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Abstract--The mechanism of Ca 2~ ion exchange in ze,;lite NaA powders were studied with varying its 
crystal size. It was reasoned Ihat the tale uf ion exchange at corners and edges c,f a crystal would be faster 
lhan that al the center porliuul of each cryslal free, Therel<m'. as the degree of i,m exchange advances, Ihe 
fron~ of iun exchange w[IJ k.,,~,se i:s sharp edges and al~i;,maches tu a near spherical shapv. T,u take into 
aceott[lt of this pheuornenr m the dualysis u[ exl)erm]eulal nm exchange rates, rate equations for sphere and 
cub( were c,.)rnbined together in the f,,dh;wing form, which may be call(,(] as Ihe Iransitio[~ model. 

f ,  d'~l = ]n-~-F(r _- [ 1 - g  (0)!1~,,~)r g (o)f~ i~) 

The transition timefunetion, g(O). was assumed to be expressed byg(O) aO z and Ihe constants were 
found to be a : 2.79, fi 0.13 m th~s experiment. Using Ihe hallsilic)n model equation, the ion exchange rat(' 
of zeolite NaA powders wl!uld be n'presented belier thau eilher by Ihe spherical or the cubic model alone. 

INTRODUCTION 

Zeolite NaA powder is widely used as ,he builder in 
synthetic detergent formulations replacing the conven- 
tional TSPP (tetrasodium pyrophosphate) which is the 
undesirable cause of eutrophication. Zeolite NaA pov,'- 
der, to be effective as a detergent builder, should have 
a fast rate of Ca 2+/Mg 2~ ion exchange. Llntil now the 
ion exchange rate of zeolite A powders have been 
analysed by the spherical model, assuming the zeolite 
cccstals to be spherical in shape although it actually 
has a cubic structure [1,2]. However, because of its 
cubic shape, the spherical model was found to be 
unsatisfactoD' in analysing the experimental data. 
TLerefore, a cubic model was developec and applied 
in analysis of ion exchange data of a zeolite NaA pow- 
den but showed also a limited success. 

In this paper, therefore, the transition model which 
combines the two simple models, i.e. the cubic and 
the spherical, was developed and was applied in de- 
scribing the ion exchange rate of zeolite NaA powders. 

ION EXCHANGE MODEL~ 

The conventional model for ion exchange of fine 
powder dispersed in a finite volume of i.~nic solution 
has been based on a spherical model. Based on the 

same approach as the spherical model, a cubic model 
could be derived for zeolite NaA powders which has 
cubic structure. Zeolite NaA powder, howew~r, looses 
its cubk: characteristic as the degree of ion exchange 
advances, because the corners and edges of cubic crys- 
tals have higher ion exchange rate than the other part 
of cubic crystal. The transition model was developed 
to accommodate this characteristics by combining the 
spherical and lhe cubic models. 
I. The spherical  model  

This model is based on the diffusion equation by 
Crank for an irreversible adsorption on a spherical 
particle [3,5]. Digiano and Weber applied the equation 
onto a batch adsorption of organic compounds on acti- 
vated carbon granules in a finite volume of the organic 
solution, and obtained the following rate equation for 
spherical particles [4], 

F C~ = D 4 3wDt (i) 
In,/, ksr r 'p~In~ 

where ~ is a dimensionless concentration, C/Cto, and 
F(4,) is a function of ~ which is related to the degree 
of adsorption and can be obtained from experimental 
data. By plotting F(~)/ ln ~ vs. wt/r2ppln ~, the effec- 
tive pore diffusivity, D, and the film mass transfer coef- 
ficient, kt, could be obtained from the slope and the 
intercept if the plot is in a linear form. 
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Fig. I. Tetragonal pyramids in a cube. 

2. T h e  c u b i c  m o d e l  
The cubic model was developed for zeolite A pow- 

ders which has cubic shape, based on the following 
assumptions: 

1. Individual crystallites of zeolite NaA is well dis- 
persed in a finite volume of a batch ion exchange 
solution. 

2. The rate of ion exchange at the ion exchange site 
in zeolite cages is much faster than the diffusion of 
cations through cage pores. 

3. The diffusivity of cations through zeolite cages is 
constant. 

Since a cube is made of six identical tetragonal 
pyramids symmetrically located each other as shown 
in Fig. 1, the analysis was made based on a tetragonal 
pyramid rather than on a cube so that the three di- 
mensional problem could be reduced to a one dimen- 
sional problem. Based on the second assumption 
above, the ion exchange front at a given time could he 
represented by a square plane in the pyramid parallel 
to the base plane, as shown in Fig. 2. Taking the apex 
of the pyramid as the origin of a rectangular coordinate 
system, the distance from the apex normal to the base 
plane is represented by the x-coordinate as n Fig. 2. 

Now the diffusion equation through a square plane 
at x=  x is 

a c ~ _  1 a %C x 
a t  A ,:x) a ~  IDA (x) ] (2) 

where A(x) is the area of the square at x = x (i.e. 4x 2) 
and C'~ is the concentration of the ionic solution in the 
solid phase. The boundary condition at the external 
surface of a zeolite NaA crystallite is 

OC,: - 4 a 2 D O  C" @ x = a , t : ~ 0 .  (3) V 
a t  O x  

For zeolite NaA powders dispersed in a finite 

Y 

Fig. 2. A square plane, representing the ion ex- 
change ~ont .  

volume of well agitated cationic solution, the rate of 
cation transferred to the surface of a crystallite fronl the 
bulk of solution is equal to the rate of diffusion in the 
solid phase in the negative x direction, 

_ ( 5 ) _ % C ~  ==k/(Cs_Cs, ,  = D  aC~,, ax  (4) 

where C~ and C~, are the liquid and solid phase con- 
centrations at the interface, respectively. At the mov- 
ing front where the irreversible ion exchange is taking 
place, 

s aXo _r)aC~ ~ - =  - a x  @ X : X o ,  t > 0  (5) 

where S is the surface concentration and x o the loca- 
tion of the ion exchange front. The outside region of a 
crystallite, x ~ x  o, is in equilibrium with the local ionic 
concentration, whereas in the inside region, Xo~X~0, 
there exists no ion exchange cations, i.e. C~ : 0. 

Since the rate of ion exchange is assumed to be 
much faster than the speed of the front moven/ent, a 
quasi-steady state could be assumed in the region bc~ 
tween the external surface and the front. Thus, Eq.(2) 
could be expressed as follows, 

~_ a x - - x o )  a2.x:~Xo. (6', Q.-C,,~ <x-a 

Taking differential derivatives of gq. (6) at the exlernal 
surface, i.e. x - a ,  and substituting it into gq. (4), we 
get 

V OC,_ xoC,~D -k,(C/-C:~). (7:' 
4a 2 8t a (a- xo) 

Eliminating C,~. from Eq. (6), 

V OC_ , = - 4a2C" (8) 
a a - x o ) + l "  

at ~D ) '-x-~-- k~ 
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To get Cras a function of t only, x o in Eq. (8) now has to 
be eliminated. Combining Eqs. (3) and {5) and inte- 
grating over from x = a to x = x o, we get 

C ,  4S ~(Xo)~ - 
C,.~ = 1 ~ 3vc~fo a 1]. (9) 

At the end point of ion exchange (xo = 0), Eq. (9) be- 
comes 

C,~ 4S , ,  
Czo = 1 -  ~3vC~fo )a (lt/ 

where Cre is the concentration of the bulk solution al 
equilibrium. Substituting Eq.(lO) in Eq. (9), we have 

C~ c , .  
= f_ (~)xo (1-  (11) 

C~o C~o C~o'" 

Now, taking r  CJC~o and Ce= CtjCto Eq. (11) can 
be simplified as 

a =  ~ - ; - ~  . (121 

Substituting Eq. (12) in Eq. (8), rearranging and inte- 
grating it becomes 

f ~  1 ,- 1 1 ] d r  D f l ~ d ~  
[" ( ' r  1//3 ' k.,.a J ,  r 

1 - r 

4aD f ~  - V dt (131 

where V represents the volume of ion exchange solu- 
tion per 1/6 of a cubic crystallite, or 

1 p .  {2a)~ (14) v = g  w 

where pp is the density of zeolite crystallite and w the 
dosage of zeolite crystallites in the batch ion exchange 
solution. 

Introducing a new function F(r defined by the 
following equation, 

= f l ~  1 1 
J~ 

Eq. (13) can be expressed by the following simplified 
form, 

F (r D 3wDt 
k (16! 

l n r  kza a ' p ~ l n r  

3. C o m p a r i s o n  o f  c u b i c  a n d  s p h e r i c a l  m o d e l  
e q u a t i o n s  

Although Eq. (16) for cubic particles is similar to 

Eq. (1) for spherical particles, the geometrical con- 

stants a and r should be correlated on the same vol- 
ume basis. Since Vsphere = 3~r3/4 and V,.,~be = (2a) 3, the 
corresponding radius of a sphere to a cube of the same 
volume is 

3nr3/4 = (2a) 3 

r - -  1.24 la. !17) 

Therefore, in terms of the equivalent cube hall: size, a, 
Eq. (1) becomes 

F 
o 8~6 ~ : 1.949 }~Dt (18) 

l n r  =0  Kj.a a polnr 

Comparing Eqs (16) and (18), we can see that the 
spherical model would give higher values of diffusivity 
than the cubic model when used in analysis of the 
same experimental data. 
4. Th e  t r a n s i t i o n  m o d e l  

The crystalline network of zeolite A is made of a 
cubic array of unit cells, each unit cell being intercon- 
nected to six other cells through six windows located 
on the surfaces .of a cube [l]. Unit cells on the ,external 
surface of a zeolite A crystallite can be classitied into 
three types based on the numbers of windows open 
to the surroundings as follows; 

type I -- those cells located at the corners of a cu- 
bic crystallite with three windows open 
to the surrounding, 

type 2 -  those cells on the edges with two win- 
dows open, 

type 3 -- those cells on the inside of each face plane 
of a cube with only one window open. 

As ion exchange process begins, type 1 cells would 
admit exchanging cations faster than type 2 cells, and 
type 2 faster than type 1 because of the difference in 

the number of windows available for diffusion of cat- 
ions. Also, as the ion exchange front moves inward, 
the size of the cube with fresh cells would continue to 
shrink, resulting in an increase in the fraction of type 1 
cells and Io a lesser degree type 2, compared to type 3, 
the fraction of which being shrunk steadily. This 
would cause a slow transition of the shape of ion ex- 
change front from cubic initially to a round-edged 
cube, and eventually to a shape similar to a sphere. To 
show the change of the shape of the mass transfer 
front, a mass transfer to a cube at a constant surface 
concentration was solved analytically [6]. The result- 
ing plot of isosteres at different contact time is shown 
for r -  0.08 and Z -  z / a -  0 in Fig. 3. 

It clearly shows the steady transition of the diffu- 
sion front from a square to a rounded shape in the two 
dimensional plot. The dotted line in the plot repre- 
sents the boundary where the frontal shape start to 
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Fig, 3. Transition of diffusion front from cubic to 
spherical  shape (7=  0.08, Z = 0.00). 
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Fig. 4. Particle s ize  distribution of zeol i te  NaA crys. 
tallites {before separation of aggregates).  
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deviate from straight line. 
To take account of this phenomenon in the analy- 

sis of experimental ion exchange rates, Ihe rate equa- 
tions for cube and sphere are combined togelher in the 
following form, 

f ,  Ir = F r = ~1 - g i01 If,= {~) Fg  (0; f~ (r (19) 
ln~  

where fr(~ ) represents the rate equation for the tran- 
sition mode], fc(~) for cubic and fs('~) for spherical 
model, respectively, g(0) denotes the transition time 
function reflecting the fractional contribution of cubic 
model to the overall rate. 

Substituting Eqs. (16) and (18) into Eq. (19), it b~> 
cc, nles 

F ,: r ) D_ 
l n r  - Ll -O.194g(0)  k fa  

wDt 
, (3 1.051g RI]a=p~,ln . ~72r 

The transition time function, g(6 ), is related to the dot- 
ted line in Fig. 3 and could be found from experinlen- 
tal rate data. 

EXPERIMENT 

I. S y n t h e s i s  o f  z e o l i t e  NaA c r y s t a l l i t e s  
To study the effect of different crystallile size on Ihe 

ion exchange rate, zeolite NaA samples were synthe- 
sized directly under differem conditions. Samples of 
different crystallite size were obtained by ch ~nging the 

aging time which precedes the crystallization step [71. 
The longer the aging time the smaller the crystallite 
size it becomes. However, all zeolite samples were re- 
ported to contain aggregates of crystallites to some ex- 
tent [8-10]. The particle size distribution of a zeolite 
synthesis batch, shown in Fig. 4, confirms the exist- 
ence of large aggregate particles, i.e. those above 10 
# m. 

To avoid errors which would be caused by the 
existence of these aggregates, zeolite samples were 
treated by a fioatation method in water and large ag- 
gregate particles were removed before ion exchange 

experinmnts. Crystallite size of zeolite samples were 
analysed by SEM. 
2. P r e t r e a t m e n t  of  z e o l i t e  

Zeolite NaA samples were pretreated in 0.1N NaCI 
solution for 24 hours and then stored in a desiccalur. 
The result of chemical analysis of these zeolite samptes 
are given in Table 1. Sodium content was determined 
by atomic absorption spectrometry and water, silicon 
and aluminum by standard gravimetric methods [ 11 ]. 
and others by ICPA (inductively coupled plasma atom- 
ic emission spectromet~'). 
3. M e a s u r e m e n t  o f  ion  e x c h a n g e  rate  

The ion exchange reactor (1L volume) was filled 
with a CaCI2 solution and a given amount of zeolite 
NaA sample was ,added into the reactor under rapid 
stirring. The change in Ca 2" ion concentration was 
continuously monitored by a selective ion analyser 
(Fisher model 7501, attached with a calcium electrude 
or a divalent cation electrode. The equilibriunl curt- 

Z 
_g 

= 

= 

L )  
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Table l. Analysis  of zeolite NaA 

Sample No. : YS40040-1 Sample No. : YS40440-1 

Component Con~enl (wt%) Component Content (wt%) 

AI20:~ 31.80 AI20:~ 31.02 

SiO2 33.74 SiO2 33.16 

Na20 19.01 Na20 18.56 

H20 15.17 H20 17.02 

others* 0.28 others* 0.24 

SilAI 0.90 gilA] 0.91 

Na/AI 0.98 NalAI 0.98 

others* : CaO, Fe<20, ~ K20, MnO, TiO, 2 

Table 2. Particle s ize  and s ize  distribution of zeol i te  
NaA crystall i tes  (after separation of aggre- 
gates) 

Sample No. Mean cubesize, Standard deviation, ,u 
S = - - - -  

2tl (,~mO 2 o'~m) o 

YS40040-1 3.072 1.339 2.294 

YS40440-1 1.210 0.385 3.143 

YS40840-1 1.130 0.243 4.650 

YS41240-1 0.947 0.197 4.807 

YS42440- ] 0.759 0.169 4,490 

centration of the solution was analysed by an atoniic 
absorption spectrophotometer. 

RESULTS AND DISCUSSION 

1. C r y s t a l l i t e  s i z e  and  its d i s t r i b u t i o n  
Mean [)article size of zeolite NaA samples,  meas- 

ured by SEM. are sunirnarized i.q Table 2. The first 

digit of the sample nunlber  in the table, 1, designales 
zeolite NaA, and the I~.ext lwo digits the, aging i inle 
in hours and the lasl two the aging terrq)cralure i t  (h'- 

gree Celsius. The [iui/lber ] following the hyl_)heli ( ) 
means  it '.,',,as pretreated by a ftoatatirm method to s,c,i)- 
arate large aggregates. Mean cube size, i.r. 2a. (,f syii- 
thesized zeolite samples rarlges from around 0.8 ;~ ni ]r 
above 3 ;z m, depei lding on the aging t inw used. 

2. Rate  of  ion  e x c h a n g e  vs .  par t i c l e  s i z e  
Fig. 5 shows the rate of r exchange of va~i- 

()us zeolite NaA saml)les before the separation of ag- 
gregates by fkJatation. Because of the exis[enee uf large 

aggregates in random fractions, it does I~ot shr any 
meaningful t rends between the rate and the partMe 
size. Fig. 6 shows the rate data of floated zeolite NaA 
samples  and there exists a defirlite correlation between 
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Fig.  6. E f fec t  o f  r  s ize  on  Ca  ̀ '+ ion e x c h a n g e  

rate {after separation of aggregates,  108ppm). 

the rate and the size, as e• e• for the sam- 

pie YS42440-1. Although it has the smallest crystallite 
size, the rate is the slowest. It is quite p,,)ssible lhal 
smaller  aggregates c)f the small co'stallites, i.e. ha tlw 
range of 5 to ] 5 ~ n h  could nol have been COml)lekel ~ 
separated from the sample  by the simple floatat,,u~ 
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Fig. 8. Plot of  ion  e x c h a n g e  rate data, YS40040-1 ,108  
ppm. 

method  Fig. 7 shows the effect of the initial CaCL cun- 

cemralion on the ion exchange rate. 
3,  A n a l y s i s  o f  r e s u l t s  b y  r a t e  e q u a t i o n s  

Experinlental results were plotted in the form of 
F(r b in r \ s  wt/'prJn r as shuwl] in Fig. 8 Appawm- 
ly the ph~t does u{;~ follow the lmearity suggested by 

either the spherical or the cubic model equatmtt. 
Therefore the resulting curve was analysed using Ihe 
transition model equation. The slope of the curw' al 
the be.~il]nir~g ,_}f the curve is interpreted to rel)reseH~ 

lhe cLibi{_ model, whereas the langent to the curve al 
die es lhe spherical model. The intermediate reg],~n 
uf tt~,t, ,.urve represents where both the cubic and the 
spherical model are contributing to the overall rale. 

The iulermediale portion of the curve wa-~ analysed 
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Fig. 9. Plot of e f fect ive  dlffusivity for Ca 2+ ion by 
curve  t i l t ing method ,  Y84OO40.1. 

using the transition model, Eq. (20}. The slope and the 
inlercept of the transition model are given by [3-1 .{751 
g(0}] D,'a 2 and [1-0.194g(0)] D/kta. respectively. Thus. 
if lhe film []]ass transfer coefficient, kt, is know[< lhe 
effective diffusivity, D, and lhe transition time fum- 
tion, g(~}), can be obtained fron[ the experin]ental 
curve. The film coefficient could be estimated by the 
modified Fr{}sslinlg equaIiun [12,13]. given below,;. 

N~, 2. 0 ~ 0.60 N L ~ N ~  ~ ',2], 

The value of k~ employed in the computatiou .au~es 
from 0.01 t{} 0.04 c m / s  depending on the expe~imema] 
conditions employed 

Effective pure diffusivity, D. (ff ealcium ion in zeo- 
lite NaA co'stallite was plotted against the fractional at- 

. . . .  9. tainment ol equilibrium, Ct~ Ct,,, in Fig. It shows that 
Ihe diffusMty increases as the degree of ion exchange 
increases. Since the calciun~ ion exchange of ze{}lite 
NaA increases the" pore size of zeolite NaA fronl 4,~ t{~ 
5,'~, the increase in diffusMty with the degree :)f b n  
exchange is reasonable. Also, the transition fro]]] cubit 
Io sDherical shape would contribute to the increase m 
diffusivity. Fig. l(} shows a plot of effective diffusivily 
vs. crystallite size. Between the half size, a, of around 
0.5 to ].5,u m, the effective diffusivi!y seems [o be md~ 
pendent of {.:rystallite size at a given cationic con(eu- 
tration. [[]crease of cationic cor]centration, however. 
increases the diffusMty, in the range of concentraticm 
studied in this paper. 

The low diffusivity uf Ihe sample of the smalles~ 
cn,'sta]lile size which was synthesized with the longest 
aging time, seems Io indicate that the excessively long 
aging time would pmn]ote the formation of small ag- 
gregates which cannot readily be el iminated by a sml- 
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T a b l e  3. E f f ec t ive  p o r e  d i f f u s i v i t y ,  5 x 10 9 ( c m 2 / s )  

~ .  Conc. 
54 ppm log ppm 160 ppm 

Samp!e 

YS40040-1 1.23 1.52 1.77 

(a : 1.503,~m) 

YS40440-1 0.85 1.47 1.77 

(a = '3.605~m) 

YS40840- l 1.27 1.83 1.97 

(a :- '3.565,um) 

YS415:40-1 1.03 1.47 1.60 

(a = 0.474um) 

YS42440- l 0.28 0.33 0.33 

(a : 0.380.m) 

of. 2.5 • 10-ii-2 • 10 I~ (from Ref. 14) 
1 • 10+1%2.2 • 10 l~ (from Ref. 15). 

pie floatation method. The small aggregates: if present 
in a significant amount, would results in a larger effec- 
tive size thai) the size measured by SEM. Experimental 
values of effective diffusivity are summarized in Table 
3. 

Fi.{. 11 shows the plot of the transition lime func- 
tion, g(0), vs. dimensionless time, 0 = t/t,, obtaiiled 
from the intermediate part of the rate cuwe. Frum 
these data points, representing various experimeutal 
conditions, the following transition time function ',~,as 
derived. 

g "0)=2.  790 T M  (22) 

The transition tin+le function may be expressed in 
the following general form, 

g i 0 ) = u S  ~ (22ai 

Z 

2.0 

1.0 

/ �9 

~176 * o /  

~_ e �9 �9 �9 

~ gt{)) = 2.79 0 0.43 

( 
I l I 1 1 I I 1 I 

0 0.2 0.4 0.6 0.8 1.0 
8 ( t / t , , )  

Fig.  1 I. P lot  o f  t r a n s i t i o n  vs .  d i m e n s i o n l e s s  i on  ex .  

c h a n g e  t ime .  

,,','here a and /9 are constants which depend on the ion 
exchange system. 

C O N C L U S I O N  

The rate of calcium exchange of zeolile NaA pow- 
der of vaDqng crystallite size was experinientally suid- 
ied. The analyses of the experimental data by tl~r 
spherical, the cubic and the transition models sh,~wed 
the followings: 

1. Siinple models of either the spherical or the 
cubic could riot be satisfactorily applied to the ion ex- 
change system studied. 

'2. The transition model combining the two simple 
models, which is represenled by the followin~ ,.,qua- 
lion, could be applied to the iuii ex,.han~e s'vsten~ Slu,.l- 
ies quite satisfactorily. 

F ~ I  [ 1 - 0 .  194g (,")~ D 
f ~ < o l :  l n ~  . . . . . . . .  k , a  

+ {3-2.!.:054g ! ~ l  wDt 
a2p~In ~ 

where the transition time function, g{ 0), reprt,sents 
ti le transition of it)I~ exchan.qe ntechanism from ini- 
tially cubic to spherical at the end. For the iou ex- 
change systeni stlJdied, the Iransition time ful~c'li~,l~ 
was found h) be !~( ~9 ) �9 2.79 0 ~'4" 
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3. The effective pore diffusivity for calcium ion in 
zeolite NaA, calculated based on the transition model, 
were in the range of 10 -") to 10 ~ cm2/s. 

NOMENCLATURE 

a 

C, 
c;  
C/~ 

C,i 

C/,, 

D 
g(8) 
kt 
r 

S 
t 

le 
V 

VV 

X 

cube half size, [cm] 
liquid phase concentration, iroN/g] 
liquid concentration in solid particle, [mN/gl 
liquid phase concentration at equilibrmm, 
iroN/g] 
liquid phase concentration at inlerface, raN/ 
g] 
initial liquid phase concentration, iroN/g] 
efJeclive pore diffusivity, [cm2/s] 
transition time function, [-] 
film mass transfer coefficient, [cm/s] 
radius of spherical particle, [cm] 
surface concentration, iroN/g] 
time, [sJ 
equilibrium time, [sJ 

: volume of solution per l /6th of a cube pa~li- 
tie, [(m :~] 

: zeolite dosage, [g/cnl :~] 
: cube half size coordinate, [cmJ 

G r e e k  Let ters  

r 

Ce 

0 
2" 

,u 

dimensionless liquid phase concentration, C~ 
Q ,  [-J 

dimensionless liquid phase concentration al 
equilibriunl, Ce,,/C~, ,, [-! 
particle density, [g/cm :~', 
dimel/sionless ion exchange time t/t~,, [--! 
dimensionless diffusion tinte, Dt/a 2, [-] 
mean ~:ube half size, [cm] 
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