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ABSTRACT

KINETICS AND THERMODYNAMICS OF ION EXCHANGE:

SILVER AND CALCIUM IONS ON DOWEX RESIN

Win-Chun Jao
Master of Science

Youngstown State university, 1986

Activation energies have been measured for a variety
of ion exchange systems showing zero and first order kine-
tics in film-controlled exchanges. Previous work has focu-
ssed on particle-controlled diffusion processes, where the
polymer matrix affects the activati on parameters. In the
present experiments, the film is predominantly water so t hat
the controlling medum is more completely defined. First
order kinetics is observed whenever the ion initially
in solution is nore attracted to the resin than the initially
resin-bound ion. Zero order kinetics occurs in the opposité
circumstance.

The results dow that Ag+ and ca* replacing Na+, in

2+

- + )
Na-Dowex are first order. N with Ag-Dowex, and Mg with

Ca-Dowvex, are found to be zero order. The activation ener-
) + ]
gies found for the Ag + Na-Dowex exchange is 22 xJ/mol and

: + .
that for the reciprocal Na + Ag-Dowex exchange is 38 kJ/mol.

. +
The corresponding values far the ca®* + Na-Dowex exchange

2+ B

and the Mg™ + Ca-Dowex exchange are 24 and 18 kJ/mol, res-

pectively.



The difference in activation energies of 16 kJ/mol
bet ween t he reci procal Ag+ + Na-Dowex and Na+ + Ag-Dowex
exchanges is larger than the expected enthal py difference
for the reaction (apx. 5kJ/mole or |ess), which may be reia=-
ted to the difference in ionic binding strength of the Mtu"
SO,R™ bonds in the matrix. This is consistent with the

3

rel ati ve water sol ubilities of Ag,SO, and Na,SO,.
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CHAPTER |
| NTRODUCT! ON
General

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

vent interactions has been noted recently. 1,2

A mgor pore
tion of the extensive fundamental work in ion-exchangestudies has
been devoted to room temperature thermodynamics or kinetics.
Relatively little consideration has been given to the tem-
perature dependence of these ion-exchange processes. Ion=-
exchange presents itself as an interesting method to
investigate the energetics of the two relevant transport
processes-either film or particle diffusion-which are cur-
rently accepted as the major controlling factors in the pro--
cess,

Helfferich®*? has presented a rigorous summary of
the mathematical treatment of the theory of ion-exchange
equilibria and kinetics,

Accord-ing to this and earlier treatments, th_(g rate
of ion-exchange is controlled by diffusion through either
the resin bead (particle-diffusioncontrol), or through the adhe-
rent solvent film(film-diffusion control). Different equa-
tions result for the rate-determining steps in very dilute
solution (£ 1x10™4 N), where the rate seemed to conform }

with the behavior expected from a film-controlled, Fickxsian

diffusion mechanism. Solution concentration and resin basi-



city in particular, also proved to affect the equilibrium
performance of the resins. Other parameters whose effects
are commonly investigated are pH, composition, and in a few

instances temperature.

lon-Exchange Resins

Granular ion-exchange resins were first described

in 1935 by Adans and Hc:lmes.S

They discovered that synthe-
tic organic polymers, mare commonly referred to as resins,
are capable of exchanging ions. The chemical behavior of
such an ion-exchange resin is determined by the nature of
the functional groups attached to the hydrocarbon skeleton.
There are two maj»r classes of ion-exchange pvolymers: cation
exchangers, which carry exchangeable cations; and anion
exchangers, which carry exchangeable anions.

Domvex 50 is an important cation-exchange resin, ° )
prepared by the copolymerization of styrene and divinylben-
zene (used as the crosslinking agent), and the copolymer is._
reacted with concentrated sulfuric acid. The reaction is
shown in Figure 1. Because of its ease of availability and
frequent use in earlier studies, Domex 50 was chosen for the

present work.

Thermodynamic Equilibrium of' lon-exchange Reactions

When an ion-exchanger isplaced in an aqueous solu-
tion containing a different ion from that initially bound

to the resin, an exchange of ions occurs until equilibrium
is attained., The equilibrium constant of the
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exchange reaction
- + -
R-A T B'x"(ag)—= R-B + A X (aq) (1)

can be represented by the eauation
(r-8) (a*(aq)
(R-AJ (B 1h‘(aq);l

where A, Bare the exchanging ions, R is the exchanger matrix.

(2)

Ke

The position of equilibrium depends upon the relative pro-
portions of the R-A and B+(aq)and chemical nature of A+ ion
and B+ ion. In general an ion-exchange resin will show a
preference for one ion over another. This is the phenome-
non of "selectivity”". |In fact, the value of Ke is often
refered to as the selectivity coefficient and is further

defined by the expression

0 25*] (a¥) (53
" (24) (5*]

where (A’] s (B"] are the concentrations of ions in the resin.

and f_A+] ’ LB+] are the concentrations of ions in the external
solution.

The value of KE indicates quantitatively. the
preference the resin has for the ion B+ relative to A+, and
is usually measured in solutions eauimolar in A+ and B+.
| f Ki > 1, the resin prefers B+ compared to A+, i f KE =1
the resin has no preference, and if K: < 1 the resin takes
up A+ more strongly than B+. _

The selectivity coefficient is not a constant but

Is influenced by various factors,7 which are listed below,



l. The particle size, degree of crosslinking, capacity,
and the nature of the functional group.

2. The radius and charge of the exchangeable ions.

3, The total concentration (ionic strength) of the sol-
ution ions, including those capable and incapable
of exchange, In addition, the type and quantity of

other solvents or compounds i n the solution.

At low concentrations ofaqueous solutions at room
temperature, nearly all ion exchangers give preference to
polyvalent ions over monovalent species. Thus for example,
the increasing order of preference is given as7

PR 0 g T I N
For some monovalent and divalent cations the corresponding

orders are3

£4T 4 0 e NH; A e

2 2 ¢

Mot e cutr cd® e MY T AT L Mt

which suggests an increasing preference for the larger ions
of the same charge.

These electrolytes form non-ideal solutions, and it
IS necessary to introduce activity coefficients (r) _to repre-
sent the real thermodynamic properties of the solutions.
A more sophisticated form of the law of mass action for the

exchange is

g Y 7 (a?) 7 RV
a - Fe
G 7 (59 re " Fare

;’; Fe are the activity coefficients of ions in the resin phase and

(4)



Y» rs in the solution, Ky is the true thermodynamic equili-
brium constant, K. is the selectivity coefficient, derived

directly from experiment.

The Donnan Membrane Theory

When an ion exchange particle is immersed in a solution of
electrolyte, the equilibrium concentration of free electro-
lyte inside the particle is found to be less than that out-
side. This imbalance in the concentration at equilibrium
can be explained by the "bonnan membrane theory". 8 The
"ionic activity product” of an electrolyte can be calculated

by applying the bDonnan equilibrium theory.

(5A+ Sx_) resin = (a,, ax=) solution (5)

At
X~ being a permanent counterion, or coion
PPl AR e
and i Wl Wi (6)
gt x- ®

i
|

B+ ax-

Introducing concentrations and activity coefficients in

place of activities, the selectivity coefficient is given

by

i (7)

An important point is that activity coefficients of
most salts do not differ from concentrations in dilute so1-
utions, but considerable differences develop at high con-

centrations as mey occur within the bead.



The Kinetics of lon Exchanue

. + . .
lon-exchanger beads containing A ions are placed in

a well stirred solution of an electrolyte which contains
counter ions B+, - migrate into the beads. and ions A+
migrate out of the beads into the solution. This cotrans- .
port phenomena is purely a diffusion controlled process, as
the bulk of the early work shows. (See Figure 2) The exch=-
ange of B* for A+ in the bead is not usually controlled by
chemical switching of ions at the ionic sites within the
particle matrix. This is thought to occur instantaneously
In most cases,

Boyd, Adamson and Myers9 first applied the Nernst-
film rodel (Figure 3), instead of using the bulk hydrody-
namic view which was conmon at that time. It is supposed
that convective transfer increases gradually from the par-
ticle surface to the bulk solution through a nearly stag- -—
nant film, with a definite boundary separating it comple-
tely from the bulk, mixed solution.

On the-basis of the film theory, the ion-exchange
reactions are controlled by either of two diffusion pro-
cesses-through the film, or through the particle itself.

Mass diffusion is governed by the Fick's First Law,

dc

il

(8)

where D is the diffusion coefficient, and % is the gradient



Pl =
particle

initial state equilibrium state

+ + . ,
Fig. 22 A , B exchanged counterions, & coions.
lon exchange in a solution.

thickness of film
(Nernst film)

E— bulk solution

Fig. 3. Film diffusion and particle diffusion in
ion-exchange kinetics.



of concentration of the solute in the direction z, and J is
the fiux, But the present problem involves nonsteady con-
ditions of diffusion, and therefore the derived equation,

the Fick's Second Law, must be employed.

-k W D(dzc(t,z)) (9)
dt o

This equation gives the concentration of species C at any
point in the system (2) at any time (t),and it clearly
depends on how fast the gradient itself is changing. (The
net effect is that nature "smooths" peaks in distribu-
tions. )

Mudh of our present information concerning the rate
of exchange of ions between beads and solutions comes from

the work of Boyd and Soldano. 10s11,12,13

These workers
first distinguished two rate controlling steps: film diffu-__
sion or particle diffusion.

In film diffusion, ions are transported across a
concentration gradient between the bulk aqueous solution
and the surface of an ion-exchange particle. |In particle
diffusion, there is no gradient in the bulk solution .and
the film layer, and the movement of ions is along a gradi-
ent within the particle itself. Both of these cases are
shown in Figure 4. Following the consequences of Fick's
laws, with boundary conditions applied for film diffusion
the "fractional attainment of equilibrium** ,F, at any time,

£, 1is

F(t) =1 - exp(ﬁ[l-cé (11)

roéc



wherer,= bead radius; $ = film thickness; Cc = concen-
tration of ion in solution; € = concentration of ion in
the resin; D = interdiffusion coefficient of the 10N in
solution,
Exponential rate laws of the form F(t) = 1 - exp(-kt), as
in (11), are thus obtained in this case.
For particle diffusion control, the fractional att-

ainment of equilibrium is given by the familiar relation

e . D
6 1 Dtln
F(t) =1 « (=) (=) exp(-—5~) (12)
2 rgl n2 rg
where D = interdiffusion coefficient of ion in resin;

n = a dnmmy index for the series.

Particle diffusion rates are less dependent on the
external aqueous solution and appear to depend on the nature
and ionic composition of the exchanger. i

These two mechanisms of diffusion control of ion
exchange can be recognized by plotting F(t) vs. t, as shown

in Figure 5, given by Boyd, Adamson, and Myersh9

Activation Energy

For a general ion-exchange reaction

AR +B=fapR +A* (13)
the rate is indicated

(a*] -
- 2= - k(M) (r—a) (14) -

The order of the reaction is strictly second-order, but for

a fixed amount of resin (with excess A), it is pseudo-first-



. + . . . .
order in B « The Arrhenius activation energy, Egct? 18
determined by the temperature dependence of the rate cons-

tant, k, and is given by14

E
dink . Taek
a (1/T) R (15)

The temperature dependence of an equilibrium constant
of an ion-exchange process gives different information
from that of the kinetic one (Figure é), namely the enth-

alpy of the overall exchange reaction, AH With film

R
diffusion control, the apparent activation energy is only
that of the film-phase diffusion, whereas for particle
diffusion control, the apparent activation energy includes
both a film and a particle diffusion component.

It can be shown that the activation enthalpy, an®,
i n homogeneous diffusion is practically equal to activation

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

Diffusion Considered as a Rate Process

The connection between a **chemical“rate constant
and a diffusion coefficient has been made by treating ion

jumping from site to site within the solvent as a symmetri=-

cal reaction. 15 N
a%(aq) + (aq ) 2 (ag ) + A(aq) (16)
t 3
k = (;‘fz) exp (= é&) (Eyring rate equation) (17)
D = -;- 1% (Diffusion process) (18)

Thus the diffusion coefficient is directly propor-

tional to the rate constant, and 1 isthe site to site
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distance,.
For our small temperature range, over which 1 and
as* can be regarded as constant,

d 1n D d lnk _ AH (19)

d (1/T) @ (3/7) R

Statement of the Problem

The goal of this work is to contribute to the und-
erstanding of the energetics of ion-solvent interactions,
as measured by the ion-exchange process. |n our systems,
thiswork will include the energy of all the interactions
between the ions and the surrounding solvent, and between
the ions and various cation substituted Donvex resins.

Atomic absorption permits the analysis of very
dilute soiutian systems, in which film diffusion usually
controls the exchange, Thus, ion-solvent interactions are
not influenced by ion-ion interactions of more Concentrated‘_
systems. In this paper, the ionic activity coefficients are
near unity in solution and the enthalpy values for ion—exch-ainge
processes are expected to be small in the temperature
range studied, There are no comparable activation energy values
in the literature from kinetic studies of film-controrled difsusion.
However, particle-controlled data indicates appreciable

activation energies, which in this case apply at least partly

to the particle network.



CHAPTER II

REVIEW OF THE LITERATURE

Theory of Thermodynamics

A thermodynamic relation states that in a
reversible process taking place at constant temperature and
pressure, the free energy change is eaual to the net work
done by the system. |In our systems, this work will include
the energy of all the interactions between the ions and the
surrounding solvent,16 and between the ions and the Dowex resin.

An early example of an approximate model for ion-
solvent interactions is that suggested by Born in 1920.

The Born model views the free energy of ion-solvent inter-
actions as equal to the work of transferring a charged
sphere from vacuum into a continium. Then, the free energy
of ion-solvent interaction is viewed as a function of the
reciprocal of the ionic radius, and it results from the
transfer of ions from a vacuum to the solvent.

The "ion-dipole model" of ion-solvent interactions-
extends the early Born model by considering that the ion
sees the solvent as consisting of discrete water dipoles
oriented around it. The interaction between the ion and its
nearest neighbors creates the primary solvent sheath. The
heat of ion-solvent interactions can then re separated into the

steps of cavity formation, formation of primary solvated



ion, Born charging, and several other smaller terms,

A still better approximation is to view the solvent
as a quadrupole. Then one can not only explain why opposi-
tely charged ions of equal radius have differing heats of
hydration, but also predict quantitatively the way these
differences vary with ion radius,

Contemporary ion-solvent interaction theory16 slight-
|y modifies this quadrupole view of the solvent by add-
ing an induced dipolar interaction between the ion and
immediatesolvent shell. This term accounts for the pola-
rizability of the solvent. Table 1 shows how these various

) 16
terms contribute to the heats of the ion-solvent interaction.

TABLE 1

COMPARISION OF TERMS IN ION=-SOLVENT ENTHALPIES(kJ/MOLE)

lon Born lon- lon- lon- Total* Experi-
Charging Dipole Quadruple Induced mental
Dipole
i’ | w207 -546 +290 -261 -640 -543
Na®' -188 -394 +178 =137 -457 -428
k' -170 -291 +113 -80 -346 -348
Bh o o wild 282 +97 -61 Dy St

*Totals all iInclude +84 xJ to create the solvent cavity.

In work done with Donvex 50 resins, Bonner 17, 18

19

and Kraus®“noted that the values of heat for the ion exchange

process are often small in the temgarature range near ;

25°C. Measurement of the selectivity coefficient, Kg, as a



function of temperature permits evaluation of an apparent

enthalpy change for ion-exchange process through the rela-

tionship
8 1in k& _ ég
6 v, ) il (26

The enthalpy change AR refersto the molar heat of exchange
of the ions between an ideal aqueous solution and an ideal
resin.

Since our solutions are all dilute (<.001M) the
ionic activity coefficients are near unity., The tor-
responding coefficients in the Dowex are not known, so that
it is sufficient here to regard them as unity, consistent
with standard practice. Table 2 lists the aH's found by

Bonner and Pruett, and Bonner and Smith, in this way.

TABLE 2 ]
AH's FOR Mz'aq) +X -DOWEX EXCHANGERS
System AH(kJ/mol)
16% DVB % DVB

cu?t m-p +2.5 .

Mgt /H-D 2.5 +1.0

Cu2+/Zn—D 0.0

ea” T AL ~0.5

sz +/Ca"'D -101 -005

Na ' /H-D S




It se;ems fair to conclude that the 4H's are generally small,

close tOo + 1 kJ/mol in Domex with €% DVB, particulary
when the change in formal charge on the ions is zero.

Theory of Kinetics

The kinetics of the exchange will bea governed by
either film or particle diffusion depending on which is
rate controlling. The over-all transport of mass can be
divided into three steps.

Diffusion through a surface film (mostly water in
our case), The fractional attainment of equilibrium, F,

can be written as 9

in (1-F) = - 3225 (21)

where D is the diffusion constant in the film, 4% is the
film thickness, r. is the radius of particle, and ® is the dis-
tribution coefficient of the ion between the two phases. )

For diffusion through the adsorbent particle, it
is assumed that the initial concentration of adsorbate in
solution remains constant. The fractional attainment of
equilibrium, F, can be written as 9

- F =6/r, {D't/X -(22) -

where D* is the internal diffusion coefficient in the par-
ticle matrix.

If film diffusion is rate controlling, the 1n (1-F)
will vary inversely with the particle size, ro, the film

thickness, d, and with the distribution coefficient, &,

If particle diffusion is rate controlling, F should



proceed linearly with 1:1/2 and the slope should vary inversely
with re, and directly as (D*/40) Y2

The derivation of the diffusion coefficients from
kinetic data either requires assumptions about the film
layer thickness (%), or they apply to a particular parti-

cle matrix.

“"Energy Component™ Analysis and Interpretation

Trends of heats of solution of different ions in
water are adequately reproduced by "cluster formation enth-
alpies”, which are based on the modified quadrupole theory.
These calculated energies have been partitioned2 into com-
ponents representing (i) solute-first solvent shell, (ii)
solute-bulk solvent, (iii) first shell-first shell, (iv)
first shell-bulk, and (v) bulk-bulk interactions. Compa-
rison of these components with the corresponding results
obtained for liquid water provides detailed insight into
the nature of solvent reorganization in the surrounding
media, complementing the structural information provided
by hydrogen bonding analysis. A most interesting feature
revealed by these calculations is the formation of a first
solvation shell, whose solvent molecules exhibit mutual
repulsion. This is,a tightly b-ound shell, consisting of 4
or 5 water molecules depending on the ion, —— travels
with the ion from site to site through the bulk solvent.

The activation energy for "seif" diffusion, using
radioactively labelled isotopes of a number of ions rel ated_

to this study have been determined, which, however, apply



to "particleY-controlled diffusion. Table 3 lists these
values.
TABLE 3
ACTI VATI ON ENERG ES AND DI FFUSI ON 13

COEFFI CI ENTS FOR SELF- DI FFUSI ON | N TWO DOWEX MATRI CES

Dowex 50W-X162 Dowex 50W-X82
lon Eact(kJ/mol) D(cm /sec)xlo Eact(kJ/mol) D(cm /sec)xlo
Na * 35 0. 24 27 0.94
ag’ 28 0.28 25 0.64
zn2* 36 0.012 31 0.063
se2t 46 0.003 35 0.034

The results imply higher activation energies for
those ions nore resistant to flow, and both parameters
increase with the extent of cross-linking in the matrix,
These val ues shuw trends, therefore, which are
consistent with a particle-controlled diffusion
process. Beyond this, the divalent ions show about a 25%

increased activation energy over the monovalent ions.



CHAPTER III

EXFERMBNTAL

Materials and Apparatus

The Dowex 50wW-X8 in the Na+—form was purchased from Dow
Chemical Company. Midland. Michigan. Sodium, silver, calcium,
and magnesium standard solutions (1000 ppm + 1%) were cer-
tified Atomic Absorption Standards from Fisher Scientific.
Calcium chloride (anhydrous) was analytical grade, Baker
Analyzed Reagent, and the silver nitrate was laboratory
grade, The acid used to adjust the pH of solution was ACS
reagent grade nitric acid (70.5%).

The instrument used for analysis of the absorbance
of metal ion solutions was a Instrumentation Laboratory e
AA/AE, Modd Video 11, Atomic Absorption Spectrophotometer.

The Heating Bath and Circulator, used for sample of
solutions the temperature control, was manufactured by
Haake Inc., Saddle Brook, N.J. This cell was equipped with
a water jacket whose temperature was controlled to + 0.10

by thermometer (Figure 7).

Chemistry of Dowex 50W-X8

Dovex 50w-X8, is a strong acid cation exchanger
that consists of a sulphonated polystyrene-vinylbenzene )

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

properties of Dowex 50W-X8 are: total exchange capacity



water

cel l e

thermometer

magnetic

stirrer heat circulating bath

_Fig. 7. The apparatus for temperature control
of the ion exchange cell.

~CHz- CH—CH3 =CH-CHa—CH~CH3 ~CH-CHa— CH—CH,~

< Lo K W g

~CHy CH-CH—CH- CHz— H“CH:!-CH—CHQ H-CH,-CH-

; ;; + -
—'CHI—CH-CH:. —CHz —CH-CH; - —CHCHeCH-
SO5 i Na'

Fig. 8. The structure of the Dowex 50W resins. =
sodium form,



6.27 meg/ml, nesh Size 20-50, and a .stated noi sture content 43%

Tabl e 4 conpares U.S. mesh val ues and particle di ameters.
TABLE 4

PARTI CLE SIZE IN US MESH AND MM

US nesh diameter (mm)
16- 20 1,.20-0.85
20-50 0.85-0.29
50-100 0.29-0.15
100-~-200 0,15-0.08
200-400 0.08-0,04

The out st andi ng advant ages 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 salt-forms.

Dowex 50W-X8 Treat nent

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

formed into the Ca-form by treatnment with 500m1 0.5N CacCi,

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

2+

washed to renove occl uded ca with deioni zed-distill ed water

several tinmes, suction-filtered, and dried in air over 2
days. The reaction is (where R represents the polystyrene

backbone)

2 RSOZ-Na' + Ca2+(aq)(excess)———.;‘(RSO3)2-Ca2+ + 2 Na‘(aq)(23)

3



The synthesis of AgDonmex was performed in an iden-
tical manner, except that the solution used was AgNOB(aq).
and the NaDowmex was first washed to remove possible traces

of c17,
Procedure for Sodium-Silver |lon-Exchanues

"Standard Silver solutions" were prepared in the
range from 0 to 1000 #g/L. The standard curve for silver
was constructed using the IL Video 11 AA/AE Sepectrophoto-
meter. The optimized instrumental parameters for all runs

are shown in Table 5.

TABLE 5

AQ INSTRUMENTAL PARAMETERS

Mode aA (Single beam) i

Statistics 5

Integration Automatic

Integration time 1 second _

Light source Ag Hollow cathode

Flame description Alr-acetylne, oxidizing
(Fuel leam, blue)

Lap current 3 mA

Voltage 530

Wavelength 328.1 nm

Band ?ass - 1 nm --

Acetylene pressure 15 psi

Oxidant flow 12 scf

Aspiration rate 5 mL/min

Fuel flow 3-5 scfh

+
A 50 mL volume, initially 1000 4g/L Ag (standard),
was placed in the temperature controlled cell. The jacketed-

cell was placed over a magnetic stirrer and 0.1 g of Na-



Dowex resin (air-dried) was added. "Instantaneous" ag’
were measured every 3 min, over a 25-30 min period, by aspi-
rating a small volume of solution into the aA flame for
about 5 seconds. The aliquot was taken from the top portion
of solution to prevent Domex particles from being drawn
into the pneumatic tubing. (The stirred particles occupied
the lower 20%of the cell,) Temperatures of ion-exchange
systems were set at 25°c, 32°c, 39°c, and in an ice-water
bath, 0.10 g of Domx resin was used in all cases, except
at 0°c where 0.20 g was found more practical. Other solu=
tions of Na+, using AgDowex, the complementary system,
were treated similarly except that in these cases the in-

. + . .
crease in [Ag ) was followed as a function of time.

Procedure for Sodium-Calcium Ion-Exchanges

The same general procedure as that described for the-
sodium-silver ion exchanges, except that the (ca®*) was mon-
tored using a calcium hollow cathode lamp in the aa, and _
different monochromator settings were used.

In these experiments, both the ca®* loss due to absorp-

2+

tion into Na-Dowex, and the ca release f rom Ca-Dowex due

] +
to its replacement by 2Na , was followed.

The pH-Dependence of Sodium-Calcium |on-Exchange

Standard Calcium solutions were mede in the range
from 0 to 800 4g/L. AIll solutions were acidified with 1.5 - _

m| Baker concentrated nitric acid (70.5 per cent), giving a



pH~®1l, The sodium-calcium ion-exchange was performed at room

temperature.

The Dependence on the Amount of Dowex

The effect of the amount of Na-Dowex, in a 200 «g/L
standard calcium solution, was studied using weights of Na-
Dovex of 0.076 g, 0.114 g, 0152 g, and 0.228 g In these

cases, the (Ca2+] decrease Was measured over time.

The Diameter and Density of Dowex Exchanae Particles

lon exchange beads are marketed in particle size
ranges. To determine the range of particle sizes of air dried
exchangers, a micrometer was used to measure the diameters
of about 80 beads of the Na-, Ag-, and Ca-Dowex exchangers,
The density of dry ion exchange resins was measured by

using a calculated, 10 mL pycnometer.

Characterizing the Particles

The Dowex 50wW-X8 Particle Radius and Density

The number of particles having a given diameter for
the Na-, ca-, and Ag-Dowex particles are presented iI:I Figu-
res 9-11,

The average diameter (;) and radius (re) of the

beads were calculated, and the results were given in Table 6.
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_ Fig. 9. Distribution of the particle diameters
of air dried Na-Dowex, where N is the numba of Dowex
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Fig. 10. Distribution of the particle diameters
of air dried Ca-Dowex.
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Fig. 11. Distribution of the particle diameters
of air dried Ag-Dowex,
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TABLE 6

AVERAGE DI AMETER OF DONEX 50W-X8

Dowex S0W-X8 d X 10'3 inch r, (cm)
Na- Dowex 26,6 + 4.8 0.033
Ag-Dowex 23,5 *+ 4,2 0,030

The densities of the air dried M=Dowex particles was
determ ned by the water displacenent nmethod fromthe pycno-

neter, and these results are seen in Table 7
TABLE 7

DENSITY OF DOWEX 50W~X8

Dowex 50W-X8 D in g/mL
Na-Dowex 1,45
Ca._ D)V\BX l ® 50
Ag-Dowex ; 1.99

The Degree of O oss-Iinking

The degree of cross-linking is characterized by a
val ue "X% cross-|inked"”, which expresses the anmobunt of cross-.
l'i nki ng agent used to produce the particular resin, In our

Dowex, the degree of cross-linking is recognized fromthe



desi gnati on Dowex 50W~-X8, which mans that styrene was copo-
| ymeri zed with 8% divinylbenzene,

QG her types of Dowex commonly contain 4, 12, 16 or
24% "cross-linking"” and this in turn affects the perneability
of the particles to the flow of solvent and charged ions.
Thus one cannot expect all Dowex 50W's to behave sinilarly

i n these respects.

Fractional Attai nment of Equilibrium (F) for | on Exchanae

For the process

B'(aq) t A-R —> B-R + At(aq) (24)

the equilibriumexpressionis traditionally witten as the
selectivity constant, ignoring the activity coefficients of

the ions in both the solution and the resin,

Bz@ _f_é_tl (25)

" (a”) .(B+J e

K

where the (7)) refer to effective resin concentrations.,

| n our case, the exchange reaction
Ag’(aq) + R == Na'(aq) + Ag-R (26)

Is used as an exanple of howto calculate F, the fracti onal
attai nment of equilibrium It is convenient to sunmmarize

the noles and concentrati ons as shown in Table 8, -



TABLE 8

ION—EXCHANGE SYSIHM PARAMETERS

Initial Egquilibrium
Solution volume, Vv (L) 0.050 - 0.045 -
Particle vol une, vy (L) 6.5 X 10 6.5 X 10
Exchange capacity (meaq/g) 6.3 6.3
[Ag*graq)J (M) 1.0 X 107°
*(Na =R] (M) 4.0 4.0
(Na®(aq)] (M) 0 (1.0X107°-X)
*[Ag+-R] (M) 0 - (1.0X10'5-x)(vs/vp)
nag”* (aq) (nmol es) 5.0 X 10:;
Nnat-r (moles) 26 X 10

+y . . ;
J refer to (M'J in the resin, not the molar concentration
of the resin. .
i + . . ,

It isclear that Na 1s 500 X more abundant in the resin

+ . : . : .
than Ag in solution in this system, so that even if all

+ +
the Ag (ag) wae absorbed into the resin. the ( Na -R] would
hardly be affected. It is also clear that the ion initia-
Ily inthe resin is nearly 106 X more concentrated than the

ion in solution. Using the selectivity constant of Kitchener

e +
K = [_f*_;!._]_(_ﬁé_.]_ =9 (27)
() L™
(1 x 3072 xucman) Ll o g il . . (28)
(4] (x)




5

As X << 1 X 1077, it ney be eliminated from thoae terms,

and X is solved for

X = 8,6 x 10'lo M

(29)
Thus, 99.99% of the Ag+ originally present in the aqueous
phase is absorbed by the particle at equilibrium. As a
practical matter, the fractional attainment of equilibrium,

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

+ + +

(Ag ). - (Ag ) (Ag )
P G 5 .k (30)
(t) + + B

(Ag )o - (Ag )e (Ag )o

Likewise, for particles initially loaded with a large excess

+
of Ag , and exchanging a very small fraction of these for

+
Na

. (Na;+)t
F(t) R (3%)

(Naq'.)o



CHAPTER |V

RESULTS AND DISCUSSION

Fractional Attainment of Equilibrium (F)

Since the first treatment of kinetics of ion
exchange adsorption by Boyd. Adamson and Myers,g the concept
has generally been recognized that two diffusion mechanisms
can occur, Other factors being equai, in the region of low
bulk solution concentrations, the rate is determined by the
diffusion of ions through the liquid film surrounding the
exchange particle. At high bulk concentrations, diffusion
of the ions through the exchange particle itself is the
rate-controlling step. A few examples of selectivity coe-
fficients are given in Table 9. It is necessary to refer te

such coefficients in evaluating the experimental results.
TABLE 9

SELECTIVITY COEFHCIENTS KQ FOR THE EXCHANGE OF VARQUS
CATIONS FOR Na*(B) IN DONEX 50 WITH 8% DVB

Ion(A) xg(zo) kA(3) xg”)
Na't 1.00 1.00 1.00
Ag” 9.00 4,30 3.90
ca? 21,00 2.60
2+ 4

Mg 1,70




I n order to establish which mechani smoperates in
the present, highly dilute systens, it was necessary to
determne the fractional attainment of equilibrium F as a
function of tine, t. These are shown in Figures 12 to 16
for various conbinations of netal ions in solution and in
t he Dowex particles. A comparison of the literature val ues
of K (Table 9), and the experimental (F, t) plots as given

in Figure 12 to 16, leads to the foll ow ng casess

1 Ag." and ca®* with Na-Dowex (50W-X8)
2+

Ag+ and ca® repl acing Na' in Na-Dowex are shown in
Figures 12 and 13. The nearly linear initial beha-
vi or observed indicates the rate-determning step
is at first filmcontrolled diffusion. A dropping
off at later periods inplies a switch to particle-
control.  The sel ectivity cocfficient KNa? 1 neans

t he Na-gowex absorbs Ag or ca’* more strongly

than Na

2. Nt with Ag=-_and Ca-Dowex(S50W=X8)

The i nverse selectivity coefficient Kff<1 nmeans the
Dowex resin absorbs Na | ess strongly than either

+ 2+ . . . .
Ag or Ca i ons. Despite this difference, Ag=-
Dowex, replaced by ha+, as shown Figure 14 seens to
conformto a filmcontroll ed giffusion pr ocess,
whi | e Ca- Dovex 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 filmcontrolled
di ffusion occurs for these dilute systens is
violated only when there is a nuch stronger attrac-
tion of the resin for the departing i on conpared to- -

. . . \ P g

the incomng ion (ie. N\a and Ca® -Dowex).
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F fap Ca2+ / Ha-Dowex
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3. Mgz+ with Ca-Dowex(50W=-X8)

Figure 16 indicates a returnto filmcontrolled
di f fusi on, where M92+replaced C32+,

Pseudo-First-Qrder Kinetics of |1on Exchange

The rate constant data presented in Table 10 and 11

were obtai ned for the exchange reactions bel ow,

+ Ke +
Ag (agq) + Na-Dowex —2= Na + Ag-Dowex {32)

and
k

Ca2+(aq) + 2Na-Dowex —f;.*zNa+(aq) + Ca-Dowex (33)

The rate of disappearance of nmetal ions can be described by

a(ag”)
pré =k, ng+] ( Na-Dowex ) (34)
dat
and -
2+
alca®?)
pi 2+
- T = kf [Ca J (ZNa-DowexJ {35) b

These equations (for filmdiffusion) may be sinplified by
noting that the (M-Dowex) is effectively constant, where
Mis present in 1000 fold excess over the solution ien.
Then

d[Ag+J + (36)
= s Tae)
and
d(Ca2+]
Pt NAENEN . (37)

dt exp



The rate constants. kexp, can be calculated from

the equations
- da 1n (ag*)/at (38)

A
"

exp
and

- a 1n (ca?*)/at (39)

n

K g
The 1n of the concentrations are plotted as a function of
time at the various temperatures (Figures 17 and 18), and

show the expected fir st order behavior.
TABLE 10

RATE DATA FOR Ag+ EXCHANGE WITH Na-DOWEX

° -1
Temp.,, C Rate constant, k g,n» Sec
2.5 0.0351 =+ 0,002
25,0 0.0828 * 0,003
32,0 0.1019 * 0,005
38,8 0.1179 * 0,006
TABLE 11
RATE DATA FOR ca?* EXCHANGE WITH Na-DOWEX
T °c Rat nstant. k -1
emp., ate constant. k __, sec
7.8 0.0238 + 0,001
25.8 0.0481 * 0.002
33.5 0.0637 * 0.003
41,9 0.0860 * 0.005

Values for the apparent activation energy of

diffusion, Ezc¢ Were comnuted using the usual Arrhenius

39
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formul a
d(in k__ )
._d___ﬂ.‘P_ L E_CE_ (40)
(1/T) R

The plots of 1n kexp vs. 1/T for these two ion-exchange reactions

were given in Figures 19 and 20, Table 12 collects the

corresponding information.
TABLE 12

ACTI VATI ON ENERGIES FOR FIRST-ORDER M+ EXCHANGE WITH Na-DOWEX

Counter ion Eact{kJ/mol)
ag” 21.6 2 2.9
2+
Ca 24,0 * 3.

Zero-Order Kinetics of lon Exchange

The rate constant data presented in Table 13 and 14 --

were obtained for the exchange reactions.

K o5
Na +(aq) + Ag-Dowex ——-f—.,_.-‘ Ag"P + Na-Dowex (41)
and
2+ - 2+
Mg“ (ag) + Ca-Dowex —= Ca“ (ag) + Mg-Dowex (42)

The rate of appearance of metal ions can be descri-

bed by

alag’]
_— = kf (Na+J [Ag-Dowex] (43)
dt
and
2+
d(Ca ]
. | kf(Mg2+] (ca-Dowex) (44)

dt
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The equation (for film-diffusion control) found in these

cases is

= Kk (45)

2+. and the character is zero

where M+ is either Ag+ or Ca
order.
The rate constants, kexp. can be calculated from
the equation
T =a(M*]/at (46)
The concentrations are plotted as a function of time at the

various temperatures in Figures 21 and 22 and the data col -

lected in Tables 13 and 14.

TABLE 13

RATE DATA FOR Na® EXCHANGE WITH Ag-DOWEX

Temp,, °¢ Rate constant, k., M/sec
r 0,088 T
25,0 0.297
32.0 0.463
38.8 0.625
TABLE 14 )

RATE DATA FOR Mgz+ EXCHANGE WITH Ca-DOWEX

Temp, °c Rate constant, kexp. M/sec
2.8 0. 0164
25.8 0, 0272
3B.5 0. 0339

41.9 0.0422
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Values for the apparent activation energy of these
rate constants were computed as before. The Arrhenius
plots are given in Figures 23 and 24, and the resultant

data are presented in Table 15
TABLE 15

ACTI VATI ON ENERG ES FOR ZERO- ORDER | ON
EXCHANGE FOR METAL | N DONEX RESINS

| on exchanger Counter ion E_o¢ (kJ/mol)
Ag-Dowex Na® 38.5 + 4.2
Ca-Dowex Mg2* 18,1 +:1.7

Fractional Order Kinetiecs of lon Exchange

The sodium-Calcium exchange reaction can be written

as .-

k
+ £ 2+ i
2Na (ag) + Ca-Dowex k:Ca (ag) + Na,=Dowex (47)
o 5

The rate of appearance of cal ci um can be represented here

d[CaZ+)

dt

= K, ﬂNa+ ZJ (Ca-Dowex] - k. (Caz*] [Na2=DowexJ (48)

As shown in Figures 25 and 26, the relative concentrations
of calcium vs, time, at different temperatures, is estima-
ted to e between -1/2 and -1 order. It is noteworthy that
this unusual kinetic description fitsthe only case found

to be particle-controlled in its diffusion mechanism.
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pl Indevendence of Calcium lon Fxchange
It might be expected that the -So; groups i n DonecSOW
could be protonated with H+ I N competition with M+ in ague-
ous solvents, Thus a p1 dependence is possible, However,
under our conditions, moderate variation of the pH did not
change the values of rate constantfor the Ca2+/Na-Dowex exchange

significantly. (Table 16 and Figure 27)
TABLE 16

p1 INDEPENDENCE OF CALCIUM ION EXCHANGE
AT ROOM TEMPERATURE | N Na-DOWEX RESI N

Rate constant, x, sec"t

«5 0.046 0.002 :
0

+
0.048 * 0,002

A Nw)

The Effect of The Amount of Dowex on The lon-Exchanue Kinetics

2

+
lon-exchange rate constants for the ca® plus Na-

Dowex system were investigated over the nass range 0,076

to 0.228g Dowvex. A comparison of these auantities is shown
in Table 17 and Figure 28. The rate constants are foundto
be directly proportional to the amount of Donex resin.

This nmakes possible a comparison of rate data obtained with
different amounts of Dowex by simple normalization to a _
common amount, 1t also shows that the rate of adsorption

of the Ca2+ is proportional to the surface area presented
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by the Dowex particles to the solution, which is consistent

with a filmdiffusion controll ed process,
TABLE 17

THE EFFECT OF THE MASS OF DOWEX ON THE
ca2* PLUS Na-DOWEX | ON EXCHANGE AT 26°cC

Veéight, ¢ k, sec . k°(for 0.1qg) (sec"l)
0.076 0,037 0.049
0.114 0.055 0.048
0.152 0.071 0,047
0,228 0,110 0,048

Tabl e 18 summari zes the kinetic data for all the
processes considered in conparison with what is avail able
inthe literature. It is apparent that no direct conpari -
sons are possible, mainly because the activation energies
previously measured apply to particle-controlled diffusion

processes,



TABLE 18

SUMVARY OF | ON EXCHANGE ACTI VATI ON ENERGY DATA

Control Kinetic Eact (aH¥) xJ/mol 4
Resin type Exchange reaction mechanism order This work Boyd and Soldano
Donvex S0W-X8 Ag' + NaD —> film (1st order) 216 * 2.9
ca®® + Na-D —> film (1st order) 24.0 + 3.0
Dowex SOW-X8 Na& + AgD — film (0 order) 38.5 + 4.2
g2t + @D — film (0 order) 18,1 + 1.7
Dowex 50-X8,6 Na' + Na ~D —= particle 27.2
k' o+ K°-p —> particle 21.8
Ag+ + Ag*-D —_— particle 24.7
Dowex 50-X8 Zn2+ + Zn*-D e particle 30,7
sr?t + sr'ep — particle 34.7

* indi cates radioactive tracer.



CHAPTER V

CONCLUSI ONS

The present work has shown that atomic absorption
spectroscopy is a suitable technique for studying ion ex-
change kinetics in dilute solutions. Past studies have been
confined to those cases of high ionic strengths and parti-
cle-controlled diffusion cases, which are complicated by
inter—ionic effects as well as ion-matrix effects.

With the exception of the Na+ + Ca-Dowex experiment,
which appeared negative order in Ga”, our systems were pre-
dominantly film-controlled, and either zero or first order
in their behavior. Generally, when the Dowex resin was
more attracted to the solution ion compared to the matrix
ion, a first order loss of the solution ion was observed. --
But when the matrix bound ion was nore attracted than the
solution ion, zero order exchange took place. —

Finally, when the disparity in attractiveness was
greatest, with the most strongly bound ion initially in the
matrix, negative order kinetics was observed, indicating
the possible significance of a back reaction.

The activation energies measured in this work apply
to more idealized film-controlled diffusion, where the film
IS almost exclusively water. Previous workers have limited
their studies to particle-controlled cases, at high ionic -

strengths, where activation data are contributed to by more



factors.

Although no direct comparison with earlier data can
be made, it should be noted that there is really no large
difference in the activation energies between the two.

Perhaps this is due to the essentially aqueous nature of
both the film and the channels within the polymer matrix.

Unexpectedly, however, the difference between the
activation energies for the Ag+ + Na-Dowex exchange (22#3
xJ/mol) and the reciprocal Na+ + Ag-Dowex exchange (38+4
kJ/mol) is much greater than the expected enthalpy differe-
nce for the exchange (1 xJ/mol).

Since the transition state for both exchanges invol-
ves the codiffusion of Ag+ and Na+ through an essentially
aqueous film, the implication is that the enthalpy difference
should be close to 16 kJ/mol. This could be related to
the much lower solubility of Ag,S0,, compared to Na,SO,, if..
the Ag® so?

4
This enthalpy should be measured under our conditions. _

interaction resembles that i n the Dowvex matrix.
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