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THE CHELATE PROCESS, VI. PROCESS FLOWS INVOLVING ©-DICHLOROBEX 1ZENE
AS THE SOLVENT FOR TTA

M. W. Davis, Jr,, T. E. Hicks, and T, Vermeulen
Radiation Laberatory and Department of Chemistry and Chemical Engineering
University of California, Berkeley, California

«

ABSTRACT
somparative studies of a series o. nalogenated solvents, as carriers
for TTA in the chelate process for plutonium extraction, indicate that

ortho-dichlorobenzene most nearly satisfies the recuirements that are

gset forth, A complete process design is oresented for use with this solvent,

ﬂnd flow data and equipment capacities are given for dissolver solution

snd for uwranimm-free fission nroduct solution as alternate feeds to the

nrocess. vertical mixer-ssttlsrs sre recommended as the contactors,

although pulsed columns or packsd cclumns are also belleved to be suitable,

[o )

+ha best available rate and

The zize of such units

quilibrium data, and the effacts of several operating variable are considered.

THE -CHELATE PRCCESS, ¥I.. PROCESS FLOWS TINVOLVING

o=DICHLOROBEVIENE A3 THE >CTVE; FOR TTA

»
(%

The chelate orocess for plutonium extraction has been described in

I

pravious reports from this laboratory.

D

It provides efficient recovery

of piutoniuvm from sclutions containing uranium, fission products, or both,

uch as are involved in i ~rocessdhy of neutron-irradiated uranium. £s

dsvelopsd previously. the chelate process has used benzene as the solvent

f’wnayltrifluéroacetone, or TTA). Because of the

for the chela t

velatility of benzene and the flammability of its wvapor, a search for an

alternate sclvent has been undertaken,
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CHOICE OF A SCLVENT

A solvent for use in this process must satisfy several requirementss:

The solubility of FU(TTA)4 in the solvent must be of the order of 0,01M
or greater, The solvent must be resistant to oxidation and nitration by
strong HNOB,tand its vapors should be relatively non-inflammable. It must
also;be available in large quantities at a reasonable price, Finallyg
to avold excessiwve losgesglitvshould be very inscluble in water,

The requirement of oxidation‘stability suggests the use of a halogenated

[

solvent, Several available materials of this type have been considered, and

their solvent properties investigated in comparison to those of benzene,
Distributipnn data obtained by Doris Heisig_pf this laboratory, listed in
Table I, show that all of the golvents considered give similar distribution
ratios., However, considerable variation is observed in the solubility
measurements of uraniuﬁ chelate by Ko L. Mattern, which are used to predict'
the solubility of p;utonium chelate, ?u(TTA)Ao Even when benzene %s used,
-phis solubility is a limiting factcr in reducing the volume of the organic

phase; thus it is desirable that any alternate solvent have a chelate sclubility

at least equal to tﬁat in benzene,

Of the solvents considered, only chlorobenzene and orthodichlérobenzene
had chelate sclubilities approaching the solubility in benieneo The higher
greater chemical stability,

density of dichlorobenzenerelative to water, and its

are two Important factors in its favor,
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TABLE I
EXTRAGTION PROPERTIES OF HALOGENATED SOLVENTS .
K*% x 10=°
Solubility of U{TTA) i pist‘rib%ion »Solubility
at 25° C for Pu Parameter (7)
CHBr 0.0007 0,076 10.5
CHG3 0,0019 0.045 9.3
CeHsCL 0.0037 0.55 9.5
0-CH; Cly 0,004 0.43 / -
5 © 0,005 1.39 9.15
Cel 501, 0,0006 0.29 —-
Gl 0,0002 0,50 -
061, - 0,0002 1.6 8.6
c,01¢ 0,00004 1.4 —

#Solubilitiss of Pu(TTA) 4 8re cstimated to be twice those of U(TTA) 4L
pee = (Pu(TTR)) o @94
- ditions 0.4
(PuIvﬁa (TTAO)4 Conditions0.474 M HNO4

If'orth9~4ichlorobenzene is used for extracting»plutonium from dissolver
solutiqn of high density, it will be necessary to have one mixer-settler
or column for the extracting section and another separate unit for the
washing section. This follows because the density of orthodichlorobenzene
(1030'at 200 o) lies between the_densities of dissolver solution and of
the =ac¢ild scrub, However, since the total number of contacting stages required

“would not be increased by dividing the column, this requirement is considered

‘incidentalo
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A qualitative explanation of the observed solvent behavior is afforded
by @heisplubility parameter first defined by Hildebrand.’ The solubility
of the éhelata would be expected to decrease as the difference between its
‘ solubiiity parameter and that of the solvent inereased, This suggests that

the parameter for the chelate 1s probsbly in the range 9.2 to 9.6,

S PROCESS ALTERNATIVES

ﬁThere:are two ways in which the chelate process may be operated. OQune
is to remove the plutonium from the dissolver solution containing uranium;
the other is to remove the uranium first and thenm to separate plutonium
from the fisslion products, The detailed conditions for plutonium recovery
are somewhat differept in these two cases, and will be referred to as Process
4 and Process-B, r;espectivelye In either case, the removal of uranium is
aeeomp}ighed by some other process such as a solvent extraction process
using pentaether or a solution of tri@u%ylphosph&te, or in Process B, by
nonfaqﬁeous fluorination, However, the caleulations presented here for
process B assume a preceding sclvent extraction process using nitric acid
as the salting agent. N

The appended drawing of Process & shows all equipment and the composition
of all streams connected with the purification of plutonium by extraction
from dissolver soiution,‘based upon one metric ton per day of irradiated
If a solvent with the density of ortho~dichlorobengene is used,

uranium.,
the first column will have to be split at the center feed point, as discussed

pfeviouslyo
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The drawing of Process B shows all equipment and theh@omposition of
all streams commected with the purification of plutonium by extraction from
a solution from which uranium has already been extracted.

] The feed Fo Process B"is much higher in HNU3 eoncentration than the feed
to Process 4, because of the acid ?eguiremenﬁs for the uranium-extraction
step° As ar;esultg the TTA concentration and the relative volume of organic
phase are Poth much larger in Process By and a proporitionately larger column

will also be required. Therefore, from the stan@point of plutonium extraction,

?rocess'A Would‘be preferred, Should dry fluorination be used, Process B would

be medified considerably.

7 PROCESS DESCRIPTION

T@e mégg-decision to be made in connection with this plant design congerns
thglﬁype ofrconﬁaqtigg equipment to be used. The TTA process 1s considered
worgable with packed columns, pulge columns, or mixer-settlers. The choice
of the contacting equipment is dependent upon expense, size necessary for
a given separation, and ease of operation, It is believed that these advantages
can be best attained by thgluse of vert%cal mixer=-gettlers of the MéKittrick'
type shown in Part T of thié dissertation UCRL-1013, This‘unit is relatively
inexpensive, is easy to assemble, andwshould be f?eevfrom Operating difficulties.

Due to the use of HNO3 and TTA, all 'equipment connected with the plant
must be made of stainless steel and Teflon,

In column I of Process A4; two extra mixing chambers are added to the
extracting section in order to contact the leaving fission products and
uranium with fresh solvent, This serves to lower the TTA concentration in

the aqueous phase, in order to reduce TTA losses, and to prevenmt build-up
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of TTA in the organic phase of the following process for extragting uranium.
In Qrder to recover the organic solvent gnd TTA used in the plutonium
purification steps; an extraction with 0.5M NaZCZOA in HNOB is neecessary to
femove the zirconium from the organic stream leéving column II, After the
oxalate extraction, a water wash removes traces of oxalate remaining entrained
in the organic solvent, The solwent then goes to storage tanks. Two dis-
dillation columns for the purifica@ion of the solvent and the TTA at the
end 9§ eaeh'eycle are ingludedo It should prove possible to recycle the TTA
- solution without distillation, in which case the columns will be reserved
for occasional use,
Caleculations indicate about six feet of concrete would be necessary
for shielding all coneentrated fission product streams, The activity assumed
for the solution was 6 x 105 curies of beta and 10° curies of gamme, It

was further assumed that the average gamma energy was 1 Mev,

CATCULATIONS

Plutonium separation gnd recovery were calculated for various conditions
of mixer—éettler operation, assuming volumes per stage of 14.2 liters in
process A and 21?2 liters in process B, The method of calculation may
be fgund‘in a later section, The equations used indicate that the aqueous
holdup per stage is an important variable in plutoniug chelate extraction.
Accordingly, calculations were made for Column I, process A, with agueous
holdup volumes of 25, 50, and 75 percent of the total stage volume.

The following tables give the caleculations made to determine the number
of mixer=settler stages reguired for plutonium separation, based on a recovery

of at least 99,99% of the plutonium,
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Shown in Fig, I 1is a plot of residence time of the aqueous phase versus
the number of mixzing siages required in the extraction section to remove |
greater than 99,99 percent of the plutonium from the aqueous phase, Iﬁ
can be seen that the aqueous/organic phase ratio in each mixing chamber

should be set as high as possible, subject to requirements for good mixing.



NUMBER OF STAGES IN EXTRACTING SECTION

FOR>99.99% RECOVERY OF PLUTONIUM

UCRL-1032

=10

| I 2l |

NUMBER OF EXTRACTION STAGES REQUIRED
FOR>99.99% PLUTONIUM RECOVERY AS
A FUNCTION OF AQUEOUS RESIDENCE TIME

PROCESS A - COLUMN |

l L { I

2 4 6 T
RESIDENCE TIME OF AQUEOUS PHASE IN MIXING CHAMBER (MIN.)

FIG. 1 MU I317
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527ml/min

TABIE IV

Process A -

Column I

Flow Diagram and Summary of Calculations

Aqueous Volume per Stage (V,)

Pu, Moles/min, Leaving

= 3540 ml =

254 of Mixing Stage Volume

527ml/min. "

Stage in Organic Phase
[ 2960077 1230076 5,060 6 2 08x10“5 8.55610-5 3.5%A07% 1.45x1073 2.38x1073 2. 301073 2,26x1073 2. 12x1082 3
| g 1.86x10”
\. \ \ \ | . (] ( ( L
| N 2 \é' \\; > 5 \\,p \\f \ty, " N . \\» Y
v x1077 |2, 341070 [9,60x1078 B.91x107 1.62x107% b, 70x107% R.75x10-3] 4. 521073 |1 4tx1073 |4, 2930073 |4, 031073 3. 53x10-3 2,75
| | ' x10-7
Pu, moles/liter,| in organjc phase £
_ Pu, mciles/l:uber9 in aqueoWnS phase B
4 21078 17260077 7051077 2,90x1079 1. 19x10=5 4. 92x107 52, 02x10™ | 8. 31x10-4| 3. 58%103| 3. 40x10-3 3008x10“3 2.56x10-3|1.56 K
o = ?\ // - L~ L= fore - /L?(lom-} }
i “ (- A <§a ‘ ‘g Q ’ ( (# <§ \y <;# S
' ) ‘ ' . SN ]
" 1831078 2.96x10-7 1.23x10°6 5, oéx10=6 2.08x10-5 8. 55x10m5\$ . 1.45x1073 9402104 '8, 95x10"% B, 10x10" 0073x10‘4xy )
\ 3,53x10~ ‘ »
\%‘ Pu, moles/min, leaving stage in aqueous phase 4.10x107%
. 7h5ul /min
1480 ml/min 1. 501 HNO
1.45x10-3 263 ml/min. 5
Stage ) Lg
No. ; 5
13 12 11 10 9 8 7 6 5 Lo 3 2 X
6 130 130 1% 130 130 130 130 130 1.20 1.20 1.20 1.20  1.20
By 13.6 13.6 13.6 13.6 13.6 13.6 13.6 504l 1.24 1.26 1.3 1.38  1.76



Process

Summary of Calculations, Based on Equation (17)2

TABLE VA

A - Column II

Aqueous Volume per Mixing sStage (V,) = 7090 ml. = 50% of Mixing Stage Volums

Pu conc, in

Fu cone, in -

o | Aquequﬁ Phase - Ck Ek Qrganic Phase
Stage No. M x 10 £2l (d) M x 10
1 230 0 00897 206
232 .00888 ;00897 208
232 ;00888 ;00897 208
)y 232 ~.ooses -mmw7 208
5 232 xmws ;mmq7 208
232 00888 00900 209
19?2 ;109 ;0140 25;3
3 2;38 | ;109 ;0141 3;36
0;309 | ;109 ;0140 0;433
0;0397 ;109 LOLLO 0.0556

Organic/aqueous equilibrium ratio € = .009

Given by the conditions assumed for one calculation

Pu Leaving in
Organic96MOles/
min x 10

10.8

10.9

10.9

10.9

10.9

- 121

Corcentration in organic phase, divided by corcentration in entering aqueous phase

Ratio of actual concentration in organic phase to concentration in aguecus phase

Pu Entering in
Aqueous,
Moles/min x 100

1460
1460
1460
1460
1460 3
121
15,0
1.95
0;250

0.0322

ceoT~=Td0n
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CALCULATION MBTHOD

The squations for calculating the number of stages required for 99.9 percent

recovery of plutonium in mixer-settlers are reproduced here from UCRL-400.

At steady state in any mixing chamber

dE/dt = (BE/it) fiow rate 2o ¥ G)E/at)mass transfer 5 o - O (1)

where E = ¥/X (X = moles of plutonium per liter of agueous phase

and ¥ = moles of plutonium per liter of organic phase) and + © time in min,

(.

Therefore (3E/dt)e » = o = (1/X)( Yﬁ*%r Z o " (E/X;)(bx/,)t)fr =0 (2)

and since

X & pY 2 const. (3)

where P = the volume of organic phase divided by the volume of

aqueous phase

4 37/ =
OXAtdy . 2, t° ( Y’/ﬂ)foro 0 ' (4)
Therefore
{ = 3 . '
xAE/at)fr s 5 1;; PE. QYAt)e o =4 (5)

Next considerA ml/min. of an aqueous solution of plutonium entering

and leaving a mixer containing Va mi. of agueous phase, and at the same

time B ml/min of an organic solution of plutonium entering and leaving the

same mixer containing Vy ml of the organic phase., Let this be the kth

mixer with X moles/liter of plutonium in the agueous phase of the mixers

since this phase is homogeneous, substantially perfect mixing is obtained,

and the average compensation of this entire phase will be the same as

that of the portion leaving the mixer,



=20- L UCRI~1032

Eet the entering aqueous phase containing Xk + 1 moles/iiter of plutoniqm,
and the entering organic phase contain Y, _ 5 moles/iiter_of plutonium; while
the orggn;c,phase in the stage and in the exiting'Qrgagig sﬁream,cpntain
Yg moléé?iitef of plutonium, This mixer is one stégé15fja*miie?45ettlero

ﬁﬁ&er'steady—state conditions the amounmt of plutbpinm ;nfﬁﬁéjstage
does noﬁ change, therefore the amount entering the étége mustieﬁéal the

amount leaving the stage, That is fie o

AX, ., ¥BY _ , = AL BY ' (6)

Since By = Y, /Xy

QE /0t)g,t,2 o = (1/E)OL /%)y 4,8 o = E/ZIOX/t), 4 =0 (7)

but

OB 4 2 o = (B (Tem1 - L) (8)
and WHA)y 4, = o = (AMa)(Ey 4 3 - %) | ' (9)

2 (B - T - 1) N :

2 - (P)(B/) (Toy - T) | heeo o (10)
Therefore substituting eg. (8) and eq. (1@) in eq. (7) gives |
OB/2) o oo = (BRI + (Y, - /%) | (12)
R = (B/Tp)(1 + PE)(C, - B) - (12)
where G = Y, /%, G (13)
Substituting éqo (12) and eg. (5) in eq. (1) givesv\-. -

(14 PB/K)OT/st)g o = o+ (B ¢ PBI(G =B 20 (14)
or (/%) (B t)o. = o = (B/V) (B, - Cy) e (15)

This expression is applicable for the distributidﬁ“bfiany campénent
between immiscible solvents in any one extracting stagé, and it is not
ﬁeceésary that the exact mechanism for extraction be known., In order

to apply it, it is only necessary that a single mixer,similar to the one
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to be used in the continuous apparatus, be built, and batch extractions
pefformed to follow the transfer beﬁween the two phases of the element
under consideration as a function of time and totél;cpncenﬁygtion'level°'
The application of these équations‘to'a“pérticﬁiér‘syégeﬁ*fEQﬁifés
experimental data concerning the rate of transfer'betweén phases, . For the
plutonium system Crandall and Thomas developed the following eqw_ia{-,ion
for the rate qf extraction between ©.5M HN03 and benzeﬁea
av/as = 1y X (TTA/Et)? = k, T (8%/114)2 | . (16)
k, ¥ 185 min~
ky = 1,24 x 1074 min~1
Y = plutonium cone in benzene phase

X = plutonium conc in aqueous phase

1

P = volume of orgenic phase divided by volume of aqueous phase
t ® time
TTA = conc., of TTA in benzene

_ B* = conc. of H* ion in aqueous

By combining equations (16) and (15) Hicks deveioped an equation for the

calculation of the dynamic equilibrium coeffieient Ey.

B, = 157N e 4 BC, .

(18)
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V., = volume of aqueous phase in mixing chamber, ml

a
4y = aqueous flow rate ml/min
By = organic flow wate, ml/min o o

g = Béoéﬂoé)/(l (057 + 100057%] EEy* - equilibriun constant for
~ H plutonium TTA system in
benzene cr leﬁ:and aqueous
= , nitrates o
O = iy

o o

X,

k+1
These equations seem to give fair accuracy for high stirring speeds

so they were used to make the calculations necessary to size the vertical
mixer settlers,

Recent work on plﬁtonium extraction byDoris Heisig has shown that
the rate of exﬁraction 1s diffusion controlled and therefore a funcﬁion
of stirring speed, This indicates that the values of k1 and k2 obtained
by Crandall and Thomas are not strictly valid at different stirring speeds °
and in mixing chambers of different sizes and shapes. In order to make
accurate cealculations, a value for kl and k2 must be determined for each
case experimentally, If kl and k2 were detgimined in this way the calcula~
tion to determine the number of mixing stages for a glven separation would
be quite accurate, Sinece the values of kq and k, used to size the large
mixer settlers were determined in a small stirring chamber with high speed
stirring the number of mixing stages:arrived at for the largé units must

be regarded as a rough approximation to the truth. .
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OPERATING VARIABLES

Theuconditipns 9hosen in Process A gnd B for the separétion of plutonium
are merely one possible combination among many that will work. TIn column I
the flow rate of organic phase has been set at a value near thgt given by
the solubility of ?u(TTA)4° The ER product in the washing or merub = section
was .chosen in order to prevent a large buildup of plutonium in the center
of the column, and thus to prevent precipitation of Pu(TTA)Ao Likewise,
the ER prgduet in the extracting section is givgn by the conditions that
avoid_buil@up of fission products0 As the ER product depends upon both the

HND3 and the TTA concentrations, these are taken as low as possible in order

to give minimum material and processing costs.

‘The -following discussion will be connected with Column T of Process A,

but applies also to Process B.

FLOW RATES (Column I)

A decrease in the flow rate of dissolver solution to the center of the
column-would have the following effect:
- The o concentration in the extracting section will be raised, 1éwering
the E and raising the plutonium concentration in the waste stream of fission

products,

An increase in the flow rate of dissolver solution would have the

opposite effect,

An increase in the feed rate of 1;5M'HN03 scrub would have the following
effectss _

(a) The only effect in the washing section is a decrease in the R
which loyers the FER and therefore increases the reflux of plutonium in

the column, 3If the concentration of ?ﬁ(TTA)A is close to the saturation
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1imit, this could cause precipitgtion of the plutonium chelate,

{t) TIn the extraction section the H' concentration will be increased
thus decreasing the E and increasing the plutonium lost in the waste stream
with the fisgion}productso .

4 decrease in the feed rate of 1.5H HN‘O3 would have the opposite
éffe@tf ‘

An incraa§e in_the grgan§c¥TTA'feed wou;d have the following effectss

‘{aﬁ Tt would increase the R in the extracting sectlon which would decrease
the amount of plutogium lost with the fission products, B

{(b) It would increase the R in the washing sectlon decreasing the reflux
of plutonium but at the same time decreasing the separation from elements
below plutonium,

A decrease in the organic TTA feed would have the opposite effect.,

CONCENTRATIONS (COLUMN I)

An increase in the acid concentration entering in the dissolver solution

will have;the’following effects
| Tt will increase the acid concentration int he extracting section lowering

the %, allowing more piutonium to leave with the fission products,

A decrease in the acid éoncentration will have +the opposite effect.

An increase in the acid scrub concentration will have the following
effectss . ‘

{a) It will lower the B in the washing section increasing the reflux
cf piutonium and thus increasing the plutonium concentration in the center

of the column,.
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(b) Tt will lower the E in the extraction section inereasing the

amount of plutonium leaving with the fission products.

A decrease in the acid serub concentration will have the opposite effect,

An increase in the TTA concentration in the organic extractant will

have the following effects.

(2) Tt will increase the E in the extracting section lowering the

amount of.plutqnium lost with the fission products,
{v) It will raise the E in the washing section decreasing the plutonium reflu
A\degrease in the TTA concen@ration will have the opposite effegté

Thé following aiscﬁssionwwill?beiconnébled-withwcoiumneII.oitPlant Is

~ FLOW RATES (COLUMN II) o
A Hééféé?é in the flow rate of organic-TTA solution containing Pu(TTA)A
and Zr(TTAJA to the égéﬁgi of column Iilwill have the following effect:
The R inftpe extracting section wi}l be lowered causing a decrease'in
the amount of plutonium lost with the zirconium in the organic stream but
an increase in the zirconinm reflux.

An increase in the flow rate of organic-TTA to the genter of column II

will have the following effects

The R in the'“extracting section will be increased causing an increase
in the amountuof plutonium lost in the organic siream,
An increase in the flow rate of organic-TTA scrub will have the following
resultss - »
{a) 1In the washing section the R will be increased causing an
increase in the‘plutonium reflux but a decrease in the zirconium leaving

in the aqueous stream with the plutonium.
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{tJ In the extracting section the change in R will be almost negligible
because of the large center feed rate,

A;ggéiéégg in the organic-TTA scrub will have the following effects
~{a) The R will be decreased in the washing section which will reduce
plutonium reflux ang-increase the zirconium impurity in the a&ueous discharge

although this will still be very small,
(b) There will be essentially no effect on the extracting section.

An in@?ease in the E¥N0. flow rate will have the following effectss

:(a) The R will be decreased in the extracting section decreasing the
plutonium lost in the organic stream at the bottom and inecreasing the zir-
conium reflux,

(v} The R will be decreased in the waching section thus decreasing the
reflux of plgtoniumo |

A decrease in the HNO3 flow rate will have the following effects:

(a) - The R will be inereased in the extracting section thus increasing

the amount of‘plutonium lost in the organic siream and decreasing the zir-

conium reflux,

() The R will be increased in the washing section thus increasing
the reflux of plutonium,

CONCENTRATTIONS {COLUMN II)

An increase in the TTA concentration of the scrub would have the same

effect in the washing section as increasing the flow rate except the magnitude

of change would be greater, Thig is also true of the extraction section

where the E will be incrsased, tending to increase the amount cf plutonium

lost in the organic discharge.

A decreage in the TTA concentration of the scrub will decrease the E in

the washing section, dscreasing the plutonium reflux,
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SUMMARY

Comparative studies of a series of halogenated solvents, as carriers
for TTA in the chelate process for plutonium extraction, indieate that
ortho=dichlorobenzene most nearly satisfies the requirements that are
set forth. A complete process design is presented for use with this
solyent, and flow data and equipment capacities are given for dissolver
solution and for uranium=free fission product gsolution as alternate feeds
to the process, Vertical mixer-settlers are recommended as the contractors,
although pulsed columns or packed columns are also believed to be suitable,
The size of such units is estimated from the best available rate and
equilibrium data; and the effects of several operating variable are

considered.,
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