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Mechanical Characterlstlcs and Performance of
Liquid-Liquid Extraction Columns

Hugh Roberts Lehman
Department of Chemistry and Chemical Engineéering, and Radiation Laboratory
' University of California, Berkeley, California

I; ABSIR@CTV_.

Representative mass transfer date for extraction of piutonium(IV)—
TTA chelate has been obtained in one inch diameter pulsed and packed
_columns. The use of TTA for plutonium extraction appears feasible in
this type of equipment, Pulse columns exhibit greater efficiency than.
packed columns under similar operating conditions with respect to both
mass transfer and throughput.

True film HTU's have been obtained for the firstftime with a solute
transferring between two immiscible liquid pheses, The unique ability
to change the distribution‘coeﬁfieient at will makes the TTA system

extremely useful for mass transfer studies,
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Mechanical Characteristics and Performance of
~ Liquid-Liquid Extraction Columns
Hugh Roberts Léliman

Department of Chemistry and Chemical Engineerihg, and Radiation Laboratory
University of Callfornia, Berkeley, California

II. INTRODUCTION

Liguid-liquid extraction, alfhbugh of increasing importance, is
one of the least studied gnit operationsvof chemicalvengineering. This
is especially true in-regafd to the limited amount of performance data
for qertain types of exiraétion equipment and for systems in which chémi—‘
cal reaction kinetics rather than diffusiqnal effects might be controlling.,

In the present work, the perfofménce of perforéted plate pulsed
calumns was investigéted and compared with the performance of the more
conventional packed column. In theée experiments, plutonium at trace
concentrations was transferred between aqueous nitric acid and TTA-or-
ganié solvent soluﬁion_s° |

The use of beta diketones in order té form metallic chelates solu-
_ble»in.organic solvents was suggestgd by Qalvin,l and, of a large num-
 ber studied,~TTAwappéérs to be‘the ébst sétisfactoryo2 TTA is an abbre-

viation for thenoyltrifluoroacetone,

. 0 o
..
(l G-0Ip0-CF.

s

The basic . chemistryof the reactions of TTA with plutonium‘haS'
been extensively investigated,2’3 and several stépsvﬁave been taken
tdward.develqpingla lérge scale éontinuous process that will utilize

~ this reaction,
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Thomas and Crandall?s* suggested and demonstrated a batch liquid-
liquid extraction pilot piant in.which‘a_pyactical separation of pluton-
ium from "dissolver" soiutions wasigchieved by the use of organic TTA
solutionsvand by changes in the oxidation state of plﬁtonium° Hické
and Rubin?® suggested the desirability of altering the extractipn coeffi-~
cient_rather than the oxidation state of plutonium and demonstratéd this
~ process in a continuous mixeresettler;é The p;esent work represents the
first application of column equipment to the problem of extracting plu-
tonium as the TTA complex between aqueous'and organic phases,

Although thé'various reactiéns of plutonium with TTA have been ex~
tensively reported previously, a few Salient features will be reviewed
here, The over-all heterogeneous réactioq between plutonium(IV) and T4

may be represented by the equation

" PF?iq) * 4 (ore) ='?uK4(9rg)‘+'4Hf(aq) @

where ﬂK‘represents TTA, PuKy represénts the.chelate of plutonium and
the subécripts "aq" and "org? refer to the aqueous and organic phases
containing the species indicated. The equilibrium constént for this
reaction may be written as |

‘. (??K4)(org) (H+)4(aQ) :

—— (2)
(Pu 4)(aq) (HK)A(Qrg)
where K is of the order of 5 x 10+5"depending upon the activities of
the various species and depending slightly upon the organic solvent used.,
The distribution ratio of plutonium between the organic and aqueous

phases may be written as .
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L4 | |
g0 - F(erg) _ (FE) | (3)
(Pu’%) (aq) gt

Because of_thé dependenée of the distribution doefficient E: on the
fourth power of the ratio of thé TTA to the hydrogen ion concentration,
the utility of such a liquid-liquid extractioﬁ system is immediately i
'apparent; Eg can be varied over wide limits by relatively small chanées
in the TT& or the hydrogen ion concentration..

4s shown in fhe'kinetic studies of Rubin and Hicks,5 a noteworthy
charaﬁteristic of reaction (1) is its apparent slowness in batch |
laboratory&exiractions under certaih conditions, especially when Eg
app;oaches unity. The slowness of this-feaction led to some hesitation
is using aﬁy type of continuous extraction eqpipment for the systenm,
At the pfesent-time‘it is recognized that mixer»settlers.cgn be used;
for this extraction,6 and the present stgdy_has demonstrated also»the
feasibility of utilizing columns under certain conditions, Whether
the rate steps in the over-all reaction as written are controlled Ey
chémical_kinetics, physical mass transfer across an interface, or com-
binations of these cannot yet be considered to be definitely established.
It is possible that mass transfer_aérOSs_én interface may be limited by
rates of solvation or desolvation, and’frém this broader viewpoint, it
may be that Qhemical kinetics alwayé determine the ultimate rate of
transfer. This is an area of contiﬁuing inVestigationvin,this laboratory.

Insofar as mass transfer theory is concerned, the Pu*4 - Puk; sys-
tem furnishes An opportunity to study variations in ﬁhe distribution co-

efficient with a minimum effect upon other physical properties, It



furnishes a system which can be operated conyeniently.at essentially
infinité dilution with respect to the traﬁsferring species, Although
_the fact is frequently overlooked, only aﬁ infinite dilution is the
usual simplifying assumption of constant distribution ratio in the field

of mass transfer valid,

III. PURPCSES OF THE INVESTIGATION
fhe several pﬁrposes Qf‘fhis study o?-the mass transfer of
plutoﬁiﬁm were as foilows:
vl. To investigate_the feasibi;ity of employing continuous-
flow packed or perforated-plate pulsed extraction columns for trans-
ferring plutonium(IV) between aqueoﬁs-nitfic acid and organic TTA solu-
tions.
20 io'obtain fepresentative mass trénsfer data for the system
for comparison of the two types of columns employed.
3. Td invéstigate.the efficiency of extraction as a fundtidn
of flow ratés at constant values of;the distribution c,oefficj.ento
4. To investigate the efficien¢y offextraction as a function of
the distribution éqefficient and to explore the effect of operating
variables for the pulsed co_lun;n° ,. ”
' 5, To_investigate the problems which would probably‘be encoﬁptered
in full~scale operation of such a system; viz. solvent and TTA life in
typicalArecycle operqtions, procedures for preparing and stabilizing
IproceSs solutiqns, and maintenance of plutonium in the +4 state in aqueous

nitric acid,
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Iv, MATERiALS USED
‘Aol Soiﬁénts

1, Qarbbn tetrachloride° Techhical grade carbon tetrachloride
was used for those packed column runs in which this solvent was em=
ployed., The solvent was selected because of its nonflammability, sta-
bility to radiation, stability to decompoSition by strong nitric acid,
insolubility in Wgter, and ava;labilityy iIts,high density is a distipct
advantage, in that high coiumn throughputs are obtainable when a largé
density difference between the aqueous and orgaﬁiC‘phases exists. The
major disadvantage of this solvent is the relatively low solubility
(2 x‘10f4 g) oflplutonium chelate in it, which.incregses the volume of
extracting equipment required for a given plutonium eapacity., This
technical grade solvent did not appear to'disturb the oxidation-reduction
balance of the aqueous phase. | |

2, Ortho-dichlorobenzene, Qrtho~diphlorobenzene»was used.as the
organie sélvent phase for éll of the pulsed column and part of the packed
- column experiments. Prior work with thngTA system hgs been carried
out with bénzene, sechdary butylbenzene,'ahd carbon fetrachlorideo
Ortho-dichlorobenzene was selected here”bécausg of its satisfactory non-.
flammability combined with superior stability, low mutual solubility
with nitric acid, and higher solubility of the plutonium chelate. In
‘comparison with carbon tetrachloride, it suffers a disadvantage because
of ité lower densitylwhen used with agueous uranium nitrate solutions of
high density, as discussed by_Davis, Hicks, and vermeuleng7 Because of

the general similarity of ortho-dichlorobenzene to the above solvents,



no bagic difference in the behavior of plutonium chelate in this sol-
vent was anticipated, and none was found.
} The 6rtho~dichlorobenzene used was the practical grade as supp;ied
- by Eastman Kodak Company which is labeled to be 96 pefcent pufe, The
infrared spectrum of the material indicated that it was of somewhat
higher purity (97 - 98 percent) with the major impurities being other
iSomers; These were considered to_bé'noninterferring for the pur?oses
of this investigation. |
It bécame apparent, however, afﬁer encountering difficulties in
preparing §UK4 stock solutions and dbsérving unexpected variations in
the éistributionvcoefficients for p%utonium,‘that the solvent as sup-
~plied possibly contained a reducing agent., It was found that the sol-
:veﬁt was capable of:reducing.KMnOAvsolutiqns to the extent of having
3.4 x 1073 meq/ml reducing power. However, this reaction is not
quantitative in that ortho~aichlorobenzene itself is capable'of slowly
reducing KMnOj . | | |
» The solvent did not appear éapable of reduciqg potéssium dichromate
solutions of cOmpargble strength. The method adopted for titrating dia
chromate could not detect variations in concentration of the order of
the trace plutonium concentrations.
Diétillation of the solvent and supseQuent infrared spectrum analyées

‘of the various fractions showéd the possible presence of small quantities
of organic compéunds other than the isomers of ortho-dichlorobenzene.,
One of these absorption bands lay in the reglon of oxygenated organic:

compounds which would account for any reducing power of the solvent, '



I

The distillation or repeated'contact with KMnQA solutiops or caustic
washes did not appear to improve the behavior of the solvent. The ini-
tial use of fresh solvent in the extraction columns does not ordinarily
reduce the plutonium, at least within the usual time of contact, Only
after considerable reuse of thé solvent, saturated with aqueous

1.0 M nitrie acid,-waéireduction of_plutonium(IV) in low concenfrations
to plutonium(III) found to oceur to the extent of up to 50 peiéent during

one half-hour contact. Investigation of this problem is being continued.

'B. TTA

The TTA used in all of the runs was taken from one batch made at
this laboratory apﬁroximately two years earlier,8 This TTA had been
recrystallized from hexane, 'and at the timé of preparation was at least
98 percent pure and had allight stréw color. It was used without further
recrystallization, although it was somewhaf darker in color than when
'originally prepared, due‘possibly to photochemical action, Some TTA
from the same batch was recrystallized from pentane and this material
was used in the various oxidation state détérminations for plutoniuwm

and also for some of the later column runs.

C, Plutonium
l, Stabilization of trace plutonium(IV). Stable aqueous solutions |
of plutonium(IV) in nitrie acid were preparedlin batches of approximately
16 liters each, Since it was fqundvthat-diluted 70 percent nitric acid

would reduce +4 plutonium to the +3 stéte, a low concentration of
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potassivm dichromate (approximtely 5 x 10™> M) was kept in all diluted

acid solutions, The dichromate concentration‘wgs followed‘wiﬁh time,

and wasAfound to drop to zero in about a week, although the actual raﬁe
appeared to vary with the batch of nitrie gcid used., When the dichromate
had dissppeared it was raised again to approximately_10‘4 M.

Details of feed solution preparation_and addition éf plutonium tracer
may be found under EXPERIMENTAL PROCEDURE, Section VII.

2, PuK; stock:solution, Concéntratedrplutonium chelate stock solu~
tions were added to organic solutions to raise the plubtonium chelate con-
centrations in the organic feed for those runs in which plutonium was
extracted from the organic to the aqueous phase. Essentially saturated
solufions of the chelate in benzene solutions were used for this purpose
so that the hot charge to the feed tank could be conveniently handled in
small volumes.

To‘prepare such stock solutions a 100 microliter aliquot of the
aqueous plutonium(IV) stock sblution (15 M in nitrie acid).was'diluted
with>10”4 M potassium dichrogafe, usually in the ratio of one to ten ﬁy
volume. This ﬁas done in a ground-glasscstOppered two milliliter volu-
metrié flask., One molar TTA in benzene was then added, the flask was.*
shaken for a few secohds, and the agqueous phase carefully eXamined tov

insure that the green color of plutonium(IV) was still visible. If so,

_the flask was'placed in é secondary container, (removed from the glove

box) and shaken mechanically for ten minutes. After centrifuging, the
organic layer containiné plutonium chelate was removed (as completely as

possible)vand placed in the chelate stock bottle, The remaining aqueous
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layer waé again contacted with small amounts of the same one molar TTA
solution to extract residuél plutonium(IV). Ten microliters of the -
adueous phase remaining_was counted to determine the amount of plutonium
«iost in other oxidation states.

From the sténdpoint of solvent purity, it would have been preferable
to have made up the plutonium chelate stgck solution using ortho—dichloro;
benzene as the solvent., This was not successfully accomplished due to the

presence of reducing agents in the solvent.

V. ANALYTICAL METHODS USED
VA. ‘Plutonium |

1. Organic solutions. Plutonium chelate concentrations ﬁere de-
termined by mounting aliquots of the!organ;c phaée.on glass microscope
slide cover glasses, drying on a hot plate,wand céunting in 50 percent
geometry argon or scintillation alpha}counterso 411 samples were mounted
at 1eas£vin dupliéate aﬁd counted for sufficient time t6 reduce the pro-
bable counting error below the estimated error of sampling., 411 results
have beenvreported as countsvper minute per 100 microliters;

2. Aqueous solutions; The total aqueous phase concentration was
determined in the same manner as for the organic phase. To determine the
amount of plutonium(IV) in a given aqueous sample, equal volumes of the
aqueous phase and of a benzene solution 0,3 M in TTA (in order io give a
- very large distribution coefficient) were equilibrated in the same manner
as described below for determination of the distribution coefficient.

After centrifuging, both phases were counted for their plutonium content.
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411 plutonium in the organic phaée_was‘takeg to be plutonium(IV),-inas—
much as the other oxidation states ére known not to extract to any sig-
nificant extent under these conditions, The alphavcount of the residual
aqueous phase was attributed to plutonium in (III) and-(VI) states.

In order to determine the oxidation states reﬁgining, a small
quantity of potassium dichromate was added £o the initial aqueous phase
vﬁo raise its{aquebus dichromate eoncentration to approximately lO‘B‘M.
_Re—equilibration of the phases affects a redistribution of plutonium,
vThe'organic phase counts were then ascribed to the sum of the original
(III) and (IV) oxidation states ﬁresent, inasmuch as the oxidation of
the (IV) to the (VI) state by dichromate is reported to be slow under
these conditions.”? The remaining alpha.coﬁnt of the aqueous phase, after
correction for the amount of dilution due to_addition of the dichromate
solution, was considered to represent the amount of plutonium(VI) originally
present° Reduction of plutonium(IV) chelate in ortho~dichloro$eﬁzene does

not appear to occur.

B, Determination of the Distribution Coefficient
~ In order to obtain the performance data for a liquid-=liquid extrac-
tionvcolumn accuraté to within 10 percent, the distribution coefficient
must be known well within this limit, Forrmost systems the distribution
coefficient is ﬁot variable to any great extent. In the case of plu-
téniumnTTA, the distribution coefficient may be set to any desired value,
although the establishment, maintenance, and determination of the value

to within ten péreent is a relatively difficult task because of its
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fourth-power dependence on the TTA/H* ratio which magnifies any small
uncertainties in concentration.
A method which is rapid and reasonably reliable consists of equili-

brating, in a small glass stopperéd volumetric flask, equal volumes of

:the,two phases for which the distribution coefficient is desired and then

mounting and counting aliquots of the two phases. Gonsiderable attention
must be paid to‘insuring'that all equipment is scruﬁulously clean for éhese
determinations, since it was found that imprppgrly Qleaned or dried glass-
ware could lead to wild values of the distribution coefficients,

The specific regsons for these erroneous values are unknown, but
probably include the following:

1. Acidic or basic impurities on the glassware leads to a

false value of E for the nominal H+,concentration, Residual traces of
cleahing solution from cleaning the flasks or pipets may be a major
cauée'of such errors.

2. 'Silicone grease for sealing ground glass stoppers is not.

sufficiently inert to be permitted to come into contact with the system.

It is apparently slightly éoluble in ortho-dichlorobenzene and for unknown

reason its use leads to low and erratic E values,

3. In order to obtain the correct E, the aqueous phase in contact

with the organic must contain 105 to 10~4 M dichromate. If the di-

-chromate concentration falls to low values the E obtained will be con~

siderably low, presumably due to partial reduction of the plutonium to
the (III) state, Ordinarily, raising the dichromate concentration wil’

result in the correct E value as evidenced by the following typical results
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from duplicate distribution coefficient determinations upon the same
phase.

Without dichromate

Aqueous phase count 926 counts/minute/lOb mieroliters

Organic phase count 176 counts/minute/100 microliters
EJ = 176/926 = 0,19
After adding 50 microliters of 10~3 M potassium dlchromate to
500 microliters of the aqueous phase
Agueous phase count = 470 counts/minute/loo microliters
Organic phaee count = 610 coupts/hinute/loo microliters
= 610/470 = 1.3 (uncorrected for dilution of aqueous phase).
4. Stirred fiasks, while offering some advantages for kinetic studies
vare not deeirable'unless thorough cleaning and drying procedures can be
uéed° |
| 5, In order to obtain maximum uniformity, platihg of the samples of
eeeh of the equilibrated phases should be rapid and without interruption.
.In general the E values have a tendeney to change slowly with time. This
can be due to fhe slow oxidation or reduciion of plutonium or possibly
slight evaporation of either phase. |
6. It is considered te be good practice to centrifuge the equili-
brated phases between sampling to insure that sampling of suspended drop-.
lets does not occur.
&lthoﬁgh a slight increase in accuracy would have been obtained by
rinsing the Thot" plpets with a "cold" solution similar to the previous

fhott one, this was not considered justified, inasmuch as the plating tlme
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‘would have been roughly doubled. In addition? the extra steps requiréd
‘could also have led to other manipulative errors; The number of counts
retained by the unrinsed pipets were of the order of three percent for
both the aqueous and organic phases,
‘The possibility of errors from surface effects, length of time of
shaking, and leakage of the volumetric flask into the secondary container

were explored with negative results.

C. Miscellaneous Analyses

Additional analyses ﬁere carried out from time to time to check
_jsoluﬁion make~up accuracy. vThe hydrogen ion concentration of the aqueous
phase was determined, whether radioactive or nqt, by titration of
duplicate samples with 0.1 normal sodium hyd;oxide using a Beckman pH
meter.. The nitrie acid concentration was determined from the break in
the curve of pH versus volume of_ad@ed base.

TTA concentration was determined by the ultraviolet absorption,

10 This was carried out by diluting

using a Beckman spectrophotoneter,
the sample a hundredfold with benzene and employing the TTA-in-benzene

extinction coefficient at 330 Angstroms.

VI. APPARATUS
&, Packed Column
The packed column used in ﬁhese experiments consisted of a five-
foot section of 6ne inch Pyrex industrial pipe. Both top and bottom ends

of the column were flared to two inch industrial pipe according to a
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suggestion by Blanding and Elginell This flared sectipn waé foundlto be
required in order to obtaiﬁ satisfactory high flow rates without
flooding the column., Both ends were flared so that either phase could be
run as the continuous phase. The column was packed with 1/4 inch Pyrex
Raschig rings which extended through both flared sections. This packing
was supported at the bottom_with coarse stainless steel wire mesh and '
- fixed at the top with theISame-type of mesh, The feed nozzles at the two
:ends of the column consisted of 1// inch va,O35 inch stainless steel )
tubing, buried in the packing as recommendedlby Elgin, .All parts of ;he.
packed éolumn were of glass, stainless steel, or teflon. Column details

are shown in photographs in the appendix,

B. Pulsed Columns

,A'perfOrated plate column in which either the platés are movedr
vertically.in a reciprocating manner or in which the plates are fixed
and the entire liquid columm in pulsated has been deécribed in a patent by
van Dij¢k.12 This type of column has been designated as a pulsled.column.l3
In such pulsed columns the two phases afe reputed to separate between
pulses into sebarate layers which are alternately injected through the holes
of the plates into one another without either phase being truly continuous
for the column, While this type of action may occur in columns operated
ét very low pulse‘frequencies, more or less incomplete recoalesceﬁce
appears to be the rule in columns pulsated at moderate frequencies
(25 - 100 pulses/minute) and thus one phase or the other is discontinuous

throughout the column. At higher frequencies the entire column becomes
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" more opaque and apparently is filled with a cparse'e@ulsiop, th?‘d?§7m4”,

continuous phaée of which is probably determined by the interface control
which regulates the takeoff rates.

Since the energy required;to mix the two phases is supplied by an

. external source, the droplets obtainable can be made quite small,

~and fresh surface is created with each pulse. It is therefore reason-

able to assume that the réte of mass transfer for a pulsed column will

be greater than that for a similar packed column, and in fact this is

. observed. In addition, the pulsating notion of the column of liquid in

T—the column increases the permissible throughput over that obtainable with

a packed column.

‘The pulsed columns employed in this investigation were of the type
in which the platés are fixed and the iiquid in the column is pulsated
by'means of an external pulse pump. Prior work14 upon the system,
ﬁraﬁyl nitrate - hexone - nitric acid -Hwater has indicated that as a class
of extraction columns,'they'are quite efficient. Work in this laboratory15

with a half-inch pulsed column indicated that relatively high efficiencies

» and throughputs were possible with the system ﬁrényl nitrate - pentaether -

nitric acid - water.

The pulsed columns used for plutonium extrdction were constructed
of two foot lengths of one inch "precisioh bore™ Pyrex industrial flanged
glass pipe bolted together with metal flanges. At each flanged joint a

stainless steel plate between teflon gaskets was inserted which would

permit both feeding and sampling the column at that point. Perforated

teflon plates were fixed at two inch intervals in the columns by means
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of an 1/8 inch central stainless steel rod over which were slipped
spacers of 3/16 inch stainless tubing, _The plates consisted of tightly
fitted 1/16 inch teflon sheet with 60 evenly spaced holes, 0,050 inch
in diameter. | |

Both top and bottom of the pulsed columns termihated in flared
sections identical to those used for the packed column, .The ends of the
?colﬁmns were Eapped with a flat stainless steel plate which had pro-
visions for the central support rod, exiting stream takeoff; feed lines,

' sample lines and an electric probe used for control of the colﬁmn inter-
face level.

The pulsed column used fof the re—eﬁtraction runs (i.e., transfef
from érganic to aqueous phase) was pulsed at the base of the column
through the inactive aqueous feed line. During the entire run the pulse
pump was thus continuously flushed with thé aqueous feed and the bulse
'pﬁmp remained free from contamination. The top of this column was
open to the atmosphere and the aqueous overhead flowed out of the top
;of the column by gravity. This type of column setup is shown in
Figure 16 in the appendix.

The pulsed column used for the extraction runs (transfer from aquéous
to organic phase) was unconventional in that‘it was a top-pulsed column,
This constfuction was adopted in order to take advantagé of the fact that
the top feed was a "cold" organic extracting solution, the bottom feed
being the Phot" agueous feed, .

In constructing and operating a top-pulsed coluﬁn, the following con-

siderations must be met: (1) air must be automatically expelled during
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start-up so that the.pulse is not expended aF the top of the'cdlump,

(2) the pulse must tfavel down the column rather than out the column
overhead line, and (3) it must "work against" an elastic section at the
base of the column where it is finally expended. If the column interface
is to be maintained at the top of the column, provisions must be made o
avoid any disturbance of this interface by pulses returning from the
overhead line; or conversely, if the igterface is to Ee maintained at the
bottom, similar provisions must be made at this end to avoid disturbance
of the settling zone.

In order to solve these problems,'a number of unusual features were
required, To expel air from the célumn, a slotted overhead line consisting
of a short length of capped 1/8 inch perforated stainless steel pipe was
inserted into the top of the column, The slot in this pipe was made flush
bwith the bottom face of the top plate., With this construction the pulse
returning from the overhead line was directed parallel to the interféce
énd expended itself against the column walls. The purpoée of the slot was
to bleed air from the top of the column. In order to afford additional
interface prétection, the pulsevline entering the top of the column was
led through thé settling section into the column proper so that the entering
pﬁlse was directed toward the plates. To avoid loss of pulse through
the column overhead line, a square coil of three turns approximately one
foét across was placed in the line between the column and a liquid~retaining
bottle; this consisted of a short length of one inch glass pipe installed in
this line prior to the receiver tank. The function of this bottle was to

provide a small volume of ligquid to serve as an air trap in the event that
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a.lérge amount of liquid is suddenly drained from tﬁe column° Surge cpgma
bers ét the bottom of the column to aﬁsorb‘thg pulse consisted,of a pair
of six inch vertical lengths of one inch Pyrex pipe, each connegted to
‘the column and sealed at the top to entrap air, Air pressure over thé
pulsating column liquid in these surge chambers could be varied remotely
to adjust the pulse length in the column. The location and arrangement
;of these shrée'chambers és well as the entire column setup can be seen

in Figure 17 in the appendix,

In addition to the advantage of pulsing a "éold" stream, the top-
pulsed columns offers an advantage over the bottom-pulsed column in
Rhat‘the effective column pulse amplitude can be directly measured at
ény time durihg the course of a rﬁn@ The top—puléed column as»described
above operated as easily as the bottom-pulsed column and did not re-
qqire a different starting procedure.

The pulse pumps used for the pulsed columné consisted of diaphragm
hydraulic pumps similar in principle to the feed pumps (described later)
but considerably»larger and without inlet or outlet check valves. They
were constructed in such a manner that the liquid pulsated was in contéct
with resistant materials only. In these pumps the hydraulic pulsating
bellows were connected to the end of a lever, the fulerum of which coﬁld be
"~ adjusted by heans of a vernier screw in order to vary the pulse length in
5£he column, The pulse frequenéy was varied by cbntrolling the voltage to
.a direct current motor which actuated the lever by means of a cam.

a 1arge Kel-F diaphragm driven by the variation in oil pressure then

bulsated one of the feeds to the column. These pulse pumps were located
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in a nonradioactive feed line between the metering pump and the colum.
No activity was observed to return from the column to these pulse pumps.

The pulse frequency in_both pulsed columns was measured by timing
visually the pulses observed in the columns.

The pulse amplitude in the botﬁem;pulsed column was measured by ;
observing the amplitude of the iiquid in the highest po££ion of the
one inch pipe section at a condition of zero flow to the column, the
manual drain valve closed, the manual bottom valve open but the :
Hammel-Dahl microvcontrol valve closed., The effective pulse amﬁlitude
in the column was considered to be the amplitude observed under these
conditions and was about two~thirds of the amplitude observed when the manu-
al bottom valve was closed, the differencevbeing due to the presence
of a small air chambef ever the metering nee@le in the'Haﬁmel-Dahl
pneumatic control valve. The pulse amplitude in the bottom-pulsed column
wa.s observed’before and after each_day§s series of runs but could not be
- measured during the course of a run. The pulse amplitudee so measured
did not appear to change over a period of several months.

The pulse amplitude of the top-pulsed column was visible at all times
and was occasionally measured during the course of each run, The effec~
tive column pulse amplitude for this column was taken as the sum of the
6bservedvamplitudes in the two surge chambers at the base of the column

while the column was in operation.
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C. Layout

The columns described are located in a 4 fqot wide x 20 footvlong bid
10 foot high "cave" at this laboratory., This "cave" consists of an en-
_*closure with two inch lead walls six feet high with avnumber of four inch
j'thicék' iead-glass windows which permit observation of the éave's interior.
:The cave was maiﬁtained at slight negativé pressure with respect to the
Zlaboratory proper by blowers capable of handling 400 cubic feet of air per
minute in order to érevent radioactive contamination from spreading iﬁtp
the laboratory. The columns and their related equipment were constructed
?in such a manner as to permit remote operation with the crew remaining
. ‘outsidé the Mcave." Due to ceiling limitations, all eqﬁipmentvwas
restricted to a height of approximately nine feet,

411 of the tankage used for the columns consisted of thirty liter
ﬁar—surplus aircraft stainless sfeel low pressure oxygen tanks coated
with drum liner lacquer on the outside. Tanks céntaining.radioactive
solutions were located within the "cave," others-containing "cold"
éolutions outside were assembled into a "tank farm," The tanks located
within the cave were for two purposes: receivers and feed tanks, The '
feceivers were'identical to the feed tanks outside of the cave., The
ﬁhot" feed tanks were qonstructéd by cutting a thirty iitertank in half
and welding a flat stainless steel pléte over the open end, .These tanks
were equipped with sealed-in electfic mixers, connections for pressurei
or vacuum,‘sampling lines, sight gages, and a charging funnel. This
funnel was of stainless steel with a stainless steel screw cap provided

with a teflon sealing ring.



Ali feeds to the columns frem the tanks»wefe pumped and metered by
small diaphragn pumps. _For.cold_solutions thgse_pumps consisted of a
‘cam driven oil-filled bellows which actuated a flat diaphragmvcf
Kel=F, This diaphragm pulsated'the-liquid inla stainless steel chambéf
which was pfovided Qith stainless steel intgké'and outpgt check valves.
The outlet valve opening pressure was so set that pulsations in the
liquid caused by a pulse pﬁﬁp in series with the line could not operaté |
the valve, Variation in flow rate was attained by rotation of a knurled
#ernier ring which controlled the length of pump étrokeu Coarse édjust-
:hents could also beimade by changing the type of cam used with the pump.,
fiow rates from 5 to 150 milliliters/minute were attained with accuracies
of about 5 percentoner periods of several hours, Considerable attention
.was requiréd,.howevér, to insure thét the pumping rate did‘not drift too
far from the reqﬁired value, Photographs of thesé pumps are shown in
the appendii,

Pumps used for radioactive solutions were constructed from the same
ﬁarts except that provisions were madé for the oil pu131ng head to be ’
-located outs1de of the "cave” whlle the pumping head was located at the
"hot" feed tank, ' \

Inasmuch as’it was found that small mrtieles of dirt or metal would
disturb the meﬁering accuracy of these pumps, each pump was protected by
the instéllation of a pordus stainless steel filter in its intake line.

Due to the pulsating flow characteristics of the pumps used, a
VOlume-cénsumed method of rate measurement was usédo It consisted of a

small calibrated sight glass installed in the pump feed line. Valves were
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installed in such a manner that the feed to the pump could be switched to
.this sight glass., The rate of flow was determined by measuring the time

required to pump the known volume of solution.

E. .bverflpw Control

.The interface level for all of the columns was controlled by varying
the flow rate of the exiting bottom stream. This was done automatically
by an impedance bridge system which actuated a pneumatic valve in-
stalled in the bottom overflow line. In detail, the‘system consisted
'of platinum wires sealed into glass probes which were installed in the
column with the bare wire section at the desired interface level;. the
‘ metal column parts being grounded,  This interface probe waé in turn -
connected to an'impedance bridge and amplifying circuit., The voltage
across the solutioﬁ was of the order of a tenth of a volt at either 60 or
l;OOO cycles.per second so that eleétrolysis was avoided, Whether of not
the bridge was in balance depénded upon the phase the interface proBe'
contacted. This information.was amplified and allowed to cqntrol, in
the case of the pulsed columns, a pair of alternately conneected solenoid
valves., One solenoid valve controlled the flow of air to, the other from,
a Hammel-Dahl micropneumatic control valve. Small needle valves in both
air lineé permitted "floating® this bottom control valve except at the
1ower flow rates employea where the action tended to'be cyclie, TFor the
packed column, one solénoid valve was employed whiéh controlled the air
fed to an on=off typé of pneumatic fralve° This set up appeared to be-

satisfactory for these columns and excluding startup difficulties, was
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quite'stable when in operation,

After leaving the automatic control valves, the bottom streams
passed to small'caiibrated rate measuring bottles wherein the %ate_of
column overflow could Be measured remotely. This was done by opening
electric solenoid valves which controlled air to stainless steel
pnéumétic liquid valves mounted.under each calibrated rate measuring
bottle and.simultanequsly starting an electric clock, When the measured
volume of liquid haa beeﬁ obtained, the clock was automatically
stopped by_another impedance bridge and relay system.'

The column overheads left the top of the column by overflowing

.ﬁeirs_ The overhead streams flowed by grévity td rate measuring bottles

similar to those described above and then to the overflow tanks.

, F. Piping

Mostvlines whether %"hot!" or "cold" were of 1/& inchvx 0.035 inch |
' stainless steel tubing, and a few were of 1/8 inch standard stainless
‘steel pipe. Stainless steel tublng connections were made with pressure-
type flttlngs manufactured by Weatherhead Company which consist of an
1nternal pressure sleeve compressed by an outer cap. Connections to
equipment were made‘with 1/4 inch tubing to 1/8 inch pipe connectors,
which were found to be satisfactory with active lines, 411 leaks observed
were traceable to iﬁpropér agssembly or to wear through continued reuse.

One-elghth inch stalnless steel pipe was used for pulse pump to
column llnes, and those lines in whlch solutlons flowed with only gravity

.head. These were the column_overhead lines, lines from overflow rate



bottles to receiver tanks, sight gages and the entire column drain system.
Stainless steel pipe fittings were used but the bends in most lines were
made in smooth, large radii curves in order to reduce the head loss.

This was especially true in the case of lines between the pulse pumps

and the columns.

In order to provide_thg maximum in flexibility while at the same
time avolding the possibility of cross contamination, gll_lines from the
"cold" pumps outside the cave and the lines to the various columh feed
.locatiops were brought to a terminal manifold, In order to use any
:equipment in a given flow pattern, the various pumps were connected to
~ the desired feed location by means of jumpers.»‘These'jumpers consisfed
of short lengths of flexible polyethylene tubing terminating in the: |
usual stainless steel compression fitting., _Spécial provisions for the

changing of hot lines were provided on the terminal manifold,

G, Sampling System

Samples from the feed tanks and columns and from the various over-
}low rate measuring bottles were withdrawn through 0,020 inch I.D.
stainless steel tubing. This tubing led from below the surface of the
liquid to be sampled, through a leak pfoof fitting and terminated with
é sharp point at a high position in the cave. The semple bottles con-
sisted of ten cubic centimeter pharmaceutical type serum bottles capped
with retractable flap rubber stoppers. These were evacuated through a
hypodermic needle connected by hose‘to the 1ab6ratdry vacuum system.

After evacuation, the needle was removed and the bottles were placed
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on the sharpened sampling lines by the use 6f long-handled tongs., _The
liquid.being sampléd rose through the sample line and into the evacuated
'serum bottle; when the serum bottlé was removed from sample line, the
liquid in the tubing returned to its normal level, . This method of
sampling has the advantage that the serum bottle cannot be filled to
voverflowing since the liquid will not continue to flow after the vacuum
has been decreased by the filling of the bottle; also, the gum rubbef
cap wipes the sample line clean on removal of the bottle and thﬁs pre-
vgﬁts dripping, Sample bottles on the.sample lines are shown in

Figures 9 and 10,

VII. EXPERIMENTAL PROCEDURE
A, Feed Preparation

In this investigation, plufonium'was“transferred in the columns
in both directions, that is, from the aqueous to the organic phase and
then from the‘brganic baék into a fresh aqueous feed. This process re;
ﬁuired the make-up of two types of feeds.

Active aqueous feeds were made up‘by mixing C.P. nitric acid with -
distilled water to the desired acid strength and then destroying,ény
reducing properties by meking it approximately 5 x 10-6 M in potassium
dichromate. This acid was then charged to the ™hot" feed tank. A
strbng plutonium(IV) stock sblution 15 M in nitric acid solution was
then flushed into the aspirating funnel with the same acid'in such a
manner that the plutonium(IV) solution was discharged from the micro

pipet under the flowing acid without cohtacting the .atmosphere. Before
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the pipet was removed from the funnel, it was rinsed several times with
-the acid flush. After removal of the pipet,vthe.funnel again was
thoroughly flushed° During'this operation and for a period tﬁereafter,
the feed solution was'stirred. A sample of the aqueous feed was then
removed from the tank after a smell portion was permitted to flush the
sampling line. The total feed count, the extractable count, the distri-
bution coefficient and occasionally the hydrogen ion andvoxidation state
‘of this sample'were determined,

Active organic feeds were prepared in two ways. The first and
most frequent manner consisted merely of returﬁing to the feed tank
the organic bottoms from a series of previous‘rﬁns. In the even£ that
the total organic feed plutonium count was too low for satisfactory
" operation it was raised by adding a portion of saturated plutonium chelate
stock solution into the feed tank using some previously retained |
"flushing® orgahic feed; The tank}wéssampled, and the plutonium chelate
count and the distribution‘éoefficienf with the proposed aqueousvféed
were determined. On occasion the TTA concentration was checked, Fresh
organic feeds were made up by carefully weighing out TTA and dissolving
in a measured volume of the solvent useda_‘This solution was then shaken
and allowed to stand, generally ovef night, with a small volume of
~distilled water in order to achieve the equilibrium TTA hydrate concen=-
tration in the feed. This solution was charged to the feed tank, retaining
a sufficient amount of "flushing" solution for several runs, and the
plutonium chelate added in the manner described above.

The nonactive feed solutions were made up in a manner identical to

that described for the active solutions except for the addition of plutonium.



These solutions were charged by vacuum to the appropriate tank in the

ftank rack" after prior tank cleaning and flushing.

B. Starting Procedure

To. begin operations, the pump feeding thewphase intended to be the
coﬁtinuous one, was started and set at a high rate in order to fill the
column, Wheﬁ the coiumn was almost filled, the pump rate was 1owered.
to theAdesifed value. In the case of the pulsed columns, the pulse ampli-
tude was checked at the condition of no flow. .Wiﬁh the continuous flow
rate established at approximatelyithe correct value, the discontinuous
phase liquid pump was started and the pumping rate set to the desired
value, At this time the interface controller.was turned on and the
aﬁplifier adjusted by visual observation of the column interface.level.
vAn oscilloscope pattern which indicated bridge balance aided in achieving
proper control settings. ;After establishment of the interface level, the
manual valve in_serieé wiih the pneumatic control valve was opened. From
tﬁis time onward the column was operated without further attention to the

location of the interface., -

C. 'Operétion
4t frequent intervais during all runs the feed rates were chécked as
described above. Flow ratesvwere adjusted throughbut,the runs.  The méasured
;rateS'were plotted as functions of time in ordér to assist in maintining

constant flow rates,
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The column used was operated for about five throughputs of each
phase as related to its estimated column holdup. This was considered
.to be a sufficient period of time for the column to achieve steadyasﬁate.
The course of the run's approach to steady-state was followed by sampling
the ecolumn at freduent intervals., In many cases this time allowed was not
QSufficient for the column to have reached steady-state as evidenced by
plots of these analyses as.function of time, 1In such_caseé the data were

not utilized for calculation.

D. Shutdown Procedure
After the»completion»of eacﬁ run, the flow rates were either immed-
iately changed to some other value to begin another run, or the column
was dumped through the manual drain valve after rechecking the pulse am-
plitude in the case of the pulsed columns. |
| E. Treatment of Data
Upon the completnon of a run or a short series of runs, the various
data collected were treated as descrlbed belowo
"The average steady-state flow rates were eutlmated from the ploﬁs
of the measured flow rates versus time, more weight being given to}the flow
~rates toward the time of final column sampling. Fromvthese averaged rétes,
the siopes of the operating lines were calculated from the relation
=L/6 | | (4)
wherevR‘is'the slope of the oﬁerating line (immiscible solvents being assumed)
and L and G were the flow rates to the column in (cu; ft.)/(hr.)(sq.ft.) for

the polar and nonpolar phases respectively,
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4 mgterial balance was thén written over the column by combining
the averaged flow rates and the various averaged stream aipha counts.
~ The percent material balance error was calculated, considering ﬁhe error
aé positive for apparent mass gained. From tﬁe.ratio of the alpha counts,
the slope of the operating line was recalculated according to the

expression

B _ Difference in organic streams alpha counts

Difference in aQueous streams alpha counts
over the column as operated. The material balénce error and the
difference between R and R' is partially indicative of the relative
accuracy of any particular run..

The operating and.equilibrium lines for the runs were plotted on
an xay'diagram. The coordinates used were the number of plus four plu-
tonium alpha eounts per miﬁute per hundred microliters of solution.
:These units are proportional to concentr;tions. The number of theoretical
stages and the heights equivalent to a theoretical stage were then cal-~
Qulated.'

For those runs in which the data were considered to be of sufficiént'
accuracy, the over-all HTU of the organic phase was calculaped. For di—
lute solutions this HQG’ where G refersbto the organic phase, is related
to the HOL by the ratio of the flow rates times tﬁe distfibution co-
effiCiénf, Eg,(or m) aqcording to the expression |

Hog = m G/L Hop, | (5)

and consequently was not ordinarily calculated.
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The HTU calcuiated was that proposed by Cﬁlburnl6 and is defined as
2.= (Nog) (Hog) ! | - ~(6)
where Z is the column height in feet, Nog is the number of "G" phase
transfer units which are defined as
J2

Mg = & . - | (7)

&y
1

" in the present cdse. ,Eqﬁationv(7) readily can be integrated for ex-

" traction from the aqueous to the organic phase, for example, by recal-

1ling that .
— I @)
vy = R(x - Xl) (9)
by =y -y - (10)

where y* and y are organic phase alpha counts on the equilibrium and
operating lines respectively and x and X7 are the aqueous phase alpha
counts for any point and for the exiting stream respectively. Substi-

tution into equation (7) and integration results in the expression

1 1n (m - R)x + Rxp

NOG = )
R -1 mxy

(11)

For the.dpposite case, i.e,, re—extraction from the organic to a "cold"

aqueous phase, a similar integration results in the expression

NOG=;_]L__1n(R-m)X+y1
. 1-=.‘IIL/R' Ng

(12)



7

Both equations (11) énd (12) lead to values for Ngpg. From this value,
Hog's were calculated from equation (6).

In the éases where the operating andbequilibrium'lines are cldseiy
parallel, equations (11) and (12) become :_i_.nglej:grniinatef In such cases
thé numbef of transfer units we?e calculated by averagiﬁg the Ay's oﬁer
" the éolumn, assuming this average #alue to be constant over the éolumh
~and removing it from the integral‘sign of equation (7) and solving
~directly.

The data obtained frqm the operation of the column and the quantities
derived from them are shown in Tables VIII to XII at the end of this

report.,

VIII. DESIGNVOF THE EXPERIMENTS
The method of attack adhered to throughout these experiments was
: fo utilize the HTU sufface concept developgd empirically by Rubin and
.Lehﬁan,15 A brief review of this mefhpé is thus in order.
The basic assumption of this correlational method is that the filﬁ

HTU's are functions of the column flow rates independently and not

functions of their ratio as postulated by Colburn and Welshl? and

Laddha and Smith.l8 Upon this basis, a surface may be utilized to des-

cribed the variation of the continudus phase fiim HTU. It was found by

Rubin and Lehman that these surfaces appear.to be described by the equations:
HL = a+bL+d/G+el/c - (13)

when thevL:phase is econtinuous and |

Hg = a' + biG + 4'/L + e'G/L ) (14)



when the G phase is continuous.

As the film HTU for the discontinuous phese has been showm to be
essentially constant by Colburn and-Eblshvand by Laddha and Smith, the
over-all HTU equations can be derived by substitution of either of the .

above relations (depending upon which phase is the continuous one) into

Hg + n G/L HE, ' - (15)

Hog

or

Hop, = Hp, + L/nG Hg . | o (16)
The resulﬁing equations show that the over-all HTU's also may be
represented by a surface of the t&pe shown in Figure 1. |

By the uée of the HTU surface concept, a qualitative pictufe with
a minimum of data cah be-gained by the "mind's eye" of what otherwise
night be disconnected and unintelligible data.

To illustrate the power of the method, consider the recent data
§f Hou and Frankel? who studied liquid-liquid extraction in columns
filled with fine pécking. In these experiments, over-all HTU's were
measured with the purpose of determining the practicality of using
various 1/8 inch helices as tower packings and the effects of changing
tower length, continuous phase, and fiow rate. They used the system,
acetic acid - isopropyl ether - water. A series of HTU determinations
Vwere made at consténtlvalow rate while'the G flow rates were vafied, and
coﬁversely° In.another series the authors held the flow ratio'constant
and varied the total column throughput. These data are plotted in their

paper and show the effect of these variables but not concisely enough for

the over-all situation to be visualized,
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CONTINUOUS FILM HTU FOR G AS DISPERSED PHASE
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By tfeating their data for the eightéepvinch Qolumn according to the
method outlined,- the mass transfer pictuyglcgp_be readily grasped as showp
_ iﬁ Figﬁre 2. It will be noted that despite tower length and other packing
vériations,'the general"skeleton of ‘the HTU surface is quite evidenf, It
_is alsc interesting to note in how many ways such déta éhould chegk

within itself. The.typical HOL versus L/QG plot used by many'authors
is unsuccessfui in correlating all the data in their investigation, |
The ultimate goal in the field of_maSS transfer is the development
of a correlational method by which column performance can be predicted
from first principles° To date thié has been unattainable, although the
path to this.end clearly lies through determining the variables which
comprise the film values (i,e,,.either film mass transfer cqefficients
or film HTU's).
Uﬁfoftunately the literature of mass transfer contains many érticles
feporting film values which were obtained by fallacious methods. This
has been coméented uponlby TréYbal and Wbrkzg and by Colburn in the

discussion section of the papers by Allerton, Strom and Treyba121

and
Row, Koffolt, and Withrow.?2 Rubin and Lehmanl® have demonstrated
mathematically the nature of the fallacy and'discussed tﬁe apparent im-
possibility of obtaiping £ilm from over-all values. | |

Up to the.present, the only valid film values in the field of liquid-
liquid extraction are those reported by Colburn and_Hélsh17 and by -
Laddha and _Smith_o-l8 The method used by these investigators was to op~
erate columns with pairs of solvents witﬁ,only élight mutval solubilities

‘and'to calculate HTU's on the basis of the degree of appfoach to saturation
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of each solvent with the other. Unfortunately this method cannot be applied
to systems with a solute transferring between tyo,phases,v Therefbre, the
only data until this investigatién.are for the systems; isobutanpl - water,
3-pentanol - water,'and isobutyraldehyde - water. It is interesting to note
thaf the film ﬁTU?s obtained are of essentiﬁlly the same value; presum-
,ab;e this can be-attributed to the similarity of the systems used. Another
interesting feature of thelr results is the remarkable'constancy of the
film HTU for the discontinuous phase regardless of variations in either
flow fate,

Because equations (15) and (16) are not independént, it is ordinarily
impossible to utilize fhem to obtain film from over-all values. However,
if m can be varied with a mimimum effect upon other physical factors,
then pairs of simultaneous equations result which can be solved for
the film HTU's (or ﬁass transfer coefficients if the interfacial area
is known). The plutonium-plutonium chelate sysfem employed.in this
investigation thus presents a unique oppértuniéy to obtain experimental
| film HTU's, With the exception of some film HTU“svbbtained upon the
basis of doubtful approximations, the film HTU's‘reported'herein repré—
sent the first obtained for the transfer of a solute between two phases

in liquid-liquid extraction.

IX, EXPERIMENTS WITH THE PACKED COLUMNS
4, Effect of Flow Rate
‘Experiments were carried out in the packed column in which a

TTA~carbon tetrachloride solution was maintained as the continuous phase
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and'the distribution coefficient for plutbnium was 0,0610. Transfer
was from the organic to the aqueous phase throughout this series. Hold-
ing the G flow rate constant, L was varied over a factor of five. These

data are shown in Tabie I.

Table I

Packed Column with Carbon Tetrachloride Continuous

@

@0 : .
Run No. Ea L G HOG

140-P2-Pu-17 0,061 11,7 8.0  1.88
L2-P2-Pu-l8 0,061 168 8.2 1.61
142-P2-Pu-19  0.061 8.5 8,3  3.06
1/~P2-Pu-20  0.061 3.4, 8.2  6.93
16-P2-Pu-21 0,061 21,6 8.2 1.18

150-P2-Pu-24 0,061 17,0  20.6  flooded

The resultant plof of HOG-versus 1/L is shown in Figure 3, It
can be seen that a straight line plot was obtained which hés an intercept
very cldsé to zero, It ig therefore apparent that-for the 1/L coordinate
the HTU surface correlation method described above is valid for this
series of experiments. 4n equation desdribing these results is .
Hog = 0.15 + 23,3 (1/L) . o (17)
It will be noted that the above equation should correléte the data for

the column used with carbon tetrachloride as the contiﬁuous'phase at an

m of 0,061 and a G of 8.2.
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Other experiments were carried out under the\eeme conditions except'
that the L rate was held constant and G varied in order to determine the
shepe of the surface in.this direction. ‘Unfortunetely due to poor material
balances, mechanical difficulties and flooding, only two points in
addition to one obtainable frem Figufe 3 wefe obtained. These two
points.ere considered to be somewhat'deubtful as to accurecy, although

they are indicative of the direction of the surface in the G direction,

B, Galculation of Film HTU's

~In order to predict over-all H TU's at other values of the distribu-
- tion coefficients, the film HTU's must bevknown, These can be obtained
by using the results of Run No. 137-P2-Pu~15 which was operated under
the same conditions as those described above with the eiception that the
- distribution coefficient was equal to 0,100, If the G flow rate of
7.73 for this run can be assumed to be sufficiently close to those
-making up Figure 3, then a value of the'HOG can be read from the graph
and two simultaneous equations can be writtenlby substitution into equa~
tion (15) which are

3.33 = Hg + (0.100)(7.73/8.30)Hy,

2.87 = Hg + (0.061)(8.20/8,30)H;,
from the run and the.graph respectively, .Solution_of this pair of equa@iqns_f_
leads to the film HTU's which are H | f

HG = 2,37 ft and Hy, = 10.3 ft

The discontinuous value, 1.€. HL, is expected to remaln constant re—

gardless of low rate whlle He should vary° It is interesting to note the
large wvalue of the aqueous film HTU. The Hy is of the same order of mag-
nitude as the results of Colburn and Welsh, and Laddha and Smith.,
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Cs Effeet of Gentinueus_Phase
In,erder to investigate the effect of yhich phase wasrcontinuegs,
a pair.of runs was made with eseentiaily the»same flow rates but with
alternate continuous phase., This pair of runs yielded the following

"results,

B Phase o
Run To. Cont.  Eg L G Hog
135-P2-Pu-14  Aq 0.10  8.21 8.09 2.38

137-p2-Pu-16 = Org 0,10 8,30  7.73  3.33

- From this preliminary data, it must be concluded that there is some
advantage to operating the‘packed column with the aqueous as the contin-
~uous phass, alfﬁough,eolumn.performance is better judged by comparison
of the film HTU values.

-The film HTU“s can be calculated by combining the above = %

'v*_Rﬁnstoe 135-P2~Pu—14 with averaged results of a number of runs at the same
flow rates in which m was 3.0 if the assumptlon is made that the direction
of ‘transfer does not alter the HTU's, This is reasonable from the
standpoihtiof_the two fi;m ﬁheory of mass transfer and should be true
~especially at trace cqncentrationsd The pair of simultaneous equations
which‘resulf are | 4 |

2,38 = Hg + 0,10(8;09/8221)HL

26

H + 3. 0(8.09/8.20)H;,

for Run No. 135nP2-Pun14 and the averaged results respectxvely.
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 Hg = 1.5 £t and Hy = 8.2 ft
which ap?ligs to thglgaSe'ﬁf continuous aqueous phase, .

It is inte:és?ipg ﬁo.notewﬁha£ ﬁhe film HTU for the organic phase
is again considerably smaller than that of the aqueous phase, despite
the fact tha@ the role of“thé‘two phases in their passage thrqggh them
column is reversed. In view of the values of the film HTU's it is not
surpris%gg that the efficiency of transfer is higher for the_ca§e_when
the column was operated with the organic phase dispersed since both
£ilm HTU!s arerlower in this case under otherwise similar operating
’ conditiopéf
| A pumﬁer_of TUns were made«in.the packed columns using 0,05 M TITA-
garbon tetrachlqride as the discontinuous phase and 1 M aqueous nitrie
acid'as the cohtinuoué éhase. In these experiments the plutonium was
transferred frém the.aqueous to the organic phase at a relétively cons—
stant valueAéfvthe distribution coefficient, The flow ratio was also
held apﬁroximately constant while the total column throughput was varied,
These ruﬁs yielded the results shown in Table II. |

Table II
Run No. EY L G HETS H
. By 0G

119-P1-Pu-8  3.22 3,66 3.60 6.5  18.3

103-P1-Pu-3 3.0 412 4,05 6.6 14.2
107-P1-Pu-7 3.2 8,00 8,17 8.8 26,0
103-P1-Pu-1 3.0 8,29 8,70 10.3  29.6
111-P1~Pu~4 . 3.0 . 8,50 8,50 8.5  19.6
12-P1-Pu9  3.22 18,6 18,3 8.5 246

105~P1~Pu~2 3.0 19.0 19.2 9.75 22,1




| ﬁgamiééﬁioﬁ:of the dupiica?evruns within the above series showg
the typical accuracy phat was obtained for the transfer of plgténium from
?he aguequs;to the_organic phase, _Thisvacpdracy is considerably lower
than that obtainable for transfer in the opposite direction begause of
the difficulty of checking the oxidation state of the plutonium in the
adueous phase. Upon the»accﬁragy of these determinations depends not
only the_slope bf the equili?fium 1ihe but aiso the location of the column
operating line, If cgmparatively complete extraction of the available
pluponiqm(IV),is perm;tted to gccuf (by gl?eration of thé column flow
ratios), thekr?sultipg HTU gcéuracy is quite low. _

The results of the above data are p}ptfed in Figure 4 and while

not conclusive, they indicate that_the efficiency>of transfer in this
case is not markedly affecied by ‘the total column throughput except
at very low coluhn throughputs and that é maximum existé at G equal to
ébout_2Q. Considgring ﬁhesg data from the viewpoint of the HTU surface
correlational method, the surface for transfer from the aqueous to thé
organic phase with nitric acid continuous is probably of the type as
shown in Figure 5 pfovided the curvé of Figure 4 is £eal. |

. Calculatioh of the film HTU's for this seriesvof runs was made pre-
viously by combination of equation (15) with the fesults.of
Run No, 135~P2-Pu-14, The resulting film HTU’s are

Hg = 1.5 £t and By = 8.2 £&

‘as stated before, From these values- and the curve of Figure 4 can be"
obtained an équation degeribing the data for this column.with hitric acid

as the continuous phase. This has not been done due to the scatter of the
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data in Figure 4.

‘ R D, Effect of Solvent
Extraction runs in the packed column were made with ortho-dichloroben-
zene as. the solvent with the direction of transfer from organic. to aqueous.

In these runs the aqueous phase was continuous. The runs were carried out

at_ap E of 1,12 and at varying flow rates; the data are summarized in

Table III.
Table III
Summary of Runs with Orgpé—DichloroBegzene
Transfer from Organic to Aqueous Phasev_
vRun No.  Ej L ¢ B R M%t§§§§%° HETS 0
304-P2-Pu-25 102 3uhi’ 842 4 042 . 042 3.0 119 10.1
306-P2-Pu-26 1,12 1.5 8.2 o~ —  flooded —
306~P2-Pu-21 112 8.2 8.2 1¢o4" 112 2.0 Y. 13.2°
308-P2-Pu-28 1,12 5.5 8.2 0,67 071 -1.0 18,8 12,0
311-P2-Pu-31 1.12 5.4 11,5 ==  -- flooded = ~-- -
311-P2-Pu-32 1,12 11.6 3.4 3.3 3.29 O 8.3 19.4
313-P2-Pu-33 1,12 8.6 3.4 2.49 249 O 8.9 16.5

The above HbL values are plotted versus L in Figure 6 and are repre-
sented by Hop, = 3.18 + 0.47L + 59.6/G + 1.63L/G . | - (18)

The HTU surface for the system has been sketched in Figure 7.
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Unfortunately, film values cannot be determined from these data since
runs were. not géde with varying E. 1 ]
It is of interest to compare the efficiency of transfer of plutonium
in the packed column as a function of the solvent employed. From Figﬁrevé
, at flow rates of Lwand G each equal to $left3[hr ft? it may_be calcu~
| lated ‘that Hpp is 13.5 feet, 4 direct comparison with data for carbon
tetrachloride cannot be made since no runs were performed with that sol-
‘vent at an E of 1,12. However,vutilizing the film values previously de-

termined for_continuous carbon tetrachloride at flow rate of 8.1, Hpg

may be calculated:

i

Hog = 1.5 + 1.12(8.1/8.1)8.2

it

. 10,7 £t
Multiplying by 1/mG gives
- Hop = 9.6 £t
Similar results can be calculated for other flow rates in the same
manner.
It is e&ident that insofar as the solvents are concerned, the ﬁse of
carbon tetraéhloride offers an advantage from the standpoint of efficiency

of transfer. .

E. Flooding
Comparison of the data for flooding shows that the same column is
capable of handling considerably more carbon tetrachloride than ortho- .
dichlorobenzene, For example, Table IV lists flooding data as obtained

in the packed column,
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o Table IV
Comparison of Flows at Flooding
With Different Organic Solvents

Run No. ggii? Solvent Used L . G ,Vﬁ;
304=32-Pu526 Aq o-dichlorobenzene 11.5 8,2 6,3
un-numbered | 4q o-dichlorobenzene 11.2 8.2 | 6.2
311—P2—Pu~31 Aq | p—dichlorobenzene 564, 11.5 5.7 |

135~P2~Pu=15 Ag carbon tetrachloride 21,0 21,0 9,2

150-P2-Pu~2/4 Org carbon tetrachloride 17.0 206,0 8.7

pary

[Ur is a constant defined by

o - {T+ {3, ,_ (19)
- as used.by preVious inveStigators23 for the calculation of flooding in
liquid-liquid eﬁt;éction towers. It will be noted that the data of
Table IV_approximately meets this condition.

It is evident ‘that ‘the packed column employed can handle almost
twice as much carbon tetrachloride as orthofdichlofobenzene when the
agueous phase is continuous. It is consideréd very probable that the

‘greafer éensity difference between carboqvtetrachloride and tﬁe‘aqueous
phase over}that of ortho»dichlorobenzené is not onlyvthe cause of the
highér throughput but. also of the lower HTU's obtained when using ca}bon
tetré,chloridé° The basis for this "informed guess" is the thought that
the higher velocity of the carbon tetrachloride relative to the adqueous

phase increases the mass transfer coefficient more than the higher density
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- difference reduces the column hold-up, viz, interfacial area in the

relation

HTUgg =‘q/K0G)(Aqév) | , (20)

Pué to the grgater_gractical.interest inAorthodichlorobenzené as a’
sélvent for the plutonivm-plutonium chelate extraction system, this sol-"
yent was exglusively émpioyed fof the pulse@ column runs. Operations
with t@is»solvent were considerably“mofe difficult than when carbon tetra-
phloridg yaslused because of the difficulties experienced with the apﬁarent
'?educing‘properties of the ortho-dichlorobenzene. Thus, in the case of |
the puised column runs, the major error in the experiments to.be peﬁorted =
is the uncertainty in the distribution coefficient, E.
| For the majority of the experiments carried out in the pulsed colﬁﬁns,'
the pulSe frequency,-pulse amplitude and the distributicn coefficignt were
maintdined cbnstant° Alsc the aqueous phasé was maintained contihuous
in‘most of the runs inasmuch as pridr work indicated this might repreSent
an optimum operatiﬁg condition. This has been confirmed for the pulsed
column in éxpériments to be described later. In the present series of
runs, the column flow rates were varied to investigate the effect of this
variable‘uﬁpn the transfer héight° | |

A'complete sumiiary of’all pulsed column runs may be found in

Tables VIII and IX in the appendix.,
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A, Effect of Flow Rate

Runs were carried out with the agqueous phase continuous and the“dis—
tribution coefficient set to approximately 1.05 af constant amplitude
and frequency.' The data of twn series of runs in which G was varied
while L was maintained conétant are shown in Figure 8. An unusual fea-
ture of these data is the constancy of the Hpp for runs at L equal tq
:approximately 8.5 ft3/ft2/hoﬁr. From the viewpoint of the HTU surface.
concept, this means that the "contdur" at L = 8,5 is very;closé to a
region in which there is a horizontal line on the surface.

Hpp, data are plotted versus L at constant G values in Figure 9.
While there aré considerable scatter in these data, the general pattern
can be seen. It is evident that lines fan out at the higher L values;
those at the lower G's being higher, while a common point (which'is the
p;ojection of_a horizontal 1iné parallel to the 1/G axis) appears to exist
at é L value of about eight. Figure 10 was constructed from the curves
of Figure 8 in order to obtain the smoothed variation of Hor, with L.

The negative intercepﬁs in this figure cannot have aﬁy physical
reality and are shown merely for purposés of illustrating the trend of
the lines with flow rateb Such negative intercepts have been obtained

RR424

by other investigétors - in liquid extraction towers and as yet have
not been explained. 7 |
Figures 9 and 10 are fitted by
Hop, = 1.3 + 0,21 L - 31.5/G + 4.22(1/6) (21)

which describes essentially all of the data for m = 1.0, a frequency of

about 37.5 cycles pér minute and a pulse amplitude of seven tenths of an

inch.



(f1)

Hor

55~

T T T T T T T— T T

HoL vs. % AT CONSTANT L : .

PULSED COLUMN
O-DICHLOROBENZENE DISPERSED PHASE
SYSTEM: Pu-HNO3- TTA~ O- DICHLOROBENZENE

2 -
1 ] 1 t ! 1 1 I |
(e} 002 ‘0.04 006 008 0.10 ol2 Q14 016 0.8
L (ft2he.s
G ( /£13)
FIG. 8

MU 2768



~56=

T T T, —T T
p Hoo vs L AT CONSTANT G
PULSED GCOLUMN
O- DICHLOROBENZENE DISPERSED
SYSTEM: Pu-HNO3-TTA -
: QRTHODICHLOROBENZENE
12 :&
mE
kS
10
8
4, 6
(=]
I
4
2
o 1 1 1 : 1 q
(o] 4 8 12 16 20

L (2 /hepe2 )

FIG. 9.

MU 2769




FEET

Ho. (CORRECGTED)

=57-

L T T To
&
A
2%
) s
o] o —~
s &
>
o)
o
8 30 -
6",
[

Ho (CORR) vs | AT CONSTANT G 7]

PULSED ' COLUMN
O-DICHLOROBENZENE DISPERSED

-4 SYSTEM: Pu-HNOz-TTA -
0-DICHLDROBENZENE
-6 1 ) | i 1

0 4 8 12 16 20
' L #3/nrpe2

" FIG. 10

MU 2770



,‘..

/) ..

58

B. Galculation of Film HTU's
4s stated previously, values of the film HTU's are required in order
to(calculate over-all HTU“S at different_distribution cdefficients.w‘
It is considered that the diétinctibn.between continuous and dis-

continuous phases is not as sharply defined in a pulsed column as in a

- packed column, For this reason it is felt that both film values may

vary with flow rate, although each should be constant over the tower
length for any particular flow rates, and for thié reason correlation of
film values with flow rate has not been attempted.
In order to illustrate the usefulness.of'the_concept a sample cal-
culatién will be given.
From Runs 165-II-Pu~-2 and 176~-II-Pu-3 at different m but otherwise
similar conditions:
9% = Hg + (0.035/1.03)(H)
5,04 = Hg + (1.04/1,03)(HL)
Solving,
~ Hp = 4.25 £t and Hg = 0,80 ft _ |
Therefore, for G and L each eqﬁal to 8.2 £13/nr £t2,
Hog = 0.80 + 4.25 m
For m = 0,87
Hog = 454 Tt. _ v
Experimentally, from Figure 11, at an amplitude of 0,68 inches,
Hog = 4.8 ft. |
This agreement shows the usefulness of the film values for trans-

posing data to different values of the distribution,coefficienf, even for



e

Hog (FEET)

Hog vs. G AT CONSTANT L
PULSED COLUMN ,
O- DICHLOROBENZENE DISPERSED

SYSTEM'Pu-~- HNO3 - TTA-
O-DICHLOROBENZENE

0o 1 1 A1 1 1 1
0 - 4 _ 8 12 [ 20 24
' .6 ftIne 2 '

FIG. 1l
MU 2771



=60=

-a factor of 30 for m as in the above example,

C. Effect of Pulse Amplitude and Frequency

Runs in which pulse amplitude or frequency were varied under other—

wise constant conditions are listed in Table V.

Table V

Effect of: Vérylng Pulse Frequency and Amplltude
at Constant Flow Rate

2" plate spacing

60—0.050" holes per plate

Cont, . Amplitude . Freq.

Run No. E Phase L G ‘Inches  Cycles/min  Hgg
169-I-Pu~3 0.96 Aq 12,5 12.8 2.0 37.5 1.03
188-I-Pu-8 0,87  Ag 12,6 12,7 1.2 37.4 3.96
189-I-Pu~9 0.87 Aq 12,5 12,6 1.1 3.5 2.73
189-I-Pu-10  0.87  A&q 12,7 12.5 0.6 37.5 5,56
192-I-Pu-11 0,87 A4 12,6 12,6 1.1 37.5 2.94
193-IPu-12  0.87  Aq 125 12,6 0.6 37.5 5,22
183-I-Pu-6 0,92 A - 12,5 13.0 1.8 47.0 5.2
184-I-Pu~7 0,92 Aq 12,5 12.5 1.1 469 2.25
219-TI-Pu-1, 1.027 A1 8.  12.8 0.7 38.7 5772
220-II-Pu-15 Aq 0.3 6465

1.027

8.5

384
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These data are shown in Figure 12 and serve to indicate that fqr a pulse
freéuency of 37.5 cycles/minute, pulse amplitudes which gpproach Fhe_u
plate spacing in magnitude tend to increase the efficiency of transfer,
This conclusion must be tempered by the results of Runs 183—I-Pu-6

‘and 184-I-Pu-7 which have a puise frequency of 47. These apparently con-
flicting results are possibly indicative that there exists some minimum HTU
condition for the system similar to that reported in other investigations
of pulsed column behavior,L3

It is apparent from Figure 12 that ;néreased pulse amplitude leads

to greater efficiency of transfer.

D. Effect of Continuous Phase
~ The effect of continuous phase in the pulsed column is shown in

Table VI by comparison of pairs of runs under similar conditions.,

Table VI

Effect of Continuous Phase .

- Cont. | ‘ Amplitude Freq.

Run No. E Phase L G Inches Cycles/min - Hpg
160-I-Pu=3 0,960  4q 12.5 12.8 2,00 37,5 1.0
172-I-Pu~f . 0,960  Org 12,6 12,7 2,00 41.2 1.2
165-II-Pu-2 0,035 Aq = 12.8 12.4 1.00 37.0 0.9
162-IT-Pu-1 . 0,035 Org 12,6 12.3 1.00 38,4 2.8
286-II-Pu=30 1.504  Aq 5.5 15,7 0,68 38,7 19.6
294=1I-Pu=33  1.499 Org 5.5 15,7 0,68 39,2 80.3
288-II-Pu-31 1,504 4a 16,2 15,7 0,68 38,7 8.8
296-II-Pu-34 1.499 Org 16,1 15,8 0,68 38.5 40.0
'290~II-Pu~32 1.504  Aq 32,2 15.7 0.68 38,7 7.0
208-I1-Pu-35 1,499 Org  22.2

15.8 0,68 38,5 31,0
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Transfer of plutonium is much more efficient in the pulse column
when the aqueous phase is continuous. This result is in agreement with

data found previously for the packed column.

_ XI. COMPARISON OF PACKED AND PULSED COLUMNS
..,A. Efficiency of Transfér.
It is of interest to compare the relative efficiencies for mass
‘iransfer of plutonium in the packed and pulsed column. This can be
done for the case vhen ortho-dichlorobenzene is the dispersed solvent
bhase as shown in Figure 13. |
| The efficiency of the pulse column is considerably higher than
for the backed column under similar conditions. HTU'# for the packed

column are approximately three times those for a pulsed cdlumn.

B. Throughput

 The pulsed column is capable of handling considerably more total ;

flow than the packed column when'drﬁhOmdichlorobenzeneris the disperse&

phaSe. In fact, it was difficult to obtain packed column data for com-
parison purposes.because operatiop was so frequently limited by flooding.

The constant in equation (19) for the packed column was approximately
éixo Neither pulsed column approached flooding under the conditions re-

-éorted here, Experience'indicates that thé pulsed column will carry at

least twice the throughput of the packed column,
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XII, HOLDUP DATA FOR THE PULSED COLUMN

The fractional organic holdup of the seven foot bottom—pulsed
column was studied at a frequency of 38,5 cycles/minute and ét a pulse
amplitude of.boég,inches with ortho—dichlorobenzené-as the dispersed
phasé. The hbldﬁ? was measured by operéting the’column until steady-
staté was achieved, then shutting‘off all flowsvand measuriﬁg theramoﬁnt
of brganic phase that seftled out of the active length of the column,

This volumevwas measured in the bottoms rate-measuring bottle.

The volumes obtainéd were divided by the difference between the tétal
‘column volume and the measured organic VOlume,.i.e., by the aqueous holdup.
The resulting data are reported as volumetric holdup ratio in Table VII |
and are shbwn in Figure 14.

Table VII
Holdueratio*in'the Pulsed Column

Frequency = 38,5 cycles/ininute° Amplitude - 0,68 inches.,

System: Aqueous 1 M HNO; - ortho-dichlerobenzene.
(Ortho-dichlorobenzene dispersed. .

Leg3/ft2hr  Gey3/riRnr Holdup Ratio
4028 8,50 0,210
4028 15,78 0,347
4o28 20,40 | 0,500
4 028 E 20.60 0.390
8426 8450 0,226
8,26 10,8, . 0.262
8026 12 078 ’ O 0310
8,26 15,78 0,371
8426 17,50 0,408
12,87 | 7,%0 0.242
1208’7 ' 120 3 . OVOB O
12,87 L 17440 0,568
16,13 5055 0.185
16,13 8,22 0,250
16,13 7021 0,310
16,13 10.36 0.399
16,13 . 13,10 0.500
16,13 15,60 0,533

16,13 19.60 0.545
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HOLD-UP RATIO IN THE PULSED COLUMN
AS FUNCTION OF FLOW RATES '

FREQUENCY -38.5 CYCLES/MIN.
AMPLITUDE - 0.68 INCHES

SYSTEM: | M. NITRIC ACID-ORTHODICHLOROBENZENE
ORTHO -DICHLOROBENZENE DISPERSED

HOLD-UP RATIO
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Empirically, the plot of the data shows the holdup ratio to be a function

of the ratio G/L. 4 theoretical holdup mechanism has ﬁot been developed.

XIII. SUMMARY AND CONCLUSIONS

Upon the basis of the information gained fromrfhe runs described it
may be concluded that it is entirely feasible to transfer plutonium(IV) in
either directipn between aqueéus nitric acid and TTA~organic solvent solu-
tions;in both'pécked and pulsed columns at'practical flow rates. Thué in
£he flow sheet for the extraction of plutonium from "dissolver solutions"
aé proposed by Rubin ahd’Hicks,5 the contacting équipment.possibiy coﬁid
be packed or pulsed columns of suitable design,

Representative mass transfer data for the system have been presented

| - for both types of extraction column. The efficiency of transfer, while
not as high as for some widely differing systems, (i.e., with polar organic

.solvents) is of the same order of magnitude as much of the data of liquid

éxtraction‘(where nonpolar solvents were involved) reported in the litera-
ture despite the apparent slowness of bateh reactions of the Pu(IV)~PuK4
system. It is of intergst to note that the over-all HTU's for the packed
column reported here are very similar in value to those reported by Chu,
Taylor, and Levy25 for an almost identical packed column using the system,
benzoic acid - benzene -~ water. | ’ “

In regard to the relative performance of the packed and pulsed

- columns, the pulsed column is distinctly superior from both the standpéint
of efficiency of mass transfer and throughput. Although the paéked'column

' doesfbffer the advantages of simplicity of construction, maintenance and
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bioperation; it is considered that the higher efficiency and throqghput-
obtainable with a pulsedAcolumn would warrant itslchoice in prefgreng? to
the packed column. Either type of column is conveniently operated with
radioactive streams. | | |

It has been demonstrated that in ali cases investigated, the
"éfficiency of transfer is higher with the aqueous phase maintained as the
continuous one, Thé reason fér this effect isyﬁresumably due to the
finer droplets obtained (and hence greater interfacial area) when the
solvent is dispefséd in the nitric acid phase. |

In recycle operations, the TTA-solvent solution appears to be_stable
in staiﬁless steei equipment over long periods of time. Some difficulties
were encountered with ﬁhe oxidation state of plutonium trécer,in the
équeous phase because of the reducing properties of the ortho-dichlorobenzene
employed. Trace plutonium(IV) appears to be stable in nitric acid solutions
for-iong periods of time.

The over-all HTU's for the system studied were observed to vary as
Tfuhétions of flow rates for bofh packed and pulsed co%ﬁmns. The HTU sur-
face correlational method appears to be‘appliéable to the system and
it thus appears to behave as do most of the previously reported liquid-
iiquid extraction systemso |

Because of the oppoftunity to vary the distribution coefficient for
the aqueous plutoniuméplutonium chelate system with a minimum effect upon
other vériables, a number of film HTU's for the system in packed and pulsed
columns have been determined, These film HTU's represent the first experi-

mentally determiﬁed‘values for the case of the transfer of a solute befween
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two immiscible phases. .The values so obtained have been comparéd and found
similar in magnitude td.the film.HTU's reported by Gdlburn and Welsh and by
Laddha and Smith. | |

The effectsof amplitﬁde and frequency in the pulsed column have‘péen
briefly investigated. At the pulse frequency employed for the majority

of the runs, a pulse length of the order of the plate spacing appeared to

' . be the more efficient although there were indications that at a higher

frequency, a condition exists with the maximum efficiency amplitude less
than the plate spacing.
- The holdup of the pulsed column as a function of the continuous and

discontinuous flow rates has been investigated.
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APPENDIX

4. Taples of Experimental Data.

B. Figures of Column Cpnstfuction.
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Table VIII

Pulsed Colum (ortho-dicl.lloro'benzene-wTTA‘-nitric acid)

Transference: Aqueous to Organic Fhase

: Mat'l
Frea, Balance
~ Cont, L G Cycles/ Ampl, HETS .Error
Run Number B2 Phase ft/hr ftAr R R? minuté in £t £t %
153-I-Fu=1 11,00  Aq 8.5 B.0 1,070 0,905 25.7 2,0 8,80 - -9,5
157-1-Fu=2 11,00  Aq 8,7 8,2 1,055 0,930 48,0 1,8 6,10 36,20 -8,4
157-I-Fu-2a 11,00 Aq 8,7 8,2 1,055 1,017 9.5 0.9 5,10 21,80 -3,5
169-I-Pu-3 0,96 Aq 12,5 12,8 0,975 0.956 37.5 2,0 1,03 1,03 -1.5
172-I-Pu=4 0,96 Org 12,6 12,7 0.981 0,96 41,2 2,0 1,22 1,20 =10
181-I-Pu-5 0,99 Aq 8,8 . 8,3 1,060 1,020 47,2 1,8 7,28 | 7.25 -1,6
183-I-Fu~-6 0.92 Agq 12,5 13.0 0.965 0,976 47,0 1.8 5.79 5,42 0.4
184-1-Pu-7 0,92 Ag 12,5 12,5 1,000 0,978 . 46.9 1,1 2,30 - 2,25 -1.3
188-I-Pu-8 0,87 Aq 12,6 12,6 0,994 0,888 37.4 1,2 3,50 3,9 =6,5
139-I-Pu-9 . 0,87 Agq 12,5 12,6 0,994 0,999 37,5 1,1 3,19 2,73 0.9
189-I-Pu=-10 0,87 Aq 12,7 12,5 0,987 0,948 37,5 0.6 5,92 5,56 -1,6
192-I-Pu-11 0,87 Aq 12.6 12,6 0,990 0,957 37,5 1,1 315 2,94 -1,7
193-1-Pu-12 0,87 Aq 12,5 0.6 5,50 5,22 -0,8

12,6 0,991 0,975 37,5

- 38



e _ Tgble IX.

_ I_’ulseé..CQlunn_(ortho_edichlorobenzeneéTTA-niti'ic acid) Transference: Organic to Aquecus Fhase.

Mot 1
Freq. Balance
_  Gont, L G cycles/ Ampl. HETS Hy, Hpy  Error

Run Number =~ EO Fhase ft/hr ft/hr R R' minute in £t £t £t %
162-1I-Fu-1 0,035 Org 12,6 12,3 1,022 1,060 38,4 1,00 9,80 2.80 -=  =2.75
165-I1I-Pu-2 0,035 Aq 12,8 12,4 1,030 1,050 37.0 1,00 3,50 0,94 =--  =1,00

. 176-1I-Fu~-3 1,040 Aq 12,9 12,5 1.030 1.020 38,5 1,00 4,95 5,04 5,00 +0,35
177-1T-Fu-4 1,040 Aq 12,9 8.4 1,560 1,620 38,5 1,00 3,65 2,98 4,48 =3,50
197-11-FPu-5- 1,090 Aq 12,9 5.6 2,310 2,200 38,5 0,68 5,34 4,02 8,53 +3,90
199~II-Pu~6 1,090 Aq 12,8 15,7 0,820 0,790 38,8 0,68 6,38 7,89 5,95 +1,60
199-II-Pu=-7 1,090 Aq 12,8 20,0 0,642 0,710 38,8 0,68 7.31 9,18 5,40 -3,50
204~11-Fu-8 1,050 Aq 8.4 .8,2 1,025 1,010 38,7 0,68 3,20 3,27 3,19 +0.,85
210-I1-Fu-10 1,070 Aq 12.9 8,4 1,540 1,530 38,7 0,68 3,79 4,44 6,40 +0,72
212-II-Fu-11 1,070 Aq 13,0 12,9 1,000 1,000 39,5 0,68 5,21 5,30 4,95 0,04
215-I1-Fu~12 0,933 Aq 8.5 5,5 1,545 1,570 38,8 0,68 2,96 2,37 3,93 ~1,56
217-I1-Fu-13 0,933 Ag 8,5 20.6 0.415 0,453 38,5 0.68 5.43 7,55 3,36 =-3.01
219-11-Pu-14 1,027 Aq 8.4 12,8 0,657 0,644 38,7 0,68 5,27 5,72 3,60 0,80
220-I1-Fu=15: 1,027 Aq 8,5 12,8 0,661 0,676 38,4 0,33 5,55 6,65 4,24 =-1.14
224-11-Pu-16 1,145 Aq 16.1 5,6 2,910 2,950 38,5 0,68 3,02 2,03 5,16 =1,28
226-11-Pu=-17 1,145 Aq 16,1 8,2 1.945 2.020 38.5 0,68 3,73 2,89 4,91 =-1,98
230-I1-Fu~18 0,780  Ag 1.1 12,9 1.250 1,205 38,6 0,68 5,29 4,45 7,14 +2,58

232=I1-Fu-19 0,780 Aq 16,2 15,7 1,030 0,961 38,5 0.68 7,14 6,42 8,48 +4,05
234-11-Fu-20 0,780 Ag 6.1 20,2 0,796 0,774 38,7 0.68 9.48 9,51 9,70 1,26
238=-1I-Pu-21 1,084 Aq 16,1 12,8 1,255 1,216 38,5 0,68 6,70 6,31 7,31 1,74
241=-11-Pu=-22 1,084 Agq 6,2 15,7 1,026 0,952 38,5 0,68 8,16 8,66 8.20 3,34
245-11-Pu-23 1,000 Agq 8.5 15,8 0,539 0,520 38,6 0,68 4,56 6,14 3,31 'l.28
247-1I-Pu-24- 1,000 Ag 12,9 24,1 0,535 0,522 39,0 0,68 6,39 8,76 4,69 0,80
257-II-Pu-25 1,838 Aq 4,2 13,0 0,328 0,311 39,3 0,68 2,61 6,55 1,17 0,94
260-II-Pu=~-26 1,838 Aq 4.3 15,8 0,272 0,284 38,5 0,68 5,22 13,12 1,94 0.61
268-1I-Fu~-28 0,970 Ag 4,3 12,9 0,332 0,319 38,6 0,68 9,50 15,80 12,00 1,05.
278=-11-Pu-29 2,600 Aq 4.3 5,5. 0,774 0,831 38,7 0.68 9,70 17,30 8,78 ~1,61
286-I1-Fu=30 1,504 Ag 5.5 15,7 0,339 0,294 38,7 0,68 9,75 19,60 4.41 2,81
288-11-Fu=31 1,504 Agq 16,2 15,7 1l.05 0,998 38,7 0,68 7,59 8,79 5,98 0,00
290-II-Pu-32 1,504 Aq 22,2 15,7 1.410 1,468 38,7 0,68 -6,95 7,00 6,56 1,27
294-1I-u~-33 1,600 Orgs 5.5 15,7 0,351 0,371 39.2 0.68 69,50 80,30 17,60 =0,35
296-1I-Fu-34 1,600 Org 16,1 15.8 1,015 0,974 38,5 0,68 38,20 40,00 25,40 0,74
298-1I-Fu-35 1,600 Org 22,2 15,8 1.410 1,240 3B.S5 0,68 30,40 31,00 27,30 2,44

-~ 8-
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v - Table X -

Packed Colum' (Ca rbon tetrachloride- TTA-nitric acid)
Transference: Aqueous to Organic Fhase

Mat'l

(o

. : Balance

o Cont, L ~ G . HETS - Hyp Error
Run Nuber ~ E;  Phase ft/i;r ft/hr R R AT LA %
103-P1-Pu-1 3,00 Aq 8,29 8,70 0,953 10,3 29.6 -4,0
103-F1-Fu=2 3,00 Aq 19,00 19,20 0,990 9.8 22,1 3.8
105-P1-Pu-3 3,00 Aq 4,12 4,05 = 1,020 6.6 14,2 5.1
111-Fi-Pu-4 3,00 Aq ~ 8,50 8,50 1,000 8.5 19,6 0.8
117-P1-Fu-7 3,22 Aq 8,00 8,17 0,980 ' 8.8 26.0 . 8,8
119-P1-Pu-8 3,22 Aq . 3.66  3.60. 1,015 1,098 6.5 18,2 6.5
121-P1-Fu-9 3,22  Agq 18.6 18,30 1,017 1,010 8,5 8,5

24,6




Paclked Colum {Ortho-~dichlorobenzene-TTA=-nitric acid)
Transference: Organic to Aqueous Tthase

Table XII

Mat'l
Balance
o Cont, L G HETS Error
Run Nurber ES Phose ft/hr ftAr R Re £t ??c 4
304-F2-Fu-25 1,12 Aq 3,40 8,17 0,416 0,415 11,9 10,1 -3.1
304-F2-Fu=26 1,12 Aq 11,52 8,21 1,400 flood
306=P2-Pu-27 1,12 Aq 8,53 8,21 1,040 1,120 14,2 13,2 -0.8
308-F2-Pu-28 1,12 Aq 5,54 8,17 0,672 0,714 18,8 12,0 1.4
308-P2-Fu-29 1,12 Aq 5,54 5,54 1,000 0,942 16,4
311-F2-Pu-30 1,12 Aq 1,590 ' 17.8
311-P2-Pu-31 1,12 Ag 5.45 11,50 0,474 . £lood
311-F2-Pu-32 1,12 Agq 11,60 3,44 3,380 3,290 8,3 19,4 0.0
313-P2=Pu-33 1,12 Ag 8,57  3.44 2,490 2,490 8,9 16,5 0.0
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XV. NOMENCLATURE

The distribution coefficient of plutonium in the plus four
oxidation state between aqueous and organic TTA solutiéns.
Flow rate of the nonpqlar phase into or outvof the column

in (cu ft)/(hr)(sq ft).

Height of the over-all transfer unit for the G.phase, feet.
Height of the over-all transfer unit for thé L phase, feet.
Height of film transfer unit for G phase in feet.

Height of film transfer unit for L phase‘in feet;

The equilibrium cohstaht for reaction (1) as used in equations'

(2) and (3).

Flow rate of the aqueous phase into or out of the column in

(cu £t)/(hr)(sq £t).

The slope of the-'equilibrium line and identical to E.

The number of over-all G phase transfer units,

The ratio of the flows, L/G, and equal to the slope of the
opérating line for the column.

The ratio of the difference in the stream alpha'counts over the

Difference'in organic stream alpha counts
Difference in agiieous stream alpha counts

Provided that the column mass balance is correct, R' = R,

column, defined as RV =

Aqueous phase alpha counts/minute/lOO microliters due to plu~-
tonium in the plus four oxidation state,

Organic phése alpha counts/minute/100 microliters.

Organic phase alpha counts/minute/lod microliters in equilibrium
with an aqueous phase of composition xX. '

Column height in feet.
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