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ABSTRACT 

KINETICS AND THERMODYNAMICS OF I O N  EXCHANGE: 

SILVER AND CALCIUM IONS ON DOWEX R E S I N  

Win-Chun Jao 

Master of Science 

Youngstown Sta te  university, 1986 

Activation energies have been measured f o r  a variety 

of ion exchange systems showing zero and first order kine- 

tics i n  film-controlled exchanges. Previous work has focu- 

ssed on particle-controlled diffusion processes, where the 

polymer matrix a f fec t s  the  activation parameters. In the  

present experiments, the f i l m  is predominantly water so that 

the controll ing medium is more completely defined. F i r s t  
- - 

order kinet ics  is observed whenever the ion i n i t i a l l y  

i n  solution is more at t rac ted  to  the resin than the i n i t i a l l y  
- 

resin-bound ion. Zero order kinet ics  occurs i n  the  opposite 

circumstance. 
+ + 

The resul ts  show tha t  Ag and ca2+ replacing Na , i n  
+ 

Na-Dovex a re  first order. Na with Ag-Dovex, and M C J ~ +  with 

Ca-Dowex, a re  found to be zero order. The  act ivat ion ener- 
+ 

gies found fo r  the Ag + Na-Dowex exchange is 22 W/ml  and 
+ 

tha t  fo r  the reciprocal Na + Ag-Dowex exchange is 38 k ~ / m l ,  

The corresponding values f a r  the ca2+ + Na-Doxex exchange 
- - 

and the ~ g * +  + Ca-Dovex exchange a r e  24  and 18 kJ/mol, res- 

pectively. 



The difference in activation energies of 16 kJ/mal 
+ + 

between the reciprocal Ag + Na-Dowex and Na + Ag-Dowex 

exchanges is larger than the expected enthalpy difference 

for the reaction (apx, SkJ/mole or less), which may be rela- 
+ 

ted to the difference in ionic binding strength of the M 1( ( *#  

SO~R- bonds in the matrix. This is consistent with the 

relative rater solubilities of Aq2SO4 and Na2S04. 
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CHAPTER I 

INTRODUCTION 

General 

A growing concern about the  energetics of ion-sol-. 

vent in te rac t ions  has been noted recently. A major por- 

t i o n  of t h e  extensive fundamental work i n  ion-exchangestudies 

been devoted t o  room temperature thermodynamics o r  kinet ics .  

Relatively l i t t l e  consideration has been given t o  the  t e m-  

perature dependence of these ion-exchange processes. Ion- 

exchange presents itself a s  an in te res t ing  method t o  

invest igate  the  energet ics  of the two relevant t ransport  

processes-either f i lm o r  p a r t i c l e  diffusion-which a r e  cur- 

ren t ly  accepted a s  the  major control l ing fac to r s  i n  the pro-- 

cess, 

Helfferich 3 '4  has presented a rigorous summary of - 

the  mathematical treatment of the  theory of ion-exchange 

equi l ibr ia  and k ine t ics ,  

Accord-ing t o  t h i s  and e a r l i e r  treatments, the  r a t e  - - 
of ion-exchange is controlled by diffusion through e i t h e r  

the  r e s in  bead (par t ic le- di f fus ion  con t ro l ) ,  o r  through the ad1 

rent  solvent film(fi1m-diffusion cont ro l ) .  Different  equa- 

t ions  r e s u l t  f o r  t h e  rate-determining s teps  i n  very d i l u t e  

solut ion (1 1x10-~ N ) ,  where the r a t e  seemed t o  conform - -- 

with t h e  behavior expected from a film-controlled, Ficksian 

diffusion mechanism. Solution concentration and res in  basi- 

he- 



c i t y  i n  pa r t i cu la r ,  a l so  proved t o  a f f e c t  the  equilibrium 

performance of the  resins. Other parameters whose e f f e c t s  

are commonly investigated a r e  pH, composition, and i n  a few 
-- 

instances temperature. 

Ion-Exchanqe Resins 

Granular ion-exchange res ins  were f i r s t  described 

i n  1935 by Adans and Holmes. They discovered t h a t  synthe- 

t i c  organic polymers, mare commonly referred t o  a s  res ins ,  

a r e  capable of exchanging ions. The chemical behavior of 

such an ion-exchange res in  is determined by the  nature of 

the  functional groups attached t o  the hydrocarbon skeleton. 

There a r e  two maj*>r c lasses  of ion-exchange Dolymers: ca t ion  

exchangers, which carry exchangeable cat ions;  and anion 

exchangers, which carry exchangeable anions. 

Dowex 50 is  an important cation-exchange res in ,  6 
- - 

prepared by t h e  copolymerization of styrene and divinylben- 

zene (used a s  t he  crosslinking agent) ,  and the  copolymer is - 

reacted with concentrated s u l f u r i c  acid. The reaction is 

shown i n  Figure 1. Because of its ease of a v a i l a b i l i t y  and 

frequent use i n  e a r l i e r  s tudies ,  Dowex 50 was chosen f o r  the 

present work. 

Thermodynamic Equilibrium of' Ion-exchanqe Reactions 

dhen an ion-exchange i sp laced  i n  an aqueous solu- 

t ion  containing a d i f f e ren t  ion from tha t  i n i t i a l l y  bound - -- 

t o  the  res in ,  an exchange of ions occurs u n t i l  equilibrium 

is attained. The equilibrium constant of the  





exchange react ion 

R-A + ~+x-(aq-. R-B + ~ + x - ( a q )  (1) 

can be represented by the  eauation 

where A,  Ba re  the exchanging ions, R is the  exchanger matrix. 

The posit ion of equilibrium depends upon the r e l a t i v e  pro- - 

+ + 
portions of the  R-A and B (aqland chemical nature of A ion 

+ 
and B ion. In  general an ion-exchange res in  w i l l  show a  

preference f ~ r  one ion over another. This is the phenome- 

non of " select ivi ty" .  I n  f a c t ,  the value of Ke is o f t en  

refered t o  a s  the  s e l e c t i v i t y  coef f ic ien t  and is  fur ther  

defined by the expression 

where (;+I. (;I) a r e  the  concentrations of ions i n  the  resin. 

and [A'), [B+] a r e  the  concentrations of ions i n  the  external  

solution. 

B The value -. . of A indicates quant i ta t ively -- t h e  
+ + 

preference the r e s in  has f o r  the  ion B r e l a t i v e  t o  A , and 
+ + 

is usually measured i n  solut ions  eauimolar i n  A and B . 
8 + + B 

If KA > 1, the  res in  prefers  B compared t o  A , i f  KA = 1 

B the  r e s i n  has no preference, and i f  K A  4 1 the res in  takes 
+ + 

up A more strongly than B . - - 

The s e l e c t i v i t y  coef f ic ien t  is not a  constant but 
7 is influenced by various fac tors ,  which a re  l i s t e d  below, 



1, The p a r t i c l e  s ize ,  degree of crosslinking,  capacity, 

and t h e  nature of the  functional  group. 

2. The radius and charge of the  exchangeable i o  

3, The t o t a l  concentration ( ion ic  s t rength)  of the  sol-  

ut ion ions, including those capable and incapable 

of exchange, In  addit ion,  the  type and quanti ty of 

other  solvents o r  compounds i n  the  solution. 

A t  low concentratio- ofaqueous solut ions  a t  room 

temperature, nearly a l l  ion exchangers give preference t o  

polyvalent ions over monovalent species. Thus f o r  e 

the  increasing order of preference is  given a s  7 

For some monovalent and divalent  cat ions  the corresponding 

orders a r e  3 

which suggests an increasing preference f o r  the  la rger  i o n s  

of t h e  same charge. 

These e l ec t ro ly tes  form non-ideal solut ions ,  and it 

is necessary t o  introduce a c t i v i t y  coe f f i c i en t s  ( Y ) - g o  repre- 

sent  the  r ea l  thermodynamic propert ies of the  solutions.  

A more sophist icated form of the law of mass ac t ion  f o r  the  

exchange is 

- -C 

);9 a r e  t h e  a c t i v i t y  coef f ic ien ts  of ions i n  the res in  phase and 



)i, b i n  the  solution,  K, is the  t rue  thermodynamic equi l i-  

brium constant,  Kc is t h e  s e l e c t i v i t y  coef f ic ien t ,  derived 

d i r e c t l y  from experiment. 

The Donnan Membrane Theory 

When an ion exchange p a r t i c l e  is immersed i n  a so lu t ion  of 

e l ec t ro ly te ,  t h e  equilibrium concentration of f r e e  e lectro-  

l y t e  inside the  p a r t i c l e  is found t o  be less than t h a t  out- 

side. This imbalance i n  the concentration a t  equilibrium 

can be explained by t h e  **Donnan membrane theory". * The 

" ionic  a c t i v i t y  productw of an e l ec t ro ly te  can be calculated 

by applying the  Donnan equilibrium theory. 

- - 
( aA+ ax-)  r e s i n  = (aA+ a x- ) solut ion ( 5 )  

X- being a permanent counterion, o r  coion 

and 

- 
Introducing concentrations and a c t i v i t y  coef f ic ien ts  i n  

place of a c t i v i t i e s ,  the  s e l e c t i v i t y  coef f ic ien t  is given 

by 

An important point is t h a t  a c t i v i t y  coef f ic ien ts  of 

most s a l t s  do not d i f f e r  from concentrations i n  d i l u t e  sol-  - 

- - 
utions,  but considerable differences  develop a t  high con- 

centrat ions  a s  may occur within the  bead. 



The Kinetics of Ion Exchanue 

+ 
Ion-exchanger beads containing A ions a r e  placed i n  

a w e l l  s t i r r e d  solut ion of an e l ec t ro ly te  which contains 
+ + 

counter ions B , 8' migrate in to  the  beads. and ions A 

migrate out of the  beads i n t o  the solution. This co t ranso-  

port  phenomena is purely a dif fusion controlled process, a s  

the  bulk of the  ea r ly  work shows. (See Figure 2 )  The exch- 
4 + 

ange of B f o r  A i n  the  bead is not usually controlled by 

chemical switching of ions a t  the  ionic  sites within the  

p a r t i c l e  matrix. This is thought t o  occur instantaneously 

i n  most cases, 

Boyd, Adamson and ~ y e r s '  f i r s t  a ~ p l i e d  the  Nernst- 

f i lm model (Figure 3). instead of using the bulk hydrody- 

namic view which was common a t  t h a t  t i m e .  I t  is supposed - -  

t h a t  convective t ransfer  increases gradually from the  par- 

t icle surface t o  the bulk solut ion through a nearly stag- - 

nant f i l m ,  with a d e f i n i t e  boundary separating it comple- 

t e l y  from the  bulk, mixed solution. 

O n  the-basis  of the  f i lm theory, the  ion-exchange - - 
react ions  a r e  controlled by e i t h e r  of two diffusion pro- 

cesses-through the film, o r  through the p a r t i c l e  i tself.  

Mass diffusion is governed bythe  Fick's F i r s t  Law, 

dC where D is the diffusion coeff ic ien t ,  and - is  the gradient  
dZ 



C S  a 
i n i t i a l  s ta te  equilibrium s ta te  

+ + 
F i g .  2. A , B exchanged counterions, O coions. 

Ion exchange i n  a solution. 

- 
/4  - - 

\ 

- B 

thickness of f i  
(Nernst f i l m )  

-- - 
I 

bulk solution 

F i g .  3 .  F i l m  diffusion and particle dif fusion i n  
ion-exchange kinet ics .  



of concentration of the  so lu te  i n  the  d i rec t ion  Z ,  and J is 

the  flu. But the  present problem involves nonsteady con- 

d i t ions  of dif fusion,  and therefore the derived equation, 

the  F ickes  S econd Law, must be employed. 

T h i s  equation gives the concentration of species C a t  any 

point i n  the  system (2)  a t  any t i m e  ( t ) ,  and it c lea r ly  

depends on how f a s t  the  gradient i t s e l f  is changing. (The 

net  e f f e c t  is t h a t  nature wsmoothsw peaks i n  dis t r ibu-  

tions.  ) 

Much of our present information concerning the r a t e  

of exchange of ions between beads and solutions comes from 

t h e  work of Boyd and Soldano. 10911n12s13 These workers 

f irst  distinguished two r a t e  control l ing steps: f i lm diffu-.- 

s ion o r  p a r t i c l e  diffusion. 

I n  f i lm diffusion,  ions a r e  transported across a - 

concentration gradient between the bulk aqueous solut ion 

and t h e  surface of an ion-exchange par t ic le .  I n  p a r t i c l e  

dif fusion,  there  is no gradient  i n  the bulk solut ion -- and 

the f i lm layer ,  and the movement of ions is  along a gradi-  

en t  within the p a r t i c l e  i t s e l f .  Both of these cases a r e  

shown i n  Figure 4. Following t h e  consequences of Fick's  

laws, with boundary conditions applied f o r  f i lm diffusion 

the  " fract ional  attainment of equilibrium**, F,  a t  any time, - _ 

-3DCt 
~ ( t )  = 1 - exp ( - -) 

ro 6 c 



wherere= bead radius;  6 = f i lm thickness; C = concen- 

t r a t i o n  of ion i n  solution;  E = concentration of ion i n  

the res in;  D = in te rd i f fus ion  coef f ic ien t  of the  ion i n  

solution,  

Exponential r a t e  laws of the  form F ( t )  = 1 - exp(-kt) ,  a s  

i n  (11). a r e  thus obtained i n  t h i s  case. 

  or p a r t i c l e  d i f fus ion  control ,  the f r ac t iona l  a t t -  

ainment of equilibrium is given bythe  famil iar  r e l a t i o n  

where 5 = in te rd i f fus ion  coef f ic ien t  of ion i n  res in;  

n = a dummy index f o r  the  ser ies .  

P a r t i c l e  dif fusion r a t e s  a r e  less dependent on the 

external  aqueous so lu t ion  and appear t o  depend on the  nature 
- 

and ionic  composition of the  exchanger. 

These two mechanisms of dif fusion control  of ion 

exchange can be recognized by p lo t t ing  F ( t )  vs. t ,  a s  shown 

i n  Figure 5, given by Boyd, Adamson, and Myers. 9 

A c t i n t i o n  Energy 
-. -- 

For a general ion-exchange reaction 

+ k  + A-R + B ,& B-R + A 

the  r a t e  is indicated 

The  order of the  reaction is s t r i c t l y  second-order, but f o r  

a fixed amount of r e s in  (with excess A ) ,  it is pseudo-first- 



+ 
order i n  B . The Arrhenius ac t iva t ion  energy, E act ' 
determined by the  temperature dependence of the  r a t e  con2 

t a n t ,  kr and is given by 14 

The temperature dependence of an equilibrium constant 

of an ion-exchange process gives d i f f e ren t  information 

from t h a t  of the  k ine t i c  one (Figure 6). namely the enth- 

alpy of the  overal l  exchange reactionrAHR. With f i l m  

d i f fusion control ,  the  apparent ac t iva t ion  energy is only 

t h a t  of the  film-phase diffusion,  whereas f o r  p a r t i c l e  

dif fusion control ,  the  apparent ac t iva t ion  energy includes 

both a  f i lm and a  p a r t i c l e  dif fusion component. 
* 

I t  can be shown t h a t  t h e  ac t iva t ion  enthalpy, A H  , 
i n  homogeneous diffusion is p rac t i ca l ly  equal t o  ac t iva t ion  

energy, Eact, so  AH* can be calculated with equation 15. 14 
- 

Diffusion Considered a s  a  Rate Process 

- 
The connection between a **chemicalw r a t e  constant 

and a  diffusion coef f ic ien t  has been made by t r ea t ing  ion 

jumping from si te t o  site within the solvent as a symmetri- 
I5 -- 

c a l  reaction. 

KT A G* 
k = (r) exp(- -1 RT (Eyring r a t e  equation) (17)  

(Diffusion process) (18) 

Thus the diffusion coef f ic ien t  is d i r e c t l y  propor- 

t iona l  t o  the r a t e  constant,  and 1 is the s i t e  t o  site 



f i i m  p a r t i c l e  

"part icle w- dif  f usion 
control: gradient i n  

"f ilmW-dif fusion con- 
trol :  gradient i n  f i l m .  

bulk bound 
water water 

Fig. 4. Schematic concentration gradient  as a 
function of p a r t i c l e  distance of the  ion exchanger, in i-  
t i a l l y  and a t  a l a t e r  t i m e .  

pa rl 
dif :  

4 " trans i t ion  s t a t e w  

I 

product 

Fig, 5 ,  Fractional  Fig. 6 .  Activation 
attainment of equilibrium as a enthalpy of ion-exchange - 

function of time f o r  p a r t i c l e  reaction. - -- 
and film- i f fus ion  control  
exchange. f1 



distance,. 

For our small temperature range, over which 1 and 

AS* can be regarded as constant, 

Statement of the  Problem 

The goal of t h i s  work is t o  contr ibute  t o  the  und- 

erstanding of the  energet ics  of ion-solvent in te rac t ions ,  

as measured by the  ion-exchange process. I n  our systems, 

t h i s  work w i l l  include t h e  energy of a l l  the  in te rac t ions  

between the ions and the  surrounding solvent,  and between 

the  ions and various ca t ion  subs t i tu ted  Dowex resins. 

Atomic absorption permits the  analysis  of very 

d i l u t e  so lu t ian  systems, i n  which f i l m  d i f fusion usually 

controls  the  exchange, Thus, ion-solvent in te rac t ions  a r e  
- 

not influenced by ion-ion in te rac t ions  of more concentrated 

systems. I n  t h i s  paper, t h e  ionic  a c t i v i t y  coe f f i c i en t s  a r e  
- 

near uni ty  i n  solut ion and the enthalpy values for ion-exchang 

processes a r e  expected t o  be small i n  the temperature 

range studied, There a r e  no comparable ac t iva t ion  energy valu 
- 

i n  the  l i t e r a t u r e  from k ine t i c  s tudies  of f ilm-controlTed d i f  f u 

However, part icle- controlled data ind ica tes  appreciable 

ac t iva t ion  energies, which i n  t h i s  case apply a t  l e a s t  partly 

t o  the p a r t i c l e  network, 



CHAPTER I1 

REVIEW O F  THE LITERATURE 

Theory of Thermodynamics 

A thennodynamic r e l a t i o n  s t a t e s  t h a t  i n  a 

revers ible  process taking place a t  constant temperature and 

pressure, the  f r e e  energy change is eaual t o  the net  work 

done by the  system. I n  our systems, t h i s  work w i l l  include 

the  energy of a l l  the  in te rac t ions  between the ions and the 

surrounding ~ o l v e n t , ' ~  and between the ions and the  Dowex redl 

An ea r ly  example of an approximate model f o r  ion- 

solvent in te rac t ions  is t h a t  suggested by Born i n  1920. 

The Born model views the f r e e  energy of ion-solvent in te r-  
- - 

act ions  as equal t o  the work of t ransfer r ing  a charged 

sphere from vacuum in to  a cont inium. Then, the  f r e e  energy 
- 

of ion-solvent in te rac t ion  is viewed a s  a function of the  

reciprocal  of the ionic  radius, and it r e s u l t s  from the 

t ransfer  of ions from a vacuum t o  the solvent. 

The "inn-dipole modelw of ion-solvent in te rac t ions  - 

extends the  ea r ly  Born model by considering t h a t  the ion 

sees the solvent a s  consist ing of discrete water dipoles 

oriented around it. The in te rac t ion  between the ion and its 

nearest neighbors c rea tes  the  primary solvent sheath. The - 

heat of ion-solvent in te rac t ions  can then be separated intofKe 

s teps  of cavi ty  formation, formation of primary solvated 



ion, Born charging, and several  other  smaller terms, 

A still  better approximation is to  view the solvent 

a s  a quadrupole. Then one can not only explain why opposi- 

t e l y  charged ions  of equal radius have d i f f e r ing  heats  of 

hydration, but a l s o  predict  quant i ta t ive ly  the way these 

differences  vary with ion radius, 
16 Contemporary ion-solvent in te rac t ion  theory s l igh t-  

l y  modifies t h i s  quadrupole view of t h e  solvent by add- 

ing an induced dipolar  in t e rac t ion  between the ion and 

immediatesolvent she l l .  This t e r m  accounts f o r  the  pola- 

r i z a b i l i t y  of the solvent. Table 1 shows how these various 
1 I 

t e r m s  contr ibute  to  the heats  of the  i o n - s ~ l v e n t  interact ion* 

TABLE 1 

Ion Born Ion- Ion- Ion- Total ' Exgeri- 
Charging Dipole Quadrup le  Induced mental - 

Dipole 

*Totals a l l  include +84 kJ t o  c rea te  the solvent cavi ty .  

In  work done with Dowex 50 resins,Bomer 17, 18 

and ~ r ~ u s l ' n ~ t ~ d  that t%e values of heat f o r  the  ion exchange 

process a r e  of ten small i n  t h e  t empra tu re  range near - -. 

2S0c. Measurement of the  s e l e c t i v i t y  coef f ic ien t ,  Kc ,  a s  a 



function of temperature permits evaluation of an apparent 

enthalpy change f o r  ion-exchange process through the re la-  

t ionship 

C 

The enthalpy change AH refers t o  the  molar heat of exchange 

of the  ions between an idea l  aqueous solut ion and an idea l  

resin. 

Since our solut ions  a r e  a l l  d i l u t e  (4.001M) the 

ionic a c t i v i t y  coef f ic ien ts  a r e  near unity, The- tor- 

responding coef f ic ien ts  i n  the Dowex a r e  not known, so t h a t  

it is s u f f i c i e n t  here t o  regard them a s  unity, consis tent  

with standard practice. Table 2 l ists the A H ' S  found by 

Bonner and Pruet t ,  and Bonner and Smith, i n  t h i s  way. 

TABLE 2 - - 
t 

A H ' S  FOR M ( a q )  +X-DOWEX EXCHANGERS 

Sys tern b'i;i ( k ~ / m o l )  
16% DVB 8% DVB 

c u 2 + / H - ~  +2.5 -- 
Mq2 +/H-D +2.S +1.0 



It seems f a i r  t o  conclude t h a t  the  A H ' S  a r e  generally small, 

c lose  t o  2 l.W/mol i n  Dowex with t?% DVB, par t icu lary  

when the  change i n  formal charge on the  ions is zero. 

Theory of ~ i n e t i c s  

The k ine t i c s  of t h e  exchange w i l l  bs governed by 

e i t h e r  f i lm o r  p a r t i c l e  d i f fus ion  depending on which is - 

r a t e  controll ing.  The over- all t ransport  of mass can be 

divided in to  three  steps. 

Diffusion through a surface f i lm (mostly water i n  

our case) ,  The f rac t iona l  attainment of equilibrium, F, 

can be wri t ten as 9 

where D is the  diffusion constant i n  the  f i lm, 6 is the 

f i lm thickness, ro is the radius of pa r t i c l e ,  and d is t h e  dis  
- - 

t r ibu t ion  c o e f f i c i e n t  of the  ion between the  two phases. 

For dif fusion through the  adsorbent p a r t i c l e ,  it 
- 

is assumed that the  i n i t i a l  concentration of adsorbate i n  

so lu t ion  remains constant. The f rac t iona l  attainment of 
9 equilibrium, F ,  can be wr i t ten  a s  

-. F = 6/r0 4- -- (22) - 

where D t  is the in te rna l  dif fusion coef f ic ien t  i n  t h e  par- 

t i c l e  matrix. 

If fi lm diffusion is r a t e  control l ing,  the  I n  (1-F)  

w i l l  vary inversely with the p a r t i c l e  s ize ,  TO, the f i lm 
- ..- 

thickness, a ,  and with t h e  d i s t r ibu t ion  c o e f f i c i e n t , d  . 
If p a r t i c l e  dif fusion is  r a t e  controll ing,  F should 



proceed l i n e a r l y  with t1l2 and the  slope should vary inversely 

with rot  and d i r e c t l y  as  (De/o() 1/2 

The derivation of the  d i f fus ion  coe f f i c i en t s  fron 

k i n e t i c  data e i t h e r  requires assumptions about t h e  f i l m  

l aye r  thickness ( 6 ) .  o r  they apply t o  a par t icu lar  par t i-  

cle matrix. 

"Enerqy Commnentge Analysis and In terpre ta t ion  

Trends of heats  of so lu t ion  of d i f f e ren t  ions i n  

water a r e  adequately reproduced by "cluster  formation enth- 

a lp iesw,  which a r e  based on the modified quadruwle theory. 
2 These calculated energies have been par t i t ioned in to  com- 

ponents representing ( i)  so lu te- f i r s t  solvent s h e l l ,  (ii) 

solute-bulk solvent, (iii) f i r s t  s h e l l- f i r s t  she l l ,  ( i v )  

f i r s t  shell-bulk, and (v)  bulk-bulk interact ions .  Compa- 

r i son  of these components with the  corresponding r e s u l t s  
- 

obtained f o r  l iqu id  water provides detai led insight  i n t o  

the  nature of solvent reorganization i n  the  surrounding 
- 

media, complementing the s t ruc tu ra l  information provided 

by hydrogen bonding analysis.  A most in t e res t ing  fea ture  

revealed by these calculat ions  is the formation of a first 

s h e l l  se solvent molecules exhib i t  mut%al 

repulsion. Thiu AU,a t i g h t l y  bqund s h e l l ,  consist ing of 4 

o r  5 water molecules depending on t h e  ion, t ravels  

with the ion from si te  t o  site through the bulk solvent. 

The ac t iva t ion  energy f o r  "self" diffusion,  using 
- -- 

radioactively label led isotopes of a number of ions re la ted  

t o  t h i s  study have been determined, which, however, apply 



t o  "part iclew- controlled diffusion.  Table 3 lists these 

values. 

TABLE 3 

ACTIVATION ENERGIES AND DIFFUSION 
COEFFICIENTS FOR SELF-DIFFUSION IN TWO DOWEX MATRICES 13 

The r e s u l t s  imply higher ac t iva t ion  energies for 

Dowex 50W-X162 
Ion Eact (W/mol) D ( c m  /sec)x106 

+ 
Na 35 0.24 

those ions more r e s i s t a n t  t o  flow, and both parameters 

4 

Dowex 50W-X82 
  act (kJ/mol)  ~ ( c m  / s e c ) X l O  

6 

27 0.94 

increase with t h e  extent  of cross- linking i n  t h e  matrix, - - 
T)tcee values shr~ar trends, therefore, which a r e  

consis tent  with a part icle- controlled diffusion 
- 

process. Beyond th i s , the  divalent  ions show about a 25% 

increased ac t iva t ion  energy over the  monovalent ions. 



CHAPTER I11 

EXPERIMENTAL 

Materials and Apparatus 

+ The Dowex SOW-X8 i n  t h e  Na -form was purchased from Dow 

Chemical Company. Midland. ~ i c h i g a n .  Sodim, s i l v e r ,  calcium, 

and magnesium standard solut ions  (1000 ppm f 1%) w e r e  cer- 

t i f i e d  Atomic Absorption Standards from Fisher Sc ient i f ic .  

Calcium chloride (anhydrous) was ana ly t ica l  grade, Baker 

Analyzed Reagent, and the s i l v e r  n i t r a t e  was laboratory 

grade, The acid used to  ad jus t  the  pH of solut ion was ACS 

reagent grade n i t r i c  acid (70.5%). 

The instrument used f o r  analysis  of the  absorbance 

of metal ion solut ions  was a Instrumentation Laboratory - 

AA/AE, Model Video 11, Atomic Absorption Spectrophotometer. 

The Heating Bath and Circulator,  used f o r  sample of - 

solut ions  the temperature control ,  was manufactured by 

Haake Inc., Saddle Brook, N . J .  This cell was equipped w i t h  
0 

a water jacket whose temperature was controlled t o  2 0.1 - -- 
by thermometer (Figure 7) .  

Chemistry of Dowex 50W-X8 

Dowex 50W-X8, is a strong acid ca t ion  exchanger 

t h a t  cons is t s  of a sulphonated polystyrene-vinylbenzene - -- 

+ 
copolymer containing exchangeable Na ions (Figure 8) .  The 

propert ies  of Dowex SOW-X8 are: t o t a l  exchange capacity 



water 
cell 

test 
solution 

magnetic 
s t irrer  heat circulating hath 

F i g .  7 .  The apparatus for temperature control 
of the ion exchange cell. 

F i g .  8.  The structure of the Dowex SOW resins. - =- 

sodium f o r k  



6.27 meg/ml, mesh size 20-50,'and a .stated moisture content 43%. 

Table 4 compares U . S .  mesh values and particle diameters 

TABLE 4 

PARTICLE SIZE IN US MESH AND MM 

- - -  - -  - - 

US mesh diameter(mm) 

16-20 1.20-0.85 

The outstanding advantages of the Dowex 50W-X8 

resin are its thermal stability up to 200°c, the pH-inde- 

pendence of total exchange capacity, and its stability . - -  

with washing of ~alt.-~forrns. 

- 
Dowex 50W-X8 Treatment 

Dowex 50W-X8 resin (sodium form) (3g) was trans- 

formed into the Ca-form by treatment with 500ml 0.5N CaC12 
-- 

solution in beaker stirred for 20 hours. Subsquently, it was 

washed to remove occluded ca2+ with deionized-distilled water 

several times, suction-filtered, and dried in air over 2 

days. The reaction is (where R represents the polystyrene 

backbone) 



The synthesis of Ag-Dowex was performed i n  an iden- 

t i c a l  manner, except t h a t  the  so lu t ion  used was ~ g ~ o ~ ( a q ) ,  

and t h e  Na-Dowex was f i r s t  washed t o  remove possible t r aces  

of c1-. 

Procedure f o r  Sodium-Silver Ion-Exchanues 

"Standard s i l v e r  solutions" w e r e  prepared i n  t h e  

range from 0 t o  lOOOug/L. The standard curve f o r  s i l v e r  

was constructed using the  I L  Video 11 AA/AE Sepectrophoto- 

meter. The optimized instrumental parameters fo r  a l l  runs 

a r e  shown i n  Table 5 .  

TABLE 5 

Ag INSTRUMENTAL PARAMETERS 

- 
Mode AA (Single beam) 
S t a t i s t i c s  5 
Integrat ion Automatic 
Integrat ion t i m e  1 second - 
Light source Ag Hollow cathode 
Flame descr ipt ion Air-acetylne, oxidizing 

(Fuel leam, blue) 
Lamp current  3 mA 
Voltage 530 
Wavelength 328.1 nm 
Band pass - 1 nm -- 
Acetylene pressure 15 psig 
oxidant flow 1 2  scfh 
~ s p i r a t i o n  r a t e  5 mL/min 
Fuel flow 3-5 scfh 

+ 
A 50 mL volume, i n i t i a l l y  1000 d g / L  Ag (s tandard) ,  

was placed i n  the temperature controlled c e l l .  The jackete3- 

cell was placed over a magnetic s t i r r e r  and 0.1 g of Na- 



Dowex resin (air- dried) was added. "Instantaneous" ~ g +  

w e r e  measured every 3 min, over a 25-30 min period, by aspi- 

rat ing a small volume of solution into the AA flame fo r  

about 5 seconds. The aliquot was taken from the top portion 

of solution t o  prevent Dowex par t ic les  from being drawn 

into the pneumatic tubing. (The s t i r r ed  par t ic les  occupied 

the  lower 20% of the  c e l l , )  Temperatures of ion-exchange 

systems were set a t  25O~. 32O~. 3q0c, and i n  an ice-water 

bath, 0,10 g of Dowex res in  was used i n  a l l  cases, except 

a t  OOC where 0.20 g was found more practical .  Other solu- 
+ 

t ions  of N a  , using Ag-Dowex, the  complementary system, 

were treated similarly except tha t  i n  these cases the in- 

crease i n  (~g') was followed as a function of time. 

Procedure fo r  Sodium-Calcium Ion-Exchanqes 

The same general procedure as tha t  described fo r  the- 

sodium-silver ion exchanges, except that the I C ~ * + I  was mon- 

tored using a calcium hollow cathode lamp i n  the AA, and - 

dif ferent  monochromator se t t ings  were used, 

In  these experiments, both the ca2+ loss  due to absorp- 

t ion  into Na-Dowex, and the caZ+ release f rorn Ca-Dowex - - due 
+ 

t o  i ts  replacement by 2Na , was followed. 

The pH-Dependence of Sodium-Calcium Ion-Exchanqe 

Standard Calcium solutions were made i n  the range 

from 0 to  800 -Ugh.  A l l  solutions were acidif ied w i t h  1.5 - -- 

m l  Baker concentrated n i t r i c  acid (70.5 per cen t ) ,  giving a 



pW1, The sodium-calcium ion-exchange was performed a t  room 

temperature. 

The Dependence on the  Amount of Dowex 

The e f f e c t  of the  amount of Na-Dowex, i n  a 200 ug/L 

standard calcium solution,  w a s  s tudied using weights of Na- 

Dowex of 0.076 g, 0.114 g, 0.152 g, and 0.228 g. In  these- 
2 cases, t he  ( ~ a  9 decrease was measured over t i m e .  

The Diameter and Density of Dowex Exchanae Pa r t i c l e s  

Ion exchange beads a r e  marketed i n  p a r t i c l e  size 

ranges. To determine the  range of p a r t i c l e  s i z e s  of a i r  dr ied 

exchangers, a micrometer was used t o  measure the diameters 

of about 80 beads of the  Na-, Ag-, and Ca-Dowex exchangers, 

The densi ty  of dry ion exchange re s ins  was measured by 
- 

using a calculated,  10 mL pycnometer. 

Characterizinq the  Pa r t i c l e s  

The Dowex 50W-X8 P a r t i c l e  Radius and Density 

The number of p a r t i c l e s  having a given diameter f o r  - - 
the  Na- , Ca-, and Ag-Dowex p a r t i c l e s  a r e  presented i n  Figu- 

res 9-11, - 
The average diameter ( d )  and radius ( r e )  of the  

beads w e r e  calculated,  and the  r e s u l t s  were given i n  Table 6. 



30 
inch) 

Fig. 9. Distribution of the part ic le  diameters 
of a ir  dried Na-Dowex, where N is the number of D o w e x  
part ic les .  

d (1x10~' inch) 

Fig. 10. Distribution of the part ic le  diameters 
of a i r  dried Ca-Dowex. 

d (1x10-a inch) 

Fig. 11. Distribution of the part ic le  diameters 
of a i r  dried Ag-Dowex. 



TABLE 6 

AVERAGE DIAMETER OF DOWEX SOW-X8 

Dovex SOW-X8 d X inch r, (em). 

Na-Dowex 

Ca-Dowex 

Ag-DOweX 

The densities of the air dried M-Dowex particles was 

determined by the water displacement method from the pycno- 

meter, and these results are seen in Table 7. 

TABLE 7 

DENSITY OF DOWEX SOW-X8 

- 

Dowex 50W-X8 D in g/mL 

Ca-Dowex 

The Degree of Cross-linking 

The degree of cross-linking is characterized by a 

value 9% cross-linkedH, which expresses the amount of cross-, 

linking agent used to produce the particular resin, In our 

Dowex, the degree of cross-linking is recognized from the 



designation Dowex SOW-X8, which mans that styrene was copo- 

lymerized with 8% divinylbenzene, 

Other types of Dawex commonly contain 4, 12, 16 or 

24% wcross-linkingn and this in turn affects the permeability 

of the particles to the flow of solvent and charged ions. 

Thus one cannot expect all Dowex 50W.s to behave similarly 

in these respects. 

Fractional Attainment of Ecruilibrium (F) for Ion Exchanae 

For the process 

+ B+(aq) + A-R -> B-R + A (aq) (24) 

the equilibrium expression is traditionally written as the 

selectivity constant, ignoring the activity coefficients of 

the ions in both the solution and the resin, 
- 

where the (-) refer to effective resin concentrations. 

In our case, the exchange reaction 
-- 

-~a+(aq) + Ag-R ~tg+(aq) + Na-R , (26) 

is used as an example of how to calculate F, the fractional 

attainment of equilibrium. It is convenient to summarize 

the moles and concentrations as shown in Table 8, -. 

- -. 



TABLE 8 

ION-EXCHANGE SYSTEM PARAMETERS 

I n i t i a l  Eauilibrium 

Solution volume, VS (L) 0.050 0.045 

p a r t i c l e  volume, Vp (L) 6.5 X loo5 6.5 X loo5 
Exchange capacity (meq/g) 6.3 6.3 

[ ~ g + ( a q ) )  ( M I  1.0 x + 
*(~a O R )  ( M )  4.0 4.0 

( ~ a + ( a q ) )  (H) 0 (1 .0x lo~~-x)  
*IA~+-RI (MI o ... ( ~ . o x ~ o - ~ - x )  (vS/vD) 

(moles) 5.0 X 10.' 

(moles) 2.6 X log4 
-- 

* (  I re fe r  t o  [M+I i n  the  res in ,  not the  molar concentration 
of the  resin. - - 

+ 
I t  is c lea r  t h a t  N a  is 500 X more abundant i n  the r e s i n  

+ - 
than Ag i n  solut ion i n  t h i s  system, so t h a t  even i f  a l l  

+ + 
t he  Ag (aq) were absorbed in to  the  resin.  the  [ ~ a  OR) would 

hardly be affected.  I t  is a l so  c l ea r  t h a t  the  ion i n i t i a-  

l l y  i n  the r e f i n  is nearly lo6 X more concentrated than the  

ion i n  solution.  Using the s e l e c t i v i t y  constant of ~ i t c h e n e r  



A s  X 44 1 X it may be eliminated from thoae t e r m s ,  

and X is solved for 

+ 
Thus, 99.99% of the Ag or ig inal ly  present i n  the  aqueous 

phase is absorbed by the par t i c le  a t  equilibrium. A s  a 

pract ical  matter, the f rac t ional  attainment of equilibrium, 
+ 

F, becomes- the fractional loss  of Ag from solution. 

Likewise, fo r  par t ic les  i n i t i a l l y  loaded with a large excess 
+ 

of Ag , and exchanging a very small f ract ion of these fo r  
+ 

Na , 



CHAPTER I V  

RESULTS AND DISCUSSION 

Fractional Attainment of Equilibrium (F) 

Since the f i r s t  treatment of kinet ics  of ion 

exchange adsorption by Boyd. Adamson and ~ ~ e r s , ~  the concept 

has generally been recognized tha t  two diffusion mechanisms 

can occur, O t h e r  factors  being equal, i n  the region of low 

bulk solution concentrations, the  r a t e  is determined by the 

diffusion of ions through the  l iquid fi lm surrounding the 

exchange particle.  A t  high bulk concentrations, diffusion 

of the ions through the exchange par t ic le  i t s e l f  is the 

rate-controlling step. A few examples of se lec t iv i ty  coe- 

f f i c i en t s  are  given i n  Table 9. It is necessary to  refer  to 

such coeff icients  i n  evaluating the experimental results.  

- 

TABLE 9 

SELECTIVITY COEFFICIENTS K t  FOR THE EXCHANGE OF VARIOUS 
CATIONS FOR N ~ + ( B )  I N  DOWEX 56 WITH 8% DVB 

-- 



In order to establish which mechanism operates in 

the present, highly dilute systems, it was necessary to 

determine the fractional attainment of equilibrium, F as a 

function of time, t. These are shown in Figures 12 to 16 

for various combinations of metal ions in solution and in 

the Dowlex particles. A comparison of the literature values 

of K (Table 9). and the experimental (P, t) plots as given 

in Figure 12 to 16, leads to the following cases: 

+ 
1. A g  and ca2+ with Na-Dowur(SO~-X8) 

+ + 
A g  and ca2+ replacing Na in Na-Dovex are shown in 

Figures 12 and 13. The nearly linear initial beha- 

vior observed indicates the rate-determining step 

is at first film-controlled diffusion. A dropping 

off at later periods implies a switch to particle- 

control. The selectivity cocf f icient KL> 1 means 
+ 

the Na-Dovex absorbs Ag or ca2+ more strongly 
+ 

than Na . 
+ 

2. Na with Aq- and Ca-Do~(50W-X8) 

The inverse selectivity coefficient K$< 1 means the 
+ 

Dowex resin absorbs Na less strongly than either 
+ 

Ag or ca2* ions. Despite this difference, Ag- 
+ 

Dowex, replaced by Na , as shown Figure 14 seems to 
conform to a film-controlled diffusion process, 

+ 
while Ca-Dowex replaced by Na (Figure 15) indicates 

a particle-controlled diffusion. This latter is 

shown by a rapid growth curve, followed by a slower 

exchange. The general conclusion that film-controlled 

diffusion occurs for these dilute systems is 

violated only when there is a much stronger attrac-_ 

tion of the resin for the departing ion compared to- -- 
+ 

the incoming ion (ie. Na and ~a~+-~owex). 



F for 4g+ / Na-Ceuex 

Fig. 12, Fractional attainment of equilibrium 
vs. time at four temperatures using 50mL of 1 ppm 
~ g + ( a ~ )  and 0.19 Na-Dowex. 



Fig, 13. Fractional attainment of equilibrium 
vs time at four temperatures using 50mL of 0.5 ppm 
ca2+(aq) and O.lg N a - D o ~ @ x .  
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I; for Fa+ / L?-3wex 
t 
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f = 2.5 C 
! j 
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Fig. 15. Fractional attainment of equilibrium 
vs. time at four temperatures using SOmC of 1 ppm 
~ a + ( a ~ )  and 0. lg Ca-Dowex. 



Fig, 16, Fractional attainment of equilibrium 
vs t i m e  at four temperatures using 50mL of 0.5 ppm 
~ t g l + ( a ~ )  and 0. lg Ca-Dowex. 



3. M ~ ~ +  with Ca-Dovex(50W-X8) 

Figure 16 indicates a return to film-controlled 
2 +  diffusion, where ~g~+replaced Ca , 

Pseudo-First-Order Kinetics of Ion Exchange 

The rate constant data presented in Table 10 and 11 

were obtained for the exchange reactions below, 

and 

ca2+(aq) + 2Na-Dovex 
kf 
$2~a+(aq) + Ca-Dowex (33) 

The rate of disappearance of metal ions can be described by 

and 

These equations (for film-diffusion) may be simplified by 

noting that the (M-  ow ex) is effectively constant, where 

M is present in 1000 fold excess over the solution i~n. 

Then 

and 



The rate  constants. kexp, can be calculated from 

the  equations 

and 

The ln of  the concentrations are plotted a s  a function of  

t i m e  a t  the  various temperatures (Figures 17 and 1 8 ) #  and 

show the expected f i r s t  order behavior. 

TABLE 10 

RATE DATA FOR Ag+ EXCHANGE WITH Na-DOWEX 

0 
Temp., C Rate constant, k exp ' secW1 

TABLE 11 - 

RATE DATA FOR ca2+ EXCHANGE WITH ~a-WWEX 

0 
Rate constant. R e x p g  

-1 
Temp., C sec 

- -- - 

Values for the apparent act ivat ion energy of  

di f fus ion,  Eact w e r e  comnuted using the usual Arrhenius 



F i g .  17. Concentration of ~ g +  vs. time i n  
~g+/~a-  ow ex system showing f i r s t  order l o s s  of ng+(aq) 
from solution, a t  four temperatures. 



Concetltration of P A +  / !!a-hwx us .  T i e  

Fi-g. 18. concentration of ca2+ vs. time-in 
~a~+/Na-Dowex system showing f i r s t  order loss of ca2+(aq) 
from solution, a t  four temperatures. 



formula 

The plots  of in kexp vs. 1/T fo r  these two ion-exchange reactions 

were given i n  Figures 19 and 20. Table 12 co l lec t s  the  

corresponding information. 

TABLE 1 2  

ACTIVATION ENERGIES FOR FIRST-ORDER M+ EXCHANGE WITH Na-DO= 

Counter ion Eact!w/mol 

Zero-Order Kinetics of Ion Exchanqe 

The r a t e  constant data presented i n  Table 13 and 14 - -  

were obtained fo r  the exchange reactions. 

and 

kf =a2+(aq) + Mg-  ow ex ~ g ~ + ( a q )  + Ca-  ow ex 2 (42) 
- -- 

The r a t e  of appearance of metal ions can be descri- 

bed by 

and 



Fig. 19. Arrhenius plot for ~ c j + / ~ a - ~ o w e x  giving 
an activation energy of 21.6 2 2 .9  kJ/mol. 



A~,tiuat.iog E n a m  for Ca2+ / ?h-i)o%ex 

Fig. 20. Arrhenius plot for ca2+/~a-~owex giving 
an activation energy of 24.0 2 3.0 kJ/ml. 



The equation ( f o r  film-dif fusion control)  found i n  these 

cases is 

+ 
where M is e i t h e r  A ~ +  o r  ca2+, and the character is zero 

order. 

The r a t e  constants, kexp, can be calculated from 

t h e  equation 

The concentrations a r e  plot ted a s  a function of t i m e  a t  the  

various temperatures i n  Figures 21 and 22 and the  data col- 

lected i n  Tables 13 and 14. 

TABLE 13 

RATE DATA FOR ~ a +  EXCHANGE WITH Ag-DOWEX 

0 Temp,, C Rate constant,  kap, Wsec 

- 
TABLE 14 

RATE DATA FOR M ~ ~ +  EXCHANGE W I T H  Ca-WWEX 

0 M / s ~ c  Temp., C Rate constant, - A- 

2.8 0.0164 
25.8 0,0272 
33.5 0.0339 
41 9 0.0422 



Coscent~atiort of Ha+ I Ag-Cowex ?rs. Tine 

Tim, t.  in) 

F i g .  21. Concentration of ~ g +  vs. time in  
~ a + / ~ ~ - ~ o x e x  system showing zero order release of ~g+(acq) 
from the Dowex, a t  four temperatures. 



F i g .  22. Concentration of caZ* vs. t i m e  i n  
M ~ ~ + / c ~ - D o w ~ ~  system showing zero order release of ca2+(aq) 
from the Dowex, a t  four temperatures. 



Values fo r  the apparent activation energy of these 

r a t e  constants were computed a s  before. The Arrhenius 

p lo ts  a re  given i n  Figures 23 and 24, and the resul tant  

data a r e  presented i n  Table 15 

TABLE 15 

ACTIVATION ENERGIES FOR ZERO-ORDER ION 
EXCHANGE FOR METAL IN DOWEX R E S I N S  

Ion exchanger Counter ion E,,, ( W/mol) 

Ag-Dowex 
Ca-Dowex 

Fractional Order ~ i n e t i c s  of Ion Exchanqe 

The sodium-Calcium exchange reaction can be writ ten 

a s  - - 

A. 

The r a t e  of appearance of calcium can be represented here 

A s  shown i n  Figures 25 and 26, the re la t ive  concentrations 

of calcium vs. t i m e ,  a t  different  temperatures, is estima- 

ted t o  be between -1/2 and -1 order. It is noteworthy tha t  

t h i s  unusual kinet ic  description f i ts  the only case found - -- 

t o  be particle-controlled i n  its diffusion.mechani~m. 



Ictiuatiar! Energy POP !a+ / rlg-Eawx 

Fig. 23. Arrhenius plot for ~ a + / ~ ~ - ~ o w e x  giving 
an activation energy of 38.5 2 4.2 )cJ/mol. 



fictivat.ion Eneyp~ far ?!gF+ / Ca-Bourx 

.Ten.pepaftr;.~, + r,QE-2 ( I f  X )  

P i g .  24. Arrhenius plot for ~g*+/~a-~ovex giving 
an activation energy of 18.1 2 1.7 kJ/ml. 



Concentration of Y!+/Ca-Dasrex (-112 order? vs. tiMe 

Fig. 25. Concentration of ca2+ vs. time in 
~a+/~a-  ow ex system estimating -1/2 order release of 
ca2*(aq) from the Dowex, at four temperatures. 



Fig. 26. Concentration of ~ a * +  vs. time in  
~~+/Ca-Doxex system estimating -1 order release of Ca2+(aa) 
from the Dowex, a t  four temperatures. 



pH Indewndence of Calcium Ion Exchanqe 

It might be expected t h a t  t h e  -SO; groups i n  Dowex-SOW 
+ + 

could be protonated with H i n  competition with M i n  aque- 

ous solvents, Thus a pH dependence is possible, However, 

under our conditions, moderate var ia t ion  of t h e  pH did not 

change the  values of r a t e  constantfor  the  ca2'/hla-~owex excha~ 

s ignif icant ly .  (Table 16 and Figure 27) 

TABLE 16 

pH INDEPENDENCE O F  CALCIUM I O N  EXCHANGE 
AT ROOM TEMPERATURE IN Na-DOWEX RESIN 

Rate constant,  k, sec-' 

- 
The Effect  of The Amunt of Dowex on The Ion-Exchanue Kinetics 

Ion-exchange r a t e  constants f o r  the  ca2+ plus Na- 

Dowex system w e r e  investigated over the  mass range 0,076 

t o  0.228g Dowex. A comparison of these a u a n t i t i e s  is shown 

i n  Table 17 and Figure 28. The r a t e  constants are found to 

be d i r e c t l y  proportional t o  the  amount of Dowex resin. 

This makes possible a comparison of r a t e  data obtained with 

d i f f e ren t  amounts of Dowex by simple normalization t o  a - -. 

common amount, I t  a l so  shows t h a t  the  r a t e  of adsorption 

of t h e  ca2+ is proportional t o  the  surface area presented 



pH Independence of C d +  / Ha-hwx 

Tim. t i ~ i n )  

F i g .  27. Concentration of ca2+ vs. time in  
~ a Z + / ~ s - ~ a w e x  system showing the pH independence a t  
room temperature. 



F i g .  28. Concentration of ca2+ vs. time in 
ca2+/~a-~ovex system showing proportion to the amount 
of Dowex resin at room temperature. 



by the Dowex particles to the solution, which is consistent 

with a film-diffusion controlled process, 

TABLE 17 

THE EFFECT OF THE MASS OF DOWEX ON THE 

ca2+ PLUS Na-DOWEX ION EXCHANGE AT 2 6 O ~  

-1 
Weight, g k, sec kO(for ~.lg)(sec-') 

Table 18 summarizes the kinetic data for all the 

processes considered in comparison with what is available 

in the literature. It is apparent that no direct compari- 

sons are possible, mainly because the activation energies - - 
previously measured apply to particle-controlled diffusion 

processes, - 



TABLE 18 

SUMMARY OF ION EXCHANGE ACTIVATION ENERGY DATA 

I 

Control Kine t i c  E ~ c ~ ( A H * )  W/mol 
Resin type Exchange reaction mechanism order This work Boyd and Soldano 

4 

Dowex 50W-X8 ACJ+ + Na-D ---$ film (1st order)  21.6 f 2.9 

ca2+ + ~ a - D  + f i lm (1st order)  24.0 2 3.0 
+ 

Dowex 50W-X8 N a  + Ag-D I f i lm ( 0  order)  3 8 . 5 2 4 . 2  

Pfg2+ + Ca-D j f i lm (0 order)  1 8 , 1 2 1 . 7  
+ * 

Dowex SO-X8.6 N a  + Na -D ---$ p a r t i c l e  27.2 

K+ + K -D * par t i c l e  21.8 
+ * 

Ag + Ag -D 4 par t i c l e  * 
Dowex 500x8 zn2+ + ~n -D --+ p a r t i c l e  * 

ST*+ + S= -D 4 p a r t i c l e  34.7 

* indicates radioactive t racer .  



CHAPTER V 

CONCLUSIONS 

The present work has shown t h a t  atomic absorption 

spectroscopy is a suitable technique f o r  studying ion ex- 

change k ine t i c s  i n  d i l u t e  solutions. Past  s tud ies  have been 

confined t o  those cases of high ionic  s t rengths  and par t i-  

cle- controlled diffusion cases,  which a r e  complicated by 

inter- ionic e f f e c t s  a s  w e l l  a s  ion-matrix e f fec ts .  
+ 

With the exception of the Na + Ca-Dowex experiment, 
2 +  which appeared negative order i n  Ca , our systems w e r e  pre- 

dominantly film-controlled, and e i t h e r  zero o r  f i r s t  order 

i n  t h e i r  behavior. Generally, when the  Dowex res in  was 

more a t t r ac ted  t o  the solut ion ion compared t o  the  matrix 

ion, a f i r s t  order los s  of the  solut ion ion was observed. - -  

But when the matrix bound ion was more a t t r ac ted  than the  

solut ion ion, zero order exchange took place. - 

Finally,  when the d i spa r i ty  i n  a t t rac t iveness  was 

grea tes t ,  with the  most strongly bound ion  i n i t i a l l y  i n  t h e  

matrix, negative order k ine t i c s  was observed, indi-eating 

the  possible significance of a back reaction. 

The ac t iva t ion  energies measured i n  t h i s  work apply 

to  more idealized film-controlled diffusion,  where t h e  f i lm 

is almost exclusively water. Previous workers have l imited 

t h e i r  s tudies  to  part icle- controlled cases, a t  high ionic  - 

s t rengths ,  where ac t iva t ion  data a r e  contributed to  by more 



factors.  

Although no d i r e c t  comparison with e a r l i e r  data can 

be made, it should be noted t h a t  there  is r e a l l y  no la rge  

difference i n  the ac t iva t ion  energies between the  two .  

Perhaps t h i s  is due t o  the  e s sen t i a l ly  aqueous nature of 

both the f i lm and the channels within the  polymer matrix. 

Unexpectedly, however, t he  difference between the  
+ 

ac t iva t ion  energies f o r  the  Ag + Na-Dowex exchange (2223 
+ 

kJ/mol) and the reciprocal  Na + Ag-Dowex exchange (3824 

. kJ/mol) is much grea ter  than the  expected enthalpy d i f fe re-  

nce f o r  the  exchange (1 kJ/mol). 

Since the t r a n s i t i o n  s t a t e  f o r  both exchanges invol- 
+ + 

ves the  codiffusion of Ag and Na through an es sen t i a l ly  

aqueous fi lm, the implication is tha t  the enthalpy difference 

should be c lose  t o  16'kJ/mol. This could be re la ted  to 

the  much lower s o l u b i l i t y  of Ag2S04, compared t o  Na2S04, if - - 
+ 2- the  Ag SO4 in terac t ion  resembles t h a t  i n  the Dowex matrix. 

This enthalpy should be measured under our conditions. - 
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