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The Chelate Process III
Preliminary Continuous~Operation Studies -

B. Rubin and T. E. Hicks

ABSTRACT

The rate of extraction of PuIV in either direction between benzene-TTA and
aqueous HNO3 solutions is shown in the present study to be fast enough so that
application of the éhelate process to continuous opération should be feasible.

This conclusion is based on two primary considerations:
1. The mechanism limiting the rate of extraction appears to be diffusion-
and not chemical-reaction-limiting.
2. The extradtion may be controlled by adjustment of the system conditions to

give almost any desired specifications of rate and/or equilibrium.

A continuous process involving multiple extraction stages with a controlled

pH gradient is proposed for obtaining maximum decontamination and plutonium recovery.

The work described in this peper was done under the sauspices of the Atomic Energy
Commissions '
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The Chelate Process III
Preliminary Continuous-Operation Studies

B. Rubin and T. E. Hicks

INTRODUCTION

(1,2)

Previocus work with the organic diketone thenoyltrifluoroacetone (TT4)

has demonstrated its use in batch opsration for the separation of plutonium from
uraniuh and fission products.

(2)

This compound has been tested for its extraction power on most of the
heavy-metal and fission product ions, apd it exhib;ts a marked variation in speci-
ficity which permits extractive separation of many different ones.

As the metal chelates are predominantly orpanic in character, they are soluble

essentially only in the ‘benzene or organic phase.. Accordingly an equilibrium is

set up:
4 g +
M H =
(aq) * Forg) T My (org) * 2 (aq)

where the chelating orpanic ion is represented by K . The equilibrium expression

for this reasction is
+.2
(k) (")}

K =
eq (M+Z )a (HK): (0)

The following table shows the order of extraction of various ions from 0.5 M HNO5

into 0.01 M TTA, and includes where known, approximate values of Keq(e)’(7)*.

' v
Note: The K for 2r (6) was calculated for the equilibrium expression
(zrk,) (5")°

(zr (0H)*3) (uK)®:

all other K's are based on equation (0) above.

2
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Table 1

N

Order of Extraction of Metallic Ions with TTA

HNO, = 0.5 M,  TTA = 0.01 M
21V K 3 x 10°
v K 2x10°
ﬁpIV
co IV
vtV K 1.5 x 10%
oo’

i d K 5
yiII K 10
vo,** K 1.2 x 107°
p 111
) o, VT
el K. 3x 1070

The large spread in the values of those equilibrium constants that are known
shows that TTA is specific in its extraction power and that widely different
hydrogen-ion and TTA concentrations would be necessary to provide equ&l extraction
for all ions. Ions dflthe alkali, alkaline-earth, and rare-earth groups (with

the exception of CeIV) show very little tendency to extract.,

Extraction of Plutonium

(2)

Crandall and Thomas have exhaustively investigated the kinetics of the
reaction between PuIv and TTA in water-benzene systems at hydrogen-ion concentra-
tions of about 0.5 M. They have shown that the actual rate-determining step may

be considered as a homogeneous reaction in the aqueous phase involving the addition
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or removal of the third organic radical, and that the overall rate expression has

the form
a(Pu) k, (Pu), (HK)? K (Pu) _ (5%)%
. org _ 1 Aq org _ 2 org Aq (1)
B +42 . 2
dt R (H )Aq R (HK)Org
where R is a volume~-ratio term and is defined\as:
Vbr
R = & (2)
Aq :

From the results of their studies of semi-micro and tracer extraction experi-
ments, Crandall and ‘homas were able to devise a batch extraction process which
fulfilled the requirements for plutonium separation and decontamination from fission
products. This process operated by utilizine both selectivity of chelation with
TTA and changes in oxidation state, and may be diagrammed as shown in Fig. 1(8).

Kinetic Effects

It would appear feasible that by proper control of hydrogen-ion and TTA con-
centrations, one could extract plutonium and ions which extract better than plu-
tonium into an organic phase and away from those ions below plutonium in Table I;
then in a succeeding process reverse the conditions and extract the plutonium

back into an aqueous phase, away from the ions above plutonium in the table.

Changes in oxidation state would not appear necessary for operation of the
process provided the sharpness of separation of the various ions is good enough
and that the rate of extraction is high enoush. The first provision is met easily
in any continuous countercurrent process of sufficient extraction stares; the
second question as to rate of extraction must be further resolved.

As mentioned previously, Crandall and Thomas showed that the extraction rate

equation for PuIV is of the form

a(Pa), Ky (Pu), (HK)Z iy (Pu) (8)7 o
av R (52 TR (HE)®

+
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It is of interest to note that for equilibrium, d(Pu)o/at = 0, and

- 2 +12
k) (Pu)  (BK) _ kZ(Pu)o (H 2? -
+42 ' 2
R , (B )a R (HK)o
+.4
g (Pu) )Y, El_ (@)
4 k
(Pu)a (HK)o 2
Let us make the following definitions:
1. €, = (Pu)a + R(Pu)o (5)

. This relation is of use when extraction of plutonium is from the aqueous
phase; if the inktial plutonium concentration in the organic phase is gero,

C, becomes the initial concentration in the aqueous phase.

A

2. C, = (Pu)o + (Pu)a/h | (6)
This expression is of use when extraction occurs from the orpanic phase.
CO and CA bear no relation to each other; +they represent essentially the

total amount of plutonium which has been used and which remains constant in

any particular batch extraction.

(Pu), (HK)
3. E = ™= - 7~  ‘the extraction coefficient. (7)
a (2 )a
(HK)? K, (5)° &k,
» Vkk, (1 + ER)
4o A=k —— . ; = ek (8)
H), R (HK) R B

'A is a modified rate constant which 5akes into account both the

forwmard and backward extraction rates.

Equation (1) now may be rearranged in the form

Tk, VE
d(Pu) _ C, vk ky E

-dt R

+ .

- &(Pu), (9)
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and integration of this equation between appropriate limits gives the result
for the plutonium concentration at any time:

c,.E

. A - At

Pu) £ - - (1 - e : (10)

( )0 1 + ER ( )

for extraction from water, and

C.R
-At
(Pu), = =2 (1-e") (1)
1+ ER
for extraction from benzene.
' C E
It may be obssrved from the form of these expressions that T+ 5% and
COR ’
represent the final equilibrium concentrations, and the exponential term
1 + ER

represents the time-dependent approach to that equilibrium.

Crandall aﬁd Thomas showed that extractionsvfzgg_ﬂgzgz with extraction coef-
ficients of 100 and higher Qccurred very rapidly, in agreement with calculations
from the above equations. For the second step of their process, in which re-
extraction from benzene occurs, they continued to opgrate at very high extraction
coeffidients where the equilibrium was unfavorable for PuIV to be in the water;
however at this point advantage was taken of chemical reduction %o PuIII in the
aqueous phase to effect the transfer between phases.

They found that very slow extraction occurred; +times in the order of seven

(2)

hours in glass apparatus were required for equilibrium to be attained.

(8)

Operations in stainless steel containers did decrease the required extraction
times to about three hours, and an unknown catalyst was postulated to explain this
occurrence.

The reasons for meintaining such an unfavorable equilibrium for the PuIV'were
to present an even more unfavorable equilibrium to any fission-product ions present
in the benzene; it was felt that shifting to a more favorable PuIv equilibrium

would materially lessen the decontamination from such ions. -
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Demonstration of batch dedontamination of plutonium cn a two-liter scale by
Crandall and Thomas usins dissolved uranium slurs from the Clinton pile points the
way clearly to full-scale industrial operation of a batch process. It has been the
purpose of the present study to investipate the possibilities of converting their
batch process into a continuops process, ubtilizing all available equilibrium and
rate information, and to make any simplifications commensurate with therverall

process requirements of maximum recovery, decontamination, and economy.

EXTRACTI)N KINETICS IN CONTINUDUS OPERATION

In order for a continuous oounterourreﬁt process to operate successfully, it
is desirabie for the transfer df plutonium between phases to occur.as rapidly as
possible.

Diffusion-limited extractions are entirely familiar in chemical engineering
procedure, and the TTA process should present no exceétional difficulties as to
design if it can be demonstratgd that the rate of plutonium transfer is either
diffusion-limited or at least kinetically of the same order of magnitude as dif-
fusion. However, if chemical kinetics should limit the rate of extraction so that
much more than ten minutes were required for attaining a close approach to equili-
brium, the throughput of any reasonable-sized column would become very small and
the process would be impractical. Therefore the three hour re-extraction time of
Crandall and Thomas presents a very serious obstacle to successful continuous
operation.

Mathematicel enalysis of Crandall and Thomas' operating conditions shows
clearly the reasons for thé slow re-extraction achieved, and pives also the condi-
tions under Which rapid and favorsble extraction should occur.

According to equation (11), and because of the numerical values of the constants
- involved, equilibrium conditions should be attained very rapidly at an extraction

coefficient of 100. However, Crandall a2nd Thomas destroyed the equilibrium(z)
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I C . ‘
by reducing the Pu v to PuIII as soon as it appeared in the aqueous phase; by so
doing they reduéed the term involvine kl in equation (1) essentially to zero.
Therefore equation (11), which resulted from sn integration of equation (1) no

longer gpplies and in order to find the Puiv concentration as a function of time,

integration of the followinp equation should be carried outs:

: +12
d(Pu)o i kz(Pu)o (" ),
. = - > (12)
dat R (HK)
e}
Integration between limits gives the result
~ -Bt
(Pu)a = RC, (1 -e77) . (13)
where —
tkok
B- 12 (14)
R\j E

It should be noticed that in equation (13), as contrasted with equation (11),
RCO does not represent a final equilibrium concentration; at infinite time instead,
I . .
all of the Pu v.will have been transferred because of the blocking of the back-

extraction by chemical reduction.

The desired mathematical comparison between ordinary extraction and extrac-
tion combined with reduction can now be made.

Both equations (11) and (13) are of the same form in that they show the Puiv

concentration to approach final conditions exponentially. It is obvious that the
rate of percentage approach to final conditions in each case will depend upon how
fast the exponential terms approach zero, which quantities in turn depend upon the
magnitudes of bthe exponential coefficients 4 and B, |

Figure 2 is a graph of A and B versus E apd shows clearly the effect of E on
the rate of extfaction for both systems; for large ordinates the rate will be
high. In the case of equation (11) which involves A, large ordinates can be
attainedvfor both large and small E's, but in the case of equation (13) which

1]
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involves B, the ordinates will be larse onlv for small E's. For extraction from
benzene, the large ordinate at high E is of no advantare because although the rate
is high, the equilibrium is so unfavorable that operation under these conditions is
undesirable without some additional extraction mechanish such as reduction.

The reason for the rates of extraction which Crandall and Thomas obtained are
now apparent. ihen extracting from water, they were at point (a) in Figure 2,
where the exponential coefficient A was large and rate was fast, but when extract-
ing from benzene, and even thoush using the devie of reduction, the change in
conditions placed them at point (b) where the coefficient B was small and rate was
slow.

Because the equilibrium constants for fission-product céntaminants are dif-
ferent than for plutonium, it appears likely thset sufficient decontamination can
be achieved by provision of enourh extraction stages, snd hence that extraction
at low E is possible without accompanying reduction. The solution of the problem
as applied to continuous operation at once becomes apparent: one should extract

from benzene at a very low E so that both rapid rate and favorable equilibriumg

are attained.

Proposed Process

A flowsheet for plutonium separation which utilizes the above proposal is
shown in Fipure 3. It is proposed to center-feed the columns so that advantage
may be teken of acid neutralization (or dilution if necessary) at thié point to-
provide a pH gradient and thus to efféct a change in the equilibrium state for
the system. The columns would then operate in a manner analogous to distillation
columns in whiqh.both stripping and rectifying seétions are present with the
following flow:

Uranium—slug dissolver soiution, after chemical pretreatment %o obtain all

plutonium in the plus-four oxidation state, would be fed to‘the center of ocolumn I
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where B equals 100 end pass downward counter-current to & TTA-benzene solution.
Rapid and complete extraction into the benzene of plutonium and all fission pro=
ducts which extract better than plutonium (mainly zirconium) should occur. .The
benzene phase would flow into the upper section of the column where a higher acid
concentration makes the E about unity. Some of the plutonium will theréfore trans-
fer back into the acid phase and be kept in continuous circulation between the
upper and lower sections of the column. More importaent however, any fissiqn pro-
ducts which extract more poorly than plutonium and which may have extracted into
the benzene will be transferred back to an extent that will increase with the
number of transfer steps in the section.

The benzene solution conteining plutonium and fission products of higher E
is then center-fed to column II which operates similarly to column I, except that
the E's are so adjusted that it is now the plutonium which is favored by the aqueous
phase, while the more easily extracted fission products remain in the benzene.

Aqueous PuIv is produced at the bottom of co1umn II in a form suitable for
subsequent metal-purification; +the benzene solution produced at the top may be
used both for isolation of radicactive zirconium and TTA recovery.

It should be emphasized that an E of 100 (or 0.0l as the case may be) implies
an extraction of 99 per-cent per extraction stage, and even if only 90 pefcent of
equilibrium is attained per actual stage, very few actual stages should be
necessary to obtain the required extraction, whether it is conducted in packed
towers or countercurrent mixed-tank reactors.

Selection of Conditions for Rate Studies

Reference to the "A" curve of Firure 2 will show that in the neighborhood of
E equal to unity, there will be a minimum A, and accordingly, a minimum rate of
percentage approach to equilibrium. The exact expression for this condition may be

found by differentiatine equation (8) and equating to zero; the result is
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Enin TR (15)

Equation (15) pives the conditions for which the rate of approach to equilibrium
will be lowest, once these conditions have been set by the initial hydrogen-ion
and TTA concentrationé.

In order to obtain sensitivity in experimentally following the rate of ex-
traction, relatively low rates must be used. Thus for a volume-ratio of unity,
equation (15) pives the condition that E should be unity for lowest rate; for

.
best results therefore, experiments should be conducted at this condition. The
purpose of such experiments should be, first, to see whether the rate is high enough
at low E's for favorable continuous extraction operati§hs, and second, to confirm

that,(with comparable stirring) the rates of extraction would be higher at E's

different from the minimum E as predicted by equation (15),

DISCUSSION OF EXPERIMINTAL RESULTS

A series of extractions from water at low extraction coefficients was carried

out with R equal to unity. DNumerical results are summarized in Tables II and III.
The majority of the experiments were not carried to final equilibrium because the
rate information desired could be obtained from the initial portions of the ex~
traction curves., wa@ver, for those experiments which were carried to final
equilibrium by aellowing the solutions to stand for eighteen or twenty hours, good
agreement with calculation froﬁ the previous equilibrium data of Reas(ll) wa s
Jound. For the other experiments, therefore, reliance could be placed in simi-
larly calculated values of the extraction coefficients which were used for the
breparation of Table III. |

Table III lists perceﬁtage-equilibrium values which were calculated from the

experimental concentration~time extraction curves by dividing the concentration

at the chosen time by the final equilibfium concentration. The information listed
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in Table III is interpfeted conveniently from Figures 4 and 5. Figure 4 is a
plot of percentage-equilibrium values versus time for extractions of comparable
slow stirring at different extraction coefficients.

Excellent demonstration of the chanpge in rate of extraction with B is given;
slowest extraction occurs with £ in the neighborhood of unity and for both higher
and lower E's, (except for Run #6), the rate is hirher, in accord with theory,

The slow extraction of Run #6 may be explained by the fact that exceptionally slow

stirring was used during that experiment.
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Table II
Equilibrium Data
Run No. E(calculated) E(measured) ®) (TTA) Stirring

3 19'6 - 100 0105 S].OW
4 0.181 ot 1.0 ‘ 0.0155 slow
5 0.181 - . 1.0 0,0155 | slow
6 2.52 -- 1.0 0.0310 very slow
7 2.52 0.725(7) 0.50 0.0155 slow
8 2.52 - 1.0 0.0310 slow
9 '2.88 2.0 0.50 0.0155 slow
10 2,52 -— 1.0 0.0310 fast
11 2.52 - 1.0 0,0310 fast
12 2452 - 1.0 0.0310 very fast
13 2.52 - 1.0 0.0310 very fast
14 2.88 2.0 0.50 0.0155 very fast
15 2.88 2.3 0.50 0.0155 very fast

Note: The agreement between calculated and measured

E's above was considerzd to be good in view

~of the fourth-power masnification of possible

error in hydrogen-ion and TTA concenfrations
during calculation of E,
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Table IIIX
Rate Data
Values are Percentages of Final
Equilibrium
Run No. Time in Minutes
1 3 5 7 10 15 25

3 0.,40 0.78 0.92 0.98 «=-- ———— ——
4 0.25 0.57 0.75 0.85 0.94 0.98' ———-
5 YO.26 0.58 0.76 0.86 0.95 0,99 ———
6 0.09 0.21 0.33 0,43 0.55 0.69 0.87
7
8 0.15 0.33 0,51 0,64 0,78 0.50 0.95
9 0.19 0.41 0.59 0.7l 0.84 0.94 0.98
10 0.29 0.75 0.88 0.94 0.96 0.98 0.99
11 0.18 \0.46 0.67 0.80 0.90 0.95 0.98
12 0.44 0.87 0.94 0.96 0,97 df98 0,99
13 0.47 0.83 0.92 0.95 0.97 0.98 0.99
14 | 0.39 0.76 0.88 ———— m—— - ———

0.47 0.69 ,——— ——— ——— ———

15

0.20
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Pigure 5 is a plot of percentage-eQuilibrium values versus time for experi-
ments which were all of the same E, but which were conducted at different stirring
speeds. The effect of stirring on the rate of extraction is at once apparent.

These results resolve the question as to whether the rate is diffusion or
kinetically-limited. For an E which in Figure 4 produced a very slow extraction,
continuaelly increased stirring produced eventually a rate which was too high to
follow analytically with the techniques employed. This means that with the degree
of stirring used in these experiments, the chemical reaction mu~t be occurring as
fast as the transfer between phases, and there is no reason to suppose that still
greater rates of stirrine would not further inerease the rate until diffusion
becomes no longer limiting and the homogeneous chemicrl reaction-rdte becomes
controlling.

For this reason no concrete conclusions about the rete constants mey be
drawn. The rate mechanism, as proposed by Crandall and Thomas for the conditions
under which they worked, postulates that it is the formation of the species
(PuK2+2) which is the rate-limitine step. The present study shows diffusion to be
limiting; however the rate-effects obtained agree qualitetively with those that
would be predicted from Crandall and Thomas' equations. It would aprear, therefore,
in order for the same equations to rovern both situations that it is the same

(Puk +2) species which does the actual diffusing and thus limits both extraction

2

mechanisms.

If this conclusion is valid, and if it is assumed that the true rate is dis-
played in the fastest extraction found (run 14), the rate constants may be cal-
culated in the following manner:

Transform equation (11) to the form

c
In - 2 = At (16)
1 + ER '

Co- R (Pu)a
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Then if the quantity on the left side of equation (16) is plotted versus time,
the slope of the straighﬁ line so obtained will be the quantity A. Figure 6 is such

a plot for run 14; A is found to be 0.495. Then by equation (8),

Ekik < 0.232

Using the value of the equilibrium constant as determined by Reas(ll):
k
K= & =2.3x10°
2
kl 2 111 moles liter-lmin-l
k, & 4.82 x 107 moles liter ‘min~%

It should be stated at this point that fhe value 6f K just mentioned was obtained
from calculations which included activity coefficients. The rate constants giﬁen
by Crandall and Thomas(z) were obtained on the basis of constant ionic-strength
experiments, and althourh consistent in themselves they were not calculated with
activity coefficients. The inclusion of such coefficients can change the calcu-
lated value of K by as much as 100 and therefore in order to compare the above
calculated rate constants with those of Crandall and Thomas, a short discussion of
activity coefficients must be included at this point.

Equation (4) should be modified %o become:

+14 - 4.8
_ (PpK@)OYPuK4(H )a (N0~ ;)™ + HNO3

(17)
TV o —vd o5 4
(Pu™"), (NOZ) . ¥7r Pu(NOS)4(HK)o T ug

K

Reas(lo’ll) has shown that ¥ and ¥Y,. are about equal over the range of .
PuK4 HK

concentrations investigated; therefore equation (17) simplifies to

+.4 .8
) (Puk,) (H"), Y+ HNOA :
- 4 .5 3 ' ’ (18)
) Y+ Y
o ' - Pu(NOS)4 HK

(PuIV)A(HK
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and this is the equation which was used for all ¢alculations in the present study.
hetivity coefficients for the various ions concerned in this system are tabulated

in Table 1IV.

Table IV
. Activity Coefficients s
Aqueous Phase
+
(H") Tt TV
) .1 .788 1.295
«5 .718 «993
1.0 «720 1,00
1.7 .76 ,984
Benzene Phase
-~ (HK) Thk | "pur,
.01 «995 .995
.02 . 985 .985
.03 .97 .97
.05 .96 .96

Application of these activity coefficients to recalculation of Crandall and Thpmas'

equilibrium and rate constants rives the results:

5
K = 1.6x10
- . -1 .. =1
kl— 130 . moles liter "min
k,= 1.24x10"% moles liter ‘min™t

+ in qualitative apgreement with the more recently found values listed above,

This work was performed under the auspices of the Atomic Energy Commission.
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DETERMINATION OF = RATE CONSTANTS
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