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PREFACE

The effect of concentration difference and concentration level on
the rates of transfer of uranyl nitrate between water and TBP has been
investigated in a stirred cell. The effect of the prganic phase stir-
ring rate was greater than that reported in similar studies. However,
if the energy transmitted from the aqueous phase stirfing was considered,
the mass transfer coefficient varied with the square root of the organic
phase Reynolds number.

The overall organic phase mass transfer coefficients varied with the
concentration driving force and theAconcentration level of the phase into
which the uranyl nitrate was transferred.

The interfa&ial tension of the uranyl nitrate-water-TBP system indi-
cates that spontaneous interfacial turbulence is not promoted in the
system.
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CHAPTER I
INTRODUCTION

At the present time the recovery of uranium from ores and from spent
nuclear fuels is generally carried out by liquid-liquid extraction. The
most commonly used organic solvent for uranium extraction is tributyl

phosphate, TBP. The reaction governing the extraction is written below.

+4 = i - U
U02 + 2(NO_) + 2TBP(org) , U02(N03)2 OTBP

(Aq) 3" (Ag) (org)

Since the extraction of uranium by'tributyl phosphate is of such
great importance, it is desirable to obtain a better understanding of
the process. There have been a few basic studies on the extraction of
uranyl nitrate by tributyl phosphate; however, a disagreement has arisen
among several of the investigators. Both Lewis (28) and Burger (8) found
that in the unsteady-state transfer of uranyl nitrate across the water-
TBP interface the transfer rate decreased with time. This decrease of
transfer rate was proposed by Lewis (29) to be due to a buildup of an
interfacial resistance. Chester (10) using a photographic photometric
method of investigating the transfer process concluded that there is no
interfacial résistance to transfer and the limiting step is diffusion
towards or away from the interface.

In this study a modified Lewls-type stirred extraction cell was used



to investigate both unsteady and steady-state transfer of uranyl nitrate
across the water-TBP interface. The results of the unsteady-state
transfer were compared to the work performed by Burger (8). The effect
of stirring rates was investigated under steady-state conditions. In ad-
dition the effect of driving force and concentration level on the mass
transfer rate was investigated. The interfacial tension of the water-
uranyl nitrate-TBP system was measured in order to predict if spontaneous
interfacial turbulence should be observed in this system, according to

the theory of Sternling and Scriven (49).



CHAPTER II
LITERATURE REVIEW
Tributyl Phosphate as an Extracting Agent

The recovery of uranium from various aqueous“and gcidic solutions
becéme of great importance for the separation of uranium from other
metallic elements for use in nuclear reactor fuels. In addition, uran-
ium, after being used as a reactor fuel, accumulates fission products
which poison the fuel and which must be separated from the uranium,

Although many methods have been investigated for fhe recovery of
uranium, liquid~liquid extraction has become the principal method for
separation of uranium from other metallic elements. McKéy (37) studied
the purification of uranyl nitrate between water and various organic¢ sol-
vents. He\ﬁound that uranyl ;itrate is substantially unionized in the
organic phase for most solvents. In a review of the development of the
Thorex process, Gresky (22) investigated tributyl phosphate as an extract-
ing agent for both uranyl nitrate and nitric acido Tributyl phosphate

‘has become the most widely studied organic solvent for the extraction of
uranyl nitrate. Alcock, et alos,.(B9 4; 5,) presented a series.of articles
on tributyl phosphate as an extracfing agent for inorganic pitrateso

They noted that with nitric acid tributyl phosphafe forms the complexed
compound HNOz*TBP. They also presented a method for purification va

tributyl phosphate., The pﬁrification of tributyl ﬁhosphate, prior to

3



use as an extracting agent, is necessary since it undergoes slow hydrol-
ysis to form dibutyl and monobutyl phosphates, and butanol. Addition of
very small concentrations of these hydrolysis products cause a significant
increase in the uranium distribution coefficient. In their publication,
Alcock et al., (4) concluded that inorganic nitrates are extracted by

TBP in the neutral unionized form and the solute is always hydrated with
TBP by a definite number of TBP molecules. Moore (39) proposed the mech-

anism of uranyl nitrate extraction by tributyl phosphate as follows.

W02 (hg) * 2O3(ag) * 2BP(org) = U0p(NO), + 27BR P

The uranyl nitrate is complexed in the organic phase with two mole=-
cules of tributyl phoﬁphate. Moore further concluded that the extraction
of nitric acid involved the formation of a weak, one to one complex with
TBP, and that HNO3z is displaced by uranium in the organic phase due to
the more stable uranium complex.

McKay (37) has ﬁroposed that the oxygen in the organic solvent acts
as an electron donor for the formation of the uranyl nitrate complex.
Collopy (14) found that the presence of anions which complex the uranyl
ion in aqueous solutions has a detrimental effect on the uranium partition
between water and TBP. In addition, Collopy (14) found that nitric acid
present in the organic phase in excess of that in the complex exists as
a solute.

Sato (48) studied the effect of temperature on the partition of
uranyl nitrate between water and TBP. He also found that two molecules
of nitric acid were displaced by one molecule of uranyl nitrate in the

organic phase. There have been a number of investigations of the



distribution of uranyl nitrate hetween water and TBP containing different
diluents (3, 7, 11, 22, 39, 46), The partition of uranyl nitrate has

also been studied where variocus salting agents, HNO NaNO3, and

39
AL <N03)3° were present (5, 12, 15, 20, 48).

Burger and Forsman (9) found that the solubility of pure TBP in
water is approximately O.4t grams per liter at 25° C, and that the solu-
bility decreases when the TBP is diluted with an inert substance which is
insoluble in water. The solubility is higher than that which may be pre-
dicted by use of mole fractions. The solubility of water in pure TBP is
64 grams per liter (9). The solubility of water drops to 0.66 grams per
liter in a pure paraffinic diluent. Burger and Forsman (9) found the
solubility of water in 30% TBP in a paraffinic diluent to be 8.0 grams
per liter. In anothe:r.studyS Burger (7) found that the distribution of
uranyl nitrate varies only slightly with the different diluents normally
used in liquid=liquid extraction of uranyl nitrate.

Robinson and Lin (45) have determined the activity coefficients of
uranyl nitrate solutions at 25° C. from 0.1 molal to 5.5 melal by iso-
piestic vapor pressure measurements. Glueckauf, et al, (20) measured the
activity coefficient of uranyl nitrate in the presence of sodium nitrate.

The physical properties of tributyl phosphate as reported by

Flannery (i8) are given in Table I.
Stirred Mass Transfer Cells

Recently sevaral investigators have studied mass transfer across a
liquid=-1liquid interface in stirred cells having a fixed interfacial area.
Lewlis (27) obtained the following correlation for individual mass trans-

fer coefficients in a stirred mass transfer cell having a fixed amnular



TABLE 1

Physical Properties of Tributyl Phosphate

Chemical formula
Molecular weight
Color
Odor
Refractive Index (20° C,)
Viscosity
25° ¢,
85° C.
Boiling point
760 mm Hg
15 mm Hg
1 mm Hg
Specific gravity at 25°’C;
Freezing point
Flash point, cleveland open cup
Dielectric constant
Solubility in water at 25° C,

Solubility of water in TBP at 25° C.

3.41

0.8

(Cylig) 5 POL
266

Water White
Mildly ﬁweet

1. 4345

centipoises

centipoises

287° C.
173 C.
121° C.
0.973

80° ¢.
145° Q.
797

0,6 vol, %

7 vol. %



interfacial area.

6Ok1 = 6.76 x 10'6[Ré1 + _éﬁ? Réz} ;°65+ 1. (2)
v i

where:
kl is the film maés transfer coefficient of phase 1
V1l is the kinematic viscosity of phasg 1
Rej is the Reynolds number of phase 1
[il is the viscosity of phase lo‘

In later studies Lewis (27,28) measured the overall mass transfer
coefficient of various solutes in his s%irred cell. He found that in
some instances,. when a solute was transferred across a liquid~-liquid
interface, the experimental overall transfer coefficient did not agree
with the transfer coefficient predictedby using his previously developed
film transfer coefficient correlatiqri° In these cases the experimental |
coefficient was generally lower than the theoretically predicted value.
In order to test the concept of additivity of film resistances for inter-
phase solute transfer between two liquids, Gordon and Sherwood (21) used
a stirred cell with a fixed interfacialvarea; In Gordon and Sherwood's
cell the stirrers were not independentiy adjustable as in the cell de-
signed by Lewis.

The equations giving the overall mass transfer coefficients from

the film transfer coefficients are given below.

1. 1, . (3
Kog ~ ks /7 ku
1 1 1. (4)



Kog is the overall mass transfer coefficient of phase s

Kow 1s the overall mass transfer coefficiént of phase w

kg is the film mass transfer coefficient of phase s

ky is the film mass transfer coefficient of phase w

m is the slope of the equilibrium relationshiﬁkfetween phase

s and phase w.

Since there was a disagreement between the experimental and predicted
overall mass transfer coefficient, Lewis (27) postulated the difference
might be due to an interfacial resistance to mass transfer. Lewis then

defined this resistance, 1/kp, by the equation given below.

(5)

S S S S
kp  Kos kg Ky .
where:
ks and kw are calculated from Lewis's film transfer coefficient
correlation.

Blokker (6), using a stirred cell similar to the Lewis cell, studied
the transfer of various solutes across liquid-liguid interfaces, and
confirmed the interfacial resistance to transfer as reported by Lewis.

An improved film transfer coefficient correlation was derived by Mayer

(33) in his work using a stirred mass transfer cell.

kip . 0.00316(ReyRen)d LUz \1°21.6 +HL;\ 2:9(50)7® (6)

= Com | om



where:

L is the diameter of the stirrer

Dy is the diffusivity of the solute in phase 1

JL1 is the viscosity of phase 1

Scl is the Schmidt number in phase l,‘££_.
Mayer (34) also used his stirred mass transfer céf&-to study the effect
of surfactants on mass transfer rates. He found that minute quantities
of surface active material significantly reduces the mass transfer rate.
Mayer concluded that the interfacial resistance concept may be explained
by a surface clearing model on the basis of the hydrodynamics of the
mass transfer process and the strength of the interfacial film.

McManamey (38) using a stirred cell, ﬁeésﬁred an interfacial reéiéf-
ance to mass transfer of inorganic nitrates between water and n-butanol
and found that the interfacial resistance did not vary with the time of
contact of the phases.

Olander (41) used a cell similar to Lewis's, to study nitric acid
transfer between water and tributyl phosphate. Olander (41) developed
a film mass transfer coefficient model for his cell which has the follow-
ing form.

52" _o.o6 L) 067 @
- 208 [

-— Ve

'k
L-U - . X 4

where:

(/= stirrer speed in radians/sec

A hydrodynamic model of mass transfer was developed by Olander.

This model predicted the mass transfer coefficient to be proportional
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to the square root of the Reynolds number and the diffusivity raised to
the 2/3 power. The model was shown to be unrealistic by Looseﬁore and
Prosser (32). In order to bring the model into agreemept with Lopsemore
and Prosser's data, Olander (44) modified the original model. Recently,
Olander (43) studied the effect of the driving force on the transfer of
nitric acid between water and tributyl phosphate. He found that the rate
of transfer of nitric acid increased with decreasing dri%igg force and
that tge data agfeed with the Sternling and Scrdin,modelibf interfacial

turbulence (49).
Transfer of U0z (NO3), across the Water-IBP Interface

Lewis (29) in his studies of solute transfer across liquiduliquid
interfaces investigated the transfer of uranyl nitrate across the water-
tfibutyl phosphate interface. He found that the experimental mass trans-
fer coefficients were initiall& higher than thosé predicted by his film
transfer coefficient model, but after é,short period of time an inter-
facial resistance to transfer appeared. Hahn (24) studied the transfer
of uranyl nitrate across a fixed interface in a non-stirred piece of appa-
ratus. He found that the transfer was initially higher than could be
_ calculated from diffusion coefficients. Murdoech and Pratt (40) investi-
gated the transfer of uranyl nitréte between water and methyl isobutyl
ketone in a wetted wall column and found that the rate of transfer was
partially determined by diffusion and partially by interfacial resistance.
The aqueous phase film mass transfer coefficient was fou§d to vary as the
square of the uranium concentration. Murdoch and Pratt concluded that

mass transfer rate was controlled by a third order chemical reaction at

the interface.
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Burger (8) has studied the transfer of uranyl nitrate across the
water-tributyl phosphate interface in a stirred cell similar to the
one used by Lewis. Burger's cell differed from that useé by Lewis by
having vertical baffling to improve mixing of the phasés. He found ﬁhat
the rate of transfer was initially quite rapid but decreased as equilib=-
rium was approached and that the extraction rate was dependent upon the
degree of stirring of the phases and on the concentration of the trans-
ferring solute. Keish (26) using a very small cell with extremely fast
stirring concluded that the transfer was chemical reaction Qontrolléd,
with the formation of the uranyl nitrate-TBP complex in the organic phase
the rate controlling step, and that there was no interfacial resistance ’
tb mass transfer.,

Chester (10) studied the steady-state transfer of uranyl nitrate
between water and tributyl phosphate and was able to obtain point analyses
up to the 100 Y of the interface by using a photographic photometer. He
concluded that there is no hindrance or interfacial resistance at the
interface and that the kinetic data reported by other investigators are
simply diffusion measurements in apparatus.having varioué interfacial
areas and degrees of mixing.

There is no general agreement concerning the mechanigm of transfer
of uranyl nitrate between water and TBP, Lewis (29) and Burger (8) found
the transfer rate decreased with time. Burger attributed this decreage
iﬁ transfer rate to a buildup of an interfacial resistance. Murdoch
and Pratt (40) found evidence of an interfacial resistance and also cqh-:
cluded that the rate of transfer was controlled by a third order react-
ion. Keish (26) did not find an interfac%al barrier, but concluded that

i

the transfer rate was controlled by the férmation of the uranyl nitrate-



12

TBP complex. Chester (10), on the other hand, could not find any evidence
of either a slow chemical reacéion at the interface or of an interfacial

resistance.
Interfacial Turbulence

During his study of thertransfer of uranyl nitrate between water
and tributyl phosphate, Lewis (29) observed in some instances an inter-
facial turbulence occurred at the interface. This was particularly notice-
able when the tributyl phosphate had been purified by distillation. In
these cases the mess transfer coefficients were abnormally high. Sherwood
and Wei (50) observed many 1iquid-1iguid{$yétemspwhinhcdemons%rated.sponta-
neous emulsification and strong agitation of the interface even when there
was ne stirring of the phases.

Sternling and Scriven (49) presented a mathematical model, starting
from the Navier-Stokes equation, which may qualitatively predict the
occurrence of interfacial turbulence. The theory assumes the origin of
the disturbance is due to random local varietione of the interfacial ten-
sion with solute composition produced by eddy currents neaf the interface.
This variation of interfacial tension along the interface céuges a twitch~
ing of the interface which may either damp out or cause reinforcement of
the initial disturbance. The conclusion is primarilj dependent upon the
ratio of the viscosities and the diffusivities of the two phases and the
magnitude and sign of the variation of the interfaciai tension with com-
position.

Olander (41), in his study of nitric acid transfer from water to
tributyl phosphate, found the mass transfer coefficients to be higher

than usual in the instance where the Sternling and Scriven model predicted
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the occurrence of interfacial turbulence. It was recommended by Sternling
and Scriven that experimenters report observations of the phase interface‘
with their data and that the direction of transfer, and cogcentration
‘level be noted. In addition, it was recommended that the viscosities,
diffusivities, and the variation of igterfacial tension with solute con-

centration be estimated or measured.



CHAPTER III
THEORY

In extraction of a solute across a liquid=-liquid interface two in=-
soluble phases are contacted to permit diffusion of the solute between
the. two phases. This process is more complicated than simple diffusion
in liquids since diffusion occurs in both phases simultaneocusly. Fur-
thermore, in order to properly interpret the process the equilibrium
distribution of the solute must be employed.

At a fixed temperature a definite equilibrium exists where there is
no net diffusion of the solute between the phases. The equilibrium
relationship is generally shown graphically by plotting the equilibrium
concentrations of one phase against the other phase. If the system is
not in equilibrium, diffusion will occur in such a manner as to bring the

system to equilibrium conditious.
Two=Fiim Theory

The most widely used theory of interphase mass transfer is the
Whitman two-film thecry (52). Consider a sclute, A, diffusing across
the interface from phase W to phase S. Since A is diffusing from phase
W to S, concentration gradients must exist in each phase in the direc-
tion of diffusion. The theory assumes that the concentration gradient

must overcome a diffusional resistance within a thin laminar layer

14
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at the interface in both phases. Figure 1 shows the concentration gradi-
ents in terms of the distance through each phase.

The average concentration of A in the bulk of phase w is Cw and
falls to Cwi at the interface. In phase s the concentration falls from
Csi at the interface to Cs in the bulk of the ligquid. A further postu-
late of the two-film theory is that the two phases are in equilibrium at
the interface and that there is no resistance to solute transfer at the
interface.

It should be noted that there is a point of discontinuity of the
concentration gradient at the interface, and that the discontinuity would
still exist even if the two phases were in complete equilibrium. This
point of discontinuity is due to the fact that for two phases in equilib-
rium the concentrations are not equal, whereas the chemical potential of
the two phases are equal. Therefore, if chemical potentials are used in-
stead of concentration units, a continuous gradient would exist at the
interface. ) :
discussed

The concentrations diéswessed above may be represented by points on
the equilibrium diagram (Figure 2). The coordinates of point B are the
average bulk solute concentrations in the two phases while the coordi-
nates of point C are the concentrations of the solute at the interface.

When the system is at steady-state, a mole of solute A diffuses
into the body of phase S for every mole of A wﬁich diffuses from the
bulk of phase W to the interface. Letting N represent the moles of
solute transferred per unit time per unit area and letting the driving
force be represented by the departure from equilibrium, a mass transfer

rate equation may be written for each phase and equated.

N, = kw(Cw - cwi) = ks(cSi - cs) (1)
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where:
k, = individual film coefficient for phase w
kg = individual film coefficient for phase s

The slope of the line BC in Figure 2 may be obtained from Equation
(l)o

Slope of BC';‘bsi ~ Cgq =‘h;”ﬁw - i (2)

Thus, if kg and k, are known, the value of Cgj and Gy and’ the rate
of traﬁsfer, N, may be obtained by simultaneously solving Equation (2)
along with the equilibrium relationship, Cgi = f(cw).

The individual film coefficients defined by Equation (1) can not
be experimentally‘'determined  since it is not physically possible to
measure the interfacial concentrations. Therefore, since the average
bulk concentrations may be readily determined, overall mass transfer

coefficients are defined by the following equation.

N = Koy (Cy - C%) = K, (CE - Cs) (3)

where:
Kow = overall transfer coefficient for phase w
Kog = overall transfer coefficient for phase s
Cy = concentration of Cy which is in equilibrium with Cg
Cg = concentration of Cg which is in equilibrium with Cy,

The overall coefficients account for the diffusion resistances in

%

both phases. The values of Cg* and C,* are shown in Figure 2 apd the

overall driving forces, (Cy ~ Cw*) and (Cg* - Gg), -are shown as A Cyo
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and A Cgorespectively.
The relationship between the overall and the individual film mass
. transfer coefficients may be obtained from Equations (1) and (3). First

to find K, . &8 a function of ks and ky rewrite-Equation 3 as follows
Kog (%)

Next add and subtract Cgy from the right hand side of Equation 4 and

regroup the terms

N — (Cg* = Cg3) + (Csi - Cg)
,;K9§u ; i (??
Now from Equation (1) the following expressions are obtained.
Cesi = Cg = N . (6)
ks
CS* - Csi = N (C'S* - csi) (7)

kv Ty = Cyp).

Substituting Equations (6) and (7) into Equation’{(5) and dividing

both sides by N yields:

1. 2 (og* -Csi) 1
K T ky ik
os V. TCy = Cy) s (8)
Let:
H = (CS* - Cs]_) (9)

(Cw - Cwi)



Then:
1l H 1 '
e “RCCTR a0

Following the above procedure it can be shown that:

e W S
KOW .E; 'Hiks (11)
where: \
’
K = (csi - Cs) (12)
2cwi - Cwﬁf\

It should be noted that in this derivation the usual assumption of
the equilibrium relation being linear was not required. In general H and
H' are not equal. H and B’ are the slgpes of thechords connecting the
points (Cgj, C,;) with (Cg*, C,) and (Cg, C,*) respectively. When the
equilibrium relstionship is linear, H and H' are both equal to the slope.
of the equilibrium line.

In two-film th'ebry, the transfer is assumed to be contrdlled by
'mblecular diffusion and the film mass transfer coefflcient 15 equal to

the diffusivity divided by the effective film thickness, oL

k, = D (13)
kg - D5 - Coaw

0

Equations (13) and (14) are obtained by assusing that the liguids
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on both sides of the interface are static.

Higbie (25) has developed a theory of interphase mass transfer which
he named penetration theory. This theory is based on the concept of
unsteady-state penetration of a solute into a liquid during its time of
exposure to a diffusing solute. The film coefficients in this case are
proportional to the square root of the diffusivity instead of the dif-
fusivity as in classical film theory.

In two=film theory the two phases are assumed to be in equilibrium
at the interface as discussed above. Recently, Abramzon and Ostrovskii
(1) have questioned this assumption. They note several instances where
investigators have found marked discrepancies between measured and theo-
retically calculated quantities of materials transferred between two
phases in both gas absorption and liquidwliQUid extraction. Although
Higbie (25) accepted the assumption of equilibrium at the interface, he
noted discrepancies between measured and calculated quantities of CO2
absorbed in water.

When the bulk of the fluid is not static, eddy diffusion must be
considered along with molecular diffusion. The combination of the me-
chanisms of molecular and eddy diffusion is generally called convective
diffusion. In convective diffusion it is assumed that the liquid may be
nominally divided into two regions. The first region has a constant
concentration and is far from the interface while the second region has
a rapidly changing concentration in the immediate viecinity of the inter-
face. Since there is a high concentration gradient in this second re-
gion, molecular diffusion must be taken into account and, therefore, the
region is termed the diffusion boundary layer. Levich (31) has shown

that the diffusion boundary layer is about one=tenth of the Prandtl
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hydrodynamic boundary layer.

When turbulent flow occurs there are four regions to be considered
for diffusion across an interface (Fig. 3). First, far from the inter-
face, a turbulent zone occurs in which the concentration remains constant.
In the next zone, the turbulent boundary layer, both the average concen-
tration and the average fluid velocity decrease very slowly and both
momentum and material are transported by turbulent eddies. Closer to
the interface is the viscous sublayer where the eddies become so small
that momentum transfer is controlled by molecular viscosity; however,
solute transfer is still controlled by eddy diffusion. Finally, very
close to the interface molecular diffusion becomes the controlling me=

chanism of solute transfer.
Interfacial Resgistance

Several investigators (6, 28, %3%) have observed an interfacial re-
sistance to mass transfer in some systems. Lewls (28) defined the inter-

facial transfer coefficients, krs9 for phase s as:

N=k (C* ~C,) (135)
In this case ngzis the solute concentration which would be in
equilibrium with Cwi’ the w phase interfacial concentration. If krs is
very small, indicating a very small resistance, Csi and Cwi are in equi-
1ibrium as assumed in two=film theory. When an interfacial resistance
occurs the equation for additivity of film resistances is different from
Equation 10. Following the procedure used above the following expression

can be derived.
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1

oS w s rs
where:
(C ,* - C *)
H = si S
(¢c. ~-C) (17)
wi W

The existence of interfacial resistance to mass transfer has been
disputed by Abramzon and Ostrovskii (2). Both Chester (10) and Keisch
(26) were unable to detect any interfacial resistance to the transfer of
uranyl nitrate between TBP and water. Ward and Brooks (51) were unable
to detect interfacial resistance for the transfer of the lower aliphatic
acids between water and toluene., Thus, there does not seem to be any
general agreement on the existence of interfacial resistance to interfa-
cial mass transfer.

When the equilibrium relationship is based on activities, there is
no point of discontinuity at the interface. The equation defining the
activity based mass transfer coefficients for transfer from phase w to

phase s is given below.

N = k'w (aw - awi) = k's(asi -a ) (18=)
=K' (a -a)=K' (a «a) (18v)
os w 3 aow S

where:
a, = activity of phase w
B = activity of phase w at the interface
a = activity of phase s
a , = activity of phase s at the interface

si
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The values of K'ow and K'os are equal when the driving force is
expressed in terms of activitles, and the relationship between the indi-
vidual coefficients and the overall coefficient becomes:

1 1 1 1

U "IN (19)
0 ow W s

8

Interfacial Mass Transfer in Stirred Cells

Lewis (27, 28, 29) studied the unsteady-state mass transfer of sol-
utes across liquid~liquid interfaces in a cell where the degree of turbu-
lence and the interfacial area were accurately controlled. Initlally, he
investigated the rate of saturation of partially miscible binary systems
in order to determine individual film mass transfer coefficients. The
effect of turbulence and diffusivities on the individual coefficients
were studied. The interfacial area in the stirred cell was restricted to
an annular gap between a central baffle and a circumferential wall baffle
in order to minimize cavitation and irregular wall effects.

For a binary system the rate of transfer is given by:

N = kA (C* - Ci) (20)

where:

N = moles transferred per unit time
A = interfacial area

K = film mass transfer coefficient
Ci = interfacial concentration

C = concentration in the liquid

C* is essentially equal to the saturation value.
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The rate of transfer is also given by:

N =_dC
-l (21)
Where: v = volume of the liquid.
Therefore: ‘ =
:k = Vv ac ’
K [(c* = ¢)at ] (22)

Integrating and applying the initial condition ¢:-= 0 at t = o gives:

-k = v ‘1‘1[6.0-"] (23)

The results of several binary systems were correlated by the follow-

ing equation.

60 K, . 6.76 x 10°° [ne, . gzne,_]l-fﬁ .1

U '
where:
Re = Reynolds number for mixing, NLZ
. ) v
U = Kinematic yiscosity

#

;L Viscoaity

This correlation shows the individual coefficients to be independent
of the diffusivities of either phase and is gnly dependent on the Reynolds
number and the viscosities 6f either phase.'.

Olander (41, 43) used a mass tranafer cell, similar to the one built

by Lewis, to study interphase transfer across the water-tributyl phosphate
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interface. A gorrelation for film coefficients was developed and is pre-

sented below.

k= 0,046 [(J) O7(s;) "M (25)
v v
where:
(/ = stirrer rate in radians per second
S = Schmidt number

This correlation states that the individual coefficients are pro-
portional to the O.44 power of the diffusivity and to the 0.67 power
stirring rate. ;

Mayers (33) used a modified Lewis type cell and developed an improved
correlation for individusl coefficients using both his and Lewis' data.

The correlation proposed by Mayers has the following form: .~

gL 0.00316(Re Rey)” \;L§)1:9(o;6 » Ua) 2957
where: L is the stirrer diameter.

This correlation predicts that the individual coefficiénts‘ﬁre pro#
portional to the 1/6 power of diffusivity and to the 0.5 power of the
product of the Reynolds number in both phases.

A hydrodynamic model of mass transfer in a stirred extractor was
developed by Olander (42). In the model the stirred extractor was an
unbaffled cylindrical vessel with. equal volumes in the two phases with

stirring provided by rotating stirrer bars connected to a common

shaft. Olander defined two parts of the interface as the core, the area
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within the vertically projected sweep of the stirrer, and the annulus.
The model was derived by starting with the Navier~-Stokes equation and
Ficks second law of diffusion. The conclusion was feachedvthat there was
essentially no transfer across the core interfacial region. The model
had a form very similar to Olander's previously developed correlation.
b =0k (W) 7).
R v

The assumption that there was no massﬂtransfer‘in'the'core region
of Olander’s model was disputed by Loosemofe and Prosser (32) after com=
paring the model to eXp;rimental data, Olander (4&) later modified the
model to include transfer in the core region of the imterface. This |
model agreed with the data of Loosemore and Prosser.

It is interesting to note the effect of diffusivity on the individ-
ual film mass transfer coefficients as presented by the various correlat-
ions. According to classical film theory, the coefficiéhts should be
directly proportional to diffusivity while penetration theory predicts
a square root dependency. There appears to be no general agreement among
investigators on the effect of diffusivity. The effect reported varied

from no dependence to the 0,67 power of the diffusivity.

Table II gives the dependency of the individual film goefficients
on the diffusivity in the various published correlations.

Lewis (29) has studied the unsteady-state transfer of uranyl nitrate
across liquid-liquid interfaces using dibutoxy diethyl ether, methyl iso-
butyl ketone, and 20% tributyl phosphate solutions as solvents. The

experimental overall mass transfer coefficients were compared to the



TABLE II

Effect of Diffusivity
on
Film Transfer Coefficients

Power dependency References
of D on ‘
film coefficients

0 Lewis
1/6 o Mayer
0,37 McManamey
0. bk Olander
0.5 Gordon and Sherwood

0.67 Olander

(27)
(33)
(38)
(41)
(21)

(42)

29
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values predicted by Eguations (10) and (20). Some systems gave larger
values than predicted and in these cases interfacial turbulence was obw
served. In other systems there was initially fair agreement between the
calculated and observed values; however, the experimental transfer rates
decreased with time. The decrease was proposed to be due to the build-up
of an interfacial barrier. The build-up of the barrier depended only on
the duration of the experiment and was independent of the concentration.
The experimental mass transfer coefficient was calceulated by graphically

integrating the equation:
N=Vs> =K A(C* - C) (28)
o8 s 8

Burger (8) studied the transfer of uranyl nitrate across the water—
TBP interface in a stirred batch extractor which differed from the Lewis
type cell by having internal baffiing to improve mixing. The data ob-
tained were analyzed on the basis of reaction kinetics. Consider the

transfer of wranyl nitrate from the agueous phase to TBP,

-

vo_*t  + 2NO
3
(Ag)

+2 TBP, & - U0.(NO,), °* 2TBP
Q(Aq) {org) 2D

(org)

If the orgamic phase initially contains no uranium, then the initial

rate equation is:

= = k)" (29)

wheres



31

n is the reaction rate order and kl the forward rate constant.
After a short interval the reverse transfer must be considered and the

rate equation becomes:

dC

S n m
ol kl(Cw) = kQ(Cs) (30)

Here m is the order of the reverse reaction and k2 is the rate con-

stant. When m and n areunity Equation (30) becomes:

— =z k.C - kC (1)

Ky Cseg |
== (32)
2 weq
where:
C = equilibrium value of ¢
seq s
c = equilibrium value of ¢
weq W

Then Equation (26) may be integrated.

' dc
t =J[;—-——-———— (33)
lew - kQCs

Since in Burger's cell the volumes of both phases were equal, the

following equations may be written:

C =C =¢C (34)

w wo S
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and

Cweq = Cwo ~ Cseq (35)

QUsing Equations (32), (34), and (35), Equation (33) may be rewritten

as:

t = f dcs
k1(Cyo -Cg) - k1Cweq Cg (36)

_Cséq?
Integrating and applying the initial condition Ccg =0 at t = 0; and

rearranging gives:

ﬂn (Ggeq - Ca)) _ g.‘C.wq k1t {37)
Cseq Cseq

In his work Burger found that initially the transfer from water to
TBP followed first order kinetics, but the transfer rate decreased with
time. This effect was attributed to the blockage of the interface with
impurities.,

The effect of surfactants on the rate of transfer was inveétigated
by Mayer (34). He found that the presence of an interfacial film reduced
the rate of transfer by damping out the eddies coming from the stirrers
and by reducing the transfer of momentum acrésS‘the~interfacé° Lewis (29)
has investigated the buildﬁb\ of an interfacial film at the interface as
the mechanism for the bnildﬁp of an interfacial resistance in the uranyl
nitrate-water~TBP system. He concluded that the decrease in fransfer

rate with time could not be attributed to surface blockage,



33

Interfacial Turbulence

A mathematical model of interfaclal turbulence has been developed by
Sternling and Scriven (49). The model was developed in terms of classi-
cal flow, diffusion, and surface processes. It was proposed that ever
present, small, random fluctuations about an interface may cause the
onset of hydrodynamic instability, or interfacial turbulence.

Consider a solute diffusing from phase A to phase B, and assume a
small roll cell brings solute rich liquid from phase A towards the inter-
face and that another roll cell brings solute lean liquid from phase B
towards the interface (Figure 4).

When a disturbance is developing the rates of convection differ in
the two phases, being higher in the phase of greater kinematic viscosity.
Thus, the net change in solute content at point 1 will depend in part on
the viscosity ratio. In addition the net change in solute concentration
depends upon the ratio of the diffusivities of the two phases, since
molecular diffusion alters the composition of each roll cell as liquid
moves toward the interface.

Consider the case where the viscosity is higher in phase A and the
diffusivity is lower in phase A than in phase B. Then the convection
current is stronger in phase A and the concentration gradient is less
affected by diffusion than in phase B. This causes the upset to be
greater in phase A and the concentration at point 1 is increased. The
concentration at point 2 will be lower than at point 1 due tothe symmetry
and conservation of solute. Thus, variations in concentration are set up
along the interface. If, as in many systems, the interfacial tension

decreases with solute concentration, then the interface will stretch at
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point 1 and contract at point 2. This then causes a reinforcement of the
original disturbance. If the interfacial tensioh increases with solute
composition, then the interface will contract at point 1 and stretch at
_point 2 causing the original disturbance to be damped out. From this
analysis it is seen that interfacial turbulence is likely to occur when
a solute is being transferred out of the phase of higher viscosity and

lower diffusivity.



CHAPTER IV
EXPERIMENTAL APPARATUS

The experimental apparatus for this work consisted of a stirred mass

transfer cell with its flow lines and asuxiliary equipment.
Stirred Mass Transfer Cell

The mass transfer cell, shown in Plate I, was patterned after the
design of Burger. A cross-sectional view of the transfer cell is shown
in Figure 24. The cell was four inches high and two and one-eighth
inches in internal diameter. The cell was constructed of a four-inch
length of heavy wall glass tubing. In order to prevent leakage around
the gaskets at the ends of the cell, the ends of the glass tubing were
ground flat.

The bottom plate was machined from chne-fourth inch stainless steel to
a four-inch diameter and had two one-=fourth inch Swagelok fittings in-
stalled for the heavy phase inlet and outlet flow lines. The top plate
was also machined from one-fourth inch stainless steel to a four inch di-
ameter. This plate had four Swagelok cne-~fourth inch fittings installed,
two of which were used for upper and lower cell compartment sampling
probe tubes, the octher two fittings were for the light phase inlet and
outlet flow lines., Gaskets for the two end plates were cut from one-
sixteenth inch teflon. A three=fourth inch rod of polyethylene was machined

and press fitted into the top end plate for the upper stirrer bearing.

%6



PLATE I.

Stirred Mass Transfer Cell
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The mass transfer area was confined to an annular space of 0.75
inches inner diameter and 1.125 inches outer diameter., This annular
area was formed by a baffle ring and a center baffle. The baffle ring
was two and one-eighth inches in outer diameter and was machined from a
sheet of one-half'inch teflon. The ring was tapered to a one~fourth inch
thickness at its inner surface. The 0.75 inch center baffle was machined
from one-half inch teflon and serves as a bearing for both the upper and
lower phase stirrer. This center baffle is held in the center of the
baffle ring by six, one-sixteenth inch, stainless steel pins. Three ver-
tical baffles constructed of one-eighth inch teflon rod were used to pre-
vent swirling of the solutions in the cell.

The upper stirrer was constructed of one-fourth inch stainless steel
tubing fitted with two 2.86 cm by 714 cm thin stainless steel paddles at
right angles to each other. The lower stirrer was constructed from a
one-sixteenth inch stainless steel rod fitted with two stdinless steel
paddles of :the same size as: the upper stirrer paddles.

A two and seven-eighths inch glass jacket, which surrounds the glass
cell, was used for controlling the cell temperature. The lower stirrer
was operated by a G. K. Keller electronic controlled motor. A La Pine
variable-speed hollow-shaft cone-drive motor was used for operating the
upper stirrer. The height of the interface was controlled by adjusting
the height of the lower phase outlet line. The feed lines were con-
structed of glass and one-fourth inch stainless steel tublng and all
joints were made with polyethylene tubing. The feed supply bottles were
allowed to siphone into constant head feed tanks at a rate approximately
equal to the feed flow rate. The flow rates were controlled by one-

fourth inch Ideal needle valves. Matheson rotameters, Tube No. 602, were
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used to indicate the flow rate. A flow diagram of the apparatus is shown
in Figure 5. Detailed drawings of the cell components are presented in

Appendix D,

Congtant Temperature Bath

The constant temperature bath consisted of a glass cylinder twelve
inches in diameter and twelve inches high surrounded by cork insulation
and was inserted in a wood box. A Lionel Type TRC, AC-DC motor was used
for the stirring of the watsr bath. The speed of thls motor was con-
trolled by a Superlor electric type 116 powerstat. A Cutler-Hammer model
15053H114A, 500 watt immersion heater was controlled by a Fenwal adjust-
able controller. A copper cooling coil was immersed in the bath and an
Bastern model 100 punp was used for eireulating the cooling water. The
cocling water was coocled to 15° C. by a Laird Engineering Company refrig-
eration unit. This arrangement allowed the constant temperature bath to
operate at 25 ¥ 0.3° C.

A small centrifugal pump was used to circulate water from the con-
stant temperature bath through the glass cell temperature jacket.
Stainless steel cclls were immersed in the temperature bath through which
the feed passed prior to entering the cell in order to ensure that the
inlet sclutions were at the same temperature as the solutions in the

cello.
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.TABLE II

Flow Diagram Equipment List

Heavy
Light
Heavy
Light
Heavy

Light

Héavy»

Light

phase
phase
phase
phase
phase
phase
phase

phase

feed container

feed container

constant head feed tank
constant head feed tank
overflow contaiﬁér
overflow container
rotameter

rotameter

Mass transfer cell

Constant temperature bath

Cell jacket water pump

Cooling water pump

Refrﬁgeration unit
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EXPERIMENTAL PROCEDURE
Purificafion of TBP

The tributyl phosphafe used in this work was commercial grade
purdhased from Commercial Solvents Corporation.  The tributyl phosphate
was purified by boiling one 1iter-of TBP with one-half liter of 0.5 molar
NaOH at total reflux for ten hours. The mixture was then allowed to boil
without refluxing for one hour. The resulting mixture was poured into a
three liter geparatory funnel and the aqueous NaOH solution decanted.
Next, the residual tributyl phosphate was washed with demineralized water
until neutral, as indicated:by litmus paper.

.The sglvent used for diluent was Amsco odorless mineral spirit§
(W~7) purchased fromMissouri Solvents and Chemicals Company. The physi-
cgl properties of the solv;nt are given in Table III, When the mixture
of 30% by volume tributyl phosphate in Amsco was mixed a water.emulsion
formed. This occurred because water saturated TBP holds abou£ 64 grams:
of water per liter while 30% TBP holds about eight grams per liter.

The emulsion was broken by filtering the 30% TBP solution.
Analytical Determination of. Uranyl Nitrate

The uranyl nitrate solutions were prepared from A. C. S. reagent

grade uranyl nitrate purchased from the General Chemical Division of

b2
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TABLE III

Physical Properties of Amsco Odorless Mineral Spirits

(W-7)
API Gravity at 60¢ F 54,5
Specific Gravity at 60° F - 7608
Aniline Cloud point, ¢ F 1845
Kari-Butanocl No., cc 27.0
Flash point, ° F 123

Allied Chemical Co.

Analysis for uranyl nitrate concentrations of both agueous and
organic solutions were performed by the potassium ferrocyanide method of
Dizdar and Obernovic (14), First, a volume of the solution to be analyzed,
containing between 1.20 and 2,38 mg. of uranium was pipetted into a 25 ml.
volumetric flask. Then about 10 to 15 ml. of demineralized water and 3
ml, of 10% potassium ferrosyanide solution were added. The volumetric
flask was filled to the calibration mark and the solution mixed by shakw
ing. The solution was allowed to stand for ten minutes to allow the
color to develope, and its optical absorbance was measured on a Beckman
DU Spectrophotometer at 480 myg The reference solution for the measure-
ments was demineralized water., A calibration curve was prepared by
following the abové proceduré using a standard 0.0l molar solution of
uranyl nitrate. The 0.0l molar uranyl nitrate solution was prepared by
weighing uranyl nitrate crystals on a Voland and Sons Inc. analytical
balance and dissolving in demineralized water in a volumetric flask.

The 30% tributyl phosphate-uranyl nitrate solutions were analyzed in the
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same menner, but the 25 ml. volumetric flasks were filled with water
until the interface between the aqueous and organic phases; reached the

calibration mark.
Equilibrium Distribution of Uranyl Nitrate

Uranyl nitrate distribution data were necessary for calculating the
mass transfer coefficients. The distribution data were obtained by the
following procedure: Different volumes of 30% TBP and aqueous uranyl
nitrate solutions were stirred for twelve hours with a magnetic stirrer,
or the two phases were shaken manually for ten minutes in a 60 ml. sepa=-
tory funnel. The phases were then allowed to separate and each phase
was analyzed for uranyl nitrate, The distribution data were fitted to a

polynomial using the least squares criteria on an IBM 1620 computer.
Unsteady-State Mass Transfer

The unsteady-state mass transfer runs were performed according to
the following procedure: First, the constant temperature bath stirrer
and the cooling water pump were turned on; then, the cooling water
refrigeration unit, the constant temperature bath heater, and the cir-
culating water pump were started. The temperature of the water bath-
was allowed to reach 25 * 0.3° C. Next, the lower and upper phase
stirrers wefe started and adjusted to the desired spaédso Then the
upper phase.stirrer was turned off. The aqueous phase solution was then
pipetted into the cell through the lower phase sampling tube until the
liquid height reached :the center of the annular transfer area. Then the
organic phase was pipetted into the cell through the upper phase sam-

pling tube. Care was taken in filling the upper cell compartment to
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avoid agitaéing the interface by directing the liquid stream onto the
fixed baffle ring. As soon as the upper phase compartment was filled,
the time was recorded and the upper stirrer started. One milliliter
samples of the aqueous and organic phases were taken at various time
intervals. In order to keep the tofal cell volume constant one milli-
liter of the starting feed solutions were added. This caused little
error since each cell compartment contained 100 ml. and at the most
seven samples were taken. After each run the cell was disassembled,
thoroughly cleaned, rinsed with demineralized water and allowed to

dry before reassembly.

Scme unsteady state runs were made with benzoic acid being trans-
ferred across the water;£oluene interface. In these runs the concen-
tration levels were so low that almost the entire cell content was
required for analysis. Therefore,.after a period of op@ration the

gtirrers were turned off and the cell quickly emptied.
Steady-State Mass Transfer

Steady state mass transfer runs were performed according tp the
foliowing procedure. The constant temperature bath was started accord-
int to the procedure given above. The feed bottles were put in place
and the constant head tanks were filled by siphoning the solution from
the feed supply bottle. The aqueous phase valves were opened and the
lower compartment filled. While the lower cell compartment was being
filled, the lower phase stirrer was started and its speed adjusted.

The stirrer speed was determined by timing with a stop watch 50 revolu~
tions of the stirrer motor shaft. If the desired speed was greater

than 100 rpm, a stroboscope was used. The height of the lower phase
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outlet line was adjusted to the approximate position required to maintain
the interface in the annular area. When the lower compartment was filled
the needle control valve was closed. Next the organic phaée valves were
opened and the upper compartment filled. While filling the upper cell
compartment, the height of the interface was controlled by raising or
lowering the agueous phase outlet line. When the cell was completely
filled the aqueous and organic feed control valves were adjusted to
provide the desired flow rates, with indication of the flow rate being
obtained from the rotameters. The upper phase stirrer was then startgda
Néxts the height of the interface was adjusted to the center of the
annular transfer area. Then the flow rates were checked by using a stop
watch to obtain the time required to fill a 10 ml, volumetric flask.
‘Thg flow rates were checked feriodically throughout the run and the
control valvés readjusted if necessary.

After three and one-half hours a sample of the phase having the
éreatest change in concentration was analyzed. Steédyastate condit-
ibgs were determined by analyzing samples every 15 minutes until three
consecutive readings were constant within the experimental error of the

analytical procedure.
Analog Computer Simulation of Transfer Cell

The mass transfer cell was simulated on a Donner Model 3400 Analog
Computero This simulation allpWed the éstimatiqnjof the time required
to reach steady state. Two experimental runs were compared to the
analog simulgtion uéing the experimental value of the mass transfer
coefficient.

The resistors and capaciters used for the simulation were 0.1%
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precision components and the potentiometers used were 10 turn helipots.

The following equations describe the physical sitﬁation and were pro-

gramed as shown in Figure 23.

where:

Xi

Xo :

Yi

Yo

Vde _ Fy(Xi - Xo) _ KoslYo - Y5) (1a)
-dt |

Vd¥o _ F(¥i - Yo) = Ky A(Yo - ¥*) (1b)
at

sguecus phase inlet concentration
aqueous phase outlet concentration
organic phase inlet concentration

organic phase outlet concentration



CHAPTER VI
RESULTS AND DISCUSSION
Equilibrium Distribution of Uranyl Nitrate

The uranyl nitrate distribution data were obtained as discussed in
Chapter IV. The fﬁo;methods:of!équilibrating the phases gave identical
resulté within the experimental error of determining the concentration
of uranyl nitrate. The equilibrium data were then fitted to a polyn6m~
ial equation on an IBM 1620 digital computer.

The data were correlated in two regions by the following equations.

Cs = 9.36 x 107 = 0,248C, + 10.4 G2 = 29.1C,> (1)
+ 23.76 Gyt
0 = Cy = 0.35M
Standard déviation = 0,00894 M
and for O.35M =(,; = 1.7M
Cg = 0.18%4 + .0,38Cy =~ 0.13C,2 (2)
Standard deviationi= 0.013M
The equilibrium distribution curve is shown in Figure 6. These data

agree quite well with the data reported by Burger (8).
Benzoic Acid Extraction

Transfer of benzoic acid between tdluene and water was performed
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in the mass transfer cell in order to compare the cell with the ones
used by Blokker (6) and Lewis (28), and also to become familiar with
the operation of the cell. The benzoic acid concentrations were deter-
mined by titration with NaQH° The progcedure for the gpsteadyfstate
transfer of benzoic acid is discussed in Chapter IV,

When the Whitman two-film théory is applied to unsteady—gtate nass

transfer the overall mass transfer coefficient is defined as:

dc¥ |
KOW' = ‘[(Cw - Cy_\_[) (3)
Ay

v

The mass transfer coefficients were evaluated by graphically inte- -
grating a plot of 1/(Cy - CQ)-versus Cue

Initially, several runs were carried out to learn how to properly
operate the apparatus° Next the effect of stirring rates was studied.
An upper stirring rate of 43.5 rpm was chosen as this was the maximum
rate at which no visible motion of the interface was observed. The
lower stirring speed was then varied and runs of two hours duration were
carried out. The concentration of theAaqueous phase after two hours of
operation was plotted versus the stirring rate (Figure 7), in order to
determine the aqueous phase stirring rate at which the rate of mass trans-
fer becomes independent of the stirring rate. The mass transfer rate
increased with the stirring rate, becoming relatively constant at stirring
rates greater than 70 rpm.

A series of runs were then performed with stirring rates of Lz, 5
rpm and 70 rpm for the upper and lower stirrers respectivelyo Table V
gives a comparison of the experimentally determined mass transfer

coefficient with the data reported by Lewis (28) and Blokker (6).
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TABLE V

Unsteady-State Transfer of Benzoic Acid

Concentration.
(toluene phase)
gm/1

initial final
2.0 l°85
2,0 1.79
1.95 1.86
2.04 1.94
2,00 1.77

(Aqueous phase)
1.5 1.081
1.79 1. 460
0.62 Ow45

1.5 0.5

Benzoic Acid

Transfer direction -

Toluene to Water

ft "'

1" 17"

e "

Water to Toluene

" "

" 1"

KOW
x 10°

cn/sec

1.06
1.11
1.30
1.17

0.73

0,996
1.77
1.08
0.6k
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Reference

This work
This work
Lewis (28)
Lewis (28)

Blokker (6)

This work
Lewis (28)
Lewis (28)

Blokker (6)
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Several steady-state mass transfer runs were performed Qith trans-
. fer of benzoic acid from toluene to water to bgcome famiiiar with the
steady-state‘operating procedure of the cell.

Since the interface was observed to be in visible motion at organic
phase stirring rates greater than 42,5 rpm, producing an unknown inter-
facial area, the stirring rates used in these runs were 43,5 rpm and 70
rpmforifhe toluene and aqueous phases respectively.

The mass transfer coefficients for steady-state operation were cal-

culated from the following equation.

Kow =Fw_ (Cyn - Cwi) (4)
oW T M

Table VI presents a summary of the results of the steady-state runs.
The mass transfer goefficients for these steadyfétate runs were lower
than the values obtained for unsteadywstatém Tables V and VI are not
airectly'comparable, since the driving force and concentration levels were

continuously changing in the unsteadyéstate runs.
TABLE VI

Steady-State Transfer of Benzoic Acid

Flow Rates Benzoic Acid Kow
cc/min. : concentration cm/sec
(toluene phase) :

- gm/1 x 105

Toluene Water in "~ out
20,13 2.05 1.5 1.39 0,817
2.00 2.00 1.5 1,388 0,820
1.66 1.70 - 1.5 1.368 0.828
1.31 1.37 1.5 1.340 0.853

A comprehensive investigation of'the toluene-benzoic acid water
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system was not undertaken,; since the main object was to compare the mass
transfer cell with cells used by Blokker (6) and Lewis (28) and to ﬁecome
familiar with the operating characteristics of the Cell. The unsteady-

state mass transfer coefficients obtained compare fairly well with those

reported by Lewis (28), but were higher than those reported by Blokker (6).
Unsteady~State Transfer of Uranyl Nitrate
Between Water and TBP

The unsteady-state transfer of uranyl nitrate across the water-TBP .
interface was undertaken to check the results of Burger (8) and Lewis
(29). These runs were performed according to the pfocedure discussed in
Chapter IV, &Several runs were made with the aqueous stirrer set at 75
rpm and an organic stirrer rate of 60 rpm. Since the 30% TBP solutions
were rather viscous, the organic phase stirrer could be Operated at
stirring rates higher than those used for the benzoic acid-water=toluene
system, The data were compared to Burger'’s work.

Burger analyzed his data on a kinetic basis. If the transfer is

assumed to follow first order kinetics then the following equation applies.

in Egseq - Cs) . Cuo k1t (5)

Cseq Cseq

Thus, a plot of ln(Cseq - CS) as a function of t should yield a

Cseq
straight line. Applying the above equation, Burger found that an initial

linear relationship was obtained and that the rate of transfer decreased
with time.

The unsteady-state data in this work were initially compared to
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11:1(0Seq - Cs)

Burger's results by plotting versus time. Figure 8 shows

a typical result. It is immediatei;qnoted that the rate of transfer ob-
tained is considerably less than that obtained Burger, however, a tailing
off of the transfer rate with time, similar to that found by Burger, is
observed. The discrepancy between these results and Burger's data is
probably due to the difference in geometric and dynamic similarity be-
tween the two transfer cells, since the degree of turbulence depends on
the stirring rates, the cell geometry., and the cell baffling. Table VII
presents a comparison of the volume to surface area, ratio of the cell

diameter to stirrer diameter, and the stirrer width to stirrer diameter

for the two cells.

TABLE VII

GHEOMETRIC COMPARISON OF CELL USED
IN THIS STUDY AND BURGER'S CELL

This work Burger
Volume/surface area, cm. 2h 6 19.45
Cell diameter/stirrer diameter 1.89 1.588
Stirrer width/stirrer diameter 0.36 0.6

Two runs were made where the organic phase volume was reduced to
65.7cc to decrease the volume to surface area in an attempt to increase
the apparent rate of transfer. The results of these runs are shown in
Figure 8. Although the transfer rate was increased, the results were
still low in comparison to Burger's data.

Purther unsteady-state runs were made on the transfer of uranyl ni-
trate from water to TBP, in order to check for build-up of an interfacial
resistance with time as reported by Lewis (29). In most of these runs
stirring rates of 150 rpm and 175 rpm were used fo: the aqueous and

organic phases, respectively. These stirring rates of 150 rpm and 175
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rpm were chosen, since they were the limiting stirring rates above which
the interface was observed to be disrupted and in violent motion. Indi-
vidual film mass transfer coefficients were calculated using the correl-
ation developed by Mayer (33). A theoretical overall mass transfer coef-

ficient was calculated by using the equation for additivity of film

resistances.
Kl = i + i (6)
OSTheor. ¥ s
wheres
H = * '
= %si - % (7)
cwi iad CW ’

The experimental mass transfer coefficient was calculated from the

equation.

dCq
fcs. - Cg (8)

Ay
V

KOS

An apparent interfacial’ resistance may then be calculated from the

following equation:

U SR ©)
krs Kos Kos Theor.

These calculations were carried out on an IBM 1410 digital computer.

In addition, a point mass transfer coefficient was calsulated by the fol=-

o

lowing equation.
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4ac
K' - S 1 )

os dt 'C * - C (10)
S S

E

Table VIII presents the results of these runs. In some cases a
negative interfacial résistance was obtained, indicating more rapid
transfer than that predicted by the individual film correlations reported
in the literature. This could be due to: (1) High transfer rates from
turbulence induced in filling the cell, (2) Interfacial turbulence during
the early stages of extraction, although transfer was in the opposite
direction to that in which turbulence would be predicted, and (3) inap-
plicability of the correlations to predict the individual film coeffi-
cients in the cell used in this study.

The mbst probable cause for the calculation of a negative interfa-
cial resistance is the inapplicability of Mayer's correlation (33) to
adequately predict film coefficients in the mass transfer cell used. In
the next section, the effect of stirring rates on the mass transfer coef-
ficients is shown to be much larger than that predicted by Mayer's corre-
lation. Even Lewis (29) has reported the calculation of a negative
interfacial resistance during the early stages of transfer of uranyl
nitrate between water and TBP. The effect of turbulence generated in
filling the cell should lead to negative interfacial resistances only
durirg the first five to ten minutes of cperation. Thus, it is concluded
that the negative resistances are due to the use of inadequate correla=
tions. The overall point mass transfer coefficients were lower than the
integral coefficients. This is probably due to the féct thaf thege ccef-
ficients were evaluated by using %;§u Therefore, the point coefficients
were not greatly influenced by turbulence generated in filling the cell.

The decrease of the mass transfer coefficients could be caused by an



TABLE VIII

Unsteady-State Mass Transfer Coefficients for Uranyl Nitrate

from Aqueous Solution into 30% TBP-Amsco

Uranyl Nitrdte Stirrer Speed

Toncentration. = Agweous  Organic

B o ha ’
Aqueous Organic
Phase, Phase,

M M

03 0.0 214 250
1t " £t L3}
" 1" " "
E1) o u ]
11 (1] " 11
[i] (] [ 1] 1"

0.3 0.0 155 176
L) ] " " [} ]
" " 1" "
" 1" " "
1" [ 1] ” 1"
" " 1 "
" “w ” "
” 1 1] " ”

0.3 060 154 173
" i) " "

o " " "
11 [ it t

Time
(min).

8
16
25
38
55
80

10
20
30
L5
75
123
180

10
20
36

Caleplated Experimental

Overall Mass .
Transfer
Coefficient
X1l
cm/sec

1.352

"
L]
”
"

- 09657
]

"
"
"
"
"
"

09574

Integral
Mass Transfer
Coefficjient

X1
cm/sec

2,165
1.951
1.719
1,432
1.244
1,151

1.218
0.738
0,518
06433
D428
0.386
0.324
0,317

1.860
1.418
0.958
0,785

Interfacial
Resistance

sec/cm

-2.775 x 102
-2.269 x 102
<1.579 x 10
4,109 x 10
6,396 x 10
1.288 x 102

~2,151 x 102
3,196 x 10
809141"' X 102
1.273 x 103
3,303 x 1
1.556 x 10%
2,051 x 10
20111 X 103

~5,068 x 10°
~3,392 x 10°

=0.733 2
2,288 x 10

...Hypothetical Experimental

Point
Overall
Coefficient
X 103
cm/sec

1.618
1.538
1.425
1.198
0,847
00,212

0,397
00,393
0,384
0.374
0.362
0.321
0.264
0,182

0,622
0.602
0,572

64



TABLE VIT (continued)

Ufanyl Nitrate Stirrer Speed Time Calculated Experimental Hypothetical Experimental

Concentration = Agueous  Organi¢ (min) Overall Mass Intergral Interfacial Point
< ss < s Phase, Phase, Transfer: . Mass Transfer Resistance Overall

Toitial Initial  “ooy RPM Coefficient  Coefficient ¢ Coefficient

Aqueous Organic X1 X 10 sec/cm X1

Phase, Phase, cm/sec cm/sec ‘ cm/sec
M M ‘ |
0.3 0.0 154 173 58 0.957k4 0.656 4,798 x 10° 0,524
" “ " " 80 " 0,510 9,199 x 102 0.456
s " " " 120 " 0,507 90269 x lO2 0.354
" " " " 180 " 0.k52 1,168 x 103 0,144
0.5 0.0 154, 175 11 1,011 3:98% -7.380 x 10° 0,702
" " " " 20 " 2.287 ~5.512 x 102 0,674
" " " " 35 " 1069)4, _30987 x 102 096}4,3
" " " " 55 " 1.145 -1,158 x 102 0,576
" " " " 81 " 0:861 1,728 x 107 0,491
" " " " 180 K 00645 5,610 x 102 0,307
0.5 0,0 148 176 5 0,991 4,090 -7.614 x 102 0,928
" " " " 10 " 2,277 =5.668 x 10° 0,904
" " " " 20 " 1.587 3,762 x 102 0,865
" " " " 35 " 1,204 “1.751 x 102 0,798
" " " " 55 " 05865 1,197 x 103 0,672
" " " " 81 " 05779 2,763 x 10 00547
" " " " 120 o 0:574 7,360 x 10° 0,221
" " " " 180 K 05531 8,750 x 107
005 0,0 147 175 5 0.9879 5,908 =8,430 x 102 1,161
" " " " 10 " 3,248 7.0k x 102 1,137
" " " " 21 " 2,010 25,48 x 102 1,096
"' " . " 36 ” 1.543 23.655 x 10% 1.035

“ “ " " 55 " 1.180 ~1.651 x 102 0.933

09



TABLE VIIT {continued)

Uranyl Nitrate Stirrer Speed Time Calculated Experimental Hypothetical Experimental

Concentration  Aqueous Organic (min) Overall Mass Integral Interfacial Point
R s Phase, Phasey Transfer Mass Transfer Resistance Overall

ir_n.,tlal Initial = oo™ RPM Coefficient Coefficient Coefficjent

queous QOrganic X 10§ X 103 sec/cm X1

Phase, Phase
” M . cmfsec cm/ sec cm/ sec
005 0.0 147 175 80 0.9879 0,983 5489, 04793
" " " " 133 " 0,781 2,670 x 10° 0,457
0.8 040 146 175 10 0.9845 2,470 ~6,110 % 10° 1.229
W " " " 20 " 1.830 C =4,694 x 102 1.124
" " " n 35 " 1.331 ~2.645 x 102 0,927
" " " " 56 0 1,005 -2,108 x 10° 0,623
" % " " 80 " 0,827 1,934 x 10° 0.253
" " " " 120 " 0,713 3.864 x 102
048 0.0 148 175 5 1,121 3030 ~5.926 x 102 2,138
" u " " 10 " 3,901 64353 x 10° 2,085
" " " " 20 " 20,596 =5.060 x 102 1.866
" " " " 38 " 1.765 -3.251 x 102 1,419
" " " " 55 " 1o5M1 -2,926 x 10° 0.977
" " S &L "o 1.156 -2,073 x 102 0,209
" “ " " 120 "o 0,978 1.299 x 107
" " " “ 180 " 0,791 3,310 x 10°

9
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interfacial surface blockage. Mayers and Davies (34) have investigated
the effect of interfacial films and found that mass transfer rates

are significantly=redﬁced by interfacial films. An interfacial film tends
to damp out eddies coming from the stir;grs in the organic phase and also
d;ﬁﬁs out momentum transfer across the interface. Lewis (29) has shown
that the decrease of the transfer rate of uranyl nitrate bptwéen water
and TBP with time is not due to interfacial contamination. Therefore,
surface blockage does not appear to be theﬂméchanism which causes the
decrease of the transfer rate wifh time; provided care is taken to pre-
vent the occurencé of surfactants in the experimental apparatus and
solutions.

The ériving force for mass tragsfer, in the unsteady-state runs, .
decreased with time. .The effect of the varying driving force ié discussed
in the'steady;state section and t@e unsteady-state and steady-state data
compared.

Effect of Stirring Rates on the Steady-State
Transfer of Uranyl Nitrate

Stgady-state mass transfgr runs, with uranyl nitrate transferring
from Qaﬁer to TﬁP, were made to sfudy the_effect of stirring on the
transfer rate. After several runs it became evident that the,urényl
nitrate analysis had to be impfoved‘to obtain good material balangeso
The uranium analysis was improved such that the concentrations could be
reproduced»to t 003%, and the material balahce error was reduced to
about ¥ 1.0%.

The following equations describe the transfer of uranyl nitrate
when the cell is operating under flow conditions with transfer from

water to TBP.
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. :
v dCy, Fy(Cup = Cuy) = Kog &(Cg, = Cg,) | (11)
dt
and
: . *
dt
where:
Fw = Aqueous feed rate
Fg = Organic feed rate
Cwl = Aquéous feed concentration
sz = Aqueous outlet concentratiop
Cs, = Organic feed concentration
CSE = Organic outlet concentration

Gga = Concentration of orgénic phase in equilibrium with the
aqueous outlet covcentration.

At steady-state conditions, dCy and dCg are identically zero. Thus
o dt dt
the overall mass transfer coefficient may be calculated from either of

the following eguations.

| T
Kos =~£¥-(C£i =~ Cw2) / (13a)
S Gy T
R ]
G
and

KOS = Fs* (Csa hd Gsl) (13b)
et s

1 (Cs2 Al CSE)

The stirring rate runs were made with the aqueous phase stirring
rate maintained at 100 rpm while the organic phase stirring rate was
varied. The maximum rate of stirring used in the TBP phase was 175 rpm,
since at higher stirring rates the interface was broken up. One run

was made with no stirring in the organic phase in order to investigate
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whether the flow rate was causing any significant turbulence or mixing

in the cell. After eight hours of operation, the organic phase stream
did not contain a detectable uranyl nitrate content. This indicates that
the organic phase flow fate was sufficiently low to prevent any signifi-
cant turbulence or mixing of the two phases and that the rate of solute
transfer was controlled by molecular diffusion. The fesults of these rumns
~are shown in Figure 9.

A least-means-square regression analysis of the steady-state mass

transfer coefficient. in the cell gives the followjng relationship.

Kog _ 3.57 x 10~10Re2-8 (14)
Y |

This curve fit was ohtained based on the linearized equation:

In Kog _ A + B 1n Reg (15)
Y . :

The standard deviation of the linearized equation is 0.489.
This analysis gives a substantially higher exponent for the Reynolds

number than that reported by Lewis (k _x Relo65>?

and greater than five
times the exponent recommended by Mayers (33) and Olander and Benedict
(41). These data were also curve fitted to Mayers’ model. The result

of this correlation is:

Kos = 1.54 x 10718(Reg * Rey)2%5 (16)

The standard deviation of the linearized model is 0.5329. If it iﬁ
assumed that the organic phase resistance is controlling so that tlhe

overall organic phase mass transfer coefficient is approximately squal
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)
to the individual film coefficient, then it must be concluded that the
corre;ation proposed by'Mayers is not valid for ostimating film coeffic-
ients in our equipment. In Burger's work, (6), the effect of the organic
phase stirring rate on the first order rate constant was proportional to
the stirring rate raised to the 3.81 power.

The high exponent on the Reynolds number is probably due to the
geometric configuration of the cell, including the .cell baffling and the
spacing of the stirrers relative to the iﬂferface, as these factors would
have a dignificant effect on the hydrodynamic conditions in the céll.

The high exponent may be partially attributed to the fact that stir-
ring in the agqueous phase transmits energy to the interface. Therefore,

the data were investigated assuming the following equation. -

o = A (Reg)9*d (1 # Re fz
Efff ‘ y  mE (17)

Here, the term (1 + Rey) is assumed to be a correction factor which
gccouhta for the snergy tgzz’umitted from e other phue. This correction
f;ctor seems reasonable since the correlation presented by Lewis contained
the tp;m (Rey #kk2 Re2) 23 \

1l ' ‘
Treating the data in this manner, the following corrslation was obtained. ..

K., .6:52 x 10™Rey0+3(1 + 53,)2-02 (18)
v >

The standard deviation of this model is 0.657.
The data were alsp curve fitted to the Lewis model and the following

correlation obtginedn

Kos = 3.68 x 10-22(Reg + Mo Re,)0+20 (19)
[75%
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The standard deviation of this model is 0.6117. Thus, the model
using only the organic phase Reynolds numbers best represents the‘exper-
imental data. |

The aqueous or lower phase has a much lower kinematic viscosity than
the TBP phase and thus the diffusional boundary layer is probably quite
thin. On the other hand, the organic phase has a rather high kinematic
viscosity in addition to a low diffusivity. Thus, if it is assumed that
the solute transfer is by eddy or turbulent diffusion the viscous sub-
léyer and the diffusion sublayer“contributé the major resistances to
uranyl nitraté transfer. I} a section of the transfer area is examined
the flow patterns Qill probably be as shown in Figure.10.

ﬂ Since the TBP phase is more viscous thé eddies do not approach the
interface as ¢lose as in the aqueous phase. Furthermore, the eddies

sweeping across the interface as pictured may lead to operation in a

o

Figure 10

Flow Patterns Across Interfacial Area
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transition regime causing a higher dependency on the Reynolds nuﬁber»
than the direct reiationship}usually assumed for turbulentAdiffusion.
Effect of Driving Force on the Transfer
of Uranyl Nitrate Between Water and TEP

Most studies of mass transfer have assumed that the rate of solute
transfer is independent of concentration level or concehtrationttiving
force. However, under some circuﬁstances the effect of physical property
variations may affect the mass transfer coefficients. Two possible mechan-
isms which immediately come to mind are:

1. A chemical reaction occurring at the interface.

2. Interfacial turbulence due to transfer of a solute from a liquid

phase of high viscosity to & phase of low viscosity.

Murdoch and Pratt (40) predict that the aqueous phase film coeffic-
ient for the transfer of uranyl nitrate between water and methyl isobutyl
ketone varies as the square of uranium concentration, suggesting a third
order chemical reaction at the interface. The theory of interfacial tur-
bulence as presented by Sternling and Scriven (42) also suggests a mechan-
ism whereby ;he transfer of a solute between two liquid phases may be
controlled by the concentration driving force. Olander and Reddy (43)
have shown that the rate of transfer of nitric acid betwegn various
organic solvents and water is a function of the driving force.

The effect of the driving force on the rate of transfer of uranyl - .
nitrate across the water TBPinterface was investigated by operating
the cell at steady-state. The stirrer speeds selected for these runms
were 100 rpm for both the agueous and organic stirrers. The driving
forge for transfer in both directions was varied from aboué 0.09 Molar

to about 0.43 Molar.
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The mass transfer coefficients were calculated as discussed under
the stirring rate data. The results of the transfer coefficients for
transfer from water to TBP are.reported in Table IX. The ratio of the
overall organic phase mass traunsfer coefficient to the kinematic viscos-
ity is plotted as a function of the driving force. In these runs the
organic feed contained no uranium and thus the concentration level
varied. From Figurs 1l, it is observed that the transfer rate increases
rapidly as the driving force decreases. The data for these runs are
tabulated in Table XXII. A regression analysis of this data gave the
following correlation.

Kos <=9 -
—=, g = 02169 x 10 7(C_* - C)" 0.549 (20)

vRez.

The organic phase Reynolds numbers were about 615 for the runs with or-
ganic phase stirring rates of 100 rpm. Since a considerable number of
steady-state runs were performed for the investigation of the effect of
stirring rates on the mass transfer rate, these stirring rate data were
normalized to a Reynolds number of 615 and are shown in Figure 1l. The
normalization was performed by using Equation (14).

The activity-based mass transfer coefficients were calculated since
activities provide a better definition of driving force. The driving
force based on activities is simply the activity in phase W minus the
activity in phase S. Rcbinson (45) has published the molal activity
coeffisient for aqueous uranyl nitrate solutions. These values were
converted to molar activity coefficients and the activity was then plot-
ted as a function of the aqueocus phase molarity. It should be ncted
that the assumption of equilibrium at the interface in two fiim transfer

theory is not relaxed by using activities in place of concentrations.



Cw
Molar
0.4899
0.4229
0,7180
0.9489
0.5568
0,9266
0,1448
0,1831
0.2975

0.292

CS
Holar:

0,0254

0.0340

0,0391

0,0289
0,0281
0,0267
0,0157
0.0185
0,0204

0,0187

‘TABLE IX

Steady-State Transfer From Water to TBP

Re,,

1360
1388
1257
1148
1331
1158
1479
1470
1409

1410

Reg
615.5
610.4
610.3
613.7
613.9
61k.7
621.2
619.6
650

625

(cg - ¢)
Molar
0,3135
0,2874
603557
003991
0.3271
0.3977
0,089k
0.1336
0.2476
0.2463

Kow
X YOB

cm/sec

0.5698

0. 8366 -

0,678
0. 4ok
0.6112
0,467
1.250
0,987
0,609

0.535
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Kos/]
X l&u
cm

0,257
0,37k
0,304
0,222
0.2752
022106
0.5707
0. 448
0,280

0.295
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In this case the assumption of equilibrium at the interface means that
the chemical potential of the two phases are equal at the interface.
Since when two phases are in equilibrium the chemical potentials of the
two phases are equal, the activity of TBP-uranyl nitrate solutions may
be calculated from the aqueous phase activity and the molar equilibrium
relationship. Figure 12 shows the activity-based transfer coefficient,
K“DsS as a function of the activity driving force while Figure 13 pre-
sents the relationship between K'Oséy and the driving force. When the
mass transfer coefficients are converted to activity~based coefficients
the scatier of the data is reduced. However, the activity-based coeffi-
cients also increase as the driving force decreases.

Since the mass transfer coefficients increased rapidly with decreas-
ing driving force, the molar flux, j, was calculated for these rums in
order to check whether the transfer of uranyl nitrate remains finite at
low driving forces. Table X and Figure 14 gives the molar flux for these
runs and it is seen that although the transfer coefficients increase with
decreasing driving force, the molar flux decreases slowly with the driving
force. Therefore, the mass flux remains finite as the driving force
approaches zero although the mass transfer coefficient tends to increase
very rapidly.

The steady-state transfer of uranyl nitrate from TBP to water was
investigated as a function of both the driving force and concentration
level in the aqueous phase. In these runs, the stirring rates were again
operated at 100 rpm in both phases. The driving force in these runs
- varied from 0.1 molar to approximately 0.44 molar, while the aquecus
phase concentration level varied from 0.025 molar to 0.23 molar. The

overall mass transfer coefficients divided by the kinematic viscosity
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TABLE X

Molar Flux for Transfer
from Water to TBP

j x 103" (Cg - Cg).
%ﬁ Molar
1786 3135

. 2405 °28?4
24137 « 3557

» 2022 « 3991
.1858 « 3977
+1999 23271
21119 0894

.1318 .133%6
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are plotted versus the molar driving force in Figure 15. It appears that
for uranyl nitrate transfer from 30% TBP to water the effect of the
aqueous phase concentration level is small. However, as discussed below,
further analysis shows that concentration level is a significant variable.
The effect of driving force on the activity-based mass transfer coeffi-
cients and the activity-based mass transfer coefficients divided by
kinematic viscosity is shown in Figure 16 and 17, respectively. A least-
means-square-analysis of this data was performed and the following corre-

lation obtained:

=~

o5 _ -10 . 0+3056
575 = 0.259 x 10 (CS - CS )o (21)

® |

es
This correlation does not agree with that obtained for transfer from
water to TBP, since it indicates the transfer rate increases with the
driving force. It should be noted that agueous phase concentration level
varied by a factor of 20 for these steady-state runs with transfer from
TBP to water. Therefore, Koséy&bs2'8 was plotted versus (CS - C;) for
various parameters of C_ (Figure 18b). This plot shows that the term
KoséyReS2'8 increases with driving force and is also a function of the
aqueous phase concentration. This plot indicates that Eguation 21 does
not adequately describe the transfer of uranyl nitrate from TBP to water.
The data for transfer from water to TBP are shown in Figure 18a for two
paraieters of C_. Figures 18a and 18b show that the transfer of uranyl
nitrate between water and TBP is a function of the driving force and the
concentration level of the phase into which the uranyl nitrate is being
transferred. At a fixed driving force, the rate of transfer of uranyl

nitrate from water to TBP increases with decreasing organic phase
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concentration level. The rate of transfer of uranyl nitrate from TBP to
water at a fixed driving-force inCreases with increasing aqueous phase
concentration level.

In order to determine Whéther the molecular diffusion coefficient
had any effect on thg~relationship-between~the-concentration lqu;'and
the mass transferﬂcoeffiqieﬁts, the- term- Kog was compared to the

| V(Gs -Cg) |

differential molecular diffusion coefficient of uranyl nitrate in water
as reported by Finley (19) for the steady-state transfer of uranyl nitrate
from TEP to water. The results é}e tabulated in Table XXV in the appendix.
The factor B Kos did not correlate with the aqueous phase diffusion
coeffiqient;{ C%h; g?ffusion coefficient for uranyl nitrate in 30% TBP in
Amsco as reported by Finley (19) does not vary significantly with concen-
tration. Therefore, the mass transfer coefficients appear to be controlled
by convéctive or turbulent diffusion rather than by molecular diffusion.
This appears to be consistent with the data on the effect of stirring
ratgsiand indicates that the diffusion boundary layer must be very small
in the organic phase. Therefore, the primary mechanism of transfer is
due to hydrodynamic turbulence. Figures 16 and 17 show the relation
between the activity driving force and K'pg and Elé§ respeétivelyo Table
XI presents the molar flux and it is seen thét the flux decreases as the
driving force decreases as wés observed or transfer in the reverse direc~
tion.

The unsteady-state mass transfer data for transfer of uranyl nitrate
from water to TBP were not consistent with the steady-state data, since
. the unsteady-state mass transfer coefficients decreased with time, equiv-
alent to decreasing driving force. Thevsteady—state coefficients for

transfer from water to TBP increased with decreasing driving force.



TABLE XI

Molar Flux for Transfer.
from TBP to.Water.

j x 107 (Cg ~ Cg)
%ﬁzgggglgﬁ Molar
.1768 436
.1159 23193
098k .2169
.0560 .10803
1311 33121
.0819 W 2p17
.0520 .1085
.1275 .2177
.1281 .2439
<0794 «1125
21367 +3589

.0708 <1242

8l
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However, in the unsteady-state experiments the concentration level was
continuously decreasing. Table XII presents the instantaneous driving forces
for unsteady-state transfer of uranyl nitrate from water to TBP. The mass
transfer rates presented in Table XII have been normalized to stirring
rates of 100 rpm in both phases. This normalization was performed by
using Equatioﬁ 18. It should be?noted that in most cases the unsteady~
state point mass. transfer coefficients divided by the kinematic viscosity,
K',gs are less than those obtained in the steady-state experiments, when
compared at the same driving force.
Interfacial Tension of the Uranyl Nitrate
TBP System

The interfacial tension of the water-uranyl nitrate-TBP system was
measured in order to use thé Sternling and Scriven's. (49) model of inter-
facial turbulence to qualitatively predict whether interfacial turbul-
ence should exist’ in this .system. The Sternling‘and,Scriven model pre-
dicts interfacial turbulence will occur when.a solute transfers out of
" the phase of higher viscosity and lower diffusivity, if the interfacial
tension decreases with increasing solute concentration. The viscosity
of 3% TBP uranyl nitrate solutions is much higher than 'the viscosity of
aqueous uranyl nitrate solutions. Therefore, the Sternling and Scriven
theory predicts that interfacial turbulence might be observed for transfer
of uranyl nitrate from TBP. The interfacial tension of the water-uranyl
nitrate-TBP system as a function of the agueous phase concentration is
given in Figure 19. Since the interfacial tension increases with uranyl
nitrate concentration, the Sternling and Scriven theory predicts that any
disturbances at the interface will be damped out.

If equilibrium does not exist at the interface, interfaéial turbulence



TABLE XII

Unsteady-State Point Transfer Coefficients

(Cs - Cg)
meler

2502
238
2241
. 2086
»1958
.2545
.2538
2522
. 2U77
. 2364
2313
.2lh9
2413
.2381
.2299
2223
2167
.1966
»3328
- 3104
3001
«2973
-2900

Transfer Direction:

Cs
molar

.00950
.01700
.02390
.02840
.03420
.00348
.00420
.00585
.00729
.01065
.01570
.00609
00771
.01036
.01507
.01994
.02128
.03043
.03020
.03160
.04090
-0k270
.04700

Ho0 —»TBP

Cw
molar

.292
.289
272
. 265
255
290
.290
.290
.287
.278
277
281
2782
2775
<275
272
. 267
.251
< 4ok
489
4875
485
470

K'og ¥ 102

V

5.910
5.550
5,120
L, 26
2.93
1.31
1.285
1,255
1.215
1.172
1.025
1.890
1.860
1.80
1,70
1.57
1.36
1,05
2.0k
1,96
1,84
1.64
1.37
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TABLE XII (continued)

(Cg - Cg) Cs - c, K'yg X 10°
molar molar molalzj .
22755 05950 459 0.845
3303 0147 .501 2.52
- 3287 0163 502 2.4k
. 3224 .0226 .501 2,34
«3131 .0294 1491 2.1h
3121 0294 1489 1.80
» 3058 0347 483 1.46
23220 0210 495 3.18
.3188 .0232 492 3.10
3125 20295 492 2.97
3031 0386 189 2.75
2965 Ol45 483 2.48
. 2860 .0530 479 2,09
.2692 0678 7k 1.18
3280 0152 -497 3,32
.3217 .0213 495 3,02
.3173 0307 1495 2.48
3032 .0388 92 1.69
«3952 .0118 .816 6.0
3780 20270 .806 5.71
+ 3649 0356 «779 5.16
« 3997 .0453 <745 3.88

3387 +0563 s745 2.62.
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might account for the effect of aqueous phase concentration level and
driving force on the mass transfer coefficients. It should be noted that
the rate of change of interfacial tension decreases with the concentration
level. Interfacial tension data for the UO,(NOz)2 - H5O ~ TBP system at
non-equilibrium conditions are necessary in order to further pufsue this

phenomenon,
Analog Simulation of Mass Transfer Cell

An analog simulation of the mass transfer cell is compared to the
approach to steady-state for a run where uranyl nitrate is being trans-
ferred from TBP to water. Equations 11 and 12 were used as the mathemat-
ical model. The steady-state values for the simulation and the experi-
mental run were equal. However, the experimental run appr&hched steady~
state conditions much faster than the model. This is in agreement with
the unsteady-state data which showed that transfey rate decreased with
time. The experimental run and the result of the mathematical model

are shown in Figure 20.
Accuracy and Experimental Error

The accuracy of the mass transfer experimental data is affected by
several factors. One of the more probable causes of experimental error
igs the purity of tributyl phosphate. Tributyl phosphate undergoes slow
hydrolysis with time producing dibutyl and monobutyl phosphatgs and buta-
nol. These hydrolysis products significantly affect the distribution
coefficient. Dibutyl phosphate froms strong éomplexes.with uranyl nitrate,
In order to minimize this effect only one to two liters of TBP were puri-

fied at any one time. However, this degradation of TBP certainly may
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partially account for the scatter of the experimental data.

The measurement of the stirring rates were with ta rpm and thus the
error was generally less than t 1.0%.

The flow rates were measured to an accuracy of about % 0.01 cc/min.
This corresponds to * 0.6%, which should not significantly affect the
data. |

The uranyl nitrate concentration was measured to an accuracy of
¥ 0.3%%.

The material balance error was generally within ¥ 1.0%.

Another possible source of error is the moxement or vibration of
the mass transfer cell due to improper alignment of the stirring shafts
and motors.

It is concluded that the two major sources of experimental error are:

1. Slow degradation of TBP,

2, Variations of the flow rates preventing the reaching of a "true"

steady-state condition.



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

The interfacial transfer of uranyl ﬁitrate across the water-TBP
interface has been studied under unsteady and steady-state conditions
in a stirred extraction cell.

The unsteady-state mass transfer coefficient for transfer of uranyl
nitrate from water to TBP decreased with time. This cannot be explained
on the basis of the build-up of an interfacial resistance with time.,

The correlations presented in the literature do not properly predict
the individual film coefficients for the transfer of uranyl nitrate across
the water-TBP interface in the stirred extractor used in this study. The
effect of the stirring rates on the transfer rate was mﬁéh greater than
is normally predicted. The mass transfer coefficient increased with the

organic phase Reynolds number according to the following equation.

Kos = 3.56 x 10-1Q Reg2:8:
v

By considering the energy transferred from the aqueous phase, the
mass transfer coefficient was found to vary with Reso°5‘according to

the relationship:

Kos = 6.529 % 1075 Re 0°2(1 + Rey)?°02
v Res
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Tﬁe term, (1 + Rew)2°029 may be considered as a correction factor
Reg
for the energy transmifted from the agueous phase.

The steady-state transfer of uranyl nitrate from water to TBP was
found to increase as the driving force was reduced. Furthermore, the
rate of transfer was found to depend upon the organic phase concentration
level, decreasing with the organic phase concentration level.

The steady-state transfer of ‘'uranyl nitrate from TBP to water in-
creased with the driving force provided the déta were adjusted for the
organic phase Reynolds number. The rate of transfer was also found tp
increase with the aqueous phase concentration level. The effect of
concentration driving force and concentration level might be due to
interfacial turbulence if the two phases are not in equilibrium at the
interface; In order to examine the hypothesis, data on the interfacial
tension of the uranyl nitrate~water-TBP system are required at non equi-
librium conditions,

The molar flux for ﬁ;ansfér of uranyl nitrate between water and
TBP decreased with decreasing driving force.

The mass transfer coefficients were dependent on convective diffus-
ion rather than simple molecular diffusion.

Interfacial turbulence does not occur in the transfer of uranyl
nitrate across the water-TBP interface due to the interfacial tension
increasing with uranyl nitrate concentration.

The transfer rate from water to TBP is greater than for transfer
in the revefse direction.

The steady-state transfer coefficients could not be adequately pre=

dicted from the unsteady-state data.
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Recommendatlons

The steady-state transfer of uranyl nitrate should be studied in the
presence of other inorganic nitrates such as nitric acid and aluminum
nitrate.

The mass transfer cell should be modified to produce a larger sur-
face area to volume ratio in order to increase the accuracy of the
results.

The effect of temperature on the steady-state transfer of uranyl
nitrate should be studied.

The flow patterns close to the interface should be investigated in
order to better understand the hydrodynamics of the transfer cell.

A method should be developed to accufately determine the interfacial
tensions of the uranyl nitrate-water-TBP system at non-equilibrium condi-
tions and the data then used to predict whether the effect of concentra-
tion level and concentration driving force might be due to interfacial
turbulence.

The uranyl nitrate solutions should be enriched with U=235 or U=233%
and small solid state detectors be installed in the outlet flow lines to
allow the continuous monitoring of the concentration and to improve the
accuracy.

The effect of concentration level and concentration difference should
be studied on other systems.

A correlation of the data by a chemical kinetic analysis approach,

as done by Murdoch and Pratt, should be attempted.
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activity

interfacial area =- cm2

concentration aof organic

NOMENCLATURE

phase ~ molar

concentration of agueous phase - molar

concentration of orgamic
- molar

molecular diffusivity -
flow rate - cc/min

distribution coefficient
organic phase film trans

aqueous phase film trans

organic phase overall transfer coefficient - cm/sec
aqueous phase overall transfer coefficient - cm/sec

activity based organic phase overall transfer coefficient - cm/sec

stirrer diameter - cm
stirrer rate revolutions
stirrer rate - r.p.m.
Reynolds Number - =y~
Schmidt Number é%

time - seconds

cell compartment volume

phase in equilibrium with agueous phase

cmzsec';

fer coefficient - cm/sec

fer coefficient - cm/sec

per second

- CC.
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Greek Symbols

7:: activity coefficient

= density of solution - gm/fcc
,U.= visceosity -~ centipoises

}) = kinematic viscosity - cm?/sec

(/= stirrer rate -radians per second
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- Physical Properties of
.Uranyl Nitrate Solutions
The densities of 30% TBP uranyl nitrate solutions were determined by
multiple weight#ng of 25 ml. volumetric fiasks which were filled at 25° C.
* 0.05°C. The data are reported in Table XIII and Figure 21, In order
to facilitate the use of this data in digital computer programs, the data

were curve=fitted and the following relationship obtained.

o 0.823 % 0.33C,
Where:
ﬁ% = density of solution, gm/cc

Cq = concentration of solution, mole/liter

The agueous uran&l nitrate solution densities as determined by Finley
(19) are given in Figure 21. The following equation was obtained by a

regression analysis of the data.

p‘, = 1,0 + 0,318 Cy

Where:

;2, = density of solution, gm/cc
Cy = concentration of solution, mole/liter
The viscosities of 30% TBP uranyl nitrate solutions were determined
using stand five milliter Ostwald viscosimeters at 25° C : 0.05°C, The
data are reported in Table XIV and Figure 22. These data along with those
reported by Finley (19) for aqueous uranyl nitrate solutions were curve-

fitted to yield the following equations.
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TABLE XIII
EXPERIMENTATL DATA

Densities of 30% TBP Upranyl Nitrate Solutions

Temp. 25°C * 0.2°C

Uranyl Nitrate Weight of Density
Concentration 25 cca gnfec
Molar . gMo
0,0 20,29765 0,8119
0,081% 21,03446 0,841k
0.,1628 21,77097 - 0.,8708
0.2442 22, 48726 0.8995
0. 3256 23,19734 0.,9278

0, 4070 : 23.93679 0.9575
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Temp. = 25° ¥ 0.2°C,

Solution

Water
Water
30%TRP

0.0814M
005(NO3) »

0,1628M
U0, (NO3) »

0. 24k42M
U02(NO3) 5

0. 3256M
U02(NO%) 5

0. 407M
U02{NO3)

Oswald_
Tube No.

RO

_TABLE XIV

EXPERIMENTAL DATA

Number
of

Determinations -

L

Viscosities of 30% TBP Uranyl Nitrate Solutiong

Avepage
Flow Time
Seconds

91,87
98,66
222,22

255.7%

264,93

286.66

320,60

343.83

8,95
8.95
17.60

19.60

22,50

25,10

28,10

32,05
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Effect ¢f Concentration

O
Witrate Ccicentration, Molar

.8 1.0 1.2 1o
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cr. the Vizcosity of Uranvl Nitrate Sclutions
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My = 9.069 + 3.411Cy + 3.504C2

U =17.562 + 24.08Cg + 27.623CE

[

Where:

M

if

viscosity of solution i,
millipoises

concentration of solute in
phase i, molar

Ci

i

Table XV presents the equilibrium distribution data for uranyl
nitrate-water-TBP system,

The interfacial tension between water and 30% TBP uranyl nitrate
solutions was determined using a Central Scientific Tensiometer at
25% C. In measureing the interfacial tension with a tensiometer, it
is very important that the ring be cleaned and flamed between each
determination, The-data are reported in Table XVI.

Table XVII presents the activity coefficients for aqueous uranyl

nitrate solutions.
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TABLE XV
EXPERIMENTAL DATA

Distribution of ﬁranyl Nitrate between
Water and 30% TBP in Amsco

Temp. = 25°C ¥ 0,3°C

Agueous Phase Organic Phase
Concentration Concentration
Molar Molar
0,0667 0.0276
0.0777 0.0342
Q.0846 0,0358
00597 0.0180
0,0680 0.0274
0.0409 0.0079
0,0226 0,0018

0,0808 0.0362
0.1310 0,0880
0.2460 0.2390
0.3550 0.2910
0.2610 0,2600
Q. 3470 0, 3020
0,5760 0. 4080
1.1190 0, 4430
0.1522 0.1100
0.2310 0.1413
0.6930 0.3980
1.5570 0.4780
0.1960 0.1570
0.5670 0, 3600
0.2456 0.2355
0.,1870 0.1366
0,0730 0,0342
1.1680 0, 436%
1.4780 0. 4460
0.6860 0. 4000
1,52Q0 0, 4680
1.2680 0. 4470
0.3530 0,2960

0.2430 0,2280



Temp, = 25°C ¥ 0.3°C

Uranyl Nitrate

Concentration
Molar

Agueous Organic
Phase Phase
0.0 0.0
0.1%18 0.0987
0.,1960 0.1629
0.,2960 0.2710
0.5400  0.3740
0.831  0.4360

1,545

0, 4700

TABLE XVI

EXPERIMENTAL DATA

Interfacial Tension of the

Apparent
Interfacial
Tension‘

Dyne/cm

11,15
12,00
13.20
14.69
17.83
19.85

21.60

Water, Uranyl Nitrate, 30% TBP System

Correcticn
Factor

0,918
0,917
0.926
0,936
0,939
0.939
0.905

108

Interfacial
Tension

Dyne/cm

10.23%
11.00
12,21
13.75
16.75
18.60
"19.55



Density
(gm/cc)

1.03152
1.06258
1.09317
112331
1.15300
1.18225
1,21110
1.23953
1.26754
1.29516
1.34924
1.40182
1,45300
1.50278
1.55124
1.66698
1.77550
1.87753
1.97356
2,06418

214974
2,23071

Molar

.09923
«19699
029328
0 36813
48159
+57368
- 66449
075395
84213
« 92905
1.09929
1.26479
1.42587
1.58256
1.73509
2,09942
2.44100
2,76216
3,06440
3.34963
3,61897
3.87382

TABLE XVII

Uranyl Nitrate Activity Coefficients

Gamma
(molar)

«5H715
«51981
«52168
«53382
o 55440
.58046
.60888
<64513
68504
73084
83071
U640
1.05815
1.23179
1.40395
1.90766
2.45799
3.00308
344601
3.82877
4,15863
L.54331

Molal

10000
«20000
+30000
140000
50000
60000
70000
+80000
.90000
1.00000
1.20000
1.40000
1.60000
1.80000
2.00000
2.50000
3.,00000
3.50000
4,00000
4,50000
5,00000
5.50000

Gamma,
(molal)

«54300
51200
«51000
«51800
«53400
»55500
»57800
.60800
64100
+67900
.76100
+85500
«94300
1.08300
1.21800
1.60200
2.00000
2.37000
2.64000
2.85000
3.01000
3.20000

Activity

.05429
»10239
«15299
020719
«26699
033299
L0459
48639
-67899
.91319
1.19699
1.50879
1.94939
2.43599
L, 00499
5.99999
8.29499
10.55999
12.82499
15.04999
17.59999

60T
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Temp. = 25°C % 0,3°C

Run
Series

Time
Min.

60

120
180
2ko
300

- 30

60
120
180
240

30
60
120
180
2ho

TABLE XVIII

EXPERIMENTAL DATA

Unsteady-State Trangfer
of Benzoic Acid

Stirring Rates

Aqueous
Phase
RPM

" Organic

Phase
RPM

50
ko
40
40
Lo
Lo

Organic
Phase
Conc.
Molar

2,000
1.955
1.924
1.892
1.862.-
1.831

2,000
1.945
1,918
1.869
1,850
1.827

2,000
1.958
1,900
1,844
1.778
1.740

111

Transfer Direction
Toluene—sWater

Agqueous
Phase
Cone,
Molar

0.0
0,0598
0.0989
0,1276
0,1509
0,1710

0.0000
0,0456
0,0753
0,1291
0.1615
0,1852

0,0000 "
0.0509
0,0906
0, 1345
0,1803
0,2150

KOW

X
105
cm/set

0,578

0,819

1,010



Temp. = 25°C. * 0.3°C
Transfer Direction

Time
Min.

120
120
120
120

120
120
120
120

120
120
120

Effect of Stirring Rates on Transfer

RPM

70
70
75
75

TABLE XIX

EXPERIMENTAL DATA

of Benzoic Acid

Toluene —sWater

Stirring Rates
Aqueous
Phase-

Organic
Phase
RPM

b3.5
43.5
43.5
k3.5

k3.5
43.5
k3.5
k3.5

43.5
4305
k3.5

Aqueous Phase
Conc. Molar

0.001268
0,00128

0,001284
0,001302

0.001292
0.00128L4
0.001291
0.001253

0.001253
0.001135
0,001170

112



113

TABLE XX
EXPERIMENTAL DATA

Steady-State Transfer
of Benzoic Acid

Temp. = 25°C * 0,3°C | Transfer Direction
Water— Toluene
Run : Flow Rates Stirring Rates ‘Agueoué Phase Kow
Aqueous  Organic Aqueous Organic Conc,
cm3/min  cmd/min RPM RPM gm/liter cm/sec
in out x 103
2,05 2,13 75 43,5 1.5  1.39 0,817
2.00 2,00 75 43,5 1.5 1,388 0.820
1.70 1.66 75 43.5 1.5 1.3%68 00828

1.3%7 1.3l 75 43,5 1.5 1.340 0,853



Temp. = 25.0°C * 0,3°C

Run

21

22

25

Time
Min.

10
20
30

45
60
75

10
30
60
90

135

180

240

10
30
60
90
135

30
60
120
180
240
300

TABLE XXI

EXPERIMENTAL DATA

Unsteady-State Transfer
of Uranyl Nitrate -~ A

Uranyl Nitrate

Conc,
-~ Agueous

0,300
0,295
0.295
0.290
0.290
0,287
0,292
0,290

0.300
0,297
0,290
0.28%
0,281
0.276
0,269
0,254

0,300
0,283
0.278
0,270
0.263
0.269

04300
0,283
0,282

0,278

0.274
0,263
0.243

Molar
Organic

0,000

0.00291
0.003%23
0.00518
0.,00734
0.00978
0.01320
0,01510

0,000
0,00352
0,00928
0,01470
0.0179
0.024
0,0307
0.0346

0.,0000

0, 00475
0.00761
0,01575
0.02063
0,02940

0,0000

0,0068%
0.01300
0.02095
0.03050
0.03960
0.05130

Stirring Rates
Aqueous Crganic

RPM

11k

Transfer Direction
Water — TBP

RPM

60
60
60
60
60
60
60
60

60
60
60
60
60
60
60
€0

60
60
60
60
60
60

60
60
60
60
60
60
60

1,000
0,973
0,970
0,952
0,934
0,914
0,884
0,866

1.000
0.968 -
0.918
0,868
0.840
0,786
0,729
0.695

1.000
0.96k
0.935
0,860
0.816
0,740

1,000
0,940
0,885
0,815
0,731
0,652
0,546



TABLE XXI (continued)

Run Time Uranyl Nitrate Stirring Rates (Cseq = C5)/Cseq
Min, Conc. Molar Agueous Organic
- Aqueous Organic RPM RPM
2k 0 0.300  0,0000 75 60 1.000
20 0,298  0,00325 75 60 0,970
60 0,288  0.00775 75 60 0.931
120 0.29% 0,01310 75 60 Q.876
180 0.28% 0.0208 75 60 0.816
240 0.277  0.0284 75 60 0.750
300 0.273  0.0299 75 60 © L 06735
25 0 0.520  0.0000 75 . 60 1.000
10 0.513  0,00606 75 60 0.970
30 0.507 0,0109 75 60 0.950
60 0.505  0.01775 75 60 0,920
90 0.507  0,02290 75 60 0. 900
135 0.513  0.03650 75 60 0.840
26 0 0,527 0,0000 75 60 1.000
10 0.520 0.00714 75 60 0,967
30 0,517 0.,01235 75 60 0. 9kl
60 0.515  0.02060 75 60 0,909
90 0,507 0.02520 75 60 0.890
135 0,505 0.03530 75 60 0.845
180 0.488  0.04310 75 60 0.812
240 0.462  0.05210 7 60 0.772
28 0 0.300  ©.0000 75 60 1,000
10 0.798  0.00710 75 60 0,978
30 0,795  0,00873 75 60 0,973
60 0,791 0.01375% 75 60 0,958
90 0,795 0.,01705 75 60 0,947
135 0,795  0.02110 75 €0 0.936
180 0,795 0,0332 75 60 0,900+
240 0.784  0.0414 75 60 0.873
29 0 0.800  0.0000 75 60 1.000
10 0,791 0.00917 75 60 0,971
36 0.796  0.01610 75 60 0. 954
60 0.791  0.01940 75 60 0.940
95 0,791  0.02480 75 60 0.925
135 05795  0.0277 75 60 0,916
180 0,797 0,0331 75 60 0,900

240 0.784  0,0355 95 60 0. 894



Run Time
Min.

30 0
10

30

60

90

136

180

240

300

31* 0
10
25
55

130
180
240

22 0
10

25

55

90

135

180

300

* Volume of organic phase was 65.7 cc.

Uranyl
conco
Agueous

0,300
00\29]‘!‘
0,289
0.285
0.268
0,268
0.264

0.259
0,244

0.300
0,298
0.293
0,281
0.275
0.275
Oo 275
0,259

0.300
0.280
0,289
0,276
0,263
0,256
0,250
0.24k

TABLE XXI (continued)

Nitrate
Molar
Organic

0,0000

0.00410
0.00672
0.01365
0.,01870
0.02010Q
0.03740
0.04350
0.05130

0,0000

0.00446
0,00620
0,01040
0.01460
0.01760
0,02255
0,02860

0.0000

0.00473
0,00706
0.01225
0,01780
0,02150
0,02700
0.03520

Stirring Rates
Agueous Organic

RPM

RPM

60
60
60
60
60
60
60
60

§O
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(Cseq - cs)/Cseq

1,000
0,971
0,954
0,907
0.873
0.864
0,743
0.701
0.649

1,000
0,970
0.959
0,928
0,901
0,880
0,847
0,805

1.000
0,965
0,945
0,90k
0,864
0,843
0,784
0,729



TABLE XXII

EXPERIMENTAL DATA

Unsteady-State Transfer
of Uranyl Nitrate - B

Temp. = 25°C. * 0.3° C. Transfer Direction
Water —s- TBP

Run  Time Initial Comnec. Stirring Rates Transfer Coefficient
Min, Aqueous Organic Aqueous. Organic Integral Point
Molar  ‘Molar RPM RPM cm/sec cin/sec
' x 103 x 105
3h 8 0o 0.0 214 250 2,167 1.618
‘ 16 0.3 0.0 214 250 1.951 1.538
25 0.3 C.0 214 250 1,719 1.425
38 0.3 0,0 21k 250 1.432 1.198
55 0.3 0.0 214 250 1.244 0. 847
80 0.3 0.0 214 250 1,151 0,212
36 5 0.3 0.0 155 176 1,218 0.397
10 0.3 0.0 155 176 0.738 0.393
20 0.3 0.0 155 176 0.518 0. 384
30 0.3 0.0 155 176 0.433 0,374
45 0.3 0.0 155 176 0.428 0,362
75 0.3 0.0 155 176 0.386 0.321
123 0.3 0.0 155 176 0.324 0.264%
180 0.3 0,0 155 176 0.317 Q.182
37 5 0.3 0.0 154 173 1,860 0,629
10 0.3 0.0 154 173 1.418 0.622
20 0.3 0,0 154 173 0,958 0.602
36 0.3 0.0 154 173 0.785 0.572
58 0.3 0.0 154 173 0,656 0.524
80 0.3 0.0 154 173 0,510 0. 456
120 0.% 0.0 154 173 0,507 0.354
180 0.3 0.0 154 173 0.452 0,14k
38 11 0.5 0.0 154 175 3,984 0,702
20 0.5 0.0 154 175 2,287 0.67k
25 0.5 0,0 154 175 1,694 0.643
55 0.5 0.0 154 175 1,145 0.576
81 0.5 0.0 154 175 0,861 0.491
180 0.5 0.0

154 175 0,645 0. 307
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TABLE XXTI (continued)

Time Initial Conec. Stirring Rates Transfer Coefficient
Min, Aqueous Organic Aqueous  Organic Integral Point
Molar Molar RPM RPM cm/sec cm/se%
- x 103 x 10
5 0.5 0.0 148 176 4,090 0.928
10 0.5 0.0 148 176 2,277 0., 90k
20 0.5 0.0 148 176 1,587 0,865
35 0.5 0.0 148 176 1.204 0,789
55 0.5 0.0 148 176 0,865 0,672
81 0.5 0.0 148 176 0.779 0.547
120 0.5 0.0 148 176 0,574 0.221
180 0.5 0.0 148 176 0.531
5 0.5 0.0 147 175 .« 5.908 1,161
10 0.5 0.0 147 175 3,248 1.127
21 Q.5 0.0 1h7 175 2,010 1.096
36 0.5 0.0 1Ly 175 1,543 1.035
55 0.5 0,0 147 175 1.180 0.933
80 0.5 0.0 147 175 0,983 0.793
133 0.5 0.0 147 175 0,781 0.457
10 0.8 0,0 146 175 2,470 1.229
20 0,8 0.0 16 175 1.830 1.12k
35 0.8 0.0 146 175 1,331 0,927
56 0.8 0.0 146 175 1,005 0.623
80 0.8 0.0 146 175 0,827 0.253
120 0.8 0,0 146 175 0,713 '
5 0.8 0.0 148 175 L 2,138
10 0.8 0.0 148 175 2,901 2,085
20 0.8 0.0 148 175 2.596 1,866
38 0.8 0.0 148 175 1,765 1.419
55 0.8 0,0 148 175 1.541 0.977
81 0.8 0.0 148 175 1,156 0,209
120 0.8 0.0 148 175 0.978
180 0.8 0.0 148 175 0.791



TABLE XXTTT

EXPERTMENTAL DATA

Steady-State Transfer of Uranyl Nitrate

Temp. = 25° ¢ * 0,3° ¢

Run Flow Rate Uranyl Nitrate
ce/min Concentration
Aqueous Organic Molar
Aqueous Organic
43 1.80 1,70 0,289 00214
b 1.27 1,88 0.273 0,0153
4y 1.50 1.50 0,260 0,0388
46 1,50 1,50 0,258  0,0650
Ly 1.50 1.48 0,292 0.0238
e 1.49 1.50 00261 0,0261
50 150 1.51 0,268 0.028L
51 1.49 1.50 0,264 0,0259
56 1.62 1.77 0,242 00461
57 1.98 2,00 0.253 0. 0461
60 1@?3 2cO6 00269 009293
62 1,52 1.50 0,286 0,0094
63 1°52 1.48. (3.258 00370
6l 1.52 1.48 0,258 060370
65 1,493 "1.523 0.3048  0,00136

66 1,51 1.55 0,300 0.0063

Stirring Rates
RPM
Aqueous Organic

153
150
150
150

153
150
151
151

150
150
150
100

100
100
100
100

175

175
175
175
175

175
175
175
175

175
175

60

110
130

75

Transfer Direction
Water —- TBP

Driving Force
Molar

0,221
0.225
0,191
0,165

0,211
0,213
0.214
0,219

0,176
0,184
0,219
0,231

0,203
0.203
0,2706
0.2637

Overall
Mass Transfer
Cpefficient
osxlog
cm/sec

0,705
0,600
1 0&25
2,770

0.753
0.861
0925
0.830

2,140
2,330

1.325
00263

1,267
1,267
0,036
0,174

61T



TABLE XXTIII (continued)
EXPERIMENTAL DATA
gteady-State Transfer of Uranyl Nitrate

Temp, = 25° ¢+ 0,3% ¢ Transfer Direction

- Water ——=TBP
Run Flow Rates - Uranyl Nitrate Stirring Rates Driving Force Overall
ce/min Concentration RPM Molar Mass Transfer
Aqueous Organic Molar Aqueous  Organic Coefficignt

Agueous Organic Ko

_ cm?sec

67 1,51  1.525 0029k 0.01264 100 90 002599 0o354

68 1.56 1,58 0.2975  0,02038 100 105 0. 2442 0,605

69 1.56 1.58 0.3015 000144 100 80 0,2520 0.395

70 1.49  1.51 0,258 0,0356 100 116 00,2019 1.36

71 1.53  1.51 0,292 0,01872 100 100 0,2462 0.535

72 1.53 1.50 00293 0.01865 100 120 0.2473 0e531

73 1e52 1650 00294 0,01345 100 - 80 " 0,2585 0,374

75 1,495 1,498 00293 0,01059 100 55 002504 0,291

76 1eb9h 1052 04290  0,0068 100 6l 062581 0,180

77 1.514  1.500 0.4899 00254 100 100 0.3135 0.5698

80 1.507 1.510 04229 0.0340 100 100 002874 0.8366

8L 1,497 1,511 0,7180 0,034 100 100 0.3557 _006?86

82 1490  1.482 0,9489 0,028 100 - 100 0.3991 04942

a3 1.495  1.485 0.9266 060267 100 100 0,3977 0,L670

99 1.513 1,515 0.5568 0,0281 100 100 0.3271 0.6112

021



Temp. = 25° ¢ ¥ 0.3%°C

Run

B888 JIRRL

KBS

Flow Rates

1.515
1.5400

1.519
1.530
1.520
1 .m

1.634
1.498
1,508
1.503

1.509
1.489
l.496
1.50

. cc/min
Aqueous Organic

1.515
1.515

1.515
1.521
1.520
1,518

1545
1.503
1.498
1.498

1.497
1.435
1.494
1.492

Steady-State Transfer of Uranyl Nitrate

TABLE XXIIT (continued)

EXPERTMENTAL DATA

Uranyl Nitrate

Concentration
Molar
Aqueous Organic

0.1448  0.0157
0.1831 0.0185
0.0249 0.4371
0.0161 0.3187
0.0132 0.2163
0.0080 0,1076
0.0241 0.3127
0,021 0.2023
0.0257 0.109%
0.2248 0.4185
0.2300 0.4503
0.2392 0.3285
0.1293  0.h4sk
0,1289  0,2103

Stirring Rates
RPM
Aqueous Organic
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100

r Direction
——TRP
Driving Force
Molar

0.089%4
0.1336

Transfer Direction
TBP Water

0.4364
0.3192
0.2169
0.1080

0,3121
0.2017
0.1085
0.2177

0,2439
Q.1125
0.3590
0.1242

Overall
Mass Transfer
Coefficz;ant

sec
1.2520
0.9871

0.4070
0.3631
0.4339
0.5185

0.4070
0.4062
0.4796
0.5610

0.5250
0.6482
0,3809
0.5272

Tet
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Run

Reynolds Number

Aqueous

2150
2130
2140
2140
2150
2140

2135
2142
2140
2139
2135
1405

1422
1422
1403
1407
1409
1409
1409

1420
1410

Organic

1088
1100
1070
1042
1083
1088

1081

1088

1062
1060
1078

L27

676
1033
287
h76

. 566

650

199
706
625

CALCULATED RESULTS

TABLE XXIV

Steady-State Transfer of Uranyl Nitrate

Schmidt Number

x 103
Aqueous Organic
1.423 12,48
1.415 12,30
1.410 12.60
1.405 13.02
1.425 12.43
1,410 12.45
1.412 12.45
1.410 12.43
1.508 12.85
1409 12.85
1.412 12.52
1.420 10,80
1410 11.20
1.4l 11.20
1.43 12,05
142 12.12
1.42 12,25
1.43 1241
1.43 12.30
141 12,60
143 12,32

(Cz - Cs)

Molar

0,2210
0,2257
0,1912
0,1550
0,2112
0.2129

0,214
0.219
00176
0,184
0,219
0.251

0,203
0.203
0.271
00264
00260
0o 2l

0,257
0.201
0,2u6

(Ay = As)

0.118
0,104
0.096
0.080
0,123
0,100

0,102
0,102
0,092
0,097
0,099
0,107

0,100
0,100
0,148
O le’"8
0.130
0,126

0,130
0,100
0,125

Kos/l

x 10

cnm

3.38
2.76
6039
12.01
342

6033
5299
12.73
28,70
5.87
8.32

8,77
8.12
18.06
19,56
1208:]~
20&4‘

12.02
12.02
0.31
145
1.26
5656

3.56
12.37
l‘;’086

XA



Run

72
73
75

76
77
80

82
83

99
100
101

85
86

87

88 -

89
90

Reynolds Number

Aqueous

140
1407
1408

1399
1360
1388
1257

1348

1158

1331
1479
1470
1500
1501
1501

1502
1500
1500
1500

Organic

750
503
348

407
616
610
610
614

615

613
621
620
396

450 -

504

566
453
512
565

TABLE XXIV (continued)

CALCULATED RESULTS

Steady-State Transfer of Uranyl Nitrate

Schmidt Ngrber

x 10
Aqueous  Organic
- lok2 12,32

142 12.25
1.42 12.25
l.42 12,13
o°9l+ ’ 1201 -
1 010 12023
0.552 12.23
0.338 12,17
00354 12.15
0.802 12,16
1.885 12,02
1.809 12.05
1.553 18.88
1.849 16,59
1.408 14,82
1.322 12.18
105)41" 16 oi"’a
1,584  1k.59
1.560 12.21

(c3 - Cg)
Molar

0.247
0.253
0.254

0,258
0,313
0,287
0.356
0,393
0.398

0.327
0.989
0 O}-y+
0,436 %
0319 *
0,217 *

0.108*
0.312*
0,202 %
0,108

*

%%

(A - As)

0.125
0.126
0,129

00144
00251
0,200
0.693
06280

0,300
0,054
0.056
0,861 **
0,218 **
0,118 **

00060 “
02200 **
0,315 %%
0»0478 **

(A5 - 2y}

N:v\n\oso<>“k‘kfm

Kos/
x 10

cm"l

o Q o o

[

EENQ BERRI%Re N

0

~ Kos/U,

x 102
em1



TABLE XXIV (continued)

CALCULATED RESULTS

Steady=State Transfer of Uranyl Nitrate

Runi Reynolds Number Schmidt Number
Agueous Organic x 10

Aqueous Organic
91 1458 Lok 1.694 18,50
92 1457 390 1.679 -19.15
93 1454 Lhs 1.651 16.77
oL 1483 392 1,902 19.05
95 1483 507 1.902 1h4,72

%
(Cs ~ Cs)

Molar

0.218
0,204
0.112

00359
0.124

(As =~ Ay)

0,625
10090
0.1375
0,941
0.0585

Kos/Y

cm“l

1.66
1.502
2,117

1,095

1,961

Kos/ U}
x 10

cm

0.058
0,034
1.732
00042
bo16h

T
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TABLE XXV

Variation of Mass Transfer Coefficient
with Molecular Diffusivity

K | | D
fﬁ%cs; - Ca) x 16°
cmmlfsigemolev on®/sec
8.2 7.3
13,0 6.8
8.56 8.73.
5.56 9.25
8.40 7.55
. 5029 .15
63.7 4,83
33.45 4,93
11,61 | 5,65

9.95 5,63
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Figure 23.

Analog Computer Simulatipn
of Mass Transfer Cell
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Lower Sampling
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Figure 24,

Stirred Extraction Cell Schematic
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Cell Top Plate Design
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Figure 27.

Upper Stirrer Bearing Design
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Fixed and Center Baffle Design
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Upper and Lower Stirrer Design
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