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The heat effect of the extraction of uranyl nitrate from 
aqueous solution into TBP has been measured. The 
measurements include both forward and backextractions 
with neai TBP at 23" f 1"C, extractions with TBPin 
dodecane at 23" f 1"C, and extractions with neat TBP at 
5-40°C. Heats of mixing of TBP and of uranyl nitrate 
bis(TBP) solvate with dodecane, which are endothermic, 
the heat of dilution of aqueous uranyl nitrate, and the 
heat of hydration of TBP have also been measured. The 
thermodyn,amic functions for the extraction reaction 
U0z2+ (aq) + 2 NO3- (aq) 4- 2 TBP(org) = 
UOz(N03j2(TBP)~(org) have been calculated. The 
standard state (aq) for the aqueous phase is infinite 
dilution of all solutes in water. For the organic phase, two 
distinct standard states (org) are used: infinite dilution of 
all solutes in dodecane (marked by *) and infinite dilution of 
all solutes in hydrated TBP (marked by "). The 
standard state functions are, in kJ mol-': AH* = -54.5, 
AH" = -33.8, AG* = -45.6, AGO = -41.0, and in J 
K - '  mol-': AS* = -30, ASo = +24, and AC," = 
+405. 

The thermodynamics of liquid-liquid distribution sys- 
tems has been studied for two purposes. On the one 
hand, knowledge of the interactions with diluents (activity 
coefficients of solutes in the organic phase) and the ther- 
mal effect of the reactions help in the prediction of the 
performance of practical extraction systems under condi- 
tions where they have not yet been studied. On the other 
hand, understanding of these interactions, enthalpy 
changes, entropy effects, and changes in partial specific 
heats permit an insight into many types of interactions in 
liquids, and into the systematics of the formation of coor- 
dination adducts, far exceeding the particular extraction 
system used. In fact, the distribution system may be 
used as a probe to study more general interactions in 
one of the phases (19, 34). 

Entha!py changes for distribution reactions have as a 
rule been obtained from the temperature dependence of 
the equilibrium quotient for the distribution reaction. 
Some authors did not even bother to calculate equilibri- 
um quotients but estimated the enthalpy change from the 
temperature dependence of the distribution coefficients 
(21, 36-40). That this procedure is wrong, because of 
the neglect of the heats of dilution of the reactants to the 
standard states, need not be emphasized, if i t  were not 
for the common practice to do just this-i.e., to deter- 
mine the temperature dependence of an equilibrium quo- 
tient which is a constant only under a particular set of 
conditions. Equations that should have been used, taking 
into account these heats of dilution, have been presented 
(79). 

The alternative method, of determining calorimetrically 
the heat of extraction, while applying corrections for heat 
effects of dilution and interaction, has been applied in 
only very few cases (5, 13, 14, 23-26). Although some of 
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the corrections may be somewhat uncertain, this proce- 
dure is inherently more accurate, gives directly the major 
portion of AH", and permits a meaningful evaluation of 
AS". 

The following example illustrates the difficulties with 
the temperature-dependence method. Extraction of aque- 
ous uranyl nitrate with undiluted tri-n-butyl phosphate 
(TBP) at 0" and 50°C led to AH = -3615 cal mol-', 
and from data at 25"C, AG = -4580 cal mol-' was ob- 
tained (10) so that A S  at 25°C is +3.24 cal mol-' 
deg-'. On the other hand, extraction with 0.05M TBP in 
n-dodecane at several temperatures between 0" and 
50°C (42) led to AH = -6300 cal mol- '  and at 25°C to 
AG = -1840 cal mol- '  and AS = -15.0 cal deg-' 
mol- ' .  The diluent affects AG slightly (20/, and as is 
seen below, also AH, but not to the extent shown above, 
where apparently the sign of AS is uncertain. 

The present work applies the calorimetric method to 
this same system, in the presence and the absence of 
the diluent n-dodecane. Overall heat effects measured at 
given initial and equilibrium concentrations of the reac- 
tants are corrected for the various dilution and concen- 
tration enthalpy changes, to yield the net enthalpy 
change AH ( 1 )  for the reaction 

UO22+(aq) + 2 N03-.(aq) + 2 TBP(org) - 
UOZ(NO~)Z(TBP)Z(O~S) (1 1 

where all the reactants are at their equilibrium concentra- 
tions. The values of AH(1, are then corrected to apply to 
the standard states defined below, to give the standard 
enthalpy change for Reaction 1. The standard state for 
the aqueous solution is infinite dilution of uranyl nitrate, 
TBP, and, when present n-dodecane in water. The stan- 
dard state for dodecane-diluted TBP is  infinite dilution of 
uranyl nitrate disolvate and of TBP in water-saturated n- 
dodecane. This state is designated with an asterisk, thus 
A H ( l , * .  The standard state for neat, undiluted, TBP is hy- 
drated TBP (8, 20, 30). This state is designated with a 
circle, thus A H " , , ) .  

The analytical data on the reactant concentrations, to- 
gether with published activity coefficient data (6, 7, 28, 
29, 33-35) are used to calculate ,the standard Gibbs 
energy change AG[1,* (or AG(1)") for Reaction 1, and 
with A H ( ' , *  (or AH(1,") this yields A S ( ' ) *  (or AS,,,'). 
Finally, from the temperature variation of the calorimetri- 
cally determined A H ( , , " ,  in the range 5-40°C, the stan- 
dard change in heat capacity ACp[1)O for Reaction 1 is 
calculated. These thermodynamic quantities are then dis- 
cussed in relation to the chemical interactions in this sys- 
tem. 

Experimental 

Several designs of calorimetric set-ups for measuring 
heats of extraction have been published (13, 15, 16). The 
design used in the present work, Figure 1, permitted 
higher accuracy than the previous ones, if, as for the 
present system, large amounts of the reactants can be 
used. The temperature jump due to the addition of the 
reactants in the bulb a to the liquid in Dewar b initially at 
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thermal equilibrium, under quasiadiabatic conditions vs. 
the surroundings, could be measured to f0.0002"C by 
means of the Quartz thermometer (Hewlett-Packard 
Model 2801) probe c. The heat capacity of the equilibri- 
um system C,(system) was calibrated electrically for 
each experiment, by means of a heater d, a standard re- 
sistor of R = 0.4979 f 0.0001R in series with the heater, 
and a potentiometric circuit where potentials could be 
determined to *0.3%, so that the heat capacity was 
known to f0 .4%.  The heat capacities of the system were 
in the range 2500-3000 J K -  l .  

The heat effect for each experiment, q, in joules, was 
calculated from Equation 2 

(2) q = ~ V R - l h - l A t  = C,(system)At 

where v is the potential drop, in Volts, across the stan- 
dard resistor R; V is the drop across the heater, in Volts; 
h is the rate of temperature increase during the calibra- 
tion heating, deg sec-'; and At is the temperature jump 
for the reaction, deg. The potential drops were constant 
during the period of heating, as seen on a recorder. The 
rate of heating, of the order of 0.05"C/min, was constant 
and determinable within f O . l  YO. 

The whole assembly (Figure 1)  was located in a water 
bath regulated to f0.01"C. The heat of stirring was con- 
stant at a constant stirring speed (which was in the range 
of 100-400 rpm, read on revolution counter f ) ,  and to- 
gether with heat leaks amounted to a constant rate of 
temperature change before and after reagent addition of 
0.002-0.010°C/min, known within f 2 % .  The tempera- 
ture jump was read at the steepest point, and the time 
for equilibration was 1-3 min. For extraction experiments 
this jump was ca. 0.2-0.5"C, determined to within 
0.0003"C. 

The overall error for a single determination of the heat 
change (which ranged from 12  J for some heats of dilu- 
tion to 1600 J for some 
(f0.15 cal) or fO.6%, 
pares favorably with the 

heats of extraction) was f0.6 J 
whichever is greater. This com- 
precision of 1-2% in the work of 

Figure 1. Calorimeter: a, bulb of ca. 
50-ml volume with a capillary outlet: 
b, Dewar vessel of 800-ml capacity: c, 
probe of Quartz thermometer: d, Pt 
'wire heater of ca. 30 I2 wound on a per- 
forated glass cylinder: e, glass stirrer; 
f, pulley and belt to stirring motor; g, 
revolution rate counter: h, lead wires 
to 6-V constant voltage source; i, tub- 
ing to air-filled automatic piston buret; 
j, lead to Quartz thermometer 

Nikolaev and Afanasev (3, 23, 24)  and of >1.7 J in the 
work of Kettrup (74) and Kletenik (75). An improved de- 
sign for use with smaller volumes, of the order of 100 ml, 
which is under construction, will increase the precision to 
fO.l J for a single determination. 

The chemicals used were of analytical grade: uranyl 
nitrate hexahydrate (Merck), which analyzed as 
U02(N03)2(H20)5.91, tri-n-butyl phosphate (Merck), and 
n-dodecane (Fluka), the latter >99% pure by gas chro- 
matography, the impurities being other saturated hydro- 
carbons. All analyses were made by weight, as were the 
additions of reagents. Only uranium was analyzed for, 
and this was done coulometrically for aqueous solutions, 
the results being expressed in mg U/gram solution, with 
an accuracy of f0 .25% or better. Organic phases were 
first diluted about fivefold with chloroform, to decrease 
the distribution coefficient, and then stripped with a 
known amount of 0.OlM nitric acid, which was then ana- 
lyzed as above. Residual uranium in the chloroform 
phase was analyzed spectrofluorometrically, and this cor- 
rection, known to f 3 %  and never exceeding 0.5% of the 
uranium in the organic phase sample, was added to the 
main amount determined in the strip solution. 

Densities, necessary for calculating molar concentra- 
tions needed in the computation of equilibrium constants 
on the molar scale, were determined by weighing volu- 
metric flasks equilibrated at the proper temperature. The 
precision attained, f O . O O 1  g/cm3, was sufficient for the 
purpose. 

The main difficulty with the analytical method was the 
coextraction of water with the uranyl nitrate. This had to 
be accounted for in order to calculate the number of 
moles of uranium extracted into the organic phase, Y, 
since only the initial, but not the equilibrium, total 
amounts of the phases were known. The coextracted 
water could be determined in the following manner: Let 
U ,  T, D, and W be the total number of moles of uranyl 
nitrate, TBP, dodecane, and water, respectively, present 
in the sysem. Initially there are only U and W moles of 
the respective components in the aqueous phase weigh- 
ing A = 394.03 U i- 18.01 W grams and D and T moles 
in the organic phase weighing Q = 170.34 D -t 266.32 T 
grams (mutatis mutandis for the reextraction experi- 
ments). The equilibrium uranium content of the aqueous 
phase is x mg/g and that of the organic phase is y mg/g. 
I t  js assumed that there is a negligible loss of TBP and 
dodecane to the aqueous phase, so that the equilbrium 
weight of the organic phase is 

Qes - - [Q i- 18.01 Wtr] / [ l  - (0.39403/ 238.03) y] (3) 

where Wr is the number of moles of water coextracted, 
and 0.39403 y/238.03 is the weight of uranyl nitrate per 
gram organic phase. The number wr is sufficiently small 
to constitute only a <3% correction on the equilibrium 
weight of the organic phase, hence may be estimated 
with sufficient accuracy by equating it to the number of 
moles of free TBP, T,,, assuming that TBP not bound in 
the uranyl nitrate disolvate is bound to water as TBP-HpO 
for undiluted TBP, and to 0.5Tfr for 1 and 2M TBP (6, 8, 
20, 30). The number Tf ,  is obtained from T f ,  = T - 2 Y, 
and Y is obtained from Y = yQeq/238030, where one ite- 
ration is sufficient to give the final value. The values of 
Q,, calculated from Equation 3 could be used to confirm 
the uranium mass balance: 

( A  + Q - Qeq) x + QeqY - - 238030 X + 
238030 Y = Ax = 238030 U (4) 

within f l . 1 5 %  for some 16 extraction experiments 
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Results 

Heat effects of extraction. Extraction experiments were 
made at 23" f 1°C with both neat TBP, and with TBP di- 
luted with dodecane at 0.5, 1 .O, and 2.OM. Further ,exper- 
iments, with neat TBP, were made at several tempera- 
tures between 5" and 40°C. Several experiments were 
made where the uranium was initially in the organic 
phase, and was reextracted into water. This organic 
phase had the approximate composition of the disolvate, 
but was contaminated with some excess of TBP and 
some water, due to the way of its preparation, from stoi- 
chiometric amounts of uranyl nitrate hexahydrate and 
TBP. The results of these experiments are shown in Table 
I. 

In this table the quantity Y should be understood in its 
algebraic sense-i.e., as the change in the number of 
moles of uranium in the organic phase between the initial 
and the final states. The last three experiments in Table I 
are thus reextraction experiments where heat was ab- 
sorbed from the system so that its temperature fell. In 
these experiments the initial uranium concentration of the 
organic phase was yo = 223.7 mg/g. The temperature t 
represents that of the equilibrium system after the tem- 
perature jump, but before any calibration heating. The 
concentration of neat TBP, C T o ,  varies with the tempera- 
ture because of the known changes in its density. As 
mentioned in the introduction, the measured heat effects, 
q, include not only the enthalpy change for the chemical 
reaction ( l ) ,  but also additional terms for dilution and 
mixing, and must be corrected accordingly. 

Heat of dilution of uranyl nitrate. The heat of dilution of 
0.50M aqueous uranyl nitrate with water was measured 
in two independent series of experiments, in good agree- 
ment. In one series both the heat effects of the addition 
of water to the uranyl nitrate solution, and of the addition 
of the solution to water were measured; in the other, only 
the latter. The results are shown in Figure 2, where it is 
seen that the heat evolved on dilution (q  is positive) per 
mole of uranium in the system is proportional to the 
change in uranium concentration between the initial state 
and the final state. The best straight line that can be 
passed through the points has the formula 

(5) 
where U is the number of moles of uranium in the sys- 
tem, and ACu is the (negative) change in concentration. 
Because of the linearity of the relationship, it is assumed 
to hold for whatever initial and final concentrations are 

qdil = (3800 24O)U(-ACu) J 

obtained in extraction experiments, provided they are 
both <0.5M, the limit to which Equation 5 was tested. 
The quantity qdi l /UACu can be equated to the standard 
molar heat of dilution AHdilO, which is -3800 J mol-' 
(mol/l.) -' [or -0.91 kcal mol-' (mol/l.) - ' I .  

Heat of hydration of TBP. Although TBP does not form 
a very stable monohydrate, it does interact with an ex- 
cess of water with the evolution of heat. Experiments 
were made at 24" f 1°C with addition of neat or diluted 
TBP to a large excess of water. The amount of heat 
evolved per mole of TBP, qhyd/T was not large, but quite 
significant. On the contrary, the amount of heat evolved 
when a similar weight of water or of dodecane was 
added to the water in the Dewar was insignificant: At < 
0.0003"C was observed-i.e., q < 1 J. The heat of hy- 
dration of TBP (Figure 3) can be summarized by 

qhyd = [ (210 f 50) + (85 f 15) CT"] T =  

-AHhydTJ ( 6 )  

The standard heat of hydration of undiluted TBP is thus 
AHhyd" = -520 f 50 J mol-' (or -0 .12 kcal mol- ') ,  
while the standard partial heat of hydration of TBP at infi- 
nite dilution is AHhyd* = -210 J mol-' (or -0.05 kcal 
mo l - l ) .  The heat of hydration is thus concentration de- 

2000 I 
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Figure 2. Heat of dilution 
of aqueous uranyl nitrate 
0 initial concentration 
0.503M; 0 initial concentra- 
tion 0.501M, represent two 
independent series of experi- 
ments 

Table I. Heat Effects and Composition of Equilibrium Phases for Extraction of Uranyl Nitrate with TBP in Dodecane 

q, J Y, mmoles No. CT"  (M) t, "C x o ,  mglg x ,  m g l g  Y. m g l g  

222 0.50 23.0 103.1 98.2 85.5 16.61 595.0 
223 0.50 24.1 78.0 73.6 73.0 13.79 500.2 
215 1 .oo 20.7 102.9 95.7 80.8 14.72 521.3 
216 1 .oo 23.9 95.7 90.3 81.3 14.62 514.2 
21 7 1 .oo 24.7 90.3 87.7 78.4 14.27 479.4 

232 2.00 23.6 72.9 65.0 112.8 24.05 729.0 
218 3.66 24.0 87.9 71.0 175.0 48.01 1501.2 
21 9 3.66 24.5 82.4 66.2 176.7 50.46 1531.2 

234 3.71 6.8 55.9 41 .O 146.8 38.87 1477.2 
233 3.69 14.2 67.2 52.2 161.5 41 .a4 1433.2 
224 3.62 32.4 70.0 56.5 149.0 36.26 979.2 
225 3.60 38.4 63.1 49.4 142.6 36.33 910.3 

231 3.42 22.9 0.0 17.57 42.3 -44.6 -1155.6 

228 2.00 22.8 79.3 70.2 126.0 26.64 786.6 

221 3.66 22.7 84. i 66.7 iai,.o 51.66 1578.9 

230 3.42 22.2 0.0 17.62 46.5 -43.4 - 1097.8 
235 3.42 22.8 0.0 5.56 7.12 -14.1 -338.0 
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Figure 3. Heat of hydration of TBP diluted with dodecane 

pendent, and the heat evolved between two states of 
(free) TBP in extraction exeriments IS ( f  = final and i = 
initial states): 

In the application of Equation 7, only free, initially unhy- 
drated, TBP must be considered, so that neat TBP at 25°C 
has CT’ = 3.66M rather than the equilibrium value of hy- 
drated TBP, 3.43M (20). A comparison with values in the 
literature is in place here. For the single-phase solution 
of one mole of water in 80 moles of TBP, the molar heat 
of reaction AH = +590 J (mol water)-’ has been found 
(72), while for undisclosed concentrations, the values 
+200 to +550 have been given (1)  which have the oppo- 
site sign to the heat of reaction in the two-phase system 
(total moles water:total moles TBP - 200) studied 
here. More comparable is the exothermic heat found (73) 
for stoichiometrically equivalent amounts -lHhyd = -400 
J (mol TBP)-’ and for the two-phase system (total 
water:total TBP = 5) AHhyd = -670 J (mol TBP)-’. 
Our value lies in between the two values given by Kettrup 
and Specker (14) which, however, should not be differ- 
ent, since the addition of excess water to the fully hydrat- 
ed equilibrium system should be without any thermal ef- 
fect. None of the other determinations was claimed to be 
more accurate than ours. 

Heat of mixing of TBP and dodecane. The mixing of a 
polar substance such as TBP with an inert liquid such as 
dodecane is an endothermic reaction, because of the 
energy needed to break up the polar interactions. Experi- 
ments were made at 24’ f 1% of mixing TBP and dode- 
cane in the TBP-mole fraction ranges NT from 0.00 to 
0.22 and 0.75 to 1.00. The heat absorbed ( q ~  is nega- 
tive) per mole of mixture is strongly dependent on the 
composition, as follows: 

&hyd = ( -AHhyd j )  T,f - ( -AHhyd I )  T I  (7 )  

A H $ =  - 9 T ( T + D ) - ’ N T - ’ ( l  - N T ) - ’  = 
8950 - 14100 NT + 11800 N T ~  J mol-’ (8) 

The curve of A H T E N ~ ( l  - N T )  against NT (Figure 4a) 
has a maximum of 4-1250 J mol-’ (300 cal mol-’) at 
N T  = 0.40. When in an extraction experiment the con- 
centration of free TBP changes, the heat change will be 

A ~ T =  - JN:y - AHTEDdNT’ = 

- 8950 D ( N T ~ ‘  - N T ~ ’ ) { ~  - 0.787 (NTI’ -I- N T L ’ )  -I- 

0.439 [ ( N T I ’ ) ~  + NTI’ NTI ’  + ( N T I ’ ) ~ ] )  J (9) 
where NT’  = Tf, . / (Tf ,  4- D)  is the mole fraction of free 
TBP, disregarding in the denominator the presence of 
uranium and water in the organic phase. In fact, in a 
separate experiment i t  was found that the presence of 
water does not affect the heat of mixing to any measur- 
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Figure 4. Heat of mixing of dodecane with TBP (a) ,  and wlth the 
Solvate (b),  per mole of mixture 0 present work, 0 ref 33, A 
ref 9 

N r  NU 

able extent, while the presence of uranium is taken into 
account in a suitable heat-of-mixing term (see below). 

Other authors (3, 9, 22, 33, 47) have studied the heat 
of mixing of TBP with diluents, but not with dodecane. 
Schwabe and Wiesener (41 )  studied triisobutyl phosphate 
and found an almost symmetrical curve of A H E N ( l  - N )  
for mixing with hexane, with a maximum of f 8 8 0  J 
mol-’, while Rozen et al. (33) found for TBP and hexane 
a skew curve similar to that found ,here for dodecane, 
with a maximum of 4-960 J mol-’ at NT = 0.35 (Figure 
4). For decane, Fomin and Rudenko (9) again found a 
similar skew curve (Figure 4) with a maximum of ca. 
+1150 J mol-’ at NT N 0.4. A similar trend of increas- 
ing maxima in the curve, between n-heptane, n-nonane, 
and n-decane (but with uniformly about 10% lower values 
than the previous studies) was found by Afanasev et al. 
(3). Thus the present values for dodecane continue the 
trend found between hexane and decane. For other hy- 
drocarbons (isooctane, cyclohexane, decalin, benzene, 
toluene, and xylene) there are only qualitative data (22) 
pointing in the same direction of endothermic heats of 
mixing . 

Heat of mixing of the disolvafe with dodecane. The 
mixing of uranyl nitrate-TBP solvate with dodecane again 
is an endothermic reaction (33). In this case only dilute 
solutions were studied, since the extraction experiments 
with diluted TBP yielded a maximal mole fraction NU’ = 
V / ( Y  4- D )  of 0.17. At 24”C, the heat absorbed ( q ~  is 
negative) per mole of mixture depends on the composi- 
tion as follows: 

AHuE = -qu(Y + D ) - l ( N u ‘ ) - ’  ( 1  - N u ‘ ) - ’  = 
15100 - 2 7 0 0 0 N ~ ’ J  mol-’ (10) 

The curve of AHuENu‘( l  - N U ’ )  against NU’ (Figure 
4b), when continued to higher mole fractions of the sol- 
vate agrees well with the data of Rozen et al. (33) who 
studied the mixing with hexane. As before, the curve for 
dodecane is expected to be somewhat higher than for 
hexane, AHuE for the latter diluent is describable in 
terms of a cubic equation with somewhat lower coeffi- 
cients. The heat chage due to this mixing reaction in ex- 
traction experiments is 
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provided that NU' = Y / ( Y  + D )  I 0.17 is the mole frac- 
tion of the solvate in the organic phase, disregarding any 
water and excess TBP present. Again, a separate experi- 
ment has shown that water has no measurable effect on 
the heat of mixing of the solvate and dodecane, while the 
effect of excess TBP is considered separately, as will 
now be described. 

Heat of mixing of the solvate and TBP. Solutions of 
uranyl nitrate bis(TBP) solvate in TBP are nonideal ( 3 4 ) ,  
although both are polar substances, but the mutual inter- 
actions are very intricate. A few experiments were made 
to ascertain the heat effect, in which the solvate was 
mixed with solutions of TBP in dodecane of various com- 
positions. The heat effects due to the mixing of the solvate 
with dodecane, and to the change in the mixing of TBP 
with dodecane, were calculated according to the equa- 
tions in the previous sections, assuming them to be inde- 
pendent, and subtracted from the observed heat effect: 
q M  = qobsd - AqLr - &Tv and the remainder is as- 
cribed to the mixing of TBP and the solvate. I t  is inter- 
esting to note that both the observed heat effect, as well 
as the corrected value q M ,  change sign when going from 
small NU' = Y / ( Y  + T ) ,  where the reaction is exother- 
mic, to large NU' ( > 0 . 1 ) ,  where it is endothermic. The 
data are compared in Figure 5 with values calculated 
from literature data (2, 4 )  showing reasonable agree- 
ment. In one study (2) the integral heat of solution of 
uranyl nitrate dihydrate in undiluted TBP was measured in 
the dilution range T :  Y = 1 6 . 3  to 1 9 5 ,  corresponding to 
NU' from 0.002 to 0.058.  If the constant value -36.0 
kJ/mol is assigned to the reaction 

U O ~ ( N O ~ ) ~ ( H ~ O ) ~ ( S )  4- 2TBP(I) = 

U O ~ ( N O ~ ) Z ( T B P ) Z ( ~ )  + 2 HzO(1) ( 1 2 )  

and subtracted from the observed values, the rest repre- 
sents the heat of dilution of the solvate with excess TBP, 
as shown in Figure 5-since the effect of water is negli- 
gible, as shown in a separate experiment, where water 
was added to a solvate-TBP mixture. In the other study 
( 4 )  the mixing of the disolvate with TBP (undiluted) was 
studied directly, at 25"C, but at a higher concentration 
range. The data of the present study can be represented 
by 

A H w E  = - q M ( T +  Y ) - ' ( N u ' ) - ' ( l  - N u ' ) - '  = 
-8000 + 70000 NU' - 8 8 0 0 0 ( N ~ ' ) ~  J mol- '  ( 1 3 )  

which for an extraction experiment leads to a correction 
term 

AqM = - soNu' AHMETf,dNU' = 

8000 T f r N u ' [ l  - 4.40 Nu'  + 3 . 6 8 ( N ~ ' ) ~ ]  J (14) 

while for reextraction experiments, the limits of integra- 
tion are reversed: NUL' = NU' and NUT' = 0. 

Enthalpies of extraction. It is now possible to convert 
the observed heat effects of the extraction experiments, 
g in Table I ,  to molar enthalpy changes for Reaction 1 ,  
according to 

A H ( 1 )  = - [ 9  - qd i l  - k h y d  - AqT - Aqu + 

The values of A H ( , )  are shown in Table I I .  For the exper- 
iments carried out at 23" f 1"C, they are plotted against 
CT" in Figure 6 ,  while for those experiments carried out 
with neat TBP at varying temperatures they are plotted 
against t i n  Figure 7. 

To obtain standard enthalpies of extraction, i t  is neces- 
sary to convert the enthalpy changes listed in Table I I ,  
and valid for the equilibrium states of the system, to 
those at the standard states. The procedure chosen was 

&MI/Y (15) 

b 
4000  

0 -  " I \  -4000  

I = I  
-12000 c I 

1 

0 0 2  0 4  0 6  08 

N1 

Figure 5. Heat of mixing of TBP with the solvate per mole of 
mixture divided by N u ' ( 1  - NU' ) :  0 present work, A ref. 2,  0 
ref. 4 

Table II. Enthalpy Changes for Extraction of Uranyl Nitrate with TBP in Dodecane 

222 
2 23 
215 
216 
21 7 
228 
232 
218 
219 
221 
234 
233 
2 24 
225 
230 
231 
235 

595.0 
500.2 
521.3 
514.2 
479.4 
786.6 
729.0 

1501.2 
1531.2 
1578.9 
1477.2 
1433.2 
979.2 
910.3 

-1097.8 
-1155.6 

-338.0 

4-34.0 
4-17.6 
4-42.7 
4-27.2 
4-12.1 
4-32.3 
4-26.0 
4-60.7 
4-58.3 
4-56.5 
4-28.5 
4-41.4 
4-36.4 
4-31.0 
-12.1 
-12.6 

-1 .3  

-0.9 
-0 .9  
-3 .3  
-3 .3  
-3 .3  
-12.1 
-12.1 
-42.7 
-44 .8  
-44 .8  
-38.1 
-39 .0  
-33.9 
-34.8 
4-26.8 
4-27.6 

4-9.6 

4-180.2 -214.0 -0 
4-179.5 - 182.8 -0  
4-147.5 -169.0 -15 .5  
4- 146.0 -167.5 -15 .5  
4-138.7 -163.3 -15.1 
4-129.9 -208.6 -12.1 
4-123.7 -194.0 -15.5 

-35.6 
-39.0 
-46.1 

+9 .6  
- 12.6 

4-7.1 
-I-16.7 

4-211.8 
4-209.2 

i - 6 0 . 4  

-36 .1  
-35.7 
-35 .2  
-36 .0  
-35.8 
-32.2 
-33 .2  
-31 .7  
-30 .9  
-31 .2  
-38 .0  
-34 .5  
-28.2 
-24.8 
-30 .5  
-31  .O 
-29 .0  
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Figure 6. Enthalpy 
of extraction at 23" 
f 1OC of uranyl ni- 
trate with TBP in 
dodecane as a 
function of the ini- 
tial TBP molarity 
Filled symbols pertain 
to reextraction exper- 
iments. Lower curve 
gives AH(1)  from 
Table (I; the upper 
curve gives the 
values corrected to 
standard conditions 
for heat of dilution in 
the aqueous ohase. 
heat of hydration of 
TBP. heat of mixing 
of the solvate with 
dodecane. and heat 
of mixing of the sol- 
vate with TBP, Equa- 
tions 7 ,  9, 13, and 16 

10 20 30 LO 

Figure 7. Enthalpy of 
extraction of uranyl 
nitrate with undiluted 
TBP as a function of 
the temperature 

I ( " C )  

to calculate the heat changes of Equations 5, 7, 11, and 
14 between the limits of the equilibrium states and the 
standard states, per mole of uranium, add the results al- 
gebraically to the A H ( I ) ,  and plot the corrected enthal- 
pies against CT' as the upper curve of Figure 6. In this 
way the difficulty of the absence of free TBP in the ex- 
periments with 0.5M TBP was avoided. Extrapolation to 
CT' = 0 yields the value of AHil ,* .  The standard enthal- 
py change of transfer of uranyl nitrate bis(TBP) solvate at 
infinite dilution from (hydrated) TBP to dodecane is 

The values of A H ( l , * ,  AH(1,"  and AHtr  are shown in 
Table IV. 

Gibbs energies of extraction. The equilibrium constant 
expression for Reaction 1 is 

K i l l  = (UO~(NO~)Z(TBP)Z o~g)/U02'+ as) X 

(Nos- aq)2(TBP org)' = [UOZ(NO~)Z(TBP)Z org] X 

ys/4 [UOz'+ aqI3 y13[TBP or free]* y~' (1 7 )  

where round parentheses denote activities (on any scale), 
while for the second equation, square brackets denote 
molalities; y, molal activity coefficients; the subscripts S 
and T, the solvate and free TBP, respectively, in the or- 
ganic phase; and f, uranyl nitrate in the aqueous phase. 
From the equilibrium composition data in Table I it is 
possible to calculate directly the equilibrium quotients 

and the use of activity coefficients for the aqueous 
phase (7, 29) makes possible the conversion of these 
equilibrium quotients to "effective constants," R ( 1 )  often 
used in the Russian literature: 

K ( ~ )  = ~ ( l , ~ y s / y * ~ y ~ '  = K ( I ) ~ ~ s / ~ T ~  (18) 

Concentrations on the molal scale are expressed per kg 
dodecane for the diluted solutions and per kg TBP for the 
undiluted ones. To make comparisons with other pub- 
lished data, also effective constants on the molar scale, 
denoted K ( 1  l C  have been calculated, utilizing density data 
that have been obtained for all initial and equilibrium so- 
lutions. The values of l ? ( ~ ) ~  and K ( l I C  are shown in Table 
I l l .  

The activity coefficients ys and Y T  for binary solutions 
of TBP and of the solvate in the diluent n-hexane (both 
dry, and in the presence of an aqueous phase) can be 

Table Ill.*Equilibrjum Constants and Gibbs Energy Change for Extraction of Uranyl Nitrate with TBP in Dodecane 

No. CTQ3 M t, "C l?, lm ,'kg4mol-4 a Ki l i c .  i4mo1-4 A G i l l ,  kJ/mol 
~ ~~ ~~~ ~~ 

b . . .  
b 

. . .  
. . .  222 0.50 

223 0.50 . . .  
215 1 .oo 20.7 19.3 38.4 -44 .9  
216 1 .oo 23.9 25.6 44.3 -45.8 
21 7 1 .oo 24.7 22.8 38.2 -45.5 
228 2.00 22.8 21 .o 45.3 -45.8 
232 2.00 23.6 19.7 44.1 -45.5 
218 3.66 24.0 19.0 17.6 -40.4 
219 3.66 24.5 25.3 25.0 -41.4 
221 3.66 22.7 28.2 27.1 -41.4 
234 3.71 6.8 57.1 56.9 -40.5 
233 3.69 14.2 37.9 37.3 -40.6 
224 3:62 32.4 21.5 21 .o -41 .7  
225 3.60 38.4 29.1 28.2 (-43.3) 
230 3.42 22.2 57 72 (-43.3) 
231 3.42 22.9 54 65 (-43.2) 

a For the first five experiments involving dodecane the units are (kg water)3 (kg dodecane)mol-', while for the other experiments the units are (kg 
water)3 (kg TBP) mol-'.-* For these experiments the equilibrium organic phase had cu = 0.325M (no. 222) and 0 .2734  ( N o .  223 ) ,  so that no free TBP 
is present, and no Ki l IC,  K ( l I r n  or A G ( l )  can be calculated. 

160 Journal of Chemical and Engineering Data, Vol. 18, No. 2, 1973 



estimated from the data in the literature (6, 2,8, 33). As 
expected, the ratio Y S / Y T *  varies considerably less than 
each of them individually, but it is then assumed that ys 
and YT are independent of each other, and that n-dode- 
cane would give values for the ratio similar to those ob- 
tained for n-hexane. A simple-r procedure is to estimate 
the quantity dil = YT*/YS = K ( l ) C / K ( l ) C  as a function of 
Cr, and CT' from the data of Rozen et al. (35). It turns 
out that dil is  independent of CT",  from 20% TBP in kero- 
sene (mdodecane) to neat TBP, and gives a smooth plot 
against Cr: for different CT'. In the range of the concen- 
trations encountered in the experiments tabulated in 
Table I I I ,  dil varies from 0.76 to 0.96, so that even if tem- 
perature variations of dil are ignored, the possible errors 
in its estimates lead to rather small errors in A G ( l I C .  

To avoid difficulties from the choice of concentration 
scales, the cratic part of the Gibbs energy change (37) 
has been subtracted, to leave only the unitary part, or in 
other words, AG(1) has been calculated as -RT  In K ( l I N ,  
where K i l l N  i s  the equilibrium constant on the mole frac- 
tion scale. 

K!1ih'  = K(l,C(1000/VH20)3(1000/Vdod or TBP) (19a) 

= K(i,m(1000/M~z0)3(1000/Mdod or TBP) (19b) 

where V H ~ O  and M H ~ O  are the molar volume and weight 
of water, and Vdod and V T B P ~  and M d o d  and M ~ s p  are 
the molar volumes and weights of dodecane and TBP re- 
spectively. The values of AG ( 1 ,  are given in Table I I I. 

It is seen that AG(1, is independent of the concentra- 
tion of TBP in the diluent, and that an average value 
AG(1 ,*  given in Table I V  describes equilibrium ( l ) ,  with 
the standard states of infinite dilution of all solutes in 
water and in dodecane. Similarly, for neat TBP, A G ! , )  is 
independent of the uranium concentration, and in the 
range 5-40°C, also of temperature, giving the AG(1)" of 
Table IV with the standard state of inhnite dilution of all 
solutes in water and in (hydrated) TBP. The reservation 
must be made that the variation of the activity coeffi- 
cients of the solutes with the temperature has been ne- 
glected. The standard Gibbs energy of transfer of uranyl 
nitrate bis(TBP) solvate at infinite dilution from TBP to 
dodecane shown in Table IV is 

AGtr = A G ( i ) *  - AG(1," (20) 

Entropies of extraction. From the standard Gibbs ener- 
gies and standard enthalpies for the extraction reaction it 
is now possible to calculate the standard entropies for 
23" f 1°C: 

A S ( i ) *  = ( A H ( i ) *  - A G ( i ) * ) / T  

A S ( i ) "  = (AH(1)" - A G ( i ) " ) / T  

( 2 1 4  

(21b) 

and the standard entropy change for the transfer of ura- 
nyl nitrate bis(TBP) solvate at infinite dilution from (hy- 
drated) TBP to dodecane 

shown in Table IV. 
Heat capacity change of extraction. The heat capacity 

change for the extraction reaction can be obtained as 
AC,,,,, = d ( A H i l ) ) / d t  from the slope of the curve of Fig- 
ure 7. Since the corrections for the heats of dilution and 
the heats of mixing were obtained only at 23" f 1°C 
there is some uncertainty in the result, which is not the 
standard change in heat capacity. The value obtained for 
extraction with neat TBP is shown in Table IV.  

Discussion 

For evaluating the calorimetric method for obtaining 
the thermodynamic quantities for the extraction reaction 
it is instructive to compare briefly the sources of error in 
this method with those inherent in the other method, 
namely the temperature coefficient of the distribution 
constant. 

In the former method the heat effect of the extraction 
reaction q is obtained directly, in the present work with a 
precision of *O.6% or f3 J, a figure which could proba- 
bly still be improved on. A major difficulty arose with the 
determination of the extent of the extraction reaction, be- 
cause of coextraction of water. The fact that only urani- 
um was analyzed for, on the one hand, and the fact that 
all concentrations were expressed on a weight basis and 
that the analytical precision was as good as *0.25% on 
the other, led to a precision in Y of f0.4%. A more com- 
plete analysis of the equilibrium phases should improve 
this precision. Other errors are more serious, particularly 
in the heats of mixing of the solvate and of TBP with the 
diluent, which contribute appreciably to A H i l ) ,  but in a 
mutually compensating manner. The quantity qT - qs is 
4-10% of q ,  and makes the accuracy of the AH, i for solu- 
tions of TBP in dodecane inferior to that for neat TBP. Ex- 
cept for the reextraction experiments, the magnitude of 
the sum of the other correction terms is only -3% of q, 
and of minor significance for the accuracy of A H ( l , .  The 
same comments pertain to the calculation of but 
for A H ( l ) * ,  the importance of the heat of mixing terms 
becomes so great that appreciable uncertainties 
(systematic errors) could be due to this. In the,present 
work q~ was obtained relatively accurately (Figure 4a) 
and in good agreement with others' work (done on lower 
hydrocarbon diluents), but qs, and the assumption of in- 
dependence of these two terms from each other (inher- 
ent in the calculation of q ~ )  and from the presence of 
water (checked experimentally at one or two points only) 
could be improved. Even so, the random and systematic 

astr= AS(1)* - A S , I , "  (22) 

Table IV.  Thermodynamic Quantities for the Reaction U0z2f (aq)  -k 2 NOs-(aq) + 2 TBP(org) = U02(N03)2 (org) at 23°C 

Organic phase: Dodecane TBP Transfer 

Enthalpy change, 
kJ m o l - '  
(kcal m o l - ' )  

kJ m o l - '  
(kcal m o l - ' )  

Entropy change, 
J K - '  m o l - '  
(cal K-1  m o l - ' )  

Heat capacity change, 
J K - '  m o l - '  
(cal K - '  m o l - ' )  

Gibbs energy change, 

~ ~ ~~ 

P H ( i ) *  = -54.5 = 1.5 PH(1,"  = -33.8 f 0.5 AHtr = -20 .7  f 1.6 
( -  13.0 f 0.4) ( - 8 . 1  f 0.1) (4.9 f 0.4) 

A G i l i *  = - 45.6 f 0.2 AG(1,"  = -41.0 f 0.5 AGtr  = -4.6 f 0.5 
( -10.9 f 0.05) ( - 9 . 8  f 0.1) (-1.1 f 0.1) 

A S , i ) *  = - 3 0  f 5 ASiti" = 4-24 f 2 AStr = -54 f 5 
( -7 .2  f 1.2) (+5.7 f 0.6) ( -13 .0  f 1.3) 

AC,,, 1 = 4-405 f 35 
(+97 f 8)  
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errors in AH(')* and are sufficiently low (see 
Table IV and Figure 6), that combined with A G l l i *  and 
AG(1)" ,  obtained with reasonable accuracy and preci- 
sion, they lead to meaningful derived quantities such 
asASr I i * ,  A S , I , " ,  A H t r ,  and A C p 1 ~ , .  

The major criticism against the temperature coefficient 
method, already mentioned in the introduction, is that it 
has never been carried out properly. The thermodynamic 
equilibrium constant for Reaction 1 has been estimated 
in various ways (20) for both standard states of infinite 
dilution in dodecane or in (hydrated) TBP at but one tem- 
perature. All attempts to estimate the temperature de- 
pendence have been made on the equilibrium quotient 
Q ( I  ). From Equation 18 

The temperature dependence of ?+ has been nominally 
studied by Komarov et al. (77) However, their work is a 
neat example of circular arguments, since they derive 
their y+ from distribution data with TBP. These give them 
Q ( I ,  values at six temperatures between 10" and 50"C, 
extrapolation to zero concentrations of solutes gives K ( I )  
values, and finally, a fit of log y+, obtained from Equa- 
tion 18 and the above data, with the expression - A  (CU)'/~/ 
[l + 2 . 8 5 ( C ~ ) ' / ~ ] - '  4- 0.257 CU, in effect compels the 
values to obey the Debye-Huckel expression for A and its 
temperature variation. There is thus here no independent 
determination of d In y* /d ( l /T I  at all. The activity coef- 
ficients of the solutes in the organic phase have been de- 
termined only at 25" or so, (6, 28, 33, 35) and although 
considerable heat effects have been observed for the bi- 
nary solutions, (3, 9, 22, 33) no direct measurements of 
the variation of the partial vapor pressure of the solvent 
(which lead to the activity coefficients of the solutes) 
with temperature have been made. Therefore, the quanti- 
ty 

AH,1,' = - R d I n Q ( l ) / d ( l / T )  = 

( A H ( l , * o r O +  R d l n y s / d ( l / T )  - 3 d l n y + / d ( l / T )  - 
2 d In y ~ / d ( l  / T )  (24) 

is seen to differ from the standard enthalpy change. 
One estimate of AH( ' ) '  of -15.4 kJ mol-' for neat 

TBP is found in the literature (70) which is less than a half 
of AH,lio, showing that the sum of the activity coefficient 
terms in Equation 24 has a considerable negative value. 
The calorimetric estimate (23) A H ( ' )  = -26.8 f 1.6 kJ 
mol-' is much nearer our value. I t  has been described 
as "in essence, the heat of Reaction 1" (23) but although 
the wording suggests this to be the standard enthalpy 
change, the paper contains too few details to permit a 
confirmation of this. Also, the scatter of the results (three 
experiments), is larger than the above limit of error 
(*6?h) given by the authors. 

For hydrocarbon diluent systems there are several esti- 
mates of A H ( ' ) ' ,  ranging from -18 (27), through -19.8 
(32), -21.7 f 0.8 (78), -22.2 (27), -25.1 (45), to 
-26.8 f 0.8 (42) all in kJ mol-'. In some of these stud- 
ies, nitric acid was present in the system (27, 27, 42, 45) 
and although this was stated as corrected for either by 

so that the temperature coefficients of the activity coeffi- 
cients should be important, but perhaps not sufficiently 
large to explain the difference between the work of Ko- 
marov et al. (78) (CT" = 0.02-0.2M, CV = 0.15-0.40M, 
and cu = 10y4-1.5 X 10-*M, n-decane as.diluent) and 
the present work. However, it should be noted that in 
converting from AH( ' )  for the equilibrium state (Table I I ,  
and lower curve in Figure 6) to A H i l , *  for the standard 
state of infinite dilution of all solutes in the diluent, the 
organic phase is diluted simultaneously in both TBP and 
the solvate, so that both endothermic heats of mixing are 
reckoned in the same direction, and they no longer can- 
cel each other. This produces the very large change from 
lim AH,') CT - 0 to AH,',*. The calorimetric estimate 
(73, 74) of A H , l i ,  made for isooctane as a diluent, gave 
-26.4 f 0.8 (or, in the original thesis (73) --26.4 f 3.4) kJ 
mol-' for a concentration of CT" = O.lM, but with no 
corrections for the heat effects for mixing, dilution, etc., 
being in effect the value q / Y .  Since the concentrations of 
the initial and equilibrium solutions were not given in de- 
tail, i t  is impossible to correct from this q / Y  to not 
to speak of AH, 1 ,*. 

An evaluation of the equilibrium constants for this sys- 
tem, thus also of A G , l i *  and L G l l i o ,  has been made 
separately (20). These constants are log ( K , l , c ) *  = 2.25 
f 0.08 and log ( K , l I C ) o  = 1.75 f 0.02. These have to 
be converted to the respective mole-fraction values in 
order to avoid the cratic part. No special precision or ac- 
curacy is claimed for the present data, Table 1 1 1 ,  since 
the emphasis has been put on the calorimetric data. For 
dodecane, the present study has log K ( l I C  about 0.1 units 
lower than the best published value for kerosene (20), 
while for neat TBP it is about 0.2 units lower. This corre- 
sponds to a discrepancy of about 0.5 and 1.1 kJ mol-' 
respectively, about twice the standard deviation, and not 
necessarily significant. As regards the Gibbs energy of 
transfer, which from the literature data is AGtr  = -3.3 
f 0.5 kJ mol-', compared with the present value of 
-4.6 f 0.5 kJ mol- ' ,  the discrepancy is, again, hardly 
significant, though accentuated by taking the difference. 

The values of A S , , ,  reported in the literature are all too 
negative (78, 27, 27, 42) or not sufficiently positive (70) 
by the cratic term R [In ( ~ O O O / V H ~ O ) ~ ( ~ O O O / V ~ ~ ~  or  TBP)] .  
I f  the unitary parts of the entropies of extraction reported 
in the literature are calculated, not only that for neat 
TBP (70) but also those for diluted TBP turn out to be 
positive, in the range +50 to +124 J K - I  mol-'. Since 
they are based on unreliable AHir i '  values, and not 
very reliable A G i l ,  values, these high positive values 
should be discounted. On the other hand, the values 
of A C P , l ,  reported in the literature +147 (42) and 
+310 (27) J K - '  mol-', obtained from d2 log Q ( l ) / d P ,  
are of the right sign and the latter of nearly correct mag- 
nitude. Again, the calorimetrically determined value 
should be preferable, even though the correction factors 
used, valid for 23" f 1°C rather than for the range of 
measurement of AH('),, from 5" to 4OoC, detract from its 
accuracy. 

A final comparison that ought to be made is between 
AH(, ," determined in the present work, and the differ- 
ence between the heats of solution of uranyl nitrate in 
water and in TBP: 

A H ( '  ) "  = AHsolno (in TBP) - AHsoln"(in H20) (25) 

extrapolation to zero concentration (27, 27, 45) or by 
keeping its concentration constant (42), this added com- 
plication makes the values a less satisfactory estimate 
even of A H ( 1 ) ' .  The studies not involving nitric acid (78, 
32) were made at appreciable uranium concentrations, 

Such comparisons, between enthalpies of extraction and 
the difference between the enthalpies of solution in the 
two separate phases, have been only rarely made ( 7 7 ,  
25). For anhydrous uranyl nitrate, the heat of solution in 
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an infinite amount of water was found to be -49.9 f 0.7 
kJ mol- '  (43) ,  while the heat of solution in dry TBP at 
dilutions of 1:3500 to. 1 :10000 was found ( 4 4 )  to be 
-81.1 f 0.7 kJ mol.-', the difference of -31.2 f 1.0 kJ 
mol- '  corresponding quite nicely to the value found in the 
present work of AH,1 , "  = -33.8 f 0.5 kJ mol- ' .  The 
extraction value of U - , 1 , "  pertains to hydrated TBP, 
while the heat of solution value pertains to dry TBP, but 
the effect of the addition of water is small (72 ) ,  hence 
the small difference. Somewhat less accurate values for 
AH,')" calculated from Equation 25 are obtained if the 
heats of solution of uranyl nitrate hydrates are compared, 
since for solutions of the hydrate in excess TBP, the in- 
jeraction of the liberated water with the TBP must be cor- 
rected for. The data of Katzin et al. (72) yield for Equa- 
tion 25 -19.6 and .-21.3 kJ mol- '  for the hexahydrate 
and the dihydrate respectively. Corrected for liberated 
water with heat of solution data given by these authors 
(72)  the figures become -23.1 and -22.5 kJ mol- '  re- 
spectively, still lower than the direct value or that calcu- 
lated from heats of solution of the anhydrous salt. The 
dilutions used (1:80 for TBP and 1:180 for water) are, 
however, lower than in the work just quoted, but not suf- 
ficiently so to explain the difference. From the data of 
Vdovenko et al. (43, 44)  for the dihydrate, the absurdly 
high value of A H i l , '  = -49 kJ mol- '  is obtained, but 
whereas the heats of solution for aqueous solutions ob- 
tained by Vdovenko et al. agree quite well with those ob- 
tained by Katzin et al., this is not the case for the dihy- 
drate in TBP. The most probable value could be calculated 
from the present extraction data, and is right in between 
the values given by these two groups of authors. 

Finally, a few words on the chemical significance of 
the thermodynamic data. The appreciable increase in 
heat capacity for the transfer of uranyl nitrate from the 
aqueous solution to TBP has already been commented on 
by Siddall ( 4 2 ) .  Configurational and vibrational modes of 
energy absorption must be more pronounced in the bulky 
solvate than in the dissociated and tightly hydrated ions 
in the aqueous phase. 

The negative (unitary) entropy change for extraction 
into dodecane is due to the association of five particles 
to form one complex particle. Although several water 
molecules from the hydration shell of the uranyl cation 
are released in this process, they are not set completely 
free, since in joining the bulk water they participate in 
the water structure, so that their f i l l  positive contribution 
is not realized. On the other hand the bulky solvate possi- 

,bly produces additional disorder in the neat TBP by dis- 
rupting the orderly arrangement of the dipoles of the TBP 
molecules, an effect that cannot be present at infinite 
dilution in dodecane. This could explain the positive (uni- 
tary) entropy observed in neat TBP, although the magni- 
tude of the entropy of transfer seems to be rather large 
for this effect. 

The enthalpy of extraction is the balance between the 
heat of removal of the ions from their aqueous environ- 
ment and the heat effect of the formation of uranyl nitrate 
bis(TBP) solvate. Since the low dielectric constant media 
permit the association of the ions, a major source for the 
exothermic heat is the coulombic energy, while the sob 
vation-i.e., coordinate bond formation between the TBP 
and the uranium-helps to more than offset the loss of 
hydration energy. The considerable positive heat of trans- 
fer from dodecane to TBP can again be ascribed to the 
work required to disrupt the arrangement of the TBP di- 
poles by the bulky solvate iq  the latter solvent. 
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