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ABSTRACT

Sorption of plutonium(IV) on anion-exchenge resin from TM nitric
acid is an excellent method for its purification. Only a limited number
of other elements are sorbed, and most of these only weakly. The fate
of such weskly sorbed impurities in this purification process is dis-
cussed theoretically for several degrees of approximation to the actual
system. A numerical computer calculation closely duplicates the ex-
perimentel behavior of four selected impurity elements.
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In the purification of plutonium by anion exchenge a nitric acid
solution 1is percolated through an anion-exchange column. The resin has
a much greater affinity for the plutonium then for the impurities.
Essentially all the plutonium is held by the anion-exchange resin, while
the impurities maey pertially pass through the colum during this loading
operation. The column is then washed with plutonium and impurity-free
nitric acid solution which removes the impurities from the colum. This
report describes some theoreticel end experimental investigations aimed
at estimating the separation obtained.

The separation of ions in an ion-exchange column has been thoroughly
studied in the case of no interaction between the various ions. We shall
review the results briefly in several degrees of epproximation and com-
putational complexity. The possibility of interactions between ions in
the resin phase mekes the problem more complex methematically, and
numerical solutions are necessary. The behavior of weekly sorbed im-
purities may be affected by the presence of plutonium. The presence of
large amounts of sorbed plutonium may not only reduce the amount of
impurities that are sorbed at eq_uilibrium,l but mey also effect their

rates of diffusion through the resin phase.
As a zero-order spproximation we mey assume that the impurities

behave completely independently of the plutonium and of each other and
that equilibrium is instanteneously achieved. Then if en impurity is
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distributed uniformly at & molar concentration cy in the feed solution
of volume Vg, the meterial will begin to load the column as a "square
wave" (see Fig. 1) with constent composition c, in the solution phase
and c* in moles per liter of resin solid in the resin pha.se.'i' Equi-
librium concentrations in the resin phase are related by the distribution
coefficient A,

- coh

ch = 1 - € ? (la')
or

?CX‘ = co}‘ ’ (lb)

vhere x* is equilibrium concentration in the resin phase in moles per
liter of resin bed and € is the fraction of this bed which is void.
It should be noted that E*/c is constant for a given resin while A
depends upon €, which varies with packing efficiency.

Since the capacity of the column is

Vc-i* +eVe =Ve, (A +¢€), (2)

vhere V_ is volume of the column (solution plus solid), the impurity
will appear at the bottom of the columm when a volume

Vy =V, (A +e) (3)

has been fed to the columm. The front of the wave moves at a velocity

V.= T4 (k)

t The definitions of all symbols are listed at the end of this report.
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c/c,

Fig. 1. Development of Wave During Feed Step with Instantaneous Equilibrium




vhere v is the velocity of the solution outside the colum. Equation (4)
holds vwhether feed or wash solution is being run into the colum; in the
latter case the rear boundary of the wave will also move with velocity
Ve Equetion (4) also holds whether breakthrough tekes place before or
after the wash begins. If A is equal to or less than a particular velue,
say }‘k’ then the breekthrough of the impurity will occur during the
loading step.

)

A = VFC_ - €. (5)

Since under owr assumptions of instantaneous, independent equilibrium
the reffinate after breekthrough is alweys at concentrasion cys the impur-
ity will be eluted exactly VF liters after breakthrough. This can all be
summerized by plotting the fraction of the total amount of the impurity
remgining in the colum as a function of raffinate volume (see Fig. 2).
while the assumptions with this model sre very sweeping, the controlling
rete processes for the impurities are usually quite rapid compared to
those for plutonium, and the sbove model comes close to the actual
siltuation.

The next level of approximation is the stendard ion-exchange-columm
theory2 based on a mass balance for a quasi-steady state; it accounts for
rate effects of diffusion in the resin and solution by the "theoretical
plate" concept. The colum is treated as a countercurrent system, and
the "height of a theoretical plate" is the height of a segment of the
column where the resin leaving it is in equilibrium with the solution
entering it. This theoretical plate height, H, is given by the sum of
four terms representing the effects of finite particle size, diffusion
in the solid phase, diffusion in the static lgyer of solution around the
beads, end longitudinal diffusion in the moving solution phase. In the

typical processing conditions which we have considered, the first and
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FRACTION REMAINING

€V,

(I+e)V, (A+eV,

VY, (I+e)V+V, ()\+e)\{:+\/s

v

Fige 2. Fraction of Impurity Remaining




last terms are negligible, and the resin diffusion usually predominates.
If we consider only resin diffusion as significent, then

2
H= 0;lll-r V'}‘ , (6)
D(A + ¢)

vhere D is the diffusion coefficient in cm2/ sec, and r is the average
radius of the beads. The diffusion equation, which describes the solution
concentration with the colum, tekes the form (for constent A)

2
de gc _Hoc,
FrARR 1 - b R (7

where z is distance along the column and a is the cross-sectional ares
of the colum. The solutions of Equations (6) and (7) are simplest in
terms of the number of plates,

z
and the nuiber of plate elution volumes,

M = TR - (9)

The solution under constant feed into an empty columm for N > 3 is

s34 (%) (10)

vhere Ae is the error integral

-10-




Ay) = dy o (11)

1
yar

The loeding will proceed with a constently spreading wave front
(see Fig. 3), which is characteristic of a linear isotherm (constant A).

In owr case we have a wash step also, during which the input concentration

is zero. The solution can be written as the sum of two terms, each based
on Equations (10) and (11), but with one displaced in volume by Vg

Defining M, by replacing V with V; in Equation (10), the complete solution,

valid for M > MF’ is

The elution curve is shown in Fig. 4. The rectengle is the result of
the zero-order approximation discussed earlier, and it has a width of
VF. If AV is the extra volume of wash required to remove the impurity
over that necessary for the case in which instantaneous equilibrium is

assumed, then from Fig. k4,
m
&V (A + e)eqfT (13)

vhere Z is the length of the colum. Actually, at an elution volume of
A+ e)vc + Vg + AV, the value of c/co is not zero but sbout 0.1, end 1
or 2 percent of the impurity remains in the columm. Most of this is
eluted in the next AV/2, so a better approximetion for the total elution
volume is
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Development of Wave During Feed Step with Finite Diffusion Rates
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Vo =V + (A + €)(V, + 2a VZH). (1k4)
Equation (14) is velid only for a constent feed concentration. The
problem of a verisble feed concentration can be handled by considering
only the feed concentration just prior to the wash step. The amount of
wash necessary to remove an infinitesimel amount of this feed is then
added to the total feed volume, VF. This problem was also considered by

Glueckau.f.2 He computed the width W of the wave at a concentration of

e"l of the maximum concentration in the wave to be

W= vc(h + €) ,‘/g . (15)

We are interested in the half-width, AV, for the more general case where
the concentration is down to e ' of the meximum. This is

AV =V (A + €) “/%? . (16)

This leads to the result in Equation (14) when 7 = 2. Hence we see that
Equation (14%) is completely general for impurities that do not interact
with the plutonium in either phase and load such a small fraction of the
exchange sites that A is constant.

We now consider a model that approximately describes the behavior
of impurities in the presence of plutonium, as found by a deteiled
numerical calcula.tion.3 The behavior of plutonium in anion-exchange
systems was the subject of Reference 4. We shall consider only that
case vwhere the impurities are present at a concentration which will
allow them to load only & trace amount of the resin sites, so that they
do not affect the behavior of the plutonium. We shall allow for a
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possible reduction in both D and A of each impurity, caused by the
presence of strongly bound plutonium.

Jamesl showed that the trace level loading distribution coefficient
of an impurity should be reduced by a factor

c
A
(J. - :P—u)2 = 3 (17)
CPu o)
where EPu is the capacity of the resin for plutonium as calculated from

the cepecity for enions, -c-Pu/EPu is the fraction of sites occupied by
plutonium, end }‘o and A are the distribution coefficients in the sbsence
and presence of plutonium, respectively. However, this equation was
found not to hold for several impurities when thorium was used instead of
plutonium. In fact, A/A o ¥es found to be greater then unity for several
elements for 0 < 'éTh/c‘;Th < 0.5.

Reference 4 showed empirically that the resin diffusion coefficient
for plutonium is given by

-ke, /C
B e R, (18)
with ﬁ;u = 1.5 x 10-9cm2/ sec and k = 5.5. We therefore assumed that the
impurity diffusion coefficients would be reduced by a factor exp(-kEPu/(‘;Pu).
The diffusion coefficients of several weskly sorbed impurity elements
were measured in the sbsence of plutonium. These experiments are described
in the appendix. The diffusion coefficients were 30 to 75 times higher
then that of plutonium.

With these factors in mind en epproximete analytical model was
formed. The impurities move down the columm much faster then the
plutonium, and at the normsl process flow rates they approach equilibrium
behavior (the zero-order spproximetion). It was shown earlier that for
equilibrium behavior the concentration of impurities in the solution in
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the colum should be a squere wave (see Fig. 1). However, as the
plutonium is sorbed on top of the impurities, if Equation (17) epplies,
the impurity distribution coefficients should be reduced and the im-
purities forced out of the resin by the advancing plutonium wave. The
impurities displaced from the resin would be added to e, and the con-
centration of the impurities should rise sbove that of the feed solution
in the region shead of the advancing plutonium wave. This is described
by Fig. 5 (A and B).

From Fig. 5, by assuming there is a negligible amount of impurity
in the resin, the concentration of the impurity in the solution phase
ahead of the advancing plutonium wave is

c=cg [l *( h:?e zi] (19)

and

(20)

V.
F
2y =T e) " %

3
The length of the plutonium wave, zp, is determined independently.
Combination of Equations (19) and (20) ylelds

shap :
2_°=1+VF_az.P(x+e) (21)

When the wash operation is initiated, Zp remains constent, and the
impurity in the solution over the plutonium wave moves ahead, adding
Az, to the front of the wave (see Fig. 5C). A material balence gives

*%p%y
bz; = X7 PR (22)

=16~
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Fig. 5. Plutonium Exclusion of an Impurity
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The impurity wave then separates from the plutonium wave, moving inde-
pendently as described earlier, except that ¢ is greater then the feed
concentration.

This simple model begins to fail for large A (say >3) when zy
becomes quite smell, and the impurity concentration is not flat but
peeked at the front of the plutonium wave. Also the only effect due to
the plutonium was caused by the reduction of A, Equation (17). Inclusion
of an exponential effect on the diffusion coefficient would trap a small
amount of impurity in the plutonium wave. This would be released slowly,
and the impurity wave would develop a long teil as it separated from
the plutonium wave during the wash step.

An experiment, described in the sppendix, was conducted using Ag,
Hg, Bi, and U as impurities. The concentration of impurities in the
eluate was measured. The results are shown by the date points in Fig. 6.
While the long tails are apparent, the effect of Equation (17) is
apparently ebsent, except possibly for Ag. The initial end boundary
conditions of this experiment were applied to & numerical calculation,
described in Reference 3. The inclusion of Equation (17) in the cal-
culation produced impurity breskthrough concentrations, which rose
several times higher than the feed concentrations. This effect was
certainly not observed. In the sbsence of sgpecific experimental data
for the effect of plutonium on the impurity distribution coefficients,
it was assumed that they are not affected, and this calculation produced
a more reasonsble result. The inclusion of an exponential effect on
the diffusion coefficients in the calculation duplicated the observed
teiling.

A final approximate correction was made in the code for the effect
of diffusion in the film of static solution surrounding the beads of
resin. Of course, no date are availsble for the diffusion coefficients,
but they usuelly range from 10-6 to 10-5cm?/sec. The lower value gave
much better fits to the leading portion of the elution curves for the
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elements with larger A. In all cases the film correction had &
negligible effect on the total volume of wash required to elute the
impurity. The results of the numerical calculation with these modifi-
cations are given by the curves in Fig. 6.

Probebly the quentity of greestest importance in this separation
is the volume of wash solution necessary to remove a certain fraction of
the impurity from the colum. This is presented in Fig. T. The abscissa
is the wash volume (total raffinate minus VF) divided by €V, sufficient
to leave the fraction in the column given by the ordinate. The curves
are somevhat dependent upon Vp, B° of the impurity, v, V., end the
capaecity of the colum, but these are secondary effects. The computation
was made for a columm similar to the one described in the appendix. The
feed contained sufficient plutonium to load the column sbout half full of
plutonium.
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APPENDIX

In systems where solid diffusion is rate-controlling, §° can be
determined by following the progress of a very short wave of sorbed
material as it is eluted down a very long colum. This is easily done
by scenning the coluwmn with a shielded GM tube and using a radioactive
isotope of the element to be :;.nvestigated. The apparstus for such exper-

iments was described earlier.
From Glueckauf,®

N = m(cz"x v)a, (A1)
where Chax is the maeximum concentration in the wave, m is the total
amount of sorbed species in the wave, and V is the volume of solution
necessary to move the bend N plates. However, the scanning device
measures the height, h, of the wave as recorded on a moving-chart recorder
and the erea, @, under this recorded wave. The quentity h/@ is measured
in the dimensions of centimeters of colum length, so by dimensional
enalysis,
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®mex _ hd
m a’V

(a2)

vhere d is the distence the maximum of the wave hes moved. Therefore,
Equation (Al) tekes the form,

N-om (WP (A3)

The number of theoretical plates between two successive measurements
of the progress of the band is

N2-Nl=fg[ 3% - (ma)?] (Ak)

Using Equation (6) and the fect that H = (8, - dl)/(Ne - N;) we obtain,

O.28hﬂr2v7t°[(h2d2)2 - (1,8))%]

5° = (a5)
(A° + e)oze(de - 4)
Of course, A° is also easily determined from 5
vV, =V
o_ 2 1
- (46)

By measuring h, d, V, v, @, end a and using Equations (A5) and (A6),
the diffusion coefficients of several elements were determined. The
results are shown in Tsble AIl.




Teble AI
Particle-Diffusion Coefficients

Isotope 5( x108) cme/sec
L6 8
90y 7
152-15)+Eu 10
lll-lce
203, L
110 Ag T

The accuracy is probably no better then 50 percent.

The column used in the experiment reported earlier (Ag, Hg, Bi, and U
trace elements) was assembled from a 2-foot section of 6-inch-inside-
diameter glass pipe. A weighed emount of resin was loaded into the
colum in the moist state end contacted with TM nitric acid. A second
section of 6-inch glass pipe was secured to the top of the column.

The resin bed was raised (backwashed) by forcing TM nitric acid into the
column through the screen from below. The resin was allowed to slowly
gsettle back to the screen, and the entire operation repeated. A weighed
semple of the moist resin that was loaded in the colum wes washed, dried,
and weighed to determine that 4150 g of "oven-dry" resin were added to

the colum. The capacity of the column, épu = 1.11 moles/l of solid
resin or 3.82 equivalents per "oven-dry" grem, was determined as described
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bef'ore.5 Welght and volume measurements of a semple of resin that
was compacted as ebove gave a value for € of 0.3l. In the colum
the resin was 54 cm high.

Five millicuries each of 11053 and zggng were obtained from Oek
Ridge National Leboratory, along with 10 mec of 21031. These isotopes
were diluted as received to 9.9 1 with a TM nitric acid solution
containing 1 g/l each of silver, mercury, and bismuth. This solution
was added to a plutonium solution to give 15.2 1 of feed solution which
contained 20.4 gpu/l. The feed solution was passed over the colum at
5 1/br and wes followed by a TM nitric acid wash at 12 1/hr. Semples
of the raffinste were analyzed for the three isotopes sbove and for
2370 vhich was also present in the feed from the alpha decay of the
plutonium. The results were plotted against volume of raffinate, and
an integration gave the total amount in the raffinste. This was used
to calculate the feed concentration.

The values of A° that were used in this calculation are

A° g = 0-18
}‘oﬂs = 0.85
A°U = 2.8
}‘oBi = 3.4

These agree reasonebly well, after correction for the different €,
with values reported by James,S except for urenium; we can offer no ex-
planation for this difference.
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NOMENCLATURE

error integral (dimensionless)

cross-sectional area of the column (cm2)

total capacity of the resin for plutonium if all resin sites
are occupied (moles/l of resin solid)

concentration in the resin phase (moles/l of resin solid)
equilibrium concentration In the resin phase (moles/l of resin
solid)

concentration in the solution phase (moles/L of solution)
meximum concentration in the solution phase (moles/l of
solution)

concentration in the feed solution (moles/l of solution)
solid diffusion coefficient (cm?/sec)

solid diffusion coefficient (cm>/sec)

height of e theoretical plate (cm)

height of recorded weve (cm)

empirical constent

nuzber of theoretical plate elution volumes (dimensionless)
number of theoretical plate elution volumes per feed volume
(dimensionless)

total esmount of sorbed material on the colum (moles)
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Nomenclature (cont'd)

number of theoretical plates (unitless)

aversge radius of the resin particles (cm)

time (sec)

volume of solution phase passed (1)

colum volume, or &z (1)

volume of the feed solution (1)

total volume of solution passed (1)

solution velocity inside the column (cm/sec)

velocity of the wave front (cm/sec)

width of the elution wave (1)

concentration in the resin phase (moles/l of resin solid)
concentration in the resin phase under equilibrium conditions
(moles/1l of resin solid)

length of the colum (cm)

distence along the column (cm)

length of the impurity weve (cm)

length of the plutonium weve (cm)

area under recorded wave (cm?)

frection of a settled bed of resin that is solution
(dimensionless)

paremeter (dimensionless)

distribution coefficient or X/c (moles/l of resin bed per
moles/l of solution phase)



