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T. IT01 
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Abstract 

Height equivalent to a thcoretical plate (HETP), which is an important factor to 
determine separation performance, is experimentally obtained for lithium isotope 
separation by a circuit of continuous displacement chromatography. The values of 
H E T P  are related to the flow rates and concentrations of the displacement reagents. 
A new equation to estimate H E T P  is derived and shoas  good agreement with the 
experimental data. Diffusion in the resin is found to be the major resistance for the 
isotope exchange reaction, and liquid mixing in the columns also strongly influences 
the value of IIETP. 

INTRODUCTION 

Lithium isotope separation is carried out by continued displacement of a 
band in ion-exchange columns. We have reported that the separation 
characteristics of displacement chromatography are well explained by the 
theories of square cascades ( I .  2), and indicated that Glueckaufs chromatG 
graphic theoretical stages ( 3 )  had about twice the height of a theoretical stage 
which would be obtained from the cascade model. Van Deemter (4), 
Giddings (5),  Knox (64, and Snyder (9)  also have presented their 
equations to estimate the height equivalent to a theoretical plate (HETP) 
for chromatography. But these equations are obtained for the elution 
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1546 FUJINE ET AL. 

technique and cannot be directly adapted to the present separation system. 
Since the H E T P  is an important factor to determine the isotope separation 
performance, we derive a new estimation equation by assuming a band to be 
a cascade in the steady state. The liquid mixing in columns is also considered 
in this equation. 

Lithium isotope concentration profiles in the bands at the steady state are 
experimentally obtained by varying the operation conditions of a circuit. 
Furthermore, the effective diffusivities representing the liquid mixing are 
experimentally obtained. Then the new estimation equation of HETP is 
applied to these experimental data. 

THEORY 

In displacement chromatography the adsorption band moves with a fixed 
length and is assumed to be a square cascade or a distillation column in total 
reflux operation. The isotopes are separated in the moving band (1).  

The height equivalent to a theoretical plate is defined as the height of a 
section of resin bed where the two streams leaving in the opposite directions 
are in equilibrium. The theoretical stage number can be found by applying 
Fenske's equation (13)  to the isotope concentration profiles at the steady 
state. H E T P  is given as the length of the band divided by the theoretical stage 
number. The values of H E T P  are determined by the finiteness of interphase 
mass transfer coefficients and by liquid dispersion outside the resin 
particles. 

A t  the steady state of isotope separation in the bands, the following 
relation holds: 

flz = N, 

where N and N are the isotope fractions in the resin and liquid phases, 
respectively, as shown in Fig. 1,  and the longitudinal distancez represents a 
theoretical plate which moves at  the same speed 2ig (cm/s) as the band. The 
material balance of the isotope is expressed for the resin phase of a thin layer 
8, ; 

L' (N, - N,+g:) = - S,q0A (%) 
namely, for the case where the cross-sectional area of the column A (cm2) is 
unity: 
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LITHIUM ISOTOPE SEPARATION 1547 

Z+ dz 

Z 

FIG. 1. hlass transfer in bands. 

L’ (Z) = qo (S) ( 3 )  

where qo (mol/cm3) is the ion exchange capacity and L’ (mol/s) is the 
theoretical interstage flow rate: 

Diffusion is the major resistance for the ion-exchange reaction. If the main 
resistance is exhibited inside the resin particles, the reaction rate may be 
approximated by a simple “linear-driving-force” relation, using the resin- 
phase mass transfer coefficient K, (cm/s) and mass transfer area u (cm2/cm3- 
bed) between the phases, based on the concentrations in resin (10): 

( 5 )  -- - K,a(iV* - R) aiV 
d r  

where fl* is the equilibrium isotope fraction in resin. From Eqs. (3), (4), and 
( 9 9  

is derived. The concentration R varies from N ,  to N2 as the distance z varies 
from 0 to t. Equation ( 6 )  is integrated to 
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1548 FUJINE ET AL. 

The terms on the right-hand side of the equation are called in distillation 
theory: 

( 8 )  
11 B Height of a transfer unit (HTU) =- 
Ksa 

(cm) 

Number of transfer units (NTU) = (-1 (9) 

The isotope separation factor a is defined by 

.=-I- m* N 
1-N* l - N  

The equation is changed to 

- f f N  N *  = 
1 + ( a  - 1)N 

The NTU is obtained by the integration of Eq. (9) using Eqs. (1) and 
(1  1): 

1 3- (a  - 1)N 
a N - N ( l  + ( a -  1 ) N )  

dN N T U  = l l I v 2  
=- 1 In"( 1 - N I  ) a 

a - 1  N ,  1 - N 2  

The equation also holds for large separation factors, as far as diffusion is the 
major resistance for the reactions (ZZ). In the case of small isotope 
separation factors, a 1, Eq. (12) becomes the Fenske's equation using the 
approximation a - 1 In a: 
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LlTH I U M ISOTOPE SEPARATION 1549 

NTU becomes equal to the theoretical stage number S,  and HTU is 
expressed, using Eq. (7)y by 

That is, HTU equals HETP. 
A similar derivation also holds for the case where the dominating 

resistance for the ion-exchange reaction is in the boundary layer of the liquid 
phase surrounding the resin particles. The material balance of the isotope for 
the liquid phase of a thin layer 6z (see Fig. 1) leads to 

where L" (mol/s) equals L', and the cross-sectional area of the column is 
assumed to be unity. The reaction rate may be approximated by using the 
liquid-phase mass transfer coefficient KL (cm/s), based on the concentrations 
in liquid: 

The integration of Eq. (15), substituted by Eqs. (16) and (4), gives 

z =  

And the following relation for NTU is obtained, 

In case of a x 1 Eq. (1 8) also can be approximated by Fenske's equation, 
and NTU becomes equal to the theoretical stage number S .  The HTU is 
expressed by 

( q O I E C O ) U B  
- H E T P  - H T U  = 

KLa S 

In the case where the resistance of mass transfer in both phases cannot be 
neglected, the overall mass transfer coefficient KT(cm/s) is used. The overall 
capacity coefficient Kfl (s-I) is expressed by 
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Similarly, the overall HETP is expressed by 

FUJINE ET AL. 

(20)  

This equation reveals the relation between mass transfer coefficients and 
HETP. However, the effect of liquid mixing in columns has not yet been 
considered. 

Equation (21) gives infinite small values of HETP for very large mass 
transfer coefficients. Liquid mixing, however, occurs in the void of resin beds 
in practice, and gives rise to some differences in isotope concentration 
between the liquid and resin phases. The effective diffusivity E (cm2/s) may 
be determined for evaluation of the liquid mixing (12) as follows: 

where ti (cm/s) is the linear velocity of the fluid in the void of the resin beds 
and is related to the superficial velocity by ti  = K/E .  The difference of isotope 
concentrations, Nz+8z - N,, is made by liquid mixing. Assuming that the 
equilibrium relation of Eq. (1 1) holds between NZ+8: and N,, the length 6z 
becomes HETP. Then 

is derived. The equation is similar to Eq. (17). The value of HETP 
contributed by liquid mixing may be evaluated by 

H E T P  = EE/ti (24)  

This term should be added to Eq. (21). 

tions (3)  for particle diffision control by 
The rates of ion exchange are expressed by using Glueckauf's approxima- 

D (g)z = 0.07 lro2 (fl* - fl) 
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LITHIUM ISOTOPE SEPARATION 

and for boundary layer diffusion control in liquid by 

3 0  
C,(N - N* 

1551 

where ro (cm) is the particle radius, d (cm2/s) is the self-diffusion coefficient 
of Li' ions in the particles, D (cm'ls) is the molecular diffusion coeficient of 
the ions in liquid, and 6 (cm) is the thickness of boundary layers surrounding 
the resin particles and is given experimentally by 

The relation 

holds for the present system. The capacity coefficients are written as 

D 
0.07 1 i-; 

Ksa = 

3 0  
KLa = ~ 

2 Sro E 

( 2 9 )  

Moreover, the spced of the moving band is related to the superficial velocity 
by 

co - 
I lg  = I 1  

40 + ECO 

In conclusion, HETP is expressed by 

This equation reveals the influence of physicochemicai properties on HETP 
of the isotope separation by displacement chromatography. The first term on 
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1552 FUJINE ET AL. 

the right-hand side is due to the slow diffusion in particles, the second to the 
slow diffusion in the boundary layer of the liquid, and the third to liquid 
mixing. The molecular diffusion coefficient in liquid is very small [of the 
order of lo-’ (cm2/s)] compared with the effective diffusivities due to liquid 
mixing in columns. The contribution of longitudinal molecular diffusion on 
HETP can be eliminated for most cases. Equation (32) gives about half of an 
HETP value obtained by Glueckaufs equation (4). 

EXPERIMENTS OF ISOTOPE SEPARATION 

The circuit for continuous displacement chromatography was composed of 
2 cm i.d. X 1 m Pyrex columns packed with Diaion SKI 16, sulfonated strong 
acid cation-exchange resin, ion-exchange capacity 2.66 meq/mL, and mean 
particle diameter 100 pm. The columns were kept at a temperature of 20°C 

The ion-exchange resins in the columns were conditioned to the H-form 
with regeneration using 2 N HCl and rinsing. A lithium band was formed on 
the resin bed and was moved by sodium acetate solution in the circuit until 
the steady state was attained. The solution which flowed out of a sampling 
valve was collected using a fraction collector and analyzed for concentration. 

The superficial velocity in the columns and the concentration of the 
displacement reagent were changed in the experiments. These two-experi- 
mental paramenters are related to the speed of the moving bands by Eq. (3  1). 
The length of the lithium band was set to be shorter than 1 m for rapid 
attainment of the steady state. 

(13). 

The Influence of Superficial Velocities 

Lithium isotope separation was carried out for several superficial 
velocities at a constant concentration, 0.5 mol/L of the displacement reagent. 
The experimental conditions are shown in Table 1. The isotope concentra- 
tion profiles obtained at the steady states show a linear relation on the 
semilogarithmic ordinates in Fig. 2. The eMuent volume of the ordinate is in 
proportion to the distance in the bands. These profiles are explained by 
Fenske’s equation (13). The slopes of the lines reflect the magnitude of 
isotope separation in a unit length of the bands. Since the experimental 
conditions (except the superficial velocities) were not changed, the separa- 
tion factor was constant in these experiments. The separation factor has been 
found to be 1.0028 by breakthrough experiments (2). The void fraction of the 
resin bed is 0.35, and the slopes of the lines were converted to HETP values. 
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1554 FUJINE ET AL. 

TABLE 1 
Experimental Conditions (effcct of superficial velocity) 

Superficial Speed of moving Band length 
Run velocity ( d h )  band ( c d h )  (cm) 

I 0.5 9.0 56.3 
2 1 .o 17.8 91.1 
3 3 .O 54.0 60.2 

Figure 3 shows the linear relation of HETP to the speed of moving band. 
HETP increases from 0.18 to 0.40 cm when the speed of moving band 
increases from 9 to 54 cm/h, and may be expressed by 

H E T P  = 0.004891tB + 0.136 (33)  

where the dimension of iiB is cm/h. 

The Influence of Concentrations 

Lithium isotope separation was carried out for several concentrations at a 
constant superficial velocity (1 m/h) of displacement reagent. The experi- 
mental conditions are shown in Table 2. The isotope concentration profiles 
obtained at the steady states are shown in Fig. 4. The slopes of the profiles 
decrease with increasing concentrations. 

Lee reported that lithium isotope separation factors decreased with 
increasing concentrations (14) .  However, Hagiwara obtained an identical 
separation factor, 1.0036, for different concentrations, 0.21 27 and 0.5858 
mol/L (15). We also obtained the almost identical factor 1.0028 for the 
concentrations 0.3, 0.5, and 1.0 mol/L of lithium acetate by breakthrough 
experiments for the present system. Therefore, the isotope separation factors 
may be considered to be independent of the concentrations for these 

TABLE 2 
Experimental Conditions (effect of concentration) 

Concentration Speed of moving Band length 
Run (mol/L) band (cm/h) (cm) 

1 0.3 11.8 59.8 
2 0.5 17.8 91.1 
3 I .o 33.8 56.7 
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FIG. Fig. 4. Lithium isotope concentration profiles at the steady state. 
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1556 FUJINE ET AL. 

displacement experiments. The HETP obtained varies with the concentra- 
tions as shown in Fig. 5 for the constant isotope separation factor of 
1.0028. 

The magnitude of isotope separation may be represented by the ratio of the 
isotopic ratios at arbitrary positions 10 cm apart. The factor equals d 
according to Fenske’s equation, where s is the number of theoretical stages 
composing a IO-cm length of the band. Figure 6 shows the factors versus the 
speed of the moving bands. The magnitude of isotope separation per unit 
length is found to decrease with increasing speed of the moving bands. The 
extent depends on the experimental parameters. The separation factor is 
affected by concentrations rather than by superficial velocities. 

The Boundaries of Bands 

The following reactions occur at the front boundary of the lithium band: 

H+ + CH3COO- CH,COOH (b) 

1 
SPEED OF MOVING BAND (crn/hrl 

FIG. 5. Relation between HETP and the speed of the moving band. (Effect of concentration.) 
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1.1 
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FIG. 6. The magnitude of separation per a 10-cm length of lithium band as a function of the 
speed of the moving band. 

where R'is the ionic group in the resin. The combination of Reactions (a) and 
(b) is 

h-> 1 

R- H' 4- Li' 4- CH,COO- Z= R- Li' f CH3COOH (c)  

The reaction at the rear boundary is 

The rates of ion-exchange Reactions (a) and (d) are controlled by mutual 
diffusion of ions in the resin particles. Reaction (b) is accelerated by the 
concentration of acetate ions. 

Lithium concentration profiles at the boundaries of bands are determined 
by the selectivity coefficients between the neighboring ions and also by the 
rates of interphase mass transfer. The boundaries of the lithium bands tend to 
expand with the superficial velocity at a concentration. On the other hand, at 
a superficial velocity, increasing the concentration sharpens the front 
boundary and expands the rear one, as shown in Fig. 7. This indicates that 
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0 X) 20 30 40 50 60 
DISTANCE FROM FRONT BOUNDARY(cm1 

FIG. 7. Shapes of lithium adsorption bands. 

the association Reaction (b) of acetate ions strongly affects the profiles at the 
front boundary. 

EXPERIMENTS OF LIQUID MIXING 

Liquid mixing occurs at various places in the circuit of displacement 
chromatography. The liquid mixing in the stagnant space above the resin bed 
can be observed directly from the patterns formed by two kinds of liquid of 
different refractive indices. “Fingering” and “tilting” are also observed 
through Pyrex walls, while the visible boundaries of bands move in the 
columns. The effect of liquid mixing may be treated using a diffusion model 
(22, 16). The effective diffusivities of axial direction in columns can be 
obtained by applying one-dimensional diffusion theory. Consider that a 
stepwise concentration change occurs at time t = 0 at the entrance of a 
column in which liquid flows at a constant linear velocity ZI (cm/s) in the bed. 
In the case of plug flow, the boundary between different concentrations 
moves at the speed of u (cm/s). However, assuming the effective diffusivity E 
(cm2/s) in the column, the boundary disperses in accordance with 

ac aZC ac 
at -Ea.u’-“- ax 
-- (34)  
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0.2 

0.1 
0.08 

where x (cm) is the distance from the entrance of the column. Danckwerts 
developed a mixing theory for packed columns (12) and derived the following 
equation for columns of length L (cm): 

- o d  

where V(cm3) is the total void volume in a column, Y (cm3/s) is the flow rate, 
and Co (mol/L) is the concentration at the entrance at f > 0. The ratio C/Co 
is defined as the F-value, and plots of the F-value versus the dimensionless 
factor ( u f / V )  are called F-diagrams. Equation (35) indicates that the factor 
(E/Lzi) determines the F-diagram. The effective diffusivities can be found 
from the slopes at v t /V= 1 ofF-diagrams. 

W e  obtained the stepwise response curves for a 2-cm i,d. X 1 m Pyrex 

& 0.06 

v 

ri 0.008 
0.006 

(E,)o = 0.0028 cm2/sec 

1 
0 1 2 3 4 5 6  7 

EIGHT OF THE SPACE ABCNE RESlN BED (cm) 
FIG. 8. Effective diffusivity representing the rnagnitudc of liquid mixing in columns. 
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1560 FUJINE ET AL. 

column packed with a Na-form of ion-exchange resin, Diaion SKI 16 (100 
pm). Pure water and dilute NaCl solution were used, and the concentration 
changes were measured at the exit by an electric conductivity meter. Figure 8 
shows the effective diffusivities obtained as a function of height of the space h 
(cm) above the resin bed for the superficial velocity of 3.0 m/h. When the 
fluid is changed from pure water to the NaCl solution, the diffusivities 
obtained increase with the height of the space. When the fluid is changed 
from the NaCl solution to pure water, however, the diffusivities do not 
depend on the height. This phenomenon is caused by a slight difference in 
liquid density. The boundary between the adjacent fluids is not disturbed in 
the space above the resin bed for the latter case. The value of effective dif- 
fusivity is found to be 0.0028 cm2/s at 0 cm height of the space, which 
represents liquid mixing in the resin bed, i.e., fingering, tilting, and wall 
effects, including molecular diffusion, in the void of the column. 

The effective diffusivities increase proportionately with the superficial 
velocity as Helfferich has indicated ( I  7). Therefore, the effective axial 
diffusivities are expressed by 

E = 0.03411 exp (0.6512) (36) 

for the present experiments. 

DISCUSSION 

. In general, the equations to estimate HETP for liquid chromatography 
have not exhibited agreement with experimental data (17) .  The causes are 
considered to exist in the complicated effects of liquid mixing and in the 
uncertainties of particle size distribution and diffusion coeficients in the 
particles. Accurate HETP should be obtained by experiments for individual 
separation systems. 

Our Eq. (32) was applied to estimate HETP for the present experiments. 
The following conditions were used for calculation: particle radius of ion 
exchange resin, ro = 0.005 cm; ion exchange capacity, qo = 2.66 meq/ml; 
void fraction of the beds, E = 0.35; self-diffusion coefficient of Lit ions in the 
resin particles, fi = 1 X 10-7 cm2/s; and diffusion coefficient of Li' ions in 
liquid, D = 1 X 

Figure 9 shows the effects of superficial velocities of HETP calculated by 
Eq. (32). The term for diffusion in particles is found to be about 10 times that 
of the term for diffusion in the boundary layer. Therefore, diffusion in 
particles is the major resistance to the isotope exchange reaction. These 
terms increase with superficial velocities, but the liquid mixing term gives a 

cm2/s. 
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l o  I 
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SUPERFICIAL VELOCITY (crnhec) 

FIG. 9. Influence of supcrficial velocity on HETP. 

constant value, 0.13 cm, which is obtained by using the effective diffusivities 
of Eq. (36) for the height, 3.7 cm, of the space above the resin bed in a 1-m 
long column. The value of the height was measured for the columns in the 
displacement chromatography circuit. The experimental data of H E T P  show 
a close agreement with those estimated by the equation. The effect of liquid 
mixing is found to be very large, and is almost equal to that of diffusion in 
particles. 

Figure 10 shows the effects of concentrations on H E T P  calculated by Eq. 
(32). The term for diffusion in the boundary layer gives values smaller than 
0.01 cm. The experimental data show some fluctuation from Eq. (32). The 
magnitude of the effect of liquid mixing is considered to depend on the 
concentrations of the displacement reagent. 

CONCLUSION 

An equation to estimate H E T P  was newly derived for lithium isotope 
separation by displacement chromatography, assuming the steady state in the 
bands. The isotope concentration profiles at the steady state were experi- 
mentally obtained by varying the operation conditions of a circuit. The 
magnitude of isotope separation per unit length of the band was found to 
decrease with increasing speed of the moving bands. The extent is more 
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9 
1 -  - 

- - 0.5- 
E 
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E 
W 
I 

LIQUID MIXING 

0.1 1 
CON C E NT RAT I 0 N ( rno I /I ) 

FIG. 10. Influence of concentration on HETP. 

affected by the concentrations than by the superficial velocities of the 
displacement reagents. The effective diffusivities representing liquid mixing 
in columns were also experimentally obtained. Then the values of HETP 
were estimated for the present experimental conditions by our estimation 
equation. This equation was found to agree well with the experimental data. 
Moreover, diffusion in the resin was found to be the major resistance for the 
interphase isotope exchange reaction, and the liquid mixing in columns also 
strongly influenced the value of HETP. 
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