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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 cello The effect of the organic phase stir­

ring rate was greater than that reported in similar studies. However, 

if the energy tran.smitted from the aqueous phase stirring was consideredj 

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 the concentration level of the phase into 

which the uranyl nitrate was transferred. 

The interfacial 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 fuel·s is generally carried out by liquid-liquid extraction. The 

most commonly used organic solvent for uranium extraction is tributyl 

phosphate, 'l'BP. The reaction governing the extraction is written below. 

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 resistance to transfer and the limiting step is diffusion 

towards or away from the interface. 

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

1 
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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-TEP 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)o 



CHAPTER II 

LITERATURE REVIEW 

'fributyl- Phosphate a~ ~n Extracting Agent 

The recovery of uranium from various aqueous and ~cidic solutiq'1s 

bec~e of great importance for the separation of uranium from other 

metallic elements for use in nuclear reactor fuelso In addition, uran-

ium, after being used as a reactor fuel, accum~lates fission product~. 

which poison the fuel and which must be separated from the uraniumo 

~lthough many methods have been investigated for the recovery of 

uranium, liquid-liquid extraction has become the principal method for 

separation of uranium from other metallic elementso McKay (37) studied 

the purification of uranyl nitrate between water and vari9us organic sol­

ventso H~ found that uranyl nitrate is substantially U?J,ionized in the 

organic phase for most solventso 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 ~itric acido Trib~tyl phosphate 

has become the most widely studied organic solvent for the ~xtraction of 

uranyl nitra.teo Alcockg et al., (3, 4, 5,) presented, series-of articles 

on tributyl phosphate as an extracting agent for inorga~ic ~itrateso 

They noted that with nitric acid tributyl phosphate for~s the comple~~d . . -~ 

compound HNo3~TBPo They also presented a ~ethod fqr purificatio~ of 
', 

tributyl phosphate. ·· The purification of tributyl phosphate, prior to 

3 
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use as an extracting agent, is necessary since it undergoes slow hydrol-

ysis to form dibutyl and monobutyl phosphates, and butanolo Addition of 

very small concentrations of these hydrolysis products cauae a _:significant 

increase in the uranium di~tribution coefficiento In tneir publicatio~, 

Alcock et al. 9 (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 moleculeso Moore (39) propbsed the m~ch-

anism of uranyl nitrate extraction by tributyl phosphate as followso 

(1) 

The uranyl nitrate is complexed in the organic phase with two mole-, 

cules of tributyl phosphateo Moore further concluded that the extraction 

of nitric acid involved the formation of a weak, one to one complex with 

TBP, and that HN03 is displaced bl uranium in the organic phase due to 

the more stable uranium complexo 

McKay (37) has proposed that the oxygen in the organic solvent acts 

as an electron donor for the formation of the uranyl nitr~te complexo 

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 9 Collopy (14) found t~at 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 TBPo He also found that two molecules 

of nitric acid were displaced 'by one molecule of uranyl nitrate i~ the 

organic phase. There have bee~ a number of investigations of the 
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distribution of uranyl nitrate between water and TBP containing different 

diluents (3, 7, 11., 22 1 39, 46). The partition of uranyl nitrate has 

also been studied where various salting agents, HN03, NaN03, and 

Al (No3)3 , were present (5, 12, 15, 20, 1+8). 

Burger and Forsman (9) found that the solubility of pure TBP in 

water is approximately 0.4 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= 

dieted by use of mole fractions. The solubility of water in pure TBP is 

64 grams per 1:i..ter (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 another study~ 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 molal by iso-

piestic vapor pressure measurements. Glueckauf~ et al, (20) measured the 

activity coefficient of uranyl ni.trate in the presence of sodium nitrate. 

The physical properties of tributyl phosphate as reported by 

Flannery (18) are given in Table I. 

Stirred Mass Transfer Cells 

Recently several investigators have studied mass transfer across a 

liquid-liquid interface in stirred cells having a fixed interfacial area. 

Lewis (27) obtained the follo~~ng correlation for individual mass trans-

fer coefficients in a stirred mass transfer cell having a fixed annular 
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TABLE I 

Physical Properties of Tributyl Phosphate 

Chemical formula 

Molecular weight 

Color 

Odor 

Refractive Index (20° Co) 

Viscosity 

25° Oo 

85° c. 

Boiling point 

760 mm Hg 

15 mm Hg 

1 mm Hg 

Specific gravity at 25°)0. 

Freezing point 

Flash point, cleveland open cup 

Dielectric constant 

Solubility in water at 25° c. 

Solubility of water in TBP at 25° C. 

266 

Water White 

Mildly eweet .. ,1· 

3o41 centipoises 

o.8 centipoise~ 

287° Co 

1730'' c. 

121° Co 

0~973 

80° C. 

145° q. 

7.97 

o.6 vol. " 
7 vol. % 
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in't;erfacial areao 

·- .... 

6076 . 10-6 rR·. . µ , ] 1.65 
x l e1 + µ -~ Re2 . .. + 1 (2) 

where: 

k1 is the film mass transfer coefficient of phase 1 

V1 is the kinematic viscosity of phaee l 

Rei is the Reynol~ number of p~se l 

µ 1 is the viscosity of phase lo 

In later studies Lewis (27 728) measured the overall mass transfer 
I 

coefficient of various solutes in his stirred cello 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 correlatiQno In these cases the experimental 

coefficient was generally lower than the theoretically predicted valueo 

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 interfacial t,ireao· In Gordon and Sherwood's 

cell the stirrers were not :j.ndependently adjustable as in the cell de-

signed by Lewiso 

The equations giving the overall mass transfer coefficients from 

the· film transfer coefficients are given belowo 

l 1 m (3) 

'Kgs = - +-ks ,!, kw 

1 .1 1, (4) 
Kow = k + mlq .w 
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where: 

Kos is the overall mass transfer coeffic;ie:p.t of phases 

Kow is the overall mass transfer coefficient of pha1;1e w 

ks is the film mass transfer coefficient of phases 

kw is the film mass transfer coefficient of phase w 

m is the slope of the · .equilibrium relationship between phase 

sand .phru;le Wo 

Since there was a disagreement between the experimental and predict,d 
·' 

overall mass transfer coefficient? Lewis (27) postulated the differ~nce 

might be due to an interfacial resistance to mass transfero Lewis then 

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

where: 

- ...L 
k­
r 

l ;;:-.__. 

,Cos 
l . 

·~s 

(5) 

ks and kw are calculated from Lewis's film transfer coefficient 

correlationo 

Blokker (6), using a stirred cell similar to the Lewis cell, studied 

the transfer of various solutes across liquid-liquid interfaces, and 

confirmed the interfacial resistance to transfer as reported by Lewiso 

An improved film transfer coefficient correlation was derived by Mayer 

(33) in his work using a stirred mass transfer cello 

(6) 
- D 



where: 

L is the diameter of the stirrer 

Di ie the diffusivity of the solute in phase l 

µ1 is the viscosity of phase l 

Sc1 is the Schmidt number- in phase 1, J!:_. 

9 

pin 
Mayer (34) also used his stirred mass transfer cell to stu.dy- the effe-ct 

of surfactants on mass transfer rates. He fo-qnd that min~te quantitie~ 

of surf,ce active material significantly reduces the mass transfer rate .. 

Mayer concluded that the interfacial resistance concept may be explain,d 

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, measured an interfacial resist-

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 formo 

where: 

··-

Sc~. 44 = o~~,. (,r/J)· ·0~67 . . ' .,, .. ··v' 

W= stirrer speed in radians/sec 

A hydrodynamic model of mass transfer was developed by Olander. 

Thts model predicted the mass transfer coefficient to be proportional 

(?) 
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to the square root of the Rey~olds number and the diffusivity raised to 

the 2/3 powero The model was shown to be unrealistic by Lopsemore and 

Prosser (32)o In order ~o bring the model into agreement with Lofsemore 

and Prosser's data, Olander (44) modified the origina~. ~odel. Recently, 

Olander (43) studied the effect of the driving force on the transfer of 

nitric acid between water and tributyl phosphateo He fo~nd that the r,te 

of transfer of nitric acid increased with decreasing driving fore~ and 
. ·~ .!· 

that t~e data agreed with the SternH.ng and Scrivem. mo..del of interfacial 

ttirbiulence ( 49) o 

Transfer of U02 (N03)2 across the Water-TBP Interface 

Lewis (29) in his studies of solute transfer across liquid-liquid 

interfac~s investigated the transfer of uranyl nitrate acros~ the water­

tributyl phosphate interf~ceo He found that the experimental mass trans­

fer coefficients were initial~i higher than those predict~d by his fil~ 

transfer coefficient mode~, but after a.short period of time an ·inter-

facial resistance to transfer appearedo Hahn (24) studied the transfer 

of uranyl nitrate across a fixed interface in a non-stirred piece of app,,.-

ratuso He found that the transfer was initially higher than could be 

calculated from diffusion coefficientso Murdoe:h and Pr~tt (4o) investi-

gated the transfer of uranyl nitrate between water and ~ethyl isobutyl 

ketone in a wetted wall column and found that the rate of tra~sfer was 

partially determined by diffusion and partially by interfacial resistance. 

The aqueous phase film mass transfer coefficient was fou~d to vary as th~ ,: . 

square of the uranium concentration. Murdoch and Pratt concluded that 

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

tlit interface. 
)'ii 
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Burger (8) has studie~ the transfer of uranyl nitrate across th, 
. ii 

water-tributyl phosphate interface in a stirred cell similar to the 

one used by Lewiso Burger's cell diffeted from that u~e~ qy Lewis by 
. \ . . 

having vertical baffling to improve mixing of the phases. He found that 

the rate of transfer was initially quite rapid but decrea~ed as equilib~ 

rium was approached and that the extraction rate was depen~ent upon the 

degree of stirring of the phases and. on the concentration of the trans-

ferring solute. Keish (26) using a very small cell wit~ ~xtremely fast 

stirring concluded that the tra'.nsfer was chemical reaction controlled, 
: I ~ , 

with the formation of the uranyl nitrate-TBP complex in the prganic phase 

t~e rate controlling step, and that there was no interfacial resistance 

to mass transfero 

Chester (10) studied the steady-state transfer of uranyl nitrate 

between water and tributyl phosphate and was able to obtain point analyse~ 

up to the 100 ,t.t 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 various interfacial 

areas and degrees of mixingo 

There is no general agreement concerning the mechani~~ of transfer 

of uranyl nitrate between water and TBPo 

the transfer rate decreased with time. 

Lewis (29) and Burger (8) found 
: . :~ 

Burger attributed this decreaije 
.\' 

in transfer rate to a buildup of an interfacial resistance. Murdoch 

and Pratt (40) found evidence of an interfacial resistance and also cop-

eluded 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 
( 

the transfer rate was controlled by the f6rmation of the uranyl nitrate­.!,, 
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TBP complex. Chester (10), on the other hancl, could not fiud any evidence 

of either a $low chemical reaction at the interface or of an iJ:ltertacial 

resistanceo 

Interfacial Turbulence 

During his study of the tra~fer of uranyl nitrate b~tween water 

and tributyl phosphate, Lewis (29) observed in some instances an inter-

facial turbulence occurred at the interface. This was pa.rtictµarly notice­

able when the tributyl phosphate had been .purified by distil1',tiono In 

these cases the mass transfer coefficients were abil.Ol'llally htgb. Sherwood 

and Wei (50) observed many liquid-liquid/systems. wbi:ch,:4emcuu,:i:ra1:ed, sponta-

neous emulsification and stroll8, agitation of the interface even when there 

was no 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. Th, theory assumes the origin of 

the disturbance is due to random local variatiou of the interfacial ten-

sion with solute composition produced by eddy currents near the interfaceo 

This variation of interfacial tension along the interface C4lu,es a twitch-
• J • 

ing of the interface which may either- damp out or cause reirlforcement of 

the initial disturbanceo The conclusion is primarily dep,n~ent upon the 

ratio of the viscosities and the diffusivities of the two ~es and the 

magnitude f!Uld sign of the variation ot the interfacial tension with com-

position .. 

Olander (41), in his s~udy of nitric acid tranefer from water to 

tributyl phosphate, found the lllljlBS transfer coefficients to be higher 

than usual in the instance where the Sternling and Scriv•n mpdel predicted 
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the occurrence of interfacial turbulenceo It was recommended by Sternling 

and Scriven that experimenters report observations of t~e phase interf~ce 

with their data and that the direction of transfer, and concentration 

level be noted. In additioni it was recommended that the viscosities, 

diffusivities, and the variation of interfacial tension with solute con­

centration be estimated or measured. 



CHAPTER III 

THEDRY 

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 phaseso This process is more complicated than simple diffusion 

in liquids since diffusion occurs in both phases simultaneously. 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 equilibriumi diffusion will occur in such a manner as to bring the 

system to equili.briurn conditions. 

Two-Film Theory 

The most widely used theory of interphase mass transfer is the 

Whitman two-film theory (52). Consider a solute, 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 C and 
w 

falls to Cwi at the interface. In phases the concentration falls from 

C. at the interface to C in the bulk of the liquid. A further postu-si s 

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. 
Jisc,M!•5c.cl 

The concentrations &etli?JQPSIO& above may be represented by points on 

the equilibrium diagram (Figure 2). The coordinates of point Bare the 

average bulk solute concentrations in the two phases while the coordi-

nates of point Care 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 which 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. 

NA= k (C - Cwi) = k (Ci - C) w w s s s 
(1) 
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Concentration in phase w 

Figure 2o 

Equilibrium Diagram 



where: 

~·=individual film coefficient for phase w 

ks= individual film coefficient for phases 

18 

The slope of the line BC in Figure 2 may be obtained from ~qpation 
t' 

(1). 

,, (2) 
-.;!' 

ks 

Thus, if ks azid kw are known, the value 0f Cai and,~wi,andc:the rate 

of transfer, N, mal be obtained by simultaneously solving Equation (2) 

along with the equilibrium relationship, Cai~ f(cw)o 

The individual film coeff::j.cients defined by Equation (1) can not 

be experimentally ',detel'.lllined . since it .. is not physically possible to 

measure the interfacial concentrations. Therefore, since the average 

bulk concentrations may be readily determined, overal,l mass transfer 

coefficients are defined by thf following eq~tiono 

(3) 

where: 

Kow = overall transfer coefficient for phase w 

Kos = ovetall transfer coefficient for pha13e s 

c• ·w = concentration of Cw which is in equilibrium with Cs 

c.• ,S ·= concentration of Cs which is in equilibrium with Cw 

The overall coefficients account for the diffusion resistances in 

both phases. The values of C6 * and Cw* are shown in Figure 2 a~~ the 

overall driving forces~ (Cw - Cw*) ~d (Cs* - 9s), -are shown as .6 Cw.o 
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and .A.C·50respectively. 

The relationship between the overall and the individual film mass 

. transfer coefficients may be obt~ined f:rom Equations (1) and (3). 
' . ': ' ': 

. . . 

to find K06 fS a function of ks ~d kw :-ewrite Equation 3 as follows 

N 
Kos= (4) 

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

regroup the terms 

Now from Equation (1) the following expressions are obtained. 

Cs* - Cai = .lL (Os,:" ... Cai) 

kw :CCw - cwlr 

(5) 

(6) 

(7) 

Substituting Equations (6) and (7) into Equation/(5) and dividing 
''i 

both sides by N yiel.~s: 

Let: 

H - (C6 ~ - Csi) 

(Cw - CwD 

. 1 
*T 6 (8) 

(9) 



Then: 

=-.B +jfa 
·•W 

Following the ~bove procedure it can be· el'Jown that: 

where: 

H' • (Cai - Cs) 
(cwi - Cw,: · 
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(10) 

. 
(~l) 

(12) 

It should be noted that in this derivation the usual asaaption of 

the equilibrium relation being linear waa not required. In general Hand 

' H are not equal. B ancl BI are the slopes of the chords co~ect~g . the · 
. ~ . 

points (C8 i, Cwi) witb (Cs•, Cw) and (C8 , Cw*) respectively. When the 

equilibrium,~elationshi;P ia linear, I--~ 11 are both.equal to the slope. .. .. ' '•. 

of the equilibrium line. 

_In ~o-film theory;- the transfer ii alllUlled. to be CO!ltrolled by 
. ·. 

·ma,lecul-ar diffusion and. the film mass tranefer coefficient~· eq_"Qil to 

the diffusivity divided by the effective film t~ckness,<5. 

kw.·::: -~·· 
-Ow 

(13) 

,r.. * 6 
1J 

(14) 

,f 

Equations (l.J) and (14) are obtai4ri by aselllling tbat the liq\Ji-
. . . . ~ ... . . i 
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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 liquid-liquid 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 vicinity 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 turbul.ent 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 concen·tration remains constant. 

In the next zone, the turbule11t botmdary 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 Resistance 

Several investigators (6, 28, 33) have observed an interracial re­

sistance to mass transfer in some systemso Lewis (28) defined the inter-

facial transfer coefficients~ k , for phases as: rs 

N = k ( Csi* - C i) rs s 
(15) 

In this case Csi is the solute concentration which woul.d be in 

equilibrium with Cwi' thew phase interracial concentration. If k is rs 

very small, indicating a very small resistance, C6 i and Cwi are in equi­

librium as assumed in two-film theory. When an interracial 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 H l 1 -=-+-+-K k k k 
(16) 

os w s rs 

where: 

(17) 

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 a..~y 

general agreement on the e~istence 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 

phases is given below. 

N = k' (a - awi) = k' (a i - a) w w s s s 
(18a.) 

= K' (a - a)= K' (a - a) 
OS W S OW S W 

(18b) 

where: 

a = w activity of phase w 

awi = activity of phase w at the interface 

a = activity of phases 
s 

asi = activity of phase sat the interface 
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The values of K' 0 w and K' 06 are equal when the driving force is 
.... 

expressed in terms of activities, and the relationship between the indi-

vidual coefficients.and the overall coefficient becomes: 

(19) 

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 interfaoial area were accurately controlled, Initially, he 

investigated the rate of saturation of partially miscible binary systems 

in order to dete~mine 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 arinular 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* - c1) 

where: 

N = moles transferred per unit time 

A= interfacial area 

K = film mass transfer coefficient 

C. = interfacial concentration 
1 

:c = concentration in the liquid 

C* is essentially equal to the saturation value. 

(20) 



The rate of transfer is also given by: 

•here: v = volume of the liquid. 

Therefore: 

,k = v 
T 
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(21) 

(22) 

Integrating and applying the initial condition c,= Q at t = o gives: 

- k ' = v 1 re• - CJ· r.-n c• ·.· t . 
(23) 

The resul~s of several binary systems were correlated by the follow-

ing equation·. 

6o fJ. ~ 6,76 x 10-6 [lie, + J::1:::.3, ~,. + l ". R ] l.65 .µ., (24) 

where: 

Re = Reynolda number for ,ixing,~ 
·. ll 

l) = Kinematic viscosity 

Ji. = Viscosity 

This correlation shows the individual coefficient• t~ ~' independent 

of the diffusivities of either phase and is ,nly dependent on the Reynolds 

number and the viscosities of either phase. 

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

by Lewis, to study interpbase transfer •cr,,s the water-tributyl phosphate 
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interfaceo A ~orrelation for film coefficients was developed and is pre-

sented below., 

= o.o46 I'd} .67cs.> -.44 (25) 

where: 

L) = stirrer rate in radians per second 

80 = S.chmidt number 

This correlation states that the individual coefficients are pro-

portional to the Oo44 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 individual coefficients using both his and Lewie' datao 

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

= 

where: Lis the stirrer diameter, 

This correlation predicts that the individual coefficient.s .are 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 annuluso 

The model was derived by starting with the Navier-Stokes equ~tion and 

Ficks second law of diffusiono The conclusion was reached that there was . . . 

essentially no transfer across the core interfacial regiono The model 

~d a form very similar to Olander 1 s previously developed correlationo 

-k 
7T 

w '12 _2~ = Oo4 ( - ) (S ... ) v "' (27) · 

The assumption that there was. no mass t-nms,.fer "in ti,,re ·eore region 

of Olander 0s model was disputed by Loosemore and Prosser (32) after com= 

paring the model. to experimental datao Olander (44,,) la-t;,:r modified th~ 

mouel tq :j.l'lcl. tral$fel' i?lr the cote r&gi'On ~f ~ i;;terfaceo 'J?his 

model agreed with the data of Loosemore and Prossero 

It is interesting to note the effect of diffusivity on the individ-

ual film mass transfer coefficients as presented by the various correlat-

ionso According to classical film theory 9 the coefficients should be 

directly proportional to diffusivity while penetration theory predicts 

a square root dapendencyo There appears to be no general agreemen~ among 

investigators on the effect of diffusivityo The effect r~fported varied 

from no dependence to the Oo67 power of the diffusivityo 

Table II gives the dependency of the individual film ~oefficients 

on the diffusivity in the various published correlation~o 

Lewis (29) has studied the unsteady-state transfer of uranyl nitrate 

across liquid-liquid interfaces using dibutoxy diethyl ether 9 methyl i&~-

butyl ketone, and, 20% tributyl phosphate soluti9ns as solventso The 

experimental overall mass transfer coefficients were compared to the 



TABLE II 

Effect of Diffusivity 
on 

Film 'Tranafer Coeffieiente . . . ~ 

Power dependency 
of D on', 

film coeff:i,cients 

0 

1/6 

Oo37 

Oo44 

Oo5 

Oo67 

Refe·rences 

Lewis 

Mayer 

McManamey 

Olander 

Gordon and Sherwood 

Olander 

29 

(27) 

(33) 

(38) 

(41) 

(21) 

(42) 
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values predicted by Equations (10) and (20). Some systems gave larger 

values than predicted and in these cases interracial turbulence was ob­

served. In other systems there was initially fair agreement between the 

calculated and observed values; howe·ver~ 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 in.dependent of the concentration. 

The experimental mass transfer coefficient was calculated by graphically 

integrating the equation: 

N = v.!!9. = K A(C * - C ) dt OS S S 
(28) 

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 baffling to improve mixing. The data ob-

tained were a..nal.yzed on the basis of reaction kinetics. Consider the 

transfer of uranyl n.i trate from the aqueous phase to TBP o 

- .;:t UO ++ + 2N03 + 2 TBP( ) 
2(Aq) (Aq) org 

If the organic phase ir.dtially contains no uranium~ then the initial 

rate equation is: 

(29) 

where: 
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n is the reaction rate order and~ the forward rate constant. 

After a short interval the reverse transfer must be considered and the 

rate equation becomes: 

(30) 

Herem is the order of the reverse reaction and k2 is the rate con­

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

(31) 

If it is assumed that at equilibrium: 

·k c 
..];_~ 
k - c 

2 weq 
(32) 

where: 

C = equilibrium value of c seq s 

C = equilibrium value of c weq w 

Then Equation (26) may be integrated. 

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

following equations may be written: 

c = c - c 
W WO S 
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and 

Cweq = Cwo - Cseq (35) 

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

as: 

t = ( dGs 

Jk1CCwo -Cs) - ~1Cweq Cs (36) 

Cseq~ 

Integrating and applying the initial condition C£ = 0 at t = O, and 

rearranging gives: 

_ Cwo 

Cseq 
.(37) 

In his work Burger found that initially the transfer from water to 

TBP followed first order kineticsi but the transfer rate decreased with 

timeo This effect was attributed to the blockage of the interface with 

impurities., 

The effect of surfactants on the rate of transfer was i?l-vestigated 

by Mayer (34)0 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 across the interface., Lewis (29) 

has investigated the buildup, of an interfacial film at th~ interface as 

':J 

the mechanism for the build.up of an interfacial resistance in the uranyl 

nitrate-water-TBP systemo He concluded that the decrease in transfer 

rate with time could not be attributed to surface blockageo 
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Interfacial Turbulence 

A mathematical model of interfacial 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 interracial 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 l 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 tothesymmetry 

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 poiµt 2 ... This then causes a re;i.nforcement of the 

original disturbanceo If the interfacial tension increases with solute 

composition1 then the interface will contract at point land stretch 9-t 

. point 2 causing the original dis.turbance to be damped out.. From this 

analysis it is seen that interfacial turbulence is likely to occur when 

a solute is being ~ransferred out of the phase of higher viscosity and 

lower diffusivityo 



CHAPTER IV 

EXPERIMENTAL APPARATUS 

The experimental apparatus for this work consisted of a stirred mass 

transfer cell with its flow lines and auxiliary 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 one-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 one-fourth inch fittings installed, 

two of which were used for upper and lower cell compartment sampling 

probe tubes~ the other 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. 



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-sixte.enth inch stainless s,teeL. rod : fitted '.id th: two: stainless: steel · · 

paddles· o:f:- the s.ame size, ai:L:the upper::,s·tirr~r ·paddles. 

A t'WO 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 tubing 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. 

Constant Temperature Bath 

The constant temperature bath consisted of a glass cylinder twelve 

inches in di.ameter and twelve inches high surrounded by cork insulation 

and was inserted in a wood box. A Lionel Type TRCj AC-DC motor was used 

for the stirring of the water bath. The speed of this motor was con­

trolled by a Superior 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 

Ea.stern model 100 pump was used for circulating the cooling water. The 

cooling water was cooled 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 coils were immersed in the temperature bath through which 

the feed passed prior to entering the cell in order to ensure that the 

inlet solutions were at the same temperature as the solutions in the 

cell. 
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. TABLE II 

Flow Diagram Equipment List 

Ao Heavy phase feed container 

Bo Light phas·e feed container 

C., Heavy phase constant head feed tank 

Do Light phase constant head feed tank 

E. Heavy phase overflow c9ntainer 

Fo Light phase overflow container 

Go Heavy phase rotameter 

Ho Light phase rot~eter 

I. Mass transfer cell 

J., Constant temperature bath 

K. Cell jacket water pµmp 

Lo Coo line; wa te.r pump 

Mo R~frigera'tion unit 
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CHAPl'ER V 

EXPERIMENTAL PROCEDURE 

Purification of TBP 

The tributyl phosphate used in this ·work was commercial grade 

purchased from Commercial Solvents Corpo~ation. The tributyl phosphate 

was purified by boiling one liter of TBP with one-half liter of Oo5 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 aeparatory 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 solvent used for diluent was Amsco odorless mineral spirits 

(W-7) purchased from~issouriSolvents and Chemicals ComP,any. The physi= 

cal properties of the eolvent are given in Table III~ When the mixture 

of 3o% by volume tributyl phosphate in Amsco was mixed a water emulsion 

formed. ~his occurred because water saturated TBP holds about 64 grams 

of water per.liter while 3~ TBP holds about eight grams per l'iter. 

Tb.m emulsi.on was. broken by filtering the 30}6 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 
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TABLE III 

Physical Properties of Amsco Odorless Mineral Spirits 

CW-7) 

API Gravity at 60° F 

Specific Gravity at 60° F 

Aniline Cloud point, 0 ' F 

Kari-Butanol Noo, cc 

Flasn point, ° F 

Allied Chemical Coo 

07608 

27.,0 
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Analysis for uranyl nitrate concentrations of both aqueous and 

organic solutions were performed by the potassium ferrocyanide method of 

Dizdar and Obernovic.(14)o First, a volume of the solution to be analyzed~ 

containing between lo20 and 2o38 mgo of' uranium was pipetted into a 25 mlo 

volumetric flasko Then about 10 to 15 mlo of demineralized water and 3 

mlo of. 10%,potassium. ferrooyanide solution were addedo The volumetric 

flask was filled to the calibration mark and the solution mixed by shak= 

ingo The solution was allowed to stand for ten minutes to allow the 

color to develope, and its optical absorbance was mea~ured on a Beckman 

DU Spectrophotometer at 480 m.){. The reference solution for the measur~= 

ments was demineralized watero £ calibration curve was prepared by 

following the above procedure using a standard OoOl molar solution of 

uranyl nitrateo The OoOl molar uranyl nitrate solution was prepared by 

weighing uranyl nitrate crystals on a Voland and Sona Inc. analytical 

balance and dissolving in demineralized water in a volumetric flasko 

The 30% tributyl phosphate-uranyl nitrate solutions were analyzed in the 
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same me.nner 9 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% TEP 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 nitrateo 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 9 the constant temperature bath stirrer 

and the cooling water pump were turned on; then 9 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 ~ Oo3° Cc Next, the lower and upper phase 

stirrers were started and adjusted to the desired speedso Then the 

upper phase stirrer was turned off" The aqueous phase solution was them 

pipetted into the cell through the lower phase sampling tube until the 

liquid height reached the center of the annular transfer areao Then the 

organic phase wa~ pipetted into the cell through the upper phase sam= 

pling tubeo Care w~s taken in filling the upper cell compartment to 



avoid agitating the interface by directing the liquid strea..m onto the 

fixed baffle ringo As soon as the upper phase comp~rt~ent was filled~ 

the time was recorded and the upper stirrer startedo One milliliter 

samples of the aqueous and organic phases were taken at various time 

intervalso In order to keep the total cell volume constant one milli= 

liter of the starting feed solutions were added. This caused little 

error since each cell compartment contained 100 mlo and at the most 

seven samples were takeno After each run the cell was. disassembled~ 

thoroughly cleaned, ri~ed with demineralized water and allowed to 

dry before reassemblyo 

Some unsteady state runs were made with benzoic acid being trans~ 

ferred across the wat~r-toluene interface. In these runs the conce~-
·, 

tration levels were so low that almost the entire cell content was 

required for analysis. Therefore, after a, period of op~ration the 

stirrers were turne.d off .and the cell quickly emptied. 

Steady-State Mass Transfer 

Steady state mass transfer runs were performed according to the 

following procedure. The constant temperature bath wa$ 9tarted 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 bottleo The aqueous phase valves were opened and the 

lower compartment filled. While the lower cell compartment was bein~ 

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 e.tirrer mo-tor shaft. l~f the desired speed wae greater 

than 100 rpm, a stroboscope was. useq,., The height of the lower phase 
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outlet line was a~justed to the approximate position required to maintain 

the interface in the annular area~ When the lower compartment was filled 

the needle control valve was closedo Next the or~anic phase valves wev~ 

opened and the upper compartment filleq. While filling the upper cell 

compartmenti the height of the interface was controlled qy raising or 

lowering the aqueous phase outlet line. When the cell was completely 

filled the aque<;ms and organic feed control valves were adjusted to 

provide the desired flow rates 9 with indication of the flow rate being 

obtained from the rotameters. The upper phase stirrer was then start€ldo 

Nexti 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 mlo volumetric flask. 

The flow rates were checked periodically throughout the run and the 

control valves readjusted if necessary. 

After three and one~half hours a sample of the phase having the 

greatest change i;n conc'entration was analyzed. Steady-state condit­

ionp were determined by anaiyzing samples every 15 minutes until three 

cc:maecuti ve read.ings were constant within the experimental error of the 

analytical procedureo 

Analo~ Computer Silnulation of Transfer Cell 

The mass transfer cell was simulated on a Donner Mod~l 3400 Analog 

Computero This simulation allowed the estin:lation,of the time required 

to rea,c}i steady stateo Two experimental runs were' COJilpared to the 

analog simul~tion using the experimental value of the mass transfer 

coefficient. 

The resistors and capacit~rs used for the simulation were Oo1% 
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precision components and the potentiometers used were 10 turn helipotso 

The following equations descripe the physical situation and were pro= 

gramed as shown in Figure 230 

where~ 

Xi = 
Xo = 

Yi ::::: 

Yo = 

Fw(Xi - Xo) K0 sA\(Yo = Yi) + . 

V dYo 
dt 

aqueous phase 

aqueous phase 

organic phase 

organic phase 

inlet concentration 

outlet concentration 

inlet concentration 

outlet concentration 

(la) 

(lb) 



CHAPTER VI 

RESULTS AND Dl$CUSSION 

Equilibrium Distribution of Uranyl Nitrate 

The uranyl nitrate distribution data were obtained as discussed ·in 

Chapter IV~ The two.methods:of.equilibrating the phases gave identical 

result~ within the experimental error of determining the concentration 

of uranyl nitrate. The equilibrium data were then fitted to a polynom­

ial ~quation on an IBM 1620 digital computero 

The data_ were correlate<t in two regions by the following equationso 

Cs= 9o36 x 10-4 - 0.248Cw + 10.4 Qw2 - 29.lC_,;5 (1) 

-++-23.76 cw4 

0 ~ Cw ' Oo 35M 

Standard deviation= 0.00894 M 

and for Oo35M ~ Cw =: lo7M 

Cs = Oo 184 -ti .0. 38Cw - 0.-130, • .,2 

Standard deviation= o.013M 

(2) 

The equiliprium distribution curve is shown in Figure 6. These data 

a~ree quite we.11 with the data reported by Burger(~). 

Benzoic.Acid Extraction 

Transfer of benzoic acid between toluene 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 f~iliar with 

the operation of the cello The benzoic acid concentrations were deter-

mined by titration with NaOHo The pro~edure for the JJP,Steady~state 

transfer of benzoic acid is discussed in Chapter IV .. 

When the Whitman two-fiµn t~eory is applied to unsteady-~tate m~ss 

transfer the ove.rall mas·s transfer coefficient is defined as: 

(3) 

The mass transfer coe;f'.f'icients were evaluated by graphically intei-
. ... ' 

grating a plot of 1/(Cw - Cw), versus C:w" 

Initially 9 several runs were qarried 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 hpurs duration were 

carried out .. The concentration of the aqueous 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 rateo The mass transfer rate 

increased with the stirring rate, becoming relatively constant at stirring 

rates greater than 70 rpm. 

Pi, series of runs were then performed with stirring rates of 43.5 
.. 

rpm and 70 rpm for the upper and lower stirrers respectively. Table V 

gives a compc:l.rison of the experimentally determined mass transfer 

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

Unsteady-St~te Transfer of Benzoic Acid 

Concentration, 
(toluene phase) 

gm/1 

initial final 

2.0 1.85 

2.0 lo79 

lo95 1086 

2o04 lo94 

2.00 1 .. 77 

(Aqueous phase) 
'gm/1 

1.5 lo081 

lo79 1'1460 

Oo62 0,.:45 

1.,5 0.5 

Benzoic Acid 
Tr~sfer direction . 

Toluene to Water 

n ft! 

u u 

n n 

tl1 n 

Water to Toluene 

lt 11 

" ft 

n ,, 

Kow 3 x 10 
cm/sec 

1.06 

1.11 

lo30 

lol? 

0 .. 73 

0 .. 996 

1.,77 

1.08 

.o.64 
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Re.ference 

This work 

This work 

Lewis (28) 

Lewis (28.) 

Blokker (6) 

This work 

Lewis (28) 

Lewis ,,~8) 

Blokker (6) 
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Several steady-state mass transfer runs were perfor~ed with trans­

fer of benzoiq acid from toluene to water to b,come f~miliar with the 
'>' 

steady-state operating procedure of the cello 

Since the interface was observed to be in visible motion at organic 

phase stirring rates greater than 43o5 rpm, producing an unknown inter-

facial area, the stirring rates used in these runs were 43o5 rpm and 70 

rpm for the toluene and aqueous phases respectivelyo 

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

culated from the following equation. 

(4) 

Table V;I presents a summary of the results of the steady-state run~o 

The mass transfer coefficients fo:t1 these steady'.'."sta.t'e runs were lower 

than the values obtained for unsteady-state. Tables V and VI are not 

directly comparable, since the driving force and concentration levels were 

continuously changing in the unsteady-state runso · 

Flow Rates 
cc/min. 

Toluene 

2.13 
2.00 
1.66 
lo31 

'!'ABLE VI 

Steady-State Transfer of Benzoie Acid 

Water 

2.05 
2.00 
lo70 
1 .. 37 

Benzoic Acid 
concentration 
.(toluene phas~) 

gm/1 ' 

in 01;1t 

1 .. 5 1 .. 39 
lo5 1.388 
1 .. 5 1 .. 368 
1.5 L34o 

x 103 

0 .. 817 
Oo820 
0 .. 828 
0.853 

A comprehensive investigation of 1 the toluene-be3tzoic 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 become 

famiiiar wit4 the operating characteristics of the Cello The unsteady-

state mass transfer coefficients obtained compare fairly well with those 
I, 

reported by Lewis (28)~ hut were higher than tho1:1E;} reported by Blokker (6),. 

Unsteady-State Tranefer of Uranyl Nitrate 

Between Water and TBP 

The unsteady-state tr~nsfer 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 procedure discussed in 

Chapter !Vo Several runs were mad~ with the aqueous stirrer set at 75 

rpm and an organic stirrer rate of ,o rpm. Since the 3CP/o TBP solutions 

were rather viscous, the organic ph~'3e stirrer could b.e operated at 

stirring rates higher than those used for the benzoic a<;::i..cle-water=toluene 

systemo The data were compared to Burger 0s worko 

Burger ~nalyzed his data on a kinetic basiso If the transfer is 

assumed to follow first order kinetics then the following equation applieso 

ln (Cseg - Cs) = -Cwo k1 t 

Cseq Cseq 

Thus, a plot of ln(Cseq = Cs) as a function oft should yield a 

Cseq 
straight line. Applying the above equation 9 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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Burger 0 s results by 
ln(Cseq = C5 ) 

plotting - C - versus time. Figure 8 shows 
seq 

a typical resulto It is immediately noted that the rate of transfer ob-

tained is conside:r.ably less than that obtained Burger, however, a tailing 

off of the transfer rate with time~ similar to that fou:.ri.d by Burger, is 

observede The discrepancy between these results and Burger 0s 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 bafflingo Table VII 

presents a comparison of the volume to surface area1 ratio of the cell 

diameter to stirrer diameter~ a.nd the stirrer width to st.irrer diameter 

for the two cellso 

TABLE VII 

G]DMETRIC COMPARISON OF CELL USED 
IN THIS STUDY AND BURGER 1S CELL 

Volume/surface area~ crno 
Cell diameter/stirrer diameter 
Stirrer width/stirrer diameter 

This work Burger 

19 .. 45 
1.588 
o.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'I the results were 

still low in comparison to Burger's datao 

Further 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 for the aqueous and 

organic phases~ respectively. These stirring rates of 150 rpm and 175 
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rpm were chosenj since they were the limiting stirring rat~s ~bove which 

the interface was observed to be disrupted and in violent motiono Indi-

vidual film mass transfer coefficients were calculated using the correl-

ation developed by Mayer (33). A theoretical overall mass transfer coef-

ficient was c~lculated by using th~ equation for additivity of film 

resistances. 

where~ 

l H 1 
K::;T +-

ks osTheor.,w 

• 
H = Csi - Cs 

Cwi - Cw 

(6) 

(7) 

The experimental mass transfer coefficient was calculated from the 

equation. 

= 
A, ~:.t 
v 

(8) 

An apparent interfaciaY resistance may then be calculated from the 

following equation: 

1 
krs 

l _L (9) 

Kos Theoro 

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

In addition 9 a point mass transfer coefficient was calculated by the fol-
.. 

lowing equation. 
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K' 
OS 

dC l 
= dt <-c-·--c-) f (10) 

s s 

Table VIII presents the results of these runs. In some cases a 

negative interfacial resistance 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-

plicabi.li ty of the correlations to predict the individual film coeffi-

cients in the cell used in this study. 

The most probable cause for the calculation of a negative interfa-

cial resistance is the inapplicability of Mayeris 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 9s 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 

during the first five to ten minutes of operation. 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 fact that these coef­
dC 

ficients were evaluated s by using d:to 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 VllI 

Unsteady-State Mass Transfer Coefficients for Uranyl Nitrate 

from Aqueous Solution into 3~ TBP-Amsco 

'u:t'·,···i:'Nifm~ Stirrer 'Speed Time CaJ..cliLated Ekperimental __ JJypotheticaJ.. .Experimental 
~o~~t@llon, f ~-- ~~- (Jiiin}. Qv.eraJ.1. Mass _____ ..Integral. InterfaciaJ.. Point 

Initial 
Phase, Phase, Transfer Mass Transfer Resistance Overall 

Initial RPM RPM Coeffi~ent Coeffi~ent .Coeffi~ent 
Aqueous Or'ganic Xl Xl sec/cm xl 
Phase, Phase, cm/sec cm/sec cm/sec 

M M 
-- 2 OC>.3 OoO 214 250 8 10352 21>165 -20775 x 102 L,618 .. .. " ff 16 ti 1~951 -20269 x 102 1.538 
ti " ff .. 25 If lo719 -10579 x 10 L,425 .. .. " If 38 .. 10432 -4~109 x 10 lol98 
" ff ff II 55 " 1.244 60396 x 102 Oo847 .. ff .. " 80 " lol51 lo288 X 10 Oo212 

0.,3 OoO 155 176 .5 0.9657 10218 2 Oo.'.397 -2ol.51 X 102 
ff ff •• " 10 .. 00738 30196 x 10 Oo.'.393 
" ff .. .. 20 ff Oo518 80944 x 102 00384 
" " " II JO .. , Oo433 lo273 X lo.'.3 Oo.374 
II ff II .. 45 " . -0.,428 .l.0303 x io.3 Oo.362 .. .. " .. 7.5 tr 0 .. 386 1 .. -556 x 103 00321 .. " ff .. 123 ff 0 .. 324 2 .. 051 x 10 09264 
II " .. .. 180 .. 00317 2ollJ. X 103 0.182 

Oo3 o.o 154 173 5 0 .. 9574 loB6o ...5.068 x 102 00629 
" .. .. ti 10 .. 11>418 2 Oo.622 =30392 x 10 .. " " .. 20 It 0~9.58 -Oo.733 Oo.602 \J1 

"' " ff " " 36 ff 00785 20288 x 102 0 • .572 



TABLE VII (continued) 

Uranyl Nitrate Stirrer Speed Time Calculated ~rimental Hypothetical Experimental 
Concent:rat:ion Aqueous Organic (min) OVera.J.i Mass ._!ntergral Interracial Point 
Initial Initial Phasesi Phase 11 Transfer- Mass Transfer Resistance OVerall 

RPM RPM Coeffi~ent Coeffic~ent Coefficient 
Aqueous Organic Xl X 10 sec/cm X 1o3 
Phase, Phase~ cm/sec cm/sec cm/sec 

M M 

154 58 dc9574 0~6.56 
. 2 

0 • .1524 Oo3 OcO 173 /,h,798 x 10 .. .. " " 80 ff 0/510 9.199 x 10~ o.4.56 
" " " " 120 ff 0~507 90269 x 10 OoJ.54 
ft " " " 180 .. o-;;4.52 1.168 x 103 0~144 

0.5 o.o 1.54 175 11 1.,011 %984 2 0.702 -7.380 x 10 
" .. .. .. 20 " 2.287 -s.512 x 10~ 0.674 
ff " " " 35 " 1.694 -J.987 x 10 o.643 .. " .. .. 55 ff L,145 -1.158 x 10~ 0.576 .. .. " .. 8J. .. 0';861 lo728 X 10 o.491 
" " .. " 180 .. 0.;645 5.610 x 102 0.307 

0.5 o.o 148 176 5 Oo9941 4c090 •70614 x 10~ 0.928 
" ... " .. 10 .. 2~277 ..;.5.668 x 102 0.904 .. " " ff 20 n r~.587 -3 .. 762 x 102 o.865 
ff ff " ff '.35 " 1.204 -1,751 x 102 0.798 .. " .. " 55 .. ()'~86.5 1~197 x 102 0.672 

·ff " " " 81 .. C'll?79 2.763 x 10 0.547 
" " .. .. 120 tt b{l574 7.360 x 10~ 0.221 
ff .. ff .. 180 .. ~-5',l · 8~750 x 10 

,. ~ ."":' 

... 

;;;8;.4.30. x 1~ 0,.5 o.o 147 17.5 5 0.9879 5 • .908 1~161 .. .. ff ff 10 .. 3~248 ;;;;7.04 x 10 1;137 .. ff ff " 21 .. 2:010 ~.,:,48' . x 102 1;09·6 
" \ .. It' .. 36 " 1:.54:3 ~5:_655 :x: io~ · 1.035 °' 0 .. .. .. .. 55 ;\ff 1.180 -1.651 x 10 0.933 



Uranyl Nitrate Stirrer Speed Time 
Con.oentrat:!on Aqueous Organic (min) 

Initial Initial Phase, Phase 9 
RPM. RPM Aqueous Organic 

Phase9 Phase 
M M 

Oo5 0.,0 147 175 80 
fl fl' . ft " 1.33 
-

008 OoO 146 175 10 
" " " ff 2.0 .. .. " " J.S--
" ff " ; " 56 
ff .. ff ff 80 ... " .. " 120 
.. 

Oc;8 OoO 148 175 5 .. " " .. 10 .. " " " 20 
" " ff .. .38 .. ff " .. 55 
" " " .. 81 .. " " .. J.20 
" " " .. 180 

TABLE VIII ( continued) 

caJ..ctlJ..ated Experimental 
overall Mass Integral 

Transfer Mass Transfer 
Coef'fi~ent Coeff'icient 

Xl X 1oJ 
cm/sec cm/sec 

009879 Oo98.3 

" 0.,781 

Oo9845 20470 .. J.0830 
ff lo)Jl 
~- 1.005 .. 0~827 
" 0.713 

lo+2l )o,344 

''' .3~901 
" 20596 .. 10765 .. L,.541 
" lol.56 

" 0~978 

" 00791 

l{ypothetical 
Interfacial 
Resistance 

sec/cm 

50489 . 
206?0 x 102 

-6oll.O x 1o2 
-40694 x 102 
-2.645 x 10~ 
-2ol08 x l.O 
10934 x 102 
Jo864 x io2 

-50926 x 10~ 
-6.35.3 x l.O 
-50060 x 102 
-Jo251 X lc2 
-2o.926 x 102 
..2Clo73 x 102 
lo299 X 102 
.3.310 x 102 

Experimental 
Point 

Overall. 
Coef'fi~ent 

x J. 
cm/sec 

Oo79J 
Oo4.57 

1 ... 229 
1:124 
0~927 
0:62.3 
Oo25.3 

2~138 
2~08.5 
10866 
J..,.4l9 
0 ... 977 
00209 

°' !---' 
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interfacial surface blockage. Mayers and Davies (34) )lave investigated 

the effect pf inter.facial filllls and found that mass'transfer rates 
',\ 

are significantly· reduced by interfacial films. An iriterfacial film te2;1.ds 

to damp out eddies coming from the stirrers in the organic phase and also 

damps out momentum transfer across the interface. Lewis (29) has shown 

that the decrease of the transfer rate of uranyl nitrate b,etween water 

and TBP with time is not due to interfacial cont~inatio~. Therefore, 

surface blockage does not appear to be the •,me.chanism which causes the 

decrease of the transfer rate with time, provided care is taken to pre-

vent the occurence of surfactants in the experimental apparatus and 

solutions. 
, 

The drivi~g force for mass transfer, in the unsteady-state runs, 

decreased with time. The effect of the varying driving force is discussed 

in the· stead;r-state se.ction and the unsteady-state and steady-state data 

compared, 

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

Steady-state mass transfer runs, with uranyl nitrate transferring 

from water to T~P, were made to stud,y the. effect of stirring on the 

transfer rate. After several runs it became evident that the. uranyl 

nitrate analysis had to be improved.to obtain good material balances. 

The uranium analysis was improved such that the concentrations could be 

reproduced to~ o.?fl,, and the material balance error was reduced to 

about:!: l,rdi, 

The following equations describe the transfer of uranyl nitrate 

when the cell is operating under flow conditions with transfer from· 

water·:to TBP, 



and 

Af \/ 
/Vi VI :. r v,z. \I l~· 

v dCw2 ::.. Fw(Cwl - Cw2) - Kos .IU(c;2 = Cs2) 

dt' 

where: 

Fw = Aqueous feed rate 

F.5 = Organic feed rate 

0w1 = Aqueous feed concentration 

Cw2 = Aqueous outlet concentratio~ 

Cs1 = Organic feed concentration 

Cs2 = Organic outl~t concentration 

(11) 

(12) 

Concentration of organic phaEie in equilibrium with the 
aqueous outlet 00:riC.E?ntrationo 

~t steady-state conditions~ dCw and dC6 are identically zeroo Thus 
dt dt. . 

the overall mass transfer coefficient may be calculated from either of 

the following equationso 

/ v (13a) 

and 

(13b) 

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:-· nuil.ximum 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 tur'pulence or mixing 

in the cello After eight hours of operation 9 the organic phase stream 

did not contain a detectable uranyl nitrate contento This indicates that 

the organic phase flow rate 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 diffusiono The results of these runs 

are shown in Figure 9o 

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

transfer coefficient.in the cell gives the following rel~tionshipo 

Ifos = 3o57 x 10-lORes208 

v 
This curve fit was o'tltained based on the linearized equation: 

ln ~ =A+ B ln Res 
v 

The standard deviation of the linearized equation is Oo489o 

(14) 

(15Ji 

This analysis gives a substantially higher exponent for the Reynolds 

number than that reported by Lewis (k x Re1065) 9 and greater than five . . . v 
times the exponent recommended by Mayers (33) and Olander and Benedict 

(41). These data were also curve fitted to Mayers 0 modelo The result 

of this correlation is~ 

(16) 

The standard deviation of the linearized model is 0.5329. If it :i.~ 

assumed that the organic phase r.esistance is controlling so that the 
I 

overall organic phase mass transfer coefficient is approximately ~qual 
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. -
to the individual film coefficient, then it must be concluded that the 

corre~tion proposed by Mayers is not valid for eatimatint; film coeffic­

ients in our equipment. In Burger's work, (6), the effect of the organic 

phase stirring raee on the first order rate constant was proportional to 
. : 

the stirr~ rate raised to the 3o81 power. 

'fhe high exponent on the Re.y-nolds number is probably due to the 

geometric configuration of the cell' in.eluding the ,.;cell baffling and the 
~ 

spacing of the stirrers relative to the interface, as these factors wo~ld 

have aei.gnificant effect on the hydrodynamic conditions in the cell • 
. 

The high exponent may be partially attributed to the !act that stir-

ring in the aqueoue phase transmits energy to the interface. Therefore~ 

the data wer~ investigated assuming the following equatio~. · 

(l?) 

Here, the term (l +1 I::> is usumed. _ ~o be a co_rrection factor ~hich 

9.:.ccounts for :the energy tranamitted tro111'e other phase. This correction 

factor seems reasonable 1inc• the correlation preeented. b1 Lewis ~ontained 

the ;erm (Rei~* Re2) 1; 
. 1· 

'l'reatiq the da in this muner 9 the following correlation waa ob'l;,-inedo ... ·, 

It 6.;2 x 10·51, o.sc1 + ae )2.02 
~· = • . le: (18)· 

The standard deviation of this moclel i• 0.6.57. 

The data were also curve titted to the Lewis model and the follo~ing 

correlation obtainedo 

(19) 
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The standard deviation of this model is 0.6117. Thus'i the model 
' • . . ll 

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 band, the org&Jlic phase bas a rather high kinematic 

viscosity in addition to a low diffus;vity. Th~ if i_t is assumed ~hat 

the solute transfer is by eddy or turbulent diffusion the viscous sub.-

layer and the diffusion sublayer.contribute the major resistances to 

uranyl nitr~te transfer! I~ a section of the transfer ,rea is e~ined 

the flow patterns will probably be as shown in Figure,lOo 

Since the TBP phase is more vis~ous the eddies do not approaqh the 

interface as close as in the aqueous phase. Fµrthermore, the eddies 

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

-~ 
Figv,·.10 •. 

Flow Pattei-u !:cross Iaterfacial· Area. 

\ 
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transition regime causing a higher dependency on the Reynolds numbef­

than the d~rect relationship usually asswned for t\trbulent diff~sion. 

Effect of.Driving Force on the Transfer 
of Urany; Nitrate Between Wat,r and TBP· 

Most studies of mass transfer have asswned that the rate of solute 

transfer is i~dependent of concentration level or conceintrationd'iving 

force. However, under some circumstances the effect of physical property 

variations may affect the mass transfer ~oefficients. Two possible mechan-

isms which immediately come to mind are: 

lo A. chemical reaction occurrlng .at the interface. 

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

phase of high viscos~ty to a p~e 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 the transfer of a solute betwe~n t~o liquid phases mai be 

controlled by the concentration driving force. Olander and Reddy (43) · 

have shown that the'ra~e of transfer of nitric •cid between various 

organic solvents and water is a function of the driving force. 

Th~ effect of the driving force on the rate of transfer of uranyl· 

nitrate across thewat:er TBPinterface was investigated by operating 

the cell at ste~dy-state. The st·irrer speeds selected for these runs 

were 100 rpm for both the aqueous and organic stirrers. The driving · 

force for transfer in. both directions was varied from about 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 IL The ratio of the 

overall. organic phase mass transfer coefficient to the kinematic viscos-

ity is plotted as a function of the driving force. In these runs the 

organic feed conta:i.ned no uranium and thus the concentration level 

varied. From Figixt·e 11, :it is observed that the transfer rate increases 

rapidly as the driv:lng force decreases. The data for these runs are 

tabulated :in Table XXII. A regression analysis of this data gave the· 

following correlation. 

K 
OS 

-R 2.8 -· 
v e 

(:20) 

The organic phase Reynolds numbers were a·bout 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 invest1gation 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 11. The 

normalization was performed 1oy 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. Robinson (45) has published the molal activity 

coefficient for aqueous uranyl nitrate solutions. These values were 

converted to molar activity coefficients and the activity was then plotu 

ted as a function of the aqueous phase molarity. It should be noted 

that the assumption of equilibrium at the interface in two film transfer 

theory is not relaxed by using activities in place of concentrations .. 
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TA'BLE IX 

Stea~y-State Transfer From W~ter to TBP 

Cw cs Rew Res (c: - Csl Kew K rJ) 0 . 
Mo lat- Molar' Molar x 103 x l 

cm/sec cm 

o .. 4899 000254 1360 61505 0 .. 313.5 0 .. 5698 0 .. 257 

o .. 4229 000340 1388 610 .. 4 0 .. 2874 008366. 0 .. 374 

007180 0 .. 0391 1257 610 .. 3 0 .. 3557 0 .. 678 0 .. 304 

0 .. 9489 .. 0 .. 0289 1148 6}3 .. :7 003.991 o .. 494 0 .. 222 

0 .. 5568 0 .. 0281 1331 613.9 0 .. 32171 006112 0 .. 2752 

0 .. 9266 0 .. 0267 1158 614 .. 7 0 .. 3977 Oo467 0 .. 2106 . 

001448 0 .. 0157 1479 621 .. 2 0 .. 0894 1 .. 250 0 .. 5707 

0 .. 1831 000185 1470 61906 0 .. 1336 0 .. 987 o .. 448 

0 .. 2975 0 .. 0204 1409 650 0 .. 2476 0 .. 609 0 .. 280 

0.?92 0 .. 0187 1410 625 0 .. 2463 0 .. 535 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 TEP-uranyl nitrate solutions may 

be calculated from the aqueous phase activity and the molar equilibrium 

relationship. Figure 12 shows the activity-based transfer coefficient, 

K0
0 s~ as a function of the activity driving force while Figure 13 pre= 

sents the relationship between K' /7, and the driving force. When the osv 

mass transfer coefficients are converted to activity-based coefficients 
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the scatter 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 runs in 

order to check whether the transfer of uranyl nitrate remains finite at 

low driving forces. Table X and Figure 1Lr gives the molar flux for these 

runs and it is seen that altho~~h the transfer coefficients increase with 

decreasing driving force, the molar flux decreases slowly with the driving 

force" Therefore 9 the mass flux remains finite as the driving force 

approaches zero although the mass transfer coefficient tends to increase 

very rapidlyo 

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 a.gain 

operated at 100 rpm in both phases. The driving force in these runs 

varied from 0.1 molar to approximately o.44 molar~ while the aqueous 

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 -· (c; - CsJ, 
~ moles 

2 Molar cm. sec 

01786 03135, 

.. 2405 .,2874 

.. 24137 .,3557 

.. 2022 .. 3991 

01858 ,.3977 

.1999 03271 

.. 1119 .. 0894 

.. 1318 .. 1336 

75 
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are plotted versus the molar driving force in Figure 15. It appears that 

for uranyl nitrate transfer from 3C/% 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: 

K 
OS 

-2~8 = 
R es 

c *p.3056 
s 

(21) 

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 aqueous phase concentration level 

varied by a factor of 20 for these steady-state runs with transfer from 

TBP to water. Therefore, K /pRe 2 •8 was plotted versus (C - C*)for 
OS S S S 

various parameters of C (Figure 18b). This plot shows that the term 
w 

K /j)Re 2 •8 increases with driving force and is also a function of the 
OS S 

aqueous phase concentration. This plot indicates that Equation 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 

parameters of C. Figures 18a and 18b show that the transfer of uranyl 
s 

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 whether the molecular diffusion coefficient 

had any effect on the relationship hErtween the c-0n¢:entration leve,:J_ and 

the mass t!lansf er. coeffic.ients, the term Kos was c9mpared to the 
v«;~ -~t) 

differential molecular diffusion coefficient of uranyl nitrate in water 

as reported by Finley (19) for the steady-state transfer of uranyl nitrate 
0 

from TBP tQwater. The results are tabulated in Table XXV in the appen~ixo 

The factor Kos did not correlate with tl1ie ~queous phase diffusion 
2)(Cs - c;5 

coefficients., The diffusion coefficient for uranyl nitrate in 3CY/o 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 convective or turbulent diffusion rather than by molecular diffusion. 

This appears to be consistent with the data on the effect of stirring 

rates and 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'os and K'os respectivelyo Table 
v 

XI presents the mq~ar flux and it is seen that the flux decreases as the 

driving force decreases as was 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 datai since 

the u11-steady-state mass transfer coefficients decreased with time, equiv-

alent to decreasing driving force. The steady-state coefficients for 

transfer from water to TBP incre~~ed with decreasing driving forceo 



TAB~ XI 

Molar. Flux. :for. Tr~sfe:r, 
froµi T.aP to.,W$.ter, .· 

j x 103 • (Cs - Cs) 
$! - moles 
cin2sec Molar 

.1768 .436 

.. 1159 03193 

.. 0984 .2169 

.. 0560 .. 10803 

.1311 -~.3121 

.0819 i.2p17 

00520 .1085 

.1275 .2177 

.1281 .2439 

.0794 .. 1125 

.1367 .. 3589 

.. 0708 .1242 

84 



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 TBPo 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 Equation 180 It should be-noted that in most cases the unsteady ... 

state point mass transfer coefficients divided by the kinematic viscosity, 

K'os' are less than those obtained in the steady-state experiments, when 

~mpared ~t the same driving forceo 

Interfacial Tension of the Uranyl Nitrate 
TBP Syst,em 

The interff3-cial tension of the water-uranyl nitrate-TBP system was 

measured in order to use the Sternling and Scriven's. (49) model of inter-

facial turbulence to qualitatively predict whether interfacial turbul-

enceshould'exist'. in this .systein. The Sternlirig and.Scriven model pre-

diets 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 3Cf'/, TBP uranyl nitrate solutions is much higher than 'the viscosity. of 

aqueous uranyl nitrate solutionso Therefore, the Sternling and Scriven 

theory predicts that interfacial turbulence might be observed for transfer 

of uranyl nitrate from TBPo The interfacial tension of the water-uranyl 

nitrate-TBP system as a function of the aqueous 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 outo 
,:, 

If equilibrium does not exist at the interface, interfacial turbulence 
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TABLE XII 

Unsteady-State Point Transfer Coefficients 

Transfer Direction: H20--TBP 

* K' :x; 102 (Cs - Cs) cs Cw !!.....O.a . 
mcle:r molar molar v 

.2502 000950 .292 50910 

0238 001700 .289 5.550 
.2241 .. 02390 .272 5.120 

.2086 .02840 .265 4.26 

.1958 .03420 .255 2.93 

.2545 .003-48 .290 1.31 

.2538 .00420 .290 1.285 

.2522 .00585 .290 1.255 

.2477 .00729 .287 1.21,5 

.2364 .01065 .278 1.172 

.2313 .01570 .277 1.025 

.2449 .00609 .281 1.890 

.2413 .00771 .2782 1.860 

.2381 .01036 .2775 1.80 

.2299 .01507 .275 1.70 

.2223 .01994 .272 1.57 

.2167 002128 0267 1.36 

ol966 .03043 0251 1.05 

.3328 .03020 .494 2.04 

.3104 003160 .489 1.96 

.3001 .04090 .4875 l.·84 

.2973 .Oll-2'?0 .485 1. 61+ 

.2900 .04700 .470 1.37 



87 

TABLE XII (continued) 

(c: -.Cs) Cs cw K1 x 102 
OS 

molar molar molar -T 
02755 .05950 .459 o.845 

03303 .0147 .501 2.52 
03287 .0163 .502 2.44 
.. 3224 .0226 .501 2.34 
.3131 .0294 .491 2 .. 14 
.3121 .0294 .489 lo80 
.. 3058 .0347 ,.483 1.46 
.3220 .0210 .495 3.18 
.3188 .0232 .492 3.10 
.3125 .0295 .492 2.97 
.303i .0386 .489 2.75 
.2965 .0445 .483 2.48 
.. 2860 .0530 .479 2 .. 09 
.2692 00678 .474 l., 18 

.3280 .0152 .497 3.32 

.3217 .0213 .495 3.02 

.3173 .0307 .495 2.48 

.3032 .0388 .492 lo69 

.3952 .0118 .. 816 6.o 

.3780 .. 0270 .806 5.71 

.. 3649 .0356 .779 5.16 

.3997 .. 0453 .745 3.88 

.3387 .0563 i745 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 ~ecreases with the concentration 

level. Interfacial tension data for the uo2(N03)2 ~ H20 - TBP system at 

non-equilibrium conditions are necessary in order,, to further pursue this 

phenomenon. 

Analo~ Simulation of ~ass Transfer Cell 

An analog simulation bf 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 a~d 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 approached steady­

state conditions much faster than the model. This is in agreement with 

the unsteady-state data which showed that transfer 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 factorso One of the more probable causes of experimental error 

is the purity of tributyl phosphate. Tributyl phosphate undergoes slow 

hydroJysiswith time producing dibutyl and monobutyl phosphates and buta­

nol. These hydrolysis products significantly affect the distribution 

coefficient. Dibutyl phosphate froms strong complexes.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 '1'BP certainly may 
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partially account for the scatter of the experimental d.atao 

The measurement of the stirring rates were with~ 1 rpm and thus the 

error was generally less than± 1.0}6. 

The flow rates were measured to an accuracy of about! 0.01 cc/mino 

This corresponds to+ 006%, which should not significantly affect the 

d.atao 

The uranyl nitrate concentration was measured to an accuracy of 

+ 0.3%. 

The material balance error was generally within! 1.0}6. 

Another possible source of error is the movement or vibration of 

the mass transfer cell due to improper alignment of the stirring shafts 

and motorso 

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

lo Slow degradation of TBPo 

2. Variations of the flow rates preventing the reaching of a fltrue" 

steady-state condition. 



C~_-VII 

CONCLUSIONS AND RECOMMENDATIONS 

The interfacial transfer of ~ranyl nitrate across the water-TBP 

interface has been studied und~r 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 timeo This cannot b~ explained 

on the basis of the build-up of an inter'facial resistance with timeo 

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 studyo The 

effect of the stirring rates on the transfer rate was much greater than 

is normally predictedo The mass transfer coefficient increased with the 

organic phase Reynolds number according to the following equationo 

Kos= 3.56 x 10-lO Re~e 0 8, 
v 

By considering the energy transferred from the aqueous phase, the 

mass transfer coefficient was found' to vary with Re6°·5 -according to 

the relationship: 

92 



93 

The term, (1 + Rew)2°02~ may be considered a~ a correction factor 
·Rea . 

for the energy transmiited from the aqueous phaseo 

The steady-state transfer of uranyl nitrate from water to TBP was 

found to increase as the driving force was reducedo Furthermorei the 

rate of transfer was found to depend upon the organic phase co~centration 

level~ decreasing with the organic phase concentration level. 

The steady-state transfer of·uranyl ~itrate from TBP to water in-

creased with the driving force provided the data were adju~ted for the 

organic phase Reynolds numbero The rate of transfer was also found to 

increase with the aqueous phase concentrat'ion 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 a.re required at non equi-

librium conditions .. 

The molar flux for transfer 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 concent·ration. 

The tr~nsfer rate from water to TBP is greater than for transfer 

in the reverse direction .. 

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

dieted from the unsteady-state datao 
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Recommendations 

The steady-state transfer of uranyl nitrate should be studied in the 

pre,sence 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 accurately determine the interfacial 

tensions of the uranyl nitrate-water-TEP 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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NOMENCLATURE 

a = activity 

c 
6 

= interfacial area - cm2 

= concentration of organic phase - molar 

= concentration of aqueous phase - molar 

= concentration of organic phase in equilibrium with aqueous phase 
- molar 

= molecular diffusivity - cm2sec-i 

F = flow rate·- cc/min 

H ·= distribution coefficient 

ks = organic phase film transfer coefficient - cm/sec 

aqueous phase film transfer coefficient - cm/sec 

organic phase overall transfer coefficient - cm/sec 
• 

aqueous phase overall transfer coefficient - cm/sec 

K' 06 = activity based organic phase overall transfer coefficient - cm/sec 

L = stirrer diameter - cm 

N = stirrer rB.'te revolutioiis per second 

n .. = stirrer rate - rop.m. 

Re = 
NL2 

Reynolds Number - -V-

Sc = Schmidt Number ..!:!.. 
PD 

t = time - seconds 

v = cell compartment volume - cc. 



Greek Symbols 

"{= activity coefficient 

/J= density of solution - gm/cc 

µ. = viscosity - centipoises 

V = kinematic viscosity - cm2/sec 

(J= stirrer rate -radians per second 
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, Physical Properties of 
,, Uranyl Nitrate Solutions 
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The de.rvsi~les of 3<:11, Tl3P uranyl nitrate solutic;>ns were determined by 
' ' 

multiple weighting of 25 ml. volumetric t1aske which were filled at 25° Co 

! Oo05°C::. The p.ta are reported in Table XIII and. Figure 2lo In orde:r 

to facilitate the uae of this data in digital computer programs, the d.e:ta 

were ourve~titted and. the following relation1hip obtained. 

Where: 

/J9 = density of solution, gm/co 

08 • concentration ot eolution, mole/liter 

,, 

The aqueous uranyl nitrate solution densities as determined by Finley 

(19) are'given in Figure 2lo The following equation was obtained by a 

regression analysis of the datao 

Whereg 

fJw = density of solution9 gm/cc 

Cw = concentration of solutionj mole/liter 

The viscosities of 3rd, TBP uranyl nitrate solutions were determined 

using stand five milliter Ostwald viscosimeters at 25° C ! Oo05°Co The 

data are reported in Table XIV and Figure 220 These data along with those 

reported by Finley (19) for aqueous uranyl nitrate solutions were curve= 

fitted to yield the following equations9 
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TABLE XIII 

EXPERIMENTAL DATA 

Densities of 3(Y/o TBP U~anyl Nitrate Solution~ 

"l:1empo 25°C ± Oo2°C 

Uranyl Nitrate Weight of DenE:)ity 
Concent::rat.ion 25 CCo gm/cc 

Molar '' ' gJ!l?, 

0.,0 20 .. 29765 008119 

000814 21003446 008414 

001628 21077097 008708 

002442 22048726 008995 

003256 23019734 009278 

004070 23,,93679 009575 
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Temp .. = ~50 

Sol-qt ion 

Water 

Water 

3Q%TBP 

0 .. 0814M 
U02(N03)2 

Ool628M 
U02(N93)2 

0 .. 2442M 
U02(N03),2 

o .. 3256k 
U02(N03)2 

0 .. 407M 
U02,(N03 )2 

,!l::A13LE XIV 

EXP!iRIMENTAL DATA, 

Viscosities of 30,, TBP Vranyl Nitrate Solutione 

+ 0 2°c - .. .. 

Oswal,.d Number Ave11ag_e 
Tube Nd .. or "Flow Time 

· Detetminationfr·" Seconds 

l 4 91o87: 

2 3 98 .. 66 

1 3 222 .. 22 

2. 3 25507} 

1 4 264093 ,, 

1 3 286066 

2 3 330 .. 60 

1 3 343083 
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Viscosit:y 
Millipo~e 

8 .. 95 

8095 

17 .. 60 

1_9. .. 60 

22 .. 50 

25010 

213 .. 10 

32 .. 05 
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Where: 

µi !::: viscosity of sol.ution i, 
millipoises 
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Ci = concentratio:n o.f solute in 
phase i, molar 

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 

25o:, 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 pr~~ents the activity coefficients for aqueous uranyl 

nitrate solutionso 



TABLE XV 

EXPERIMENTAL DATA 

Distribution of Uranyl Nitrate between 
Water and 30% TBP in Amsco '. 

Temp .. = 25°C ! Oo3°C 

.l~iqueous Phase 
Concentration 

Molar 

000667 
000777 
000846 
0 .. 0597 
000680 
000409 
0 .. 0226 
000808 
001310 
o .. ~46o 
0.,3550 
002610 
003470 
0 .. 5760 
loll90 
0 .. 1522 
0.,2310 
006930 
L,5570 
001960 
005670 
002456 
001870 
0.,0730 
1,,1680 
L.4780 
006860 
105300 
1.,2680 
0.,3530 
0.,2430 

Organic Phase 
Concentration 

·Molar 

0.,0276 
0.,0342 
0.0358 
000180 
0.,0274 
000079 
000018 
0.,0362 
Oo0880 
0.,2390 
002910 
0.,2600 
0~3020 
004080 
o .. 4430 
0,,.1100 
001413 
o".3980 
o.,4780 
0,,1570 
003600 
002355 
Oo 1361$ 
000342 
004363 
o ... 4460 
o.,4000 
6,,4680 
004470 
0.,2960 
0 .. 2280 
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TABLE XVI 

EXPERIMENTAL DATA 

Interfacial Tension of the 
Water 9 Uranyl Nitr!:lte, 3Wo TBP System 

Temp. = 25°0 t Oo3°C 

Uranyl Nitrate 
Concentration 

.Molar 

Aqueous Organic 
Phase Phase 

OoO o.o 

Ool,318 0.0987 

0 .. 1960 0.1629 

0 .. 2960 0.2710 

0.5400 o.,374o 

0.831 o .. 4360 

1.545 o.,4700 

Apparent 
Interfacial 
Tens,ion 

Dyne/cm 

11.15 

12.00 

13020 

14.69 

17.83 

19.85 

21.60 

Correction 
Factor 

F 

0.,918 

0 .. 917 

00926 

0,.936 

0.939 

0~939 

0,.905 
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Intgirfacial 
Tension 

Dyne/cm 

10 .. 23 

11 .. 00 

12.21 

13.75 

16<>75 

18.60 

· 19.55 



TABLE XVII 

Uranyl Nit.x-ate Activity Coefficients 

Density Molar Gamma Molal Gamma Activity 
(gm/cc) (molar) (molal) 

1 .. 031.5.2 009923 • .54715 .10000 • .54300 .0.5429 
1 .. 06258 .. 19699 .. 51981 .. 20000 .51200 .. 10239 
1 .. 09317 .,29~8 .52168 .30000 .51000 .15~99 
Lrl2331 0)8 - J .. 53382 .40000 .51800 .20719 
1 ... 15300 .,48159 o..5.5440 , .,50000 .53400 .26699 
1 .. 18225 .,57368 .,58046 .60000 .55500 .33299 
lo.21.110 066449 .. 60888 .. 70000 .57800 .4o459 
L23953 .,75395 064513 .80000 .60800 .48639 
10267.54 .,84213 o.685o4 090000 .64100 .57689 
1..29516 .92905 .73084 1.00000 067900 .. 67899 
1.34924 1..09929 .,8:3071 1.20000 .761.Q_o .. 91319 
l .. 4ol82 1<>26479 094~0 lo40000 ._85500 1.19699 
1.,45300 1 .. 42587 L05815 1.60000 .94300 1.50879 
1..50278 1.58256 1.23179 1.80000 1..08300 1 .. 94939 
1..55124 1073509 lc40395 2000000 1.21800 2.43599 
1..66698 2 .. 09942 l._090766 2.50000 1.60200 4.0o499 
lo77550 2044100 2.,45799 3000000 2 .. 00000 5.99999 
1087753 2.,76216 3000308 3050000 2 .. 37000 8.29499 
lo97356 3.06440 3.,44601 4000000 2.,64000 100..5999 
2006418 3034963 Jo82877 4.50000 2 .. 85000 12.82499 
2.,14974 3061897 4.,15863 5.,00000 3001000 15 .. 04999 
2023071 3.,87382 4054331 5.,50000 3.20000 17.,59999 

b 
'° 
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TABLE XVIII 

EXPERIMENTAL DATA 

Uns.teady-State Tran~:fer 
of Benzoic Acid 

Tempo = 25°0 :!.'. 0.3°0 Transfer Direction 
Toluene-Water 

Run Time Stirri~~ . Rates Organic Aqueeus ~w 
Series Mino Aquebus Organic Phase Phase x 

Phase Pbase Cone .. Conco 103 
RPM, RPM" MQlar Molar cm/sec 

1 0 58 4o 2 .. 000 o.o 
60' 58 4o 1.,955 000598 

120 58 40 1 .. 924 000989 
180 58 40 1.892 001276 
24o 58 40 1.862··. 0 .. 1509 
300 58 40 10831 0 .. 1710 

0 .. 578 

2 0 57 52 20000 0.0000 
. 30 57 52 lo945 000456 

60 57 52 10918 0.,0753 
120 57 52 1.869 0.1291 
180 57 52 lo,850 0 .. 1615 
240 57 52 1 .. 827 0 .. 1852 

0 .. 819 

3 0 68 46 2 .. 000 0 .. 0000; 
30 68 46 1 .. 958 0.0509 
60 68 46 1 .. 900 0 .. 0906 

120 68 46 1 .. 844 0 .. 1345 
180 68 46 1 .. 778 0 .. 1803 
240 68 46 l .. ?4o 'C').;2150 

lo010 



TABLE XIX 

EXPERIMENTAL DATA 

'Effect of Stirring Rate~ on Transfer 
of Benzoic Acid 

Tempo= 25°C. ! Oo3°C 
Transfer Direction Toluene-e.Water 

Time Stirring Rates 
Min,. Aqueous Organic 

Phase· Phase 
RPM RPM 

120 70 43o5 
120 70 43,.5 
120 75 43.5 
120 75 43o5 

120 75 43.5 
120 80 43o5 
120 80 43 .. 5 
120 65 43o5 

120 66 43 .. 5 
120 55 .. 5 43o5 
120 6006 43o5 

Aqueous Phase 
Cone., Molar 

00001268 
0000128 
00001284 
00001302 

00001292 
00001284 
0 .. 001291 
00001253 

0.,00125,3 
0 .. 001135 
00001170 
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Tempo = 25°C ! 0,3°C 

TABLE XX 

EXPERIMENTAL DATi 

Steady-St~te Transfer 
of Benzoic. Acid · ·· 

Transfer Direction 
Water---..Toluene 

113 

Run Flow .. Rates Stirring ~ates , .Aqueous Phase Kow 
Aqueous Or~anic Aqueous Organic Cenco 

cm3/min cm3/min RPM RPM gm/liter cm/sec 
in oµt x 103 

2o05 2ol3 75 43o5 lo5 lo39 Oo8l7 

2o00 2o00 75 43o5 lo5 10388 Oo820 

lo70 1066 75 43o5 lo5 lo368 Oo828 

lo37 lo31 75 43o5 lo5 10340 Oo853 
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TABLE XXl 

EXPERIMENTAL DA~A 

Unsteady-State Transfer 
of Uranyl Nitrate~ A 

Tempo = 2500°0 :!: 003°0 Transfer Direction 
Water---TBP 

Run Time Uranyl Nitrate Stirring Rates (Oseq - C,~)/Cseq 
Mino Cone .. Molar Aqueous Organic 

Aqueous Organic RPM RPM 

20 0 00300 OoOOO 75 60 loOOO 
5 00295 0000291 75 60 Oo973 

10 00295 0000323 75 60 00970 
20 00290 0000518 75 60 00952 
30 00290 0000734 75 60 00934 

. 4,5 00287 0.,00978 75 60 00914 
60 00292 0001320 75 60 Oo884 
75 00290 0001510 75 60 00866 

,, 
21 0 0 .. 300, 0 .. 000 75 60 loOOO 

10 00297 0000352 75 60 00968 ,'•,' 
30 00290 0000928 75 60 00918 
60 00285 0001470 75 60 o.,868 
90 00281 000179 75 60 Oo840 

135 00276 0,,024 75 60 Q,,78p 
180 00269 000307 75 60 00729 
240 00254 0.,0346 75 60 0.,695 

22 0 00300 0.,0000 75 60 1.,000 
10 00283 0,,00475 75 60 00964 
30 0.,278 0000761 75 60 00935 
60 0.,270 0.,01575 75 60 00860 
90 00263 0 .. 02063 75 60 Oo8l6 

135 00269 0002940 75 60 00740 

23 0 00300 0.,0000 75 60 loOOO 
30 00283 0.,00684 75 60 o.,94o 
60 00282 Oo"Ol300 75 60 00885 

120 0 .. 278 ,, 0002095 75 60 00815 
180 0.,274 0,,03050 75 60 00731 
24o 00263 0.,03960 75 60 00652 
300 0 .. 243 0005130 75 60 00546 
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TABLE XXI (continued) 

Run Time Uranyl Nitrate Stirring Rates (Cseq - Cs)/Cseq 
Min., Conco Molar Aqueous Organic 

Aqueous Ore;anic RPM RPM 

24 0 00300 OoOOOO 75 60 LOOO 
30 0,,298 0000325 75 60 00970 
60 00288 0000775 75 60 0.931 

120 00293 0.01310 75 60 Qo876 
180 0.,283 0 .. 0208 75 60 0.816 
24o 0.277 0 .. 0284 75 60 0.750 
300 0.273 0.0299 75 60 .. 0.735 

25 0 0.520 0.0000 75. 60 1.000 
10 0 .. 513 0 .. 00606 75 60 00970 
30 0.507 0.0109 75 60 0.950 
60 0.505 0.01775 75 60 Q.920 
90 0.507 0.02290 75 60 0.900 

135 0.,513 0.03650 75 60 o .. 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 0.944 
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 o.845 
180 o.488 0.04310 75 60 0.812 
~40 Oo462 0.05210 75 60 0.772 

28 0 0.800 0.0000 75 60 LOOO 
10 o.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 7!5 '60 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 o.94o 
95 0 .. 791 0.02480 75 60 0.925 

135 00795 0.0277 75 60 0.916 
180 0.797 0.0331 75 60 0.900 
240 0.784 0.0355 75 60 0.,894 
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TABLE XXI (continued) 

Run Time Uranyl Nitrate Stirring Rates (Cseq ... Cs)/Cs~q 
Min .. Cone .. Molar Aqueous :organiq 

Aqueous Organic RPM RPM 

30 0 0 .. 300 0 .. 0000 75 60 loOOO 
10 Oo·-294 0000410 75 60 0 .. 971 
30 00289 0.00672 75 60 00954 
60 0 .. 285 0 .. 01365 75 60 0 .. 907 ·' 
90 0.268 0 .. 0,1870 75 60 Oo873 

:,..36 0 .. 268 0 .. 62010 75 60 Oo864 
:i8o 0 .. 264 0003740 75 60 00743 
240 0 .. 259 0 .. 04350 75 60 0 .. 701 
300 0 .. 244 0005130 75 qO 00649 

31• 0 o .. .,oo 0 .. 0000 75 60 1 .. 000 
10 0 .. 298 0 .. 00446 75 60 0 .. 970 
25 0 .. 293 0 .. 00620 75 60 0 .. 959 
55 0 .. 281 0 .. 01040 75 90 0 .. 928 
92 0 .. 275 0 .. 01460 75 60 0 .. 901 

130 0 .. 275 0 .. 01760 75 60 0 .. 880 
180 0 .. 275 0 .. 02255 75 60 o .. 847 
24o 0 .. 259 0 .. 02860 75 60 0 .. 805 

32 0 0 .. 300 0 .. 0000 78 60 L.000 
10 0 .. 280 0.,00473 78 60 0 .. 965 
25 0 .. 289 0 .. 00706 78 60 0 .. 945 
55 0 .. 276 0 .. 01225 ?8 60 0 .. 904 
90 0 .. 263 0 .. 01780 78 60 o .. 864 

135 0 .. 256 0 .. 02150 78 60 00843 
180 0 .. 250 0 .. 02700 78 60 0 .. 784 
300 0 .. 244 0 .. 03520 78 60 0 .. 729 

• Volume of organic phase was 65 .. 7 cc .. 
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TABLE XXII 

EXPERIMENTAL DATA 

Unsteady-State Transfer 
of Uranyl Nitrate - B 

Temp .. = 25°C. ! 0 .. 3° Co Transfer Direction. 
Water~TBP 

Run Time Initial Cenco Stirring Rates Transfer Coefficient 
Mino Aqueous Organic Nqueous Organic Integra.l Point 

MQµ;t?" "Molar ~PM RPM cm/sec dn/~c 
x 103 x 103 

34 8 Oo} OoO,. 214 250 2016.7 J.061B 
16 Oo3 o.o 214 2.50 1 .. 951 1o538 
25 Oo3 o .. o 214 250 10719 10425 
38 0.,3 o .. o 214 250 1 .. 432 1 .. 198 
55 Q.,3 o .. o 214 250 L,244 00847 
80 0.3 o.o 214 250 10151 0.212 

36 5 Oo3 .o.o 155 176 1 .. 218 00397 
10 Oo3 o.o 155 176 00738 0.393 
20 0.3 o.o 155 176 o.,_518 00384 
30 Oo3 o .. o 155 176 Oo43.3 o.'374 
45 0 .. 3 o.o 155 176 o.428 0 .. 362 
75 Oo3 OoO 155 176 0.386 0.321 

123 0.3 o .. o 155 176 0.324 00264 
180 Oo3 OoO 155 176 0.317 q.182 

37 5 Oo3 0.,0 154 173 1o860 0.629 
10 0.,3 OoO 154 173 lo418 0.622 
20 0.3 o.o 154 173 0.958 0.602 
36 Oo3 OoO 154 173 0.785 00572 
58 Oo3 o.o 154 173 0.656 0 .. 524 
80 Oo3 o.o 154 173 00510 o.456 

120 0.3. o.o 154 173 0.507 00354 
180 0.3 o.6 154 173 o.452 0 .. 144 

38 11 Oo5 o.o 154 175 3.984 0 .. 702 
20 Oo5 OoO 154 175 2 .. 287 0 .. 674 
35 Oo5 0.,0 154 175 1.694 o.,643 
55 0.5 o.o 154 175 1.i45 0.,576 
81 0.5 0.,0 154 175 0.861 Oo491 

180 0.5 0.,0 154 175 o.,R45 0.307 
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TABLE XXII (continued) 

Run Time Initial Cone., ~tirring Rates Transfer Coefficient 
Min .. Aqueous Organic Aqueous Organic Intep:r.a.l Point 

Molar Molar RPM RPM cm/sec cm/se3 
x 103 x 10 

39 5 Oo5 OoO 148 176 4,,090 00928 
10 Oo5 OoO 148 176 20277 00904 
20 Oo5 o .. o 148 176 1o587 00865 
35 0.,5 OoO 148 176 L204 00789 
55 Oo5 OoO 148 176 00865 Oo672 
81 Oo5 OoO 148 176 0,,779 00547 

120 Oo5 OoO 148 176 00574 00221 
180 Oo5 0.,0 148 176 Oa531 

40 5 Oo5 OoO 147 175 50908 lol6l 
10 0 .. 5 OoO 147 175 3.,248 10127 
21 Oo5 OoO 147 175 20010 L,096 
36 Oo5 OoO 147 175 L543 ~ 0035 
55 Oo5 OoO 147 175 lol80 00933 
80 Oo5 OoO 147 175 00983 00793 

133 Oo5 o .. o 147 175 00781 Oo457 

41 10 Oo8 OoO .. 14:q 175 2.,470 lo2?9 
20 Oo8 OoO 146 1?5 10830 lo 121+ 
35 Oo8 OoO 146 175 lo331 00927 
56 Oo8 OoO 146 175 10005 00623 
Bo Oo8 OoO 146 175 00827 00253 

120 Oo8 OoO 146 175 00713 

42 5 Oo8 OoO 148 175 30344 20138 
10 0,,8 OoO 148 175 20901 20085 
20 o,,8 OoO 148 175 20596 lo866 
38 Oo8 OoO 148 175 10765 10419 
55 Oo8 OoO 148 175 L541 00977 
81 o.,8 OoO 148 175 1.,156 00209 

120 o.,8 OoO 148 175 00978 
180 Oa8 OoO 148 175 00791 



TABLE X:X:IlI 

~ERIMENTAL DATA 

Steady-State Transfer of Uranyl Nitrate 

Temp;= 25° C: 0;3o C Transfer Direction 
water~TBP 

Run Flow Rate Uranyl Nitrate Stirrin_g Rates Driving Fore~ Overall 
cc/min Concentration RPM Molar Mass Transfer 

Aqueous Organic Molar Aqueous Organic bi:>eff'ic~nt 
Aqueous Organic · KosXJ.. 

cm/sec 
·-

1~80 4:3 lo.70 Oo.289 00-0214 l.5:3 175 Oo.221 0 .. 745 
q4 1. .. 27 1~88 0 .. 273 00-0153 150 175 Oo,225 0 .. 600 
45 lo,50 l~O 0 ... 260 o.,_0.388 150 175 Ool91 10425 
46 lo.50 lo.50 00258 0 .. 0650 150 17.5 0 .. 165 20770 

.. 
47 1.,50 1 ... 48 Oo..292 0 .. 0238 ,1.53 175 Oo2ll Oo.753 
49 lo49 lo.50 Oo,261 000261 150 175 0 .. 213 Oo861 
so 1.,..50 lo.51 Oo.268 000281 151 175 0 .. 214 0.,.92.5 
51 lo49 1o50 00264 000259 151 175 00219 Oo830 

56 1~62 lo.77 Oo.242 Oo.0461 150 175 Ool76 2ol4o 
5? 1~98 2o00 Oo.253 o.0461 150 175 Ool84 2 .. .330 
60 lo,'73 2o.06 00269 0.,0293 150 175 0 .. 219 1 .. 32.5 
62 lo.52 lo.50 00286 000094 100 .. 60 0.,231 00263 

63 lo.52 lo.48 0 .. 258 000370 100 Uo 00203 L,2'97 
64 lo52 lo48 Oo.258 o.;0370 100 130 00203 lo267 
65 L,49.3 "J. .. 523 Oo.3048 OoOOl.36 100 45 0 .. 2706. 0 .. 0.36 

r' ...... 
66 lo.51 lo.55 OoJOO 0 .. 0063 100 75 0.,2637 Ool.74 '° 



'Temp~ = 25° C ~· OoJo C 

R'tl.'1 

67 
68 
69 
70 

71 
72 
73 
75 

76 
77 
80 
81 

82 
83 
99 

Fla<,.r Rates 
cc/nn 

Aqueous Organic 

lo51 lo525 
1.,56 l.,58 
1.,56 lo58 
1.,49 lo51 

lo5J L,51 
1 . .,53 lc50 
1.,52 lo50 
1 .. 495 L,498 

let494 \lo.52 
1.,514 L,500 
lo507 lo510 
L,497 lo51.l 

·- .. 
10490 lo482 
l,,_495 1.,485 
lo51.J 10515 

:RAJ;3LE x:x:m ( continued) 

EXPERIMENTAL DATA 

steady-State Transfer of Uranyl Nitrate 

Transfer Direction 
water~TBP 

Uranyl Nitrate 
Concentration 

Molar 
Aqueous Organic 

00294 0001264 
002975 0002038 
OoJOl,5 000144 
0.,258 000356 

00292 0.,01872 
00293 0 .. 01865 
00294 0.,0134.5 
0,,293 0001059 

00290 0 ... 0068 
004899 000254 
004229 Oo.OJ40 
Oc7l80 OoO:Y+l 

009489 000284 
009266 0.,0267 
Clo5568 0.,0281 

Sti,rring Rates 
RPM 

Aqueous Organic 

100 90 
100 105 
100 80 
1.00 ll6 

100 ~00 
100 120 
100 80 
100 55 

100 64 
100 100 
100 lOO 
lOO lOO 

100 lOO 
100 100 
100 100 

Driving Force 
Molar 

0.,2599 
0.,2442 
0.,2520 
002019 

002464 
0,,2473 

' 002585 
0.,2544 

0.,2581 
003135 
0.,2874 
0.,3557 

003991 
0/3977 
0.,3271 

Overall 
Mass Transfe?"'. 

Coeffi··. ~i.~ nt 
K tlo-' 
c'inisec 

OoJ54 
00605 
00395 
loJ6 

0.,535 
Oo:531 
0"'374 
0,,291 

Ool80 
005698 
Oca8J66 
006786 

0.,4942 
0.,,4670 
Oo6ll2 

~ 
N 
0 



TABLE XXIIl ( continued) 

EXPERIMENTAL DA.TA 

Steady-State. Transfer of Uraeyl Nitrate 

Temp. = 25° C : 0.3° c Transfer Direction 
Water-'l'BP 

Run Flow Rates Uranyl Nitrate Stirring Rates Driving Force OVerall 
.. cc/m:m Concentration RPM }t)lar Mass Transfer-

Aqueous Organic Molar Aqueous Organic Coeffic~nt 
Aqueous Organic Kofa! 

.. cm sec 
100 1.5l5 1.515 O.l~ 0 .. 0157 100 100 0.,0894 1..:20 
101 1.5400 1.515 0.1831 o.ol.85 100 100 0.1336 Q! 71 

Transfer Direct;ion 
TBP Water 

- . 

84 1.519 1.515 0.0249 o.4371 l.00 100 o.436ll- o.4o70 
85 1 .. 530 1.521 0 •. 0161 o .. )187 100 100 0.3192 0.3631 
86 1.520 1.520 0 .. 0132 o.Zt6J 100 100 0.2169 o.4339 
87 1!488 l • .518 0.0080 0.1076 100 100 0:.1080 0.5185 

.. .. -
88 1 •. 634 1.545 0 .. 0241 o.Jl.2'7 100 100 0.3121 o.4-070 
89 1 .. 498 1.503 . 0.0241 0.2023 100 100 0.2017 o.4062 
90 1 .. 508 1 .. 498 0.0257 0.1()\Cft 100 100 0.1085 o.4796 
91 1.503 1.498 0.2248 o.4185 100 100 0.2177 0.5610 

92 1.509 1.497 0.2300 o.4503 100 100 0.2439 0.5250 
9:3 1.489 1.435 0.2392 0.3285 100 100 ().l.).25 o.6482 ~ 

94 1.496 1.494 0.1293 o.4454 100 100 0.3590 0.3809 
I\) 
~ 

95 1.50 1.492 Ool289 0.2103 100 100 0.1242 0.5272 
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TABLE XXIV 

CALCULATED RFSULTS 

steady-State Transfer of Uranyl Nitrate 

* (Aw= As) ' Run Reynolds Number Schmidt NUlllber (Cs - Cs) Kos[~ ~s{~2 Aqueous Organic. x 103 x J.O 
Aqueous Organic ~- Molar cm-1 cm-1 

43 2150 1.088 1 .. 423 12048 002210 Ooll8 3.,38 6033 
44 2130 1100 lo415 12 .. 30 002257 0.,104 2o76 5 .. 99 
45 2140 1070 l.0410 12 .. 60 0 .. 1912 0 .. 096 6039 12073 
46 2140 1.o42 1 .. 405 13.,02 0 .. 1650 0 .. 080 12 .. 01 28.,70 
47 2150 1083 1 .. 425 12.,43 0.,2ll2 0.,123 3 .. 42 5.,87 
49 2140 1088 10410 12045 Oo2lJ9 OolOO 3.,91 8032 

50 2135 1081 1 .. 412 12.,45 0 .. 214 0 .. 102 4 .. 20 8077 
51 2142 · 1088 1 .. 410 12.,43 Oo219 0 .. 102 3o78 8 .. 12 
56 2140 1062 lo408 1208.5 0 .. 176 0 .. 092 9 .. 48 180-06 
57 2139 1060 1 .. 409 12085 Ool84 00097 10o32 19056 
60 213.5 1078 1 .. 412 12052 Oo219 0.,099 5 .. 78 12081 
62 1.40.5 427 l..,420 10.,80 00251 Ool07 l.,21 2o84 

63 1422 676 1 .. 410 llo~O Oo20J Ool.00 5o92 12 .. 02 
64· 1422 1033 lo41 11 .. 20 00203 OolOO 5.,92 12 .. 02 
65 1403 287 L43 l2oQ5 0 .. 271 Ool48 Ool68 Oo31 
66 1407 476 1.,42 12 .. 12 0.,,264 0.,148 0 .. 811 1 .. 45 
67 1409 0 566 1 .. 42 12 .. 25 0.,260 0 .. 130 1 .. 63 1 .. 26 
68 1409 650 1.,43 12 .. 41 0-.. 2114 0 .. 126 2 .. 88 5.,56 

69 1409 1+99 1 .. 43 12030 0 .. 257 0 .. 130 lo80 3 .. .56 
70 1420 . 709 1 .. 41 12 .. 60 00201 0 .. 100 6.,13 12 .. 37 

I-' 
I\} 

71 1410 625 L,43 12 .. 32 00246 0 .. 125 2 .. 46 4 .. 86 vi 



TABLE XXIV ( continued) 

CALCULATED RESULTS 

Stea~State Transf'er of U:ral\Yl Nitrate 

Run Reynolds NUinber Schmidt ~Yllber (c: - C5 ) (Ay - ~s) Kosf]j . KoslV2 
Aqueous Organic ·. x 10 x 10 . x 10 

Aqueous Organic Molar cm-J. cm-1 

72 l.410 750 · l.o42 12oJ2 Oo24? Oo12.5 2o'43 4080 
73 1407 503 lo42 12025 00253 00126 1o71 3o45 
75 14o8 348 lo42 12025 Oo2.54 0;129 loJ4 2o64 

76 1399 4o7 lo42 l2ol.3 Oo2,58 Ool.44 ()084, 1o6l 
77 1360 616 Oo94 · l2ol OoJ].J Oo2.5l. 2o57 Je2J 
80 1J88 610 lolb 12o2J 0028? 00200 Jo?5 .5oJ8 
81 . J.257 610 Oo.552 J.2o23 00356 Oo426 Jo04 2o54 
82 1148 .· 614 OoJJ8 l.2017 0 • .399 0.693 2o22 J.o29 
8J 1158 615 OoJ.54 l2o15 OoJ98 o.280 2oll 1o26 

99 lJJl 61.J Oo802 12ol.6 OoJ2? OoJOO 2o7.5 2o99 
100 1479 621. l.0885 12002 oo,89 Oo0.54 ~o?J. .. 9oJ6 
101 1470 620 l.0809 12 .. 05 o.134 Oo0,56 · 4o48 10080 

84 1500 396 lo55J l.8088 Oo4J6• 00861 ** J.ol.8 Oo.599 
85 1:501 450 J..,li49 l.6059 0 .. 319• Oo21.8 ** lo20 10744 
86 1501 5o4 ·J.o4o8 14~82 0 .. 21.7• o.ua•• lo60 20936· 

87 1502 566 l.oJ22 13018. Ool.08* Ooo60"* 2ol..5 .30878 
88 1.500 453 l.o.544 l.6048 0.,312• 00209** l.oJ.5 20020 
89 1.500 512 lo.51,14 14059 00202* Oo:31.5 "* lo524 1 .. 18.3 
90 1.500 56.5 lo,560 13021. Ool.08* o.0478** lo99 4o5l4 

* 
* {Cs - Cs) 

** (As - Aw) ..... 
~ 



Run Reynolds Number 
Aqueous Organic 

91 1458 404 
92 1457 390 
93 1454 445 
94 1483 392 
95 1483 507 

TABLE XXIV (continued) 

CALCULATED RESULTS 

Steady~state Transfer of Uranyl Nitrate 

* (As - Aw) Schmidt Number (Cs= Cs) 
x 103 

.Aqueous Organic Molar 

10694 l8o50 OoZl.8 00625 
10679 -19ol5 00244 1.,090 
10651 16077 Ooll2 OolJ75 
L,902 19005 Oc359 Oo941 
lc902 14072 Ool24 000585 

Kos/1J 
x 10'2 

cm-1 

L,66 
lc502 
20117 
lo095 
10961 

Kos/U 
x 102 
cm-l 

0,.,058 
Oo0.34 
10732 
Ooo4~ 
40164 

!-' 
I\) 
\J1 



V~riation of Mass Transfer Coeff~cient 
with Moleeu.lar Diffusivity 

~ 
·D, 

V Cs* - Ce) :x 106 
.X 102 

cni2/st,c cm-1/sec-mole. 

8oi '703 

l3o0 6~8 
8t156 8073· 
5o56 9oG7 
8040 7o55 

·, 5o29 9.,15· 
63.,7 4083\ 

33.,45 4.,93 
llo61 5.,65 

9 .. 95 5o63 
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F'igure 230 

Analog Co'8puter Simulat.ipn 
of. Mass Transfer Gell ' -•· . ' 
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