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The standard molar enthalpy of transfer of lithium 
bromide between aqueous solutions and 2-ethylhexanol 
solutions is obtained directly by two-phase calorimetry. 
Heats of dilution are also obtained to give the corrected 
AHt,"/(kJ mol-') = -7.69 f 0.21. The corresponding 
unitary Gibbs energy change and entropy change are 
AGtr0/(kJ mol-') = 15.21 and AStro/ (JK-'  mol-') 
= -77.3. The entropy effect which dominates the 
transfer at infinite dilution is due to loss of water 
structure breaking by the bromide ion on transfer. The 
transfer in concentrated solutions, however, is dominated 
by the exothermic ion-pairing enthalpy. 

The thermodynamics of the transfer of a solute from 
one solvent to another has received increasing attention 
in recent years. Standard enthalpies of transfer have 
often been obtained from the difference in the heats of 
solution of a solid electrolyte in water and an organic sol- 
vent. Because the difference is usually small compared 
with the heats of solution, serious uncertainties result, 
which may be avoided in the case of mutually insoluble 
phases by measuring directly enthalpies of solute distri- 
bution reactions ( 7 7 ) .  Gibbs energies of transfer are 
readily obtainable from equilibrium concentration mea- 
surements in the two-phase system. 

The solubility of lithium halides in alcohols is well 
known and is the basis for their analytical separation 
from heavier alkali metal halides. Their extraction has 
also been studied, and the bromide found more extracta- 
ble than the chloride ( 7 4 ) .  A preliminary estimate of the 
heat of transfer of lithium chloride from an aqueous solu- 
tion to water-saturated isopentanol, AHtr' = 0, has been 
made ( 9 )  on the basis of the temperature coefficient of 
the distribution constant between 298 and 323K. The 
nonvalidity of this procedure has already been comment- 
ed on ( 7 7 ) .  Alcohols with longer alkyl chains have lower 
water contents at saturation and should show more clear- 
ly the difference between the alcoholic environment and 
an aqueous environment than the lower alcohols such as 
isopentanol ( 9 ) .  The solvent 2-ethylhexan-1 -01  (2-EtHx- 
OH) has been used for the recovery of lithium from con- 
centrated brines (70) and is readily available in pure 
form. The thermodynamics of such a distribution reaction 
is relatively simple to study and has been investigated. 
Some insight into the interactions of the ions with the sol- 
vents and among themselves is gained from such a 
study. 

Experimental 

The experimental setup used has been described else- 
where ( 7 7 ) .  I t  has been improved by using a smaller 
Dewar vessel of 200-cm3 capacity, reducing the heat ca- 
pacity of the system to 400 J K- ' .  This permits preci- 
sions of fO.l J to be attained. A ground glass plug, act- 
uated from outside, has been added to the internal bulb 
to prevent diffusion. 

' Present address, Department of Inorganic and Analytical Chemistry, 
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The 2-ethylhexan-1 -01 used (Fluka) was of "pure" 
grade, as was the anhydrous lithium bromide (Merck). 
The salt was determined in the organic phase by addi- 
tion of water and titration with Titrisol silver nitrate 
with chromate indicator. Duplicate analysis showed 
*0.2% agreement. Aqueous-phase concentrations were 
obtained by difference (usually about 2% of the salt was 
extracted) and checked by density determination. 

The mutual solubility of water and 2-ethylhexan-1-01 
was obtained from the literature. The solubility of 2-ethyl- 
hexan-1-01 in water at 20-25°C is 0.06-0.10 wt %, i.e., a 
mole fraction of 8 X which is negligible. The solu- 
bility of water in the alcohol, however, is considerable at 
20-25°C: 2.48-2.6 wt %, i.e., a mole fraction of 0.16 or a 
ratio of 1:5.3 water to alcohol (3, 5, 75) .  The concentra- 
tion of water in 2-ethylhexan-1-01 into which lithium bro- 
mide had been extracted was determined by standard 
Karl-Fischer titration. All data for the present study were 
obtained at 23.0 f 0.5"C. 

Calculations 

The following cycle has been used to obtain the standard 
state (infinite dilution of salt in the mutually saturated sol- 
vents) enthalpy of transfer AHtr" from experimental data 
at appreciable salt concentrations m (2 10m in the 
aqueous phase) and m, the bar designating the organic 
phase: 

qobs/A%.iBr 

Li+(aq, m )  + Br-(aq, m )  - LiBr(org, m) 

/ 
/ 

Li+ (aq, m = 0) + Br- (aq, m = 0) 
-AgdLl (A-o)  

(1) 

The general equation for the observed heat effect qobs 
when An moles of salt are transferred includes the heats 
of dilution of the extracted part and the remaining part in 
the two phases, in addition to AH,,": 

I AH,,O / 
Li+(org, A = 0) 4- Br-(org, A = 0) 

In Equation 2, AHdil '  is the differential molal heat of dilu- 
tion, and the subscripts i and f designate the initial and 
final states of the system. Transfer of salt in the direction 
indicated in Equation 1 will be considered as in a positive 
direction: Ai = 0, iif = An = ni - nf > 0, and the last 
term of Equation 2 is zero. For convenience, the dilution 
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of the concentrated aqueous solution has been divided 
into two parts: first from mi to.lOm, then from 10m to 0. 
The standard enthalpy of transfer for direct extraction is 
therefore given by Equation 3: 

-AHtr" = qobS/Aii - (ni /Ai i )  

For reverse extraction from the organic to the aqueous 
phase, ni = 0, AA = Af - A i  = -An = -nf < 0, and 
incidentally, mf < 1. In this case, the first term in Equa- 
tion 2 vanishes, and the standard enthalpy of transfer is: 

-AHtro = qobs/AR - 

The Gibbs energy of transfer AGtr" is obtained as the 
difference of the standard chemical potentials, from 
equating the chemical potentials of the equilibrium phas- 
es. 

PLiBr = PLiBr" + 2 RT In mLiBrY* = 
- 

PLiBr' + 2 RT In flLiBrY* = PLiBr (5)  

AGtr" = PLiBr' - PLiBr' = -/?Tin K (6) 

log mLiBr - log mLiBr - log ?+ = '12 log K - log T* (7) 

In practice, since lim log y* ( A  - 0) = 0, log K is ob- 
tained by extrapolation. 

Results 

Integral heats of dilution of aqueous solutions of lithi- 
um bromide obtained at concentrations above 10m are 
shown in Figure 1. They are compared with the "best" lit- 
erature data, compiled by Parker (72), which can be ex- 
pressed as 

AHdil/J(mOl LiBr)- '  = -6740 - 
845(m - 10) - 61.0(m - + 2.76(m - (8) 

The results obtained here at 9.94m are AHdil = -6700 
f 20 J mol- ' ,  and above that they can be expressed for 
the differential heat by 

AHdil' = -qdil(nLiBrAm)-l/J mol- l(mol/kg)- '  = 
- ( lo50 f 50)(m - 10) (9) 

which is seen in Figure 1 to be compatible with the litera- 
ture data. For the dilute range, 

AHdilr/J mol- ' (mol/kg)- '  = -840 - 14250mi (10) 

expressed the data for m i  < l m  and mf  = 0. 
Integral heats of dilution of the alcoholic solutions 

were obtained by diluting an initially 1.447m solution 
(Table I ) ,  yielding the quadratic: 
- -qdi l( i iLiBr)- l /J mol- '  = 

~ ( 1 4 6 5  f 135)(mji + i7ir)ATi (11) 

(Figure 2) which gives the differential heat of dilution 
A&il' = -(2930 f 270)A J mol- '  (mol/kg)- ' ,  and 
the integral heat of dilution from mf to infinite dilution 

Jfi: Agdil'd?il = -1465 mf 'J mol- '  (12) 

In the dilution of the water-saturated organic phase ob- 
tained on extraction to the standard state of infinite dilu- 
tion of salt, there occurs, however, a corresponding in- 
crease in the concentration of water (Figure 3).  The heat 
effect of this is small: the addition of excess water to dry 
2-ethylhexan-1-01 evolves 18.2 f 0.2 J(mol 2-EtHxOH)-' 
or 113.7 J(mol H20)-' for the water that saturates the 
alcohol at a mole fraction of X H ~ O  = 0.16. The maximal 
amount of heat corresponds to A A H ~ o  = 1.5m and 0.02 
kg alcohol, i.e., 3.4 J for a total heat evolved-of several 
hundred J. This was applied as a correction to AHdil. 

These data were used, with measured heats of extrac- 
tion, qobs, and analytical data on the amounts extracted, 
to calculate from Equations 3 and 4 the standard enthal- 
pies of transfer shown in Table I I .  The table shows that 
for both direct and reverse extraction, concordant values 
are obtained, averaging AHtr"  = -7.69 f 0.21 kJ 
mol-'. 

To obtain'the standard Gibbs energy of transfer (molal 
scale), AGtr(m)",  corresponding pairs m(m)  from distri- 
bution data, and Y+ values (6) were obtained, and log 
(A /mY*)  was plotted against A (Figure 4). Extrapola- 
tion to A = 0 yielded 1/2 log K = -(2.20 f 0.06) and 
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Figure 1. Differential heats of dilution yf lithium bromide in con- 
centrated aqueous solutions, -AHdil = q / n ~ i ~ ,  Am plotted 
against m 

Table I .  Heat of Dilution of Lithium Bromide 
in 2-EtHxOH, mi = 1.447 

1.150 
0.968 
0.780 
0.659 
0.468 
0.456 
0.281 
0.277 

91.2 
91.2 

113.8 
80.6 
45.6 
44.5 
23.2 
22.9 

111.7 1.590 
142.7 1.351 
241.0 1.427 
177.4 1.326 
125.2 1.464 
115.9 1.381 
74.1 1.540 
73.6 1.594 

Average 1.465 f 
0.135 
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AGtr(m1" = -I-24.95 f 0.68 kJ mol- ' .  The standard 
entropy of transfer A S t r ( m l o  = (AHtr' - A G t r ( m l o ) / T  = 
-110.3 f 2.4 J K - l  mol- ' .  

I t  was attempted to measure the heat of solution of 
lithium bromide in 2-ethylhexan-1 -01, but the anhydrous 
salt did not dissolve sufficiently rapidly in either anhy- 
drous or water-saturated alcohol. On the other hand, the 
dihydrate, obtained by slow crystallization at -8"C, ana- 
lyzing 2.07 mol water/mol salt, dissolved easily in the 
water-saturated alcohol. For the reaction: 

LiBr.2H20(c) + 90 2-EtHxOH(I) = 
LiBr 0.086m in 2-EtHxOH(I, H2O-satd.) (13) 

the heat evolved was 14.0 f 0.1 kJ (mol LiBr)-'. 

Discussion 

The standard enthalpy of transfer found here can be 
combined with the standard enthalpy of solution of lithi- 
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Figure 2. Integral heats of dilution of lithium bromide in P-ethyl- 
hexan-1-oi solutions, -AHdil = q/nLiBr plotted against ni 

Figure 3. Water contents of extracts of lithium bromide into 2- 
ethylhexan-1-01, AHB plotted against n i ~ j ~ ~  
Straight line portion extra olates to ~ H Z O  = 0 at m ~ i ~ r  = 1.72, but con- 
stant activity coefficient PHfi = 2.30 leads to AHfl  = 0.18 at saturation, 
m ~ i ~ ~  = 2.18m, mLlBr = 21. lm 

urn bromide dihydrate in the water-saturated alcohol to 
give an estimate of AH,oln"/kJ mo l - l  = -14.0 - 
(-7.69) = -6.3 for the standard enthalpy of solution in 
water (Figure 5 ) .  The standard enthalpy of solution of the 
anhydrous salt is known with good confidence (72) as 
-48.83 f 0.20 kJ mol- '  at 25°C. The standard enthalpy 
of formation of the dihydrate from the anhydrous salt and 
liquid water has been reported as -42.05 (2) ,  -45.77 
(7), and -40.1 2 (73), all values being recalculated from 
the original data with consistent values of the enthalpy of 
vaporization of water. These lead to the values -6.78, 
-3.06, and -8.71, respectively, for AH,oln"/kJ mol- '  of 
the dihydrate in water, so that our own estimate -6.3 f 
0.2 is of the correct magnitude and of good accuracy. 

The thermodynamic functions of transfer at infinite 
dilution can be interpreted in terms of the interactions of 
the ions with the solvents. Conversion of A G t r ( m l o  to the 
corresponding unitary values (7 7) by multiplying K by 

Table II. Standard Enthalpy Change for Extraction 
of Lithium Bromide 

Direct extraction (aq to org) 
10.10 9.98 0.503 
10.22 10.11 0.413 
11.52 11.31 0.840 
13.60 11.23 0.468 
13.60 13.33 0.990 
15.75 15.41 1.252 
17.41 16.85 1.538 

8.20 
6.68 

13.34 
31.04 
15.94 
20.22 
22.06 

208.4 
165.3 
355.6 
906.7 
499.6 
690.8 
815.9 

25.41 
24.75 
26.66 
29.21 
31.34 
34.16 
36.99 

7.69 
7.03 
7.41 
7.59 
8.46 
7.43 
8.01 

nLiBr, 

mmol 

q/nLiBrr 

kJ 
mol-1 

-Ht?, 
kJ 

mol-' 

Reverse extraction (org to aq) 
0.468 0.018 0.089 -6.85 -50.8 7.42 7.90 
0.780 0.125 0.120 -10.45 -74.5 7.13 8.41 
0.968 0.008 0.199 -16.35 -95.8 5.86 7.69 
1.447 0.037 0.137 -10.50 -36.0 3.43 6.95 
1.447 0.072 0.271 -21.90 -66.9 3.06 6.99 

Average Htro = -7.69 & 0.21 (kJ mol-l) 

0 0.4 0.8 1.2 K 1.6 

Figure 4. Extrapolation of distribution ratio for calculation of K, 
log A/my, plotted against A 
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LiBr (c)  

-45 .0  

I 
LiBr (aqm-0) 

LiBr (2EtHxOH Satd. 
with aq., m-o ) 

Figure 5. Enthalpy change scheme for calculation of heat of so- 
lution of LiBr.2H20 in water 

(mol water/kg)2 (mol 2-EtHxOH/kg) -*, leads to 
AGtr(x) '  = +15.21 kJ mol- '  and ASt,(,)' = -77.3 J 
K - '  mol-'. Comparison with AHtr(x )o  = -7.69 kJ 
mol- '  shows that the transfer at infinite dilution is entro- 
py controlled. 

It is reasonable to assume that the strongly hydrated 
lithium ions will be in similar states in both phases, seek- 
ing the alcohol phase the water molecules (present in 
the ratio of 1:5.3). The bromide ions, however, are 
strongly structure breaking in water but have no structure 
left to break in the alcohol phase. Therefore, when they 
leave the aqueous phase to the organic phase, they per- 
mit structure to be reformed in the system, with a large 
negative entropy change. The standard molar entropy of 
aqueous lithium bromide (73) is 95.0 J K - '  mol- ' ,  that 
for the alcohol solution is only 17.7 J K - '  mol-'. I f  it is 
assumed that the lithium ions retain their aqueous envi- 
ronment and therefore do not contribute to AS,,', the en- 
tropy contribution of the bromide ions So (Br-, solv)/J 
K - l  mol- '  decreases from an estimated 103.0 in water 
to only 25.7 J K - '  mol- '  in the alcohol, corresponding to 
a sharp decrease in their structure-breaking property. 

The situation is quite different in the concentrated solu- 
tions, from which extraction is actually taking place. In 
> l o r n  aqueous lithium bromide, there is very little struc- 
ture left for the bromide ions to break, so that this entro- 
py barrier to transfer must be considerably lowered. On 
the other hand, in the organic phase the dielectric con- 
stant is small, t = 9.85 at 25" and 10.30 at 20" for dry 
2-ethylhexan-1 -01 (76), which may increase to 11.6 in the 
water-saturated alcohol, assuming weight fraction addi- 
tivity and decrease in the presence of ions. Considerable 
ion-pairing is therefore expected in salt solutions of any 
appreciable concentration in this solvent. 

The ion-pairing equilibrium constant may be calculated 
according to the theory of ion association of Bjerrum ( 7 )  
for a solvent of the given dielectric constant and for the 
interionic distance of 2.55 X 10-lOrn, obtained from the 
crystal radii. The association constant is 106.'M-', so 
that only a small fraction will be dissociated at the con- 
centrations ri? > (mol kg-')  encountered here. The 
Gibbs energy of association may be calculated from 
electrostatics ( 4 )  as -46.5 kJ(mol LiBr)- ' ,  which more 

than compensates the positive value of A G t r c x ) ' .  (The 
association constant corresponding to this is 1 OB.', which 
as is usual in such calculations, does not agree with the 
esimate from Bjerrum's theory but leads to the same 
conclusion concerning extensive association.) 

On the other hand, a considerable amount of enthalpy 
of hydration is lost on extraction from concentrated soh- 
tions, since the water remaining in the alcohol does not 
suffice to hydrate the lithium ions. Water is directly dis- 
placed from the organic phase, in such a manner that 

(14) ~ E H S  = (1.72 f 0.02) - 7 i i ~ i ~ r  

and also 

PHS = (2.30 f 0.16)a~,0 

as obtained from water activity data (6) and the data in 
Figure 3. The constant activity coefficient of water f H f l  

= B H ~ / Y H ~  = aH,O/kHf l  = 2.30, as the lithium bro- 
mide increases from 0.62 to 1.35rn, indicates that the 
water is not bound to the salt very strongly. I n  fact, ex- 
trapolation to saturation of salt in the system leads to 
practically zero water content of the organic phase. The 
ion pairs are probably solvated efficiently enough by the 
2-ethylhexan-1 -01 without the need for hydration. The dif- 
ference in solvation enthalpies of the ion pair (8) in water 
and the alcohol is AHsolvo (LiBr, aq) - AHsolv' (LiBr, 
2-EtHxOH) = -247.0 - (-210.5) = -36.5 kJ mol-' 
reduces somewhat the ion association energy calculated 
above, so that A G t r ( x )  at high concentrations is not as 
negative as expected. A quantitative estimate is however 
impossible, since the degree of ion-pairing in the aque- 
ous phase and the entropy changes involved are not 
known, and no data are available near saturation of the 
phases by the salt, the natural standard state for concen- 
trated solutions, where, of course, AGtrsat = 0. 
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