with water vapour at various constant 

humidities. 	Aqueous solutions of glycerol (at), 

and Nage (1.7), were used to provide the required 

constant humidities. 	5Cml. of the appropriate 

solution was placed in a 25ari1. reagent bottle, 

stoppered with a rubber bung, and a small tube 

oontaini - the rod was suspended in the as phase. 

The duration of the time required for 

equilibration depended to some extent on the degree 

of cross-linking of the rods. 	Three days was 

usually a sufficient time for equilibrium to be reached. 

The rods were removed and weighed after intervals of 

three and five days, and then dried to constant weight 

at 125°C. 



Series of experiments were carried out with 

1;, 57- end 107 cross-linked rods. For 

convenience the majority of the series were allowed to 

equilibrate from the water-swollen state, since a series 

of partially dried 	rods gave approximately the same 

equilibrium value for water uptake as a sores whitk 

had been allowed to equilibrate from the water-swollen 

state. 	No significant hysteresis was observed. 

Both small and large rods were used, having 

dry-  weights of about 6mg. and 20mg. respectively, and 

these gave concordant results for water sorption. 

No attempt was made to regulate the temperature 

during the experiments which were carried out at room 

temperature varying between 180C and 22°C; the weight of 

water sorbed would not be greatly dependant on 

temperature in these experiments since the vapour pressure 

of water in both the rods and the solutions would increase 

with rising temperature, the R.H. being relatively 

insensitive to temperature. 

Maximum water sor-)tion 

The sorption of water at very high RH values 

cannot be measured sccurntely by equilibrating a rod over 

a solution of known vapour pressure, unless the 

temperature of the system is accurately controlled. 



The maximum water sorption at 100/ WI, was therefore 

determined by weighing the swollen rods directly after 

their removal from water. 	Graph 3.4 shows the 

variation of the maximum water sorption with 

crosr;-linking. 	Delow 	the resins swell 

extensively but the swelling rapidly decreases with 

increasing cross-linking. 

Key to results 

Maximom water sorption 

Table ploaph.  

3.0 3.4 

:later sorption by 	0.15% ER 3.1 3.5 

dater sorption by 	1% *HR 3.2 3.8 

Water sorption by 	5% FM 3.3 3.7 

Water sorption by lo! HR 3.4 3.8 

Table 3.0 

iolymer Water sorbed per g. 

dry HE 

% EDM 

14148 7.32 0.15 

E143 

 

2.39 1.15 

1.45 4.70 

RA46 1.03 10.0 



GRAPH 3.4 	 VARIATION OF WATER-SWELLING WITH CROSS-LINKING 
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GRAPH 3.8  WATER SORPTION ISOTHERM 	 10%HYDROGEN RESIN  
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3 

4 

5 

• 
40.8 V 	7.5 

Dry weight 
(rug) 

g. vviter per 
100 g.dry 1 

6.75 50 
6.51 34 

38.1 28 
6.13 23 

54.0 20 
3.68 1111 

37.3 10 

14 3.50 
33.6 	14 
6.00 	12 

38.1 9 
5.0 8 

Series B 	(Over Na011-vic ter) 

1 45.4 
2 35.0 
3 25.1 
4 14.1 

6 5.0 

Ezpti 	Ittut Equilibrium 
weight.(mg) 

88.0 10.0 
70.0 8.4 
60.0 43.6 
50.0 7.3 
40.0 40.7 
22.5 4.0 

1 

4.0 
:39.3 
6.4 

41.5 

5.1 
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Water sorption by 0.15% rods (PR48)  

Series A 	(Over glyoerol.water) 

Table 3.1 



Water sorptio 	rods PR43) Table 3,2 

Series A (Over glyeerol-wrIter) 

Zquilibrium 
wei.o .t.(DIG) 

Dry weight l 	g. water per 
(nig) 	L:0 g.dry 1111 

88.0 8.4 5.67 48 

80.0 7.0 4.99 40 

70.0 9.3 6.93 34 

60.0 8.6 6.59 $3. 

50.0 7.5 5.97 26 

40.1 8.0 6.57 22 

$0.0 5.9 	4.99 18 

22.5 5.8 	5.05 15 

15.0 7.0 	. 	6.15 	14 

7.5 $ 	5.58 	1 7 
A. J. 

( 0.0) 	4.6 	6.11 
Series B 	( 

1. 51,3 
2 45.4 
3 40.0 
4 35.0 

28.0 
6 25.1 
7 21.7 
6 14.1 
9 10.3 

10 	5.0 

Neal-rwiter) 

21.8 11F;9--  P2 
26.7 22,4 19 
21,8 18,7 1? 
17.4 14.9 17 
23.8 20.7 it') 
21.3 ' 18.7 14 
21.7 19.2 13 
23.3 20.8 12 
24.1 21.4 13 
10.3 17,2 	12 
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Expt • 7481( 

Series 

88.0 

80.0 

70.0 

60.0 

50.0 

30.0 

15.0 

7.5 

(0.0) 

B: 

 

88.0 

80,0 

70.0 

50.0 

40,1 

30.0 

22.5 

15,0 

7.5 

(0.0) 

 

1 
2 

3 

4 

5 

6 

7 

8 

9 

go  water per 
100 g.dry HR 

40 

32 

30 

26 

24 

15 

11 

8 

7 

39 

30 

24 

17 

16 

11 

9 

Weter  sorption by 6' rode (PR42) 	Table 3.3 

Series A  : (Over glycerol-water) initially 
to below 506:Pd. 

partly dried 

6 

14qt:i1l/brit= 
weight.(mg) 

Dry weigat 
(W) 

10.35 7.42 

9.45 7.19 

9.20 7.10 

8.15 6.49 

8.95 7.22 

7.45 ,  6.50 

60,30 6.12 

600 6.19 

7.40 6.92 

oral-water) 

8.45 5.90 

10,00 7.20 

8.40 6.47 

7.70 6.22 

7.50 6.41 

7.40 5.57 

$.170 6.06 

945 5.61 

7.30 6.70 

7.40 	7.03 
	 2.6StiMAI0.1.413411/C.VICAMOISMen• 



o!)ries C : (Over NH-whter) 
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1 

2 	45.4 

40.0 

4 	35.0 

5 	28.0 

8 	25.1 

7 	14.1 

8 	10.3 
9 

51.3 8.2 6.74 22 

7.8 6.40 22 

7.3 6.11 19 

7.0 5,92 18 

8.0 6.91 16 

7.8 6.74 16 

7.6 6.73 15 
7404 6.56 13 

8.0 7.17 11 5•0 



88.0 

80.0 

70.0 

	

4 	60.0 

	

5 	50.0 

	

6 	40.1 

	

7 	30.0 

	

8 	22.5 

	

9 	15.0 

	

10 	7.5 

	

11 	(0.0 

1 	51. 

2 	45.4 

3 	35.0 

4 	28.0 

5I 25.1 

6 	21.7 

7 	14.1 

8 	10.3 

9 	5.0 

9.61 7.91 

19.1 16,4 

22.6 19,7 

8.65 7,61 

23.5 20.8 

8.65 7,78 

15.7 16.9 

8.50 7.68 

21.1 19.0 

16 

14 

14 

13 

11 

11 

11 

11 

P-1 u 

Water sorption by 10 rods (PR46) 	Table 3.4 

Series A : (Over glycerol-water) 

22,5 15.3 

11.6 8.29 

27.1 20.1 

20.2 15.6 

9,45 7.60 

20.1 16.5 

28.7 	24.6 

8.95 	7,74 

25.2 

J. 07 	19.6 

18.5 	18,7 

Equilibrtum Dry weight g. wi,ter per 
weight.(mg) 	(mg) 	10 g.dry HI 

47 

40 

35 

29 

24 

21 

16 

15 

14 

11 

11 

Series B : (ever Na!-water) 
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Discussion 

A. hough the maximum water sorption of the 

tour resins varies considerably (Graph 3.4), the water 

sorption isotherms (Graphs 3.6 - 3.8) show the below 

INCRH, the amount of water sorbed is, within the 

experimental error, Independent of the degree of 

arose-linking. 	P fear isotherms nrpctically 

superimpose. 

Brunauor, Emmett end Teller (20), have put 

forward i theory ot multimolecular adsorption that can 

be applied to sigmoid isotherms. 	The B.E.T. isotherm 

may be written as follows: 

71 

Po  

weight of water taken up by lg. dry HR 

at pressure p. 

weight of water adsorbed in the first layer. 

Po saturated vapour pressure. 

(1- 1 - E)  
ET 

c e 

heat of adsorptioft is the tirst layer. 

heat of liquSfaction of the vapour. 



GRAPH 3.76 B ET ISOTHERM 	5% Resin (PR42) 

   



The plot of 	ma 	-f) against f should be 

a straight line with the intercept on the ordinate axis 

equal to 	and the slope equal to i2:11  moo 

From the experimental values of the intercept and the 

slope, o and m can therefore be evaluated. 

The B.E.T. isotherm has been applied to the 

sorption of water by the 5% resin, using the results in 
f 	• 

ni17:171 
against f. 

From the Graph 3,7B: 

1 

(0-1) 	3.32 m c 

71olving (a) and (b) 	o = 87 

mo 	0.11 g. water sorbed per 
gram of dry Hit 

This value of mo  corresponds to 0.54 moles of 

water adsorbed in the first layer by one mole of resin.  

This indicates that one molecule of water is adsorbed 

for every two earboxyl groups present in the resin. 

For water EL= 9,7 K.oals./mole. 	Therefore 

since 
	

(Ei-Er) 
IT 

c ti e 	it follows that Ei= 12,3 K.oals./mole. 

Table 3.3. 	Graph 3.7I shows the plot of 



CH3 9H3 	0H3 
_cur 	cai_c_ 

EP 

cgs  

0 
H 

ails 

CH2  

The heat of formation of a hydrogen bond between oxygen 

atoms is about 5 - 7 K.cals./mole (Al). 	E the heat 

of adsorption in the first layer is therefore 

approximately equivalent to the formation of two hydrogen 

bonds. 

This indicates that each molecule of water 

initially adsorbed, forms two hydrogen bonds between two 

carboxyl groups. 	Models of PM A have shown that in the 

dry liIi it is possible to hydrogen bond all the acid 

groups along a chain, as shown below: 

However, in this condition the chain is tigidly 

coiled and under strain. 	A more mobile configuration 

is obtained if only one hydrogen bond is formed between 

two acid groups: 

CH3 	CH3 CR3 	CO3 
(1213  

—— 
	C 0 CH2  

1 	1 

°N  ft ° 
CE 	

C 

NH- - 
0 0, 

VIlen water 1.8 adsorbed by the polymer, the 

initial bound vrter could thon 1t in the vncant sites: 
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(Mr- C 	 C 	 0141— 

Ǹ O 

	

	 fr\O Iv 
II I 

0 o No 

0 

After the initial energetic adsorption of the 

first layer of water, a slow uptake occurs, and at about 

50i 

 

nil the amount of water sorbed is equivalent to about 

A slow 

uptake still corresponding to the sorption on weakly 

interacting sites, continues up to quite high MI values, 

after which, near saturation vapour pressure, the polymer 

shows a rapid uptuke of water. 

The maximum water sorption (Graph 3.4) is 

determined by the degree of erase-linking, and is much 

greater then the amount sorbed below 00 ,  RH. 	At 

90% RH over two moles of water are sorbed per mole of 

acid groups. 	This must mask the hydrophobic nature 

of the polymer chains and thr final uptake of water is 

simply a filling of the spaces between the chains. 

1=1.  ON SW 

74 

one molecule of water per carboxyl group. 



31;CTION 4 

XNYESTIGATIQM OF CATION EIMNGE  

1. 	Titratioc of polymer rods with various bcs-aend  

a:ls4ciated swelliag phenomena  

The bolievlemr et polymers, at 41fferent degrees 

of cross-link:Ins (I, 5 and 10%), with monovalent, divalent 

r.nd trivalent oationa was investigated by titrating with 

KOH, liEt4OH, Ba(0E112  and (Co en3)(011)3 	The 

preparation of NIA4CH is described in Appendix A. 

Titrations were carried out with the bases 

alone and in the presence of their salts, 	The 

titration curves and the associated weight-swelling 

curves are shown in Graphs 3.9 to 3,20. 

Experimental  

The water-swollen rod of known d y weight was 

pieced in a 5t ml. fib. flask end the appropriate 

carbonate-free solution of the bnse added under 

current of nitrogen. 	The flask was stoppered with 

a rubber bung and placed on a tray which was gently 
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reeked in order mildly to agitate the contents of the 

Ulan equilibrium had been reached, 5 ml. of 

1:he L.1.olution was withdrarn under a current of nitrogen 

end Vac; pH measured as described in Appendix C. 	The 

pit WV.3 tin reesured after e ferther two days shaking 

to ensure thot equilibrium had been reoched. 	The 

swollen rod was then removed, surface dried on filter 

paper, and weighed. 	Where volume measurements were 

made, these were made whilst the rod was in contact 

with the equilibrium solution and the rod weighed 

immediately afterwards. 

,inc to the limited amounts of material 

available, one smell rod, having a dry weight of about 

5-8 mg., was used for each titration point. 

Volume measurements 

The water-swollen rods were about 20mm. long 

and Ian. in diameter. 	Thus euch rod had a volume 

of about 15 cubic mm. 	Vole measurements of this 

order were not very accurate owing to slight variations 

in the dieeeoter of the rods, but more swollen rods 

allowed. for 0 greater accuracy in measurement. 	The 

length of the rods was measured with a travelling 

microscope and the diameters with a microscope 
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incorporating a graduated eyo-piece. 

Volume measurements were made in conjunction 

with the titrations of the 5';:,  rods. 	From these 

measurements and the associated weight-swelling data, 

the following approximate values for the densities of 

the swollen metal "resinetes" were obtained. 

Ilesinate Density 

HR 1.07 

K*  1.23 

NEt
4 

 

Ba** 1.47 

(Go en ,.)
I. 

 1.44 

2. 	Exchange with cations of neutral salts 

'Shen a water-swollen rod in the hydrogen form 

was placed in a solution of neutral salt, the salt 

rapidly diffused into the rod and exchange occurred 

between the hydrogen ions present end the metal cations 

of the salt. 	Me hydrogen ions diffused out into 

the external solution with a consequent lowering of pH. 

If the solutions were shakeno cquilibrium was 

reached in less then 30 minutes. 	Owing to the high 
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affinity of hydrogen for the weakly acid groups, 

exchange di9. not take place to a Very great extant. 

The pH depressions observed with various 

salts ere shown in Graph 3.21. 	The depression 

increases with increesing velency of the metal cation, 

indicating that the relative affinities increese in 

the same way. 

The exchenee was accompanied by volume 

changes which were most marked with the monovalent 

cations. 	The magnitude of the pH depression ors 

not Affected by the degree of croes-linking to any 

great extent. 

Photolysis of the silver resi ate  

When rods were placed in contact with 

solution e or silver nitrate a limited exchan 

occurred, as with other salts. 	On standing in the 

light for some hours, the rods developed a red colour. 

The intensity of this colour depended on the initial 

concentration of the silver nitrate and varied from a 

light pink to a deep brownish-red. 	The colour 

intensity also increesed, for any particular rod, over 

a period of days, but the pH of the external solution 

remained constant, 	When the experiments were 
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out in thr clerk no colcuration was observed.; 

the rode remained quite colourless and transparent. 

tu 

A oonsiderabla time was roquiroi fOC the 

equ5.J.1.b.:ation or the rods wit4 varionn. bames. 

Aunin and Barry (ft) allowed two weohn ter equilibration 

with pLrtioulte resIns, but it show in Part 1 this 

time oouid be reduced to about ona day if efficient 

shaking was employed. 

Shakin,6 t4a solutions in cout4ot with th..5 rt.Ais 

ehurtomod the time reVared for equilibration, but the 

rate seeracd to be mainly controlled by the slow diffusion 

of the base into the rods. 	This slow rate was not 

due to the sl.alliDe which aecowanled r,eutralisatioa, as 

tven whel,. the rotis were .fully swollen :A slow uptelZ of 

the bevy continued for sever 

Polyvalent bases required longer times for 

the attainment of equilibrium, as shown by the falloWift 

table: 
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Buse 	Lquilibrium time for  

cross-linked small rod. 

	

KOH 	 1 week 

	

nt4CH 	1 week 

2 weeks 

(Co en )(OH) 	3 weeks 

	

ffith the 	rods, polyvalentbases equilibrated 

in rather less time than for the MT rods. 	With the 

andl(Yrods,thediffusionof ito 

the rods for high degrees of nelltralisrtion was 

extremely slow: the 10% rods required over one month 

for full neutralisation. 

In contrast to the slow rates described 

above, when neutral salt solutions were 'laced in 

contact with the water-swollen HT/ rods, exchange 

proceeded rspidly, and equilibrium was reached within 
30 minutes, as indicated by the pH of the external 

solution. 

0 



4. Results 
••••••••••••••••,-..81•11.11•0  

Calculation of the required data 

The amount of base remaining in the solution 

at equilibrillm wes cicaleted from the observed pH 

reading by utilising the limiting Debye-Huckel equation 

-log fl 	A 4/T- 

ionic activity coefficient 

A constant 

ionic cheree z 

ionic strength 

(s ).(fl {_) r- 10-14 

log(aH  ) + log(aca_) : 	-14 

log(om  ) = pH -14 - log r.. 

itcan be seen frorl no titration curves 

that the majority of pH readings with the )elyvelent 

bases are below pH 8, where the difference betweon the 

added and adsorbed base is ver7 smn11. 	The 

nocilracy of the calculated degree of neutralisation is 

therefore not ereatly affected by the errors involved 

in using the above expression. 



kbr titrutioas with the tionovalent bases, 

in the ubsence of salt, foe  is taken as unity. 	This 

does not increase the magnitude of the errors already 

involved since the pH is measured only to the second 

decibel place. 
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Key to tables of results.  

83 

?olymer Pexcentage 	Base 

cross-linking 

Table 

no. 
z 

PR43 1 KOH 34 

PR53 5 KOH 3,6 

FR46 10 MI 3.7 

P143 1 lat4ca 3,3 

i'R42 5 NEt40ii 3,9 

PR46 10 nt
4  Off 3.10 

fR43 1 Ba(OH), 3.11 

PR42 5 Ba(CH), 3.12 

EH46 10 Ba(OH)
2  3,13 

IH43 1 (co my( OH )
3 

3,14 

'R42 5 (Co en3)(01611) 3.16 

i'R46 10 Co ee3)(011)3  3.16 

1 Graph 

4_ no. 
I 

3.9 

3.10 

3.11 

3.12 

3.13 

6.14 

3.15 

3.16 

3.17 

3.18 

3.19 

3.20 

The above tables record only the base adsorption 

titration points and weight swelling datn. 	The salt 

depressions (HR with neutral salt), which form the first 

points on the titration curves, are given in Table 3.17 

(Graph 3.21). 



Titr,:tion of 1,  resin (PR43) with MI  

3eries A.  : No stilt 

4etermintion 	1 	2 	3 	4 

/1 u 
Table 3.5 

5 

 

7)ry weight 
(mg. UR.) 	6.67 	5.42 	7.11 	7.62 	5.77 

15Tr 

	

8.24 • 8.30 	8.43 . 9.13 	10.74 , 
11D-Wabaorbed 
(mioro-cq.) 8.96 17.9 35.7 53.1 64.9 

AP44,abborbed 
per g.dry HR. 	1.34 	3.30 	5.02 	6.96 11.24 

Tbrdentage 
neutralismtion 11.6 	28.7 . 43.7 . 60.5 	97.3 

740-1Iltrium wt. 
(mg.) 	N. 86.6 139.4 222.5 1260.2 191.4 

137g.dryHR. 
(8.1 	W. 12.98 25.7 31.3 34.1 33.2 

• 

Series  B.  : in 0.01 N. Kt.].  
Dry weiejit- 1  
(mg.BRO 	6.37 	6.52 	5.16 I  5.95 	5.80 

5.72 7.50 8.27 8.26 10.77 
Nee absorbed 
(micro-eq.) 8.96 17.9 35.8 53.7 05.9 
m-oq.bsorbed 
per g.dry HR. 	1.41 	2.75 	6.93 

Percentage 
neutralisation 12.2 23.9 	60.3 

Witilibritturirt; 
(mg.) E. 96.2 120.7 168.0 

sigodry Mt 
(fi• 	W. 	15.1 	18.5_ 32.6 

Series C. : In 0.10 11.1001 

5.75 5.86 5.0.7 I 

	

5.16 	5.61 1  7.38 

	

Base abaorbed 	7  

(miero.e,) 	8.96 117.9 	35.9 

	

m-eq.absofbd 	I 	, ! per g.dry HR. 	1.56 	3.06 	7.0.7 
Pereentage 
neutralisation 13.6 	r6.6 	61.5 

71quiIrbfii-i*--itt. 
(mg.) 	B. 	41,2 	67.7 	91.9 
Vg .dry HR -- 
(g.) W. 7.17 11,6 18.1 

Dry weight 
(mg. HR.) 

9.03. 

478.5 

193.3 

11.36 

98.8 

132.4 

32.5 22.8 

5.86 5.27 

7.84 10.85 

53.8 58.8 

9.18 11.1Y 

79.8 9741 

102.9 94.8 

17.6 18.0 



8.30 

9.20 

85 
Table 3.6 

. - 

7.20 • 

10.15 

 81,9 

11.38 

52.2 1- 
 52.2 ' I 

7.2:5] 

8.10 

10.20 

75.0 

9.26 

83. . 

87.5 

10,54 

95.4 

71.6 

8.63  

Titrtion of 5, 	resin 	 .53) with KAI 

'.,eries A. 	: 	No silt 
1 	2 Determination 

Dry weight 
(mg. HR.) 	7.4:J 	6.1fl 6.25 7.30 

Tin 
8.45 	8.54 9,04 9.49 

Dose absorbed 
(micro-eq.) 	3.80 	17.8 35.3 48.3 

111.41q.absorbed 
per g.dry HR. 	1.19 	2.91. 6.61 5.66 

Pereentage 
neutralisation 	10.8 	26.3 31.2 59.8 

Equilibrium wt. 
(mg.) 	L. 	27,0 	56.7 53.4 65,0 

14,/g dry HR. 
(g.) 	3.6P 	6.00 8.54 8.91 

Series B. : In 0.0LN. al  
Dry weight 
(mg. H11.) 8.47 	7.67 6.15 7.96 

7.20 	7.80 8.25 8.33 
Tare absorbed 
(micro-eq.) 

fa=eq.absorbed 
per g.dry HR. 

8.95 	17.9 35.8 

5.81 

53.7 	. 

8.40 1.06 	2.33 
Percentage 
neutralisation,  9.59 	21.1 52.6 01.1 	t 

-r NquilibrIUM wt. 
(mg.) 	E, 32.3 	41.0 51.8 70.2 
./g.dry-HR 
(g.) 	W. 3.81 	5.35 8.42 8.82 

series C. : 	In 0.10 N. N01 
Dry weight 
(mg. BR.) 

Imr-  • 
8.21 	7.06 7.66 6.62 

4.96 	5.74 7.36 7.48 
&SO absorbed 
(miero-eq.) 	8.96 	17.9 35.9 53.8 

It-eq.absorbed 
pox. 6.dry Hr.  1.09 	2.54 4.68 6.42 

9.65 	23.0 52.0 65.4 
TertentAge 
neutralisation 

'Lquilibriiiii wt. - 
(ing•) 	B. 25.2 	32.0 52.0 65.4 
E/g.dr1RIV. -- - 

j  
- -- 	. 

(s.) 	W. 	. 	3.07 	4.53 . 4.79 7.59 	i  
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Table 3.7 

4 5 

6.71 7.02 

9.38 . 10.71 

52.1 72.2 

Titr,tion of 10 resin (PR46) with KOH 

eries A. : No salt 
2 [ 3 

7.90 7.67 

6.58 i 9.03 

Jetermination 	1 
Wry weight- 
(mg. TI.) 	j 8.51 

8.37 

ma  -4 35.5  
25 4.43 

21.5 44.2 

1- 
7.74 I 10A0 

74.* $8.2 

22.9 28.3 36.6  40•9  39  

2.89 3.58 5.03 6.16 5.67 

Base abiaid 
(miero-eq.) 	soas 
m-sq bsorbsd 
per  g.dry HR. 	1.04 

Peroentige 
neutralisation 9.97 
Anilibrium wt. 

"

rine) 	t • 
.7g,dry HR. 
(g.) 	W. 

ries B.  
Dry weight 
(nt. HB.) 
pH 

In 0.01 R. E01  

7.60  	7.50 

7.20 8.05 

7.16 19.7 

0.94 2.62 

9.00 25.1 

20.2 29.9 

2,66 3.99 

9.95 7.7/ 

8.10 8,32 

35.8 53.7  

5.74 

10.82 

63.6 
Base absorbedA 
(mioro-eq.) 
m-eq.absorbed--  
per g.dry HR. 

PeTtWange 
neutrilisation 

YrOilibrium wt. 
(mg.) 	E. 
Eig.dry ER. 
(g.)  

3.60 6.91 11.1 

' 34.4 	66.0 L(100) 

43.0 40.0 31.? 
1 1-  , 4.32 S.54 5.52 

Series C. : 	In 0.10 N. RC1 

	

7.50 	7.01 

	

5.08 	6.30 

	

8.96 	17.9 

	

1.20 	2.56 

	

11.4 	24.4 

	

18.7 	23.6 

	

2.49 	4.08 

Dry weight 

Base itineibed 
(micro-eq.) 
.eq.t,baorbed 
per g.dry HR. 
E; N roentage 
neutralisation 

Iguillbrium wt. 
Ong., 	L. 

ag.disy H2 
(S.) 

8.11 

7.61 

3: 0 

4.42 

4:3.2 

4.54 

53.8 8464" 

8.40 10.84 

	

80.2 	(100) 1 

35.2 41.7 

	

5.50 	5.35 

6.40 7.60 

6.10 10.00 



9.63 19.2 

1.53 4.13 6.29 9.83 10.58 

12.0 

13.3 35.9 

7.9.6 132.0 

28.4 

Titration of 1, resin 	43) Ath I.t40fi 	T&bic 

Series A. : 	No b...1t 

1 2 Determination 
Dry -weight 
(ng. HR.) 6.55 7.01 

8,20 8.36 
1WEVEbsorbed 
(micro-eq.) 9.63 

1.47 
19.3 

2.75 
23.9 

w..eq. abwoMed-
per g.dry KR. 

Percentage 
neittr lisationi 12.8 

lrquilibriun 
(mg.) 	E. 

ittg:Caty MR 
(84 	W. 

k 	
99.8 144.8 

15.2 20.7 

9erieF, B. : In 0.01 N. NSt4C1 
•••••••••••=1111111 	 ••••.• 

'Dry wei7ht 
(me. kfl.) 
PH 
HB/TA-fie - absorbed 
(micro-eq.) 

FIE=Kabsorbe 
per g.dry HR. 
ercen age 
neutralisetion 

TOIlibriuN wt. 
(mg.) 	L. 
Vg.dry MR. 
(g.)  

6.31 4.65 
7.24 8.28 8.40 9.54 11.02 

38.4 56.1 54.5 

5.15 

60.8 85.4 92.0 

219.4 220.8 168.0 

39.9 38.7 32.6 

5.71 5.50 

87 

3 

6.90 

9.14 

, 38.0 

5.50 
47.9 

4 

6.59 	5.57 

10.07 11.02 

52.8 56.3 

8.02 10.11. 
69.7 87.9 

225.4 247.4 170.8 

32.4 37.5 30.7 



Table 

4 5 

7.10 6.49 

10.23 1007j 

51.1 57.3 

7.20 8.81 

r  65.3 79.9 

71.0 66.5 

10.00  10.24 , 

6.19 6.00 

9,92 10.70 

54,3 87.4 
8.78 9.56 
79.8 86.7 

64.4 	' 62.3 

10.39 10.38 

6.41 6.47 

9.41) 10.40 

56.5 05.5 

6.93 

10.86 

67.5 
9.74  j  

88.4  

72.0 

10.40 

0 

7.22 

10.94 

65.5 

945 

82.3 

72.0 

10.00 

6.28 

10.E1. 

65.6 _. T  
8.8$ 10.13 10.44 
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Titration  of 5;' resin (PR42) with NEt40H  

Series A. : 	No salt 

Determination 	1 	, 2 3 
-D-rf-r weiat 
(mg. HR.) 	6.51 	7.41 7.18 

8.18 	842, ; 9.50 
"Base absofbed 
(micro-eq.) 	9.59 ! 	19.2 37.4 

It-eq.obsorbed 
per g.dry HR. 	1.47 2.59 

23.5 

5.21 . 

47.3  _ 
veroentage 
neutralisation 	13.4 

Equilibrium wt. - 

L. 	19•4 	42.5 (mg.) ,  61.7 
177g.dry lin 
(g.) ,  . 	2.98 5.73 8.59 

Series B. : 	In 0,015. latel 

(nal. UR.) 	6.12 6.92 

7.78 

6.50 

8,08 
pR 

7.55  
.Bea 	abseil-Wed 
(nicro-sq.) 	9.63 19.25 38.1 

Tb 	- 
per g.dry HR. 	1,58 	2,78 5.86 

-Pfittentage 
neutralisation 	14.3 

wt. 
(m80 	Es 	21.4 

25.2 

36.7 

53.1 

61.0 
Vg.dry KR 
(g.) 	We 	24,41 5.59 9.40 
series 0. : 	In 0.06 N. NB1401 
Dry weight 
(mg. HR.) 	6.71 6.19 6.60 

151r 
7.2 	7.95 8.23 

1,[(3 Ltbsorbed 
(micro-eq.) 	9.63 
m-eq.Asorbod 
por g.dry h. 	1.44 

19.2 

3.11 

38,5 

5.83 
Peroeatge 
neutralisation 	13.0 28:2 52.9 
S-U111-b-rium Wt. 

mg.) 	E. 	27.7 43.2 57.6 „dry HR. 
(8.) 	W. 	4.3.3 6.99 8.72 

80.0 91.8 94.7 

61.9  ,  64.0 _66,3 

9,66 9.89 1044 



11. 

61.  

3.64 

F3 2 5 

45.3 

89 
Titration of 10;` resin (f R46) with NGt 

	
Tble 3.10 

A. No salt 

Determinatii  
- Dry weigMt- 
(ng. HR.) 

2 

8.29 	7.62 	6.81 	6. 

93 10.52 

i 46.2 
--7- 

	

.22 	6.78 

3 

8.46 	8.66 
-81Ese- absorbed 
(micro-eq.) 	9.54 i 19.1 
sq.absorbed 
per g.dry HR. 	1.15 	2.51 

Veromtagir- 

	

utralisatien 11.0 	0 
Irbialtait s. 	 9 

I. 

49.9 

Semites 8 : In 

eight 
BR.) 

Bass 	absOtbed 
(Illore-eq*) 

1Makk.aserbed 
per g.dry HR. 

-Percentage 
neutrtilisation 

wt 
mg1) 	L. 

41E f g.dry HR. 
(e. ) 

7.99 	8.21 

8.20 8.61 

38.4 

1.22 2.40 4.66 

11 7 23.0 44.7 

1.9.6 31.5 48.6 

2.4e 5 

7* 

54.8 83.5 

54.3 1.4 

6.94 	.76 



uilibriam wt. 
) 

W. 

	

, 54.0 , 77.4 	96.1 

	

1T*4 i 21.7 	25.2 

2.11 5.64 4.20 

5.8]. 6.57 _5.-44 
7.20 	7.35 

39.8 53.1 86.4 

, 6.86 8,08  12.00 

59,7 I 70.3 	(100) 

	

17.4 	2244 	P3.1 

	

2.99 	3.39 L 4.28 

1 

Titration of 1% resin (PR43) with Ba(CH)2  

Series A. : NO salt 
Determination  1 

5.40 

2 

4.21 
Dr' werat 
(mg. AR.) 
PR- 

7.65 7.74 
Base absorbed- 
(micro-eq.) 

st-eq.c..- bsorbed -- 
per g.dry HR. 

13.3 

2.46 

26,6 

Pbreentage 
nautr611.30tion,  21.4 , 55,4 

EqUIllbrium wt, 
(mg.) 	E. 
t/g.dry RP. 
(g.) 	W, 

12.9 

2.39 I 

11.5 

2.1,3 
Series B. : in 0.01 N. 5E012.  
Dry weight 
(mg. HR.) 

-Rase absorbed 
(micro-eq.) 
m-eq.absorbed 
per g.dry HR. 

TGroent!lge ------
neutreilisation 

90 
Tuble 3.11 

5.69 L  5.91 

5.12 6.30 

13.3 26.6 

2.33 4.44 

20.3 38,5 

12.8 14.5 

2.25 2.43 

3 	4 	.5 

, 8.42 5.96 5.99 

7.12 fa.,4 8.00 

39.8 53.1 66.4 

6.386.21 8.91 11.C/ 

abserbe 
(miere-eq.) 

-in..eq,abserbed 
per g.dry HR. 

'Percentage 
neutralisation 
Apiltbriun wt. 
tmg.) 	E. 

Vg.dry RR. 
(g.) 

Series C. : In 0.10 N. Ban 

NR.) 

	

6.44 	6.09 	6.98 	6.46 	5.67 

4.48 5.06 5.50 6.88 7.92 

13.3 26.6 39.8 53.1 66,4 

2.06 4.36 5.71 8.22 11.71 

	

17.9 	37.9 	49.6 	?1 ,6 	(100) 

	

14.3 	14.4 	18.2 	22.1 	24,2 

	

2.22 	2.39 	2.61 	3.42 	4.27 
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Titrtion of 5ci resin (PR42) with Ba(OH)2 	Table 3.12 

Series A. : No salt 

Determinati 
	

1 	a 
.fir weight 
(mg. HR.) 
	

6.90 	6.20 
pH 

8.00 
Base-natitbda 
(micro-eq.) 

	
26.5 

abs0Vba 
per g.dry HR. 	3 

Percentage 
neutralisation 34,8 

ilLquilibrIum wt. 
(mg.) 	E. 	15.1 

-17.71-.dry- BR. 
(g.) 	W. 	2.19 
aeries B. 	.01 N. 
Dry weigh 
(mg. 	, 

iiraV-orbed 
(micro-eq.) 
M-44,4Usorbed 
per g.dry H. 
breehlage 
neutralisation 

HR. 
2.31  L 

3,34 

Da012 

8.21 

3.1 

8.55 

7.5 

6.10 

7.49 

3,1 

6.56 

W. 

4 

6:40 8.90 

10.31 10.89 

72.4 	78.4 

11.30 11.20 

(100) (3.00) 

3.87 3:93. 

0 

6 :90 

U.49 

91.0 

3:27 

6 

8.10 

11.77 

126.0 

15.14 

(100) 

31.6 

3.90 

8.30 7.40 8.10 

7.65 10.68 11.42 

79.7 32.9 92.9 

9.50 11.74 3.1.47 

(100) (100) 

30.0 29.0 

3.87 

7:50 I 

U.75 

11.96 

04.7 

20.7 	23,2 

briuni 
E. 	1.4.2 	23.2 	c4=',9.3 

59.5 86.1 (100) 

2.86 	3.53 

ae otsor 
(micro-eq.) 

ria-Leq...Absorbe 
per g.dry HE, 

Percentage 
neutralisation 
2 Vilibtium wt. 
mg.) 

'fig': dry nn. 
(3.) 	w. 

7.24 

53.1 

3.88 8.17 

	

35.2 	74.1 

	

15.3 	21.1 

	

2.21 	3.24 

	 6.75 

	 11.58 

112.3 

13.02 16.63 

100) (100) 

26.2 

3.85 3:90 3.85 



13.3 
• 1.86 	5.01 

8 

8.15 
39,8 04.4 
4..81 3.2$ 

.92 

93.8 

9.83 

6.85 1_ 8.26 
39.8 i o6.4 

	76.7 
5.53 	6.81 10.60 1 

7.5 

2.82 	3.59 

6,92 1  

52.9 

8 5 

2.57 

Titration of 10% resin ( 461 	Da(OH)2  Table 3.13  
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Series A. : No salt 
Determination 
Dry weight 
(mg. HR.) 
PH 

Base aborted 
(micro-eq.) 

Ip-eq.absorbed 
per g.dry HR. 

Percentage 
nentralisat  VMS 

igguilibriuni wt. 
(mg.) 
S/g.dry 124

Z.  
(8.) 

1 

14.9 	28.7 

5 

7.31 

9.58 

79,7 

10.901 

12 .1 
2.16 

rt 

	

.0 	78.6 	(100) t  

	

20.9 	26.0 	26.3 

	

2.36 	3.211 	3.60 

eries B.  : In 0.01 N. BaC12  
Dry weight 
(mg. B.R.) 	8.72 
PE. 

Base absorb 
(micro-eq.) 

Iii.esiTabsofbei 
per g.dry HR. 

-Toraentag* 
neutralisation 

`7/1-Illbriun. wt. 
mg.) 	X. 

series C. : 	In 0.1) Mr. Ba 012  

	

7.93 	8.72 

	

4,51 	4.96 

-Dry weight 

Base absorbed 
(micro-eq.) 13.3 26.6 
-ec.fibsorbed 
per g.dry HR. 1.68 3,05 

'Percentage 
tralisation 16,0 29.1 
ti 	wt. 

)
ne= 

tag. 	E. 16.2 18,4 
117/g.dry HR. 

(g.) 	W. 2,04 2.11 

7.90 

6.51 

-Brnf.-Tity -HR. 
(8.) 

26.6  
1.52 3.36 

14.6 32.1 

18.3 17.6 

2,10 	2.23 

.34 7.85 
.8 66.4 

	

5.24 	80,49 

49.9  81.1  

20.2 25.6 

	

2.65 	3.27 

7.20 	9.75 

.63 17.82  



3 4  

5s22, 

a.= 8.15 

36.1 45.4 45: 

6.91 7.93 9.30 
-t- 

60.1 	60.9 	515411. 

15.2 17.6 3.4.8 
2.91 

93 

mitrution of 1:: resin (171143)  with(Co en  )(OH)3 	Tablo 3.14 

Serie A. : 10 sJ.t 

Determination 1 

5.73 

7.50 

120 

G.00 

7.73 

2441 	' 

- Dry weight 
Ong. is.) 

pti 

Base asorbed-
(mioro-eq.) 

ii0ec..absorbed 
per g.dry HR. 

1-74-aroentage 
neUtralisation. 

"17ilibiiiiii 
610.) 	E. 
Wil.dry HR. 

2.10 4.01 : 

10.3 

17.0 

3.11 

, 	34.9 	: 

17.9 

 2.98 

,Bries B. : hA 0.01. N.(Co 412)C15  
Dry weight 
(Wig. En.) 	9.15 L 4.79 	5.30_i 5.95 	6.58 
•Igt- 

Ilase absorbed 
(mioro.eq.) 12.0 

1.95 

24.1 

5.02 

36.1 

6.82 
m,eq.asoited 
per g.dry HR. 

Tlettentage 
neutralisation 17.0 43. 59.13 
Equilibrium wt, 
(me.) 	E. 17.0 

2.76 

13.5 

2.3L 

15.7 

2.99 
ig.dry HR. 
(s.) 	W. 
Searles O. : In 0,10 N. (Co en3)C13  

4426 1 5.22 	4606 ! 5.98 	7.48 

	

' 48.1 	60.15 

	

8.09 	9.15 

70.3 79.5 

17.5 19.5 

2.94 2.90 

Dry weirnt 
(mg. HR.) 5,93 5.87 64.6Z,  
la- 

4.CV 4.78 6.28 
TF66-ibiliorbed 
(mlere-eq.) 

ii.44.ibsorbed 
per g.dry HR. 

12.0 

2.01 

24.1 

4.1.() 

36.1 

5.40 
Peroentt.go - 
neutralisation 17.5 ' 36.0 4469 	] 

-ValibriuM at. 
14.1 1 3.4,8 17.0 

Vgedry HI/ 
(g.) 	W. 2.36 2.52 2.54 

6.88 5.79 

5.6t 7.06 

	

48.1 	60.2 

6.9  10.39 

60.8 90.35 

	

19.3 	19.0 

2.81 3.36 



Series A. : 	No salt 

betermiwition 1 2 0 
77W-Weight 
(mg. HR.) 5.53 7.4b 7.a8 

7,87 7,92 8.00 
Base obsorbea 
(miero.e(0) 24,1 

4.3b 

47.3 X5.5 
m-eq.asorbia 
per g.dry ER. 6.34 5.35 
Pereentege 
neutraisution 39.5 57.5 75,7 

Equilibrium wt 
(mg,) 12.2 18.1 21.4 
/g. dry s  
(g.) 2.21 2.40 2.71 

6.18 

10.80 

20.6.  

3.33 

67.9 

11.0 

100 

(mg. HR.) 
4111 

(micro-eq.) 

5.34 6.66 7.80 	9.76 

94 
'ritrLtion or 	resin(..t42)   with jo en3)(OH)3  Table 3.15 

 

les B. 	In 0,01 N. (Co en, )C I 

6„f":6 	6.24 

3.84 10.64 

65.6 	75.4 
m-egolbsorbed--  
per g.dry HR. 

PereentRge 
neutralisation 
Xquilibrium wt. 
(mg.) 	E. 
L/g.dtylER. 

2.99 3 
Series C. : In 0.10 N. (Coon3  3 
Dry weight 
(mg. IT.) 	6.55 	7.51 	7.48 	7.48 

(E.) 

6.56 6.4 

5.55 6,70 

1 47.6 

x.87 7.4) 

33.3 87,1 

13.9 18.3 

2.12 2.53 

19.6 

10.01 12.0 

90.7 	1 

_pri 

-Base absorbed 
(olero.eq.) 
m-iiii.abaorbed 
per g.dry HR. 

Perceitiii 
neutralisation  
• ilibrium 

g. ) 	E. 
Vg.dry HP 
(g.) 	w. 2.08 

17.8 41.0 22.4_ 

2.37 	2.81 , 3.35 
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Titration of 10';',  resin (:'R46) with (Co en 	OH) 3)( 	3 
Series A. : ?' sAt 

• 

Determination 1 	1 	2 
7ffy- weight 
(mg. M.) 	

. , 5.86 7.20 8.44 

	

7.76 	7.00 	8.00 
C )--1ti  t 	erb etrff' 	- 

( m I cr o -e q. ) 	12.0 	244. 	36.1 
m-eq.ebsorbed 
per g.dry HE. 	2.0? 	3.34 	4.81 

Aeoroentage 	- 	, 
neutrulisation 19.8 ' 81.9J 40.9 

Wiliibrium Wt.'  
(mE•)E. 	10.7 	13.8 i  17.3 
Nig.drY-BY. 	I 	1 
(g.) 	W. 	1.84 . 	1.92  1  2.05 
series.8. : In (Co en,) Cl 	0.0114 ‘..)  1---- 

4 

Dry reight 
(mg. rr.) 	8.Cfl 	7.90 	7.55 or 

4.03 	4.36 

Table 3.16 

8.47 

8.30 

0.55 

61 
• 

2.55 

Muse nbr7,orbed 
Omicro-eq., 	12.03 ' 24. 

'm-eq.absorbed 
' 

	

	or g.dry HR. 	1.36 	3.05 
reentage 
neutmlisation 12.9 	29.1 

Imilyrubiltit wt. 
' (mg.) 	E. 	16.5 	15.4 

ry 
(g.) 	W. 	1.86 	1.95 	2.16 
9ories C. : In 0.10 N. (Co 
-Dry weigtt 
_ (mg. F2.) 
pH 

75itse ubsoit-6 
(micrc-eq.) L12.0 

11.44.abit&bed 

	

per 6.dry H.F. 	1.20 	5.14 
iPeroentage 
neutralisation 11.5 30.0  

Equilibrium it. 
(mg.) 	 E. 	18.4 	14.7 
Eig.dry HR 
(g.) TI. 1.84 1.88 2.16 

eriz )°13 

6.42 	6.96 

8.10 10.18 

59.1 85.2 

	

9.21 	12.2 

	

88.0 	(100) 

16.4  



Dry we 
of HR 
6.20 

Swollen  
(me 
41.6 

f /.dry 
HR.(g) IV. 
6.71 

    

5.98  

5,43 	22.7 

6.11 	13.8 

6.10 	21.5 

6,29 	17.1 

5.11 	10.8 

5.91 
	

32.8 

3•73 

4.18 

2,26 

3.53 

2.72 

2.11 

2.13 

7.11 

7.30 

7,00 

7.84 

6.10 

6 C4 

14.4 

13.6 

15,7 

15.8 

11.5 	1.89 

12.6 	1.87 

.03 

1.1116 

2.24 

2.02 

pR depression with neutml salts. 	Table 5.17 

All the following determinations were onrried out 

with one small rod in contact with 35m1. of the appropriate 

salt solution. 
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1 	resin (PR43) 

PH Salt 

0.01 N. I01 4.43 

0.10 111, 	A 4,10 

0.01 114 	t4C1 4.46 

0.05 N. 4.11 

0.01 N. BaC12  4.12 

'0.10W. 3,85 

0.03. N. (Co 3.74 

0,10 N. 3.64 

5f rePli (P1153) 

Q. 	N. 101 4.52 

0.10 N. 4,05 
51 	resin (1'1342) 
!0•01 	Cl 4.39 

0.05 N. 4.11 

0.01 N. BeC12 4.10 
^ 	1^ 	IT 	*1 VO.Lia 	JAI0 3.86 

0.01 N. (Co en.)C1 3.78 

0.10 N. 3.80 

131.611 
	

2,59 

8.30 
	

2.39 
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10 resin  (PR46) 

0.01 N. ND1 

0.10 N. 

0.01 N. Mt4  01 

0.,5 N. 
0,01 N. Niel., 

0.10 	r 

0,01 N. (Cco my 
0.10 N. 

4.58 iai 
4.07 8.00 
4.38 7.44 
4.06 7.4'4 
4,69 a.co 
7..85 7,07,9 

8.C1 
Z.69 7.12b 

	

I 15.6 	2.17 

	

16.6 	2,08 

	

14.4 	1.94 

	

14.0 	1.87 

	

17.9 	2.09 

2,02 

	

14.7 	1.75 

	

13.6 	1.88 



01. 

I RE6IN WITH KOH  

35 	 SWELLING 
GRAPH -3'9  

TITRATION 

O NO SALT 
GI 0.01 N KCl 

0.10 N 

0 

-----• 	• 8 0 •i 	•2 

25 

15 

•4 5 .6 • 
CX- 



pH 

O' 

HR 

zt 
OL 

GRAPH 3.10 

14 

5% RESIN WITH KOH  
TITRATION 	 SWELLING 

O NO SALT 
O 0.01 N. KCl • 0 - 10 N. 

-0 at- 

.6 	•8 
OC 

K 



SWELLING  
GRAPH 3.11 

TITRATIO N 
10X RESIN WITH KOH  

7 

O NO SALT 
0 	0.01 N• KC1 
• O•I0 N. 

HR 



GRAPH 3-12 	 I% RESIN WITH NEt4OH 
TITRATION  

O 	NO SALT 
0 	0.01 N NEt4CL 

2. 

CX 

pH 

14 SWELLING 

N E+4 

CX 
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GRAPH 3-13 

141 

O 	NO SALT 
CD 	0.01 N. 

NEt4C1 
• 0'10 N. 

5% RESIN WITH NEt4QH 
SWELLING 

HR 

•4 •5 .6 .5 
of_ 

12- 

PH 

I0 
o 

0 0 

• 

0 	.1 •3  
oc 

TITRATION 

• i
4  

NEt4, 



GRAPH 3.14 
14- 

O NO SALT 
G 0.01 N. NEtAC1 
• 0.10 N. 	- 

pH 

10% RESIN WITH NEt4OH 
TITRATION 

12- 



3.15 

I4 
GRAPH 

SWELLING 
I 7. RESIN 

TITRATI ON 
WITH Ba(OH), 

7- 

0 — 0.10 N. BaC12  

0 — NO SALT 
0 — 001 N. 

12 6 

10 

8-1  

4 	•8 -4 
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5% RESIN 
SWELLING 

WITH Ba(OH)2  

6i 

w 

4 

GRAPH 3.16  

14 	
TITRATION  

1 	0 	NO SALT 
0 	0.01 N. BaC 12 

12-1 	• 	0.10 N. 

pH 4 

1 01 

BC] 

  

HR 

 

r 
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• 1 	•2 	3 	.4 	• 
OC 

  

0 .1 .2 .3 .4 •5 .6 -7 •8 •9 I 
OC 



7- 
GRAPH 31 7 	 IC% RESIN WITH Ba(L.4-- )2 

14 	
TITRATION  

.8 .9 I 
r 	 t 

-2 •3 .4 .5 .6 .7 
OL 

HR 

0 	NO SALT 
0.01 N BaC12  

• 0•10N 6- 

W i 
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Ba 

SWELL ING 

0 •I 
I 	 I 	 I 	i 

"I •2 -3 .4 •5 .6 .7 .8 .9 

H P 

10- 

2- 



SWELLING 
WITH 	(Co en3)(01-03 

71 
GRAPH 3.18 

141 	 TITRATION 

0 	NO SALT 
0'01 N. (Coen  )Cl3  	 3  

• 0. ION. 

•I O 

104 

•I .2 

	

	•4 -5 .6 • 
OC 

(Co en3) 

HR 

4 	.4 .  

I% RESIN 

w 61 

124 

PH  



.8 .9 -7 1 .2 .3 .4 .5 .6 -7 .8 .9 I 	 0 .1 .2 

GRAPH 3-19 5% RESIN WITH (Coen 3) (0 H)3 
SWELL ING 

14 -1  

0 

12 -! 	• 

T1TRAT ION 

6-i 

NO 	SALT 
0.01 N. (Co

L 	en 0. 10 N. 	3)C13 

W 

5-1
!  

1 

44 

HR 

r 	 

H 

10-F 
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GRAPH 3.20 
14 	 TITRATION  SWELLING 

10 %RESIN WITH (Co en3)(OH)3 
7 

12•• 

pH 

10 

O NO SALT 
• 0.01 N en3)C13  • 0.10 N 

W 

(Co en3) 

HR 

.6 •7 .8 .9 '0 	I 	.2 



GRAPH 3-21 pH 	DEPRESSION BY NEUTRAL SALTS 

7 

pH A KCl 
B NEt 4Ct 

6 C BaCt2 
D (Co en3)C13 

0 	• 02 	.04 	-06 	.08 	-10 
Normality of salt 



5, Summary of results  

Text reference: 	curve 	No salt 

curve 13 	0.01 N. salt 

curve C 	C.1C N. salt 

(a) 	Titration of resins with nu  

Graph 3.9 	1% resin 

Graph 3.10 	5% resin 

Graph 3.11 10% resin 

Titration  curves: 

The titration curves of the 5% and 105T resins 

are practically identical, but with the 17. resin, 

although the curves have essentially the same sigmoid 

characteristic, a slightly greater adsorption of base 

is shown; this is most marked at high alphas in curve 

A nnd at low alphas in curves B and C. 

swelling curves: 

Each set of swelling curves show the following 

characteristics: 

(1) 	A maximum which occurs at about 70; neutralisation 

in curves A, 13 and G. 
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(2) An intersection of curves A and B which occurs at 

low A.ph,Ts. 

(3) A decrease in swelling with increasing salt 

concentration from A to C. 

The maximum swelling of the rosins increases 

with decreasing cross-linking;. 	The 5 and lie swelling 

maxima (A curves) are of the same order of ringnitude, but 

VIP 	resin swelling maximum is much greeter. 

No essential differences are apparent between 

the titration curves a the 5 and 	resins, or between 

their ns.Flocite(1 87.n7.ltn curves; the lattor nre both 

of a si ticr magnitude. 

The l'ir; resin swells considerably more than 

both the 5 and 10V,  resins, and this large swelling 

difference seems to be reflected in the titrotion curves 

by the slightly higher capacity for the absorption of 

(b) 	Titration of resins with NEt4011 

Graph 3.12 	1% resin 

Graph 3.13 	5% resin 

Graph 3.14 1C! resin 

99 
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Titration curves 

TI-1?; titration curves all have the same 

general shape, but the capacity for absorption of 

brse deerosses with increasing cross-linking. 	The 

A curves all lie higher than the corresponding A, curves 

for ICOH. 	The B curves show that, over 50', 

u.Altrelisation, the addition of 0.03. N. NEt4C1 does nut 

favour the neutralisation reaction to the same extent 

as 11 does 'pith KOH. 

Swelling curves 

The A and B.  swelling curves are of a similar 

magnitude to the 1 end B curves for X0H, cnd show 

similar maxima at about 70% neutralisation. 	However., 

in contrast to the rc1011 swelling curves, t!'i 	rnd 13 

curves of eacL. reAn chow a double intersection, and the 

and 5 resins are remarkable in that the swelling 

maxima of their 13 curves are higher than those of their 

respective A curves. 

It is notable that the KOH and Mt4CH 51 A 

curves show that the actual weight of water taken up is 

identical over the whole of the Uoutralisation range. 

The 10:A curves are also identittai iR this respect. 
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(C) 
	

TitrAtion of rzstns with Da(OH)
2 

Graph 

Graph 

graph 

3.15 

3.16 

3.17 

1I resin 

15 	• les n 

li;;; resin 

Titration curves 

The titration curves of the resins with 

barium hydroxide show a fundamental difference to 

those of the monovrlent bases. 	By virtue of the 

higher affinity of the barium cation, the titration 

curves are displaced to much lower pH values. 	The 

A curves show the praotically complete adsorption of 

base over the whole neutralisation range. 	The B dud 

C curves lie entiiely on. the acid side, below 50ii 

neutralisation, showing that en exchun6e of barium for 

hydrogen occurs owing to the interaction of the neutral 

salt with the unneutralised acid. 	With the monovalent 

bases thi lu.change is effective only at very low degrees 

of neutralisation. 	The corresponding titration curves 

of the three resins are practically identical; this 

shows that the degree of cross-linking has no influence 

on the affinity of the barium ion. 

ellinG curves 

The swelling curves of the three resins show 
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thnt there is relatively little uptake of water by 

the resins then neutralised with barium hydroxide. 

The 14  B nnd C curves for the 10e: resin superimpose, 

nnd cre not affected b.y the presence of salt. 	Slight 

differences are observed with the lc;.,",  resin at low 

degrees of neutralisation, but over 40 neutralisation 

the A, B and 0 curves also superimpose. 	The main 

curves for the 1't4 5'T_ and 10% resins intersect at 

neutralisation, after which the linear curves diverge 

slightly, the maximum swelling being greatest with the 

1. resin. 

(d) 	Titration of resins with (Co en3) 

Graph 3,18 1% resin 

Graph 3.19 5% resin 

Graph 3.20 10% resin 

Titration curves 

These curves are very similnr to those obtained 

with barium hydroxide, but the greater affinity of the 

(Co en3) 	ion is shown by the displacegient of the B and 

C curves to a lower pH. 

The corresponding curves of the three resins 

practically superimpose, showing that the affinity of the 
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trivA.ent ion ts not affected by the degree of cross-linking. 

3welling curves 

Apart from some slight varictions with the iT resin, 

the three resins do not swell at all when neutralised by the 

trivalent ease; the actual weight of water in the resin 

phase is practically constant over the whole neutralisation 

range. 	The swellinF and titration curves show that the 

properties of the resin phese are primarily determined by the 

interaction of the trivalent ion with the polyelectrolyte 

chains and the cross-linking has very little influence. 

pH depression with neutral salt 

Graph 3.21 

This is simply an exohange of hydrogen ions with 

the oetions of the added salt. 	The magnitude of the pH 

depression gives an indication of the relative affinities 

of the various cations which ere in the order 

(Co en3)". 	Ea • • > NEt
4 
 • > K•  

Only a lituited exchange occurs owing to the high 

affinity of the hydrogen. 	amell swelling chenges 

accompany the exchange reactions. 	The pH depression data 

provide the first points on the titration and swelling 

curves (Graphs 3.9 - 3.2k0. 
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G. 	Discussion 

Nnnyattempts have been made by vasious 

workers 	Fe, 9) to formulate a theory which adequately 

describes the behaviour of ion-e=enangers. 	However, 

the only rigorous thermodynamic treatment is that put 

forward by Glueckauf and Duncan (/c). 	They have 

successfully applied their theory to the interpretation 

of the behaviour of strong acid (suiphonated polystyrene) 

resins. 

The theory treats the resin phase as an 

aqueous solution of a strong electrolyte end takes into 

account a strain-energy term, to allow for the 

restriction of the resin volume due to the cross linking. 

For any freely diffusible species, j, the 

following equation is derived: 

ln(a ) 	ln(11-
.3 	

stair ) 
j pv - 	( 1 ) 

activity 

v 	molar volume 

"1, 	is a function of the resin equivalent 

volume and has the dimensions of e 

pressure. 
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(17.s in 	) denotes the exchanger phase. 	The 

suffix e, denotes a strainless resin. 

If the resin phase is treated ss a dilute 

solution of the metal "resinate", 1111, and if e mean ionic 

osmotic coefficient, ¢ , is used, then 

111(iiii20 )e 
	- C.018 Ve 	----(2) 

where n is the number of freely mobile ions of metal 

resinate. 

From osmotic measurements the product li e  

is evaluated; the plot of ariL against m r„, gives curves 

,hieh ccre very sinner to those of normal 1:1 electrolytes 

excepting thet, as Eim  approaches zero, Ti,;, tends to unity 

instead of two. 

If n is equal, to one, the conclusion is that 

the anionic exchange groups, attached to the hydrocarbon 

chtlins, are osmotically inactive. 	The theory permits 

the calculation of the swelling pressures (11, which 

reach 1000 atmospheres with highly cross-linked resins. 

nxperimental observatiens indicate that the 

strong acid resins behave as strong electrolytes. 

At low concentrations i.e. when the resin is not very 

highly cross-linked, the resinates are fully dissociated, 
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and little or no ion association occurs. 	Even when 

the resin phase is highly concentrated, ion association 

is no greater than it is with solutions of normal 1:1 

electrolytes. 

Application of the glueckauf and Duncan theory 

The interpretation of the swelling phenomena 

with tr.OF (Graphs 3,9 - 3.11) has been attempted, by 

applying the Clueckeuf and runcan theory. 	From 

equattens (1) and (2) it follows that 

0.018 	- 04018 4ma  = 

ma 	externa] molelity of electrolyte 

molality of potassium resinate 

va 	equivalent volume of water 

Glueckauf and Duncan obtained nOe (strainless exchanger) 

from the data derived from a very low cross-linked resin. 

The appropriate osmotic data are not available for the 

resins used and as an approxination, the 4 values for 
potassium acetate are used (assuming n = 1). 	This is 

not an unreasonable working assumption, since the results 

of Glueckauf and Duncan show that nie; for lithium 

toluenesulphonate is a good approximation for 11; for 

the lithium resinate (polystyrene sulphonate). 
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The swelling pressures of the 	potassium 

resinates were thus calculated from equation (3), 

using the experimental date, but it wee round that the 

swelling pressure P was not r iineur function of the 

resin ecuivalent volume. 	The maxima in the smelling 

curves cannot be expleined by allowing for the increase 

in osmotic pressure of the external solution, due to 

the presence of increasing concentrations, of JCB over 

70; neutrelisetien. 

In feet the second ter2 cquetion (3), 20 ma, 

is for curve I negligible end for curves B and C only 

a small oonetant term and thus the swelling pressure 

is effectively proportional to iri; ; the 4  value for 

potassium acetate, i.e. 743, does not deviate muoh from 

unity at the low moislities under consideretion. 

If the theoroticci treatment is essentially 

correct then the assumption that A for potassium 

acetate equals e, is not a reasonable approximation. 

In fact ;3c3 must be smell enough to make the two terms 

on the left hand side of equation (3) of comparable 

ma, itude. 

This means that t 	vlatten of the metal 

resinate from ideality is very lerge and that only a 
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small proportion of the gegenions are osmotically 
al- kAG. dureAS- 

ea titeh 	It is apparent, therefore, that the 

resinates cannot be treated as solutions of strong 

electrolytes which undergo complete dissociation. 

Ion association 

The attempted application of the Glueckauf 

end Duman theory leads to the conclusion that only a 

small proportion of the gegenions are osmotically 

aotive, 	Their approach effectively shows that the 

Debye-huckel theory is applicable to strong acid resins, 

- which behave in a similar manner to normal electrolytes. 

The Debye-Huckel theory provides an adequate 

description of the behaviour of simple electrolytes at 

low concentrations. 	It contains, however, two 

inherent limitations 

1. 	3pheric41 symnetry. 

2, 	The condition that the electrostatic potential 

energy of a teat ion be small compare to kT. 

The observations of tinny rorkers, Yern (a2), 

!dons .2.3 4 Kagewa (2-4- ) end Wall (.15i, has indicated 

that with soluble polyelectrolyteas  considerable ion 

association occurs. 	Kagewa end co-workers (2.61 A?-y7-,7) 

have maintained thElt the peculiar character of 
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polyelectrolyte solutions is wholly due to the 

phenomenon of fixetion of gegenions. 	The polymeric 

ion is considered to form a thermodynamically separate 

phase from that of the ,aedium. 	A portion of the 

gegeniongare held within the phase of the polymeric ions 

by the strong couleombic attractions. 

Much work has been carried out in recent years 

with soluble pulymethaorylic acid. 	Katchalsky (2') 

has shown that the viscosity of Pg4peuses through a 

maximum at about 7G neutralisation., which seems analagous 

to the swelling behaviour of the °roes-linked resins. 

0th and 'Doty (3a) have shown thet tho properties of the 

soluble polymers even at high dilution are effected by the 

gegenions. 

Awes (30 hes presented a mathematical solution 

of the problem of the potential of an isolated rodelike 

molecule in the presence of cu electrically equivalent 

number of gegenions. 	It is shown that for low charges, 

the potential on the rod will be nerrly the same as if the 

gegenions rre not prevent, although there will be a 

slightly higher concentration of gegenions nearer the rod. 

As the charge density increases, however, a strong 

tendency of the ions to cluster in the vicinity of the 

rod appears, 



110 

Interpretation of the observed phenomena in terms of  

ion association 

The behaviour of the cross-linked resins can 

be explained if it is assumed that considerable ion 

association occurs se high degrees of neutralisation. 

Consider the swollen 	cross-linked gel of PM A in 

contact with. a certain volume of water, and assume, for 

the moment, that the carboxyl groins are unionised. 

Inside the resin phase a smell exploring 

element of volume will either contain pure solvent or 

else ooncentreted polymer solution, depending on 

whether or not the element intersects with a polymer 

chain. 	The resin phase is microscopically 

inhomogeneous and may be considered es being composed 

of two effectively separate ''volume elements", i.e. a 

continuous "chin volume element", encompassed by a 

continuous "water volume clement" 	These two elements 

may be regarded is forming two thermodynamically 

separate nhnees. 

In actual fact the carboxyl groups will be 

slightly ionised, and the chain element will possess 

certain charge which will be neutrelised by the 

gegenions of hydrogen. 	These gegenions will be free 
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to diffuse into the water element. 

The changes in the equilibrium that occurs 

when Kai is added to the system will now be considered, 

fof convenience the neutralisation rtnges above and 

below 5O neutralisation will be considered separately. 

0 - 50,4. neutralisation 

Initially a small number of II ions will be 

,resent in the water element. 	The condition of 

electrical neutrtlity of the resin phase will prevent 
the gegenions from dirfusing intu the externcil 

solution. 	The hydrogen ions will cause the resin 

to swell slightly until the osmotic effect of the 

gegenions balances the swelling pressure due to the 

stretching of the cress-link. 	4hen Bel ir tdded to 

the resin in the hydrogen form, the gel contracts 

lightly. 	This is due to the ro2reasion of 

ionisation of the carboxyl groups. 

1120 

P.COOff ± li•COO + ii 	 ----(4) 
HC1 

The polymer element then has a charge 

approaching zero, and the water element takes up 1101 

until the concentrations inside and outside the resin 
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are practically the seme. 	The resin phase 

consequently deswells. 

When KOH is added to the exteentl solution, 

the neutralisation of the acid takes place. 

R.COOI 	KOH 1# R.COOK 	H 0 	----(5) 

In this region the external concentration of 

the KOH is very small (ca. 10-6), wherees the internal 

stoichiometrio molelity of resinate (ne ) is 

considerably higher, by a rector of not less than 10 
 

(over 3.0'7: neutrelisetion). 	Tnetde the resin phase 

the potassium gegenions are dispersed throughout the 

water volume element, although there will be a slight 

tendency for the gegenions to cluster in the vicinity 

of the chain. 	This effect will be small, however, 

and the resin will, swell in an almost linear fashion, 

owing to the increasing conoentrationkgegenions. 

The stretching of the cross-links nay be likened to 

the tretching of a spring when ri loed is Applied and 

approximrtely obeys Hooks lew, 

In this region below 50V0 neutralisation the 

strength of the unneutrelised sold will slowly decrease, 

owing to the interaction with the neighbouring ionised 

groups, but this effect does not seem to be of any 



magnitude. 

50 - 100 neutralisation  

In this region the effect of ion association 

becomes important. 	Initially the chain element has 

50' of its carboxyl groups ionised. 	It ii be the 

number of groups ionised in the chain element and let 

be the number of gegenlons associated with the chain 

element, 	The effective net charge on the chain 

element will be (n-g) which is equal to the number of 

gegenions in the water volume element. 

As neutralisation proceeds, TT increases, 

and the electrostatic potential of gegenion in the 

chain element win be much greater than kT. 	Thus, 

althou m increases, the number of osmotically active 

gegenions in the water volume element does not increase 

proportionately, and the swelling of the resin begins to 

approach a maximum value. 

As n increases, the resultant summation of 

tho individual charges on the carbonyl groups will produce 

a high electrostatic potential (many times kT) at some 

distance r from the centre of the chain. 	The radius 

R, (grOater than r ), of the chain element mar reach to 

that point where the value of the electrostatic potential 
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will be of a simile's magnitude to kT. 

The effective radius 	will, however, be 

somewhat smeller than R due to the shielding effect 

of K ions associated in the chain element, 	That 

is to say, inside the ohain element, the interaction 

of the charged polymer ohain with a test ion of 

opposite oharee, will be reduced by the shielding 

effect of other gegenions, which are associated with 

adjacent carboxyl eroups. 

As n increnses, the fixation of the gegenions 

increases considerably. 	The net charge (n-e. on the 

chain element will begin to decrease at about 705',  

neutreliset t en, 	The resin phnse will consequently 

deswell, owing to the reduction of the number of 

osmotically votive gegenions in the water volume element. 

Superimposed on, and reinforcing, this effect 

will be the increase of the- osmotic pressure in the 

external solution, owing to the increasing concentration 

of 	I. 	The increase in the external concentration of 

7J3H will be due to the reduction in the strength of the 

polymeric acid, owing to the interaction with the 

neighbouring oherged carboxyl groups. 
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Effect of salt 

In the presence of snit, the resin deswells 

considerably ((;raph 3.9). 	This contraction of the 

resin volume below 5Ce neutralisation may be ascribed 

to two factors: 

The external concentration of 1101. 	This 

increases with increasing salt concentration, 

but the swelling changes determined by this 

factor are very small. 

The effect of the internal concentration of al 

in partly collapsing an imaginary double 

layer between the uhain element and the 

water volume elerient. 	That is to say, 

an Inereos° in ion association. 

Above 50,,  neutralisation in 0.01 N. MD1, the 

latter factor (D) is of primary importance. 	With 

0.10 N. ED1, the effect becomes important at lower degrees 

of neutralisation. 

The intersection of curves A and B in the 

swelling curves (Graph 3.9) is readily explained. 	In 

the presence of 0.01 N. 1C1 an exchange occurs, and 

initially, the internal concentrction of "resinate" is 
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higher than that of the internal MD1, and the external 

concentration of HCl. 	Consequently, the resin phase 

swells. 	As neutralisation proceeds the exchange 

with the ND1 decreases and the previously mentioned 

fectors come into operation. 

With the higher cross-linked resins 

(Graphs 3.10 - 3.11), the volume changes are less 

marked. 	e4th both these resins, the swelling 

pressure is of considerable importance. 	The water 

volume element is reletively much smaller and 

interaction between the edjecent charged polymer chains 

also occurs. 	The internal molality of the resinate 

is considerably higher than in the 1% resin, and 

changes in swelling, which are caused by the addition 

of neutral salt, are consequently not so large. 	The 

titration curves of the higher cross-linked acids lie 

at a sliehtly higher diI; this slightly weaker 

character may be explained as being duo to interaction 

between the polymer chains. 
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The titration and swelling curves of the resins 

77y7H (Graphs 3.12 - 3.14), show several different 

fe,etnres from those of KOH. 	The pH depressions with 

neutrel salts (Graph 3.21) show that NEt4  has a higher 

affinity than. 	This would normally be expected from 

a consideration of the interaction of the individual ions 

with a charged site situated on a hydrocarbon chain. 

Both coulombic and van der ,:aals forees will be operative. 

The coulombio interaction will depend mainly on the ionic 

charge and the van der Waals interaction will be a 

function of the mdect40,-- 4._,E- ;4'.‹:,e,:... 

The effective dial ors of the hydrated 4 iou 

and the NEt
4 

ion are 3.6e and 7.6A respectively. 

The NEt4  ion, with its large hydrocarbon structure, will 

be strongly adsorbed on the hydrocarbon chain by virtue 

of its size. 	The sum of the interaction forces with 

the NEt4 ion will be consequently greater then with the 

K ion. 

However, the position of the titretion curves 

(Graphs 3.1 - 3.14) lie considerably higher than the 

corresponding curves of KOH, indicating that the relative 

affinities of the 14:t
4 and K ions is reversed. 	This 

reversal of affinity (indicated by the external base 

concontretions) ir most marked over 501 neutrelisation, 
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where the titration curves of the two beses diverge 

widely. 

Models of PVA, with the polymer chitin fully 

extended for a radial distribution of carboxyl groups, 

show that the distance between Ajacent carboxyl groups 

is about 4.5A. 	The diameter of the Nt.  ion is about 
4 

4 
7.6A, and over 5Cr neutralisation the models show that 

it is not sterically possible for all the NEt4  ions to 

lie in close proximity to the chein, in which pooition 

maximum interaction would occur. 	At high degrees of 

neutralisation these steric effects become extremely 

imoortant and the affinity of the NEt4  los will be much 

smaller than that of potassium. 

The titration curves of the three resins with 

NEt4CH show a progressive aisplacement to a higher pH as 

the cross-linking increnses. 	The steric effects thus 

seem to increese in importance es the cross-iiakiag 

increeses. 	Although the adsorption of NEt4  ions is 

sterically hindered nt high degrees of neutralisation, 

considerable association of the gegenions seems to occur, 

since the swelling rieximum of the l resin with }t 4 I 
4 

is even sharper than that with Kai. 	The precipitate 

final deswelling is due to the higher external 

concentration of NEt
4
OR, which ia some ten times higher 

than the corresponding KOH concentration. 
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Thf: hijler selling rAxilaum o the 1, resin in 

the prne, :. of 0.01 N. tUt4C1 (Graph 3.12) is remarkable, 

and the interpretction of this phenomenon is left open 

to quostIon since no sule explanation is apparent. 

The polyvalent bases nre very strongly absorbed 

by the resins, irrespective of the degree of cross-linking. 

The polyvnlent cations nre closely associated with the 

polymer chains, end both eoulombic rnd dispersion forces 

will be operative. 	In the case of barium, the ions 

mill be able to lie in close proximity to the polymer chain 

and -interact with two adjacent er.rboxyl groups. 	The 

slight swelling which is Observed at high degrees of 

neutralisation i,ndieetes that some of the gegenions are 

not sufficiently strongly bound to prevent them exerting 

a weak osmotic action. 

The trivalent. ion is large compared with the 

barium ion and will probably interact strongly with 

adjacent chains. 	The higher affinity of the trivalent 

ion is shown by the effect of its salt in displacing 

the titration curves to lower pH values. 
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A2PENDIX A 

(1 )?reparation of tri-ethylimodiaminocobaltio ehloride  

End hydroxide  

(2)Preparation of tetraethylammonium hydroxide Glad chloride  

(3)Preparation of carbonate-free potassium hydroxide  

(1) Tri-ethylenediaminocobaitie 01011140 (Co en3 )Cla  

The use of simple inorganic trivalent options 

in 1.ka1ine. solution is restricted, owing to the 

inrlolubility of the corresponding bases. 	In order 

to observe the effect of the interaction of trivalent 

cations with the polymers used, the co-crdinstion complex 

(Co en,)C1f, was preprred (),by oxidation of an acid 

solution of cobaltous chloride, in the presence of 

ethylenediamine. 

After preparation the salt was well dried in on 

oven 9t 1200C. to remove troves of entrained Hrl. 

Found C. 21.1 ; if '1.34 ; N 33.4 ; 01 29.86 

Required C 20.9 h 7,00 ; N 24.3 ; Cl 30.80 

Solutions of the dried salt in distilled water 

gave pH 5.6 increasing to pH 6-7 on bubbling nitrogen 

(removal of CO2 )4, 	Aqueous solutions were thus quite 
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stbio 	.1lowed no hydrolysis. 

Compnred with the corresponding cobaltammine 

Oo(NH3 )6 	the (Co e ) ion is very stRbie ana it is 

not attacked by HG1 or KOH in the cold (33). 	This 

is presumably due to the hip stability of the bidentate 

en grouping (3it.). 

Tho (Co 	"" ion. is thus capable of sA.able 

existance over the whole pH range 0-14. 	The base 

does not precipitpte in alknline solutions since, like 

the chloride, it is freely soluble in water. 

TI-1-..,thilliaminocobti1tio hydroxide 	(Co en3  )(OH) 

Preparation: 

Deacidite FF (1-) was pecked in a suitable 
column end Vib hed with 2N HO?, demineralised water until 

chloride free, freshly prepared 2N WOH until chloride 

free, end t 	with deminernlised water until the 

offluent wrs at pH 7* 

Jn approximately N. solution of (Go en3 )U13 
was prepared and passed down the column, the chloride 

and carbonate free effluent bein43 collootod In a 
CC-free reservoir. 	The solution obtained was 

diluted with CO-free water to give a ca. 0.1 N. stock 
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solution of (Co en
3 
 )(Oa)

3 

olutions of the base have boon kept for long 

periods without any sign of deterioration. 	The 

hydroxide is a strong base and was standardised by 

potentiometrie titration against 	 4 typical 

titration curve is shown in Graph Al. 

Absorption spectrum:  

olutiom of (Co en ).. are orAago 
3 

and •a preliminary investigation WRS made to see if the 

ion would be suitable for eolorimetrie analysis in 

very dilute solution. 	Tbo absorption was deterildned 

in acid soluttn (pH US) using a Unlearn spectrophotometer 

(Graph A2), 

An 6b,orption maximum is shown at 465 but this 

is not very strong, and colorimetric estimations cannot 

be made with very greet accuracy below es. 1 millimolei 

litre, 
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POTENTIOmETRIC TITRATION OF (Co  en3)0H3  WITH HCl  
13_ 



• 

• 
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pH 2.2 
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123 

Absorption data: 	pH 2.2 	1 om. coil 

A 	2.8 millimoles per litre 

B 	1.4 millimoles per litre 

limvelength % Transmission 

A 	B 

350 67.7 81.S 

375 91 95.1 

400 92.9 96 

425 81 9(, 

45( 65  

475 62.5  

5t)0 76 87 

525 91 v4.4 

550 97 97 

575 98.5 98.7 

6,() 99.1 100 

621:, 100 
700 98 99 

80o 95 

90;) 93.8 

1090 91 
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(2) Tetraethylammonium hydroxideMt4  OH -  

This base was prepared from pure recrystallised 

NEt4I in the same way as for (Co en3)(0103 	The iodide 

ion is very strongly adsorbed by the Deacidite FF end 

gives e more efficient exchange than with chloride ion. 

Tetraethylammonium chloride Nigt4C1 

Solutions of this salt were prepared by the 

neutralisation of the buse with Tin to within the pH range 6-7. 

Note: 	The use of silver oxide as an alternative to an 

anion exchange resin for the preparation of the above bases 

has been tried. 	In both cases silver was taken up into 

solution or dispersed cnd could not be rowdily separated. 

The use of anion exchange resins is therefore to be preferred 

when preparing these bases. 

(3) Carbonate-free potassium hydroxide 

This was prepared using Deacidite 1.47?' , following 

the method used by C.W. Davies and Nanoollas 

165, 237 (1950) ) 

( Nature 
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APPENDIX B 

Cross-linking monomers  

(1) Preparation of ethylene dimethacrylate 

(E) The  attempted synthesis of p-divinyl benzene 

(1) 1:repurti7ion of ethylene dimethaerylate 

The oreaaration of 1.= has been described by 

White 051. 	This method was adopted with some 

modifieations as follows: 

To a one litre RB flask were added methyl 

methacrylate (750g,), ethylene glycol (100g.), 

hydrolainone (50g.), and eoncentrated 11,5304  (bg.). 

The contents were heated in a clow current of nitrogen 

to about 150°C., by means of an oil bath. 	The 

distillate was fractionated through a vacuum jacketed 

Widmer column and the reflux ratio was adjusted to 

maintain the temperature of the distillation at 0.4-(400 

(b.p. methyl alcohol-methyl nothacrylrkte azeotrope). 

When 170 ml. of distillate had been collected at a final 

reflux ration of 1:25, no more azetrope could be 

collected and the temperature rose to the bop. of the 

methyl methscrylate. (100 C).. 

After cooling, the reaction mixture was first 

washed several times with saturated NaHCO
3 solution to 
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remove acid and then with n strong solution of KC1 to 

remove alkali. 	During these washings, which took a 

considerable time to complete, a very persistent 

emulsion was fozmed which the :001 helped to break up. 

The ester layer was renoved and driod overnight 

with Can,. 	The product was fiitered and i'ractionated 

through a vacuum jacketed 4idmer column under reduced 

pressure (Using an efficient vacuum pump). 	No 

refraetieeetion was fouIld to be necessary. 	The 

following fractions were collected: 

1. Vethyl methoorylate 	2r u 

2. Small fraction ca. 5m1. oti
o
C 12mm. 

3. EDIT. 	111 C/ 5am. 

4. End fraction ca. 5m1. 	111°C! amm. 

5. Besidue 

Yield: 100g. (51:) 

knalysis: 	lreliaration 1 	C 60,4 H 7.3 

1'roarat1on 2 	C 60.3 H 7.2 

Required 	C 60.6 H 7.1 

The FDM fraction was free of hydroquinone 

which appeared to a clight extent in the end fraction. 

The ester showed no tendency to polymerise at room 

temperatures ard was stored in a refriFerator, in 
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corked tubes, when not in use. 

a IMO ft 

(2) Attempted synthesis of .mra-divinylbenzene (p-DVB) 

The synthesis of p-DVD has been carried out 

by Lespieau and Deluchat (3,), and by Sabetay (77), 

but neither of these two syntheses present convenient 

laboratory preparations. 	The following schemes have 

been considered as possible methods for the synthesis 

of p-UVB. 

St:hank 

terephthalaldehyde 	p-divinylbenzene 

The preparation of II has been carried out 

by Low (393) from I via a two stage Perkin reaction and 

it is feasible that II can be decarboxylated to give 

III. 	Terephthalaldehyde would be required in fair 

quantity to produce a reasonable yield of p-DVB. 
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The aldehyde (I) can be readily prepared from 

CHDBr 
/N1 r.  

N) 
CR2  Br 

CliBr2 
or t 

OHBr 

but these compounds are very lachrymatory and no 

attempt was made to use them. 	An alternative 

method is by the oxidation of p-xylene in an 

acetylating medium to give the tetra-acetate of I 

H3 

MI5 0. 

91:1( G. 00 .CH3  )2  

00•0113  

vac 

CL4-.No 

This preparation hes been found to work quite well 

using the small quantity of p-xylene as described 

in the literature (38). 	However, attempts to 

increase the scale of the preparation gave very poor 

relative yields with excessive formation of terephthalie 

acid. 



III V 

COOH 

0 OOH 

C OCRs 	CHOH.Clis  

> 	— 

CC% 

129 

Scheme B 

The preparation of p-DVD from III is described 

in the literature 04)440,44), and by using modern 

techniques it should be quite simple to obtain a good 

yield of the end product V. 	The intermediate 

p-diacetylbenzene, III, is not available, however, and 

it has been synthesised only in poor yield (4o), 

Terephthalic acid, I, is now being manufactured 

commercially and can be obtained in quantity as an 

inexpensive starting material. 

The use of metal alkyls, in particular CdMe2, 

for the preparation of a ketone from the Ourtesponding 

noid chloride, is now a standard technique (4a). 

Under suitable conditions very high yields of up to 

9811  have been obtained WI. 	The reaction proceeds 

readily in most cases but there are no recorded 

examples of the preparation of aromatic nuclear diketones, 

using this method. 

If p-diacetylbenzene can be obtained in good 
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yield by the action of Mae, on the corresponding 

acid chloride, then the above scheme should provide 

a convenient method for the laboratory synthesis of 

p-DVB. 

The synthesis of p-diacetylbenzene, III, 

from terephthalic acid, I, is described below. 

Preparation of terephthaloyl chloride (II) 

A commercial sample of terephthalic acid was 

used for Vois preparation (7)338). 	The veld chloride 

wes prepared from the terephthalic acid, oven-dried 

at 1E50C., by the action of thionyl chloride, using 

SbC16  as a catalyst, as described in the literature. Of-40. 

The acid chloride was purified by 

distillation under reduced pressure 

b.p. 120 C/8mm. 
0 

bips  I16 C/4mm. 

The product was then recrystallised from CC14  and was 

obtained as pure white crystals m.p. 82.5°C. 

Yield 
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rer)aration of p-diacetyl benzene 	(III) 

(1) Crier -7 Mg 	Miler 

(2) 2 CF40r 	GdClg 	CdMe -- 2 MgBrC1 

COC1 	Cie 

(3) CdMe 	-4-.  2 ' 	—>   -- CdC1, 4. 

Oa 	Cone 

Th.- three stages of the reaction were carried 

out without isolation of the intermediate products. 

Stages (1) and (2) were carried out in etheral solution, 

After stage (2) the ether was removed and benzene was 

substituted as s solvent in order to prevent ester 

formation (0.), 	The experimental detcdls of stages 

(1) an6 (2) were similar to those described by J Cason (46). 

Apparatus 

A three necked 1.5 litre flask was I'Ltted with 

a mercury secled stirrer, a Liebi condenser, and a 

two-way addition tube. 	An efficient stirrer of the 

Berschberg type was emplc)yed. 	The vertical arm of the 

addition tube was fitted with a dropping fvnnel, for the 

introduction of liquids; the other arm was used for the 



introduction of the solid GdOl 

3tage (1) iTeparetion of Grignard reagent. MeMer 

7.3g. Mg turnings were washed with ether and 

placed in the renction flask with 400m1. sodium-dried 

ether. 	The flask was cooled to -50C. in an ice-salt 

freezing mixture. 	Two 20g. ampoules of IleBr wore 

cooled to -150C., opened, and their contents were 

transferred to the reaction flask. 

The flask was warmed to room temperature when 

a vigorous reaction set in. 	The flask was again 

cooled to prevent the ether from boiling too vigorously. 

Tho reaction was completed in about five minutes. 

stage (2) Preparation of cadmium dimethyl. CdIL 

The Crignard solution was cooled and 31.2g. 

anhydrous Cd012  were added in small portions to the 

well stirred solution. 	The reaction mixture was then 

stirred under reflux until test samples of the solution 

gave a negative Gilman test (4-(). 	This indicated that 

all the Grignard had been converted to cadmium dimethyl. 

The reaction was completed in 30 minutes. 
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tagc (3) 	-Preparation of p-diacetylbenzene. 

The ether was rapidly distilled off and 

1011. dry benzene added. 	35ml. benzene were 

distilled off and a further 180m1. dry bon'ene added. 

4 solution of 15g. torephthaloyl chloride in 61. 

benzene was then added dropwise to the continuously 

stirred reaction mixture; this became very viscous and 

developed a bright yellow colour. 	The mixture was 

refluxed for 30 minutes, after which time the stirring 

became very difficult, 	The stirrer was then 

removed and the flask allowed to cool. 

The reaction product was cooled in ice and 

400m1, l0 sulphuric acid were added. 	The benzene 

layer was separateu and the aqueous layer washed with 

small portions of benzene. 	The benzene extracts 

were combined and washed with potassium carbonate 

solution to remove acids. 

The resulting solution was dried with 

anhydrous sodium sulphate; the benzene was evaporated 

and the residue twice recrystallised from ether. 

Estimated yield : 25; 

Appearance 	: White ; crystalline. 
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p-diacetyl 	Bisulphite 

benzene 	derivative 

Observed m.p. 

Literature m.p. (40) 

11( 0C. 
o. 

114 0. 	].82°C.  

some difficulty was encountered in working 

up the reaction mixture for the p-diaoetylbenzene. 

This was due to the presence of terephthalic acid and 

the keto-acid (p-acetylbenzoic acid). 	it was 

apparent that only partial conversion of the acid 

chloride (II) has been obtained in the final stage of 

the reaction. 	Alla was must probab y duo to two 

factors: 

1. The loss of OdMe2 during the removal of 

the ether in stage (3) of the reaction. 

2. Insufficient time was allowed, in the 

final stage, for the reaction of the 

acid chloride with the CdMe2. 

By using a lrger excess of CdMe2, and by 

allowing the reaction to proceed for a longer time, say 

1-2 hours, a much better yield should be obtained. 

ON - 411.. 
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P,cheme C 
.1111•••••••••••••••••••••••••••••• 

The following scheme, analogous to the 

preparation of styrene from othylbenzene, has been 

suggested (4-F). 

	

cif ar.c,1-13 	C rx:113 	pH on. CH,4 	CCH 2 ./N 

	

CIL% 	C 0011 	CHM. CH3  

3tage it.  Atmospheric oxidation in the presence of 

cobalt naphtbenate as catalyst. 

Stage 13  tight catalytic reduotion of the ketonic 

components of the Stage A reaction p oduct. 

Stage C  Dehydration of the dihydrlo alcohol to give 

9-divinylbonzene. 

The starting material, p-diethylbenzene, was 

not available commercilly, and the synthesis was 

therefore not attempted. 

1110 a, O. 

Cri:-C112  
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APPENDIX C  

Measurement of pH  

Both the hydrogen electrode and the glass electrode 

have been used for the measurement of pH during this work. 

'or the miorotitrations with P9 in Pert 1, the hydrogen 

electrode was used, but in work subsequent to this, the glass 

electrode was used, since the hydrogen electrode was readily 

poisoned by traces of PMA.. 

The equilibration of a glass electredc, in solutions 

above pH 8.b and below pa 5.5 was very rapid, but in the 

intermediate region the equilibrium was only slowly 

establisked and the rate was dependant on the nature of the 

solution previously in contact with the eleotrode surface. 

The simple immersion of the glass electrode in 

this oritloal region, or even rinsing the glass with the 

solution aeveral times prior to immersion, was not sufficient 

to produce an equilibrium reading. 	ehere a pH reading was 

liable to fall into this region, the electrode surface was 

first conditioned as follows; the electrode was rinsed 

several tines wite distilled weters  immersed in water, and 

nitrogen was bubbled through the water until it had 

equilibrated et ebout p11 7.2. 

The glass electrode normally gave a value of 7.2 



13,  

with distilled water, after nitrogen had been passed 

through the water for several minutes. 	However, the 

reading varied up to 7.5, depending on the previous 

ambient selution. 	If the previous solution was alkaline, 

the electrode would not usually read below 7.4 after 

equilibrating with nitrogen-saturated water. 

After the conditioning of the electrode, the 

water was run off from the electrode, and the required 

solution was eddod. 	Nitrogen was then passed through 

until n steady reading was obtained. 	This method was 

found to be reproducible on different samples from the 

sane solution. 

All the solutions used for the titrations in Part 2, 

were made up from carbonate-free components, and were 

subsequently handled under nitrogen. 	This prevented any 

discrepancies, between the actual pH and the observed value, 

which would have been caused by the presence of CO2. 

The apparatuses used for pH measurements are shown 

on the following page. 	These were designed to carry 

out determinations in an atmosphere of nitrogen, using 

volumes of between 1.5ml and 5m1. 	ehere an agar bridge 

was used (apparatus 2), it was found that Xel diffused 

rapidly into the solution under test. 	Whilst nitrogen 

stirring was in progress the ewer jet was driwn up clear 

of the solution. 



APPARATUS 2  APPARATUS I 

AGAR 

SATURATED  
CALOMEL  
ELECTRODE 

N 

CAPACITY 
1.5- 5 rril 

KCl  
JUNCTION 

SATURATED  
KCI 

Ni  

}

CAPACITY 
3-IOmi  
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