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Experimental Verification in the Case of the 
Separation of Boron Isotopes 

PATRICK CONRARD, MARCEL CAUDE, and ROBERT ROSSET 

LABORATOIRE DE RECHEBCHES DE CHIMIE ANALYTIQUE Q ~ N ~ R A L E  

ECOLE SUP~RIEURE DE PHYSIQUE ET DE CHIMIE DE PARIS 
At3SWI6 AU C.N.R.S. 

PARIS, FRANCE 

Abstract 

The chromatographic plate theory is applied to the displacement develop- 
ment on ion exchangers of a band containing a mixture of two very closely 
related species. When the number of plates of the band P is small and the 
separation factor o = 1 + e is close to unity 80 that PC << 1, and if one of 
the species of the mixture is of a small percentage, then a linear distribution 
of the concentrations in the band is obtained. In a more general case the 
distribution’s equation is given. The band is symmetrical only if its initial 
composition is 50-50. In every other case the plate corresponding to the 
initial mixture is not the median plate of the band. We have derived a 
mathematical expreasion which gives the place of the median in the band. 
A practical determination of the distribution of species in a steady-state 
band, when P,  C, and the composition of the mixture are known, is given. 
A limited experimental verification is given for the case of the separation 
of boron isotopes. 

INTRODUCTION 

When one seeks to separate closely related species by means of an 
exchange reaction between a solution and an ion-exchange resin, the 
most efficient chromatographic technique is that of the development by 
displacement conceived by Tiselius ( 1 )  and Claesson (8)  and effectively 
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466 CONRARD, CAUDE, AND ROSSET 

utilized in practice for certain difficult separations such as of rare earths, 
amino acids, nitrogen isotopes, and boron isotopes. 

In  the case of a mixture of two species B and C, this technique con- 
sists in displacing a band of the mixture fixed on a column of ion ex- 
changer initially in the A form by a solution of a specie D, called the 
developer, under conditions of the following order of affinity: 
D > C > B > A (assuming tJhat C has a greater affinity for the resin 
than has B) . 

The band keeps a constant length during the displacement and is 
enriched in B a t  the front and in C a t  the rear. If the exchange constant 
K B ~  is superior to, say 1.2, we get, after a displacement of the band 
(of length l o )  : 

KB' 
KB' - 1 

L = l o  

a state of equilibrium in which the permutation front between B and C 
is bilogarithmic, and for which the equation is 

log- I B l  = -logK*C 1 
I C I  h 

where h is the height equivalent to one theoretical plate (HETP) and 
1 is the abscissa measured along the column, the origin being the point 
where 1 B 1 = 1 C I ($) .  

Figure l a  shows the variations of the concentrations of different 
species in a steady-state band in the case of an exchange constant 
sufficiently large and of a band sufficiently long to obtain pure B and C 
separated by a zone of permutation where the concentrations vary 
according to the preceeding bilogarithmic law. 

The problem is different when the affinity of species B and C for the 
exchanger are close (KBC - I ) .  There is again a stationary distribution 
of the concentration in the band, but, pure B and C are not obtained. 

In  the case of a constant differing little from 1 (1.001) of a short band 
(50 plates), and for a mixture containing two species in greatly differing 
percentages (0.72Y0 for one, 99.28% for the other), Persoz ( 4 )  has 
shown, in calculating the distribution of concentrations plate by plate 
by means of a computer, that the distribution of the concentrations along 
a steady-state band are linear (Fig. lb) .  

For a greater equilibrium constant, to the order of 1.01, Urge11 et al. 
( 5 ) ,  by studying boron isotopes separation (log of 20%; llB of SO%, 
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SEPARATION OF CLOSE SPECIES. I 467 

20 

20 40  60 80 Band Icngt h(cm) 

FIG. 1. Different forms of distribution in a steady-state band. (a) Exchange 
constant KBC > 1.2; long band, bilogarithmic front. (b) K = 1.001, band 
of 50 plates. Linear distribution. A s  an ordinate the composition of the band 
is expressed in relation to that of the median plate of the band (Plate No. 
25) taken as a unit. (c) K = 1.01, band length 80 em, separation of boron 

isotopes, nonlinear distribution [Urgell et al. (5)]. 

approx) by displacement development of a 80-cm band of boric acid.on 
a column length of 25 m (i.e., 31 times the band length), obtained the 
“JB distribution along the band which is shown in Fig. lc .  This dis- 
tribution is neither linear nor bilogarithmic. 
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468 CONRARD, CAUDE, AND ROSSET 

In  other words, in a steady-state distribution we can have, according 
to the conditions of separation (value of the exchange constant, number 
of plates in the band, composition of the mixture to be separated), a 
distribution going from linear distribution to bilogarithmic distribution. 
These are evidently the two limit distributions ( K  - 1 and K >> 1). 

We propose to establish the general equation of the steady-state 
permutation front when the const,ant is very close to 1 and to  st.ate 
precisely what conditions must be fulfilled for a linear distribution. 

THEORETICAL 

Diagram of a Band Displacement 

Let us consider a column of ion-exchange resin in the form of an ion 
U (concentration of U in the resin CR meq/ml of resin phase), bathed 
by a solution of U to the concentration CS meq/ml of solution. In  a 
column of volume 2, the solution occupies a fraction x (interstitial volume 
of the column, generally to the order of 35% of the total volume) and 
the resin a fraction 1 - z. We will designate by m the ratio of U quanti- 
ties to the resin and solution phases. 

UR V ( 1  - z ) c R  1 - z c R  --- m = - =  - us vxcs 2 ss 
when x = 0.35, m = 1 .85C~/Cs .  If the concentration in the resin is 
generally very much higher than the concentration in the solution, 
na is large; e.g., if CR = 3, CS = 0.1 and m = 55. 

We $1 show that in order to advance a band of 1 plate, i t  is necessary 
to  effect m + 1 transfers, that is to say, to  send to  the top of the column 
m + 1 plate volumes of solution. We shall reason in the simple case 
where m = 1 (equal amounts of element U in the two phases) and we 
shall suppose that the band contains only the element U and fills 3 
plates. Each plate will be represented diagrammatically in the following 
manner : 

SOLUTION 

RESIN 

The species initially present in the resin and displaced by U is an ion A; 
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SEPARATION OF CLOSE SPECIES. I 469 

. Resin S o i u t i o n H  LQ ;B1 1 before ofter 
initiol 1st equilibrium 2nd after the 2nd 
state transfer after the 1st tranfer transfer transfer 

FIG 2. Schematic representation of the migration of a 3-plates band of a 
specie U displaced by developer D. 

D is the developer. Figure 2 represents the operations required to 
advance the band of 1 plate. It can be seen that 2 transfers, i.e., m + 1 
since m = 1, are necessary to advance from 1 plate. It is simple to 
generalize this reasoning when m # 1; in conclusion, m + 1 transfers 
and therefore m + 1 equilibrations are necessary to advance from 
1 plate. 

Displacement Development of a Short Band Consisting of the Mixture 
of Two Very Close Elements, One of Which I s  Present in a Much Weaker 
Concentration Than the Other 

Let A and B be the two elements of the mixture, and x and y their 
respective molar fractions. The equilibrium process is 

AS + B R ~ A R  + Bs 
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470 CONRARD, CAUDE, AND ROSSET 

which corresponds to the constant of the mass action law 
XR:R?JS/XS:R?JR = 1 + e 

since we are supposing that the elements A and B possess a very close 
affinity for,the resin. 

In  the same phase the sum of the molar fractions of different com- 
ponents is equal to 1 and we can write 

or again 

with c << 1 

xR(1 - xS)/xQ(l - XR) = 1 + E 

XR/xS = 1 + e (1 - XR) 

If A is present in a weak amount relative to B, that is XR << 1, then 

xR/XS = 1 + E (1) 
In  order that Eq. (1) be valid during all the displacement of the band 

from the initial state to the steady-state, the two following conditions 
must be fulfilled: (a) the enrichment process to each transfer should be 
of little importance, corresponding to E << 1, and (b) the band should 
be short enough so that the compositional difference between the 
extreme plates of the band is weak; that is to say, P is small, where P 
represents the total number of plates in the band. 

Note: (1) Further on we will show that the mathematical condition 
which must be put into effect in order to validate Eq. (1) is Pe << 1. 
(2) We assume that the element with the greatest affinity for resin A 
was present in the smallest proportion. The reverse case does not present 
any difficulty. In  practice this corresponds to the displacement of short 
bands of uranium consisting of 0.72% of 215U and 92.8% of =&U, 235U 
being more fixed that ztsU on sulfonate resin in a complexing media with 
an exchange constant between 1.00006 and 1.0006 (6-11). 

Steady-State Distribution. Let x be the average molar fraction of A in 
a plate (comprising resin and solution phase). Then 

from Eqs. ( 1 )  and (2) : 

where 1 + m + mt = 6. 
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SEPARATION OF CLOSE SPECIES. 1 47 1 

We have just indicated that once the conditions c << 1, small P, and 
XR << 1 were set, computer simulation of the phenomenon of band dis- 
placement gave a linear steady-state distribution of the concentrations 
in the band. Suppose then, that this is so and let us call Z the factor by 
which one must,, in a steady-state band, multiply the molar fractions to 
pass from one plate to the following one. Notice that as A is the most 
fixed element on the resin, its molar fraction will decrease as the front of 
the band is neared, and then Z < 1. 

Let us now consider two successive plates (Fig. 3),  the first of average 
molar fraction xo and the second of average molar fraction ZOZ. During 

Before the transfer After the tronrfer 

FIG. 3. D w a m  of a transfer. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



472 CONRARD, CAUDE, AND ROSSET 

transfer, the solution contained in the first plate (xos) comes into contact 
with the resin in the second plate (50~2); in this second plate, the 
average molar fraction is thus 

Replacing 20, and xo8 by their expressions as functions of xo as given in 
Eqs. (3) and (4), the above equation becomes 

The average molar fraction in the second plate was XOZ before this 
transfer. Thus, to pass from the distribution a t  the t,ransfer t to the 
distribution at the transfer t + 1 in a plate, one has only to multiply 
the molar fraction of A by 

Therefore, as we have previously demonstrated, in order to advance 
the band of 1 plate, one must perform m + 1 transfers. After these 
transfers the initial molar fraction of A will subsequently be multiplied 
by ym+l. 

Once these m + 1 transfers have been executed, the concentration of 
the plate N + 1 should be equal to the concentration of the plate N 
before the m + 1 transfers since the band is in equilibrium according to 
the equation which will allow us to determine 2: 

Letting 1/Z = Urn+' and replacing 6 by its value, the equation then 
becomes 

Um+l - (1 + m + me)U + m(1 + e )  = 0 ( 5 )  

Equation (5) takes U = 1 as its root, which corresponds to a uniform 
distribution (Z = 1)  in the band. This particular solution, which 
actually corresponds to a steady-state, is obviously of no practical 
interest. 
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SEPARATION OF CLOSE SPECIES. I 473 

Dividing Eq. ( 5 )  by U - 1 : 

U m  + Urn-' + ... + U - m - me = 0 

We made the supposition that the compositional difference between 
the farthest plates of the band was weak; 2 should thus be close to 1 and 
U equally so. We can then write U = 1 + r and develop (1 + y)", 
limiting it to the first term, that is to sky, Un - 1 + ny. 

(6) 

Equation (6) now becomes 

1 + my + 1 + (m - 1)y + - *  + 1 + y - m - me = 0 (7) 

the terms my, (m - l ) ~ ,  . . . are those of an arithmetical progression 
of m terms, which amounts to 

m(m + 1)r 
2 

and is present rn times the number 1; Eq. (7) is thus written 

- - m - m a r 0  m(m - lh 
m +  2 

Therefore 

The very small value of y is concordant with the set hypothesis. This 
can now be expressed as 

y = 2 4 ( m  + 1) 

2s U = l + -  
m + l  

and 2 = U--(m+l), therefore 
Z = 1 - 2 e  

The value of 2 is shown to be less than 1. If one were to number the 
plates from front to rear, in other words, in the direction of an increasing 
amount of A, then 

2' = 1/z - 1 + 2 e  

5 = ZO(1 + 2 e ) P  

The distribution along the band in equilibrium is then given by 

(8) 

where zo being the molar fraction of A in the initial mixture and p the 
number of the plates, taking as origin the plate whose composition is the 
same aa that of the initial mixture (5 = 20). 
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474 CONRARD, CAUDE, AND ROSSET 

If p is small with respect to 1/26) then (1 + 2 e ) P  and 1 + 2pe can be 
confused. This means that at the time of the displacement of a short band 
extending over a total number of plates P, such that Pt << 1, small p 
leads towards a linear distribution of the concentrations of the two 
species which is independant of the value of m. 

Figure 4 represents the composition of a band if xo = 0.72% and 
e = 0.001 (separation of uranium isotopes). The full-line curve repre- 
sents the straight line of the equation x = x0(1 + 2pe); the dotted 
curve corresponds to the equation x = x ~ ( l  + 2t)p. For p = 50 (end 
of a band of 100 plates) the linear distribution gives 5 = 1 . 1 ~ ~  and the 
other x = 1 . 1 0 5 ~ ~ ;  the difference between the two distributions is only 
5% when Pe = 0.1. 

In conclusion, we have shown that if the conditions of the separation 

-100 -50 0 + 50 +I00 
number of plater in the band 

FIQ. 4. Limit of the validity of relationship z = zo(1 + 2pc) for 20 = 0.72% 
and E = 0.001 as a function of the number of plates in the band. Solid curve: 

z = zo(l + 2pt). Dashed curve: z = z0(1 + 2e)’. 
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SEPARATION OF CLOSE SPECIES. I 475 

and the length of the displaced band are such that Pc << 1 in the steady 
state, and if one of the species of the mixture to be separated is of a small 
percentage, then a linear distribution of the concentrations in the band 
is obtained. 

We now discuss the case in which the composition of the mixture and 
the band length are indeterminate. 

Development by Displacement of a Band of Any length Consisting of 
the Mixture of Two Very Close Elements in Any Proportion 

If A and B are the two elements of the mixture, and if x,y and X R  are 
the molar fractions of A in the solution and the resin, we established in 
the first part of this study the general relationship 

XR/$,!J = 1 + € (1 - X R )  

which reduces to 
X R / Z S  = 1 + E if XR << 1 

If XR is indeterminate, one can still write 

X R / x S  = 1 + E' 
assuming 

c' = c ( 1  - X R )  

In  other words, in a range where there is little variation of X R ,  it is 
possible to use the general Eq. (1) established when X E  << 1, but only 
if E is replaced by 9'. 

On the other hand, with E' being small, X R  and zs are not very different, 
and rn is still more than 20 in practice; and X R  and x ,  the average molar 
fraction of A in a plate, can be confused. In  effect: 

r n X R +  xs 
m + l  

X -  

if 5s = X R  + 7,  and 

if q is small and rn + 1 is large. 
Steady-State Distribution. Let us consider in the stationary band a 

short lone of p plat.es in which the percentage in A increases from x to 
x + Ax; p being small, pe  << 1, and, in this zone, one can consider that 
the distribution of the concentration is linear and one can apply the 
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0 50 

FIG. 5 .  Distribution of species in a steady-state band of 100 plates (c = 0.01) 
for different values of zo: 0.1 (I), 0.2 (2), 0.5 (3), 0.8 (4), and 0.9 ( 5 ) .  

relationship previously established provided that in the meantime e is 
replaced by d, taking into account that x can be any number and not 
<<I. Therefore 

2 + AX = ~ ( 1  + 2pe’) 

p = AX/~E’X 

If Ax is infinitely small, the number of plates should be formulated as 
d p  and in replacing E’ by its value as a function of x, one finds 

d p  = dx/2ex(l - 2) (9) 
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SEPARATION OF CLOSE SPECIES. I 477 

By integrating Eq. (9) starting from the plate for which the per- 
centage in A is equal to its percentage in the initial mixture (x = xo) 
(this plate would be fixed as the origin), then we find 

or 

1 I x =  

FIG. 6. Position of the medium of the band. The hatched areas are equal. 
In  general the band medium does not coincide with the plate of initial 

composition z0 (exept when zo = 0.5). 
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478 CONRARD, CAUDE, AND ROSSET 

The distribution of the species is no longer linear; Fig. 5 shows several 
distributions for different values of 20 and e = 0.01 when a band has 
100 plates. 

PEace of the Medium in the Band. To establish Eq. (11) we have taken 
as the origin the plate which has the same composition as that of the 
initial mixture: xo. But the band is symmetrical only if xo = 0.5. In  
every other case the plate origin (z = 50) is not the median plate of the 
band, and it is interesting to locate this median plate which will be 
determined by its abscissa M measured relative to the plate of com- 
position zo (Fig. 6 ) .  

According to the law of the conservation of matter, the mixture 
obtained by assembling all the species contained in the different plates 
must have the initial composition zo. Let P be the total number of plates 
in the band. This will extend from M - (P/2) to M + ( P / 2 ) .  If the 
abscissa y is measured in relation to the median plate (y = p - M ) ,  
then Eq. (1 1)  is written 

Let 

2 0  f i = -  exp 2eM 
1 - 20 

Then 

and one should have 

Integration yields 

1 +BexpeP  
1 + p exp - e P  

In = 2ePzo 

from which is derived 

exp (2ePzo) - 1 
exp e P  - exp eP(2zo - 1) P =  
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SEPARATION OF CLOSE SPECIES. I 479 

or 

Practical Determination of the Distribution of Species in a Stationary 
Band. Experimental conditions fix the values of XO, E, and P (and m, 
which is not involved at the equilibrium). One has only to place upon 
the representative curve of Eq. (10) (dependent on E alone) 

1 2 
p =--In- 

2E 1 - x  

the plate for which z = xo (molar fraction of initial mixture in the specie 

plat- 

FIG. 7. Theoretical distribution of species in a natural boron band of 200 
stationary plates (C = 0.012, zo = 0.2014). 
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480 CONRARD, CAUDE, AND ROSSET 

rear / 

plates 
0 0 

FIG. 8. Theoretical equilibrium distribution of species in a natural uranium 
band of 1000 plates ( E  = 0.001, xo = 0.0072). 

having the greater affinity for the resin). Starting from this plate, one 
places the median plate M determined by Eq. (12) and, finally, one 
considers P /2  plates on both sides of M. 

Figure 7 represents this construction when e = 0.012, zo = 0.2014, 
and P = 200, which would correspond to the displacement up to the 
steady state of a band of natural boron of 200 plates (when the most 
fixed isotope is isotope 10, which is 20.14% in natural boron). Equation 
(12) thereby gives M = -21.35. 

Figure 8 corresponds to a band of 1000 plates with e = 0.001 and 
20 = 0.0072 (uranium isotopes). We find, therefore, that M = -79.6. 

In  conclusion, when exchange constants are close to 1 (e  << l ) ,  the 
shape of the distribution front can vary, according to the conditions, 
from the linear front (an extremely limited case corresponding to 
Pe << 1 and to a weak proportion of one of the elements in the mixture) 
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SEPARATION OF CLOSE SPECIES. I 48 1 

to the bilogarithmic front (long band, initial molar fraction close to 
50%) going through parts of bilogarithmic curves, e.g., the curves in 
Figs. 7 and 8. 

Note: When the bands are very long (P very large), the numerator 
and denominator of Eq. (12) are divided by exp 2ePxo, and exp -2sPxO 
is permitted to approach zero, then 

&I+ (20 - + ) P  
It is possible to obtain this result directly. Indeed, if the band is very 

n 

X 

1 

head 

0 

J 
1'1 

> 0.5 rear 

I * I 
I 

I 
I 
I 

I I 

I C 

I 
0 
I I 

p2 

head yo < 0.5 rear 

1 
I , , I 

I 
I I 

I 
I 
I 
I 

B i  
I 

I 
I I 

I 

C 

p2 - 
M + %  

M O  
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Fra. 9. A band of extremely long length. 
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482 CONRARD, CAUDE, AND ROSSET 

long, pure C will be obtained a t  the rear, pure B a t  the front, and the 
distribution between the two species will only take up a small number 
of plates in comparison with the total number of plates in the column 
(Fig. 9) .  One can thus think of the stationary band as being made up of 
PI plates containing pure B and Pz plates cohtaining pure C, with 

PI + Pz = P 

and the band extending from M - P / 2 (  - P I )  to M + P / 2 (  +P2) .  
The average composition of the band in A is equal to P2/P, or 
( M  + P / 2 ) / P ,  and must be equal to the composition of the initial 
mixture 20. Then 

= 20 
M + P / 2  

P 

M = ( 2 0  - + ) P  

which confirms the result deduced from Eq. (12) .  

Experimental Veriflcation for the Separation of Boron Isotopes 

The separation of boron isotopes on anion exchange resin according 
to Eq. (12)  allows confirmation of the validity of Eqs. ( 1 1 ) .  The separa- 

TABLE 1 

Separation Conditions 

Nature of the resin Dowex 2 X 10 (100-200 
mesh) 

Concentration of injected boric acid 0.100 M 
Concentration of developer (HCI) 0.05 M 
m 100 
Length of the band of boric acid 29 cm 
Quantity of displaced boron (in meq) 115 
Length covered 1163 cm 

length covered 
band length 

Ratio 39 

Displacement rate 1.28 cm/hr 
HETP (mm) 10 
Exchange constant K 1.012 
Isotopic concentration of natural boron 

(in atomic fraction of lag) 20.1470 
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tion is based on the exchange reaction 

H"B0s + 'LBO- H"B0s + 'OBOZR- 

with an exchange constant 

equal to 1.012 under the conditions of the experiment. What is presented 
here is only a succinct experimental verification in the case of a 29-plate 
band. Then Pe = 0.35 and the distribution is no longer linear but must 
correspond to that given by Eq. (1 1). 

Table 1 lists the separation conditions. 

EXPERIMENTAL 

We used the resin Dowex 2 X 10, 100-200 mesh, carefully washed 
beforehand so that the finest beads were eliminated and had undergone 
10 complete exchanges of Cl-/HO- (0.5 M HC1 solution and non- 
carbonated sodium hydroxide 2 M ) .  

Operational Technique 

We utilized 5 Pyrex-glass columns, each with a 1-cm2 area and a length 
of 105 cm, joined together by a capillary tube of 5 mm 0.d. and 1 mm i.d. 
These columns were filled with resin and packed by 10 exchanges of 
Cl-/HO-. By means of a peristaltic pump Sigmamotor Type AL 2E, 
a 0.1-M solution of boric acid was injected at the top of the first column 
a t  a flow rate of 40 ml/cm2/hr. The boric acid solution was prepared 
with deionized water degassed by bubbling pure nitrogen, and it was 
preserved under nitrogen. A band of boric acid of given length was thus 
fixed. It was then displaced by injecting a 0.05-M solution of hydrochloric 
acid with a flow of 40 ml/cm2/hr. 

We obtained a continuous functioning by adding regenerated columns 
after the column which closes the band and removing the columns which 
are not in use. 

The resin is regenerated in the form of HO- by the passage of a 2-M 
solution of decarbonated sodium hydroxide. The effluent is split into 12 
ml portions by a Lecourt Minimatic-type fraction collector. 

Note. Commercial sodium hydroxide always contains notable 
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quantities of carbonates, and i t  is essential to avoid any preferential 
fixation of these carbonates on the resin. In  effect,, when the band is 
displaced by HCI, COZ is degassed and disturbs the progression oT the 
band. To avoid this disturbance, we used a 50% Baker No. 7067 sodium 
hydroxide containing less than 0.05% carbonate. The dilutions were 
made with desionized water collected directly a t  the end of a column of 
mixed bed resin and degassed for 2 hr by bubbling nitrogen. The 2-A4 
sodium hydroxide solution thus prepared was preserved in a poly- 
ethylene carboy under permanent bubbling of nitrogen and was passed 
through a column of quaternary ammonium anion exchanger resin 
Dowex 21K before being injected into the columns to be regenerated. 
Despite all these precautions, some traces of carbonates subsist in the 
sodium hydroxide solution, and this results in the formation of a small 
band of COZ between the rear of the band of boric acid and the CI- ions. 

Isotopic Analyses 

The isotopic analyses were performed with a Thomson-CSF 204 mass 
spectrometer equipped with a single filament thermoionic ernission 
source. To accomplish the deposit, the sample of boric acid was neu- 
tralized with sodium hydroxide up to about pH 8 and the solution thus 
obtained was concentrated in a platinum crucible until it started to 
crystallize. A few microliters of this saturated solution were then de- 
posited on the Nichrome filament. The beam of ions thus obtained was 
stable for several hours. The results were determined with a standard 
relative deviation of 0.3% with a confidence of 95%. 

RESULTS 

Figure 10 shows the percentage variations loB in the band ,of boric 
acid displaced up to a steady state (dashed curve); the solid curve 
represents the theoretical profile of a 29-plate band in the steady state 
as well as allowing the calculation of Eq. (1  1). 

There is full agreement between the theoretical front and the experi- 
mental front except in the first plates of the band. This lack can be 
explained by the fact that the isotopic exchange constant and the plate 
height are not necessarily constant a t  the front of the band because of 
the spread of the chemical front (12). 

Also, there is a shift of the plate origin (z = 20 = 20.14% log) but i t  
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mag of boron in band 

Fro. 10. Theoretical profile of a 29-plate band in the steady state (solid 
curve) and percentage variations 10B in a band of boric acid (length 29 cm) 

displaced up to steady state (dashed curve). 

is too weak (0.5 plate) to permit a precise verification of Eq. (12) 
This will be the subject of a later publication. 
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