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ABSTRACT 

A pH t i t rati on me thod using a gla s s  el ect rode/ 
saturated calomel el e c t rode cell ha s been appli ed to  

the det ermi nat i on o� acidi ty and s tabili t y  constant s i n  

0 dilute a�ueous  soluti ons at 25  C .  Two computer 

programs in FORTRAN hav e  been wri t t en and u sed t o  cal culat e  

the cons tant s from the ti t rati on data . 

Acidi t y  constant s for the homologous s eri e s  of 

alipha ti c cJ...w di carboxyli c acids  ( succi ni c  aci d t o  s ebaci  c 

acid inclusi v e ) hav e been determined . Acidi t y  c onstant s 

for tri carballyl i c , c i tri c and a number of o"!-.her carboxyli c 

a cid s hav e al so been det ermined and the valu e s  obtained are 

i n  good agreement wi th value s  report ed by other workers . 

A new set  of mi cro aci dity constant s ,  differing �rom tho s e  

reported by other workers, ha s been obtai ned for ci tri c  

acid from a pH t i t rati on study of vari ous methyl e st er s  

of c i tri c acid . The stabili ty con stant s for the magne s i um 

and cal cium complexe s of ci tri c acid have been redet e rmined . 

The method of calculating acidit y  constants  from 

substi  tuent e ffec t s  ha s been refined t o  dj_ s tingui sh between 

macro  and mi cro a ci dity  constant s and has been u sed with 

some succ e s s  i n  the  predi ct ion o� both mi cro and macro 

acidi ty constant s . Good value s hav e  been obtai n ed for the 

fi r s t  and second but not the thi rd a ci d i ty constant s for 

ci tri c acid u sing thi s t echni �ue . An analogous method for 

calculating stabili ty constant s from substi tuent effect s 

has been t e s t ed and found promi sing but i t s  appli ca t i on i s  



hamp ered by the lack of sui table exp er imental dat a . 

The thermodynami c  basi s of the cat i on exchange resi n 

method of determini ng cat i on acti v i ti es  i n  soluti on has 

been described and a new m ethod of resin calibrati on using 

two parame ter equati ons dev eloped . The i on exchange re si n 

me thod has been appli ed t o  s tudi e s  of th e sea sonal variati on 

of mi lk c ompo s i t ion and to bri ef studi es  of the effe c t s  of 

mi lk pH ad justment , th e fac t ors affect ing the renne t i ng 

t ime of mi lk and the det erminat i on of cation activi t i e s  i n  

non bovine mi lks . 

Some of th e problem s a s s o ci ated wi th calculat ing cat i on 

activi ti e s  in milk hav e been bri efly di scus s ed . I n  a 

preli minary study of synthet i c  whey,  comp ari sons have b e en 

made betwe en cat i on act ivi ti e s  det ermined exp er imentally 

and tho s e  calculat ed from a knowl edge of compositi on and of 

the relevant acidi t y  and stabi li ty c onstant s . 
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CHAP'rER 1 .  
GKiERAT_, IIJ'rRODUCTION 

Dairy product s c ons titute a l arge pro�ort i on of the 

Euro�ean dietary int ake and are of considerable eco�1.o:ni c 

import an ce, especially t o  Ne'.v Zealand where approximately 

20% of export earnings  are from the sale oJ:" dai ry product s. 

Mi lk and dairy product s are the s�bject of much scient ifi c 

study. S ome of this study i s  aimed at solvi ng parti cular 

problem s o:f the da iry ind-ustry whi le other w ork i s  aimed 

at  increa sing our knowledge of milk generally. In this 

thesi s  s ome of the more fundamental propert i e s  of milk a s  

an electrolyte system have been studied. 

1 .1 A DESCRIPTION 0? MILK AND SO\iE Oi.<' ITS PROPERTIES 

Bovine milk i s  a c omplex flui d and many of i ts 

propert ies are poorly understood . Compo siti on i s  fairly 

vari ab le. Climate, st age of lact ation, nature and level 

of feed, breed, age and health of  the cow all affect 

c ompos i t i on (Kirchges sner et al. , 1 967 ) .  Whole m i lk 

c ont ains milkfat, u sually i n  the range 4-5%, whi ch exi sts 

a s  an oi l-in-water type emul si o::J. with the fat glo-bules 

having a surface membrane and averagi ng 2- 5 �m in 

d i ameter. The compos i t i o::J. of a t ypi c al sample of 

factory s upply raw skim ( fat- free ) milk i s  given i n  T able 

1 . 1  • Only the major co::J. s t ituents are li sted. 

The group of proteins known a s  the caseins  exi st in 

mi lk mai nly in the form of rather large colloidal part i cles 



Tab l e  1 . 1  The Comnosition o� Typical Bovine Skim Milk 

S odium 

Pot a s sium 

M agne s ium 

C al ci urn 

C i trate  

Inorganic phosphat e 

Chlorid e 

Lactose  

C a s ein 

Whey prot ein s 

Ioni c S t r ength ( 1 , 2 )  0 . 073 , 0 . 035 

pH 6 . 68 - 6 . 7 2  ( 2 5°C )  

Totrl.l 

20 

41 

5 

34 
9 

23 

28 

5 

25  

6 

Cone. 

mrnol/1 

11 

11 

11 

11 

11 

11 

g/1 
11 

11 

Buffer Value 0 . 0 1 6 g equivalent s/li t e r/pH uni t .  

Re  f . 1 . R • No rd b o , ( 1 9 3 9 )  . J • B i o l . C he m . 1 2 8 , 7 4 5 . 

2 .  E.O. Whi t t i er , ( 1 929 ) . J .  Dairy Sci ence�' 40 5 .  

2 



or micell es c ontaining the protein and also cal cium , 

magnesium , inoPganic phosphate ,  citrate and water. There 

is evidence (McKenzie, 1971) that the micell es have a 

c omplex oroered structure. Typical micelle diameters 

are in the range 30-300 nm. 

Skim milk can b e  c onsidered as a two phase syst em , 

one phase b eing the disperse micell es and the se cond phase 

c ontinuous serum. 'rhe volume o c c upied by the disperse 

mic elle phas e is probably dependent on the temperatur e ,  

pH and method of defining the phase b oundary but is 

estimated to b e  ab out 1 a% of' the t otal volume of the sldm 

milk (see Appendix I). In normal milk the c olloidal 

disp ersion is remarkably stabl e to extremes of temperature 

and concentration. It can sustain b oiling , freezing 

and concentration to one-third volume. It can b e  dri ed 

to a powder and substantiall;y recovers its normal 

dispersion upon mixing with water. Under sterile 

c onditions the integrity of the c olloidal dispersion is 

maintained o ver protracted sto rage p eriods. The addition 

of l ow c oncentrations of divalent salts to milk may caus e 

a marked change in the stability of the dispersion. 

A numb er of different methods hav e  b e e n  used to 

obtain separation or partial separation of the two phases 

of skim milk. Among the methods us ed are ultra-

c entrifu5ati on , ultrafiltration, rennet coagulation of 

the casein mi celles and equilibrium dialysis. Only the 

last of these methods involves an equilibrium pro cess. 

Ultrafiltration and dialysis also result in the separation 

of the serum proteins from the c ontinuous phase. Tab l e  

1 . 2 indicates the approximate co�positions of the two 

3 



Table 1 . 2 Approximate Co:nposi t ion o� the Serum and 

Mi celle Phases o� Typi cal Bovi ne Skim Mi lk at 20°C. 

Serum Micelles 

Sodium 21 .4 9 mmol/1 

Potas s ium 42. 5 28 tt 

Magnesi um 3 .8 1 6  " 

C alcium 1 2. 6 226 tt 

C i t rate 9 . 3  5 tt 

Inorgani c  phosphate  1 3 . 3  1 1 0 tt 

Chloride 3 1  • 0 ? tt 

Lactose 5 . 6  ? g/1 

C asein  ? 250  tt 

Whey proteins 6.7 ? tt 

Notes : Data have been calculated usi ng experimental 

result s reported in t he li terature (Dav ies and Whi te,  

1 960 ) . The figures for the micelle pha se have been 

found by di fferenc e and are les s  rel i able .  The 

mi celle pha se ha s b een a s sumed to  oc cupy 1 0%  of skim 

mi lk volume . The compos i t ion  of the skim milk i s  the 

same as given in Table 1 . 1 . 

4 



phases . 

Chlorides , phosphat es, citrat es and bicarbonat es oi' 

sodium , potassium , magnesium and calcium are gener>ally 

referred t o  as the milk salts. Th�y influence t he 

c ondition and stabili ty of the milk p:coteins , particular>ly 

casein , and ther> efore  gre atly affe ct milk properti es and 

manufacturing charact eristics. Such phenomena as renne t  

curdling of milk during cheese or rennet casein making , 

coagulatio:1 o::f evaporated milk during heat st erilization 

and the age t hick ening of sw eet ened condensed milk are all 

lmovvn t o  b e  markedly influenc ed by the c oncentration o:f 

milk salts present. Pyne (1962) has reviewed some asp e c ts 

of the physical chemistry of th e milk salts. 

5 



1 . 2  AN INTRODUCTI02J TO THE PRESENT WORK 

There is not yet sufficient informatio� about milk as 

a chemical system to  enable the predi ction of manufacturing 

properties from a knovvledge of its c omposi tio�. Micelle 

stru cture and stability, the effect of heat treatments on 

the heat stability of milk and the stabilizing ( and 

destabilizing ) effects of adding salts to milk are aspects 

of milk chemistry which are poorly understood. Milk 

protein stability is of practical importance in dairy 

manufacturing and successful processing of milk generally 

depends on either maintena nce of stability as in the 

manufacture of condensed and powdered milks or deliberate 

destabilization as in the manufa cture of cheese and casein . 

In the past many of the dairy chemistry studies related 

t o  the milk salts have involved the determination of ion 

c oncentrations rather than activi ties. But the p osi tions 

of  chemical equilibrium reactions and also the rates of 

chemi cal rea ctions are more a ccurately described using the 

a ctivities o f  the reacting species rather than their 

c oncentrations. In fluids as c omplex as milk with many 

p ossible types of ion-ion interac tions, . activities and 

concentrations are often very different .  A kno'Nledge of 

milk solute activities and the way in which they vary 

with pH and temperature would all ow a more c omplete 

understanding of milk properties. This in turn, would 

help in t he c learer understanding of many milk processing 

phenomena. 

The aim of the present work has been to  ob tain basi c 

fundamental knowledge of milk as an electrolyte system and 

also of simpler systems that simulate in part the milk 

6 



syst emo Effort has b ee�  c oncentrat ed mainly on the cat i ons 

of milk b ec ause of their  knmvn importanc e and thei r  

amenab i l i ty to  study . Under  favourable circumstanc e s  the 

activiti e s  of a syst em can b e  ei ther measured di rectly or 

can be calculat ed from a knowl edge of the compos i t i on of 

the system and of the relevant equilibrium constant s . 

approaches have been att empted in the present work .  

B oth 

The the s i s  work i s  divided into three sect i ons . In 

part I the m easurement of equil ibrium di s s oci at ion constant s 

for ci tric  acid  and other acid s and the measurement of 

equilibrium s tability constant s for ci trat e complexe s and 

a number of o ther relat ed compounds are report ed and the 

resul t s  di s cu s s ed .  

In part  I I  the cat ion exchange resin method for 

det ermining cat i on activi ti e s  i s  developed and di scu s s ed 

and i t s  appli cat i on i s  describ ed. 

Part III deal s wi th calculatiqn of activi t i e s  in milk,  

whey and synthet i c  whey using equilibrium constant s and 

total concentrati ons , and the compari son of the cal culat ed 

ac tivi ti e s  wi th measured act ivi t i e s . 

A general di scus si on follows and deal s wi th the re sult s 

and conclusi ons  of the earli er  part s . 

7 
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PA.'RT I 

AC IDITY AND STABILITY CONSTANT S 



2 . 1  DEFINITION S  

CHAPTER 2 . 

INTRODUCTIO� 

In thi s work the Bronst ed concept o f  an acid a s  a 

proton donor has b e en adopted . In aQueous solut i ons , whi ch 

are  the only solut ions  of int ere s t  in thi s work , the 

eQuilibrium_protolyti c reacti on of the Bronsted acid HX, can 

b e  represented b y  

JC + H o+ 3 ( 1 ) 

The strength of  the aci d  can b e  expres s ed b y  the thermodynami c 

eQuilibrium const ant ,  KT , for thi s reaction ,  whi ch i s  d efined 

as 

�= 
Ax-· �H3o+ 
AHX. AH 0 

2 

( 2 )  

where the A ' s are the activiti e s  o f  the indi cat ed s peci e s. 

In  dilut e s olut ions  the activi ty of wat er i s  virtually constant 

s o  that the t erm; AH 0, can b e  combined with KT to give  a new 
2 

c onstant , Ka . Furthermore for reason s  of c onveni ence of  

notation ,  the hydrat ed proton will be  denoted by the symbol 

H+. Thus eQuati on ( 2 )  b eco�es 

(3) 

9 



Ka is  the thermodynamic acidity con stant or acid di ssociation 

constant for the acid HX. Strong acid s are tho se which have 

large Ka values; weak acid s are tho se which have small Ka 

values. 

Two other acidity con stant s are commonly u sed in ca ses 

where it i s  difficult to determine the neces sary activities. 

These are the "mixed", "practical" or Bron sted acidity 

con stant defined by 

(4) 

and the stoichiometric or concentration acidity con stant 

defined by 

= ( 5 )  

where the brackets denote concentrations. Bronsted and 

concentration "con stants" are only true constants under 

condition s of constant ionic strength. 

1 0  



Polybasic acids (acids wi th more than one aci d ic proton ) 
can di s sociate by more than one pathway if the acidic protons 

are i n  di stingui shable po sition s  in the molecule. Thi s can .. 

be conveniently illu strated u sing diba sic malic aci d a s  an 

example. 

e 

� IH k,t. 
CH2COOH .c � Ie I k2. ktl HOCHCOOH � r: � 0 

mali c symbol symbol for 
acid for malate anion 

malic aci d 

The acidi ty constant s for each i ndi vi dual step are called 

intrinsic , micro scopic or micro acidi ty constant s and will 

in general be denoted by a lower ca se ''k" to di stingui sh 

them from the macro acidity constan t s) denoted by an upper 

The macro acidity constant s of a polybasic acid 

are normally referred to just as  'aci di ty constant s' and 

these are the constant s which are normally mea sured and 

reported . If the two monohydrogen malate anions are denoted 

by HX' and�� respectively , the ionic charge being omi t ted 

for clari ty , then the macro concentrat ion aci di ty constant s 

for malic aci d are given by 

K1 ([HX 1 + U-IX' j L (Hl 
= 

LH2X] 

K2 = 
[X) (HJ 

[me] + IJ!x'j 

1 1 
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By comparing the expre s s i on s  for the macro and mi cro ac idity 

constant s for malic  it  c an b e  s hown t hat 

M i cro acidity constant s c annot  b e  measured by di rect  

experimental methods . An N-basic  acid wi th none of the acid 

groups equivalent has N macro ac idi ty constant s and N2N -
i 

mi cro acidity constant s . 

Weak acids ,  ac cording t o  the Bronsted c once pt , yi eld 

on protolysi s a s trong base . Such bas e s  frequently form 

compl exe s wi th met al i ons , part i cularly polyval ent metal i ons . 

The strength of the compl ex or i t s stabili ty in the thermo-

dynami c s ense i s  expre s s ed by  th e formati on or s tab i li t y  

constant for the equilibrium involved in i t s  form at i on ,  a s  

shown in the following exampl e .  

X + M MX  

K = ( 6 )  

I oni c charges have been omi t t ed for clarit y . X i s  an acid 

anion , M is  a metal i on and K i s  the thermodynami c stabili t y  

const ant . The concentrati on stabili t y  constant , Kc ' i s  

d e fin e d  by -

1 2 
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For a polybasic  aci d ,  HNA, 

= 

where Kn i s  the n'th concentration stability  constant .  

( 7 )  

( 8 )  

A s trong electrolyt e ,  such a s  NaN0
3 , NaC 1 o4 , (cH3 ) 4NC l 

or KCl ,  i s  oft en added t o  a t itrati on so luti on to  increa s e  

the i oni c strength o f  the soluti on . In the pre sent 

work the electrolyt e added for thi s purpo se  (KC l )  i s  

referred t o  a s  the support ing electrolyt e .  

2 . 2  A BRIEF S URVE Y  OF THE ME THODS AVAILABLE FOR 

DETE RMINING AC IDITY  A.WD STABILIT Y CONSTA.WTS 

The most  preci se  methods of det ermining the acidi ty 

constant s of weak acid s  in dilut e aqueous solution are 

c onductance mea surement s and electromotive force  ( emf) 

measurements on cells wi thout liquid junct ions . Le s s  

pre ci se but oft en more conveni ent method s include emf 

measurement s on approximat ely symmetri c c ell s wi th l i quid 

junctions and on asymmetri c cells with l i quid junct i ons . 

There are a great many other methods available  (King , 1 965) . 

The s e  are usually of  limi t ed applicab ility  and of lower 

preci s ion than the b e s t  conductance and emf method s . 

There i s  an even wider  range of methods available  

for the determinati on of  the stabili ty constant s o f  

complexes  of metal i ons  wi th weak ac ids  (B eck,  1 970 ) . 
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pH ti t rat i on s  using gla s s  electrod e s  have been widely u s ed 

for rea sons of c onveni en0e . The same exp eri mental set up 

can b e  used t o  det ermine acidi ty constants  and c omplex 

stab i l i ty c onstants and the method can be readi ly appli ed 

to  polybas i c  aci ds . The chi e f  di ffi culti es are cau sed 

by uncertainty over liquid junc t i on po tent ials  and single 

i on activiti e s . The pH t i t ra t i on method was chos en for 

the present work , chi efly for reasons of conveni enc e . 

2.3 THE MICRO ACIDITY CON STANT S FOR CITR IC AC ID 

The comp let e di s sociati on s cheme for c i t ri c  a c i d  i s  

given and the mi cro acidity con s t ant s are defined in  

Fi gure 2 o 1 • 

The relati onshi p s  b etween the mi cro and macro a c i di ty 

constant s for ci tri c acid are given in the following 

equati ons whi ch may be d educed from the defini t i ons of 

the re spective  constants: 

K1 = 2k1 + k2 (9 ) 

K1K2 = k1 k1 3 + 2k2k21 = k1 k1 3 + 2k1 k1 2 ( 1 0 )  

K1 K2K3 = 

1 /K3 = 

k1 k1 2k1 23 = k1 k1 3k1 32 = k2k21 k123 

2/K1 23 + i/K1 32 

( 1 1  ) 

( 1 2 ) 

In  the general case  of a t ribasi c acid having non­

equival ent acidic group s a mini mum of four of the mi cro 

c onstan t s  mus t  be i ndep endently d e t ermined to enab l e  

calculat ion o f  all o f  the remaini ng rniGro c onst an t s  (King , 

1 965 ) . In the cas e  o f  ci tric  acid  the equivalenc e o f  the 

t erminal carboxyli c  group s redu c e s  the minimum numb er of 

mi cro c onstant s whi ch must be indep endently det ermined t o  

1 4  
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two. The choi c e  of th e two c onstant s i s  sub ject  t o  the 

constraint that they must apply to  speci e s  of di fferent 

charge. Thus the choi ce of s ay k1 , k13 i s  accept able 

while  the choi ce  of k1 , k2 i s  not . 

There have been a numoer of studi es of t he ac idi ty of 

ci tri c acid in a�ueous soluti on re ported in the li t erature . 

Loewenst ein and Rob erts ( 1 960 ) u sed a nuclear magnet i c  

re sonance t e chni que on comparatively concentra t ed 

soluti ons of c i tri c  acid and of several of i t s  methyl 

e sters  to  ob tain a measure of the concent rations  o f  the 

vari ous  spec i e s  present in c i tr i c  acid soluti ons at  different 

pH ' s. The method i s  not an a c curate  one ,  b ecau s e  of the 

simi lari ty of  the spectra of the di fferent ci tra t e  spe ci e s  

and the inherent limi tati ons of the n. m. r .  t e chni �ue.  

Later Mart in ( 1 961 )  carri ed out some pH ti tra t ions 

on aqueous soluti ons of various  methyl est ers of ci tri c 

aci d. The est eri fication i s  u sed to block s elected 

protolyti c reactions thus permi t ing the mi cro acidity 

constant s of the unblocked groups t o  be determined. The 

values  obtained for the micro ac idi ty constant s were at 

vari ance wi th the re sult s  of Loewenst ein and Robert s .  

However , recalcul ati on of  Loewenst ein and Rob ert s data 

using values  for the macro acidi ty constants  for c i tri c 

acid more appropriat e  t o  the i oni c s trengths us ed , brought  

the two s et s  of re sul t s  into closer  accord.  

An X-ray diffract i on s tudy (Glusker e t  al . , 1 965 ) 

demonstrat ed that in the cryst alline stat e i t  i s  the c entral 

carboxyli c acid group whi ch i s  i oni zed in sodium dihydrogen 

ci trat e and in li thium dihydro gen c i trate. 
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The M ethyl C i tra t e s  a s  M odel  C ompound s 

A p roblem wi th the u s e  of' the m ethyl c i trat e s  a s  model 

compounds i s  that only t rimethyl ci trate  and symmetr i cal 

di methyl c i trate  can b e  prep ar ed as pure c ry s talli ne solids . 

The other e sters  are p repared by saponifi cati on and have 

not b een i solat ed from s olu t i on .  Previousl y  th e only 

evidenc e concerning the c omplet ene s s  o:f s ap oni fic a t i on 

and the puri ty of' the soluti ons was from nuclear magnet ic 

resonanc e measurement s . Recent kinetic  s tu di e s ( s e e  

App endix I I ) now allow cal culat i on of the approxi m at e  

c omp o si t i on of s olution s  aft er saponi fE at ion . 

There  i s  no di re c t  method of t e s t i ng the suitab ili ty 

of the met hyl ci trates  as mod el compound s for the det erminat i on 

of ci tri c acid mi cro acidi ty constants . I deally , sub s t i tution 

of a methyl group for an acidi c proton mould not alter  the 

acidi t y  of' any of the remaining acidi c proton s . The 

following p oint s  are not ed a s  indi cati ng the general 

sui t ab ili t y  of' the methyl c i t rat e s  as model compound s . 

1 • Nuclear magnet i c  r e s onanc e  stud i e s  (Loewens t e i n  and 

Rob ert s ,  1 9 60 ) o:f aqueou s solutions of c i tri c acid and 

of the methyl ci trat e s  shovv that met hyl e s t er formati on 

has no ob servable effect  on the chemical shi ft of the 

methylene protons of cit ri c  acid . 

2 .  The aci dity constant for methyl succ inat e i s  e qual , 

wi thin exp erimental error , to  the fi r s t  mi cro acidi ty 

c onstant for s uc ci ni c  acid ( s ee Tabl e 5 . 2 ) .  

The s e  resul t s  do not e xclude pos s ible s t e r i c  or hydrogen 
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bonding effect s re sult ing from e st eri fi ca t i on .  

N ew ti trat ion studi e s  of the methyl c i tra t e s  have been 

made b oth at very low i oni c st rengths and at an i oni c 

strength of 0.1 and are report ed in thi s work . In addi ti on 

an at t empt i s  made to calculate the mi cro acidi ty constant s 

from empi ri cal struc tural considerati ons . 

2 . 4 STRUCTURAL FORMULAE OF AC IDS RELATED TO C ITRIC AC ID 

The conveni ent not ati on already u sed in thi s chapt er for 

denoting the stru ctu re s of ;nalic  and c i tri c acids will al so 

b e  u s ed for denoting the structure s of the oth er acids of 

interest . 

c: I: 
H H H H 

H H 

H H H H 

u 

>- >-
)( u u 0 u 0 u c '- .0 ·�: "0 '-'- '- ..... u u 0 >-o 0 . � 

u ..... .&; ..... u '- u 
� 0 � � ·�: ..... 0 
"' E C7' eo... a, .,.J u 11\ 

The main carbon chain b ackbone i s  denot ed by the verti cal 

line , a carboxyla t e  by a hori zontal line lying t o  the right  

and a hydroxyl b y  a horizontal l ine lying to the l eft . 
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CHAP'l'ER 3. 
THEORY AT\TD Cm.1PUTER PROGRAMS 

3 . 1 DERIVATI ON OF GENERAL FORMULAE 

Suppose  that a weak N-basic aci d, fiwA, can :form 

complexe s with a p-valent metal i on, MP+, o:f the typ e  

MH Ap+n-N (n  = 0, 1 ,  . . . . .  , N- 1 ) then the :following n 
relations hold :for the ti trat i on of the aci d  with strong 

monovalent cat i on base  in the pre sence � strong salt MCl p 
at constant i onic strength and constant  temperature . 

Charge s  have b een omitted :for clari ty . 

denoted by square brack et s . 

( 1 ) Overall acid  a ssoci at ion constants . 

Concentrat i ons are 

f3n n = 1 ,  2, ----N  

�o = 1 by  definition. 

The {31s are related to the stepwi se acid di s soci ati on 

constant s K , K2---KN by --

, � n 

(2) M etal compl ex stab i lity constants . 

(3 )  Total li gand concentrati on . 
N N-1 

A = L [HnAJ + L [_MHnA] 
n=O n=O 

n = o ,  1 , ----N- 1 

1 9  
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( 4 )  T otal m etal c oncentrat i on 
N-1 

B = [M] + L [MHnA] 
n=o 

( 5 )  Electroneutrality 
N N-1 

[� + T + p. [M] = L (N-n).[Hru\J + ':L: (N-n-p) . [MHnA) 
n=o n=O 

+ [ol{] + pB 
where  •r i s  the concentrat i on of alkali. metal cat ion 
re sulting from the addi tion of t i trant base .  

( 6 ) Ioni c product of wat er 

Kw = [HJ • [oH] 

By sub stituting for B and for OH in equat i on ( 5 )  

u sing equat i ons (4 )  and ( 6 )  we obtain ,  aft er rearrangemen t-

N N -1 
( 7 )  �i] + T - K/[H] = L (N-n). [Hn.A] + L (N-n ) . [JAHnA] 

n=O n=o 

Sub s t i tuting equat i on s  ( 1 ) and ( 2 )  in  (3), (4 )  and ( 7 )  

N N-1 
( 8 )  A = 2:/Jn.[HJ n . [A] + [MJ L:KN-n. tJn . [HJ n ' [A] 

n=O n=O 

N-1 
( 9 )  B = [M] ( 1 + L KN -n . .BnJH] 

n [AJ) n=o 

Sub st i tuting for [A] from equati on ( 8 )  in ( 9 )  
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B = [Mj 1 + 

N+ 1 
'""'K [ HJ n. A L...J N -n�n 
N=O 

n=O n=O 

whi ch can b e  expanded to 

N-1 
+[M] I: KN-n�n [H] n A 

n=O 

and rearranged to  give 

N-1 N N-1 

[M] 2 L:�-nf3n [H] n 
+ [M] ( �Pn [H] n 

+ E�-nPn [H] n 
( A-ll) 

D=O 

( 1 1  ) - B = 0 

Sub st i tuting for [Aj from eq_uat ion ( 8 )  in  eq_uat i on (1 0 )  

we  obtai n 

N �1 
� (N-n){3n [H] n A +[M] " (N-n)K � (H] n A L...J L...J N-n n 
D=O n=O 

N N-1 
I: fin [H] n + [M] I: �-n�n [H] n 

n=O n=O 
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whi ch can be expanded to 

( (Hj + T - K/[Hj) i�n [HJ n + �1] N-1 
+ T - K/[HJ ) [M] 2:11,-n�n [H) n 

= 

n=O 

N N-1 

2: (N-n) �n [HJ n A + [Ml 2: (N-n) 
n=O n=O 

and rearranged to give 

n=O 

K n [H] n. A 
N-n"'n 

N :E ( �n [H] n [ [HJ + T - ry'[HJ - (N -n) o �) 
ll=O 

N-1 
+ :E0N-n [MjB n [H] 

n 
[[H) + T-K/[H] - (N-n) 0 A J) = 0 

n=O 
( 1 2) 

f 

whi ch can be convenient�y denoted by 

= 
N N-1 

2:9n + 2: KN-n'h·n 
n=O n=O 

= 0 

In the special case when no complex forming metal i on 
i s  present, i.e. B = [M] = 0 ,  equation (11) vani shes and 
equation (12) reduces to -
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N 
( 13) 2Jn [Hl n [ [HJ + T - K/[H] - (N-n ) A] 

n=O 

whi ch can be conveniently denoted by  

f = 
N 

L f3 n.9n 
n=O 

= 0 

= 0 

Equation (1 3) 

the variables [H] , 
provides a functional relationship between 
T ,  A wi th the f3 's as parameters. If N 

di fferent sets of values of the variables (denoted by [H] i , 

T i , Ai ) are knovm then the values of the N parameters ,  

{31, (32, ---- {3N' can be found by solving the N simultaneous 
linear equati ons 

i = 1 , 2, ---- N 

where f.= f for the narti cular set of values of the variables , 
l- l:-' 

Experimentally measured values ( or the 
ob served values ) o:f the variables wi ll not in general be 
equal to the true values because of experimental error and 
thus i t  i s  not possible to find the true values of the 
parameters. If the ob served values of the variables and 
estimated values of the parameters are sub sti tuted into 
equati on (13) then 

= p. l 

where p. i s  the residual. 
l 

In general pi 1 0. The 
best estimates of the parameters are given by the method 
of least squares in  whi ch the weighted sum of the squares 
of the residuals i s  minimi sed. 
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3. 2 THE METHOD OF LEAST SQUJL�ES ( Volberg, 1 967; Brownlee, 
1 960 ) 

The method of least squares requi res that the observed ·· 
values of t he variables are distributed (not necessarily 
normally ) about the 'true' values . In other words, if the 
measurement s of the variables are repeated N t imes and the 
average values cal culated, these average values app�oach the 
true values as N approaches infini ty. Thi s requirement is 
satisfied if the measurement s are free from systemati c  error. 

The values of the parameters calculated by the least squares 
analysi s are normally distributed about the true values of 
the parameters and have the least pos sible standard deviat ion . 
They are therefore the best pos sible estimates of the 
parameters. 

The first  step of the least squares method is to write 
a functional relationship between the vari ables, parameter s 
and constant s in the form 

F = 0 

where F is a function of the variables, parameters and 
constants . Estimates are made of the standard deviat ions  
of the various variables. The derivatives of F with 
respect to  each of the variables and each of the parameters 
are then calculated using ( if neces sary) preliminary estimates 
of the parameters . These preliminary estimates can be  
g�essed or found graphically or, in special cases, can be 
found by a method to be discussed later . Values of the 
function F are also calculated by sub stituting ooserved 
values of the '\rariabJe s ard the preliminary values of the 
parameter s . 
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Solution of a matrix e quation (the so-cal l ed ' normal 

equation' ) by matrix inve rsion gives adjustments to the 

preliminary values of the param eters and also gives estimates 

of  the staniard deviations of the parameters. Using the 

adjusted valu es of the paramet ers the ab ove pro cedure is 

repeated until conv ergenc e is obtained . 

The matrix equatio::1 whi ch is solved in the l east 

squaPes method can b e  denoted b y  

where 

i j 

2 p.) J 

CA = V 

the ( kl ) th element of the 

coefficient matrix C 

Fk' F1 are the values of the d erivatives of th e function F 

with respe ct to the k and l th parameters respectively at 

the ith titration point. F. is the value of the derivative J 
of the function F with r espect to th e j th variable  at the 

ith titration pointo 

p. is the standard deviation of the j th vari ab l e. J 

i j 

th e k th element of the ve ctor V 

F
0 

is the value of th e functi on F obtained by substituting 

in the observed values of the variabl es and the estimated 

values of the parameters at the ith titration p oint. 
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the  k th element of the vector A ,  

the adjustment for the k t h  parameter  

where ak is  the p th estimat e of the value of the k th ,P 
paramet ero 

C al culati on of t�e Prel iminary Est imat e of the Paramet ers 

In the case of functional relat i onships whi ch are 
linear wi th re spect  to  the paramet ers , the preliminary 
e s t imate of the values for the param et ers can be found by 
s olving the matrix equati on -

• where C k 1 ' 

• 

V k 

F* is th e value  of constant t erm ( s ) o f  the fUnct ion F .  

ak i s  u sed a s  the preliminary e st imat e of the k t h  param et er . 

Thi s m ethod of finding a prelim inary e stimat e o f  the 
paramet ers involv e s  minimi sing the unweighted sum o f  the 
squares  of the re s iduals. 

E s t imat ion of Error 

The unc ertainty ( or standard devi at ion ) of the lea s t  
square s  paramet ers  i s  of considerable importance . If  t he 
error s in the vari ables are not too large and are not 
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correlat ed vv i th each other t hen an unb i a s ed e st imat e of' the  

Variance (=  st ard ard devj at i on squared ) of the k th 

param et er  i s  given by  

= 
R 

n-_p k = 1 , 2 , ---- , p  

and the c ovari ance of' t he l th a nd.  k th p ar amet er· s  i s  given 

by 

R -1 
l f k 8

1k 
= 0

1k n-p 

where  R i s  the wei ght ed sum o f' the squar e s  of  the re si dual s 

n i s  the numb er  of' data  point s 

p i s  the numb er of param et e r s  

and i s  the l , k  t h  element of the inv e rt eu coeffi ci ent 

matri c C .  

The Vari an ce o f' a funct i on ,  f ,  of the param et er s  can 

b e  c al culated from 

R 
n-p 

where  f j , fk are the derivativ e s  of the fun c t i on ,  f ,  

wi th r e spect  t o  the j th and k th param et e r s  r e specti vely. 

Appl i cat i on o f  th e M e t hod of Lea s t  Squar e s  

The method of l ea s t  square s  i s  readily appli ed i n  the 

sp eci al case  when no c omplexing m e t al i on s  are p r e s ent  and 

equati on ( 1 3 )  above  appli e s . Equat ion (1 3 ) i s  linear  i n  

t h e  � ' s  whi ch are  the  paramet er s t o  b e  d e t ermined. In  

the more general case  of  metal complex format i on equat i ons 

C. (  



( 1 1 )  and ( 1 2 )  apply. The � �  s are consi dered as known 
constants and the K '  s are the parameters to be  determined o 
Both equati ons ( 1 1 ) and ( 1 2 )  are linear in the K's but 
contain the unknown variable GVIJ , the concentrat ion of' 
uncomplexed metal ion. An i terat ive procedure is 
required to :find the [M] ' s  and the K' s. 

The procedure used was as :follows. A preliminary 
estimate or guess of' the values of' the K ' s i s  made and 
these values are sub sti tuted into equat ion ( 1 1 )  whi ch i s  
then solved as a quadrat i c  in  [M] . The value i'or [MJ 
obtained i s  :fed into equat i on ( 1 2 )  to whi ch the unweighted 
least squares method i s  applied to obtain new estimates 
of' the K' s. The proces s i s  continued iterati vely until 
convergence i s  obtained. 

3 . 3  COMPUTER PROGRAM S 

All computer programs were writ ten in Fortran I I  D 

and were run on the Mas sey University IBM 1 620 II  computer 
whi ch i s  equipped wi th di sc  dri ve, line printer and card 
reader. 

Two separate programs were used, (Figures 3 . 1 , 3 . 2 )  

the :fi rst  t o  calculate aci dity constants and the second 
to calculate metal ion co mplex stabili ty constants. 
Each program i s  in  two part s, the main program and a 
matri x inversion subroutine (MATINV, Wiberg, 1 965 ) whi ch 
i s  used to solve simultaneous linear equat ions.  The 
calculations  begin with 'ini t ialization' or the clearing 
of' certain computer memory areas and the setting of' 
various  i ndexes to ini tial values. Certai n  data, such 
as the name and basi city of the acid, the concentration 
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F igure 3 . 1 .  S impli fi ed Flow Chart for C omputer Program 
to Calculate  Acid i ty C o�stants from pH T i trat i on Data 

Start 

Ini tiali se, set indexes , 
c lear memory et c .  

I 
Read i n  bas i c data for a 
part i cular ti trat ion and 
perf'or�n ini t ial calculati ons. 

I 
Read i n  t i t rati on data and 
calculate certain expressi ons. 

I 
Calculate the coeffi cients of the 
least squares matrix. 

I Call MAT INV to solve the 
least squares matri x . 

�&  �� 
(<;) 

0 Q) 0 
. t; C1 1$'2 0'2 

fit"'( � P.;:,(<;) Q' Q' 
() (<;)t)) Qc 

Save the con stant s calcul- Adjust the saved constant s .  
ated. These are the f'i rst from the previous cycle. 
est imate of' the constants. Test  the s i ze of the ad j ust-

ment and set an index i f'  the 
ad justment i s  small. 

�� 
Calculate the res iduals and 
test the index. 

----- � 
Print the res iduals ,  Inc rement the index , 
calculate and pri nt the calculate weighting 
acidi ty constants and factor s. 
standard deviat ions . 

End . 
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Figg_re  3 . 2 .  Si nro l i fi ed Flow C hart for C omnuter Program 
to C alculate S t ab i li ty C onstant s cf M e t a l  I on C omplexe s 

from pH T i t rati o� Data  

Start  

Ini t i  ali se, set i ndexes , clear 
memory et c. 

I 
Read in  basi c data for a 
part i cular ti trat i on including 
aci di ty constants  and e stimates 
of the stabili ty c onstant s and 
perform ini tial calculati ons. 

. 

l 
Read in  ti trat i on da ta and 
calculate certain exp ressions o 

I 
Calculate the free metal ion 
concentrati on from the current 
values of the stabili ty constant s. 

I 
Calculate the c oeffi c ients of the 
least  squares mat rix. 

I 
C all MATINV t o  s olve the matrix. 
Print the new stabili ty constant s 
and replace the old constant s by 
the new. 

I 
Test convergence of the constants.  

I 
Compute and print output data. 

End 
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of the titrant base, the i oni c strength and various  
constants etc , are read i n  from cards and a num·ber of  
preliminary calculations made . The ti tration data ( pH 
ver sus ti tre ) i s  then read in. Limited computer memory 
and computati onal time considerations limi t the amount 
of data whi ch can be conveniently handled . An arb i trary 
l imit  of 20 ti trati on data for an acid wi th not more than 
five acidi c protons has been i mposed . The hydrogen i on 
c oncentrati on, the concentrati on of alkali metal i on 
added as base , the stoi chiometric  concentrati o� of acid 
and , in the case of the second program, the stoi chi ometri c 
concentrati on of complexing metal ions are all calculated . 
C orrections are made for th e diluti on caused by  the 
addi ti on of base. Certain expres sions whi ch have constant 
value s  and are used repeatedly in  the calculations are 
evaluated and the results stored . The programs then 
proceed to iterate, a check being maintained that the 
i terati ons lead to convergence . In the event of 
divergence or of slow convergence the cal culati ons are 
terminated. 

The first step of the iterati on in  the fi rst  program 
i s  the calculation of the elements of the unweighted least 
s quares matrix whi ch i s  then inverted by calling the matrix 
i nver s i on subroutine (MAT INV ) . In the second 

· and sub sequent iterati on cyc"les , the elements of the 
weighted l east squares matrix are calculated . The 
standard deviati on of the pH and ti tre being taken as 
0 . 00 5  pH units and 0 . 2% of total syringe volume ,  respectively . 
After a sati sfactory convergence has been obtained or after 
four i teration cycles , the ti trati on data , res i du.al s , acidi ty 
c onstants and standard deviati ons are printed out and the 
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program re-ini tiali zes  ready �or the proce s sing o� �urther 
data . 

The �ir st  st ep of the it erat ion cycle o� th e program 
�or the calculation o� me tal ion compl ex stability  constant s 
i s  the calculat ion of the  �ree metal i on concentrat ion . 
The element s of the unweighted least squares matrix are 
calculat ed and the matrix invert ed .  The values Ob tained 
�or the stabili ty constant s are then used in  the next 
i t eration cycle . It eration proceeds  until  a sat i sfactory 
convergence  i s  obtained or �or a maximum of six cycle s . · 

Ti tration data, re sidual s, stab ili ty constants and s tandard 
deviat ions are printed and the pr ogram re-initiali z e s  ready 
�or the proce s sing of further data . 
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CHAPTER 4 .  
EX PERIMENTAL 

4.1 DESCRIPTIO� OF APPARATUS 

pH M eter . All pH measurement s were made using a Radiometer 
pH M et er 4d . Thi s i s  a battery-powered , transi st ori sed , 
null balanc e met er and has a built-in standard cell. Scale 
readability i s  0 . 001 pH uni t s. The meter has no provi s i on 
for compensating for electrodes with electromotive 
effi ci enci e s  of le ss  than 1 00% . The manufacturer stat e s  
that overall instrument accuracy i s  + 0.005 pH uni t s. 

pH Electrode. Radiomet er combined type  C glass/saturated 
calomel electrode s were  used fo r all pH measurement s . 
Type  C el ectrodes have rugged glass membranes , may b e  u s ed 
over the t emperature range 0-60°C ,  and can b e  used up t o  
pH 1 2  wi thout seri ous sodium ion int erference . C ontact 
b etween the calomel electrode and soluti on to be invest-
igat ed i s  by a small sintered glass  plug. Generally i n  
thi s work combined glass/calomel pH electrode s will b e  
loosely referred t o  as glass electrodes . 

Generally grade A pipette s  and grade B standard 
flasks were used in all standard volumetri c work. 
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4 � 2 REAGENTS 

When c ommercially ava i l abl e ,  analyti cal grade reagents 

were  u sed , gen erally wi thout fu rther purificat i on or a s say . 

C arb onat e- free st andard pot a s s i um hydroxide s olut i on was 

prepared acc ording to the method of Alb ert and S ergeant , 

( 1 9 62) . Exc e s s  barium hydroxid e was added t o  a solut i on 

of potas sium hydroxide t o  remove carb onat e by  p recipi tati on 

a s  barium carb onat e .  The exce ss  barium i ons were remov ed 

from the solution by pa s s age down a column of s trong cati on 

exchange r e s in (Amberl i t e  IR  1 20 )  in the pota s si um form . 

The r e sult ing potassium hydroxi de solution was  s t andardi s ed 

agains t a solution o f  pota s s ium hydrogen phthalat e using 

a glass  e l e c t rode to  det e c t  th e end point . G enerally 

approxi mat ely 0 . 2  M potas s i um hydroxide was u s ed . 

pH Standard s .  An 0 . 0 5  M s oluti on of B ri t i sh N a t i onal 

Physi c s  Lab oratory c ert i fi ed potass ium hydrogen phthalat e 

wa s u sed a s  a primary pH s t andard . ( In some  e arly work 

analyti cal reagent grade p o t a s s ium hydrogen p hthalat e was 

u sed) . Radi omet er S 1 00 1  c onc entra t ed buffer soluti on 

( pH 6 . 50 ± 0 . 0 2  at 20°C )  wa s u s ed as  a secondary standard . 

Wat er . Di st illed wat er was availabl e on t ap . Thi s was 

dei oni s ed by passage down a mix ed bed i on exchange resin  

column short ly before i t  wa s required . The c ondu ctivity  

- 6  o f  the dei oni sed water was l e s s  than 1 x 1 0  S .  The 

d i s t i ll ed , dei oni s ed wat er was stored in s mall  polythene 

tanks .  

Trimethyl C it rat e was prepared b y  the method of Donaldson 
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et  al . ( 1 934 ) . Anhydrou s  c i tri c acid was di s s olv ed in an 

exc e s s  of methanol and hydrogen chlori de ga s was bubbl ed 

int o the refluxi ng solu t i on over a p eri od of four hours . 

C ry s t al s  of trimethyl c i trat e separat ed out on cooling of 

the react ion mixtu re and were coll e c t ed on a filter and 

washed with cold methanol . The tri methyl ci trate wa s 

re- c rystalli s ed from water  and from methartol . Melting 

poi nt , found 74 . 5-75°C , l i t erature 7 6°C (Donald s on et al . ,  

1 934 ) , 73-73 . 5°C (Loewens t ei n  and Robert s ,  1 960 ) ,  7 5-76°C 

( M ar t i n ,  1 961 ) . 

Symmet ric  Dimethyl C i t r a t e  was prepared by the method given 

by S chroet er and Schmi t z  ( 1 90 2 ) . C i tric  acid monohydra t e  

wa s di s s olved in exce s s  m ethanol , a catalyt i c  quanti ty o f  

sulphuri c acid added and the mi xture refluxed for one 

hour . The reaction mixture was neutrali s ed wi th cal c i um 

carb onat e ,  filt ered and the fi l t rate  c onc entra t ed by  

evaporat i on under vacuum . Th e resulting sol i d  wa s 

di s solved in hot wat er , the soluti on fil t ered and the 

e s t er precipi tat ed from th e solut i on wi th concentrat ed 

hydrochlori c aci d .  The e s t er wa s then twi ce  re-

crystalli sed from wat er . M elt ing poi nt , found 1 1 8- 1 23°C ,  

l i t erature 1 25- 1 26°C ( Schroet er and Schmi t z , 1 90 2 ) , 1 1 5-

1 1 7 0C ( Loewens t e in and Rob e rt s , 1 960 ) , 1 1 6- 1 1 8 °C (Mar t i n ,  

1 9 6 1  ) . Equivalent wt , cal culat ed for dihydrat e 256 , 

c al culat ed for the  monohydrat e 238 , found 254 , li t erature 

236 , ( Schroet er and S chmi t z , 1 90 2 ) , 2 57 ( Mart in , 1 961 ) .  

Other M ethyl C i trat e s  were p repared by the m et hod of  

Loewenst ein and R ob ert s ( 1 960 ) u sing p arti al saponi fi cat i on 

of ei ther trimethyl c i trat e or  symmetri c dimethyl c i trat e 
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and were not i solat ed from soluti on .  The saponi fi cati on s  

were carri ed out b y  the add i ti on of a measured quanti ty of 

KOH shortly b efore pH t i t ration wi th standard hydrochlori c 

aci d . The yi eld s of the vari ous e s t er s  hav e b e en calculat ed 

from the saponi fi cat i on rat e con stants  ( s e e  Appendix I I )  

and are given i n  T ab l e  4 . 1 . 

4 . 3  EXPERIMENTAL PROCEDURE 

Kno�� wei gh t s  ( or volumes of standard soluti on s )  of 

the vari ous reagent s were  quant i tat ively t ransferred to a 

s t andard 1 00 ml flask , di s solv ed , and mad e  up t o  t he mark . 

The c ontents of  the s tandard fla sk were then poured into a 

t i trat i on v e s s el consi st ing of a wat er- j acket ed c oni cal 

gla s s  flask wi th a capaci ty of ab out 1 2 5 ml . Wat er was 

c ontinuously pump ed through the j acket from a thermostat 

b a t h ,  ( Grant Instrument s ,  thermo s t at/pump , typ e  SU 2 ) . 

0 T empe rature s did  not fluctuat e more than O o 5  C .  The 

cont ent s  of the v e s s el were stirred magneti cally u si ng a 

t e flon encased follower . Oxygen-free  ni trogen ga s 

( available  commerc i ally in cylinder s ) was bubbled through 

a sint ered gla s s  di s c  into wat er at the t emperature of  th e 

thermo stat b ath  and was t hen admi t t ed to  tre bot t om o f  the 

t i trat i on flask . The gas flow was ad j us t ed at  the cyli nder  

out le t . The s oluti on was sti rred and ni trogen bubbled 

t hrough i t  for 1 5-30 minut e s . The glas s  electrode was 

carefully standardi s ed against pota s s ium hydrogen 

phthalat e buffer , rins ed wi th wat er and transferred t o  t he 

s o lu t i on in the t i trat i on ve s s el . 

T i trant b a s e  was added to the ti trat i on flask i n  

c onveni ent ali quot s  from a pre c i s i on mi crom e t er gla s s  
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Tab l e  4 . 1  Approximate Yi elds of  Methyl C i trat e s  Produced 

by Saponi fi cat i on . C alculated from the rat io  of the 

ra t e  c onstant s at 25°C in  d i lu t e  aqueous soluti on . Yi e ld % .  

Starting E s t er - T ri meth;y:l C i trat e 

Mol e s  of b a s e  T ri me thyl Asym Sym C i trat e 

p er mole of Dimethyl Monomethyl 

E s t er 

o . s 51 • 5 47 . 1 1 . 4  0 

1 • 0 1 0 . 4 7 9 . 2 1 0 . 4 0 

2 . 0  0 1 • 9 97 . 1  1 • 0 

S t arti ng Est er - Sym Dime thyl Ci trat e 

Mol e s  of b a s e  
p e r  mole of 

E s t er 

2 . 0  

Sym 
Dimethyl 

8 . 1  

Asym 
Monomethyl 

83 . 9 

C i trat e 

8 . 0  
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syringe bur e t t e  wi th the tip  of the buret t e  (bore  0 . 2  mm ) 
immersed i n  the solut i on contained in  the ti t rat i on v e s s el . 

Volume s of t i tran t c ould b e  m ea su red to 0 . 1 �6 of th e tot al 

syri nge capac i ty . Total v olume s o f  added t i t rant were  i n  

the range 0 . 2- 1 0  ml . The pH wa s measured aft er  each 

addit ion of  t i trant . S t i rring and bubbling of  ni trogen 

gas wa s continuous throughout the ti tration unl e s s  i t  was  

found to di sturb the pi i Inea surement . In su ch a case  

sti rring and bubbling were  stopp ed during the pH measurement 

but were r e s t arted b efore the addi ti on of further t i trant . 

Aft er the end point wa s reached the glass  el ectrode was 

again checked against  the phthalat e buffer . The ele ctro­

motive effi ci ency of the elec trode was occasi onally checked 

by measuring the pH of a second st andard buff er . 
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C HAPTE� 5 .  

RESUL'rS 

Aqueou s  solu t i ons of vari ou s a c i d s  were t i trated 

i n  the ab sence  and in the pre sence of v ariou s  c ompl ex 

forming metal i ons . C i tri c acid and i t s  magne s ium and 

cal cium complexe s were th e comp ound s of chi ef inter e s t  

i n  the pre sent work becau s e  o f  their  i mpor t ance  i n  milk . 

The methods d evel op ed for th ese  det erminati ons were t e st ed 

u sing acids wi th reli ab ly known acidity  con st an t s . A 

numb er of acid s b earing a structural relat i onship t o  c i t r i c 

acid  were al s o  studi ed a s  a knowl edge of the c onstant s o :f  

the s e  aci d s  i s  helpful i n  eluci dat i ng and under s t anding 

the factors affe c t i ng the acidi ty of c i tri c  acid and the 

s tabili ty of ci trat e compl exe s . S t ab i li ty c onstant s of 

ci t rat e wi th other cat i ons of the alkaline earth seri e s  

(b arium , stronti um ) were al s o  m easured . 

A study of the homologou s ser i e s  of aliphat i c  

ex w di carb oxyl i c  acid s  was made . Succini c acid wa s chos en 

a s  a polybasi c acid wi th reli ab ly known acidi ty con s t ant s 

and glutari c acid a s  b eing structurally rel at ed t o  c i t ri c 

acid ( s e e  Secti on 2 .4 ) . Hi gher memb er s  o:f the homologous 

s eri e s  ( all available  c ommerci ally i n  high puri ty ) were 

i ncluded for study ,  alt hough not directly rel at ed to  mi lk 

salt  sys t em s , b ec au se of the importance  of the  s eri es i n  

s tudi e s  of t h e  effect of ele ctri cally charged sub st i tuent s 

on acidi ty . At the t ime of mea surement there was only 

one known study of thi s s eri e s  of acid s i n  aqueous solu t i on 

(Gane and Ingold , 1 931 ) .  Rec ently a second s t udy ha s b ee n  
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r eport ed ( Ninomiya and Toei , 1 969 ) i n  whi ch the aci dity 

c on s t ant s of th e a ci ds h ave  b eGn determined i n  0 . 1 M KNo3 

solution at 25°C by pH t i t rati on usi ng a gla s s  ele ctrode . 

Some of the result s cal culat ed from pH ti tra t i on dat a  

u s i ng the method s given i n  Chapter  3 ar e taoulated i n  thi s 

chap t er . Resul t s  report ed by other worker s together wi t h  

reference s are included for compari son . 

5 . 1 THE a w DICARBOXYLIC AC IDS 

T able 5 . 1 gi ve s  re sult s for th e homologous  s eri es of 

aliphati c  aw di c arboxyli c  acids  of general formula 

The fi r s t  two member s of the s eri e s , oxali c  

acid ( n= o ) , and maloni c acid ( n=1 )  hav e  be en excluded b e c au s e  

their acid s trength i s  t oo great to  allow accurat e determ i n-

at i on of the fi r s t  acidity constants  from gla s s  ele ctrode 

t i t ra t i ons and further they are not typ i cal members  of the 

s e ri es .  

The s olubili ty of the acids  i n  wat er decrea s e s  with 

i ncrea sing n .  T hu s  a saturated aqueous soluti on of 

s ebaci c acid ( n=8 )  at 2 5°C i s  appron mately 0 . 0 0 1 3M and i s  

the last  memoer  of the s eri e s  whi ch can b e  s tudi ed read ily  

i n  aqueous  s olut i on .  

The clos e  agreement b etween the r e sult s  of thi s 

work and the re sul t s of Pinching and B at e s  ( 1 950 ) for 

suc c ini c acid  allows s om e  confidenc e i n  the r e sul t s  for 

the r emaining acids . 

The not e s  at  the foot of Tabl e 5 . 1  concerning m ethod s 

and media also  appl y  t o  sub s equent t ao l es i n  thi s Chap t e r . 
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Table 5 . 1  Thermodynami c and Co:n centrat ion Aci di ty C onstant s for 

:pK1 :pK2 
Succini c Acid  
4 . 1 93 5 . 477 E2 

4 . 20 66 5 . 63 6 E1 

4 . 2 5  5 . 63 gl 
4 . 00 5 .  2 •1 gl 
4 . 00 5 . 23  gl 

Glutari c Acid 
4 . 344 5 . 420 E2 

4 . 39 5 . 40 gl 

4 . 1 4  5 . 0 1 gl 
4 . 1  5 5 .  () 2  gl 

AdiJ2i C Acid 

4 . 41 8 5 . 41 2 E2  

4 . 48 5 . 3 9  gl 

4 .  28 5 . 00 gl 
4 . 24 5 . 0 2  gl 

Pimel i c  Acid  

4 . 484 5 .424 E2 

4 o 53 5 o 41 gl 

4 . 30 5 . 0 6 gl 

Sub eric Acid  
4 . 51 7  5 . 403 E2 

4 . 56 5 . 42  gl 

4 . 3 1 5 . 08  gl 

the a w  Di carboxyl� c Acid s  

Method ( a) Tem:p/°C Medium (b ) 

25  0 

25 0 

25  "' 0 

:p 'Y = 0 . 08 1  25  0 0 1  Nef ao4 
:P 'Y = 0 . 034 25  0 . 1  KC l 

25  0 

25  "' 0 

p 'Y = 0 . 08 1  25 0 . 1  NaC 104 
:p 'Y = 0 . 084 2 5  0 . 1  KCl 

25 0 

2 5  "-' 0  

:p 'Y = 0 . 08 1  2 5  0 . 1  NaC104 
:p 'Y = 0 . 084 2 5  0 . 1  KC l 

2 5  0 
25  rv O 

:p 'Y = 0 . 0-34 25 0 . 1  KC l 

25 0 

2 5  rv Q 

:p 'Y = 0 .  0 84 25  0 . 1  KC l 

Ref. ( c ) 

G 
p 
thi s work 

y 
thi s work 

G 
thi s work 

y 
thi s work 

G 
thi s work 

y 
thi s work 

G 
thi s work 

thi s work 

G 
thi s work 

thi s work 



:pK1 :pK2 
M e thod ( a )  T em:p/°C M edium (b ) Ref' . ( c ) 

Azelaic Acid 

4 .  551 5 . 41 5 E 2  2 5 0 G 

4 - 59 5 . 39 gl 25 -- o  thi s work 

4 . 36 5 . 07 gl :p 'Y = 0 . 084 25 0 . 1  KCl thi s work 

S ebaci c Aci d  

4 . 62 

4 . 40 

4 . 41 

N ot e s  

5 . 43 

5 . 22 

5 . 1 1  

gl 

gl ? 

gl :p 'Y = 0 • 084 

25  

20 

25 

--- 0 

0 . 1 ? 

0 . 1 KCl 

thi s work 

w 
thi s work 

( a ) E1 E . m . f' o  mea sure m ent s i n  cell s wi thout l i quid j unct i on . 
E2  E . m . f o  measurement s u sing cell wi t h  hydrogen and 

saturat ed calomel electrode s . 

gl Glass  electrod e  t i t rati on using a c ell wi th salt b ri dge . 

:p 'Y  C orre ct i on appli ed to  convert :pH me t er read ings t o  
negat ive logari t hms of' hydrogen i on 
conc ent rat i ons  ( se e  Sect i on 6 . 3 ) . 

(b ) The medium was i n  all cas e s  dilute  aqueou s soluti on . The  
support ing e l e c t rolyt e and the  i oni c s trength are giv en 
( mol/1 ) . 

( c )  G 

p 

w 

0 ,  c ons tant s extrapolat ed t o  z ero i oni c strength .  

- 0 , c ons tant s determined at v er y  l ow i oni c s trength . 

R .  Gane and C . K .  I ngold , ( 1 93 1 ) .  J .  C hem . So c .  ( 1 93 1 ) 2 1 53 . 

G . D .  Pinching and R . G .  B at e s ,  ( 1 950 ) . J .  R e s . Nat . 
Bur . Stand . 45 , 3 2 2  and 444 . 

P . E . W enger and I .  Kopetanidi s ,  ( 1 9 60 ) . Rec . T rav . 
Chem . 79 ,  569 . 

Y M . Yasuda e t  al . ,  ( 1 960 ) . B ull . Ch em . Soc . Japan 
..12 ,  1 067 .  



5 . 2 AC IDITY C ONSTANT S FOR VAR IOU S CARBOXl'LIC AC IDS 

'rab l e  5 .  2 contains dat a  for a vari ety of a ci ds . 

The r e sul t s  for aceti c acid are  in excellent agreement 

wi th the r el i able  value s  found by Harned and Hi ckey ( 1 937 ) 

whi l e  tho s e  for monomethyl s uc cinat e show that the e st er 

i s  a sati sfactory model compound for det ermining the  mi cro 

acidity c onstan t s  for succini c aci d . Tri carballyli c acid 

i s  of part i cular interest  as  a model compound for ci tri c 

acid differing only in having no hydroxyl group ( s ee  

S e c t i on 2 . 4 ) . Glass  ele ctrode t i trat i ons do not l end 

thems e lv e s  t o  the accurat e d e t ermination of the th ermo-

dynami c  acidi t y  constant s of p olybasi c aci d s  ( s e e  

Chap t er 6 . 1 ) s o  that the resul t s  given need t o  b e  

int e rp r e t ed wi th cauti on . 

5 .3 AC IDITY C ONSTANTS FOR C ITRIC AC ID 

M e a sureme nt s  of the ac idi t y  c onstant s for c i tr i c  

acid were made a t  a numb er of  t emp erature s and i oni c 

strengths . The resul t s  for a seri e s  of exp eriment s ,  

p erformed i n  random order , ar e giv en in Table  5 . 3 .  

Although the concentrat ion of ci tri c acid wa s i ncreased 

over a for t y- s ev en fold conc entrat i on range the 

acid i ty constant s remained e s s ent i ally constant . 

The data of experi ment 1 67 ( T able  5 . 3 )  was al s o  

proce s s ed u s i ng t h e  compu t er p rogram SCOG� ( Sayc e , 1 96 8 )  

and t h e  Bronst ed const ant s obt ained , when convert ed t o  

concentrati on constants  ( 2 . 87 ,  4 . 34 ,  5 . 68 resp e c t i vely) 
are i n  agreement wi th thos e giv en i n  Table 5 . 3 .  

The p rogram SCOGS gave the  standard devi ati on 

of the  t i tre , whi ch i s  u s ed a s  a t e st of " goodn e s s  of fi t " , 

* proc e s si ng wa s arranged by Profe s sor W . A . E .  M cB ryde , 
Univer s i ty of Wat erloo , Ont ar i o . 
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T able  5 . 2 Ac i d i ty: e o:1 s t ::rn  t s for Various e arb oxyl i  c Acids 

pK1 p�2 pK 7. Me th od Temp/0e M edium Refl . J 

M o:1 o m e t hyl Succina t e  

4 . 5 2 gl 2 5  "-' 0  thj_ s ·work 

4 .  51 c alcula t ed from pK1 f o r>  succi ni c  acid p 
4 . 29 gl P "� = 0 . 034 2 5  0 . 1  Ke l thi s w o rk 

4 . 30 calcula t ed f r om pi\1 for succini c  acid thi s work 

B enzoi c Acid 

4 . 07 gl p "/ = 0 . 034 2 5  0 .  1 Ke l thi s work 

4 .  01 gl p "/ = 0 . 08 1 2 5  0 .  1 y Nae 1  o4 
Ac e t i c  Acid 

4 . 55 gl p "� = 0 . 084 2 5  0 . 1  Kel thi s work 

4 .  546 E1 He l 2 5  0 . 1  Ke l H 

Mali c Acid 

3 .  2 1  4 .  7 0  gl p "/ = 0 . 084 2 5  0 . 1  Ke l thi s work 

3 . 2 6 4 . 68 E2 p = 0 . 1 00 ? 0 . 2  Ke l e a 

Tri car·b all,yli c Acid 

3 - 73 4 . 90 6 . 3 9  g l  2 5  "-' 0  thi s w ork 

3 . 7 3  4 . 9 5 6 . 4 2  gl 2 5  cor 0 thi s 1 *  wor \: 

3 - L!-9 4 .  53 5 . 8 5  gl p "/ = O o 084 25 0 . 1  Kel thi s w ork 

3 .47 4 . 54 5 o 8 9  gl [H] 25  0 . 1  e 

Not e s  

P G . D .  Pinching and R . G .  B at e s ,  ( 1 950 ) . J .  R e s . Nat . Bur . 
S tand o .!±2, 4Lt-4 . 

Y M .  Ya suda et  al . ,  ( 1 960) . Bull . ehem . Soc . Jap an J2 ,  
1 0 67 . 

H H . S .  Harned and F . e . H i ckey,  ( 1 937 ) . J .  Am . e hem . S o c  • 

.22, , 2 303 . 

e E .  C ampi et al . ,  ( 1 9 64 ) . J .  Inorg . Nucl . Chem . 2 6 , 553 . 

e a  R . K .  C arman and A .  Kib ri ck , ( 1 93 8 ) . J .  Am . Chem . Soc . 
60 , 2 3 1 4 . 

* C al cula t ed f r om value s at i oni c s trength = 0 . 1 , using 
a ct ivi ty coeffi ci ent funct i ons  found for ci tri c a ci d . 
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a s  5 x 1 0
-4 ml , corre sponding t o  a standard deviati on i n  

the individual aciili ty constant s o f  the order o f  0 . 00 2  pK 

uni t s . The end point ti tre  for the experi ment was of the 

order of 1 ml . 

The re sult s given i n  Table  5 . 3 wer e c ombi ned t o  give 

a wei gh t ed mean , and a correct i on for the formati on of 

the spe c i e s  KC i t= was appli ed t o  pK3 . The re sult i ng 

value s are compared wi th valu e s  from the li t erature i n  

Table 5 . 4 . 'rhe  agreement for the re sult s at  25°C i s  

excellent . 

5 . 4 .  AC IDITY CON STANT S FOR THE METHYL C ITRATES 

Tab l e  5 . 5  contains th e resul t s  for th e methyl e s t er s  

o f  ci tri c acid . There are signifi cant di fferenc e s  b etween 

the r e sult s  of thi s work and th e r e sult s  report ed by 

M artin ( 1 961  ) . The resul t s  ob tained for the two i oni c 

strengths ( I=O , 0 . 1 ) are compat ibl e exc ept i n  the cas e  

of symme t ri c monomethyl ci trat e .  A survey of a numb er 

of carboxyli c  a ci d s  who s e  ac idi t y  constant s are w ell  

known shows that i n  general the di fference s 

pK1 ( I= 0 ) - pK1 ( I=0 . 1 )  and pK2 ( I= 0 )  - pK2 ( I=0 . 1 )  are i n  

the range s 0 . 20 - 0 . 2 5 and 0 . 38 - 0 . 43 re sp e ct ively . 

The di fference s for symmetri c monomethyl c i trat e 

( 0 . 1 4  and 0 . 22  respectively) are well below the normal 

valu e s  and experimental error rather than some speci al 

property a s sociat ed wi th the par t i cular e s t er i s  

probably the c aus e .  I n  general the _  p rec i s ion, a s  

i ndi cat ed b y  the st andard devi at i ons , o f  d a t a  at  i oni c 

s trength 0 . 1 i s  greater  than that at  approximately zero  

i oni c s t r ength . Thus the error i s  more l i kely 

4.? 



T aole  5 . 3  
Acidi ty C onstant s a:nd Standard Devi a t i ons :for C i tri c  Acid  a s  

a Func ti on o f  Acid C o:1c entrat i o::1. i n  0 . 1 mrnol/1 KC l S oluti o� 

at 2 5°C 

Approx 
Expt . pK1 pK 2 pK3 C i  tr· ic 

No . Acid  
C one . 

( a ) ( a ) ( a ) 
1 7 2 2 . b41 0 . 043 4 .421 0 . 0 1 5 5 . 8 1 9  0 . 00 7  0 . 1  rnrnoJ/1 

1 66 2 .  91 2 0 . 0 07 4 . 358 0 . 007 5 .  7 20 0 . 003 0 . 3 

1 67 2 . 877 0 . 0 0 2  4 . 338 0 . 0 02 5 . 690 0 . 001  0 . 6  

1 70 2 .  91 6 0 . 00 5  4 . 353 0 . 00 5  . 5 .  702  0 . 0 0 2 0 . 9  

1 73 2 . 9 25  0 . 0 1 0 4 . 340 0 . 0 1 0 5 . 683 0 . 0 0 5  1 0 5 

1 69 2 . 89 1  0 . 008 4 . 337 0 . 0 07 5 . 67 5  0 . 003 1 . 9 

1 74 2 . 8 93 0 . 0 0 5  4 . 330 0 . 004 5 . 663 0 . 00 2  2 . 4 

1 71 2 . 8 95 0 . 004 4 . 337 0 . 0 04 5 . 673 0 . 00 2 2 . 9  

1 7 5 2 . 888 0 . 0 0 9  4 . 3 25 0 . 0 0 9  5 . 659 0 . 0 0 5  3 . 8 

1 68 2 . 9 20 0 . 004 4 . 345 0 . 0 03 5 . 68 5  0 . 00 2 4 . 7  

(b ) (b ) (b ) 
mean 2 . 8 9 6  0 . 0 25 4 . 348 0 . 0 27 5 . 697 0 . 047 

weighted 2 .  891 4 . 340 5 . 688 mean ( c ) 

Not e s  

( a ) 

(b ) 

( c ) 

The figures  i n  the s e  c olu�Ds are the s tandard dev i at i ons  
( = S ) of the  pK value s obt ained from s i ngle t i t rat i on 
exp eriment s . 

The s e  fi gures  are the standard d evi at i ons  of the mean 
pK value s  ob tained from the 1 0  s eparat e ti trat i on 
exp eri ment s . 

The weight ed m e an s  have b een cal culat ed a ccord i ng t o  
the formula :  

pK = 
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Table  5 . LJ  
C oncent rati on Ac i di ty C ons tant s for C i t ri c  Acid at  I = 0 . 1 

pK1 pK2 pK�a )  Method (b ) 

2 . 88 L-1 . • 33 5 . 8 5  E pfHfCl = 0 . 2 28 2 5 ....., 0 . 0 5 5  KC l B 

2 . 84 4 . 34 5 . 94 gl p 'Y H 
= 0 . 1 0 30 w 

2 . 87 4 . 35 5 . 90 gl �] 20 0 o 1 NaClo4 c 

2 . d 8 4 .  36 5 .  84 gl p 'Y 
H -- 0 .  0 98 5 

2 . 89 4 . 34 5 . 83 gl p 'Y H = 0 . 084 

2 5 

2 5  0 . 1 KC l 

T 

thi s 
work* 

Not e s : 

( a ) Where appropri at e a c orrecti on for NaC i t- or KC i t= ( s e e  
S e ction 6 . 2 )  ha s b e en appli ed t o  the pK3 valu e s  r eport ed 
in the ori ginal pap er . 

( b )  E .  E . m . f .  mea surement s in cell s wi thout l i quid j unc t i on .  

gl 

gl [HJ 

Gla s s  electrode t i t rat i on using a cell wi th salt 
bridge . The electrode was st andardi sed against 
standard pH buffers . 

Glas s  electrod e  titrati on using a cell wi th salt 
bridge . The elec trode wa s standardi sed by 
ti t rat ion o� ac et i c  acid soluti ons of the same 
ioni c strength , the hydrogen i on concentrations  
of whi ch were  calcul at ed from the known ( pK = 4 . 546 
(Harned and Hi ckey , 1 937 ) ) concent rat i on acidity 
constant for aceti c ac i d .  

Corr e c t i ons  appli ed t o  convert the hydrogen i on 

act ivity t o  concentrat i on .  

( c ) The m edium wa s i n  all cas e s  di lut e  aqueous soluti on . 
The supporting el ectrolyt e i s  giv en together with i t s  
concentra t i on ( mol/1 ) in the cas e s  where thi s wa s 
constant . 

( d )  B R . G .  B at e s  and G . D .  Pinching , ( 1 949 ) . J .  Am . C hem . 
Soc . 7 1 , 1 274 . M i xed acidi ty constant s a t  I = 0 . 1 
were read from the extrapolat i on graphs u s ed t o  find 
the thermodynami c acidi ty const ant s .  

W R . C . Warner and J .  Web er ,  ( 1 9 53 ) . J .  Am . C hem . S o c . 
7 5 ,  50 8 6 . M ixed a cidity constant s are gi ven i n  thi s 
paper . 

c 
T 

E .  C ampi e t  al . ,  ( 1 964) . 

S . S .  T a t e  e t  al . ,  ( 1 965 ) . 

J .  Inorg . Nu cl . C hem . 2 6 , 553. 

J .  Chem . S o c . ( 1 9 6 5 ) 390 5 . 

* From T ab l e  5 . 3 with a c orre ct i on for KC it= . 
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Table 5 .  5 Acidi ty C onstant s for the M ethll C i trat e s  

0 All value s are for 25  C and w ere det ermined from 

glas s  electrod e t i trations . 

Asym Dimethyl C i trate 

3 . 99 0 . 0 1 

3 . 78  0 . 0 1  

3 . 85 

Sym Di me thyl C i trat e 

3 .  21  

3 . 0 2  

3 . 3 5  

0 . 00 2  

0 . 004 

Asym M onomethyl C i trate 

3 . 0  0 . 1 1  5 . 0 5 0 . 02  

2 . 7 0 . 08 4 . 66 0 . 01  

5 . 25  

Sym M onomethyl C i trate 

3 . 54 0 .  0 1  4 . 74 0 . 003 

3 . 40 0 . 01  4 . 51 0 . 003 

3 . 55 4 . 70 

Not e s  

M edium 

rv O 

0 . 1  KC l 

"' 0  

rv O 

0 . 1  KC l 

"' 0  

"' 0  

0 . 1  KCl 

"' 0  

"' 0  

0 0 1  KC l 

"-' 0  

(b ) 
Ref . 

thi s work 
" t l  

M 

thi s work 
t l  t l  

M 

thi s work 
" " 

M 

thi s w ork 
I !  t l  

M 

( a ) The fi gure s  i n  the s e  columns are the standard 

devi ati o�s of the pK value s . 

(b ) M .  R . B .  Mart i n ,  ( 1 96 1 ) .  J .  Phys . Chem . £2, 20 53 . 



as sociat ed with the constant s for z ero ioni c· s trength 

rather than f or tho s e  at I= 0 . 1 . 

The standard dev i at i ons of the pK ' s  found fo r 1 . 

a symmetri c monomethyl c i trat e were very large and 

probab ly refl ected th e c ontaminati on b y  symmetric 

di methyl ci trate and c i t ri c  acid ( s ee T able 4 . 1 ) .  

M art in ( 1 961 ) does  not r eport a value for thi s const ant . 

The mi cro acidi ty constant s for ci tri c acid deriv ed 

from the dat a  i n  Tab l e  5 . 5 using the relat i onship s gi ven 

in Section 2 . 3 are given in Table 6 . 6 .  

5 . 5  STABILITY CONSTANT S FOR VARIOU S C ITRATE C OMPLEXES 

Table  5 . 6  contains  values  report ed in the li t erature 

for the stab i l i ty constant s for cal cium complexes  of 

ci tri c acid . There  i s  good agreement between th e 

di fferent workers for log K3 at I= 0 . 1 5 - 0 . 1 6 . The dat a  

for other i oni c strengths and for the other c onstant s i s  

le s s  sati sfact ory . 

C ampi et  al . ( 1 96�. ) invest iga ted ci tri c and 

tri carballylic  acid c omplexe s of cal cium and a numb er of 

othe r  divalent metal i ons , including magnesium but wi th 

parti cular att enti on t o  copp er . They report that they 

u s ed hydrogen i on conc entrat i on t i t rat ions in soluti on s  

0 of i oni c s trength , 1= 0 . 1 , at 20 C .  They give apparent 

a cidi ty c onstant s for the acid s i n  the pre s ence of l arge  

exc e s s e s  of  the metal i ons and als o  the  s t ab i l i t y  

constant s o f  the complexe s ,  computed. from the known m e t al 

i on concentration s  and the true  acidi ty constant s ,  u s i ng 

e quations simi lar to 6 . 1 . In  mos t  c a s e s  they have not 

report ed th� metal i on concentration but the s e  can b e  

· · -
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Tab l e  5 . 6  

A Summary of V alue s R e�ort ed for the Stab i l i ty C o:'J.,s t an ts of 

C i tri c Acid/C al cium C omQl exe s 

Log Log Log M ethod ( a ) T emp/°C Medium (b ) R ef (c) 

K1 K 2 K -z  
:J 

4 . 8 5 s ol 25  0 B 

3 . 22 frog heart 2 2-23 0 . 1 6  NaC l  H a  

3 . 22 0 . 1 6  NaC l  M 

3 . 1 7  E pC a 25 0 . 1 5 NaC l  J 

3 . 29 4 . 84 gl 25 cor 0 H e  

3 . 1  5 i x  25 0 . 1 6 NaC l s 

1 . 1  0 3 . 09  4 . 68 ix ,  s ol (C a ( ro3 ) 2 ) 25 c or 0 D & S 

3 . 2 2 col 20 0 . 1 5 NaC l  R a  

3 . 20 gl 28 0 . 1 5  NaC l  L 

3 . 1  9 col 25  0 . 1 6 Me4NC l w 

3 . 6 2 gl 33 ,..., 0 . 2 5 NaC l04 p 

1 . 0 5  2 . 1  0 3 . 55 gl 20 0 . 1  0 NaC104 c 

3 . 67 ea ele ctrod e 25 0 . 1 0  NaC l04 R e  

Not e s : ---

( a ) sol . The metal i on c oncentrat ion determined by 
measuring th e solubi li ty of a sp aringly 
soluble  sal t . 

frog heart . C al cium i on conc entra t i on det ermined b y  
comparing and mat ching wi th known solut i ons , 
the e qual ampli tude of contra ct i on of the 
v entricle of an i solat ed frog' s h eart b eing 
taken as i ndi c ati ng equal cal cium i on 
c oncentrat i on .  

E E . m . f .  mea surement i n  cell wi th l i quid 
junc t i on t o  determine . met al i on activ i t y .  

gl Glas s  elect rode t i t rati on .  

i x  I on exchange r e s i n  m ethod . 

col C alori metr i c  det erminati on of cal cium i on 
concentrat i on u s i ng murexide/ili o chrome Black 
T indi cat or . 
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(b ) The medium was  in a ll ca s e s  d i lu t e  a qu e ou s  s ol ut i on . 

0 

cor 0 

Formati on const ant extrapolat ed to zero i oni c 
s t r· c n gt h . 

F o r m 3 t i on c on � t an t  c o rr e c t ed t o  gi v e n i on i c 
s t l" engt h u s i n_g  calcul8. t ed a c t i v i ty c o e :ff :L c i ent s . 

In other c a s e s t h e  i oni c s t re ngth and the suppo�t ing 
elec t ro l y t e  are given . 

( c ) R e f e r en c e s and N o t e s  

B N . B j e rrum and A .  Unmack , ( 1 929 ) . Data  report ed 
by L . G .  S i l l e n and A . E .  J..1 artell , " S t ab i l i t y 
C on ;.o t ant s o f  Metal- I on C o mp l e x e s " , Sp eci al  
Pub l i c a t i o:l N o . 1 7 ,  Chem i c al S o c i et y , London 
( 1 9 6� 1 )  . 

Ha A . B .  Ha s tings et  al . ,  ( 1 934 ) . J .  Bi ol . Chern a 
1 07 ' 3 5 1  . 

M J .  Muus a nd H .  Leb el , ( 1 936 ) . Data  report ed b y  
L . G .  S i llen  and A . E .  M ar t el l , ( l oc ci t ) . 

J N . R .  J o s ep h ,  ( 1 94 6 ) . J .  B i ol a  C h ern . 1 64 ,  5 2 9 . 

He E .  H e i n z , ( 1 9 51 ) .  Bi ochern . Z . .2_21 , 3 1 4 . The 
value s giv en are o f  l o w  r e l i ab i l i t y  b e cau se of 
the approximate  method of cal culat i on .  Only 
one complex sp e c i e s  at a t i me was  a l l owed f o r . 

S J .  S chub ert ani A .  L i nd enb aum , ( 1 9 5 2 ) . J .  Am . 
Chem . S e c . fl ,  3 5 2 9 . 

D C . W .  Davi e s  ani B . E .  Hoyle , ( 1 9 53 ) . J .  C h ern . So c .  
0 9 5 3 )  41 34 ' ( 1 9 5 5 )  1 0 3 8 . 

R J .  Raaflaub , ( 1 9 5 6 ) . M ethods of Bi ochemi cal 
Ana l y si s 2 ,  301 . 

L J .  Lefebrue , ( 1 9 57 ) . J .  C h i m . Phy s . ( 1 957 ) . D a t a  
rep orted b y  L . G .  S i l l en and A . E .  Mart ell ( l o c  
c i t ) . 

W M .  Wals e r ,  ( 1 9 61 ) .  J .  Phys . C h e rn . §2 ,  1 5 9 .  

P R . K .  Patnai k and S .  Pani , ( 1 961 ) .  J .  Indi an 
Chem . Soc . 38 , 2 2 9 . 

C E .  C ampi e t  al . ,  ( 1 964 ) . J .  Inorg . & Nucl . 
Chem . 26 , 5 53 . 

Re G . A . Rechni t z  and T . M .  H s eu ,  ( 1 9 6 9 ) . Anal . 
Chem . !±:1._ ,  1 1 1 . 



calculat ed from the constant s given using the e quat i ons 

given . Some  of the re sul t s  of the s e  cal culat i ons are 

given in Tab l e  5 . 7 . 

Two point s are apparent . ( 1 ) The three s t ab i li ty 

constant s reported for a parti cular i on generally give 

considerably di fferent calculated me tal ion conc entrat i on s  

when they should in fac t b e  identi cal . 

( 2 ) Some of the metal i on conc entrati ons calculat ed 

are too large for the soluti on s  to  hav e  had i oni c s t rengths 

of O o 1 . (The i oni c strength c ontributi on of a divalent 

metal p erchl orat e i s  e qual t o  three t ime s i t s  molar 

concentrati on ) . 

The authors do not gi ve details  of their  cal culat i ons 

so that i t  i s  diffi cult to  re concile the above findings 

wi th tho se given i n  thei r pap er . 

Value s for th e stab i lity  c onstant s of the cal cium 

citrate comp l exe s obtained i n  thi s work are given in 

Table  5 . 8 . The agreement b etween th e different experi ment s 

i s  much l e s s  sat i sfa ct ory than was obtained for the acidi ty  

constant s of  ci tri c acid (T ab l e  5 . 3 ) . Thi s i s  parti cularly 

so for th e c onstant K1 • The ac curacy is much l e s s  than 

that indi cat ed by the standard d eviation as the uncertainty 

a s s o c i at ed wi th the acidi ty c on stant s ha s not b een included 

in the· calculat i on .  I n  s ev e ral exp eriment s par t i cularly 

tho s e  in whi ch the mol e rati o  of tot al metal concentrati on 

to  total a c i d  concentrati on wa s clo s e  to  uni ty ,  negative  

valu e s  were  obt ained for one or b oth of the c onstant s ,  K1 
and K 2 . Such negati ve valu e s  are meaningle s s  and the 

rea s on for thei r occurrence i s  not known but may b e  the 

re sult of small syst emati c  errors  in pH measurement s . 
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Table  5 . 7 M etal I o� C oncentrat ions Calculat ed from C onstant s ����--��� 

Given by C ampi et al . ,  for C i tri c Acid . 0 I = 0 . 1 , 20 C 

C omplexing Apparent Acidity Stab i lity  Constant s C al culat ed 
M etal C onstan ts .  M et al 

C oncentrat-
i ons  

pK1 pK2 pK2 log K1 log K2 log K:2 ( mrnol/1 ) 

Ni 2 . 56 2 . 8 2  3 .49 1 • 7 5 3 . 30 5 .i-+ 0  1 9  34 43 

Mg 2 . 78 3 . 8 2 4 . 20 0 . 84 1 . 84 3 . 40 33 46 50 

C a  2 o 63 3 . 74 4 . 1  5 1 . 0 5 2 . 1 0  3 . 55 66 48 66 

Ba 2 . 68 3 . 98 4 . 58 0 . 7 9  1 . 7 5  2 . 8 9  8 9  47 74 
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Table  5 . 8 Stab il ity C o�stants for C i tri c Acid/C alcium 

C omplexe s I = 0 . 1 

Ex:pt  Log K1 Log K 2 Log K (d) 
3 

(Ci t) t (Ca) t 
No (a) ( a ) ( a) mrnol/1 rnrnol/1 

81  1 . 1 4  0 . 03 2 . 1 1 8 0 . 00 2 3 . 598 0 . 0 0 6  0 . 57 1 4 .4  

1 21  1 . 1  0 0 . 0 2 1 . 997 0 . 003 3 . 536 0 . 00 9  0 . 83  1 4 . 4 

1 22 1 . 34 0 . 04 2 . 1 07 0 . 00 5 3 . 70 0 . 0 2  0 . 55 24 . 0  

1 23 0 . 92 0 . 0 1 2 . 007 0 . 001  3 . 61 4  0 . 0 0 2  1 • 0 24 . 0 

1 77 0 . 83 0 . 0 2 1 . 935 0 . OOL1- 3 . 57 0 .  0 1  0 . 90 2 2 . 0  

24 2  1 • 70 0 . 08 1 . 7 5 0 . 1 1  3 . 50 0 . 0 9  0 . 50 1 • 0 

245 1 . 1  7 0 . 0 1  1 . 9 2  0 . 0 2  3 . 87 0 . 0 5  5 . 0  30 . 0  

248 1 . 1 4  0 . 0 1  1 . 83 0 . 0 5  3 . 8 2  0 . 08  5 . 0  1 0 . 0 

250 1 . 1  0 0 . 0 5  2 . 0 25 0 . 005 3 - 74 0 . 0 2  4 . 8  30 . 0  

2 51 1 . 1 8 0 . 04 1 . 984 0 . 006 3 . 58 0 . 0 1  0 . 5 1 0 . 0  

2 5 2  1 . 95 0 . 0 5  1 . 49  0 . 1  9 3 . 69 0 . 0 6  0 . 5  1 . 0  

2 5 6  1 . 1 1 0 . 26 1 • 63 0 . 07 3 ; 55 0 . 04 0 . 5 2 . 0  

257 1 • 63 0 . 0 5  1 • 91  0 . 03 3 . 63 0 . 04 0 . 5  5 . 0  

Mean ( b )  
1 • 2 5  0 . 3 2  1 • 90 0 . 1 8  3 . 65  0 . 1 1 

WtMean ( c) 
1 . 09 2 . 0 2  3 . 61 

Notes (a) Standard deviati on of the estimate for log K ( =8) . 
(b) Mean of 1 3  values of log K and the standard 

deviati on from the mean. 
( c) Weighted mean , calculated from 

L: log K 
s 2 

log K = L: 1? 
s -

.( d) C onstant has been corrected for KC i t= . 



There  are only small difference s between the ti trati on 

curv e s  of acid only and acid plu s  a l o w  concentrat i on of 

metal i on ,  parti cularly at th e lower pH ' s .  Accurat e  

det ermination of thi s small di fference i s  di ffi cul t . 

A s econd p o s s ible  cause  of the negat ive  value s may b e  

the negl ect  of c ompl exe s such a s  Ca (H 2C i t ) 2 and C a ( HC i t ) 2
= . 

It  i s  not known whether such c ompl exe s are in fa ct  

import ant  as  no  sys t emat i c  trend wa s ob served when the 

rati o of metal t o  acid concentra t i on was  vari ed . 

A s eri e s  of t i trati ons of soluti ons  of ci tri c acid  

and of  ci tri c acid  plus cal cium chlori de were  p erformed 

at different i oni c strengths . Th e s tab ili ty constant s  

obtained  t ogether wi th th e aci d i ty constant s u sed i n  thei r 

calculat i on ar e given in Table  5 . 9 .  The value obt ai ned 

for log K3 at I = 0 . 1 5 compare s  well wi th previously 

report ed result s (Table 5 . 6 ) . 

In the p enultimat e line of the t able  the stab i li ty 

constant s aft er extrapolation t o  z ero i oni c strength are 

given . Linear regre s s i ons of log K agains t various 

functions of i oni c s trength wer e us ed , each datum b ei ng 

giv en equal we i ght . The standard d evi ati ons  given are 

the e s t i mat ed standard dev i ati ons from the regre s s i on at 

zero i oni c st r ength . A meaningful v alue for log K1 at  

zero i oni c strength cannot be  found b y  extrapolat i on 

be cau s e  of the pauci ty of dat a  and the large unc ertainty 

associ at ed wi th log  K1 at  I = 0 . 1 . A negative  value 

was obtained for K1 at I = 0 . 1  5 ,  indi_ca ting a large error . 

In  the case  of  log K
3 equally good fi t s  and equal 

value s  for log K3 were obtained fo r the funct i ons 

vi/ ( 1 + 1 • 5 vi ) and yii/ ( 1 + 2 .  5 vi ) whil e  for l og K2 , 
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T aole  5 . 9  Variat i on wi th I oni c Strength of  the S tao i l i ty 

C onstant s for C i tri c Aci d/C al cium C ompl exes,  25°C 

I �c�t [e a] t [9 i t] t pK1 pK 2 pK3 log K1 log K 2 

rnrnol/l rnrnol/l rnrnol/l s s 

0 0 1 5 0 . 1  2 1 0  0 . 55  2 . 8 3  4 . 28 5 .  61 1 . 7 1 4 0 . 00 5  

0 . 1 0  0 . 07  i O  0 . 55 2 . 88 4 . 3 5 5 . 69 0 . 2 0 . 2 1 • 930 0 .  003 

0 . 0 6  0 . 03 1 0 0 . 55  2 . 94 4 . 41 5 . 77 1 . 1 8  0 . 0 2 2 . 1 69 0 . 002  

0 . 0 25 0 . 0 2  5 0 . 25 3 .  0 1  4 . 52 5 . 94 1 . 61 0 .  04 2 . 424 0 . 004 

/ 

0 ? 2 . 9 2 0 . 0 2  

C or 0 1 .48 2 . 8 6 

l og K3 

s 

3 . 23 0 . 0 1  

3 . 45 0 . 0 1  

3 . 68 5 0 . 0 0 6  

4 . 0 2  0 .  0 1  

4 . 88 0 . 0 2  

4 .  7 6  

, ·  
\Jl 
0\ 



�I gave a b etter f'i t than ei ther of' the other two functions . 

In the last  line of' the table  the wei ghted mean 

stab i li ty constants  f'rom Table  5 . 8  af't er corre ction to zero 

i oni c strength are given . Th e following activ ity 

coeffi ci ent s were used in the c orrect i on to zero i oni c 

s trength : 'Y C a  = 0 . 40 5 , 'Y H2C i  t ,  'Y CaC i t ,  

'Y HC i t = 0 • 3 6 , 'Y c i t  = 0 . 1 1 5 . 

Table 5 . 1 0 contains a summary of' value s report ed in  

the li terature f'or the stabili ty constants of'  the magnes ium 

ci t rat e complexe s . The agreem ent b etween the di f'f'erent 

worker s i s  not good . 

Table 5 . 1 1 contains the resul t s  obtained in  thi s 

work wi th mean valu e s  and wei ghted mean value s given at the 

b ottom of' the table o The sp read of' value s i s  greater than 

that ob tained f'or the cal cium ci trat e compl ex and the value 

obtained f'or log K1 must  b e  considered as very approximat e .  

Table  5 . 1 2  contains va lue s f'or the stabi lity  constan ts 

of var ious complexes of' ci tri c and t ri carballyli c acid s . 

The order of' stability  of' the complexe s of' the dif'f'erent 

metal i ons with the sam e  l igand i s  the commonly ob served 

order of' Mn > C a  > Mg  > Sr > Ba . Tri carballyli c 

acid f'orms weaker compl exe s than ci tri c acid in accord wi th 

the known complex strengthening ef'f'ect of' the hydroxyl 

sub st i tuent ( Campi e t  al . ,  1 964 ) . 
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Tab l e  5 . 1 0  A Sum�ary of V alue s Report ed for the S t ab i l i tl 

C ons tan t s  of C i tri c Acid/Map;n e s ium C omplexes  

log log log M ethod ( a ) T em_p/°C Medium (b ) Ref ( c )  

K1 K 2 K3 

3 . 22  frog hP-ar t  22- 23 0 . 1 6 NaC l  H 

3 . 2 N 

1 . 60 3 . 29 _polaro- 2 5  0 . 09  NaN03 L gra_phy gl . 

3 . 55  col . 25  0 . 1 6  M e3NC 1 w 

0 . 84 1 . 84 3 .40 gl . 20 0 . 1 0 NaC 1  o4 c 

3 . 1  6 i x  2 5  0 . 1 0  NH4C l  T 1  

3 . 96 ix 25  0 NaC l  T 2  

1 . 85  3 . 73  gl 2 5  0 . 1 0  M e4NC l T a  

N ot e s  

( a )  ) 

(b ) � S e e  T ab l e  5 .  6 

( c ) R eferen c e s  

H A . B . Hasti ngs e t  al . ,  ( 1 934 ) . J .  B i ol . Chem . 
.:!.Ql ,  3 51 . 

N R .  Nordb o ,  ( 1 938 ) . Skand . Arch . Phys i ol . 80 , 341 . 

L N . C . Li e t  al . ,  ( 1 959 ) . J .  I norg . Nucl o Chem . 1 2 , 
1 2 2 . 

W M .  Wal s er ,  ( 1 961 ) .  J .  Phys . Chem . £2, 1 59 .  

C E .  C ampi e t  al . ,  ( 1 964 ) . J .  Inorg . Nucl . C hem . 
2 6 ,  553 . 

T 1  S . K . T obi a and M i lad ,  ( 1 963 ) . J .  Chem . Soc . 
( 1 963 ) , 7 34 . 

T 2  S . K .  T obi a and Mi lad , ( 1 964 ) . J .  Chem . Soc . 
( 1 964 )  ' 1 9 1  5 .  

T a  S . S �  T a t e  e t  a l . ,  ( 1 965 ) . J .  Chem . Soc . ( 1 965 ) , 
390 5 . 
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T ab l e  5 . 1 1 Stab i li ty Cons tant s  for Citri c A c i d/M agne s i um 

Ex:pt 
No. 

80 

1 28 

1 29 

229 

235 

258 

mean 

wt 
mean 

C l 2 5oc , omp exes 

log K 1 l og K 2 

s s 
0 . 8 5 0 . 0 9  1 . 8 6  0 . 00 5  

1 • 06  0 . 0 1  1 . 8 1  5 0 . 0 0 2  

0 . 1 9  0 . 3 1  1 • 7 2  0 . 0 0 5  

1 • 51  0 . 0 3  1 .  94 0 . 0 2  

0 .  51  0 . 1 1 1 • 64 0 . 0 1  

1 • 70  0 . 1  0 1 . 1 1 0 . 50 

0 . 77 0 . 58 1 • 68 0 . 30 

1 . 1 0 1 • 81 

I = 0 . 1  

log K3 
(Cit)

t (Mg) t 
mmol/1 mmol/1 

s 
3 . 56 0 . 0 1  0 . 56 1 3 . 8 

3 . 586  0 . 004 0 . 8 5  1 3 . 8 

3 . 56 0 . 0 1  0 . 56 22  

3 . 65 0 . 02  0 .  50 1 0  

3 . 49 0 .  01  0 . 50 1 0  

3 . 68 0 . 08 0 .  50 5 

3 . 60 0 . 07 

3 . 57 

59 



Table  5 . 1 2 Stab ili ty C onstant s for · Vari ou s C omplexe s 

I = 0 . 1 

C omplex log  l o g  l og Not e s  K1 K2 K
:2 

Magne sium/c i t ri c aci d 

calcium " 

strontium " 

barium " 

manganes e  " 

Magnesi um/tri carb allyli c acl d 

calcium " 

Not e s  

( a ) From Table  5 . 1 0 

( b ) From Table  5 . 7 

1 . 1  0 1 • 8 1  3 . 57 

1 . 0 9  2 . 02 3 .  61 

1 . 1 3  1 • 78 3 .  21 

0 .  9'1 1 .  74 2 . 96 

1 . 1 5  2 . 1  0 3 . 8 5  

0 . 8 6 1 . 21 1 • 94 

0 .  78 1 . 22 2 . 0 5 

( c )  Jo s eph , ( 1 946 )  found log K3 = 2 . 90 at  25°C 

I =  0 . 1 5  

a 

b 

c 

d 

e 

g 

( d )  C ampi e t  al . ,  ( 1 964 ) found 0 . 7 9 ,  1 . 7 5 , 28 9 

re spe ctively 

( e ) Li et al . ,  ( 1 9 5 9 )  found log K2 = 2 . 08  and 

log K3 = 3 . 67 a t  I = 0 . 1 5  

( f )  C ampi e t  al . ,  ( 1 964 )  found 0 . 77 , 1 . 20 , 2 . 06 

respect ively 

( g ) C ampi et al . ,  " " 0 .  8 8 '  1 • 46 ' 2 . 1 7 
re spect ively 
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6 . 1  ERROR 

CHAPTER 6 . 

DI SCUS S I ON 

Error s i n  exp erimental measurement s may b e  divided into 

two cla s s e s :  

( a ) syst emati c error s  and 

(b ) random errors . 

Every exp erimental measurement i s  sub j ect  t o  random errors 

and th e unc ert ainty introdu ced by  them may be mi nimi sed by  

t aking th e mean value of  repeat ed measurement s . An e stimat e 

of the magni tude of the random error i s  given b y  the standard 

dev i ati on of the m easurements from the mean . 

There are many possib l e  sourc e s  of error i n  det ermining 

equilib rium const ant s from gla s s  electrode ti trat i ons . 

Som e  of the s e  sourc e s , whi ch are not neces sari l y  independent , 

are li s t ed b elow . M any of them are expec t ed t o  b e  

i n s i gni fi cantly small and will not b e  di scus sed . 

Source s of  Error in Det er�ining Equi lib rium 

C onstant s from Gla s s  Electrode T i t rati on s  

1 .  Error in standardi sing KOH u s ed for the t i tra t i ons . 

2 .  C ontamination of  KOH wi th carb onat e . 

3 .  Error in the mi crom e t e r  syringe b uret t e  calibrat i on . 

4 .  Error in the quanti t y  of KCl added and therefore i n  

i oni c s trength . 

5 .  V ari at i on of i oni c s trength duri ng the t i trati on 

not complet ely swamped by the support i ng elec trolyt e . 

6 .  Error i n  the pH of the standard buffer . 

7 .  Error i n  standardi si ng the pH meter against  the 

buf'fe r . 
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8 .  Error wi thin the pH met er , nonlinearity . 

9 .  Dri ft i n  t he gla s s  el ect rod e  re spons e . 

1 0 .  Non-Nernst ian gla s s  elec tro de re sponse . 

1 1 . Elect rode streaming potenti al caused by s t i rri ng 

of s oluti on .  

1 2 . Error i n  calculat ing hydrogen i on concentrat i on from 

pH meter readi ng . 

1 3 .  Liquid j uncti on p ot enti al s . 

1 4 .  Error i n  total volume of the s olution . 

1 5 . Error in the cornplexing metal i on conc entrati on . 

1 6 . Effect s  o f  impuri t i e s . 

1 7 .  Error i n  reading pH at  a t i t ra t i on point . 

1 8 . Error in reading t i tr e  at  a t i tration point . 

1 9 . Error i n  det ermini ng the end p oi nt t i tr e . 

20 . T emperature fluctuati ons during the ti tra t i on . 

2 1 . Incorrect  or i napp ropri a t e  v alue for the i oni sati on 

cons t ant of wat er . 

22 . Incorrect  or i napprop ri a t e  values for the acidi ty 

const ant s used to  calculate  s t abi li ty c onst an t s . 

23 . Formati on of complexe s b e tween the supporti ng 

electrolyt e and the aci d  or the complexing m et al 

cat i on .  

24 . Formati on of  compl exe s b etween the acid and th e metal 

i on of a typ e  not allovved for . 

P seudo-Syst emati c Errors 

Each t i trat i on in the p r e s ent wo rk i nvolve s  s i ngle 

measurement s of such prop er ti e s  a s  t�e end point t i tr e  and 

the total v olume of the soluti on .  Thes e  m ea surement s are 

sub j ec t  to  random errors but as they are in e ffe c t  const ants  

for a parti cular ti trati on they  make a cont ribut i on to  the  
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syst emat i c error of equilibrium constant s calculat ed from 

the t i tra t i on data . Thu s , for a s eri e s  of t i trat i ons , the 

s t andard d eviat i on of the con stant s from the  means calculat�d 

for the seri es i s  grea t er than the e s timat ed st andard 

devi at ions of the constant s comput ed from a single ti trati on . 

Thi s difference i s  illu s t ra t ed by th e data of  Tabl e 5 . 3 . 

I n  p rinciple the dat a of several titra t i ons can b e  

combined b efore equilibrium c ons tant s are cal culat ed . 

Thi s r equ i r e s  that the dat a from di fferent t i tra t i ons b e  

prop erly weighted acco rding t o  the vari anc e s  of the variou s  

exp erimental quanti t i e s . Limi ted computer memory would 

have mad e such a combinat i on of dat a di ffi cult in the 

present case  and i t  wa s not att emp t ed . 

In  the ca s e  of stab i l i ty constant s an i mp ortant source 

of error in thei r cal culat i on i s  the value of the acidi ty 

constant s u s ed in their  cal culati on . For a polyba si c acid 

such as  ci tri c a ci d  the uncertainty associ at ed wi th the 

fi rst  acidi ty constant ( Table 5 . 3 )  i s  carri ed through i nto  

the value s calculat ed for all  of  the stabili t y  constants . 

The fi rst  stabili ty constant i s  the most affect ed .  For 

the polybasi c aci ds and the m etal i ons of i nt ere s t  in thi s 

p re s ent work the first  constant i s  small and can only b e  

calculat ed wi th l ow preci s ion . The preci ffi on i s  l e s s  than 

that i ndi cat ed by th e s tandard devi ati on of the constant 

a s  the s tandard error devi ati on of the aci d i t y  c on stant s 

ar e  not included i n  i t s  calculati on . 

Thermodynami c  Aci dity C on stant s of Polybas i c Acids 

The method of  det ermining a cidity constants  from 

t i trat i on curves  doe s not l end i t self to a ccu rat e determinat i on 
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of the thermodynami c acidi ty constant s of p olyb asi c acid s . 

I n  order to obt ain const ant s wi th a small st andard devi ati on 

i t  i s  nec e s sary for th e supporti ng el e c trolyte to b e  pre s ent 

in large exce ss so that the re  is no apprec i able  change in 

i oni c s trength during th e c ours e  of a t i trati on .  A s  the 

aci di t y  const ants  involvi ng polyvalent i ons are markedly 

depend ent on i oni c strength , m easurement s mu st be made at 

low i oni c s trengths to allow accurat e ext rap olation to z ero 

i oni c strength . The s e  two requi remen t s  can only b e  met by  

the  use  of v ery low  acid c oncentrations . Unfortunat ely 

thi s i n  i t s elf reduc e s  p rec i si on . Thus mea surement s at 

low i oni c strength are i nvari ably l es s  p reci s e  than those  

at high er i oni c strength s  and ext rapolati ons t o  zero i oni c 

strength are corre spondingly l e s s  p rec i se . 

6 . 2  INTERACT ION BETWEEN THE SUPPORT ING ELECTROLYTE AND 

THE AC ID ANION 

The ci trat e triple n egat ive ani on i s  known to form 

complexes  wi th s odium and wi th potas sium ( Jandet zky and 

Wert z ,  1 9 56 ; Wal s er , 1 961 ) and the  following stab ili ty 

c onstant s at 25°C and I = 0 . 1 6 have been repor t ed by 

Wal s e r  ( 1 961 ) . 

KNaC i  t= 

KKC i t= 

= 5 . 0  

= 2 .  7 

Other acid ani ons may als o  form compl exe s wi th t h e  alkali 

met al cations . I n  cas e s  where the acid ani on i n  general 

form s  weaker complexe s than the ci trat e ani on the s e  alkali 

metal c omplexes  are e xp e c t ed to b e  weak and uni mp ortant . 

Ani ons whi ch in general form comp lexe s of comp arab l e  or 

great e r  stabi li.t y  than the c i  trat e ani on are expect ed t o  
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form comparatively strong alkali metal  complexes . 

In the derivati ons in Chapter 3 no allowance wa s mad e  

for alkali m etal c ompl exes . The nece ssary c orrecti ons  are 

now di scus s ed . 

C onsider equati on 3 . 1 2  (page 2 2  ) 

for the titrat i on o f  a weak polybasi c acid in the pre sence 

of a complexing metal i on o  If  the c omplexing metal i on 

i s  pre sent i n  large exce s s ,  a s  in the ca se for the 

supporting electrolyt e ,  i t s  conc entrat ion w ill  not alt er  

s ensibly duri ng the course of  the t i trati on ,  and the 

approximation [� = B can b e  made . · The equati on can then 

be wri tten in the same form as equati on 3 . 1 3 , 

N 

( I: • [HJ n [H] Kwj [H] (N-n ) A) ( 1 ) {J n + T - - = 0 
n=O 

where  • {Jn = (KN-n " B + 1 ) [Jn a c onstant 

and • (KN . B  + 1 ) :F f3o 1 f3 o = = 

If there i s  co�plex formation b etween the support ing 

electrolyte and the acid  anion the applicat i on of equati on 

3 . 1 3 to det ermine the acidi ty constants will yi eld apparent 

rather than t rue acidi ty constant s . 

the following relat i onships  hold 

pKn = pK� - log 
Kn_1 . B  + 1 
Kn . B + 1 

I t  can b e  shown that 

n = 1 ,  • • . . •  , N  

For the binding of ci tri c ac id  and alkali met al i on 

only the ci trat e  t ri ple  negative i on i s  important so that 

• 
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K0B < K1 B 

and 

pK1 pK• 
1 

pK2 pK; 
pK3 

• pK -z :J 

< 

+ 

K2B << 1 

l og ( KMC i  t . [M] + 1) 
Thi s correct ion ha s b een appli ed to  the acidity 

c onstant s �or ci tri c acid report ed in  T abl e 5 . 4 .  

When a comp lexi ng i on such a s  calcium i s  pre s e nt i n  

add i ti on to the support i ng electrolyt e the s i tuat i on i s  

more c omplex . I n  general the concentrati on o� support i ng 

electrolyt e i s  reduc ed when compl exing met al i on i s  added 

i n  order to maintain  a c onstant i oni c strength . I t  i s  

n e c e s sary t o  u se th e app arent acidi ty const ant s corre spond-

i ng to th e actual supporting electrolyt e concentrat i on whe n  

computing the s t ab i li ty constant s .  Some workers u s e  a 

t etra alkyl ammonium salt as  th e suppo rting electrolyt e i n  

ord er t o  minimi s e  complex �ormati on . 

A second p o s sible  i nt eract ion that ha s not b ee n  

allowed �or i s  interaction o� the c omplex cat i on wi th the 

supporting ele c t rolyt e a ni on ,  pos s ibly though i on p ai r  

�ormati on .  Int era c t i ons of thi s typ e  are exp ec t ed to  b e  

weak i n  the dilut e  aqueou s soluti ons o �  i nt e r e s t  in  thi s 

p r e s ent work . 
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6 .3 'l'f:IE HYDROJ-EN IO:--T AC·riV ITY C OEFFIC IENT 

In  ord er  to determine c oncentrati o� acidi ty constant s 

i t  i s  n ec e ss ary t o  convert pH meter readings int o  hydrogen 

i on c onc entrati ons . Thi s conversi o� i s  also nec e s sary i n  

the cal culati on of the thermodynami c acidi ty constant s of 

stro�ger aci d s  when the hydrogen ion concentrat i on i s  a 

si gni fi cant fra c t i on of the total i o�i c concentrat i on of 

the solution .  

The pH s cale i s  defined operati onally by (B at e s ,  1 964a ) 
( 1 ) 

where pH s i s  the assigned pH of the standard buffe r  solu t i on 

and Ex and Es are the e . m . f .  valu e s  of the c ell 

gla s s  electrode//s oluti on x or s/KC l ( satd ) , Hg2C l2 ( s ) ; Hg ( l ) 

when c ontai ni ng unknown solut i on x and standard buffer s ,  

resp ec t ively . The pH of the standard buffer i s  found fro� 

( 2 ) 
0 

where p ( AH 'Y C l) i s  an exp eriment ally d e t ermined q_uanti t y  

and log 'Y C l  i s  calcul a t ed fro� the Bate s-Guggenhei m 

conv ent ion (B at e s ,  1 964b ) 

log 'Y Cl  = 

The e . m . f .  of th e pH c ell when c ontai ning t he s t andard 

buffer can b e  wri t ten a s  

E�  J RTln1 0/F .  ( 3 ) 
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where E0 i s  the reference  electrode potenti al 

E � i s  the liquid juncti on pot ent i al J 

�
s i s  an activ i ty coeffi c ien t of i ndefini te  n ature . ? 

Thi s divi s i o� of the exp erimentally det erminable  cell 

e . m . f .  i nt o  three  component s  from a stri ct thermcdynami c 

vi ew poi nt i s  arb i trary , a s  ha s b e en shown by Gugge nhei m 

( 1 967 ) . Sub sti tut ing for E0 from equati on ( 3 )  into 

the corre sponding equat i on for the unknown soluti on - and 

rearranging 

I f  the standard buff'er and the urL"lalown solution hav e  very 

simi lar composi t ions then e quat i on ( 4 )  redu c e s  t o  

= ( 5 )  

( 4 )  

a s  the l i quid j unction pot enti al s and the i ndefini t e  activi t y  

coeffi c i ent s i n  the two cell s wi ll  b e  equal . 

If  E� = E � ( equali ty expected for dilute s olut i ons only)  then J J 
equati on ( 4 )  b e come s , aft er rearrangement and sub st i tuti on 

X pCH = p ( AH � C 1 ) s 
+ 

= pH X 
+ pr 

s 
where r = 

�' c 1  
�-s

-
2 

HCl 

s log � C l  

� s 
? 

. X 
�? 

+ F 
RTln1 0 

(Ex-Es ) + p�-,�1 .  

-, �) � s 2 � X 
HC l ? 

- s . 
-� HCl l s  the mean activity coeffi ci ent for HCl at i nfini t e  

( 6 )  

di lut i on i n  the s tandard buffer . At  suffi ci ently l ow i oni c 
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strengths 'Y �C l  c an b e  taken as  the a ct i vi ty c oeffi ci ent of 

a soluti on of hydrochlori c acid  at th; same i oni c strength 

as  the st andard b uffer . 

We wi l l  now attempt t o  evaluat e  the activ i ty coeffi ci ent 

term , pf fo r the s tandard pH buffers  0 . 0 5  M p otas sium 

hydrogen phthalat e ( I  = 0 . 0 533 ) and equimolar 0 . 0 25  M 

phosphat e ( I  = 0 . 1  0 )  where the unknown soluti on i s  0 . 1  0 M 

i n  KC l .  

The conv enti o�al chlor i de i on a ctivi ty c oeffi ci ent has 

va lues  O o 8 1 73 and 0 . 7770 at i oni c strengths 0 . 0 533 and 0 . 1 0 , 

respectively . The hydrochlori c a ci d  mean act i vi ty 

co effi ci ent at these i oni c strength s  ha s v alu e s  O o 8 266 and 

0 . 796 , r e sp ect ively (Robi nson and S t oke s ,  1 959 ) .  Some of 

the p rocedure s  whi ch can be adop ted ror th e evaluat i on of  

the acti v i ty coeffi ci ent term of equa ti o� ( 6 )  are  outli ned 

in Table  6 .  0 o 

..::;.T;:.:;AB;;;;;,L;:::,E�6;;:...:..:. 0::..._---�:P::.:.;H�T�O _I& H CORRECT I ON S 

'Y ? - p r  

phthalat e  phosphat e  

1 "� �c1j"� C l  0 . 08 9  0 . 08 9  

2 'Y HC l 0 . 0 94 0 . 088  

3 "�KCl 0 . 1  0 1  0 . 08 9  

A commonly ado� ted proc edu re i s  t o  int erpret th e pH 

of a soluti on a s  equal t o  the hydrogen i o� ac t iv i ty for the 

s oluti on and to t ake the activ ity coeffi ci ent of the 

hydrogen i on as  equal to the mean a c t i v i ty coeffi ci ent of 
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hydrochlori c aci d at  the same i oni c strength . Thus -

:::: 
For I == 0 . 1 0 

pHx - p( 'Y HC l) 
.P 'YHC l :::: 0 .  1 0 . 

Stud i e s  wi th sp ecifi c  i on el ec t rode s including the 

glass  elec trode show that for solu t i ons  of low ioni c s t r ength 

u seful approximat ely self consi s t ent s e t s  of i ndivi du al i on 

activi ty coeffi ci ents  can be cal cula t ed . Such calculat i ons 

i nvolv e a singl e extrathermodynami c  a s sumpti on or the 

accep tance of some arb i trary conventi on in ord er t o  a s s i gn 

value s t o  the activi ty coeffi ci ent of one p art i cular 

reference i on . Such a conventi on i s  an e s s ent i al p ar t  of 

the pH scal e for whi ch the chloride i on has b een t aken a s  

the referenc e i on .  I t  i s  logi cal t o  u se the s ame c onv enti on 

in the cal culati on o f  CH value s from pH values  as i s  d one 

i n  procedure 1 of Table 6 . 0 . Such a pro cedure yi eld s a 

value fo r pr  whi ch i s  indep endent . of the nature of the 

standard buffer . 

i n  thi s re sp ect . 

Procedures  2 and 3 are not sati sfa c t o ry 

All experimentally det e rmined pH ' s in thi s work were  

convert ed t o  pCH ' s usi ng the  r elat i onship 

pCn :::: pH - 0 . 51 2 �I/( 1 +2 . 96 �I )  

for I == 0 . 1 pCH :::: pH - 0 . 084 

The v alue ob tained for p r  by  thi s procedure i s  not 

si gni fi cantly di fferent from that gi ven by p rocedure 1 of 

T ab l e  6 . 0 . 
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pH V ersu s  �H S t andard s 

The st andardi sati on of a gla s s  electrode agai nst  a pC
H 

rather than a pH standard buffer using equat i on 5 abov e avoi ds 

the di ffi culti e s  concerning a c tivi ty coeffi ci ent s . Acidi t y  

constant s c an b e  det ermined i n  solut i ons of very nearly 

constant composi tion .  Howev er , t he det erminat i on o f  met al 

complex stab il i ty cons tant s r e qui res  a range of s oluti on 

co�posi t i on s  i n  whi ch a varyi ng proporti on of the suppor t i ng 

electrolyte i s  replaced by a salt of th e complexing metal . 

Thi s range of s oluti on c omp o s i t i ons cannot easi ly b e  mat ched 

by sui tab l e  pCH standard s . A further diffi cult y  c onc erning 

pCH s tandards i s  that the i r  buffer capaci ty i s  n ec e s s ari ly 

small a s  the concent rat i on mus t  be  simi lar to  that of the 

unknown aci d . Thus pCH standards are not as  a t t ract i v e  a s  

they app ear t o  b e  on fi rst  s i gh t  and were not u sed i n  the 

pre s ent work . 

If pH s t andards are u sed careful speci fi cat i on of the 

soluti on composi tion and of the activi ty coeffi c i en t  adop t ed 

i s  n ec essary t o  allow compari s on of the resul t s  of di fferent 

worker s .  McB ryde ( 1 969 and 1 97 1 ) and Hedwi g and P owell ( 1 97 1 ) 

hav e  obtained e mp i ri c al linear relat i onships  b etween pH and pCH . 

6 . 4 .  CALCULAT ION OF AC IDITY C ON STANTS FROM THE SUBSTITUENT 

EFFECT 

Sub sti tut i on in an organi c a c i d  ha s an eff e c t  on the 

strength of the acid as  measured b y  i t s  pK value s where K i s  

the acidi t y  con s t ant . 

I t  i s  well known ( see  for example  Barlin and P errin , 

1 966 ) that the effec t  on the pK of an acid of a parti cular 

sub st i tuent i s  approxi mately constant for a wid e  range of 

di fferent a ci d s  and that th e magni tude of the e ffec t  i s  a 

7 1  



charact eri s t i c  o f  the parti cular sub sti tuent and the 

posi t ion of sub s t i tuti on rel at i ve t o  tre acid group . 

In th e cas e  of aliphati c acids  the e ffect of succ e s sive  

sub sti tut i ons  is  approxima t ely cumul ative at lea s t  in  

cas e s  where not  more than one sub s t i  tuent having a l arge 

effec t  i s  p re sent at ea ch chain carb on .  I n  cas e s  where  

experimental re s ult s are not avai l able  useful e s t i mat e s  of 

approxima t e  pK v alue s for organi c aci ds in aqueuous s olut i on 

have b een made by consi de rati on of sub sti tuent e ffe c t s . 

( Barli n  and Perrin ,  1 966 ; BroNn et  al . ,  1 955 ) . I n  the 

cas e of polyb a s i c  acids care i s  needed to di stingui sh 

between mi cro and macro a cidity  con stants . In thi s s e c t i on 

the mi cro and macro acidi ty c ons tant s for various e s t er s  of 

ci tri c acid am for ci tri c acid and other acids  have b ee n  

calculat ed u sing the sub st ituent effe c t . A t e s t  has  al s o  

b e en mad e  t o  see i f  an analogous sub s t i tuent effec t  op erat e s  

for metal co�pl ex format i on rea c t i ons  and th e resul t s  are 

report ed in Sect i on 6 . 6 .  

The acid  s t rengthening effect  of a sub sti tuent i s  

found by sub t ra c t i ng the pK value for a sub st i tut ed acid 

from the  value fo r the unsub st i tuted or  ' parent ' a cid . 

In ca s e s  where more than one carboxyli c  acid group i s  

present the appropri at e mi cro constant calculat ed from 

the macro cons tants must  b e  u s ed . The method of 

calculating sub s t i tuent effec t s  i s  i llustra t ed in T able  

6 . 1 . The  choi c e  of  a s i ngle value for a parti cular 

sub sti tuent e ffect i s  somewha t  arb i trary a s  di fferent 

value s are ob tai ned fro� di fferent p airs  of parent and 

sub sti tut ed a c i d s . Valu e s  for vari ous sub st i tuent 

effect s are coll ected in Tab l e  6 . 2 .  All v alu e s  are  for 

i nfini tely dilut e aqueous  soluti ons of aliphati c  c arb oxyli c 
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T able  6 . 1  Illu strati on s  of the M ethod of C al culating the 

Effect s of Sub sti tuent s o� Acid Strengths  

Sub sti tuent Acid pK 6pK Ref . 

propi oni c 4 . 874 Harned , 1 933 

ex -OH lact i c  3 . 8 58 1 . 0 1 6 Martin  1 93 7  ' 

acetic  4 . 756 Harned , 1 933  

CX -OH glycolli c  3 . 83 1 0 . 92 5  Nirns , 1 936  

propi oni c 4 . 784 

a 

b 

� -COOH succini c pk1 4 . 508 0 . 366 Pinching 1 950 
' 

propi oni c 4 . 784 

f3 -coo succi ni c pk2 5 . 33 5 -0 . L�61 

Table  6 . 2  Aci d Strengtheni ng Effect of Sub s ti tuent s 

for Aliphati c C arb oxyl i c  Aci d s  in Agueous Soluti on 

-OH 

-COOH 

-COO 

1 . 0 0 

1 . 60 

-0 . 64 

( cf . Barlin and Perrin ,  1 966 )  

0 . 1 6 

0 . 36  

-O o46 

'Y 

0 

0 . 1 8  

-0 . 29 
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acids at or near 2 5°C .  ( The methyl carboxylate  group , 

-COOCH3 , i s  a s sumed to have th e same sub sti tuent effec t  

a s  the carb oxyli c group , -COOH ) . 

Table 6 . 3  shows the cal culat i on of the mi cro ac idity  

constant s for ci tri c acid . Prop i oni c aci d  has  i n  all 

cas e s  b een taken as  the par ent acid  and value s for the 

sub sti tuent effe c t  have been t aken from Table  6 . 2 . 

Table  6 . 4 shows th e calculat i on of the macro a ci d i ty 

constant s for ci tri c a cid from th e c alculat ed mi cro acidity  

constant s of  T able  6 . 3 . The relati onship s between the 

mi cro and macro a cidi ty constan t s  have been given in 

S ec t i on 2 . 3  and the one s  u s ed in the calculati on are 

rep eated at the ri ght hand side of the tabl e . The 

cal culat ed mi cro aci di ty constan t s  are consi s t ent wi th a 

single s e t  of v alue s  for the macro a cidity constant s . 

Cal culat ed pK value s for a numb er of di ffer ent a ci d s ,  

some of who s e  pK valu e s  are rel i ab ly known from exp eri m ent , 

are given in Tabl e 6 . 5 .  No  rel i ab l e experi mental value 

i s  avai lable  for the pK of glyceri c  a ci d  at z ero i oni c 

s trength nor for the hydroxyglutari c aci ds . In  the case  

of  mali c and (+ ) -tartari c a ci d s  the agreement between 

calculated and exp eri mental valu e s  of the a cidi ty cons t ant s 

i s  sati sfact ory . The method of cal cul at i ng a ci d i ty 

constant s from sub sti tuent effect s doe s not p rovide for 

di fference s  between di a st ereomers and the poor agreement 

b etween the cal culat ed and experi m ental value s of the 

acidi ty c onstant s for mesotart ari c acid ind i c a t e s  that 

spati al fact o rs , such a s  s t eri c interference  or intra-

molecular hydrogen b onding , may b e  i mportant . Such 

spati al factors may al s o  b e  i mp ortant i n  o ther  hi ghly 
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T ab l e  6 .  3 C al c ulati  0::1 of the M i cro Acidity_ C onstant s for 

C i tri c Acid 

pk1 pl<:2 

propi oni c 4 . 84 p ropi oni c 4 . 84 

{3-0H -0 . 1 6 n' -OH - 1  . oo 
f3 -COOH -0 . 36 2 f3 -COOH -� 
'Y-COOH - 0 . 1 8  3 . 1  2 

4 . 1 4  

pk1 2  pk21 pk1 3  

propi oni c 4 o 84 p ropi oni c 4 . 84 propi oni c 4 . 84 

Q' -OH - 1  . 00 {3-0H -0 . 1 6  {3 -OH -0 . 1 6 

-0 . 36 {3-COO 
-

0 . 46 'Y -COO 
-

{3-COOH 0 . 2 9  

{3-COO - 0 . l-i-6 'Y -COOH -0 . 1  8 -� {3 -COOH 
3 . 92 4 . 96 4 .  61 

pk1 32 pk1 23 

p ropi oni c 4 . 84 propi oni c 4 . 84 

Cl' -OH - 1  . 00 {3 - 0H -0 . 1 6 

2 {3 -COO � {3 -COO 
-

0 .46  

4 .  7 6  'Y-COO 
- � 

5 . 43 



T abl e 6 . 4 C al c ul a t i on o f  M a cr o  A c i  d. i ty C on s t an t s f o r  C i t r i c 

A c i d. From C a l c ul a t ed. M i c r o  A c i d i ty C o� s t ant s 

pK 

2k1 3 . 84 

k2 3 . 1 2 

K1 3 . 04 

k1 k1 3  
8 o 7 5 

2k2k21 7 . 78 

K1 K2 7 . 74 

K 2 4 . 7 0  

k1 k1 2k1 23 1 3 . 51 

K3 5 . 77 

K 

1 . 445  X 1 0-4 

7 . 52Q  1 1  

9 . 035 1 1  

0 . 1 78 X 1 0-8 

1 . 659 

1 . 837 

K 1 = 2" 1 �1 + K2 

K 1 K 2=k1 k1 3+ 2k2k21 

K1 K 2K3=k1 k1 2k1 23 
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T able 6 . 5  C al c ulat ed pK ' s for S ev e ral Aci ds 

Aci d C alculated pK ' s Experime�1.tal  nK ' s 

Glyc eri c 3 . 68 3 . 5 2 (J :::: O . 20 ) 

M a l:L c  .3 . 1+2 ,  5 . 20 j .  L �6 , 5 .  � 0 

T arta:ei c 3 . 0 2 ,  4 . 44 dl 3 . 01+ ' 1 � . 37 
me so 3 . 2 2 , 4 . 8 2 

0:'-hydroxy 3 . 62 , 5 . 1 7  glutari c 

{)- hydroxy 4 .  20 ' 5 . 27 glut ari c 

Tri- 3 .  7 5 ' 4 . 95 ,  6 . 1 3 3 . 73 , 4 . 95 ,  6 . 42  carb allylic  

I soci tri c 3 . 1 8 '  4 .  57 ' 5 . 92 Threo D 3 . 29 ,  4 .  7 1  ' 6 . 39 s 

C i tri c 3 . 04 ,  4 . 70 ,  5 . 77
x 

3 . 1  3 ' 4 .  7 6 ,  6 . 40 

R ef . 

C C arman and Kibri ck , (1 938) J . Am . Chem . S oc . 60 , 231 4 . 

E Eden and B at e s ,  (1 959) J .  R e sear ch N . B . S . 6 2 , 1 61 .  

R ef . 

c 

'<' ·'"' 

B 1  

J 

* 

H 

B 2  

B1  Bat e s  and C anham , (1 9 51 ) J .  R e s . N at . Bur . S t andard s 47 , 

No . 5 .  

J .  J one s and Soper 5 ( 1 934 ) . J .  Chem . Soc . ( 1 934 ) , 1 836 . 

* Thi s work ( T ab le 5 . 2 ) . 

H Hi t chcock , D . I . , (1 958) J .  Phys . Chem . 62 , 1 337 . 

B2  Bat e s  and Pinching , ( 1 949) J . Am . Chem . Soc . 7 1 , 1 274 . 

x Data from Table 6 . 3 .  
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sub s t i tuted aci d s  such a s  i soci tri c a cid . 

Tri carballyl i c , c i tri c and i so c i tric  aci ds form a 

family of a cids  of parti cular i ntere s t  b e cause of the 

s i mi l ari ty of s tru cture ( see  Sect i on 2 . 4) . The agreement 

b etween the cal culated and exp eriment al valu e s  of the fi r s t  

and second acidi t y  cons�ant s for th e s e  ac i ds i s  sati sfactory 

and e spec i ally so for the first  two of the s e  ac i ds . I n  

the ca se  o f  the third acidi ty con s t an t , th e calculat ed 

values  of the c ons t ant are cons ide rab ly gr eater than the 

experi mental value s ,  wi th the grea t e s t  difference in the 

c a s e  of ci tri c aci d . 

The me chani sms  by whi ch sub s t i tuent s i nfluence acid  

strength are  not cl early understood . A di stinct ion i s  

somet ime s made between fi eld effect s ,  which act  di rectly 

acro s s  sp ace  and ar e ele ctro s tati c i n  nature , and indu c t i v e  

e ffect s ,  whi ch act  through the bonding ele ctrons o f  the 

mol e cule , but in pract i ce ,  i t  has s o  far b een found 

impos sibl e to di s entangl e the two effect s ( Robert s and 

C a s eri o ,  1 965 ) . 

C al culati ons of fi eld effect s ,  such a s  tho s e  made b y  

Ki rkwood and We s theime r ( 1 938 ) , are of limi t ed u sefulne s s  

b e cause  of the large  number o f  emp i ri c al paramet ers , 

relat ed t o  the  si z e  and shape of the molecul e , the 

locati on of charge s  and the  ori entat i on o f  dipol e s ,  t o  

whi ch the calculati ons are sensi tive . B e caus e  of the 

poor unders t andi ng of the sub st i tuent effect ,  d i s cus si on 

of the fai lure s t o  adequat ely p redi c t  the thi rd acidi ty 

c onstant s of tri carb allyl i c ,  c i tri c and i soci tri c acid s 

i s  nec e s s ari l y  sp eculat iv e . Any corre ct i on appli ed 

( e . g . such as an alloNance  for di el e c t ri c saturati on of 
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the s olvent ) must affec t  the mi cro a cidity co::1s t ant s in 

a manner such that they remain consi s t ent wi th a singl e 

s e t  of macro acidi ty cons tants . 

6 .  5 M IC RO AC IDITY C ON STAN TS FOR C I 'rR IC AC ID 

I t  has b e en explained in S ec t ion 2 . 3 that a 

minimum of two mi cro acidi ty c onstant s must  b e  i ndependent ly 

det ermined t o  enab l e  the cal cul a t i on of the ·  r e maining fiv e 

mi cro constant s for ci tri c acid . Independent  det ermina t i on 

of more than two mi cro cons t ant s provides a means of 

checking both the method and the sui tabili ty of the methyl 

e s t er s  a s  mod el  compound s . 

In the p re sent work a t otal o f  s i x  macro a c idi ty 

constant s have been det er1uned for  the methyl e s t ers  of 

ci tri c a ci d . The s e  are - one a cidity constant for each 

of the mo::J.obasi c dimeth yl c i tra t e s  and two a ci d i ty c onstant s 

for each of the  dib a si c monomethyl ci t rates . B e cau s e  of 

exp erimental error and/or non- i deali ty of th e methyl c i trat e s  

a s  model compounds , the valu e s  obtai ned for the macro 

constant s are not c onsi st en t  wi th a single set of valu e s  

for the mi c ro acidi ty cons tants of citri c aci d . F or 

example ,  i f  pk1 and pk1 3  are cal culat ed from the 

exp erimentally ob serv ed macro acidi ty constants  for 

symmetri c monomethyl ci tra t e  ( T ab l e  5 . 5 ) the following set  

of  mi cro c onstant s i s  obtaine d : pk1 3 . 84 ,  pk2 3 . 34 ,  

pk1 2  4 . 58 ,  pk1 3  4 .44 , pk21  5 . 08 ,  pk1 23 5 . 87 ,  pk1 32 6 . 00 .  

The alternat ive  of equat i ng pk2 wi th th e acidi ty c onstant 

for symmetri c dimethyl ci trat e and cal culati ng pk1 3  

from the s ec ond ma cro aci di t y  c onstant for symmetr i c 

mono�ethyl ci trate yi elds : pk1 4 . 1 9 , pk2 3 . 21 , pk1 2  
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4 . 0 9 ,  pk1 3 4 . 44 , pk2 1  5 . 07 ,  pk1 23 6 . 00 ,  pk1 3 2 5 . 66 . The 

fi r s t  s e t  of values  are in rea sonable agreement wi th the 

value s found by Mart in ( 1 961 ) but are signi fi cantly 

di f:ferent fro m  the second s e t  of' v alue s . The choi c e  o f  

valu e s  for th e two indep endent mi c ro acidi ty constant s i s  

i m� ortant a s  i t  affe ct s th e v alue s obtained for all of the 

mi cro cons t ants  and some cri t e ri on i s  nec e s sary t o  j udge 

the " goodne s s "  of the choi c e  of value s . 

A s  the preci sio� of t he vari ous mac ro constant s ,  a s  

indi cated b y  the standard devi ati ons , vari e s  widely i t  i s  

i napprop r i a t e  t o  give e�ual we i ght t o  each . I n  the 

ab sence  of a more sati sfact ory procedure the follo 1nng 

stat i sti c wa s u s ed as a measure of the " goodne s s" of a 

part i cular choi c e  of value s for the two indep endent mi cro 

acidi ty constant s :  

where pk . i s  the acidi ty constant for a methyl ci t ra t e  
l 

cal culat ed from the value s cho sen for the mi cro a cidi ty 

constant s for c i tri c a ci d ,  pki i s  the exp eri mentally 

ob served constant for the methyl ci.trat e and pi the 

standard dev i at i on .  The summa t i on i s  for all s i x  of the 

macro constant s fo r the me thyl ci trat e s .  The P s t a t i s t i c  

make s  no allowance for syst emat i c error s o 

In  p ri n ciple  i t  i s  p o s s i b l e  to find valu e s  for the 

i nd ep endent mi c ro a cidit y  cons t ant s giving the smal l e st 

p o s s ib l e  value for P and ther efore the "best"  valu e s  for 

the mi cro constant s . In  p rac t i ce such a procedure i s  

di ffi cult and i s ,  i n  fact , not ne c e s sary i n  the p r e s ent 
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ca s e . The only methyl e s t er ma cro ac idi ty constant 

whi ch i s  s i gnifi cantly d ep endent on th e mi cro c on stant , 

pk1 3 , i s  the se cond const ant for symmetri c  monomethyl 

ci t rat e . Thus there i s  no di ffi culty i n  choosing the 

" b e s t" value for pk1 3 . The choi ce of the " b e s t "  value 

for the second indep endent mi cro const ant i s  si mpli fi ed by 

the great  weight whi ch mus t  b e  gi ven to the macro constant 

for symm etri c dimethyl c i trat e  by vi rtue of i t s  very small 

standard devi at ion .  Thus the b e st  value for pk2 i s  very 

clo s e  t o  the value found for the const ant for symmetri c 

di methyl c i trat e .  I t  i s  i mp ortant t o  not e  th at the " b e s t "  

value i s  not nec es sari ly t h e  " ri ght" value . 

As has b een explained i n  C hapter 5 the re sult s 

obtai ned for symmetri c di m e thyl c i trate  at z ero i oni c 

strength are suspec t becau s e  o f  th e smaller than u sual 

di fference from the acidi ty c ons tants found at 0 . 1 i oni c 

strength . I f  the sec ond aci di ty const ant for symmetri c 

dimethyl ci trate  at zero i oni c s trength i s  ad jus t ed from 

4 . 74 to 4 . 94 then the mi c ro a cidi ty constant s for c i tri c 

acid b ecome tho se gi ven i n  T ab l e  6 . 6 . Al s o  given i n  the 

tab l e  are the mi cro acidi ty constant s for c i tri c acid at 

0 . 1 i oni c strength . 

The agreement b etween the m i cro acidity const ant s 

cal culat ed from the sub st i tuent effect and the exp eriment­

al va lue s i s  v ery sati sfactory except in the ca s e  of 

pk1 23 and pk1 3 2 but even her e  the order of acid  s tr ength 

i s  the same . The agreement  b et ween the resul t s  of thi s 

work and tho s e  of Mart in i s  p oor . · 

The relat ive  amount s  of  the d ifferent ci trat e sp ec i es  

can  be  cal culat ed from the mi cro acidity  constant s for 
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T ab l e  6 .  6 A C ompari son of C al culated and Experi m ental 

Aci d i ty C onstan t s  for C i tri c Aci d 

C al culat ed Experi ment al 
'rh:L s work 

Martin (1961)  I = 0 0 � o I 

pk1 4 . 1 4  ) 3 . 8 5 4 . 1 9  3 . 74 
) · pk 2 3 . 1 2 l 3 . 35 3 .  21  3 . 0 2 

pk1 2  3 . 94 
data from 4 . 60 4 . 0 5 3 . 85 Table  6 . 3 

pk21  4 . 9 6 5 . 1 0 5 . 0 3  4 .  57 

pk1 3  4 . 61 4 . 40 4 . 64 4 . 24 

pk1 23 5 . 43 5 . 8 5 6 . 0 5  5 .47 

pk1 3 2 4 . 7 6  6 . 0 5  5 . 46 5 . 08 

Bat e s  and Pinching ( 1 94 9)  
pK1 3 . 04 3 . 1 3  

r:.K2 4 . 70 dat a  from 4 .  7 6  Table  6 . 4 

pK3 5 . 77 6 . 40 

Tab l e  6 .  7 C ompari son of C al culat ed and E xperimental pK ' s 

for the M o no M ethyl C i trat e s  

C al cul a t ed Experi mental --· - -

Marti n  Thi s Work 

Sym M ono M ethyl C i trat e pK1 3 . 84 3 . 55 3 . 54 

pK2 4 .  91 4 . 7 0  4 . 73 

Asym M ono M e thyl C i trate pK1 3 . 08 3 . 03 

pK2 5 . 00 5 . 25 5 . 0 2  
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ci tri c a ci d . I f  the exp eri m ental constan t s  for zero 

i oni c s trengt h  are used i n  the cal culat ion i t  i s  found 

that at any pH i n  a soluti o� containing ci tri c acid 83% 
of th e monoval ent c i trate sp eci es (H2C i t- ) have the 

c entral carb oxyli c  aci d  group i oni zed . The experi menta l  

acidi ty c onst ant s at 0 . 1  i o�i c strength yi eld a corre spond­

ing fi gure of 7 2%  and the cal cula t ed const ant s of T ab l e  6 . 6  

84% . For compari son , M artin found 60% . 

For th e dival ent ci trate sp e c i es  (HC i t= ) the 

exp erimental acidity  constant s fo r z ero and 0 . 1  i oni c 

strengths and th e cal culated acidi t y  consta�t s yi e l d ,  

respectively,  8 9% ,  83% and 90% . asymmetri c sp eci e s  compared 

wi th 55% found by Mart i n . 

The r e sul t s  of thi s work i ndi cat e  that the c entral 

carb oxyli c  aci d group of ci tri c a ci d  i s  the most ac idi c of 

the group s in the neutral , monovalent and divalent c i tri c 

acid sp eci e s . 

6 .  6 CALCULAT ION OF STA_B ILITY C ON STANT S FROM SUB ST I TUENT 

EFFECT S 

The suc c e s s  of using the sub sti tuent e ffect i n  predi ct­

i ng acidi ty constant s has b een demonstra t ed in Secti on 6 . 4 .  

An analogou s predi ctio� of m etal comp l ex s t abi li ty constant s 

from sub sti tuent effect s  does  not app ear t o  have b e en 

repor t ed and i t  wa s cons idered worthwhile  t o  a t t emp t such 

calculat i on s . S t abi li ty constant s for complexe s of fiv e  

metal s w i t h  five acids  (b oth dibasic  and tribasi c ) hav e 

b e en cal culat ed and the re sul t s  are gi ven and are d i s cus s ed 

in thi s s ec ti on .  

Sub st i tuent e ffect s for vari ous metal s have b e en 
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cal culat ed in a manner analo�ous to  that used for acidity  

constant s aLd the r e sul t s  are given in Tab l e  6 . 8 . 

The relati onship s  b etween mi cro and macro s tabi li�y 

constant s for dib a si c and tribasi c acids  are : 

Dibas i c  

Trib a si c K1 
= 

K2 
= 

K3 
= 

k1 1  

ka1 + k22 ka 2  
Ka1 Ka1 

+ 

ka1 + k22 ka2 
Ka1  Ka1  

+ k33 ka3 
Ka1 

( k1 21 + k1 22 ) ka1 2 ka1 + ( k1 31 +k1 33 ) 

Ka1 Ka 2  

+ ( k232+ k233 ) ka2_2 
ka2  

Ka1  Ka2 

k1 231 + k1 23 2  + k1 233 

ka1 :2 ka1 
Ka1 Ka2 

Lower-case  l e t t e r s  d enot e micro const ant s whi le  the 

upper- c a s e  lett ers  denot e macro c onstant s .  The a ci di ty 

constant s are sub s crip t ed ' a ' .  The last  numeri cal 

sub s crip t  of the micro s t ab i li ty cons tants  d enot e s  the 

pos i t ion of the metal i on on the a ci d  ani on . 

The cal culati on of m acro constant s for ci tric  acid 

are gi ven in  Tab l e  6 . 9  and exp erimental and cal culat ed 

values  for a numb er of d i fferent aci ds are c ompared i n  

Tab l e  6 . 1 0 .  

The resul t s  o f  T ab l e  6 . 1 0  indi cat e that the method 

for predi c ting s t ab i l i t y  constant s using sub s ti tuent effect s 

i s  apparently much l e s s  succ e s sful than the method for 

predi cting acidi ty co�stant s ( S ect i on 6 . 4 )  on whi ch i t  i s  

modelled . There  are s everal po3 s ib l e  reasons for thi s .  

In general the data from whi ch the stab ili ty constant 
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Tabl e 6 .  8 C om·pl ex S t rengthen i ng Effe ct  of Sub s t i  tuen t s  

C al culat ed from the dat a o f  C annan and Kibri ck ( 1 938 ) 

and appli e s  to  i o�i c strength I = 0 . 2 . The t emp eratur e  

o f  mea surement was not giv en but i s  a s sumed to b e  20- 2 5°C . 

Zn M g  Ca  Sr  Ba  

� -OH 0 . 87 0 . 40 0 .  58 0 . 3 2 0 . 24 

13 -0H 0 0 0 . 1 0  0 . 1 5 0 . 1 8  

� -COOH -0 . 1 9 -0 . 04 -0 . 06 -0 . 0 2 0 . 05 

{3 -COOH -0 . 1 1  -0 . 0 2  0 . 0 2 0 . 0 5  0 . 1 1  

"' -COOH -0 . 1 6 -0 . 01 -0 . 01 0 0 . 0 5 

� -c oo 1 .45 1 . 1  0 O o 63 0 . 52 0 . 54 

{3 -COO 0 .47 0 . 3 6  0 . 40 0 . 33 0 . 39  
-"' -coo 0 . 30 0 . 2 5 0 . ?5 0 . 25 0 . 25 
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T ab l e  6 . 9 C al culati on of S t ab ili t;y C onsta�1.t s  for Vari ou s  

C i  t rat e C omol£X e s  

Zn M g  C a  Sr 

Butyri c 1 . 00 0 . 53 0 .  51 0 . 3 6  

{3 -OH 0 0 0 . 1 0  0 . 1 5 

� -COOH -0 . 1 1 -0 . 02 0 . 0 2 0 . 0 5 

'Y -C OOH -0 . 1 6 -0 . 0 1 -0 . 01 0 

P ( 2ka1 /Ka1 ) -0 . 80 -0 . 80 -0 . 80 -0 . 8 0  

Log ( 2ka1 /Ka1 . k1 1 ) -0 . 07 -0 . 30 -0 . 1 8  -0 . 24 

Butyri c 1 • 00 0 . 53 0 .  51  0 . 3 6  

a -OH 0 . 87 0 .40 0 . 58 0 . 3 2 

2 {3 -·COOH -0 . 22 -0 . 04 0 . 04 0 . 05 

p ( ka2/Ka1 ) -0 . 08 -0 . 08 -0 . 08 -0 . 08 

1 • 57 0 .  8 1  1 . 0 5 0 . 65 

Calculat ed log K1 1 • 58 0 . 84 1 . 08  0 . 7 0  

Butyri c 1 . 00 0 . 53 0 .  5 1  0 . 36 
{3 -OH 0 0 0 . 1 0  0 . 1 5 

-

{3 -c oo 0 . 47 0 . 36  0 . 40 0 . 33 

'Y -COOH - 0 . 1 6  -0 . 01 0 . 0 1  0 
Log k1 21 ' log k233 1 • 31  0 . 88  1 • 0 0  0 o 8J+ 

Butyri c 1 • 00 0 o 53 0 .  5 1  0 . 3 6  
a -OH 0 . 87  0 . 40 0 . 58 0 . 3 2  

-
{3 -coo 0 . 47 0 . 36  0 . 40 0 . 33 
{3 -COOH -0 . 1 1 -0 . 0 2  0 . 0 2  0 . 0 5  

Log k1 22 ' log k232 2 . 23 1 • 27 1 .  5 1  1 . 0 6 

Log (k1 21  + k1 2 2 ) 2 . 28 1 . 42 1 . 63 1 • 2 6  

P ( 2ka 2ka 21 /Ka 1 /Ka 2 ) - 0 . 04 -0 . 04 -0 . 04 -0 . 04 
2 .  24 1 . 38 1 . 59 1 • 2 2  

Butyri c  1 • 00  0 .  53 0 .  51  0 . 36 
{3 -OH 0 0 0 . 1  0 0 . 1  5 
{3 -COOH -0 . 1 1 - -0 . 0 2  0 . 0 2  0 . 05 

-'Y -c oo 0 . 30 0 . 25 0 . 2 5 0 . 25 
P ( 2ka1 3 . ka1 /Ka1 /Ka2 ) -Q.Jl -0 . 7 1  -� -Q_Jj_ 
Log 0 . 48 0 . 0 5  0 . 1 7 0 . 1 0  

C al culat ed log K2 2 . 25 1 .40 1 • 61 1 • 25 
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0 .  31 

0 . 1 8 

0 . 1 1  

- 0 . 0 5 

-0 . 80 

- 0 . 25 

0 .  31 

0 . 24 

0 . 22 

-0 . 08 

0 . 69 

0 . 74 

0 . 3 1  

0 . 1 8  

0 . 3 9  

2._&2 
0 . 93 

0 . 31 

0 . 24 

0 . 39 

0 . 1 1  

1 • 0 5  

1 . 2 9  

- 0 . 04 

1 • 25  

0 . 3 1  

0 . 1 8  

0 . 1 1  

0 . 25 

-Q.:ll 
0 . 1 4  

1 • 28 



Zn M g  C a  S r  Ba 

Butyri c 1 • 00 0 . 53 0 .  51 0 . 3 6  0 . 3 1  

0' -OH 0 . 8 7  0 . 40 0 .  58 0 . 3 2  0 .  2 6  

2 {3 -COO 0 .94 � 0 . 80  0 . 66 0 . 78  

log k1 23 2  2 . 8 1  1 . 65 1 . 8 9  1 . 34 1 . _33 

Butyri c 1 . 00 0 . 53 0 .  51 0 . 36 0 .  31 

{3 -OH 0 0 0 . 1  0 0 . 1  5 0 . 1 8  
-

0 . 1-J-7 0 . 3 6  0 . 40 {3 -COO 0 . 33 0 . 39  

'Y -coo 0 . 30 � � .Qill 0 . 2 5  

l o g  k1 231 1 • 77 1 . 1 4  1 • 26  1 • 09  1 . 1 3  

C al culat ed log K3 2 . 88 1 . 8 6  2 . 06 1 . 66 1 . 68 



T ab l e  6 . 1 0 A C ompari s on of C al cula t ed and Experi ment al l og S t ab i li ty C o� 3 t ant s 

Zn M g  e a  S r  
C al c  Expt C alc Expt C al c  EXJ2t C alc Ex� C a l c  

Mali c Ac i d  K1 1 . 7 2  1 . 57 0 . 8 8  0 . 77  1 . 0 6  1 . 0 2  0 . 7 8 0 . 7 2  0 .  68 

K2 2 . 40 2 . 80 1 . 4 5 1 . 55  1 . 60  1 . 8 0  1 . 3 0  1 . 4 5  1 . 24 

T art ari c Acid K1 1 . 7 7  1 . 44 0 . 9 2  0 . 9 2  1 . 2 0  1 . 1 1  0 . 9 5 0 .  91  0 . 87 

K2 2 . 6 5 2 . 68 1 . 60 1 . 3 6  1 . 8 8  1 . 8 0 1 . 53 1 . 65 1 . 4 5 

Tri c arb allyl i c  K2 0 . 7 5  0 . 94 0 . L+ 9  0 . 77  0 . 53 0 . 88 0 . 43 0 . 69 

K2 1 . 45 1 . 61 1 • 00 1 . 20 1 . 04 1 . 4 6  0 . 84 0 . 90  

K
� 

2 . 3 1  2 . 43 1 • 66 2 . 0 6  1 . 6 9  2 . 1 7  1 . 45 1 . 48 

C i tri c K1 1 • 58 1 . 25 0 . 84 0 . 84 1 . 08 1 . 0 5  0 . 7 0 1 . 1  3 0 . 74 

K 2 2 . 2 5 2 . 98 1 . 40 1 . 84 1 . 61 2 . 1 0 1 . 25  1 . 78  1 . 28 

K
� 

2 . 8 8  4 . 98 1 . 8 6 3 . 40 2 . 0 6  3 . 55 1 . 66 3 . 21 1 . 68 

I s oci tri c K1 1 • 50 0 . 8 3  1 • 0 2  0 . 69 0 . 7 0  

K 2 2 . 1  6 1 . 3 6 1 . 33 1 • 20 1 . 1 8 

K 2 .  7 6  1 . 8 2  1 • 98 2 . 47 1 • 6 2  2 .  0 2  1 . 6 3  

N o t e s  
1 • Exp eri mental dat a  i n  thi s t ab l e  has b e en t aken from the followi ng sour ce s -

2 .  

Mal i c � 
dl T art ari c Zn , M g ,  C a ,  S r ,  B a  ( I  = 0 . 2 ) C annan and Kib ri ck , 1 93 8 . 

T ri c arb allyli c � 
Z M C B C i tr i c n ,  g ,  a ,  a ( I = 0 . 1 )  C amp i e t  al . , 1 9 64 . 

I s o c i tri c C a ,  Sr  ( I = 0 . 1 6 ) Schub ert and Li ndenbaum , 1 9 52 . 
C al culat ed value s are for I = 0 . 2 .  

Ba 
Exl2..! 

0 . 67 

1 . 3 0  

0 . 8 8  

1 . 6 2  

0 . 7 3  

i . 1 5 
1 . 9 5  

0 . 7 9 

1 . 7 5  

2 . 8 9  

CP 
CP 



sub sti tuent effe ct s were derived and the data wi th whi ch 

the calculated constants are compared , are not as reliable  

a s  the corre sponding data used in the calculati on and 

compari sons of ac idi ty constant s and , in addi tion,  the data 

apply to several di fferent ioni c s trengths . A further 

possibili ty i s  that  empiri cal relat ioJship s of the t yp e  

found for acidity constant s do not hold for stabili ty  

constant s .  

The data of Cannan and Kibri ck ( 1 938 )  was chosen for 

the calculat ion of sub sti tuent effect s  even though i t  was 

obtained at the inconveni ent ioni c strength of 0 . 2 be cause  

their s tudy was the only one in  whi ch all of  the nec e s sary 

stabili ty constant s were mea sured . I t  was considered 

that as the same method s and condi t ions were u sed in all 

of thei r determinati ons , sys temat i c  errors would tend t o  

cancel in the subsequent calculati ons . 

C orre ct i on of stabili ty constant s to  a constant i onic 

strength i s  diffi cult in the i oni c s trength range 

I = 0 .  1 - 0 . 2 ,  parti cularly for eq_uilibria involving 

polyvalent i ons . If  the extrapolations used to  obtain 

values for log K2 and log K3 for th e calcium ci trate  

complexe s  in T able  5 . 9 are extende·d to  I = 0 .  2 then log 

K2 = 1 . 53 and log K3 = 3 . 09  are obt ained comp ared with 

value s of 2 . 1 0  and 3 . 55 re spectively at ioni c s trength 

0 . 1  • If correcti ons of the same magnitude are appli ed 

to  log K2 and l og K3 of the tri carb allyli c and ci tri c 

acid complexes there i s  a general improvement in the 

agreement b etween the  calculat ed and the ( correc t ed ) 

experimental value s of the s e  constant s . However , the 

agreement i s  st i ll very poor for the log K3 of ci tri c 
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acid complexe s .  

An X-ray diffract i on study of crystals of magne sium 

ci trat e decahydrate  (Johns on ,  1 96 5 )  has shown that  the 

hydroxyl group of the ci trat e i s  involved in the chelat i on 

of magnesium i ons and that citrat e act s as a tridentate  

ligand with one fiv e memb er and one si x member ring 

respectively,  the hydroxyl being c ommon to  both rings . 

A study of mol ecular model s indi cat e s  that the i soci trate 

i on can also act a s  a t ridentat e ligand whereas the 

tri carballylate i on can only act a s  a bident at e l i gand . 

The X-ray data (Jotillson ,  1 96 5 )  indi cat e s  intramolecular 

hydrogen bonding between the hydroxyl hydrogen and the 

oxygens of the non- chelat ing carbonyl of the ci trat e i on .  

Simi lar intramolecular hydrogen bonding could al so occur 

in aqueous  s oluti on although there would be  competi t i on 

from intramole cular hydrogen bonding i nvolving solvent 

wat er . Studi e s  of mole cular models ind i cat e that intra-

molecular hydrogen bonding ,  wi th a sev en memb er hydrogen 

bonded ring , i s  possible  in threo but not erythro 

i soci tri c aci d .  

The di fferences  i n  the s trengths of th e complexe s of 

tri carballyl i c ,  i soci t ri c and c i tri c acids  ( e . g . for the 

calcium complexe s ,  log K3 = 2 . 1 7 ,  2 .47 and 3 . 55 respecti v ely ) 
may be  due t o  these  differences  in  chelat i on and intra­

mol ecular hydrogen bonding . 

I t  i s  considered that th e re sult s  of thi s work on 

the calculati on of  cat i on complex s t abili ty  are suffi ci ently 

promi sing for further work t o  be done if and when more 

reliable values  for th e relevant s tability constant s 

become available . 
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PART I I  

C AT I ON AC T IV I T I E S  I N  M I LK ,  M I LK PRODUC 'r S 

AND OTHE R FLU I D S  
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C HAPTER 7 . 

I NTRODUCT I ON 

In most  previ o�s studi es  of cat ion act ivi ti e s  in milk 

and mi lk product s the re sul t s  hav e  been reported as  

concentrati ons of  1 1 i oni zed calcium1 1  (Chri sti anson e t  al . ,  

1 9 :4 ) , or 11 i o:r1i c calcium11 (D emott ,  1 968 ) , or 1 1 free i ons1 1  

(Van Kreveld and Van Minnen, 1 9 5 5 )  etc , rather than a s  

activi ti e s .  The usual pro cedure  has been to  find a 

s oluti on of the chloride s o� sodium , potass ium , magnesium 

and cal cium having the same magne sium and cal cium activi ti es 

as  the milk and in addi t ion having ei ther the s ame i oni c 

s trength as  predicted for the milk or the same  sodium and 

potas sium concentrations . The concentrations of magne sium 

and cal cium in thi s soluti on are then reported a s  a measure 

of the activi t i e s . Thus care i s  needed when using resul t s  

from the li t erature . 

Early studi es of cat i on activi t i e s  in milk involved 

the measurement of the solubili t y  of sparingly soluble  salt s 

i n  milk ultrafiltrates . Harnapp ( 1 938 ) used calcium 

picrolonat e and found l ev el s  of 1 . 2  - 1 .4 mM for cal cium at 

30°C and Nordbo ( 1 93 9 )  u s ed magnesium tropaeolin 00 and 
0 found a level  of 0 . 5 mM for magnesium at 37 C .  

Fyne ( 1 948 , also  Fyne and McHenry , 1 95 5 )  u s ed a 

rennet coagulation t ime method to  det ermine the 11 effect ive 

calcium i on c oncentration11 in milks . It  was recogni sed 

that 11 effect ive concentrat i on11 wa s a compo si t e  quantity  

relat ed to  the 1 1 t rue concentrat ion11 but affec t ed t o  some 
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degree by the pre senc e of other ions . Value s in  the 

range 3 . 5  - 5 . 5  mM were obta ined and a c orrela t i on with 

the heat stabili ty of the milks was found . 

Chri stianson and coworkers ( 1 952 ) were the fi rs t t o  

u s e  a cat i o� exchange re sin metho1 . They reported levels  

of . 1 . o · - 1 . 1 mM for  calcium but complet ely negl ect ed the 

effect s of magnes ium . Thi s neglect was lat er corrected 

and the me thod was used t o  study the effect of milk pH , 

addi ti on of ci trat e and heat treatment on calcium i on 

activi tie s  ( 1 954 ) . They found value s of 2 . 0  - 2 . 3  mM 

for calcium and 0 . 8 2  - 0 . 8 5 mM for magne sium in raw milk 
0 at  t emp eratures  of  2 2  - 25  C .  Milk pH was found to 

hav e  a marked effect on calcium i on a ct ivi ty .  

Van Kreveld and Van Minnen ( 1 955 ) i ndep endently 

devi sed a cat ion exchange resin method and found that 

raw skim milk was 2 . 2  mM in calc ium and 0 . 8  mM in 

magnesium .  They found that pasteuri zation caused a 

reduction in calcium and magnes ium i on activi t i e s . They 

al so  made measurement s on reconsti tut ed skim milk po�der  

and on condensed milks . 

Belec  and Jenne ss  ( 1 963 ) adapt ed the cat i on exchange 

re sin method to  rapid routine use by introducing bat ch 

equilibration of milk and resin in  the  place of column 

equilibration . They found value s of 2 . 25 mM for calcium 

and 0 . 77 - 1 . 1 5  mM for magnesium for skim milk . 

Seekl e s  and Smeet s ( 1 954 ; also Smeet s ,  1 95 5 )  

applied the murexide  method for  calcium (Raaflaub , 1 9 51 )  

to  the investigation of the "Utrecht instability" in milk 

whi ch i s  caused by  a di etary mineral imbalance and 

characteri sed by  an inc reased tendency for the casein t o  
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f'locculate .  They found l evels  in the vi cini ty of' 2 . 7 5  mM 

for normal milks  while  unstable milks had levels  of' 4 . 0  mM 

or  great er o · , . 

Whi t e  and Davi es ( 1 958 ) appli ed the murexide method 

to studi e s  of' milk stabili ty and found values of' 2 . 6 -

3 . 2 mM for milks and values  of' 3 . 8 - 5 . 1  mM for colostrum . 

ThG stabili ty of' milks to e thanol , and to a l es s er extent , 

rennet , was found to  correlate wi th the calcium i on 

activi ty .  

T e s s i er and Ro se  ( 1 958 ) modi fie d  the murexide method 

to give increased s ensi ti vi ty .  They found cal cium l evels  

in  skim milk in the  range 2 . 5 - 3 . 4 mM and investi gat ed the 

effect of' adding calcium , phosphat e and ci trat e to milk 

and the effect of' heat treatment . They al so  s tudi ed milk 

concentrat ed by low temperature evaporation . 

A recent dev elop�ent has been the use of' calcium i on 

specifi c electro des . Demott ( 1 968 ) investigat ed the effect 

of' heat treatment s on milk and found values for calcium in 

the range 1 . 4 - 2 . 5 mM for raw mi lk . The effect of' addit ion 

of' milk powder and of' water to  milk and the effect  of'  

treatment of'  milk wi th anion exchange re sin was al so  s tudi ed . 

Kramer and Lagoni ( 1 96 9 )  det ermined cal cium i on 

activiti es  in fre sh milk , milk recons ti tuted from skim  milk 

powder , evaporated milk and diluted evaporated milk . They 

report a value of' 0 . 8 9 mM for raw milk .  

Muldoon and Li ska ( 1 969 )  compared the cal cium i on 

sp eci fi c  electrode and cation exchange resin method s us ing 

raw , pas t euri z ed and st erili zed skim milks . They found 

the two methods gave comparable re sul t s  and reported value s 

94 



for calcium in  the range 2 . 24 - 2 . 77 mM for raw skim mi lk . 

Of all the method s whi ch hav e b een used t o  study 

cation activi ti e s  in mi lk and in mi lk product s  only the 

cation exchange r e si n  method i s  capab l e  of giving the 

a ctivi t i e s  of all of the cat i on s . The murexi de indi cator 

m ethod (Raaflaub , 1 951 ) i s  l imi t ed t o  the det e rmi na t i on of 

cal c ium in non-turb i d  fluids  at pH ' s of l e s s  than 7 . 5 .  

G enerally mi lk ultrafi l trat e s  are  u s ed to avoid the prob lem 

of turbidi ty . I on spe c i fi c electrod e s  are potenti ally 

p romi sing for the rapid non-d estruc t i v e  mea sur ement of 

negative logari thms of i on activi t i e s  by method s  analogous 

t o  pH mea surement s usj_ng gla s s  elec t rode s .  Ele ctrode s 

sp ecifi c  t o  Na+ , K+ and e a++ but not Mg++ are availab l e  

(Durs t ,  1 96 9 )  but unfortunat ely the s e  electrod e s  tend t o  b e  

unstable  and easi ly p oi soned i n  bi ologi cal s y st ems . The 

sp ecifi c i t y  of the potas s ium el ectrod e i s  poor in  the 

p r e s ence o f  sodium . 

The cat i on exchange re s i n  method can be  appli ed t o  

mi lk di rect ly and b ecause i t  can giv e the activi t i e s  of all 

the cat i ons it wa s the method o f  choi c e  in the pre s ent 

work . I n  the following Chap ters  the cat i on e xchange r e s i n  

method i s  develop ed a s  a very general method appli cable  t o  

fluid s  of diverse  c ompos i ti ons . The theory of the me thod 

i s  develop ed and a cri t i ci sm of earl i er work i s  made . 

The exp erimental p rocedures  are  bri e fl y  describ ed and the 

appl i cati on of the method to  the study of milk i s  d e s crib ed 

and di s cus s ed .  



CHAPTER 8 . 

T HEORY AN.D APPLICAT ION OF T nE IO:.'-l EXC HANGE RESIN 

ME'l' nOD FOR DET ER:HN ING- CA'l'IO:.'-l ACT IV ITIES  

In  thi s Chapter the thermodynami c basi s of  the  cat i on 

- exchange resin method for determining cat i on act ivi t i e s  i n  

solution i s  d evelop ed . Such a treatment of the method 

does not appear t o  h ave been report ed previ ously . The 

applicati on of the method to milk i s  di scussed . 

8 . 1  GENERAL THEORY OF THE ION EXCHA__WGE RESIN METHOD 

FOR DETER�Vl iNING CAT ION ACTIV ITIES 

C o::1.s ider a hyp othet i cal syst em consi s ting of two 

electrolyt e s oluti ons s eparat ed by an i deal membrane of 

s trongly acidi c cati on exchange resin . The resin memb rane 

i s  homogeneo�s and i s  t o tally imperv i ous  to anions , t o  

hydrogen i ons and t o  the solvent . S olute cat i ons 

A, B ,  - - - , can exchange freely between the various phas e s . 

Temperature and pre s sure are constant  and the syst em i s  i n  

a stat e o f  equilibrium . 

Phase  I 

soluti on 

Phase  I I  
cat i on 

exchange resin  

The follovving sym"'bol s will be  u sed 

- Phase  I II 

soluti on 

, I ele ctrochemical potential of cat i on A in  phase  I 
,.. A 

I 
AA act ivi ty of ea t i on A i n  phase  I 
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ZA valency of cati on A 

XI electrical pot enti al o f  phase  I 

F Faraday const ant 

T thermodynami c temp er ature 

. Under c ondi tions of equili bri urn -

I 
J.LA = 

I 
J.L B  = 

etc . 

Expanding 

Rearranging 

RTln(A! � = 

AI I I  
A 

I I  
J.LA = 

I I  
J.LB = 

I I I  
J.LA 

I I I  
J.LB 

I I I0 
= Jl.A . 

( I I I � 
+ RTln AA_ + 

I I I0 
AA 

z FXI I I  
A 

I f  the s tandard states  i n  phas e s  I and I I I  are similarly 

defined thi s equat i on can b e  s implifi ed t o  

RTlnt! � = 

AI II 
A 

S i milarly for 

RTlt� 
1 = 

AI I I  
B 

ZAF (XIII  - xi) 

component B 

ZBF (xrrr  - x
r) 

( 1 ) 

( 2 ) 
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Dividi ng e�uat ion ( 1 ) by  e�uat ion ( 2 )  

or 

= ( 3 )  

E�uat i on 3 stat e s  that the act ivi ty guo t i ent f'or the 

pai r of' cat ions A, B ha s the same value in phase s  I and I I I . 

Thi s re sult has been deri v ed wi thout need f'or detai led 

knowledge of' the re sin phase . 

In a syst em of'  N cati ons there are a t o tal of' N (N-1 ) 

different activi ty  �uoti ent s only N-1 of' whi ch are indep end-

ent . That i s , i f'  N-1 act ivi ty �uoti ents are speci fied  then 

all act ivi ty �uoti ent s are specif'i ed o  

E�uati on 3 i s  the ba s i s  of' the Ion Exchange Method f'or 

Det ermining Cati on activi t i es in solut ion .  If'  solution I 

i s  the solution under inv e sti gation and soluti on I I I  i s  

a simple  dilute soluti on of' known composit i on whos e  cat ion 

act ivi t i e s  can be  found by  calculat ion or by other m eans 

then the activi ty quoti ent s f'or soluti ons I I I  and I can b e  

cal cul at ed .  I t  i s  nec e s sary t o  have an independent 

a s s e s sment of' the activi ty  of just one cati on in soluti on 

I before all the cat ion activi t i e s  can be cal culat ed 

from th e activi ty quot i ent s . 
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8 . 2  APPLICATION 

In order to  apply the I o� Exchange Method the 

hypotheti cal exp eri ment d e s crib ed abov e must b e  replaced 

b y  an e�uival ent set of exp eriment s .  The s e  are : 

( 1 ) From a s eri e s  of e�ui lib rat i ons of b eads of i on exchange 

resin  wi th  different s tandard solut ions find emp i ri cal 

relati onship s  b etween r e s i n  compos i t ion and activi t y  

�uot i ent s .  

( 2 )  E�uil i  brat e an e xc e s s  of the unknovm solut i on wi th 

i on exchange resin and d e t ermine resin comp o s i t i on . 

( 3 )  U s e  the emp i ri cal relati onship s  and the e�u i libri um 

re sin composit ion to cal culat e  th e activi ty �uoti ent s 

for th e unknown solut i on .  

The s e  exp er iment s are now di scus s ed in more detai l . 

1 .  Resin  C alibrati on 

Activi t y  �uoti ent s for d i lute  a�ueou s solut i ons of 

s trong elect rolyt e s  of known comp o s i t i on can b e  cal culat ed 

using the D ebye-Huckel e�ua t i on for activi ty coeffi c i ent s :  

l og 'Yi  = 
-A zi 

2 ..J I 

1 + Ba1 . ..JI 

where  the symb ol s  have thei r  u s ual meanings . V alue s of 

the clos e s t  approach p arame t er ,  a i for vari ous c a t i ons hav e  

b e en given b y  Ki e lland ( 1 937 ) .  For thi s reason such 

soluti ons are useful for ' calibrating '  the i on e xchange 

re sin . A s eri e s  of such solu t i on s  are e�uilibra t ed wi th 

di fferent port i ons of i on e xchange re sin  aft er whi ch 

solut i on and r e s i n  are separated  and are analysed . 

Funct i onal relat i onship s b etween activi ty q_uoti ent s and 
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r e s i n  comp o s i t i on are then found emp i ri call y .  I t  i s  no t 

nec e s sary fo r the calibra t i ng s oluti ons all to hav e the 

same i oni c s t r ength although i oni c s trength mus t  b e  

suffi ci ently low for th e Debye-Huckel equat i on t o  apply . 

2 .  UYL"known Solut i o:-1 Eq,� i l i  bra t i on 

A large volume of the solu t i on under i nv e s t i ga t i on 

i s  equilibrat ed wi th a small port i on of i on exchange res i n .  

B e caus e  t h e  s oluti on i s  pre s ent i n  exce s s  i t s comp o s i ti on 

i s  not s ensibly alt ered by  the e quilibrati on .  Aft er the 

equi l ib rat i on the resin ha s a compos i t ion whi ch i s  

charact eri sti c of the activi ty quot i ent s  of the solu t i on .  

3 .  C alculat i on o :f  the Activi ty Quoti ent s for the Unkno-vVn 
Soluti on -----

The activi ty q_uot i ent s for the  s olution under i nvest-

i gat i on are found by sub sti tuti ng t he equilibri um r e s in 

comp o s i t i on i nto the emp i ri cal relati onships  for the 

acti v i t y  quot i ent s .  
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CHAJ;:TER� 
A CR I 'r iCAL D I SC U S S I ON OF THE WOHK OF VAN KREVELD 

Ai'IJD VA.TI{ MINNEN ( 1 95 5) 

The cati on exchange resin  method for det ermini ng 

cat i on a ct ivi ty quotient s ha s b een applied t o  milk s ev eral 

t ime s ( s ee Chap t er 7 )  s i nc e  i t s  i ntroduct i on b y  

Chri s t i ansen,  J enne s s  and C oul ter  in 1 952 and has r e c ently 

b een appli ed to  the int e s t inal c ont ent s of ruminant s 

(Molloy and Ri chard s ,  1 97 1 ) .  The theory b ehi nd the 

method does  not appear to  have b een  d i scus s ed i n  the 

li t erature and there seems t o  hav e  been li t tl e  appre c i at i on 

of the gene rali ty  of the method . I t  has b een shown i n  

C hap t e r  8 that the cat i on exchange re sin method g i ve s  

cation activi ty quot i ent s .  The p robl em remai ns of 

e st imat i ng singl e cat i on activi t i e s  fro� the se  quoti ent s . 

Van Kreveld and V an Minnen ( 1 955 ) have di scus sed part s of 

thi s p robl em in s ome detai l and a cri ti cal di s cus s i on 

and ext ensi on of thei r  argument s i s  given i n  thi s 

C hap t er . 

V alidi ty of Single I on Ac t ivi ti e s  

The act ivi t y  o f  a single i oni c speci e s  cannot b e  

det ermined from thermodynami c s tudy alone but requi re s 

the adop t i on of s om e  extrathermodynami c as sumpti on or 

c onv ent i on .  The si gni fi cance and meaning of s ingle i on 

activi t i e s  i s  the sub j ec t  of di fferences of opini on with  

many thermodynami c puri s t s  continui ng to opp o s e  the 
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conc ept (Bat e s ,  1 964c ; Bat e s  and Alfenaar , 1 969) . The 

justifi cat i on for the use  of single i on activi ti e s  i s  a 

pragmatic  one . C onsi st ent s cal e s  of single i on activi t i e s ,  

such as th e pH s cale , can be  constru ct ed and have b een 

found useful in the understandi ng of diverse a spect s of 

chemi stry.  

U s e  of th e th erinodynami cally definable quanti t i e s  

A _ _ /"" A lrv 2 A� / 2 avoids the di ffi cul t i e s  wi th single - -:-Na ' K' M g  ' K ' - -e a �' K  
i on activi t i e s  and the se  quanti t i e s  can probably b e  considered 

as b eing approximat ely equal to the " concentrati on of free  

i ons" used b y  some workers  ( s ee Chap t er 7 )  as  

and " Mg � 'Ye a  
� 'Y K2 s o  tha t ��] - ANa/'Y K '  

'Y Na 'Y K 
[M�+] ,.., AM/ 'YK 

2 

and 2 Ac a/'YK · 
In thi s case  the square b racket s denote  

concentrat i on of  ' free i ons ' and not the total s t oi chi ometric  

concentrat i on . 

Equati on 8 . 3 ,  which give s the relationship s between the 

cat i on activi ti e s , appli e s  to milk and the corresponding 

i soi oni c soluti on of Van Kreveld and V an Minnen ( 1 955 ) . I t  

i s  apparent that i f  an activi ty can b e  assi gned to  one o f  the 

cati ons of mi lk and the values for all of the activi ty 

quotient s are known , then single i on activiti e s  can b e  eas ily 

calculat ed for all of the cat i on s . V an Kreveld and Van M i nnen 

( 1 955 )  chose  to a s sign a value to the pota s sium i on act ivi ty .  

( I t  should b e  not ed that i t  i s  not nec e ssary for the pot a s s ium 

i on activi ty t o  b e  the same i n  milk and in the calibrati ng 

s oluti on in order t o  allow cal culat i on of cati on activ i ti e s  

i n  milk from the activ i ty quoti ent s ) . 
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The Relat i o�ship B etween Potass ium I on C oncentrat i on and 
P ot a s sium Io ;1. Activi ty i n  M i ll<: . Facto::>s  Affect i np; 
Pot a s s ium I on Activi ty 

A s ource o f  error whi ch was not di scu s s ed b y  Van 

Kreveld and V an Minnen ( 1 955 ) i s  the di fferen ce b etween 

the potas sium i on conc entra t i on i n  mi lk and the concentrat i on 

in  the serum phase  of m i lk . Typi cal c onc entrat i ons for 

milk and mi lk serum are given in T ab l e s  1 . 1  and 1 . 2 .  The 

di fference for p ot a s s ium i s  small so that only a small e rror 

i s  i nt roduced by the u s e  of pota s s ium i on c onc entrat i on i n  

mi lk i n  the p lace  of p o tas sium i on conc entration i n  the 

serum phase . 

1 .  Bindi�g by Prot ein  

The s erum pha s e  of ski m mi lk contains ab out 0 . 6% 

prot ei n ,  ab out half of whi ch i s  � lactoglobuli n . I f  the 

numb er average we ight of the s erum prote i n  i s  t aken a s  

30 , 000 then the serum i s  ab out 0 . 2  mM i n  p rote in . There 

wi ll be interact i on b et ween the p osi tively charged potas s i um 

i ons and the negatively charged serum prote i ns (C arr , 1 956 ; 

Basch and Tima shebb , 1 967 ) . I f  tbe ave rage charge numb er 

per  p rotein mol ecul e  i s ,  say , -1 5 then the ani on concentrat i on 

due t o  the prot ein  will b e  about 3 mi lli e quivalent s per 

li t er . The pota s sium i on concentration i n  the s erum phas e 

i s  ab out 3 5  milli equivalent s per li t er . I f  i t  i s  a s sumed 

that p otas sium i ons  alone bal anc e the negat ive  charge of the 

serum proteins and tha t  the potas sium i on s  needed fo r charge  

b al ance  are  t i ghtly bound to the p rotei n then the potassium 

i on a ct ivi ty will b e  reduc ed by  about 3 mM or l e s s  than 1 0% 

b ecau s e  of the protein i nt eract i on . There  i s  exp e c t ed t o  

b e  p referentia l interact i on of divalent ca ti ons wi th the 
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prot ein and al so comp et i t iv e  interacti on from s odium i ons . 

Further , the potas sium i ons  ar e not expected t o  b e  so 

ti ghtly bound that none are  available to c ontribut e to the . .  

potassium activi ty of tbe solut i on .  Thus pro t ei n  -

potass ium i on interacti ons i n  th e serum pha s e  are  exp ect ed 

t o  cause  only a small r educt i on in  pota s sium i on activi ty . 

At lower pH ' s  av erage prot e i n charge numb er will  b e  l e s s  

than - 1 5 and potas sium i on a ct iv i ty wi ll b e  corre spondingly 

affect ed ev en l e s s  by s e rum prot ein  int eract i on . 

2 .  Lact o s e  

Lac t ose , pres ent i n  mi lk a t  about 5% or 1 50 mM , mi ght 

b e  exp e c t ed to  affect  activi ty coeffi ci ents of i ons even 

i f  only by di lut ing the solv ent water  or by affe c t i ng i t s  

di electri c constant . Exp eriment s (Robinson and Stoke s , 

1 96 2 ;  Kelly e t  al . ,  1 961 ) with mi xture s of the sugar 

al cohol D-manni t ol and KC l ( and al so NaC l ) show that manni tol 

has only a small effect on the ac tivity  coeffi ci ent for KC l .  

No analogou s  dat a i s  avail ab l e  for lac tose or for any 

di saccharide or aldose . There i s  some evi dence  for 

int era ct i on b etween lact o s e  and sal ts  in  a�ueous  solution 

(H errington ,  1 934 ) . Salt s  aff e c t  the e�ui librium specifi c 

rotat i on of a�ueous soluti on s  of lact o s e  and al s o  affect  

the kinet i cs of  mutarotati on .  The e ffect s are small in 

d i lut e salt s oluti ons . Sme e t s  ( 1 9 5 5 )  found no evidence 

for lacto s e  - calcium i on i nt era ct i on when studying calcium 

i on a ct ivi t i e s  in milk s erum by the murexide cal cium 

i ndi cati on method . The e ffect  of lactose on the a ct ivi ty 

coeffi c i ent of pot a s sium i s  exp e c t ed to  be  smal l . 
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3. El ectros tati c Interac t i ons 

Debye and Huckel hav e shown how to cal cul a t e activi ty 

coeffi ci ent s for dilut e el e c trolyt e s olut ions b y  considerati on 

of th e el ectrostat i c  int era c t i on energy of imp e ne t rabl e  

spheri cal i ons . 

At t emp t s  to apply the D ebye-Hu ckel equati on to 

s oluti ons containing prot e i n  p o s e s  problems  e sp eci ally a s  

regards t h e  c oncep t s of i oni c strength and clo s e st approach 

di s t anc e s . Protein i ons are  amphot e ri c . The net charge , 

Z ,  of a protein  i s  the algebrai c sum of the posi tive  and 

negative  charge s due to  such group s as  -- NH; and 

-- c oo- . Even when the net  charge i s  zero there i s  

exp ect ed t o  b e  some elec t r o s tat i c int eract i on o f  the prot ein 

wi th i ons i n  the surroundi ng solut i on . Treatment of the 

prot ein mol ecul e as  a large imp ene trabl e sphe ri cal i on of 

charge Z would giv e  compar at i vely large cal cula t ed valu e s  

for the i oni c strength of mi lk s erum at normal milk pH ' s . 

The clo s e st approach param e t er  for interact i on s  inv olvi ng 

the p rot ein  would b e  much great er than for int erac t i ons not 

i nvolvi ng the pr_ote in ,  contrary t o  th e requirem ent of the 

Debye-Hu ckel model that th e clos e s t  approach di stanc e s  b e  

eg_ual or approximat ely eg_ual for all pai rs of i ons . Thus 

the treatment of the protein  mol ecul e as  mult i charged 

sphere i s  not very reali s t i c . 

An a l t e rnative i s  t o  treat  the pro t ein i on in i t s  

contribut i on t o  the i oni c s t rength a s  b eing equivalent t o  

Z ind ep ende nt univalent i ons . Thi s p rocedur e i s  more 

rea s onab l e  for long chai n polyelectrolyt e s  ( the charg e s  

o f  whi ch may b e  expected t o  b e  more · capabl e o f  i ndep endent 

mot i on) t han i t  i s  for th e more ri gid protein i ons . 
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V an Krev eld and Van M i nnen ( 1 95 5 )  refer to  exp eri m ental 

data fo r fl exible polyel e c t r �lyt es  in support of the i r  

a s sumpt i on that a s  far a s  t h e  serum p rotei ns of mi lk are 

conc erned " the negative  ch arge s are so  far apart that they 

should b e  considered as mo�oval ent in th e i oni c atmosphere 

theory" and thus contribut e negli gibly to the i o::J.i c  

s tr ength of mi lk . Low angl e X- ray scatt ering s tudi e s  

(Wi t z  et  al . ,  1 964 ) and pH t i tra t i on studi es ( T anford , 1 96 2 )  

i ndi cat e a ri gid compact s t ructure fo r � lact o gl obul i n ,  

the pri ncipal serum p rot ei n . 

B oul e t  and Mari er ( 1 960 )  hav e measured the i oni c 

s t rength of some mi lk ultrafi ltrat e s . They d e t ermined 

the s olub i l i ty produ ct for calcium ci trate (c a3C i t 2 ) i n  

t h e  ult rafil trat e s  and sub st i tut ed the value s obtained into 

a previ ously found empi ri cal equa tion for the i oni c strength 

d ependenc e of the solub i li t y  product . Solut i on of the 

e quat i on for i oni c strengt h  yi elded values clo s e  t o  0 . 08 , 

i n  good agr eement wi th caclulat ed value s (Whi t t i er ,  1 929 ; 

Nordb o ,  1 93 9 ) . However , a s  milk ul trafil trat e s  are 

p ra c t i cally free of prot e i n  thi s fi gure cannot be appli ed 

di r e ct ly to the serum pha s e  of mi lk . 

At i oni c s trengths in t h e v i cini ty of 0 . 08  the activi t y  

coeffic i ent for potas sium i ons i s  not very sensi tive t o  

changes  i n  the i oni c strength o r  i n  th e clo s e s t  approach 

di stance . Although i t  i s  not e a sy and i s  p o s si b l;y not 

meaningful to calculate o r  to measure the contribut i on 

of prote i n  t o  the i oni c s t rength of mi lk serum i t  i s  not 

ne c e s sary to a ssume as have V an Krev eld and V an M i nnen 

that any s uch contribut i on i s  negl i gibl e in order t o  

calculat e the potass ium i on a ctivi ty coeffi ci ent i n  mi lk 
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t o  a rea s onab l e  approximat i on . 

Sum:nary 

The p o t a s sium i on activi ty  of milk i s  dep endent on the 

p o t a s s ium i on concentrat i on of the s erum phas e  of mi lk and 

i s  prob ab ly l i t t l e  affected  by lac tose  or by binding by 

serum prot eins . A reasonabl e value for the a ct i vi ty 

coeffi ci ent for the p ota ss ium i on can be  cal culat ed  from 

the Debye-Huckel equati on if the contributi on of the prot ein 

to the i oni c s trength i s  i gnored . 
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CHAPTER 1 0 .  

EXPER n .m�n AL 

1 0.1  DESCR IPT ION OF APPARAT US 

Flame Photom e t e r  

A Z ei s s  PMQ I I  spectrophot o�et er fit t ed wi th a ' FA2 ' 

flame a t t achment  was used for all flame pho tometry . The 

flame wa s a cetyl ene/air and wa s produc ed at a sli t burner . 

A Sargeant SRL recorder wa s coup l ed to  th e sp ectrophotometer 

through a re si stor- capaci tor int egrating circui t  wi th a 

t ime cons tant of 2 . 5  second s . M agnesium wa s det ermined by 

flame ab sorp t i on ,  the light sour ce  b e ing a modulat ed 

' Perki n-Elmer ' magnes ium hollow cathode lamp . 

C olumns 

Glas s  tubes  o f  internal diamet er 0 . 5 cm and l engt h  

8 c m  drawn t o  a tip  at the bot t om and plugged wi th gla s s  

wool were u s ed f or eluti on of re s in . The columns were 

support ed by rubber di s c s . The d i s c s  sat on the rims  of 

the fla sks used to  collect  th e column effluent and the 

columns r e s i ded i n  hole s i n  the di s c s .  Generally about 

0 . 2  g of r e s in was eluted at a t i m e . Elutant was added 

to the column i n  small aliquot s from a wa sh b ott l e . 

Surface t ensi on p revented th e columns from running dry 

b etween addi t i ons . 

Generally grade A pip e t t e s  and grade B s tandard flask s  

wer e u s ed in all s tandard volumetri c work . 
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1 0 . 2 REAGENTS 

C ommerci ally availabl e reagent s of analyti cal grad e 

were  used without further purifi cat i on or a s s ay . 

D i sti lled wat er wa s dei oni sed by p a s s age dmm a mixed b ed 

i on exchange column shortly  before i t  wa s re�uired . The 

di s ti lled wat er and the dei oni sed wat er were stored in 

p olythene t an..'ks . 

I on Exchange R e s i n  

Strong cati on exchange re sin ' Amb erli t e '  IR-1 20 o f  

analyti cal reagent grade wa s used . Thi s b ead-like 

granular mat eri al i s  a sulphoni c re s i n  based on the 

p olymeri sat i on of styrene containi ng ab out 8% of divi nyl 

b enz ene . B ead s i ze wa s in  the rang e  1 6- 50 m e sh . All 

the exchange resin  u sed came from b o t t l es with the same 

b a t ch numb er .  

Flame Photometry Standard s  

Analyti cal reagent grade NaC l ,  KC l ,  M g  metal and 

C aco3 were u sed . Accurat ely wei ghed �uant i t i e s  o f  thes e  

mat erial s  were di s solved in wat er' o r  a small exc e s s  of 

hydrochlori c aci d ,  a s  appropriat e , and made up to standard 

v olume . The resultant standard s t ock s oluti ons contai ned  

ab out 1 , 000 ppm of the cati on . S tandards havi ng conc ent rat-

i on s  simi lar to tte unknowns were p rep ared daily by 

dilution of the s tandard s tock s olut i ons . 
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1 0 .3 PROC E�URE S  

R e sin C ondi t i oning 

The cat i on exchange resi n ,  ini t i a lly in  the pota s s ium 

form, was treat ed wi th a seri e s  of s olutions  contai ning 

NaC l , KC l ,  MgC l 2 and C a
.
C l2 to produce a re sin  composi t i on 

s imilar t o  th at found after equilibrat i on of a port i on 

of the resin wi th mi lk .  The re sin  wa s then thoroughly 

wa shed , the fine s removed by decanting and the r e si n dri ed 

i n  ai r at room temp erature . 

then stored for l at er use . 

R e s i n  Calibrat io� 

The c ondi tioned r e s i n  was 

Approximately 0 . 2 g porti ons of the  condi t ioned r e s i n  

were gently shaken wi th 1 00 m l  porti ons of soluti ons  

c ontai ning approxi ma t e ly known concentrati ons of NaC l , 

KCl ,  MgC l2 and C aC l 2 for p eri od s of not l e s s  than four 

hour s at c onstant tempe rature . The re sin and s oluti on 

were then separa ted by decant i ng and the resin drai ned and 

washed wi th di st illed wat er on a sintered gla s s  fi lter . 

Aft er being t ransferred to  small columns the re s in wa s 

e luted wi th 1 0  ml of 3 M hydrochloric acid over a p e ri od 

of ab out 2� hour s . The resul t i ng column effluent s and 

the equilibra t ed s oluti ons were sub s equently analysed by  

flame photometry .  

Re s in Equi librati on wi th M ilk 

Resin  equilibrat ion o f  milk was achi eved by  two 

different methods . 

( 1 ) 3-4 l i t e r s  of skim milk were pa s s ed down a c olumn 

containing ab out 1 0  g o f  condi t i oned r e s in over a p eri od 

1 1 0  



of' 4- 5 ho'J.rs ; 

( 2 )  approxi mat ely 0 . 2 g port i on s  of' condi t i oned r e s in were  

shaken for 1 5  minut e s  or longer wi th thr e e  or  f'our 

succe s sive port i ons ( approxi mat ely 1 00 ml ) of' skim mi lk . 

Af't er equi librati o�,  the  re sin was thoroughly drai ned 

and wa shed wi th cold di st illed wat er . The r e s in wa s then 

eluted wi th HC l as fo r th e calibrat io� pr ocedure . 

Flame Photometri c Analysi s 

Aft er sui table  d i luti on th e mi lk and s oluti ons were 

analysed as outlined in T ab l e  1 0 . 1 . 

T ab l e  1 0 . 1 Analysi s M ethod s 

f'lame emi s si on photometry 

f'lam e ab sorpti on pho t om e try 

E . D . T . A .  ti t ra t i on using 
eri ochrome 

Black , T 

column e ffluent , 
calibratin� soluti on 

Na ,  K ,  C a  

Mg 

milk 

Na , K 

Mg 

Mg-t-Ca 

A s tandard was  run b etween each unknown d e t e rmined by 

f'lame photometry . T ot al divalent cat i on ( Magn esium + 

C al c ium) i n  milk was d e t e rmined by ti trati on wi th a standard 

s olut i on ( approxima t ely 0 . 0 1  M )  of' ethylene di amine 

t etraacet i c  acid di sodium sal t ,  ( E . D . T . A . ) u sing the 

coloured indi c ator , Eriochrome Black T .  

1 1 1 



C HAPTER 1 1  . 

RE SULT S 

1 1  . 1 'l'HE EFFEC T OF TEEPERATURE ON RE S IN C OMPO S I T I ON 

Chang es  in temp erature mi ght be exp ect ed to  change 

the composi tion of i on exchange resin in equi l ibrium wi th 

solut i on .  

Porti ons of condi t ioned i on exchange re si rc were 

equi librat ed overni ght wi th d i fferent port i on s  of a soluti on 

o f  the chlorides  of sodium , potas sium ,  magn e s i um and c alc ium , 

at  t emp eratur e s  of 4 ,  1 6 . 6  and 30 °C .  The re sulting resin  

composi t ions were then d e t e rmined and linear regre s s i ons 

b e tween mole fra ct i on quot j_ ent s and t emp erature were 

calculat ed . A small but s tati sti cally signi fi cant effect 

was  found for magne sium and calcium but not for s odium 

( e . g . Figure 1 1 . 1 ) .  The t emp erature coeffi c i ent s and 

s tandard deviat i ons were a s  follows : 

= -0 . 0006 + 0 . 0006  

= 0 . 0071 ± 0 . 001 5 

= 0 . 00 2 2  + 0 . 0007 

The cati on activity quoti ent s for the equi librated 

s olut i on are a ssumed t o  b e  almo st  inv ari ant wi th t emp erature . 

1 1  2 
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1 1  • 2 THE EFFEC T OF RE S IN BEAD S I ZE 

A s  some of the proce s s e s  of the i on exchange method 

i nvolvi ng manipulati on of small quant i ti es of re s i n  b eads 

mi ght re sult i n  s i z e  fra ct i onat i on a t e st for thi s wa s 

made . Ai r dry condi t i oned IR1 20 r e s i n  wa s p a s s ed thro�gh 

a s eri e s  of standa rd si eve s  acco rding to the sch eme 

outlined in Fi gure 1 1  . 2 . 

Fig. 1 1 . 2  Re sin  B ead Frac t i ona t i o:::l S cheme_U sing S t andard 
Si ev e s  

r e s i n  

1 4  mesh · · · · • • · · · • 

! 
2 2  mesh • · · · · · · • · • 

! 30 me sh • · . • . . . . . •  

� 

di scarded 

large fra ct i on 

medium fra ct i on 

small  fraction 

0 . 2 g p orti ons of the vari ous re s i n  fracti ons were 

transferred to c olumns , eluted wi th HC l ,  th e elutent s 

analys ed and the resin  composi t i on cal culat ed . 

I t  was a ssumed that the standard dev i at i on of th e 

mole fracti on of a parti cular i on wa s the sam e fer all 

b ead s i ze s  and the student s t t e s t  was appli ed to t es t  

for a di fference in  the mean s  f o r  vari ous  pai r s  of s i ze 

fract i ons . No s i gni fi cant di fferenc e  wa s found and i t  

i s  therefore concluded that ther e i s  no s i gnifi cant b ead 

s i z e  effect . A s  the smaller b eads mi ght b e  exp e c t ed t o  

equilibra t e  more qui ckly than the l arger b eads any 

apparent s i ze effect ob s erved during an exp erime nt i s  

likely t o  i ndi cat e i nc omplet e equi librat i on or eluti on . 

1 1 4 
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1 1  • 3 ELUTION KINETIC S ----

0 . 2 g port i ons of condi t i oned re sin were placed i n  

small columns and were eluted vvi th approximat ely 3 mol/l 

HC l .  0 .  25 ml ali quo t s  o:f acid were add ed every 5 m.inu t e s  

and succ e s si v e  1 m l  :fract i ons o :f  column effluent were 

coll ected and analys ed fo r Na and C a .  The logari thm o:f 

the concentrati ons d e c reased approximat ely linearly wi th 

t i me or wi th t o tal v olume o:f effluent . Sodium wa s elut ed 

more rapidly than calc ium and eluti on wa s more than 98% 

c omp l e t e  a:ft er th e p a s s ag e  o:f 5 ml o:f HCl ,  ( 1 00 minut e s ) . 

1 1 . 4 CALIBRAT ION OF THE ION EXCHANGE RESIN 

Flame photo�etr i c analysi s o:f d i lu t ed column effluent s 

and equi librat ed soluti ons  :for ' Amb erl i t e  IR-1 20 ' r e s i n  a t  

1 2°C yi elded th e re sult s gi ven i n  T ab l e  1 1 . 1 .  The resul t s  

are  given t o  :four :fi gure s t o  avoid ari thmeti c rounding 

e rrors  in sub sequent calculati ons . F our figure accu ra cy 

i s  not  impli ed . 

Cation activi ty quo t i ent s :for th e e qui libra t ed 

solu t i ons and mole fract i on quoti ent s :for th e equilibrat ed 

r e s i n  were c al culat ed :from th e dat a o:f T abl e 1 1 . 1 and the 

r e sult s  o:f thes e  calculati ons are given in T ab l e  1 1  . 2 .  

The activi t i e s  were c al culat ed using the Debye-Huckel 

equat ion :  

- log "y .  l 
= 

0 . 507 . 2 z .  . ./I l 

and the :following value s :for Z and ai ' re spectiv ely :  

Na  1 ,  4 ;  K 1 ,  3 ;  M g  2 ,  8 ; C a  2 ,  6 (Ki e lland , 1 937 ) . 

1 1  5 
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T ab l e  1 1 . 1  F l a m e  Phot ometry R e sult s  from t he C alibrat i on 

of IR- 1 2 0  R e si n  at  1 2°C 

Samp l e  C ompo s i tion of d i lut ed 
No . e�uilibrat ed soluti ons 

mg/l 

Na K C a  M g  

Dilut- 1 i n  1 i n  1 i n  1 i n  
i on 250 2 5  25 2 5  

C omposi t i on c f  dilut ed 
column effluent s 

mg/l 

N a  K C a  Mg 

1 in 1 i n  1 i n  1 i n  
1 0  1 0 " 1 0  1 0  

1 2 . 703 6 . 830 3 . 469  0 . 7 1 7 6  1 . 1 39 7 . 7 23 5 . 879  0 . 51 80 

2 1 . 30 2 7 . 230 3 . 0 9 2  0 . 68 61 0 . 5470 6 . 9 27 5 . 6 24 0 . 4771  

3 3 . 50 6  7 . 1 7 2 3 . 633 0 . 7 59 2  1 . 7 1 6 7 . 1 93 5 . 637 0 . 47 7 6  

4 3 . 1 26 3 . 525  2 . 8 1 4 0 . 6662 1 . 368 5 .4 2 6  7 . 247 0 . 647 6 

5 2 . 81 0  1 2 . 0 2  3 . 837 0 . 7 644 1 . 096 1 1 . 1 0  5 . 33 2 0 . 41 23 

6 2 . 898 7 . 343 3 . 0 9 9  0 . 4444 1 . 1 38 8 . 280  6 . 8 1 3  0 . 3520 

7 2 . 1 90 7 . 506  3 . 49 8 1 . 248 1 . 063 7 . 304 5 . 688 0 . 78 61 

8 1 . 7 8 6  6 . 927 1 . 9 64 0 . 6437 1 . 1 7 6 8 . 8 69 5 . 53 2 0 . 68 1 4  

9 1 . 807 7 . 038 6 . 1 20 0 . 7 6 50 0 . 941 0  7 . 2 24 7 . 1 1 3  0 . 384 5  

1 0  3 . 596 1 2 . 7 1 4 . 1 3 9 0 . 7704 1 . 273 8 . 7 98 4 . 034 0 . 31 0 9  

1 1  3 . 548 7 . 2 68 3 . 659  1 . 2 50 1 . 7 59 7 . 237 5 . 3 90 0 . 7 926  

1 2  3 . 541 7 . 1 53 6 . 1 67 0 . 77 52 1 . 1 78 5 . 1 41 5 . 446 0 . 3087 

1 3  1 . 904 1 2 . 7 2 4 . 043 1 . 347 0 . 69 63 8 . 680 4 . 039 0 . 51 91 

1 4  1 . 883 1 2 . 8 6  6 . 70 1  0 . 8 1 33 0 . 67 0 6  8 . 983  5 . 7 58 0 . 2 688  

1 5  1 . 8 63 7 . 238 6 . 2 5 6  1 . 337 0 . 57 68 4 . 68 6 5 . 51 8  0 . 4847 

1 1 7  



T ab l e  1 1 . 2 . C alib ra t i on Dat a  for Amb erli te IR- 1 20 at 1 2°C 

S ampl e  
No . 

EQui librat ion Solut i on 
activ i t;y Qu oti ent s mmol/1 
I 2 2 �a/AK Aca/iy,_ A�.1�� 

X 1 04 X 1 o
4 

1 0 . 081 8 0 .  687 5 8 . 1  29 3 . 036 

2 . 0 68 6 . 3099  6 . 463 2 .  567 

3 . 0 931  . 8 51 2 7 . 6 57 2 . 91 1  

4 . 0 638 1 . 5348 2 5 . 21 8 1 0 . 636 

5 . 1 1 69 . 408 9 2 . 837 1 . 043 

6 . 0856 . 68 65 6 . 270 1 . 6 27 

7 . 08 2 2  • 50 69 6 .  7 90 4 . 375 

8 . 0694 . 4467 4 . 52 6  2 . 6 58 

9 . 07 85 . 4459 1 3 . 552 3 . 0 50 

1 0  . 1 30 5  . 4960 2 . 7 1 9 0 . 9393 

1 1 . 0957 . 8 507 7 . LJ-93 4 . 66 5  

1 2  . 0 982 . 86 2 9  1 3 .  0 21 2 .  98 6  

1 3  . 1 1 38 . 26 1  6 2 . 673 1 . 641 

1 4  . 1 1 77 . 2561 4 . 3 2 6  0 .  9691 

1 5 . 0824 . 4473 1 3 . 0 53 5 . 039  

Resin  
mol e fract i on Quoti ent s  

2 2 XNa/� XC a/XK XM/XK 

0 .  2507 1 . 560 0 . 2265 

. 1 342 1 . 61 3 . 2 257 

. 4055 1 . 741 • 2431 

. 4285 3 . 808 . 560 5 

. 1  679 0 . 7 9!.+8 . 1  0 1 3 

. 2336 1 . 690 . 1 440 

. 2474 1 . 656 . 3774 

. 2 255 1 . 1  9 1  • 241 7 

. 2 21 5 2 . 1 78 . 1 938 

. 2461 0 . 783 . 0995 

. 4 1 32  1 .  683 . 40 7 6  

. 3 895 2 . 604 . 2431  

. 1  364 0 . 7 655 . 1  621  

. 1  269 1 . 1  26 . 08 6 5  

. 2093 2 . 901 . 4200  

1 1  b 



The following regr e s s i ons and correlati on coeffic i ents  

were f'ound : 

�cl� = 2 . 745 

A /�2 
Ca = 0 . 000 

AM/Ay;_ 2 
= 0 . 00 1  

(� /X ) 1 o 1 34 
a K 

3 7 2 5 (XC cl� 2 ) 1 . 34 2 

577 (XM��2 ) 1  o 1 8 1 

R 

R 

R 

= 0 . 9409 

= 0 . 9837 

= 0 . 9774 

A s e cond resin cal ib rati on experi ment was performed 

using the same batch of r e sin  but covering a wider range 

of values  for the activi ty quoti ent s . The data  obtained 

from thi s exp eri ment are gi ven in Table  1 1  . 3 .  

The followi ng regre s s i ons a nd correlation coeffi ci ent s 

were found : 

�cl� = 2 . 3 53 

2 Ac a/AK = 0 . 000  

AM��2 
= O o 00 1  

(�a/�) 0 .  9948 

3303 ( X  /�2 ) 1 . 374 
Ca  

890 (XM��2 ) 1 . 32  

R 

R 

R 

= 0 . 9938 

= 0 .  9961 

= 0 . 9880 

C ombination of the data  of the fi rst experiment , at  

1 2°0 ( excluding point numb er 4 ) wi th that of the s e cond 

experiment at 23°C ( excluding point number 6 ) yi elded the 

l east  squares  regre s si on s  given i n  Table 1 1  . 4 . 

Regressions cal culated from the data of Van Kreveld 

and Van M i nnen ( 1 955 ) for Duoli t e  C-20 cati on exchange 

resin  are given in Table  1 1 . 5 for compari son . 



Table  1 1  . 3  C alj_brati o:::l Data from Amb erlj_ t e  IR- 1 20 at 23°C 

Equi libra t j_ on S olut ion 
ac tivi ty quoti en t s  mmol/1 

S ampl e  I 
N o . 

1 0 . 0398 

2 . 0391 

3 . OL!-81 

4 . 0720 

5 . 0 678 

6 . 0 61 0 

7 . 0 531 

8 . 0 644 

0 . 49 61 1 . 096 0 . 443 6 

. 4424 2 . 604 1 . 0378 

. 4407 5 . 374 2 . 1  931 

- �-541 1 3 . 77 2  5 . 561 3 

. 2597 1 4 .  501 5 . 8468 

. 80 28 47 . 3 25  1 9 . 1 629  

. 4560 6 . 0 1 6 5 . 62 23 

. 41 77 1 4 . 084 2 . 3 588  

Resin  
mole fract ion quotj_ ent s 

0 .  2 1 41 2 . 683 0 . 3984 

. 1 958 4 . 31 5 . 647 9 

. 1 821 7 . 746 1 . 1 3 5 

. 1  8 1 3 1 4 . 68 2 . 1 26  

. 1  090 1 4 . 44 2 . 08 7  

. 3351 4 1  . 63 6 . 1 8 3 

. 1 878 7 . 8 57 2 .  60 1 

. 1 8 2 2  1 4 . 7 9 0 . 92 67 

1 20 
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Tab l e  1 1  . L� Amb e r l i  t e  IR- 1 20 R e s i n  C alib rat i on P aram eters 

M 

Na  

C a  

Mg 

i Axzrn 

A 

2 . 1 4  

0 . 000  3 66 

0 . 0 0 1  870 

= 

U A 

0 . 24 

0 . 000 0 1 3 

0 . 000 0 9 9  

B 

0 . 969 

1 . 344 

1 • 290 

( 2 1 data  point s )  

0 . 07 1  

0 . 0 26 

R 

0 . 953 

0 . 996 

0 . 9 9 2  

Tab l e  1 1 . 5  Duoli te  C-20  R e s i n C alibrat i on Paramet er s . 

C al cula t ed fr om t he data  of V an Kreveld & V an M i nnen 

M A 

Na 1 • 59  

C a  0 . 000 281 

Mg 0 . 000  703 

UA 

0 . 1 1  

0 . o o o  0 1 9 

0 . 000 0 1 8 

B 

1 . 273 

1 .  2 59 

1 . 1 81 

( 1 6 dat a point s )  

0 . 07 1  

0 . 059  

0 . 059  

R 

0 . 97 9  

0 . 98 5 

0 . 983 

1 21  
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.1J...� _ _QATIQ"J ACT N ITIES IN BOV INE RAW SKIM M ILK . 

SEA.SONAL TRE�fDS 

In thi s and i n  folloning s e ct i ons some of the 

aDpli cati ons of the cat i on exchange re sin method f o �  

determi ning cat i on activi ti e s  ar e d es crib ed . 

A s  part of a larger s tudy o f  s easonal variati on of 

mi lk compos i ti on and p ropert i e s  involvi ng a number  of 

�orkers weekly or fortni ghtly analys e s  were carri ed out 

on sampl e  of fa ct ory supply bulk raw mi lk collect ed from 

the Lint on area near Palmer s t on Nort h ,  N ew Zealand , 

during the 1 968/1 969 dai rying seas on . Dat a  obtai ned 

for the mi lk i s  given graphi cally in Figur e s  1 1 . 4 and 

1 1  • 5 .  I t  i s  i mport ant t o  not e  that the graphs c onsi s t  

o f  di s cret e point s ,  each point corresponding to  a single 

bulk milk sampl e . The points  hav e b een j oi ned by s t rai ght 

lines  to aid in i nterpretat i on o f  th e graphs . A 

conti nuous vari ati on of prop e rt i e s  b etween p oi nt s i s  not 

impli ed .  In  s ome cas e s  where data  i s  lacki ng point s 

pre s ent in one graph hav e b een omi t t ed from other graphs . 

Such omi s s i ons may in s ome ca s e s  giv e  a fal s e  i mp re s s i on 

of a di ffer ence i n  trend . 

The foll owing points  are no ted : 

1 • The volume of milk produced v ar i ed through t he 

s ea s on . Peak product i on wa s reached i n  early 

N ovemb e r  wi th a rapid r i s e  du ri ng S ep t emb er . 

Product i on d eclined aft er N ovemb er ,  falling t o  

almost  z er o  i n  May ,  June and July . 

b egan t o  r i s e  again duri ng August .  

Produ ct i on 

2 .  C ompari son of sodium c oncentrati on ,  CNa ' and ANaf YK 

prov i d e s  a us eful check of the cation exchange r e s i n  

1 22  
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method of det ermining cation activ i ti e s . Ideally 

the two paramet ers should foll ow each other clo sely 

a s  CNa = �Ja/ 'YNa and 'Y Na i s  expect ed to b e  very 

nearly equal to  'Y K . The standard deviat i on b etween 

CHa and ANa/ 'YK wa s found to be  about 2 . 5 mmol/1 . 

3 .  The sodium and potassium concentrati ons show the well 

known ' end of season '  trend s (Dawe s ,  1 97 0 ) . T owards 

tne end of the sea son the fall in  p otas sium concentrat-

i on is matched by an approximately equal ri s e  in  

s odium concen trati on . The change s in sodi um and 

potas sium concentration are suffi ci ently large for the 

cati on exchange re sin method of determining cat i on 

activi ti e s  t o  b e come impracti cal if th e re sin i s  

calibrat ed for fi xed sodium and potas sium concentrati ons  

only ( a s was done by Chri sti anson e t  al . ,  1 954 ) . 

Many such calibrat i ons of the  resin would b e  requi red 

to  match the range of  sodium and potassium concentrat i on s . 

The more general method of calibrat i on used in thi s work 

avoids the di ffi culty .  

4 .  Up to  the end o f  F ebruary the concentrat ions and 

activi t i e s  o f  all i ons are approximately const ant 

or show only sli ght  trends . 

5 .  From March unti l  July there are marked changes a s  the 

electrolyte compos it io� of the milk t end s to become 

more like that  of b ovine blood . Magnesium and 

calcium i on activi ti e s , however ,  show li t tle  change . 

6 .  During July and August electrolyt e composi tion shows 

a rapid change back t owards the ' normal ' or early 

7 .  

s ea son ( 1 968 ) levels . 
. 0 The pH of the milk was measured at  2 5  C aft er the milk 

had been aged at  thi s temperature for at  least one 

1 2 5  
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hour . pH app ear s t o  correlate  with the  sodium 

c oncentrat i on .  

R e sult s obtained by  V an Kreveld and V an Minnen and 

re sul t s  cal culat ed from thei r dat a are give n  i n  T ab l e  

1 1 . 6 t ogether w i th typ i cal re sul t s  f'or milk from the 

Linton area and i t  can b e  seen that thei r re sult s are 

v ery s i mi lar to tho s e  report ed here . 

1 1  . 6 THE VAR I ATION OF CAT I ON ACT IV I TI E S  IN M I LK WITH 

TEMPERATURE 

A sample o f'  bulk raw ski m mi lk was  divided into four 

porti ons and each port i on wa s st ored at a d i fferent 

t emperature f'or about four hour s and the cat i on activi ti es  

wer e then det ermined at the  different temp erature s using 

the cati on exchange r e s in method . No attemp t  wa s made t o  

det ermine whether the cat i on a ct ivi t i es  had att ained st eady 

value s charact eri st ic  of an eq_uilibrium condi t i on .  A s  

the cat i on exchang e r e s i n  s el ectivi ty i s  kno-Nn t o  b e  only 

s l i ghtly affect ed by t emp erature ( see  Sect i on 1 1  . 1 ) any 

di fferenc e s  in  the r e s i n  comp o s i t i ons were a s s i gned sol e ly 

t o  differences  in the cati on activi ti es  in the  mi lk . 

C alc ium i on activ i ty showed the  great e s t  t emperatur e ef'f'e ct , 

i ncreasing from 0 . 9 mmol/1 at 6°C to  1 . 4 mmol/1 at  37 °C .  

The corre sponding change f'or magne sium i on activi ty wa s 

from 0 . 4 mmol/l t o  0 . 5  mmol/1 . The change i n  the activi t i e s  

would b e  le s s ,  but would s till  b e  s i gni fi cant i f'  a corr e c t i on 

had b een  applied f'or ch ange s i n  the r e si n  s e l e ct ivi t y . 

The v ari ati on of' the  calc ium i on activi ty of' mi lk with 

t emperature has b een studi ed by Rose  and T e s s i er ( 1 9 5 9 )  who 

prepared ult raf'i l trat e s  from hot milks ( 27-1 1 0°C )  and then 

1 2 6  



T ab l e  1 1 . 6 C ati on Ac ti v i t i e s  in Raw Bovi ne M i lk 

Note  Na K e a  Mg 

c A c A c A c A 

1 1 7 . 5  1 4  43 3 5  2 . 2  0 . 9  0 . 8 0 . 3 

2 1 7 . 9 1 4 . 2  43 33 . 8 2 . 2 1 . 2 0 . 84 0 . 45  

3 20 1 5 .  9 3 9  30 . 6 2 . 1 1 . 2 0 . 7 9  0 .42  

C concentrat i on i n  the isoi oni c soluti on ,  mmo l/1 . 

A act ivi ty i n  the mi lk , mmol/1 . 

N ot e s  

1 a Fi gure s publi shed b y  V an Kreveld an d Van M i nnen ( 1 9 5 5 ) . 

The activi ti e s  were calculat ed from th e c oncent rati ons 

i n  the i soi oni c soluti on using the foll owing act ivi t y  

coe ffi ci ent s :  
'Y Na ' 'Y K = 0 . 8 , 'Y C a ' - 0 I )' Mg  - o LI- o 

2 .  Fi gure s cal cul at ed using the method de s c r ib ed in thi s 

work and the ori ginal dat a of Van Kreveld and V an 

Minnen . The concentrat i ons in the i soi oni c s oluti on 

wer e cal culat ed from th e acti vi ti e s  using the  following 

activi ty coeffi ci e n ts : 'Y Na = 0 . 7 93 , 

'Y e a ' 'Y Mg = 0 . 536 ( mi lk a s sumed to  have an i oni c 

strength of 0 . 08 ) . 

3 .  Typical figur e s  from mi lk from t h e  Linton area of 

New Zealand . The a ct i vi t y  c oeffi ci ents  u s ed were the 

s am e  a s  in 2 abov e . 
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analysed the ul trafi ltrates  aft er they had cooled . C al c ium 

i on activi ty wa s det ermi ned by the murexide  method ( s ee  

S e c t i on 7 . 1 ) and pH , t ot al calcium , magnesium , s odi um , 

pota s s ium , pho sphat e and ci trat e wer e al so det ermined . 

I t  was found that the cal cium i on act ivity i n  th e cool ed 

ul trafi l trat e dec r ea s ed wi th incr e a s i ng temp erature of 

ultrafi l trati on .  A l i ttle  lat er ,  Davi es  and Whi t e  ( 1 960 )  

prepared mi lk di alysat e s  and ultrafi l trat e s  at 20 °C and 

at Lj.°C ,  the mi lk having b een stored at the s e  t emp era tu re s  

for some time b efore �h e separati on . They also  u s ed the 

murexide method t o  det ermine calc ium i on activi ty and 

they rep ort a small rev ersible increa s e  in  cal cium i on 

acti vi ty on cooli ng of the mi lk . T h e t emperature o f  th e 

di alysat e s  and ultrafil trat e s  at the t ime of the calcium 

i on activi ty det e rminati on i s  not s t a t ed . 

Both report s i ndi cate  decrea s i ng cal cium i on activi t y  

with i ncrea sing mi lk t emperature c ontrary t o  the findi ngs 

of' th e present work . The difference may b e  due to the 

differen ce in  t emp erature at whi ch the  m easurement s  of 

calcium i on a ctivi ty were made . R o s e  and T e s s i er ( 1 9 5 9 )  

and probab ly Davi e s  and Whi t e  ( 1 960 )  made their  measure­

ment s at room t emp erature whereas th e measurement s of t h e  

pre sent w ork were made over a range o f  t emp era ture s . 

Only one bulk skim milk sample was studi ed i n  th e pre s en t  

work and further s tudi e s  a r e  desirable  t o  confi rm the 

findings . S tudy of the var iat i on of cal cium i on acti v i t y  

i n  mi lk ul·trafil trat e s  wi th t empera ture al s o  appears 

d e s i rabl e . 
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1 1  • 7 M ILK pH A.T\fD CAlC IUM I ON ACTIVITY 

The pH ' s of di fferent port i ons o f  a sample of raw 

skim milk were ad justed by the add i t i on o f  differing 

amount s of hydrochlori c acid t o  giv e  a range of pH ' s from 

6 . 34 to 6 . 69 . The cat i on activi t i e s  were then det erillined 

by the cat i on exchange re sin  method and the following 

regre ssi ons were found for 1 4  datum p oints 

= ·1 8 . 64 2 . 569  pH R = -0 . 97 7 5  

= 4 . 399 0 .  58 5 pH R = -0 . 98 59 

2 A plot of the dat a  fo r Ac ai"YK i s  giv en in Figure 1 1 . 6 .  

As th e b i nding of cal ci um and magnesium b y  ci trat e ,  

phosphat e and protein  i s  dependent on pH the se  regre s si ons 

probably reflect  a di re ct c ausal r el ati onship . The effect  

of pH i s  suffi c i ently large for accidental and natural 

difference s  in mi lk pH ' s to ·b e  s i gni f'i cant i n  determini ng 

the calcium i on a ctivi ty of a p arti cular milk s ampl e . The 

dep endence of' cal cium i on activi ty on milk pH was rep o r t ed 

by Chri s t i anso� et  al . ,  ( 1 9 54 ) . 

1 1  . 8 RENNET ING T IME AND CALC IUM I ON ACTIV ITY 

I t  i s  widely accep t ed (Fyne , 1 9 5 5 ) that calcium i s  

i mportant i n  the rennet coagulat i on of' mi lk . A c orrelat i on 

between rennet i ng t ime ( the time t aken for rennet t o  

coagulat e mi lk under certain standard condi ti ons ) and mi lk 

pH has b een  ob served (M cDowell et al . ,  1 969 )  and in vi ew 

of' the dep endence of' cal cium i on a ctivi ty on milk pH 
• • d e s crib ed above a s t udy of' rennetlng time  a s  a funct ion 

of'  calcium i on a ctivi ty was made . 
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A samp l e  of raw ski m  milk was divided into s i x  

port i ons . The calcium i on a ct ivi ti e s  ( and also  pH ' s )  of 

vari ous of the port i ons wa s ad j usted by the addi t ion of 

ei ther sodium oxalat e ,  calcium chlori�e ,  hydrochlori c acid 

or  sodium hydroxide . The pH , cal cium i on ac tivi t i e s  and 

renneti ng ti me s  were then det ermined . 'l'he r e sul t s  ar e 

given in  T ab l e  1 1 . 7 and a plot  of the re ciprocal of the 

renneting t i me versus calcium i on activi ty wa s appr oxi mat ely 

linear (Figure 1 1  . 7 ) . The following regre s s i on e�ua t i on 

was found for th e renneting t i me , t ,  expre s s ed i n  minute s :  

1 /t = 
2 

0 . 23 + 0 . 07 + ( 0 . 2 5 + 0 . 04 )  Ac a/ 'Y K 

R = 0 .  961  

There is  al s o  a signi fi cant c orrelati on between rennet ing 

t i me and pH i n  thi s c a s e  ( s e e  F i gu re 7 . 8 ) .  I t  s eem s 

probable  that change s in  rennet i ng time brought ab out by  

ad ju stment of mi lk pH are  due to  the  conse�uenti al  change s 

in cal cium i on a ctivi ty rather than b eing a di re c t  effe ct 

of pH on say renni n ac tivi ty . 

1 1  • 9 CATION ACT IVITIES IN GOAT , C OW AND SHEEP M ILKS 

The cati on exchange resin  method wa s appli ed t o  the 

det erminat i on of cat i on activi ti e s  i n  single samp l e s  of 

goat , cow and sheep milks whi ch were to be used i n  a study 

of mi celle structure (B . C .  R i chard son ,  work in progr e s s ) . 

The raw skim mi lks were cooled t o  1 6 . 6°C pri or t o  the 

det erminat i on and the cati on activi ti e s and pH ' s were  

det ermined at thi s t emp erature . T ot al cati on conc entrati ons 

were also  det ermined and the  r e sul t s  are given in T ab l e  1 1 . 8 .  
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Figure 1 1 . 8  V ariat i on of the Rennet C oagulat i on Ti rne_l\J_ 
of Mill;:_1{i th pH .  

· 80 0  

6 0 0  

s e c s  

4 0 0  

· 2 0 0  
6. 

6, 5 7,0 
p H  

133 



1 34 

Tab l e  1 1 . 7 Effe ct s of Add i t i v e s  on Skim M i lk 

Addi tive Rennet ing pH .A
c a  �g 

ti me  
mmol/1 seconds mmol/1 mmol/1 

N i l  3 0 9  6 . 67 0 . 93 0 . 37 

Na 2
c

2o4 2 5 67 6 . 7 2  0 . 88 0 . 3 5  

C aC l 2 2 205 6 .  6 1  1 . 25 0 . 4 1  

C aC l 2 5 1 34 6 . 53 1 . 81 0 . 47 

HC l 4 1 61 6 . 47 1 . 35 O o 43 

NaOH 4 7 1 3 6 .  9 1  0 . 88 0 . 34 

T ab l e  1 1  . 8 C at i on C oncentrat i ons and Activi ti e s  i n  V ari ous 

M i lks mmol/1 1 6 .  6°C 

M i lk pH �� �o/ 'YK [K] LMg] AMg [c� Aca 

Goa t  6 . 90 1 3 o 6 1 8 48 o 1  3 o 7 6 0 o 41 27 o 0 1 0 0 0  

S ingl e 6 o 64 1 6 0 7 26  46 o 6  4 . 03 0 . 33 27 . 6 1 . 04 C ow 

Bulk C ow 6 . 69 1 8 . 4  21  41  o O  4 o  27 0 . 3 3  31  • 7 0 . 93 

Sheep 7 . 0 0  3 5  o 1  45 33 . 6 1 5 o 8 0 . 99 87 . 2 0 0 7 6  



The di fferences  between th e cat i on ac tivi t i e s  i n  

th e vari ou s mi lks are proport ionat el y  smaller  than the 

differenc e s  between the cat i on conc ent rati on s . Wi th the 

excep t i on of magne sium i o� activ i ty in sheep ' s  mi lk whi ch 

i s  markedly great er than in the other milks studi ed , there 

i s  li ttle  di fference betwe en the re spe ctive cat i on a ctivi t i e s  

of the mi lks . C at i on ac t i vi t i e s  in non-b ovine mi lks do not 

app ear to hav e been previ ously studi ed . 
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CHAPTER 1 2 . 

D I SCU S S ION 

1 2 . 1  FUNCT IONAL RELAT IONSHIPS ��D REGRES SI ON S  BETWEEN 

EQU ILIBR IUM SOLUTION Q.AT ION ACT IVIT I ES AND RESIN C OMPOSITION 

I f  a small quanti ty of c at i on exchange re s i n  i s  

equilibrated with a large volume of soluti on containi ng 

cat i ons  then there i s  a c ausal relati onship b etween the 

activi t i e s  of the cati ons in the soluti on and the r e s i n  

compo si t i on .  For a r e s in wi th ideal properti e s  thi s 

relati onship would hav e the s ame simple  form a s  equati on 

( 8 . 3 ) . 

ZB K .  X
A 

Z
B 

� = 

Z
A 

Z
A 

·� XB 

where X
A 

i s  the mole fract i on of cati on A hav ing change 

ZA ' i n  the r e s i n . Real re sins  are exp ect ed t o  b ehave i n  

a more complex  manner a s  i t  i s  known that i on exchange 

resin  sel ecti v i ty coeffi ci ent s are d ep endent on r e s i n  

comp os i t ion (Rei chenberg ,  1 966 ) 

= funct i on ( X
A

, ---- ) 

Ideally any funct i onal rel at i onship can b e  approximated 

ov er a speci fi c i nt erval by  a polynomi al of th e i nd ep endent 

vari ab l e s  having suffi ci ent d egr ee . The Tayl or '  s 

expansi on p rovide s a conveni ent method o f  finding t he 
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coeffi ci ent s of the polyno�i al . Thi s i s  the basi s of the 

method used by  Van Kreveld and Van M i nnen ( 1 9 5 5 ) who u se 

a fi r s t  degree  polynomi al . In general th e great er the 

degr e e  of the polynomi al and the gr eater the numb e r  of 

t erm s i ncluded in the polynomi al the better  i s  the 

approximati on to the ori ginal func t i on .  

I ni ti ally th e relat i onshi p s  between e quilibrat i on 

s oluti on cat i on activi ti e s  and resin  composi t i on were 

approxi mat ed by polynomi al s in three  vari ab l e s  and of 

degr e e  two , f'ound by mul tipl e linear regre s si on . The 

i nt ent i on was t o  re j ec t  all t erms the analy si s showed t o  

b e  of low s i gnifi c anc e and t o  find a new regre s s i on not 

c ontaining the s e  t erm s . Howev er , i t  was found that all 

t erm s were of low s i gni fi canc e and that the polynomi al s 

wer e " i ll  condi t i oned" . That i s ,  some of the t erm s of the 

polynomi al were very large c ompared wi th the v alue of th e 

polynomi al so  that a small  change in the value of one 

dep end ent vari able  cau sed a v ery large change in the 

value of the polynomi al . 

Lat er , much simp l e r  t wo paramet er regr e s s i on equati ons 

contai ni ng the approp ri at e mol e frac t i on quot i ent a s  the 

only r e s i n  composi t i on variab l e  were found t o  b e  sati sfactory . 

The b ehav i our of the r e s i n  i n  a soluti on of the four c a t i ons 

i s  adequat ely and conv eni ently de scrib ed using a t o tal of 

six  paramet ers such as given in T abl e 1 1  . 4 . In c ontrast  

V an Kreveld and V an M i nnen' s calibrat i on proc edure requi re s 

1 2  p aramet er s  yet doe s  not yi eld r e sul t s  s i gni fi cantly 

di fferent from tho s e  gi ven by  the si x p aramet e r  p ro c edur e  

de s crib ed . 
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The empi ri cal resin calibrat i on equati ons of  thi s 

wo rk ( Tabl e s  1 1  . 4  and 1 1  . 5 ) are equivalent to  the wid ely 

ob s erv ed em�iri cal relati onship gov erning the i on exchange 

equi li briurn constan t s  of so-cal l ed " n  typ e1 1 i on exch ange s 

( Hogfeldt 1 9 5 5 ,  Karreman and Ei s enman, 1 96 2 ) . The non·­

i d eali ty of the exchangers whi ch i s  i ndi cat ed b y  the 

departure of th e 1 1B  11 ( or 11 n" ) param et er from uni ty can 

b e  explained in a simple  qual i t at i v e  manner . 

C onsider a cat i on exchange r e s i n  in equilibrium wi th 

a solut i on containing monoval ent potas sium i ons and dival ent 

calcium i on s . The re sin wi ll contai n both p o t a s s ium and 

cal cium i ons . As  the calci um-po t a s s ium activi ty quoti ent 

for the soluti on i s  increased the cal c ium-potas sium mol e 

fract i on quoti ent for the resin  will  al so increa s e . The 

i ncrea s e  wi ll b e  l e s s  than proport i onat e  for th e following 

reason .  

I t  i s  prob ab l e  that the i on exchange s i t e s  of the 

re sin are not all equivalent (Rei chenb e rg , 1 966 ) . The  

cal cium i ons will  t end t o  occupy tho s e  pai r s  of  exchange 

si t e s  giving the mo st  favourable  ene rgy change . As more 

and more pai rs  of exchange si t e s  are oc cupi ed b y  cal cium 

i ons  the energy chang e s  will b ecome l e s s  and l e s s  favourab l e . 

The great e s t  departur e s  from ideali t y  will b e  at hi gh mole  

fracti ons of cal cium . Thi s predi ct i on i s  i n  accord wi th 

the emp i ri cal relat i onship s .  Argument s simi lar t o  t ho s e  

ab ov e would predi c t  a d eparture from i d eal i ty for monoval ent­

monoval ent i on exchange only when the  two i ons are markedly 

di s simi lar i n  prope rt i e s . 
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1 2 .  2 L I M I TA'r i ON S  OF THE CAT ION EXC HANGE R E S IN MET HOD 

OF DET ERM ININ3- C AT I ON AC T IV I 'I' I E S  

The cati on exchange r e s in method of det ermining 

cat i on activi t i e s i s ,  in princi pl e ,  an extremely general 

method sui tab l e  for the study of fluids  of di verse  nature ,  

cont ai ning t wo or more cati ons . (An analogous ani on 

exchange r e s i n  m ethod of det e rmining ani on activi t i e s  

probably could b e  developed ) . The m ethod i s ,  however , 

sub j ect  t o  a numb e r  of l i mi t at ions some of whi ch are  now 

di scus s ed .  

The ' s el e ctivi ty'  of i on e xchange resins i s  known t o  

b e  dependent on the comp o s i t i on o f  the resin (Rei chenb erg ,  

1 966) . Sati sfacto ry regre s s i on s  between activ i ty QUoti ent s 

i n  soluti on and mole fract i on Quoti ents in the re si n hav e  

b een found for l i mi t ed range s of composi tion wi thout the 

need for consi derat i on of other r e s i n  composi tion factors . 

Such simple regre s s i on relat i onship s cannot b e  exp ec t ed to  

b e  ad eQuate  for l arger rang e s  of compositi on . C onseQuently 

the regre s s i on s  should only b e  u s ed in  the range of 

composi ti ons  for whi ch they wer e derived and extrap olati on 

to  other range s  of composi t i on should b e  av oided . 

The theory o f  the cati on exchange resin me thod ha s 

b een given for an i deal re s i n  i n  C hapter  8 . We now 

conside r  departure s from ideali t y . The ideal re s i n  

membrane i s  imperv i ous t o  hydrogen i ons . Thi s i s  a 

reQui r ement that the re sin should not exchange hydrogen 

i ons . Sulphoni c re sins b a s ed on p olymeri sati on o f  s tyrene 

prob ably meet  thi s reQui rement at all excep t v ery l ow pH ' s . 

( Thi s r e st r i c t i on on the p ermeab i li ty  of the r e s i n  t o  

hydrogen i ons i s  not ne c e s sary i n  the most general c a s e  
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a s  hydrogen i ons need not b e  di s t ingui shed fr om the 

general cati on . In pract i c e , Van Kreveld and V an M i nnen 

( 1 95 5 )  found the hydrogen i on exchanging v1eakly acid  i on 

exchange r e s i n  Amb erli t c  IRC - 50 t o  b e  unsat i sfact o ry . 

W eakly acid r e sins  suffer a l o s s  of cati ons during wa shi ng 

wi th wat er b ecau s e  of hydrolysi s ,  are  slo·vv t o  reach 

equi librium and hav e a v ery gre a t  affi ni ty for hydrogen 

i ons ( Samuel son ,  1 963 ) ) . 

A s e cond requi rement was that the ideal resin  m embrane 

b e  tot ally i mperv i ous t o  ani ons . Sulphoni c polys tyrene 

res ins p rob ably conform wi th thi s requi rement excep t when 

the re s i n  i s  equilibrat ed wi th s olut i ons of hi gh i oni c 

strength ( Samuel s on ,  1 963) . Such soluti on s  should b e  

avoi ded a s  should strongly acidi c solutions . 

The requi rement in the hypotheti cal experi ment that 

the r e s i n  b e  i mp ervi ous to solvent wa s nec e ssary t o  p rev ent 

the transport of wat er through the membrane in a proce s s  

of wat er a ctivi ty equali zati on . Such transport of wat e r  

i s  not pos sible i n  the pract i cal ver s i on o f  the exp eri ment . 

However s ome change s in the swelling o f  the resin  may 

occur when i t  i s  equilib rat ed wi th di fferent soluti on s . 

It  i s  nec e s sary that su ch change s  should not si gni fi cantly 

affect the re sin s el ect ivi ty . Thi s c ondi t i on can 

probab ly be met by  the choi ce  of a r e sin wi th a sui t ab l e  

degree  of c ro s s  l i nking and b y  the avoidance o f  s oluti ons 

wi th greatly di ffering s olvent activi t i es . 

The same s olvent must b e  u sed for all calibrating and 

t e s t  solut i on s  a s  the standard s t at e s  have b een taken a s  

i denti cal i n  all s olut i ons . 
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Measurem ent of cati on activi t i es  in v ery dilute  

s oluti ons may be  d i f�i cult b ecause  of the  requi rement t hat 

soluti ons should not be si gnifi c antly  alt ered by equi l ib rat-

i on wi th re si n .  C areful " condi t i oni ng" of the r e s i n  and 

the use of a mini mum of r e s i n  may overcome the prob l em 

prov ided a suffi ci ent volume of th e soluti on i s  avai lab l e . 

Soluti ons  whi ch are comparat ively c oncentra t ed or whi ch are . 

buffered wi th re sp e c t  to  one or more of the ca t i ons are  

parti cularly ea sy t o  handl e and only small volumes  of  such 

soluti ons may b e  needed . 

Vi s cou s  flui ds such a s  cond en s ed mi lk present sp e c i al 

problem s . Such fluid s  are oft en rel at ively c oncentra t ed 

and becau s e  of thei r vi scosi ty i t  i s  di ffi cul t to comp l e t ely  

fr ee the re s i n  of  ent rapp ed flul.d . A small quanti t y  of 

entrapp ed fluid may result in  the re s i n  comp o s i t i on 

det ermined b eing signifi cantly d i fferent from the true 

composi t i on .  Wa shing of the re s i n  wi th wat er cause s 

di luti on of the entrapped fluid and may cau se a change i n  

th e activi ty quot i ents  of the flui d and a shi ft in re s i n  

composi t ion towards a new equilibrium . C entr i fuga ti on or 

rapid drai ning and wa shi ng on a fi l t e r  pump may be u s ed to  

separat e r e s i n  and fluid thereby mi nimi sing such error s . 

A further p o s sib l e  diffi cul ty wi th v i scous flui ds i s  

slow equilibrat i on wi th th e i on exchange re sin  becaus e  of 

slow tran sp ort of i on s  th rough the v i s cous medi um . 

Spe c i al p r oblems  may occur wi th i nherently unstab l e  

fluids such a s  b lood a s  contact wi th the r e s i n  may b e  all 

that i s  nec e s sary t o  i nduce pro t ei n  p recipi t at i on . 

Addi t i on of stab i li z er s  ( su Ch a s  ci trate t o  blood ) c anno t  

b e  used a s  su ch add i t i v e s  oft en a c t  b y  mod i fying the cati on 
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ac t iv i ti e s . C ar-eful condi ti oning of the r·e s i n  t o  closely 

mat ch the c a t i on activi ty g_uoti ent s of the uns tab l e  fluid 

or pretreatment of th e unst ab l e fluid to remove uns t able  

comp onent s ( centri fugat ion ,  ul trafi ltrati on ,  enzyme a ct i on)  

may be pos s ibl e remedi es . 

In soluti ons of hi gh i oni c strength and i n  s oluti ons 

lacking a sui t ab l e  reference  cation,  calculat i on of singl e 

i on a ctivi t i e s  from the act i vi ty quoti ent s  may b e  di ffi cult . 

Monovalent cat ions of the alkali metal s ,  e sp eci ally Na+ 

and K+ are th e preferred reference i ons because o f  the 

known weakne s s  of complexe s of the se  i ons in comp ari s on 

with most other cati ons . Ther e i s  al so much informat i on 

on the a c t i vi ty coeffi ci ent s of the s e  i ons in s olu t i on .  

Although no test  has b e en mad e i t  i s  anti cipat ed that 

the cat i on exchange_ resin  me thod may not be sui t ed to the 

study of solutions containing such cations a s  Al+++ F e+++ 
' 

b e cause  of the great affi ni ty of the re sin for such i ons . 

The activi ty of the i ons  i n  s oluti on would have t o  b e  low 

to  avoid almo s t  complet e o c cupancy of all exchange s i t e s o  

Large depar ture s from i deal i t y  and di ffi cul ty i n  achi evi ng 

complete  eluti on could b e  exp ec t ed . 

1 2 .  3 PREC I S I ON AND ACCURACY OF THE CATION EXCHANGE RES IN 

METHOD FOR DETERMINING CAT I ON ACTIVITIES 

An i ndi cat i on of  the p re c i si on of th e method for 

det ermining cat i on activi t i e s  is gi ven by tbe s t andard 

devi at ion s  of the regre s s i on p aram eters  given in T ab l e  1 1  . 4 . 

I f  the s tandard devi ati ons of  the regr e s s i on p ar amet ers , 

uA , uB , are i ndep endent then i t  c an be shown from the 

theory of p ropaga t i on of error (Deming ,  1 943 ) that 
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= + 

where y i s  the cat i on activi ty q_uoti ent for the solut i on 

and x i s  t h e  cat i on mole fract i on quoti ent for the r e s i n .  

I f  value s for t h e  p aramet er s are t aken from T ab l e  1 1  . 4  

and are sub sti tut ed into thi s equati on t ogether wi th 

typical values  for x the follovving resul t s  are obt a ined :  

y X (J"y/y 

ANa/� 0 . 2  0 . 1  6 

AM��2 0 . 3 0 . 0 69 

A /�2 
C a  2 0 . 040 

The se  r e sult s  for th e preci si on are comparable  wi th the 

re sul t s  obtai ned fro� s i x  ind ependent  det ermi nat i on s  of 

activi ty q_uoti ent s fo r a singl e mi lk sampl e ;  

y O"y/y 

�a/� O o 086  

AM��2 
0 . 0 54 

Aca/�2 0 . 03 1  

Fi gures  of thi s order were  common . The greater  

spread of sodium value s i s  p robably due to cont ami na ti on 

of the dilut e ( 1 - 2 ppm ) soluti ons used in the flame 

phot ome tri c det erminat i ons  and to dus t  whi ch conta ined 

sodium b eing c arri ed i nt o  the flame . Such du st p ar t i cl e s  

cau s ed small o range-yellow fla she s whi ch were e a s i l y  

vi sible  t o  the  eye . 

I t  i s  di ffi cult t o  a s s e s s  the a ccuracy of the m ethod . 

C ompar i son of r e sult s  from i on exchange r e s i n  det e rminati ons 



wi th other method s i s  c ompli cat ed by the di fferent 

s t andardizat i on procedure s used by d ifferent worker s . 

Oft en these  standardi z ati on procedure s are not gi ven or 

are only briefly stated so that i t  i s  not pos s ible  to 

recomput e the r e sult s  t o  a consi s t en t  standard . A 

further problem concerning the c omp ari son of re sul t s  i s  

the diver s i ty of the t emp e ra ture hi stori e s  of the mi lks 

s tudi ed . I t  i s  al so cl ear that the pH of the milk 

s tudi ed i s  i mportant and that bact er ial det eri orat i on 

and other proce s s e s  whi ch affect mi lk pH al s o  a.E'fect  the 

cat i on activi ti es . 
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PART I l l  

PREDIC T ION OF CAT I ON AC T IV IT I E S  IN WHEY 

AND SYNTHET I C  WHEY 



C HAPTER i ) .  

THT�:oH �'nCAL PRED I C T I ON AND EXPER I T.1 ENTAL 

DETEmHNAT ION 0 � CAT ION AC T IV I 'riES IN 

SYNTHE'TIC WHEY 

Given a knowledge of the  stoi chi ometric  c ompo s i t i on 

of a soluti on a nd of the relevant e quilibrium constant s 

i t  i s ,  i n  principl e , p o s s ible  to cal culate c oncent rat i ons 

and activ i ti e s  o f  all of the vari ou s  speci es pres ent and 

the way i n  whi ch they vary wi th,  say pH . In the ca s e  of 

ski m mi lk whi ch i s  c omposed of two pha s e s ,  the si tuat i on 

i s  more comp l ex and cal culat i ons o f  the ab ove typ e  may b e  

pos sible only i f  the two phases  are  i n  equi librium . The 

que s t i on of whether the mi c elle and s erum pha s e s  of mi lk 

are in equi librium i s  also i mportant in  underst anding the 

structure of the mi celle (M cKenzi e ,  1 967 ) . 

1} . 1 SKIM MIL� A S  AN EQU ILIBRIUM SYSTEM (M cM eeki n and 

Groves , 1 964 ) 

Sys t em s  whi ch are stab l e  in that they show no apparent 

change wi th t ime are not nec e s sarily at equi librium . I t  

may b e  that the rat e of change i s  v ery small and not 

ob s ervab l e  during the p eri od of ob s ervati on . Apparently 

stable sys t em s  c an be d e s cribed as e i ther thermodynami cally 

s table or kineti cally stabl e dependi ng on whether  they are 

in thermodynami c equi librium or are  kineti cally non-lab i l e . 

Only equi librium syst ems are amenab l e  t o  cla s si cal 

thermodynami c t r ea tment . A condi t i on of equilibrium may 

exi st  b etween vari ous component s of a syst em even though 
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the  syst em as  a whole i s  undergoi ng s low change . Such 

a sys t em c an b e  rep r e s ent ed  b y :  

f'a s t  
A ----. B 

c 

where A and B remain in equili brium wi th each other even 

though the system as a whol e i s  undergoing slow change . 

Such equili bria f'ollmv the normal laws of' thermodynami cs . 

An e s s ent i al charact eri st i c o f'  a dynami c equi librium 

syst em i s  reversibi li t y .  P ertubat i ons cau s e  rev er sible 

change in such systems . A t e s t  f'or equilibrium can b e  

made b y  t e s t i ng f'or rev er s ibili ty . 

C a s ei n  

T h e  l ev el o f'  ca sein  in  the s erum phas e o f'  milk i s  

known to b e  qui t e  vari ab l e  wi th large differe nc e s  b etween 

i ndividual cows (R o 3 e , 1 968 ) . Changes  in t emp eratu re and 

pH and the  addi t i on of' calc ium ,  pho sphat e and E . D . T . A . all 

p r oduce apparently  rev ersible  change s in th e s erum casein  

l evel and therefore indi cat e that mi c elle and s erum cas e i n  

a r e  i n  e quilib rium . However , Ro s e  ( 1 968 ) found th at i f'  

a s ample  of' mi lk wa s dilut ed wi th e s s ent ially pro t e i n-free  

mi lk ult raf'iltrat e prepared f'rom a di fferent s ampl e  of' th e 

s ame mi lk , there wa s no det e ct ab l e  i ncrease i n  the t otal 

amount of' casein  i n  the s erum phas e . Rose concluded 

t herefore that the mi c el l e  and serum casein did not f'orm 

an equilibrium syst em c ontrolled by the solub i li ty of' the 

c a s eins . Great care i s  n e eded i n  applying the r e sul t s  

ob tained f'or syntheti c milks t o  natural milk . 
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Heat T reatment and T empera ture Effect s 

Tnere hav e  b een a numb er  of studi es  o f  the effect  of 

heat treatment on mi lk and on the part i ti on of milk salt s 

b etween  the s erum and mi c elle  phas e s . 

The s e  studi e s  do not give dire c t  informat i on on the 

s t atus of milk a s  regard s equilibrium . 

C onsider a sample of mi lk the c omponent s  of  whi ch may 

or may not b e  i n  equilibrium wi th each oth er . I t  i s  

rapidl y  heat ed to  past euri zat i on t emp erature ( 62 . 5°C ) . 

The mi lk will tend t o  undergo change s t oward s a condi t i on 

of equi librium charact eri s t i c  of th e pasteuri z ati on 

t emperature and the change s are  not ne ce ssari ly of the 

s ame kind as  would occur for a les ser increa s e  in t emp erat-

ure . Aft er b eing held at  th e pasteuri zat i on t emperature 

for the requi red time the mi lk i s  rapidly cooled . Again 

there will be a t endency for the milk t o  unde rgo change s  

t oward s a condi tion of e quili brium charact eri s t i c  of the 

new t empe ra ture . Thi s equilib rium condi t i on may not b e  

the same a s  for the unheat ed milk as  i rrev er s ib l e  change s  

may have b een i nduced b y  the hi gh t emperature . Any 

differenc e s  b etween the cooled past euri zed mi lk and the 

untreat ed milk are not ne c e s s arily i ndi cat i v e  of the change s 

that wo uld occur for a small i ncre a s e  i n  t emp eratur e . For  

example pa s t euri zat i on cau s e s  a decrea s e  i n  the cal cium i on 

activi t y  of mi lk (Van Krev eld and Van Minnen , 1 955 ; T e s si er 

and Ro s e ,  1 958 ; Demot t ,  1 968 ) wherea s  a small i ncrea s e  i n  

t emperature may cau s e  an i ncre a s e  i n  the cal c i um i on activi t y  

o f  raw mi lk ( Sect i on 1 1  . 6 ) .  

Jenn e s s  and Patt on ( 1 9 5 9 )  report a transfer of b oth 

calcium and pho sphat e t o  the colloidal state  during heat ing 



of' mi lk, the trans:Ler b ei ng slovvly revers ed upon holding 

the mi lk c old aft er the he at i ng . They found c onsi derab l e  

v ari ati ons b etween mi lk sample s a s  to the eff e c t  o f  heat 

and cool ageing . Howev e r ,  when V erma and Sommer ( 1 958 ) 

and V erma ( 1 965 )  studied th e effect o� pas t euri zati on and 

c ool ageing on the salt b al anc e of v ari ou s  milk s ampl e s  

they found n o  clear-cut trend s and very large v ariat ions 

b etween d i fferent milk sampl e s . 

In  stud i e s  of th e p arti t i on of mi lk sal t s  b etween 

mi celle and s erum pha s e s  u si ng ultrafi ltrat ion and di alysi s ,  

Davi e s  and Whi t e  ( 1 960 ) found that the re wa s a small 

rev er sibl e i nc rea s e  in tot al cal cium , total phospha t e  

and calcium i on a ct ivity i n  the serum phase when mi lk wa s 

cooled from 20°C and st ored at  3°C for 24 hour s and longer . 

They attributed th e differences  to  a change i n  the part i t i on 

of c al c ium phosphat e wlu ch ha s a negative  t emp eratur e  

coeffi ci ent of solub ility . 

Rose  and T e ssi er  ( 1 959 )  found that on h ea t i ng milk and 

returning i t  to room temperature th e ori ginal c onc entra tions 

and activi t i e s  in the serum p ha s e  were not comp l e tely 

r e s t ored . 

Parti ti on of Added S alt s 

In a numb er of different studi e s  ( T e ss i er and Ros e , 

1 958 ; Ro s e  and T e s si er ,  1 95 9 ; V erma , 1 965 ; D emot t , 1 968 ) 

i t  ha s been found that when HC l ,  NaOH , on salt s such a s  

C aC l2 , Na2HP04 , Na2 Oxalat e or  N a3C i t  are added t o  mi lk 

b oth mi celle ani s erum pha s e s  undergo change s i n  c ompos i t i on .  

Thus addi t i on o f  cal cium t o  m i lk caus e s  an i ncr e a s e  i n  

cal cium i on a ctivi ty and al s o  of  t otal c al cium i n  the s erum 
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and i n  the mi cell e s . Addi tion of phosphat e cau s e s a 

decrea s e  of cal c ium i on a ctiv i t y  and al so of  t o tal s erum 

calcium whereas  add i t i on of c i tra t e  to skim milk cau s e s  

a decrea s e  i n  cal cium i on activi ty but increa s e s  t o tal 

cal ci um and to tal phosphat e  in the s erum phas e . The 

s imult aneous change s in both s erum and mi cell e phas e s  i s  

indi cativ e of equi librium . 

C onclus i ons 

From a c on sideration of th e above i t  seems  probab l e  

that the two pha s e s  o f  mi lk a r e  i n  a condi t ion o f  equi librium 

as  far a s  the mi lk s al t s  are c once rned . The posi t ion 

co�c erni ng th e prot ein  i s  l ess  cert ain . In  any event too 

little  i s  known of the mi c elle- s erum system and i t s 

reacti ons t o  allow calc ulations of concentrations and 

activi t i e s  of the typ e  di scu s s ed i n  t he preamble  t o  t hi s 

Chap t er o 

The s erum pha s e  of mi lk i s  a rather simpl er syst em 

than milk but s t i ll c on tains lact o se and whey pro teins . 

s��thet i c  solu t i ons have been d evi sed ( Jenne s s  and Koop s , 

1 962 )  t o  simul a t e  the b ehavi our of the  milk salt s  i n  milk 

s erum and the s e  provi de a conv eni ent and sui tably s i mp l e  

system fo r i ni t i al study . Mi lk ultrafi ltrat e ,  b ei ng fre e  

of prot ein ,  i s  another syst em  whi ch would b e  sui tab le for 

i ni ti al studi e s . 
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1 3 . 2  CALCULAT I ON OF CATION ACT IV I T IES  IN SYNTHET IC WHEY 

A computer  program (C reamer , 1 9 69) ha s been  u s ed t o  

calcul at e concentra tion s  and activi t i e s  i n  syntheti c whey 

s olu ti ons . Tot al c oncent ra t i ons  of s odium , potas s ium , 

magne sium , cal cium , ci trat e ,  pho sphat e , sulphat e and l ac t at e  

t ogether wi th pH and the nec e s sary a cidi ty and stab i l i t y  

cons tants  are read i n .  The approximat e concentrat i on s  of 

the vari ous sp eci es are calculat ed and an e stimat e i s  mad e  

of i oni c strength . The acidi ty and stabi li ty const ant s 

are then ad just ed t o  the new i oni c strength using the Davi e s  

equati on for act iv ity coeffi ci ent s  (Davi es , 1 938 ) and the 

cal culat i ons are rep eated . I t era t i on i s  c ontinued unt i l  

sati sfact ory convergence i s  ob tai ned and the activi t i e s  

and conc entrati ons are then printed out . 

SYNTHET IC WHEY 

A synthe t i c p rotein-fr e e  and lact ose-free  whey wa s 

prepared a ccording to the m ethod of Jenne ss  and Koop s 

( 1 962 ) . The pH ' s  of di fferent s ample s of whey were 

ad justed by add i t i on of e i ther NaOH or HCl s oluti on ( 0 . 1 M )  

and th e cat i on activi ti e s  were d e t e rmined at 1 6 . 6°C b y  

the cati on exchange re sin method d ev elop ed in Part I I  of 

thi s work . 

The synth et i c  whey had the foll owing composi t ion -

K 37 . 4  mM , Mg 2 . 8 mM , C a  9 . 0 mM , phosphate 1 1 . 6 mM , ci trate  

9 . 6  mM , sulphat e  1 . 0  mM , carb onat e  2 . 2 mM . The s odium 

and chlori d e  c oncentrati ons  vari ed accordi ng to whether 

NaOH or HCl wa s u s ed to ad just pH . Experi mental r e sul t s 

for th e whey are  gi ven in Tab l e  1 3 . 1 . 
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Table  1 3 . 1  Experi mental R e s :.J.l t s  for Synth e t i c _Whey 

pH 

6 . 98 

6 . 57 

6 . 33 

6 . 00 

5 . 40 

4 . 7 2  

Not e 

T i t r e  
( a ) 

- 5 . 0  

- 1  . 8  

0 

2 . 0  

5 . 0  

1 0 .  0 

miJ 

23 . 3 

20 . 1  

1 8 . 3 

1 8 . 3 

HL 3  

1 8 . 3  

�a/ " k  AMg Aca 
mM mM mM 

26 0 . 29 0 . 68 

26 0 . 35  0 . 8 1 

22  0 . 39 0 . 99 

2 1 0 . 3 9 1 . 00  

2 1  0 . 50 1 . 1  9 

20 0 . 70  1 . 7 8  

( a ) Negat ive si gn indicat e s  bas e  added . Uni t s  are 
mmole s  of acid  ( HCl ) ( or base  (NaOH) )  added per 
li t er of synthet i c  whey . 
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Experi mental and calculat ed activi ti e s  ar e compared 

in Fi gur e 1 3 . 1 . The agre ement for magnesium i s  good but 

for the cal c ium i on activi ty t h e  cal culat ed value s are 

consi s t ently lo�er than th e m ea sured value s . The 

exp eri mental and calculat ed pH ti trat ion curv e s  are 

compared in  F i gure 1 3 . 2 . A small difference in  the 

slop e s  of the two curves  i s  a pparent . 

The b roken lines in Fi gure 1 3 . 1  show the var i ati on 

of calcium and magne sium i on activi t i e s  wi th pH , found 

fo r ski m  mi lk ( S e c t i on 1 1 . 7 ) . The much great er pH 

dep endence of the cat i on activi ti e s  of the milk ccmpared 

t o  tho s e  of the whey can b e  exp lai ned by referen c e  t o  the 

r e s ervoi r s  of magne sium and cal cium in the mi lk m i c ell e s  

( T abl e 1 . 2 ) . The capaci ty of th e res ervoirs i s  pH 

d epend ent . A s  milk pH i s  decrea s ed ( say by the addi t i on 

of HC l )  more and more magne sium and cal cium i s  released 

int o  the whey . Approximat ely two-thi rds of the total 

calcium of the milk and one- thi rd of the tot al magnesium 

i s  c ontained i n  the mi celle  pha s e  and the effect  o f  pH 

change i s  great er for cal cium than for magne sium . 

The broken line i n  F i gu re 1 3 . 2  i s  the pH ti t ra t i on 

curv e of a sample  of ski m  milk . The large d i fference 

b etween th e cu rve for synthet i c  whey and the curve for 

the mi lk reflect s the i mportanc e of the mi cell e phase  o f  

milk in  det ermining mi lk p rop er t i e s . 

S olub i l i ty Product s 

M i lk i s  e i ther satura t ed or close  to saturat i on wi th  

cal c ium pho spha t e  and wi th cal cium c i trat e ( B oul e t  and 

M ari er , 1 96 1 ; B oul et and M ari er , 1 960 ; T e s si er and Ro se , 
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1 958 ) but the composi t ion and crystal form of the solid 

s tate  of the calcium phosphate  in milk i s  uncertain 

( McMeekin and Grove s ,  1 964 ) . (The crystal form and 

solubili ty of calcium pho sphat e i s  also of interest  in  

s tudi e s  of soil , b one and tooth) . 

Vari ous  i on activ i ty product s ( denoted by Q )  were 

. calculat ed for the synthetic whey . C ompari son of the 

negative logari thm s  of the se  value s ( denoted by pQ ) wi th 

li terature value s for the negative logari thms of the 

corresponding solub i li ty product s ( pKs ) allows the degree 

of saturat i on of the whey t o  be  determined . 

If'  pQ > pKS the whey i s  undersaturat ed . 

pQ pKS 
" " " just  saturated . 

pQ < pKS 
" " " sup er saturated . 

Values f'or pQ (C aHPo4 ) (where Q = Ac a . AHP04
) are given i n  

Table  1 3 . 2 and they i ndi cate  that the syntheti c  whey i s  

supersaturated wi th respect to  C aHP0
42H20 at pH value s 

greater than about 5 . 7 .  No precipi tation was ob served 

in  the  whey sample s  at  the higher pH value s during the 

cour se of' the exp eri ment . I t  i s  known that calcium 

phosphate forms s tabl e super satura t ed soluti ons (Chughtai  

e t  al . ,  1 968 )  and thi s  i s  probably the  explanati on f'or 

the lack of' p recipi tation . 

Values f'or pQ ( ca3 C i t 2 ) ,  (Q = Ac a
3 . Ac i t

2 ) vari ed 

b etween 1 7 . 28 and 1 7 . 61 compared wi th pK8 ( ca3C i t 2 ) � 1 7 . 63 

( B oulet and Mari er , 1 960 )  indi cat ing that the syntheti c  

whey was close  

range studi ed . 

t o  tre saturation point throughout the pH 
3 2 Values f'or pQ ( ca3 (Po4 ) 2) (Q = Ac a . Ap04

) 

were  great er than 30 . 4 throughout the pH range s tudi ed and 
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pH 

6 . 98 

6 . 57 

6 . 33 

6 . 00 

. 5 . 40 

4 .  7 2  

Ioni c 
Strength 

0 . 076  

0 . 07 1  

0 . 069  

0 . 0 68 

0 . 070 

0 . 07 6 

T able  1 3 . 2  C alculated R e sul t s  for Synthet i c  Whey 

[Hc i t =J (9 ac i t -] [MgC i  t J [H2Po4 -] �P04J 

0 . 0 6  6 . 46 2 . 1 3  4 . 77  5 . 60 

0 . 1  5 6 . 4 9  2 . 1  2 7 . 35  3 .  31 

0 . 23 6 . 46  2 . 1  0 8 . 60 2 .  21 

0 . 40 6 . 34 2 . 0 5  9 . 65  1 . 30 

1 . 1 6 5 . 53 1 . 7 6  1 0 .  7 1  0 . 3 5  

2 . 30 3 . 1 9 0 . 97 1 0 . 80 0 . 07 

N ot e s . C oncentrat i on s  are i n  mmol/1 , only dominant speci e s  are shovm . 

c . f .  pKS ( C aHPo42H2o )  = 6 . 55 at 2 5°C ( Moreno et al . ,  1 966 ) . 

; 

Q 

f_CaHPo4J 

0 .  8 1  

0 . 55 
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0 . 03 

= A ea 

pQ 
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6 . 00 
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a s  pK8 (ca3 (Po4 ) 2 ) has a value in the vi cini ty  of 26 

( Si llen and M art ell , 1 964 ) i t  i s  concluded that the whey 

wa s ,  at all t ime s , l e s s  than saturated wi th C a3 ( Po4 ) 2 . 

Tabl e 1 3 . 2  gives calculat ed concentrati ons of some 

of th e maj or speci es present in the syntheti c  whey . The 

whey i s  supersaturated wi th respect  to CaHP042H2o ( a s has 

b een shown above )  and changes in s olut i on composi t i on 

would occur on prec ipi tat ion of the excess  salt . 

The following conclusions can b e  drawn concerning the  

supersaturat ed synthet i c  whey in  the pH range 4 . 7 - 7 . 0 :  

( 1 ) C alcium ci trate  i s  the ma j or c alcium spe cie s and 

magnesium c i trat e i s  the maj or magnesium speci e s . 

( 2 )  Phosphat e  binds  li ttle  calcium or magnesium . 

( 3 )  Pho sphat e  provide s the ma j or part of th e bufferi ng 

at the hi gher pH ' s ,  ci trat e b ecome s important at 

lower pH ' s . 

(4 )  I oni c strength does  not vary greatly . 

Inve s t i gation o f  the compos i t i on of  the saturated 

soluti on aft er p rec ipi tation of the sup ersaturat ed sal t s  

would b e  o f  intere s t . 
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CHAPTER 1 4 . 

SUMMARY AND GEIJERAL CONCLUS IONS  

1 4 . 1  SUMMARY 

The aim o f  the pre sent work was to obtain basic  

fundamental kno-.·vl edge of' milk as an  i oni c or  electrolyt e  

syst em and al so o f'  simpler syst em s  that si mulat e some of' 

the prop erti e s  of' th e mi lk system . 

A pH ti trati on method has b een applied to  the 

det erminat i on of acidi ty and stabi li ty constant s and 

specially wri t ten comput er program s have been used to  

cal culat e  the  constant s f'rom the t i trati on dat a . A new 

set  of' mi cro acidi ty constant s dif'f'ering f'rom those  

report ed by  other workers has been obtained f'or ci tri c 

acid and th e stab ili ty constant s of' magnesium and calcium 

ci trate have al so been redet ermined . The m ethod of' 

calculat ing acidi ty cons tant s f'rom sub sti tuent ef'f'ec t s  

has been refined to  di st ingui sh b etwe en macro and mi cro 

acidi ty constants and has been used wi th some  succe s s  i n  

the predi ct i on of'  both macro and mi cro acidi ty const ant s . 

An analogous method f'or calculating stabili ty constant s 

shows some promi s e  a s  a u seful t e chni que but i t s 

appli cation i s  hampered by the lack of' sui table  data . 

The thermodynami c basi s of' the cati on exchange resin  

method has been des cribed and a new m ethod of' re sin 

calibrat ion developed . The i on exchange re sin method 

has been appli ed t o  studi e s  of' the s ea sonal variati on of' 

milk composi t ion and to  bri ef' stud i e s  of' the ef'f'ect s  of'  

milk pH ad justment , the  factors af'f'ecting the rennet ing 
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time  of milk and th e determinati on of cation activi t i e s 

in  non-bovine mi lks . 

In a preli minary study of synthet i c  vrhey , c ompari sons 

hav e b een made b etween cati on activi t i e s  det er· mi ned 

exp erimentally and those  cal culat ed from a knowledge of 

composi t i on and of the nec e s sary acidi ty and stab ility 

constants . 

1 4 . 2  SUGGESTIONS FOR FURTHER WOHK 

Prot ein-C ati on Int eracti ons 

The syntheti c whey system  of Chapter 1 3  was cho sen 

for i ni t i al study to avoid  th e c ompli cations of prot ein­

cat i on i nteract ions . The fi rs t refinement of the model 

i s  to allow for the addi ti on of s erum p roteins . There 

have been  a number of stud i e s  of the b inding of calcium 

( Zi t tle  et al . ,  1 957 ) , sodium (B arker and Saroff , 1 965 )  

and potassium (Basch and T ima sheff , 1 967 )  to (3-lactoglo-

bulin ,  the chi ef whey protei n . Empi ri cal expre s s i ons  can 

b e  deriv ed t o  de scribe such protein- cat ion i nt eracti ons 

and i t  should b e  p o s sible to p redi ct th e vari at i on o� 

cat i on a ctivi t i e s  wi th pH in su ch solutions by ext ending 

the pre s ent computer program . As an approx imati on ,  the 

minor whey proteins ( a.-lactalbumin,  s erum albumin ,  

immunoglobulins , etc ) could prob ably b e  cons ider ed as  a 

s ingle enti ty and thei r rel evant prop erti es  des cribed by 

a single set of emp i ri cal e�uat ions  and const ant s . 

The addi t ion of ca sein mi celles  t o  the protein 

containi ng whey , as  a furth er refinement of the model 

syst�m ,  repre sent s a marked compli cati on ,  as l i t tle  i s  
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known of' the mi cell e- serum equi librium although there 

hav e been studie s  of the binding of ca t ions by the 

cas eins (Waugh et al . ,  1 97 1 ; Di ckson and Perkins , 1 97 1 ) .  

Exp erimental studi e s  of the  way in whi ch mi celle  

composi t ion vari es  wi th changes in  the cati on activi t i e s  

( including :pH ) of the serum are :probably ne ces sary . 

The mi cell e s  may be  considered to  have some of the 

charact eri sti cs  of a moderately cro s s-linked , low­

capacity mixed weak acid/phosphori c acid cati on exchange 

resin  and i t  may be possible  for empi ri cal relat i onships  

to  be  derived based on a model of thi s sort . The 

:pre sence of phosphat e in the cas ein mi celle i s  a 

compli cation .  

Studi e s  of Renneting Time 

The resul t s  of thi s work ( Secti on 1 1 . 8 )  coupled wi th 

:previously publi shed re sul t s  indi cate that calc ium i on 

activi ty may have a maj or influence on the reru1et ing time 

of a milk sample . S eparation of  the effect  of :pH on 

cal cium i on activity from other pH effects  requi re s that 

:pH and calcium i on activi ty b e  varied indep endently . 

The addi ti on of CaCl2 or , c onv ersely,  of a calc ium chelating 

compound such as  citrat e t o  mi lk followed by ti t ration 

back to the ori ginal pH of the milk should allow regre s si ons 

between renneting t ime and calcium i on acti vi ty  t o  b e  

found . The corre sponding exp eri ment of maintaining 

cal cium i on activi ty constant but varying pH i s  much more 

di ffi cult to  :perform as cal cium i on activity i s  more 

di ffi cult to moni tor than i s  pH . However , i f  b oth pH and 

c alcium i on a ctivi ty are vari ed sim�ltaneously multip�e 

linear  regres si ons could be found . 
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A s e cond fi eld of stud y w ould be  to compare the 

relative effectivene s s  of magnesium and cal cium i on 

activi ti e s  in  influencing rennet ing time s . Add i t ion 

of KMgCi t t o  milk would cause  a part ial repla cement of 

calcium by magnesium wi th a minimum of other change s . 

Treatment s wi th cat ion exchange re sin could al so  b e  used 

to  effect  change s in the rat i o  o:f calcium to  magnesium 

ion a ctiv i ty .  

The me t hods vhi ch hav e b e en develop ed i n  thi s work 

are at pre sent b eing appli ed t o  the study of the renneting 

of milk . 

Studi e s  of Cheese  

Cheddar chee se contains approximat ely 35% wat er and 

has a wat er activity in the range of 0 . 95-0 . 96 (C reamer , 

1 97 1 ) .  The aqueous phas e  of cheese  i s  a concentrat ed 

electrolyte soluti on approximat ely one molar i n  NaCl  but 

also  contai ning many other i ons . The proc e s s e s  whi ch 

occur during the maturing of chee se , such as the formati on 

of calcium lactate crystal s ( respons ible for the defect  

of ' whi te  spot s ' ) and the breakdown of  protein are  

probably dependent on th e condi ti ons in the  aqueous phase . 

Knowledge of  the composi t i on ,  i oni c strength and cat i on 

activi t i e s  of the aqueous phas e of chee s e  would b e  helpful 

in  understanding the chemi stry of chee se . 

Chee s e  wat er has been i solat ed by pre ss ing mixture s 

of cheese  and sand (Mabbi t t , 1 955 )  and can probably  b e  

considered a s  representative  o f  the aqueous  pha s e  o f  chee s e . 

The cat i on exchange resin method for det ermining cati on 

activi ty quoti ent s can probab l y  b e  extended to  soluti ons of 
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high i oni c strength provided the range o f  i oni c s trengths 

i s  kept small . If  thi s i s  so  i t  would provide a possibl e 

method of det ermining cati on activi ti es  in che e s e . 
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APPENDIX I .  V OLUM E  OF THE M IC ELLE 

PHASE OF M ILK . 

Milk mi c elles  are envi saged as  swollen porous  

sponge-like sphere s  (McKenzi e ,  1 97 1 ) and the volume 

occupi ed by the mi celle phase of mi lk will dep end on the 

locati on chos en for the boundary wi th the serum phase . 

I f  the serum phase  i s  considered to p ene trat e the porous 

mi cell e ,  mi celle  v olume will b e  comparatively small . 

Some of the methods whi ch give  informat ion on mi celle 

volume are now bri efly di scus s ed . 

1 . V I SC O S ITY BEASU REMENT S 

Einst ein ( 1 906 )  derived the following expre s s ion for 

a dilute di s� ersion in liquid of electri cally neutral hard 

spheri cal parti cle s :  

= 71 0 
( 1  + 2 . 5 <;?) 

where 71 s i s  the vi s cos ity of the suspension 

71 i s  the vi s cosi ty of the pure liquid 
0 

<P i s  the fracti on of the  total volume occup i ed by 

the  di spersed sphere s . 

Vari ous ext ensi ons of Einstein' s t reatment have b e en 

proposed ( see for example Kruyt , 1 95 2 )  to  allow for higher 

concentration s  of part i cl e s  and for electri c charge s on the 

parti cles  but these treatment s have had li ttle quanti tativ e 

succ e ss . Appli cat i on of the Einst ein  equati on to  milk 

and whey can b e  considered as yi eldi ng the ' effect ive ' 

volume fra ct i on occupi ed by the mi cell e  phase . If  there  
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i s  li t tle interaction b etween micelle s and b etween the 

mi celles  and the  surrounding s erum then the ef'f'ect ive 

volume wi ll be a rea sonable approximat ion t o  the t rue 

volume . V i sco si ty data from the li t eratu re i s  given in 

Fi gure AI . 1 . The mo st  import ant point ari sing f'rom thi s 

data i s  the indi cation that the volume of  the mi celle 

phase  may be markedly dependent on t emperature in  the 

t emperature range 0 - 30°C .  

2 .  LACTOSE AN D CHLORIDE DI STRIBUTION 

The lactose  and chloride conc entrat ions in  milk s era 

prepar ed by di alysi s ,  c entrifugation ,  ultrafil trat i on or 

rennet  act i on are higher than the concentrations i n  the 

ori ginal ski m  milk . The di fference may b e  account ed f'or 

i f'  part ( or all ) of' the wat er· of' the mi celle phas e  i s  

protein bound and has reduced s olvent power s so  that  

lactose  and chloride are excluded or partly excluded . A 

lower limi t f'or the mic elle pha s e  volume fract i on can b e  

found f'rom the equation :  

'P = 1 - C rr!C s 

where C m i s  the co�centrat i on of  lactose ( or chloride ) in  

the skim milk and C i s  the concentrat ion in the s erum . s 

Recalcul ati qn of' the dat a of' Davi es and Whi t e  ( 1 960 ) 

yi elds value s f'or 'P in  the range 0 .  040-0 . 061 f'or a 

t emperature of' 20°C .  
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3. ULTRACENTRIFUJATION AND DIRECT MEASUREMENT ON THE 

SEDIMENT 

Thi s i s  apparently a simple method but result s dep end 

on b oth th e gravi tati onal field strength and the l ength 

of t ime i t  i s  appli ed . No sharp boundary i s  formed 

b etween th e sediment and the serum when milk alone i s  

c entri fuged . N ewst ead (unpubli shed work ) used an organi c 

solvent layer of speci fi c gravi ty 1 . 0 55 in order to  obtain 

a cleaner separat ion . The organi c layer i s  ori ginally 

at  the bott om of the centri fUge tube  and the micelle phase  

s ediment s through i t  t o  form a pellet a t  the  b ottom of 

the tub e . At room t emperatures Newstead found p ell et 

volume fractions in the vicini ty of 0 . 1 4 . I t  i s  clear 

from the vi s cosity  measurem ent s that accur·at e  t emp erature 

control i s  nec e s sary in all det erminati ons of the volume 

of the mi celle phase  of milk . 
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APPE NDIX I I . 'rHE KINET IC S OF M ETHYL C I TRATE SAPON I F ICAT I ON. 

The methyl e s t ers of ci tric  acid are important i n  the 

determination of the mi cro acidi ty constant s o �  ci tr i c  acid 

( s ee Section 2 o 3 ) . M ethods are availabl e fo r the preparatio� 

of tri methyl ci trat e (Donaldso� et al . ,  1 934 )  and of 

symmetri c  dimethyl ci trat e ( S chro e t e r  and Schmi t z ,  1 90 2 )  

i n  pure crystalline form , but the remaining est ers  have 

not been i solat ed from soluti on ( s ee  Section 4 . 2 ) . Fi gure 

A I I . 1  shows the complet e  saponi fi cat ion scheme for the 

methyl e sters  of c i tric  acid .  

Figure A I I . 1  Saponi fi cation S cheme for the Methyl C i trat e s  
The k ' s denote  rate constant s . -EM• Me Me k, EM· �  e . -EM• Me � 

e 
Me 

kll '> 

� ku .> 

E> -EM• k o>t E> �  Me k it-} -£e � 
e 

f :  e 

Nuclear magnet ic resonanc e exp eriment s (Loewenst ein 

and Robert s ,  1 960 ) (bri efly describ ed in Secti on 2 . 3 ) 

indi cat e that  k1 i s  large compared t o  k2 and that k1 3 i s  

large compared wi th k1 2 . In thi s study of the kine ti c s  

of methyl ci trate  saponifi cati on i t  has been a ssumed that 

k2 and k1 2  are negli gible compared wi th k1 and k1 3 , that 

the saponifi cati on reactions are s e c'ond order and 

c onsecutive , and that there are no signi fi cant parallel  

react i ons . Thi s i s  in accord wi th the experimental r e sult s 

for ethyl c i trate  saponi fi cation (Pinnow , 1 91 8 ) .  Becau s e  
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of the large di fference s in the rat e s  of the consecutive 

saponifi cati on s t ep s  re solution of  the rat e constant s i s  

ea sy . Throughout much of th e t otal reacti on t ime  only 

a single saponi fi cat i on st ep i s  dominant . Approximat e 

value s for the rat e  constant s k1 , k1 3 , k21 , k1 3 2 and k1 23 
have been obtained . Knowledge o f  these allo-Ns quanti t ative  

di scussi on of the  composition of s oluti ons of methyl 

ci t rat e s  followin6 saponi fi cati on (Table 4 . 1 ) .  

Two experimental techni ques  were u sed to  determine the 

vari ous rat e  constant s . In the fi r s t , whi ch was sui t ed 

to  the study o f  fa ster reacti ons , a pH stat t echnique was  

used in whi ch the ( pseudo first  order ) reacti on was 

followed by the c ontinuous addi t ion of KOH soluti on t o  the 

reaction mixture at the  rat e nec e s sary to  maint ain constant 

pH . In the second techni que ,  equal molar quanti t i e s of 

e s t er and KOH were mixed in solut i on and the react ion was 

followed by acid ti trati on of aliquot s of the react i on 

mi xture . Resul t s  for dilute aqueous soluti ons , 0 . 1 M  i n  

KCl ,  and for three  t emperatures are given i n  Table AII . 1 . 

1 69 



1 70 

Table  AI I . 1  . Reacti o� Rate  C onat ant s for the Saponi fi cat i on 

of the Meth;zl E s t ers  of C i tri c Aci d  

T emperature Rate C onstant s Method · ·�  
oc li t er . mole -1  sec ond - 1  

k1 1 0 2 . 3 5 '  2 . 8 A 

25  4 . 2 ,  4 . 0 ,  5 . 4 A 

4Q. 1 2: 1 :2  A 

k1 3  5 0 .  08 6 '  0 . 077 B 

25  0 . 27 ,  0 . 45 , 0 . 38 A 

40 0 . 8 6, 0 .94 A 

k1 32 5 0 . 00022  B 

25 0 . 00 1 2 ,  0 . 0 0 1 3 B 

40 0 . 0035, 0 .  0 031 B 

k21  5 0 . 033 , 0 . 0 2 9 B 

25 0 . 24 ,  0 . 2 5  A 

40 0 . 84, 0 .  91 ' 0 . 77 A 

k1 23 5 0 .  002 1  B 

25 0 . 0 1 3 ,  0 . 0 1 3 B 

40 � 0 . 052  B 

40 0 . 1 1  0 . 1 5 A 

Not e s  

( 1 ) The rate  constants are s ec ond order constant s and are 
d efined in  Figure AII . 1 . 

( 2 )  The rate constant s are for d ilute aqueous soluti ons of 
the e st er s ,  0 . 1  M i n  KC l .  

( 3 )  A = pH s tat method . 
B = Acid t i trat i on method . 



APPEHD IX I I I . SY1V!30LS AND UNITS . 

The Internati onal Syst em of' Symb ols  and Uni t s  ha s 

b een used in  the p re s ent work wi th a f'ew excepti ons . 

C oncentrations o� soluti ons have b een given i n  t erms o f'  

molari ty ( mole s  of solute per l i t er o f  soluti on) denoted 

by the symb ol M and electri cal c onduct ance in t erms o f'  

si emens , denoted b y  the symbol S .  Thi s last  uni t i s  

equivalent to  a r ecipro cal ohm , and i s  under consid erati on 

for inclusi on a s  a S . I .  uni t . Molari ty and the singl e  

letter symbol M hav e b een retained for the conveni ence 

of' a bri ef' notat i on .  
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