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PREFACE 

Although liquid-liquid extraction has been applied industrially 

for many years, fundamental studies of the actual mass transfer processes 

involved have been somewhat neglected until recent times. 

Recently, Bush ( 5) made a fundamental study of the mass transport 

processes of uranyl nitrate transferring across the water-tributyl 

phosphate (TBP) interface. The purpose of this present work was to 

extend the work of Bush (5) to the case of simultaneous transfer of 

uranyl nitrate and nitric acid, 
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CHAPTER I 

INTRODUCTION 

"Liquid-liquid solvent extraction processes are currently the most 

widely used aqueous separation processes for reactor fuels." (27) 1 

One of the more common of the solvent extraction processes is 

the Purex Process. The Purex Process utilizes solvent extraction to 

separate and purify uranium and plutonium from dissolveq., "spent" re .. 

actor fuels. A 1:;hirty-volume-percent solution of tributyl phosphate 

in kerosene is used as the solvent. For a salting agent, nitric acid 

is used. Because of the e,xtr'actability of· uranyl nitrate. and the relative 

inextractability of fission products, a separation can be accomplished. 

Several studies have been made· of the fundamental transport properties 

involved in the Purex Process. Sato (22) studied the effects of nitric 

acid concentration, uranyl nitrate concentration, and temperature on the 

equilibrium distribution in order to determine optimum extraction con-

ditions. He found that greater than ninety.seven percent extraction 

was obtained when solutions containing less than ten grams per liter of 

uranyl nitrate and six molar nitric acid were extracted with nineteen 

percent tributyl phosphate in kerosene at a temperature of less than twenty 

·1Note~ ( ) refers to Selected Bibliography. 
,•., 
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degrees Centigrade. McKay and Rees (16) investigated the rJte of transfer 
' . 

of nitrates between water and tributyl phosphate in falling drops. They 

found molecular diffusion to be a quite significant factor. Murqock 

and Pratt (17)studied the extraction of uranyl nitrate in~ wetted-wall 

column and found that' transf~r was partly diffusion eontrol;Led and partly 

dependent on-interfaeial resistance. The extraction of ura:pyl nitrate 

in packed columns was studied by ~mith, Thornton, ~nd Pratt (25), who 

found in this case that turbulen~transfer haq replaced molecu;Lar 

diffusion. They found no ev:1,.den.ce of interfacial resistance. Hahn (12) 

investigated the mechanism. :of ... tlrf1nium. .. e.xtrac-tion from- tribut;yl phosphate. 

His was a strictly diff'usion:...controllei): experiment. Lewis (14) observeq 
' .. .· .. .. 

the build up of an' interfaeial r~stanc-e ii;,. the .uranyl .nitrate system .• 

He used a small stirred extraction -.cell in his study. 

Of great interest to this study are the works of Burger (3) and 

Buell (5). Burger studied the transf'er_ of. uranyl nitrate and nitric acid 

across the tributyl phosphate-water interface using a small extr~ction 

cell, He investigated several variabYes including stirring rates, con-

centration of reactants and salting agents, and temperatures. 

Bush studied the transfer of uranyl nitrate across the tributyl 

phosphate-water interface under both steady-state and unsteady-state 

condit1ons. The effects of stirring rate, driving force; and concen-

tration level '1ere studied by Bush. The results of Bush's and Burger's 

work are compared with the results of this work and discussed in greater 

detail in Chapter v. 

Olander and Reddy (19) studied the effect of concentration driving 

force on the mass transfer coefficient of nitric acid transferring across 
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the tributyl phosphate-water interface. They found that transfer from 

the organic phase to the aqueous phase was unstable. The overall mass 

transfer coefficient increased by as much as a factor of four as the 

driving force was increased. In some systems, the overall mass transfer 

coefficient went through a maximum and t}:len returned to a stable value 

as the driving force was increased. 

The purpose of this work was to extend the work of Bush (5) to 

include the simultaneous transfer of nitric acid and uranyl nitrate 

across the water-tributyl phosphate interface. 

In this study, mass transfer coefficients were determined for uranyl 

nitrate transferring in both directions across the water-tributyl phos

phate interface while nitric acid was also transferring in the same 

direction, The runs were made under steady state 'conditions ~r· Various 

concentration levels of uranyl nitrate and nitric acid were studied. 

In general.» the presence of nitric acid caused a decrease in the mass 

transfer coefficients of uranyl nitrate when transfer was from the organic 

phase into the aqueous phase, Transfer in the opposite direction was 

apparently not a:ff'ected by the presence of nitric acid. 



CHAPTER II 

THEORY OF INTERPHASE MASS TRANSFER 

In mass transfer work, the mass transfer coefficient defined 

by 

where~ NA = rate of transfer of component A (moles/sec-cm2), 

k = mass transfer coefficient (cm/sec), 

~CA= concentration difference (moles/liter}, 

(1) 

is often utilized. 6. CA is the concentration difference between the 

beginning and the end of the diffusion path. The mass transfer coef-

:ficient includes all of the other factors affecting mass transfer. 

Var.ious attempts have been ma.de to interpret mass transfer coef.f'ici-ents .. 

The·most common interpretations of mass transfer coefficients are those 

derived from film theory» penetration theory, and surfact. renewal theory. 

Film theory is the outgrowth of ideas presented by Lewis :and Whi tmn 

(15). Film theory is based on the assumption tAat molecular diffusion 

through a· laminar film is the basic mechanism of mass transfer. The· 

effect or turbulence is merely to reduce the film thickness. 1hus, 

the greater the tUll"bulence, the shorter the diffusion path and, hence, 

the greater the rate of mass transfer. Film theory predicts 

4 



where: D = Diffusion coefficient (cm2/sec). 

b = Film thickness ( cm) . 

Penetration theoryP first presented by Higbie (12), assumes ttie 

5 

transferring solute penetrates a stagnant liquid by molecular diffusion. 

If the time of exposure is short, the solute penetrates only a short 

distance and integration or Fick 0 s second: law yields 

(3) 

where -ea. = time (sec). 

Danckwerts (7) extended penetration theory to apply to turbulent 

systems. He suggested that eddies were continually being swept to the 

surface where they remained for a short time while the solute penetrated 

the liquid, The eddies were t;hen swept away and replaced by others, This 

the;or;y is known e., su:rtace renewal theory. Surface renewal theory predicts 

(4) 

where s = average fractional rate ot production of new surface 

·orten tn liqui'd-liquid ~xtraction processes a solute is transferred 

between, two ill.illl.bc·i'bl~ liquids. · To ·interpret the process, the simultaneou~ 

ditt'usion of the solute in the tvo phases must be considered together 

with the equilibrium. distribution of' the solute in the two phases. 

The concentration gradients that are present near the liquid-liquid 

interface are sh~a by Figure 1. In order for mass transfer to occur, 

. t, 

there must be a concentration drop from the bulk of the· rattinate, Pq.ase A, 
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and a corresponding concentration drop in the extract, Phase o. However, 

it is possible for C0 to be greater than CA and still have transfer 

occur, if C represents a lower chemical potenti.al than C . 
o A 

In a two phase system, (CA-C0 ) does not represent the driving force 

of Equation (1) for transfer between the two phases. Therefore, Equation 

(1) cannot be applied directly to the two phase system. However, the rate 

equation can be written for each phase. 

(30) 

... 

NA - k (C -C ) 
o oi o 

( 5) 

(6) 

Obviously, it is not possible to measure C and C Whitman 
Ai oi 

:, '~ I t 

overcame this problem by proposing that C and C were in equi
Ai oi 

librium and that resistances to mass transfer between the phases were 

additive. The assumption of equilibrium conditions at the interface 

implies that there is no resistance to mass transfer at the interface. 

This is the so called two-resistance theory which is not only applicable 

to film theory but to penetration theory and surface renewal theory as 

well, The significance of this theory can be shown by referring to 

Figure 2. 

Point B represents the bulk phase concentration and I represents 

the corresponding equilibrium concentration. 

If steady-state conditions exist, Equations ( 5) and ( 6) are eq,uaJ. ,· 

and can be rearranged to yield 

(7) 
0 
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It is readily seen that the slope of the line IB is equal to 

-~ 
k 

O If the distribution of the solute between the two phases is known, 

C* can be used as a measure of C. Therefore, the rate equation for 
0 0 

transfer between the two phases can be written in the form 

N = K (C*-C) 
A o o o 

or 

K0 and KA are called overall mass transfer coefficients. 

From Figure 2 it can be seen that 

or 

Therefore, 

Similarly 

N 
A 

K 
0 

N mN 
2 A : A + 

k 
-· 

0 
kA 

l 1 ~ 
-'=-+-. 
K k k 

o o A 

1 1 1 
--- + 

Equations (12) and (13) represent the principle of additivity of 

resistances. 

(8) 

(9) 

(10) 

( 11) 

(12) 

(13) 

9 
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Gordon and Sherwood (11) in a study using a ,ttrred transfer cell 

confirmed the additivity of resistances and indirectly the existence 

of equilibrium at the interface. However, the existence of equilibrium 

at the interface has been questioned by several workers (8; 24, 29, 30) 

who have reported a resistance to mass transfer at the interface. Davies 

(8) encountered interfacial resistance in the water-n1trobenzen~ 1system 
while studying the passage of salts through a plaama membrane, ; Int~i-tacial 

resistance was encountered by Sinf'elt ,1nd Dr:i.dkamer (24) in their' dif'tueion 

studies of mo1ecula.r 1ulfur crossing a liquid-liquid interface. ·. Tuntf and 

Drickamer' '(29J found reoistance in the interface to be quite significant 

compared with ~he· resistance to ordinary diffusion in the so2-n-heptane: 
I ' ~ I I 

system. . TheYalso studied the phenol-sulfuric acid-water system 1arid 

found a significant interfacial resistance. They concluded that resistance 

to motion ··1n the interface must be important· in many, i:t' not air, partlally 
. . 

m1sc1ble systems and that it was certainly not safe to assume equ:t!:r:brium 

a.t the inte:r:t'e.ce for such systems. They felt that with polar molecules, 

a high degree .of orientation was necessary tn order to pass through the 

interface. On the other hand, Ward and Brooks (30) found no interfacial 

resistance when they used the Lamm scale method to study the diffusion of 

carboxylic acid across the water-toulene interface. However, they: stated 

that their type of experiment would not detect a barrier at the interface 

unless it.was very high . 

. Treybal (28). points out several factors that Equations (12) and ( 13) 

do not consider 1 yet which cannot be neglected. Among the factors mentioned 

by Treybal (28) are temperature changes at the 'interface, interfacial r~-
sistance due to absorbed trace substances, interfacial turbulence, and 
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chemical reactions. 

Temperature changes at the interface are due to the solute having 

different heats of solution in the two phases or due to the heat of re

action of a chemical reaction at the interface. Treybal (28) mentions 

that heat effects are usually small but refers to the study of Searle and 

Gordon (23) where it was estimated that there was an eleven degree 

Centigrade temperature rise when acetic acid was transferred from iso

butanol to water containing sodium hydroxide. 

Treybal (28) points out tb.l!l.t trace substances adsorbed at the inter

face may affect the rate of mass transfer by blocking the interface, re

ducing surface motion and interaction with the solute. Lewis (14) re

ported that rigid protein films caused a retardation of transfer, probably 

due to damping of interfacial turbulence. Burger (3) reported surface 

active agents reduced the rate of transfer and attributed it to mechan

ical blocking of the interface. 

Interfacial turbulence is usually attributed to concentration gradi~ 

ents along the surface of the interface. This phenomenon, usually attri

buted to the Marangoni effect, has been studied extensively by Sterniing 

and Scriven (26). Their theory stated that the origin of the interfacial 

turbulence is the local variation of interfacial tension with solute 

composition. Treybal (28) suggests that interfacial turbulence may be 

promoted by the following conditions. 

1. Transfer of a solute out of a liquid of higher 

viscosity. 

2. Transfer of solute out of the liquid in which 

its diffusivity is lower. 



3. Large differences in the kinematic viscosity 

and the diffusivity for the two liquids. 

4. Large concentration gradients near the interface. 

5. Low viscosities and diffusivities in both 

phases. 

6. Strong variation of surface tension with con

centration. 

7. Absence of surface active agents that increase 

surface viscos~ty. 

8. Highly dispersed systems with large surface 

area. 

12 

Olander and Benedict (18) in studying the extraction of nitric acid 

with tributyl phosphate observed that the transfer process was greatly 

accelerated by interfacial turbulence at high acid levels and attributed 

it to the Marangoni effect. 

In some systems, the transferring component may undergo a chemical 

reaction at the interface. If the reaction is slow, it may be the con

trolling factor in the mass transfer process. In some cases, the re

action may simply be a dimerization or salvation. 

To account for all of the above mentioned added resistances, ad

ditional terms are usually added to Equations (12) and (13). However, the 

assumption of additivity of resistances has recently been challenged by 

Abrazon and Ostrovskii (1). They reviewed much of the literature and 

pointed out that much of the experimental data contradicts the assumption 

that resistances are additive. They concluded that the rate of the 

overall process is determined by only one stage, the slowest stage, which 



corresponds to the highest energy barrier .. 

It is obvious from the foregoing discussion that the theory of 

interphase mass transfer is not complete and that many questions are 

yet to be answered. 

13 



CHAPTER III. 

EXPERIMENTAL APPARATUS 

The experimental apparatus for this work consisted of a small 

stirred extraction cell and its flow lines, and temperature control 

equipment (See Figures 3 and 4 and Plates I and II). Auxiliary 

equipment consisted of a Beckman DU Spectrophotometer and a Beckman 

Expanded Scale pH meter. 

The stirred extraction cell, shown in Plate II and Figure 4, was 

patterned after those used by Lewis (14) and Burger (3), The cell was 

the identical cell that was used by Bush (5). The cell was constructed 

of heavy wall glass tubing and was four inches high and had an internal 

diameter of two and one~eighth inches. The top and bottom plates were 

machined from one.:.:f'ou:rth inch stainless steel. The plates were fitted 

with Swagelok fittings for holding the flow lines. The transfer area 

waG :formed by a bafflf~ ring_ and a center baffle both made of teflon. 

The annulus thus formed had an inner diameter of three-fourths inches . 

and an outer diame~er of one and one-eighth inches. The interface was 

mBintained in the center of the annulus by raising or lowering the lower 

phase outlet tube. To prevent swirling, the cell was baffled by three one

fourth inch teflon rods. The two phases were stirred by _paddle stirrers. 

The rectangular paddles were made from thin stainless steel sheets and 

had a length of one and one-eighth inches and a height of five-sixteenths 

14. 
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PIATE I 

Extraction Equipment 



PIATE II 

Stirred Extraction Cell 
~ 



inches. 'rhe upper stirrer was driven by a LaPine variable speed hollow 

shaft cone drive while the lower stirrer was driven by a G. Ko Heller 

electronic controlled motor" The cell was surrounded by a water Jacket 

for temperature controlo 

All flow lines were constructed of polyethylene tubing. One-fourth 

inch Ideal m"'ledle valves were used to control the flow rates. Matheson 

rotameters were used to indicate flow rates" 

The t,~mperature control equipment consisted basically of a constant 

temperature water bath and a refrigeration unit" The constant water bath 

was made by inserting a glass cylinder 1 twelve inches in diameterJ into 

a wooden box and surrounding the cylinder with cork insulation. The 

19 

water was cooled by a copper coil through which fifteen degree Centigrade 

wat(~.r. from the refrigeration unit was pumped by an Eastman, Model 100 

c~mtrif.ugual pump. The refrigeration unit was a Laird Engineering Company 

refirig~:iration unit, 'rhe water bath was maintained at 25±0.3° c. by a 

Cutler-Hammer fivi:i-hundred--watt immersion heater and a Fenwal ad,justable 

controller, 'I'he water from the consta:p:t temperature bath was cJ.:t·c:u]HLed 

through the wate:r jacket of the cell by a small centrifugal pump. Fri.or 

to f,mtering i;he cell the feed solutions were circulated through the water 

bath through stainler.{s steel coils. 

For the analytical work a Beckman DU Spectrophotometer was used. 

Also, a Beckman Expanded Sca.le 1 Model 76, pH meter was utilized" 



CHAPTER IV 

EXPERIMENTAL PROCEDURES 

All of the runs were made under steady state conditions .. The following 

procedure was used. The temperature bath was turned on and allowed to 

obtain the desired temperature. The feed bottles were filled and their 

stopcocks opened so that the solutions could flow into the constant head 

bottles. The aqueous phase ¥alves were opened, and the lower half of the 

cell was filled. The upper half of the cell was then filled in a similar 

manner with the organic phase. While the cell was being filled, the 

height of the interface was controlled by raising or lowering the height 

of the aqueous phase outlet line. After filling the cell, the stirrers 

were turned on. The speeds of both stirrers were adjusted to one hundred 

revolutions per minute by counting the revolutions and timing them with a 

stop watch. The approximate flow rates were adjusted to the desired rate 

of one and one-half milliliters per minute by referring to the rotatmeter. 

The fl"ow rates were then determined accurately by using a stop watch to 
' . 

obtain the time, necessary for filling a ten milliliter volumetric flask. 

The flow rates were checked at regular intervals throughout the duration 

of the run and readjusted if necessary. After about three hours, samples 

of the extracting .stream were analyzed for uranium concentration every 

fifteen minutes. When there was no concentration change over a forty-

five minute period, it was assumed that steady state had been reached. 

20 



21 

Samples were then taken of each stream and the flow rates measured. The 

equipment was turned off and the samples analyzed for both uranium and 

nitric acid. 

Commercial grade tributyl phosphate purchased from Commercial Solvents 

Corporation was used. The tributyl phosphate was purified in a uanner 

similar to that of Alcock (2). One liter of tributyl phosphate was boiled 

with one-half liter of five tenths molar sodium hydroxide under total 

reflux for a period of ten hours. The mixture was then boiled for one 

hour without reflux. The tributyl phosphate and sodium hydroxide were. then 

separated using a separatory funnel. The tributyl phosphate was then washed 

several times with distilled water until the wash solution was neutral 

to litmus paper. 

Ams co Odorless .Minera 1 Spirits (W-7), purchased from Miss.ouri Sol vents 

and Chemical Company; was used as a diluent. When the thirty-volume-percent 

tributyl phosphate solution in Amsco was prepared an emulsion resulted. 

The emulsion was broken by filtering .or by allowing the mixture to stand 

overnight. 

Uranyl nitrate solutions were.prepa:red from'A,C,S, reagent grade 

uranyl nitrate purchased from General Chem.ic'ai. Division of Allied Chemical 

Company. 

In searching for a method for determining the uranium concentration, 

two criteria had to be met. The method ~d to work in the presence of 

nitric acid and be relatively rapid in order that periodic analyses might 

be made during the duration of a run so that the steady state condition 

might be determined. The method chosen was a modification of the colori

metric method described by Dizdar and Obrennovic (9). This method utilizes 
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the fact that uranyl and ferrocyanide ions form a colored complex in the 

pH range of three to six. P-nitrophenol was used as an internal indicator 

in adjusting the pH, With very careful work it was found that this method 

was reproducible to within less than one percent. The complete analytical 

procedure is presrented in Appendix C. 

For analyzing nitric acid in the presence of uranium, the method 

reported by Rodden (21) was utilized. This method utilizes the following 

reaction. 

In the pH range of two to five, the above reaction is quantitative. 

The sample was reacted with hydrogen peroxide and the resulting mixture 

titrated to a pH of 4. 5 with sodium hydroxide. · The sample was then ana

lyzed for uranyl nitrate using the previousJ.y described method. Since 

the amount of uranyl nitrate in the sample was then known, the amount of 

free nitric acid was then calculated from the s·toichiometry of the I'le,action 

of hydrogen peroxide and uranyl nitrate and the amount .of sodium hydroxide 

used in the titration. The complete analytical procedure is presented 

in Appendix D .. 



CHAPTER V 

PRESENTATION AND DISCUSSION OF RESULTS 

In order to become familiar with the cell characteristics and 

compare results with those of Olander and Reddy (19)Y the first run 

was made transferring only nitric acid. The transfer was from thlrty

volume-percent tributyl phosphate in Amsco into water. A mass transfer 

coefficient of 2.92 centimeters per hour was obtained. For a similar 

concentration driving force, Olander obtained a. value of approximately 

3.0 centimeters per hour for nitric acid transferring from eighty-five 

percent tributyl phosphate in hexane into water. No interfacial turbu

lence was noticed in this experiment. 

In choosing the concentration ranges to be studied, it was attempted 

to choose those concentrations that would be of interest in the Purex 

Process. 

The fi.rst series of runs was made by simultaneously transferring 

uranyl nitrate and nitric acid from thirty-volume-percent-tributyl phos

phate in Amsco into water, The runs were made at two uranyl nitrate con

centrations (approximately 0.1 and 0,25 molar) and four nitric acid con

centrations (approximately 0,1, 0,2, 0.3, and o.h molar). 

The equilibrium data of Codding, Haas, aqd Heumann ( 6) were used 

for calculating the overall mass transfer coefficients. 

23 
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When the mass transfer coefficients were calculated and plotted as 

a function of driving force and compared to those obtained by Bush (5) 

in the nitric acid free system (See Figure 5), it was seen that the 

presence of nitric acid significantly reduced the mass transfer coef

ficients of uranyl nitrate. 

Burger (3) reported that transfer from the organic phase to the 

aqueous phase was diffusion-controlled, where diffusion refers to both 

molecular and eddy diffusion. Bush concluded that the mass transfer 

coefficient was dependent only on convective diffusion rather than simple 

molecular diffusion for the nitric-acid-free system. The reduction i:e· 

the mass transfer coefficient, caused by the presence of nitric acid, 

could be explained by either a significant change in the hydrodynamics 

of the cell, i.e., a change in the viscosity and density so as to produce 

a smaller Reynolds Number, or a significant reduction· in the diffusion 

coefficient of the uranyl -nitrate-tributyl phosphate complex in the 

presence of nitric acid. 

In order for the Reynolds Number to decrease, it would be necessary 

for the density to decrease or the viscosity to increase, or both. Burger 

(4) studied the effect of nitric acid on the viscosity of a similar system. 

In his study, Deobase rather than Amsco was used as the diluent. Deobase 

and Amsco have viscosities at 25 degrees Centigrade of 17.3 and 14.3 milli

poises respectively. Burger found that the effect of nitric acid on the 

density and especially on the viscosity much smaller than the ef'fect of 

uranyl nitrate. Saturating the tributyl phosphate-Deobase mixture with 

nitric acid only raised the viscosity from 18.3 to 18.7 millipoises. It 

was therefore concluded that the Reynolds Number changed very little with 
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the addition of nitric acid to the system. If the Reynolds Number changed, 

it would become larger since the density effect is apparently larger than 

the viscosity effect. 

The reduced mass transfer coefficients could be explained by a large 

red~tion of the diffusion coefficient of the tributyl phosphate-uranyl 

nitrate complex when it diffuses in the presence of nitric acid. If the 

molecular diffusion coefficient were sufficiently lowered, molecular dif

fusion could become signit'icant when compared with convective diffusion, 

which was found to be the controlling factor in Bush's work. Insufficient 

diffusion data were available to fully evaluate this possibility. Finley 

(10) noted that the presence of nitric acid significantly lowered the 

diffusion coefficient of uranyl nitrate diffusing into water. The dif

fusion coefficient was lowered by as much as fifty percent when uranyl 

nitrate diffused into two molar nitric acid. If nitric acid also lowers 

the diffusion coefficient of the uranyl nitrate-tributyl phosphate complex, 

Jt would adequately account for the decrease of the mass transfer coef

ficients. Perhaps the presence of nitric acid promotes polymerization 

or the formation of a larger complex and the diffusion coefficient decreases 

according to the Riecke-Grahm Law. 

As can be seen by Figure 6, the effect of nitric acid concentration 

was rather insignificant. Apparently the reduction of the mass transfer 

coefficients was due simply to the presence of nitric acid and not dependent 

on the nitric acid concentration. 

Although the data were not as scattered as much as Bush's,there was 

still considerable scattering of the data. Since tributyl phosphate is 

subject to decomposition, part of the scattering was attribµted to 
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differences in the tributyl phosphate so+utions. Sufficient tributyl phos~ 

phate for three runs was usually prepared at one time. By the time the 

last two runs were completed, sometimes several days had elapsed and 

some decomposition of the tributyl phosphate could have occur·red. Un-: 

doubtedly, there were small differences between solutions prepared at 

different times. 

It was attempted to keep the overall mass balances within one percent 

agreement. This goal was achieved in most runs. In runs where it was not, 

the mass transfer coefficient was based on the extracting stream, since 

calculating molar fluxes did not involve taking differences between the 

concentrations of the feed stream and the raffinate stream. 

The final series of runs involved transfer from the aqueous phase to 

the organic phase. The runs were made at two uranyl nitrate concentrations 

(approximately 1.0 and 1.5 molar) and two nitric acid concentrations (approx~ 

imately 1.0 and 3.0 molar). Apparently, the nitric acid did not cause a 

decrease in the mass transfer coefficients as was the case for transfer 

in the opposite direction. As can be seen in Figure 7, the data from 

this work corre.lates quite well with. that of Bush's. 

The chemical reactions involved in the process are 

H"' + NO~ + TBP ';;t:: HN03 • TBP 
aq 3aq org 

and 

uo++ + 2No"" + 2TBP :;Ii uo (NO ) • TBP 
2aq 3aq org 2 3 2 
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In the case of transfer from the organic phase to the aqueous 

phase, the nitric acid and uranyl nitrate simply free the tributyl phos

phate at the interface and then dissociate in the aqueous phase. Al

though the possibility must be considered that this reaction might be 

rate controlling, Burger's (3) work indicated otherwise. He found that 

transfer from the organic phase to the aqueous phase was probably controlled 

by molecular and eddy diffusion of the complexed uranyl nitrate. 

When transfer is in the opposite direction, aqueous phase to organic 

phase, the mechanism is more involved. Both nitric acid and uranyl nitrate 

form complexes with tributyl phosphate. It would be expected that the 

nitric acid and the uranyl nitrate would compete for the available tributyl 

phosphate and thus slow down the transfer process. However, as can be 

seen by Figure 7, the process was apparently not slowed down by the 

presence of nitric acid. This indicated that the chemical reaction was 

probably not the rate controlling step. Burger (3) suggested that the 

rate controlling reaction was a physical reaction such as orientation 

of the molecules at the interface rather than a chemical reaction. The 

results of this work seem to support the idea of a physical reaction or 

convective diffusion being rate controlling. 

Olander and Reddy (19) found that when the overall mass transfer 

coefficients were plotted as a function of concentration driving force, 

that they increased up to a maximum at a driving force of about 0.1, 

decreased to a driving force of about 0.2, and then became relatively 

stable. It is of interest to note that the overall mass transfer coef

ficients in this present work also decreased between driving force of 0.1 

and 0.2. However, the mass transfer coefficients did not seem as strong 
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a function of driving force as they were when nitric acid was not present. 

It would have been of interest to extend the work to higher driving 

forces. However, the organic phase becomes saturated at 0.52 moles of 

uranyl nitrate per liter of solution so that driving forces much above 

O. 5 cannot be obtained. As can be s.een from Figure 7, initial aqueous 

concentrations of l,5 and 1.0 moles of uranyl nitrate per liter produced 

essentially the same driving fore~. 



CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

The simultaneous transfer of uranyl nitrate an.d nitric acid across 

the tributyl phosphate-water interface has been studied. 

The presence of nitric acid reduc::ed the mass transfer coefficient 

for uranyl nitrate transferring from the organic to the aqueous phase. 

The decreased mass transfer coefficient was possibly due to a reduction 

in the diffusion coefficient of the uranyl nitrate-tributyl phosphate 

complex. Nit~ic acid apparently had no effect on the transfer from 

the aqueous ~hase to the organic phase. 

The mass transfer coefficients did not seem as strong a function 

of driving force as they were when nitric acid was not present. 

For further study, as diffusion data becomes available, it woulfi be 

of interest to correlate the mass transfer coefficients for transfer.from 

the organic phase to the aqueous phase with diffusion coeff-icients. It 

would also be of interest to eorre.late the 1!18-SS transfer coefficients with 

actj,vity driving forces rather than concentration driving forces •. 

Burger (3) bas reported that since the concentration of' acid :ts greater 

than the concentration of uranyl nitrate, the acid initially trap.sfers more 

rapidly. However, due to the low equilibrium conc.entration of nitric ~cid 

in the organic phase, he stated that the nitric acid is driven back into 

32 
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the aqueous phase as the uranyl nitrate is extracted. It would be of 

interest to study this phenomenon further by periodically analyzing each 

stream throughout the course of a run until equilibrium is reached, 

The experimental apparatus could be improved by design:tng a micro

meter adjustment for adjusting the height of the stirrers. It is felt 

that the height of the stirrers with regard to the interface is quite 

critical. In future work it might be well to use teflon flow lines rather 

than polyethylene. Over a period of time, the polyethylene sometimes 

era.eked indicating possible extraction of some of its components. 

Great care should be taken in future studies to insure that all 

tributyl phosphate solutions are identical. They should be carefully 

mi~ed and used promptly to avoid possible decomposition. 

It is recommended that a direct method of analyzing for free nitric 

acid be used in.the future. Burger (3) used ammonium oxalate to complex 

the uranyl nitrate prior to titrating with sodium hydroxide. 
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APPENDIX A 



Run 
# 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10 . 

11. 

12. 

TABLE I 

EXPERIMENTAL DATA FOR TRANSFER FROM ORGANIC PHASE TO AQUEOUS PHASE 

Concentrations Flo3 Rates 
(moles/liter) ( cm /min) • 

Organic Feed Organic Product Aqueous Product 
UOg( N03)2 HN03 . U02(N03) HN03 U02 (N03)~ HN03 Organic Aqueous 

0.000 o.64 0.000 0.5547 0.000 0.689 1.45 1.41 

0.0310 0.382 0 .02975 0.3780 0.0014 0.04 1.455 1.438 

0.0966 0.1302 0 . 0915 0.087 0.00477 0.045 1.40 1.49 

0.110 0.297 0 . 105 0.277 0.0052 0.025 1.525 1.508 

0.0909 0.306 0.087 0.264 0.004075 1. 55 1.45 

0.0852 0 .2160 0.0785 0.1936 0.00358 0.0054 1. 59 1.494 

·0.0908 0.3864 0.0864 0 . 3461 0 . 00427 0 . 023 1. 50 1.365 

0.115 0.306 0 . 0921 0.00408 2.66 1.485 

0 . 205 0.115 0 . 186 0 . 102 0 . 00823 0 . 006 1.12 1. 51 

0.225 0 . 275 0.215 0 .208 0.00842 0.0180 1.22 1. 53 

0.253 0 . 314 0.241 0 .286 0 . 00987 0 . 0277 1. 305 1.662 

0.269 0 .190 0 .2565 0.142 0.01135 0.0190 1.22 1.66 
w 
-..J 



Run 
I 

13, 

14. 

15. 

16. 

TABLE II 

EXPERIMENTAL DATA FOR TRANSFER FROM AQUEOUS PHASE TO ORGANIC PHASE 

Concentrations Fl~ Rates 
.. (moles/liter) (cm 'min) 

Aqueous Feed Aaueous Product Organic Product 
U02(N03)2 HN03 U02(N03)2 HN03 U02 (N03)2 HNO 

3 
Organic Aqueous 

1.424 2.90 1.398 2.90 0.0164 0.0079 2.2 1.47 

1.47 0.78 1.434 0.75 0.0173 0.0052 2.12 1.00 

1.014 3.32 1.005 - 3.27 0.00849 0.00922 2.36 1.91 

1.075.: 0.89 1.025 0.96 0.0293 0.0309 1.33 1.44 

UJ 
CX> 
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TABLE III 

CALCULATED DATA 

Run Driving Force Mass Transfer Material 
fl Coefficient Balance 

K ;ic 10+ 
(moles/liter) (cm/sec) (%) 

I. o.4147 9,75 0.28 

"2. 0.02961 3.18 o.44 

J. 0.09061 3.49 o.48 

4. 0.1035 3.52 2.5 

5. 0.086 3.17 2.3 

6. 0.0775 3.21 19 

7. 0.0854 3.15 7.6 

8. 0.091 3.09 18.2 

9. 0.186 2.84 4.2 

10. 0.215 2.81 0.368 

11. 0.241 3.11 o.o 

12. 0.256 3.45 Ll 

13. 0.504 3.34 0.05 

14. 0.503 3.42 o.o 

15. 0.511 1.845 o.o 

16. o.497 3.58 LO 
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APPENDIX B 

SAMPLE CALCULATION 

Basic Data 

Run I 11 (Transfer from Organic Phase to Aqueous Phase) 

Organic Feed: 0.253 Molar uo2 (No3)2 

0.314 Molar HN03 

Organic ]:>reduct: 0.241 Molar UO~;/N03)2 

0.286 Molar HN03 

Aqueous Product: 0.00987 Molar UO::/N03)2 

0.0277 Molar HN03 

Equilibrium Concentration (C~): 0.0045 Molar uo2(No3)2 

Aqueous Flow Rate: 1.662 cm3/min 

Organic Flow ~ate: 1.305 cm3/min 

Interfacial Area: 3. 56 cm2 

Calculations 

Material Balance: 

(1.305)(0.253) = (1.305)(0.24J,.) + (1.662)(0.00987) 

0.331 = 0.315 + 0.016 

0.331 = 0.331 

o.o<{o Difference 

41 



Molar Flux: 

Driving Force: 

(1.662)(0.00987) 

(3.56)(60) 
-5 2 = 7.5 x 10 moles/ sec-cm 

(0.241-0.0045) = 0.236 moles/liter 

Overall Mass Transfer Coefficient: 

K = 
OS 

(Molar Flux) 
(Driving Force) 

7.5 x 10-5 
(0.236) 

K = 3.18 x 10-4 cm/sec 
OS 

42 
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APPENDIX C 

ANALYTICAL PROCEDURE FOR URANYL NITRA'rE 

I. The solution to be analyzed was carefully diluted to a concentration 

of greater than 0.002 and less than 0.01 molar uranyl nitrate. 

2. A one millilter sample was then pipetted into a twenty five 

milliliter volu~~tric flask using a one milliliter calibrated 
I 

pipette. Five to ten milliliters of distilled water were added 

and the flask was vigorously shaken. Vigorous shaking was 

especially essential when analyzing organic solutions in order 

to insure extraction of uranium into the water phase. 

3. Two drops of one percent p-nitrophenol solution were added. 

4. Ammonium hydroxide was added until a permanent yellow color 

resulted. 

5. Approximately five molar nitric acid was added dropwise until the 

solQtion became clear. 

6. Three milliliters of ten percent potassium ferrocyanide were 

added and aqueous solution diluted to twenty five milliliters 

with distilled wa4er. 

7. After fifteen minutes the absorbance was read on a Beckman DU 

Spectrophotometer at a wave length of 480 mf and a slit. width 

of O. 02 millimeters. 
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A calibration curve was determined which was found to be linear 

and could be described by ;the following equation 

A-0.02 
C = F ( 162 ) 

where 

C = Concentration 

F = Dilution factor 

A= Abso;rbance 

With very careful work it was found that this method was reproducible 

to within less than one percent. 
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APPENDIX D 

ANAiYTICAL PROCEDURE FOR NITRIC ACID 

IN THE PRESENCE OF URANIUM 

1. A one to ten milliliter sample was pipetted into a 

250 milliliter beaker. 

2. The sample was diluted to 100 millilters with 

distilled water. 

3. Fifteen milliliters of three percent hydrogen 

peroxide were added. 

4. The mixtu:re was titrated to an end point of 4.5 

with 0,1 molar sodium hydroxide using a Beckman, 

Expanded Scale, pH meter. 

The sample was then analyzed for uranyl nitrate using the pre-

viously described method. Since the amount of uranyl nitrate in the 

sample was then k~own, the amount of free nitric acid was then calcu-

lated from the stoichiometry of the reaction of hydrogen peroxide and 
I 

uranyl ni,trate and the amount of sodium hydroxide used in the titration. 
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c 

K 

k 

N 

s 

APPENDIX E 

NOMENCLATURE 

molar concentration (moles/liter). 

2 diffusion coefficient (cm /sec) 

overall mass transfer coefficient (cm/sec) 

indiv;i.dual mass transfer coefficient (cm/sec) 

molar flux (moles/sec-cm~) 

average fractional rate of production of new surface (sec-1 ) 

Greek 

6. used to denote a difference 

h film thickness ( cm) 

-e- time (sec) 

1r constant: 3.1416 

Subscripts 

A denotes aqueous phase 

i denbtes the interface 

0 denotes organic phase 

Superscript 

denotes equilibrium condition 
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